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ABSTRACT
LIM kinases are common downstream effectors of several signalization pathways
and function as a signaling node that controls cytoskeleton dynamics through the
phosphorylation of the cofilin family proteins. These last 10 years, several reports
indicate that the functions of LIM kinases are more extended than initially described
and, specifically, that LIM kinases also control microtubule dynamics, independently of
their regulation of actin microfilament. In this review we analyze the data supporting
these conclusions and the possible mechanisms that could be involved in the control
of microtubules by LIM kinases. The demonstration that LIM kinases also control
microtubule dynamics has pointed to new therapeutic opportunities. Consistently,
several new LIM kinase inhibitors have been recently developed. We provide a
comprehensive comparison of these inhibitors, of their chemical structure, their
specificity, their cellular effects as well as their effects in animal models of various
diseases including cancer.

INTRODUCTION

these LIM kinases, whereas we will refer to LIMK when
the study does not distinguish between the two isoforms.
It has been shown, using mutants or limited
proteolysis, that the LIM domains are able to bind to
the C-terminal kinase domain and negatively regulate
the kinase activity [3]. The LIM domains also likely
contribute to LIMK function by acting as sites of proteinprotein interactions, in addition to the PDZ domain.
While LIMK1 and LIMK2 were originally
described as serine/threonine kinases, they share sequence
similarities with tyrosine kinases [4, 5]. In addition,
LIMK1 has been described to present a tyrosine kinase
activity [6, 7]. Thus, instead of being strictly serine/
threonine kinases, LIMKs appear to have dual-specificity
serine/threonine and tyrosine activities.
LIMKs were initially identified as kinases
downstream of the Rho pathway (Figure 2). Deregulation
of this pathway and of LIMK activity have been
implicated in several diseases including cancer and
neurological diseases [8-11]. Thus, LIMKs have been

The LIM kinase protein family is composed of
two highly related members, LIM kinase 1 (LIMK1)
and LIM kinase 2 (LIMK2). Both have the same unique
organization of signaling domains, with two aminoterminal LIM domains, adjacent PDZ and proline/serine
(P/S)-rich regions, followed by a kinase domain (Figure
1)[1, 2].
Although LIMK1 and LIMK2 are very homologous,
particularly within their kinase domain, there is emerging
evidence that different upstream pathways can control
the activity of each kinase. LIMK1 and LIMK2 may
thus contribute to both distinct and overlapping cellular
functions [1, 2]. Moreover different patterns of tissue
distribution, as well as, for instance distinct localization
during cell cycle progression also suggest different
biological functions for each kinase [1, 2].
In the present review we will specify LIMK1 or
LIMK2 when the data are strictly related to one form of
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described as promising pharmacological targets and
a few small molecule inhibitors have been developed
[1]. Over the last 5 years, there have been publications
indicating that the substrates of LIMK are indeed more
diverse than previously thought. Moreover, several
new LIMK inhibitors have been reported, which could
help to decipher LIMK functions and pave the way for
pharmacological applications.

of the microtubule network can be an indicator of the
microtubule dynamic status: non dynamic or stabilized
microtubules are often bundled or with a sinuous,
somehow “curly” appearance [15, 16]. Microtubule
dynamics can also be directly followed by measuring the
spatial and temporal distribution of microtubule plus-end
tracking proteins (+TIPs) that specifically mark growing
microtubule plus ends, using immunofluorescence on fixed
cells or time-lapse fluorescence microscopy on GFP-+TIP
transfected cells. This latter approach allows the analysis
of microtubule dynamic instability parameters [17].
The resistance of the microtubule network to cold[18] or nocodazole-[19] induced depolymerization is
also a good indicator of microtubule stability. Indeed,
microtubules depolymerize upon cold exposure when not
stabilized by associated proteins such as microtubuleassociated protein 6 (MAP6, [20]) or by drugs such
as paclitaxel [19]. Nocodazole binds free tubulin and
prevents its incorporation into microtubules, inducing
microtubule depolymerization. Microtubules with slow
dynamics have reduced exchanges with the free tubulin
pool and are thus less sensitive to nocodazole-induced
depolymerization [21].
Finally an increased amount of post-translationally
modified tubulin forms is a good marker of microtubule
stability. Indeed, it has been shown that old and stable
microtubules are enriched in detyrosinated and acetylated
tubulin [15]. Thus stabilization of the microtubule
network has been revealed using antibodies recognizing
detyrosinated [22] or acetylated tubulin [23].
The first work reporting that LIMK regulates
microtubule dynamics was published by the group
of Voyno-Yasenetskaya, in 2005 [24]. Using
immunofluorescence they showed that LIMK1 colocalizes
with microtubules in endothelial cells and forms a complex
with tubulin through its PDZ domain. Overexpression of
LIMK1 induced a depolymerisation of the microtubule
network whereas LIMK1 down regulation, using siRNA,
induced microtubule stabilization detected by an increase
in acetylated microtubules. This required the kinase
activity, as LIMK1 kinase-dead mutants were found
unable to modify microtubule dynamics. Moreover
modulation of LIMK1 expression was sufficient to impact
microtubule dynamics, as in these experiments no impact
of LIMK2 expression levels was observed [24].
A potential functional link between LIMK2 and
microtubule dynamics was however later suggested
by M. Kavallaris’ group, when they showed that down
regulation of LIMK2 perturbs mitotic spindle formation
and causes abnormal cell division [25]. This group
also demonstrated that LIMK2 activity is involved in

LIMK: A SIGNALING NODE THAT
CONTROLS
BOTH
ACTIN
AND
MICROTUBULE DYNAMICS
LIMK was discovered 20 years ago and its initiallyand most extensively- described substrates are members
of the actin-depolymerizing factor (ADF)/cofilin family
of actin-binding proteins. Three forms are expressed
in mammals: ADF (also known as destrin); cofilin-1,
the major ubiquitous form in non-muscle tissues; and
cofilin-2, the major form in differentiated muscle.
Although these proteins are different, we will use the
general term of cofilin, for the sake of simplicity. Binding
of cofilin to actin filaments stabilizes a twisted form of
F-actin, thereby weakening lateral subunit interactions and
promoting filament severing and depolymerization [12].
However, filament severing by cofilin also results in the
generation of free barbed ends, which in turn is crucial for
efficient enhancement of actin polymerization [13]. Cofilin
is therefore a protein which favors depolymerization or
polymerization of actin, depending on the cellular content
of actin filaments relative to actin monomers and free
barbed ends [14]. Both LIMK1 and LIMK2 phosphorylate
and inactivate cofilin at serine 3 allowing an additive finetuning of the control of actin dynamics (Figure 2).
Besides LIMK’s well-described effect on actin
microfilament dynamics through cofilin phosphorylation,
several experimental data indicate that LIMK controls
microtubule functions, independently of its effect on
actin dynamics. Although the mechanism of control of
microtubule dynamics by LIMK is still not elucidated,
it is now currently admitted that LIMK regulates both
components of the cytoskeleton (Figure 2). The following
sections aim at summarizing the experimental data that
support this conclusion and the possible mechanisms
involved in that regulation.

LIMK regulates microtubule dynamics
Microtubule dynamics can be investigated using
several methods. First, modification of the appearance

Figure 1: Schematic structure of LIM Kinases.
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neuroblastoma cell sensitivity to microtubule-destabilizing
drugs. Surprisingly, LIMK2 expression is increased
in cells selected for resistance to the microtubule
destabilizing agents vincristine and colchicine. Thus,
down regulation of LIMK2 enhanced cell sensitivity to
microtubule-destabilizing drugs, suggesting that LIMK2
mediates sensitivity to these drugs. These results were
recently independently confirmed by Mardilovitch and
coll. who showed that a pharmacological LIMK inhibitor
acts synergistically with agents that inhibit microtubule
polymerization, such as vinca alkaloids or colchicine, to
inhibit in vitro cancer cell proliferation [26].
A comprehensive study about the modification
of microtubule dynamics upon LIMK pharmacological
inhibition was conducted by Prudent and coll. [19]. This
study showed that microtubules treated with the LIMK
inhibitor Pyr1 are enriched in detyrosinated tubulin,
have reduced dynamic instability and are resistant to
nocodazole-induced depolymerization. These stabilizing
properties were shared by structurally similar- as well as
structurally different- LIMK inhibitors, indicating that they
resulted from LIMK inhibition and not from side effects
of these pharmacological compounds. Moreover, LIMK1
overexpression was able to counteract the microtubule
stabilizing effect of Pyr1 and LIMK down regulation was
able to mimic LIMK pharmacological inhibition [19]. It
was established that the microtubule stabilizing effect
of the LIMK inhibitor was independent of its effect on
the actin cytoskeleton because when the microfilaments

were completely depolymerized using cytochalasin, Pyr1
was still able to induce the formation of detyrosinated
microtubules, indicating that the microtubule network was
stabilized.
The signaling axis involving the chemokine
CXCL12 and its receptor CXCR4 has been suspected to
be involved in the docetaxel chemoresistance of several
malignancies, including prostate cancer. Bhardwaj and
coll. have shown that stimulation of the receptor CXCR4
by CXCL12 lead to a PAK4-mediated LIMK activation,
which induced a destabilization of microtubules and
docetaxel resistance. They have also shown that chemical
inhibition of LIMK with the compound LIMKi from
Bristol-Myers Squibb (BMS) led to a stabilization of the
microtubule network, as assessed by an enhancement of
detyrosinated tubulin [27].
Using the same LIMK chemical inhibitor, it was
independently shown that such an inhibition induced
an hyperstabilization of the microtubules of the mitotic
spindle, as assessed by their resistance to cold-induced
depolymerisation [28].
Recently, Olson’s group, when studying the role
of LIMK1 in the nuclear translocation of the androgen
receptor, showed that pharmacological inhibition of
LIMK, using different LIMK inhibitors, induced an
increase of acetylated microtubules in prostate cancer
cells, indicative of an enhanced microtubule stability [29].
This was also observed in a human lung adenocarcinoma
cell line [26].

Figure 2: LIMK1 and LIMK2, a signalization hub that controls actin and microtubule dynamics
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In a study aiming at understanding the role of the
obscurin-RhoGEF in the formation of microtentacles
and in the progression of breast cancer, it was observed
that a reduced LIMK activity in MCF10A cells treated
with sh-obscurins correlated with an increase of tubulin
detyrosination, indicative of microtubule stabilization
[30].
Finally, a microtubule stabilizing effect following
LIMK down regulation has been described ex vivo in
mouse submandibular salivary glands [31]. Moreover,
pharmacological inhibition of LIMK was able to induce
a stabilization of microtubules in vivo in experimental
tumors, as revealed by an increased detyrosination or
acetylation [32].

HeLa cells during the cell cycle. LIMK1, which was
associated with cell-cell adhesion sites during interphase,
concentrated at spindle poles in metaphase cells and then,
to the contractile ring during cytokinesis. LIMK2, which
was distributed diffusely in the cytoplasm, associated with
the mitotic spindle in mitosis. These results indicated that
LIMK1 and LIMK2 might have roles in the organization
of the mitotic apparatus. Moreover, Sumi and coll.
suggested that LIMK2 might have a different role in
the control of mitotic spindle organization compared to
LIMK1 and could have other targets than cofilin [33].
Later on, a RhoA-ROCK-LIMK2 pathway was
found crucial for the regulation of astral microtubule
formation as well as spindle orientation [34]. Using wild
type and constitutively active (S3A) cofilin mutants, as
well as overexpression of slingshot, a phosphatase for
cofilin, it was clearly shown that cofilin was not involved
in this process. TPPP/p25, a protein that belongs to the
tubulin polymerization promoting protein (TPPP) family
was suggested to be an alternative substrate of LIMK2
responsible of that process, but this is not the case as it was
later shown that TPPP/p25 is rather a substrate of ROCK
than of LIMK [35]. Thus the mechanism through which
LIMK2 regulates astral microtubules is still unsolved.
Abnormalities in mitotic spindle structure or in
spindle positioning was recurrently reported whether
LIMK was down regulated using siRNA [36] or inhibited
using pharmacological compounds [19, 26].

LIMK regulates mitotic spindle structure and
positioning
Besides the above-described effects of LIMK
on microtubule dynamics in interphase cells, several
groups have reported that LIMK regulates microtubule
organization in mitotic spindles.
An early study conducted by Sumi and coll.
indirectly suggested a link between LIMK and mitotic
microtubules. Using specific antibodies that they raised
against LIMK1 and LIMK2, they observed that LIMK1
and LIMK2 underwent a remarkable redistribution in

Figure 3: Possible mechanisms for LIMK regulation of microtubule dynamics.
www.impactjournals.com/oncotarget

41752

Oncotarget

Table 1A: Structure and characteristics of the different published LIMK inhibitors

Potential control mechanisms of microtubule
dynamics by LIMK

this could be an indirect consequence of the regulation
of actin dynamics through LIMK mediated cofilin
phosphorylation. This is, however, unlikely as it has
been observed that complete actin depolymerisation by
cytochalasin does not prevent microtubule stabilization
induced by LIMK inhibition [19]. Moreover, it has been
shown that manipulation of cofilin phosphorylation has no
consequence on astral microtubules [34].

Thus, converging evidences indicate that LIMK
is able to increase microtubule dynamics and to control
microtubule functions. As the microtubule and actin
microfilament networks are highly interconnected,
www.impactjournals.com/oncotarget
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Table 1B: Structure and characteristics of the different published LIMK inhibitors

The intracellular dynamicity of microtubules is
known to be tightly regulated by various microtubuleassociated proteins (MAPs) that physically interact with
www.impactjournals.com/oncotarget

microtubules and promote their stabilization and/or
destabilization. The binding of MAPs to microtubules is
often regulated by phosphorylations. Although it has been
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Table 1C: Structure and characteristics of the different published LIMK inhibitors

shown that the MAP TPPP/p25 is not a substrate of LIMK
[35], as initially thought [37], it could not be excluded
that another known or still unidentified MAP could be a
substrate of LIMK (Figure 3-1).
Moreover it has been proposed that LIMK1 itself
could behave as a MAP: it was shown in prostate cancer
cells that LIMK1 physically interacts with tubulin
(Figure 3-2). Such an interaction is abolished when
the phosphorylation of LIMK1 is increased upon cell
www.impactjournals.com/oncotarget

stimulation by the cytokine CXCL12. As written by the
authors “these data suggest that LIMK1 acts as a MAP
in its unphosphorylated state to promote the stability of
microtubules” [27].
Likewise, it could not be excluded that LIMK1
directly affects microtubule dynamics by phosphorylating
tubulin (Figure 3-3). Such a scenario has been described
for CDK1 and β-tubulin, where phosphorylation of
tubulin by CDK1 was shown to have consequences in the
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Table 1D: Structure and characteristics of the different published LIMK inhibitors

regulation of microtubule dynamics during mitosis [38].
Finally it has been demonstrated that Aurora-A
is a substrate of LIMK [39, 40] and subsequently
suggested that Aurora A could be involved in the control
of microtubule dynamics by LIMK (Figure 3-4) [41].
Indeed, although Aurora A is a key mitosis regulator,
it has been shown that its pharmacological inhibition
www.impactjournals.com/oncotarget

can impair interphase microtubule dynamics, inducing
their stabilisation, raising the issue of the identity of the
substrates of Aurora-A that are involved in the regulation
of interphase microtubule dynamics [42].
A study regarding megakaryocyte maturation
mechanisms has shown that genetic deletion of Pak2 is
associated with altered megakaryocyte ultrastructure,
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including depolymerized microtubule cytoskeleton. Such a
phenotype is concomitant with a reduced phosphorylation
of LIMK, possibly regulating its activity, and of
Aurora-A [41]. The authors conclude that the observed
depolymerized microtubule cytoskeleton could result from
a reduced Aurora-A activity, which is not in accordance
with the suppression of interphase microtubule dynamic
instability that would have been expected [42]. Therefore,
the interplay between LIMK, Aurora A and microtubule
dynamics remains unclear.
Thus, although an increasing amount of data
indicates that LIMK is able to regulate microtubule
dynamics, independently of their effect on microfilament
dynamics, there is still an incomplete understanding of the
underlying mechanisms. Approaches aiming at identifying
LIMK substrates such as kinase substrate specific labeling
[43] would help deciphering such mechanisms.

inflammation, atherogenesis, metabolism, DNA repair
and tumorigenesis as well as the midbrain dopamine
neuron development, differentiation, and survival [49].
Because of their potential therapeutic interest, both in
cancer and in Parkinson disease [49], NURR1 regulators
are the subjects of intense research. However, since the
original description that LIMK1 binds NURR1 and that
LIMK1 overexpression reduced NURR1 transcriptional
activity, no new data regarding, for instance, NURR1
phosphorylation by LIMK1 have been reported, to our
knowledge.
TPPP/p25 is a MAP that induces tubulin
polymerization and microtubule bundling. Microtubule
stabilization induced in vitro by TPPP/p25 has been
shown to be regulated by phosphorylation [50]. It has
been claimed that LIMK phosphorylates TPPP/p25 and
inhibits microtubule polymerization [34, 37], which
could give a molecular explanation of the observed
regulation of microtubule dynamics by LIMK. As stated
above, this observation turned out to be wrong as it
was subsequently clearly demonstrated that TPPP/p25
is in fact phosphorylated by ROCK1 and that neither
overexpression of LIMK nor its suppression has an effect
on TPPP/p25 phosphorylation. Thus, as ROCKs strongly
interact and copurify with LIMK, the previously published
findings are likely to reflect TPPP/p25 phosphorylation
through contaminant ROCKs [35].
An early study has reported that LIMK1 can
autophosphorylate in vitro on serine and tyrosine
residues [51]. This was confirmed later on, still in vitro,
by the observation that LIMK1 was able to incorporate
32
P, while the kinase dead mutant was not [52]. To
date, the in vivo relevance of these findings, the sites of
autophosphorylation and how they may regulate LIMK
activity or function are still unknown.
Aurora A kinase is a mitotic kinase that regulates
initiation of mitosis through centrosome separation and
proper assembly of bipolar spindles. Recently, a mutual
phosphorylation of Aurora A and LIMK has been reported,
leading to a functional cooperativity of the two kinases.
It has been shown that LIMK can activate Aurora A
through phosphorylation [39, 53]. In turn, Aurora A
directly phosphorylates LIMK primarily at serine 307
(LIMK1 only), serine 283 (LIMK2 only), threonine 494
(LIMK2 only) and threonine 505 (LIMK2 only) [40,
53]. It is speculated that LIMK1 phosphorylation on
serine 307 would induce a conformational change that
makes LIMK1’s threonine 508 accessible for a second
site phosphorylation [39]. pLIMK1T508 colocalizes with
Aurora-A and γ-tubulin [54] to the centrosomes during
mitosis, suggesting that recruitment of LIMK1 to the
centrosomes is necessary for proper spindle formation
through modulation of actin filaments. This study
demonstrated that functions of both LIMK1 and Aurora-A
are important for the integrity and bipolarity of mitotic
spindles [39].

OTHER SUBSTRATES OF LIMK: AN
UPDATE
Besides cofilin, the transcription factor cAMPresponsive element-binding protein (CREB) was the first
other protein that has been reported to be phosphorylated
at serine 133 by LIMK1. It was shown that LIMK1 could
directly interact with and phosphorylate CREB in vitro in
immortalized hippocampal progenitor (H19-7) cells and
therefore be important for their neuronal differentiation
[44]. Recently, these in vitro observations, indicating a
regulation of CREB by LIMK, have been confirmed in
vivo using LIMK1 (-/-) mice. The authors showed that such
mice have an impaired Long Term Memory (LTM) but a
normal short-term memory. They observed that LIMK1
(-/-) mice have a selective defect in late-phase long-term
potentiation (L-LTP), a form of synaptic plasticity required
for the formation of Long Term Memory (LTM). They
showed that LIMK1 regulation of L-LTP is independent
of cofilin and that both L-LTP and LTM deficits in LIMK1
(-/-) mice could be rescued by increasing the activity of
CREB. Finally they demonstrated that LIMK1 binds to
CREB and inhibits its activity through phosphorylation
[45].
Besides its role in neuronal functions, CREB has
been involved in the control of diverse physiological
processes, including the control of cellular metabolism
and growth-factor-dependent cell survival. CREB
overexpression, which is a marker of worse prognostic in
Acute Myeloid Leukemia [46], has been shown to promote
abnormal proliferation and survival of myeloid cells [47,
48]. Thus, modulation of CREB activity through LIMK
inhibition could represent a therapeutic opportunity.
The nuclear receptor related 1 protein (NURR1)
is also known as NR4A2 (nuclear receptor subfamily
4, group A, member 2). The differential activation
of NR4A target genes, depending of the cell context,
has been described to regulate cell cycle, apoptosis,
www.impactjournals.com/oncotarget
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Cytoplasmic Polyadenylation Element Binding
(CPEB) proteins, a family of RNA binding proteins, are
known to regulate synaptic activity and stabilization
of memory. The Drosophila CPEB, called Orb2, and
its amyloid-like oligomers are required for long-term
memory [55]. Orb2 has two isoforms: Orb2A, which is
present only in low abundance, and Orb2B, which is an
abundant form. Moreover, Orb2A has a very short half-life
and the Orb2 interacting protein Transducer of Erb2 (Tob),
a known regulator of cellular growth, stabilizes Orb2A. It
has recently been shown that Tob is a substrate for LIMK1
and that Orb2 proteins become a substrate of LIMK1 when
associated with Tob. The precise site of phosphorylation
has not been determined, but LIMK1 Orb2A
phosphorylation is supposed to induce a conformational
change, leading to an increased Orb2A half-life, which can
act as a seed to induce Orb2 oligomerization [56]. Whether
the same regulation mechanism occurs in mammals is not
yet known.
Membrane-anchored Type 1- Matrix Metallo
Proteinase (MT1-MMP) is a matrix-degrading protease,
which is involved in the dissemination of carcinoma cells.
It has recently been shown that MT1-MMP and LIMK1
interact in cells through the cytoplasmic part of MT1MMP and that LIMK1 phosphorylates in vitro MT1-MMP
at tyrosine 573. This finding confirms that LIMK is not
a strict serine/threonine kinase, as well as previous data
indicating that LIMK and MT1-MMP functionally interact
[57]. It was further shown, using cells knocked down for
LIMK1, LIMK2 or both, as well as using a LIMK specific
inhibitors, that LIMK activity is required for MT1-MMPmediated matrix proteolysis [58].
Moreover, although both knockdown of LIMK1 and
LIMK2 inhibit matrix degradation, depletion of LIMK1
specifically affects cortactin association on MT1-MMPpositive endosomes while LIMK2 knockdown specifically
affects the invadopodial cortactin pool, suggesting
non-redundant roles for LIMK1 and LIMK2 in matrix
degradation and protein recruitment to invadopodia in
breast tumor cells [58].

of LIMK needs thus appropriate tools. Small molecules
such as pharmacological inhibitors are valuable probes
to study dynamic biological processes. Generally acting
within minutes or even seconds, they can provide a high
degree of temporal control over protein function. As they
are also often reversible, they allow both rapid inhibition
and re-activation, when withdrawn. Moreover, small
molecules permit dose-dependent control of biological
functions. If cell-permeable, coupled with approaches
such as videomicroscopy, small molecules can give
important insights regarding LIMK functions in a cellular
context. Indeed, small-molecule inhibitors have proven to
be essential in dissecting mechanisms such as mitosis or
cytokinesis [59].
Also, small-molecule inhibitors could offer some
complementary advantages to LIMK knock down using
RNA interference (RNAi). The comparison of their
cellular effect to those of RNAi should help to decipher
which LIMK functions rely on the kinase domain and
which depend on other domains, such as the LIM and PDZ
domains.
Moreover, RNAi approaches are not or poorly
suitable for some specific cells such as platelets or
neurons. Yet LIMK activity plays a central role in platelet
maturation [41, 60] and activation [61] as well as in
neuronal growth cone motility [4, 6, 62] and in synaptic
plasticity [9, 44, 63-65].
Finally, LIMK inhibitors could be potential
therapeutic agents as a deregulation of LIMK activity has
been reported in several diseases including cancers and
cancer cell migration/invasion [8, 29, 66-68], Alzheimer’s
disease [69], schizophrenia [70], neurofibromatosis type 2
[53], psoriatic epidermal lesions [71], primary pulmonary
hypertension [72], allergic diseases [73], ocular hypertension and glaucoma [74, 75], erectile dysfunction [76],
HIV and other viral infections [77, 78].
Because of the therapeutic potential of LIMK1/
2 inhibitors, and because of their interest as tools to
investigate LIMK functions, the number of reports of new
LIMK inhibitors is steadily increasing (Tables 1A, 1B, 1C,
1D).
The most studied inhibitor, LIMKi (also called
BMS5 or compound 3) is the first that has been
disclosed (compound #1, Table 1A). It was developed by
BMS and belongs to a series of inhibitors based on an
aminothiazole scaffold, that includes many compounds
with off-target effects. For example many of these
compounds depolymerize microtubules, independently
of their effect on LIMK, which was responsible of their
cytotoxicity [79]. Among this series, only LIMKi induces
both cofilin dephosphorylation [29, 79] and microtubule
stabilization [19, 29] in cells, although it induces a slight
depolymerisation of microtubules when assayed in vitro
on tubulin assembly [79].
Four years later, BMS described a new series of
thiazole derivatives, as potent LIMK inhibitors (compound

PHARMACOLOGICAL
INHIBITORS
OF LIMK: UNIQUE TOOLS FOR
DECIPHERING LIMK FUNCTIONS AND
POTENTIAL THERAPEUTICS FOR THE
TREATMENT OF DIVERSE PATHOLOGIES
The reaction of phosphorylation catalyzed by
kinases such as LIMK allows the cell to rapidly switch
off or on the function of the substrates. Regarding
LIMK, the relevant substrates regulate highly dynamic
polymers such as actin microfilaments and microtubules.
Microtubule and actin filament rearrangements typically
occur over seconds, a time scale unreachable by the mean
of genetic approaches. A clear image of the functions
www.impactjournals.com/oncotarget
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#8, Table 1C) [80]. These cell-permeable compounds were
found highly selective, as they inhibit only 8 additional
kinases out of a panel of 307 kinases. The activity of these
compounds regarding microtubule dynamics has not been
reported.
Lexicon pharmaceuticals has also developed a
LIMK inhibitor (compound #2, Table 1A, [75]) and a dual
LIMK- ROCK inhibitor (compound #3, Table 1A, [74]),
that were planned to be used topically for the treatment
of ocular hypertension and associated glaucoma. More
recently, the same group revealed allosteric LIMK2
inhibitors, based on a sulfonamide scaffold (compound
#9, Table 1C). This new class of inhibitors appears to be
highly specific for LIMK2. Their cell permeability, as well
as their effect on the microtubule cytoskeleton, is however,
not reported [81]. It has to be mentioned that apart of these
latter compounds, other LIMK inhibitors are proven or
predicted Type I inhibitors.
Using a cell-based assay and by screening a diverse
chemical library for its ability to modify microtubule
dynamics, a pyridocarbazolone, Pyr1, was selected
(compound #4, Table 1B). It was further discovered
that this compound was a LIMK inhibitor. Although
ATP-competitive, Pyr1 inhibits only LIMKs out of 110
kinases tested. When applied on cells, this inhibitor
stabilizes microtubules and, through inhibition of cofilin
phosphorylation, blocks actin microfilament dynamics
[19]. It was further shown that Pyr1 was active on
paclitaxel sensitive and resistant tumors, while being
well tolerated [19, 32]. Due to its four ring scaffold, this
inhibitor is however poorly soluble, limiting its further
pharmacological development.
Using a smart fluorescence complementation assay
and by screening a small chemical library, a natural
product, Damnacanthal (compound #6, Tables 1B) was
found to be a cell-permeable LIMK inhibitor [7]. Yet,
this compound irreversibly binds LIMKs. Moreover,
subsequent studies demonstrated that this compound was
a multi kinase inhibitor, with poor selectivity [82].
A LIMK2 inhibitor, T56-LIMKi (compound #5,
Table 1B), was discovered through a computer-based
procedure by Tel-Aviv University [83]. Although this
cell permeable compound showed a high selectivity for
LIMK2 versus LIMK1, its effect on other kinases has
not been investigated. T56-LIMKi was further shown to
inhibit the growth of pancreatic tumor cells in a mouse
xenograft model [84].
Using a luciferase based assay of ATP consumption
[85], several compounds were selected out of a 60, 000
compound library by high throughput screening and
optimized by researchers from the Beatson Institute in
collaboration with Cancer Research Technology Discovery
Laboratories, UK [26, 86]. These compounds (compound
#11 and compound #12, Table 1D) appear to be cell
permeable and to have an effect on actin and microtubule
dynamics. Although active on LIMK in the nanomolar
www.impactjournals.com/oncotarget

range, the selectivity of these compounds was variable,
when assayed in the micromolar range, depending on the
structure of the compounds.
5, 6-substituted 4-aminothieno[2, 3-d]pyrimidines,
selected from the same high throughput screening
campaign, were also optimized by a group of scientists
from Australia. They were found to inhibit LIMK1 in the
low micromolar range (compound #7, Table 1D, [87]).
The selectivity of these compounds is however unknown,
as well as their activity in a cellular context.
Recently, cell-permeable bis-aryl urea derivatives
were discovered and optimized by chemists from the
Scripps Research Institute in the US. These compounds
inhibit potently LIMK. They appear to be selective for
LIMK, but they were only assayed for they inhibitory
effect on ROCK and JNK kinases (compound #10, Table
1D, [88]).
Thus, the past 5 years have led to the discovery
of several structurally different LIMK inhibitors with
different characteristics, which may or may not be suitable,
depending on their intended use. For instance, inhibitors
designed to be used in cells for the understanding of the
function of LIMK have to be both highly specific and
cell permeable. The need of specificity is less critical for
compounds intended to serve as pharmacological drugs,
as multi-target kinases have proven to be more efficient in
the treatment of cancer. In that latter case, the knowledge
of the compound toxicity when administered to animals
is crucial.

CONCLUSIONS
Located downstream of several signaling pathways
LIMK occupies a strategic position. It integrates the
upstream signals by regulating the dynamics of actin
and, most probably, that of microtubules. Convergent
data indicate that, indeed LIMK regulates microtubule
dynamics. A molecular dissection of the mechanisms
involved in that regulation is however essential to
ascertain that control. LIMK is also able to regulate the
degradation of the matrix by phosphorylating MT1-MMP
and to control the activity of Aurora kinase A.
Among the problems still unsolved are the
knowledge of the respective role of each of the LIMKs
and the understanding of how the activity of each kinase
is differentially regulated.
The development of optogenetics as well as the
controlled genetic ablation of each kinase should help to
solve these problems.
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