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Background: LIM kinase 1 (LIMK1) is a key regulator of the cytoskeletal organisation involved in cell proliferation and migration.
Even though LIMK1 is frequently dysregulated in epithelial cancers, the role and mechanisms of LIMK1 in colorectal cancer (CRC)
remains unclear.

Methods: Immunohistochemical analysis was performed to examine the expression and clinical significance of LIMK1 in CRC
samples. Loss- and gain-of-function assay was performed to investigate the effects of aberrant expression on cellular biological
behaviour of CRC cells in vitro and in vivo. Immunoblotting and immunoprecipitation was used to screen LIMK1-related signalling
pathways and downstream factors.

Results: In this study, our results showed that LIMK1 was upregulated in CRC tissues and localised in both the cytoplasm and the
nucleus of CRC cells. Overexpression of LIMK1 in cytoplasmic and nuclear subcellular compartments was closely related to tumour
metastasis and poor prognosis of CRC patients. Enhanced expression of cytoplasmic and nuclear LIMK1 significantly increased
cell proliferation and migration by driving epithelial–mesenchymal transition and activating the PI3K/Akt signal pathway in vitro as
well as promoting growth and metastasis of CRC xenografts, whereas opposite effects were achieved in LIMK1-silenced cells.
Furthermore, we identified two tumour metastasis-associated proteins, MYH9 and ACTN4, as direct targets of LIMK1, which were
required for a LIMK1-mediated aggressive phenotype.

Conclusions: These findings indicate that LIMK1 plays a critical role in promoting CRC progression at subcellular level. Our
findings provide new insights into the metastasis of CRC and advocate for the development of clinical intervention strategies
against advanced CRC.

Colorectal cancer (CRC) is one of the most common malignancies
worldwide and the third leading cause of cancer death (Siegel et al,
2014). Despite recent advances in the diagnosis and management
of CRC, the overall survival of CRC patients has not improved
markedly over the past years. Early developed dissemination of
micro-metastatic cells is potentially responsible for tumour relapse
and metastasis, which is the main cause of mortality and poor
prognosis (Gupta and Massague, 2006; Spano et al, 2012). Hence, it

is still crucial to uncover the molecular mechanisms underlying
CRC progression.

LIM kinase 1 (LIMK1), a member of the LIM kinase protein
family, is encoded by a gene located on human chromosomes
7q11.23 (Mizuno et al, 1994). LIMK1 consists of two amino-
terminal LIM domains, adjacent PDZ, and proline/serine-rich
regions, followed by a carboxyl-terminal kinase domain (Nunoue
et al, 1995; Okano et al, 1995). It has been found to phosphorylate
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and consequently deactivate cofilin family protein, which results in
reorganisation of the actin cytoskeleton (Ohashi et al, 2000).
Considering its significance in the actin cytoskeleton, it is perhaps
not surprising that LIMK1 plays central roles in numerous
biological processes, particularly in the regulation of cell morphol-
ogy and motility.

Numerous evidences have demonstrated that LIMK1 is
abnormally regulated in various types of human cancers and
contributes to cancer progression (Chen et al, 2014; Wan et al,
2014; You et al, 2015). Ectopic expression of LIMK1 has been
shown to increase tumour growth, angiogenesis, and the metastatic
ability of human breast cancer cells (Bagheri-Yarmand et al, 2006)
as well as promote the acquisition of an invasive phenotype in
benign prostate epithelial cells (Davila et al, 2003). Selective LIMK
inhibitors, such as Pyr1, could prevent the growth of both primary
tumours and their metastasis in breast cancer, including those that
are taxane-resistant (Prunier et al, 2016). However, systemic
administration of LIMK inhibitor did not reduce either primary
tumour growth or spontaneous metastasis. Unexpectedly, metas-
tasis of breast cancer cells to the liver was increased after
administration of the inhibitor (Li et al, 2013). Therefore, the
precise function of LIMK1 in cancer deserves further investigation.

So far, the expression and function of LIMK1 in CRC
development and progression has not been well characterised. In
this study, we examined the expression and clinical significance of
LIMK1 in CRC samples, and then performed loss- and gain-of-
function assay to investigate the effects of aberrant expression on
cellular biological behaviour of CRC cells in vitro and in vivo. We
also provided evidence of LIMK1 regulation of signalling pathways
and interaction with cytoskeletal proteins.

MATERIALS AND METHODS

Cell line preparation. Colorectal cancer cell lines SW480, SW620,
HCT116, LS174T, HT29, and LOVO were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China) and
maintained as previously described (Zhao et al, 2010). Addition-
ally, a human CRC cell subline with unique liver metastatic
potential, designated as SW480/M5, was established in our
laboratory (Zhang et al, 2007). All the cells were cultured in
RPMI 1640 (Hyclone, Logan, UT, USA) supplemented with 10%
foetal bovine serum (Gibco-BRL, Invitrogen, Paisley, UK) at 37 1C
with a humidity of 5% CO2.

Tumour tissue samples. Fresh primary CRC specimens and
paired noncancerous colorectal tissue were obtained from the
Tumor Tissue Bank of Nanfang Hospital. In each case, a diagnosis
of primary CRC had been made, and the patient had undergone
elective surgery for CRC in Nanfang Hospital between 2007 and
2010. The study was approved by the Ethics Committee of
Southern Medical University and all aspects of the study comply
with the Declaration of Helsinki.

Western blot analysis. See Supplementary Materials and Methods
for details.

Immunofluorescence. See Supplementary Materials and Methods
for details.

Immunohistochemistry. See Supplementary Materials and
Methods for details.

Plasmid constructs. See Supplementary Materials and Methods
for details.

Stable LIMK1-overexpressing lines. See Supplementary Materials
and Methods for detail.

siRNA-mediated gene silencing. See Supplementary Materials
and Methods and Supplementary Table S1 for details.

Cell proliferation assays. See Supplementary Materials and
Methods for details.

Cell migration analysis. See Supplementary Materials and
Methods for details.

Wound healing assay. See Supplementary Materials and Methods
for details.

Co-immunoprecipitation. See Supplementary Materials and
Methods for details.

Animals, tumour growth assay. See Supplementary Materials and
Methods for details.

Lung colonisation assay. See Supplementary Materials and
Methods for details.

Statistical analysis. See Supplementary Materials and Methods for
details.

RESULTS

LIMK1 is overexpressed in CRC tissues. LIMK1 expression in
eight CRC tissues and paired normal colorectal mucosa was
detected by western blot. As shown in Figure 1A, an increase in
LIMK1 expression was frequently observed in CRC tissues
compared with adjacent non-tumour tissues (P¼ 0.0151). Sub-
cellular localisation of LIMK1 protein by immunofluorescence (IF)
revealed obviously nuclear signals in CRC tissues compared with
control samples (Figure 1B). We further detected the localisation
and expression of LIMK1 in a larger cohort with 78 and 152
paraffin-embedded, archived normal colorectal mucosa and CRC
tissues, respectively. LIMK1 overexpression was frequently
detected in the cytoplasm and nucleus of malignant epithelial
cells (Figure 1C). The positivity rate of cytoplasmic LIMK1
expression, but not nuclear LIMK1, was significantly higher in
CRC tissues, compared to that of adjacent non-tumour samples
(Po0.001; Supplementary Table S2). According to reclassification
as described above, higher expression of cytoplasmic LIMK1 was
detected in 27 out of 152 (17.7%) CRC cases compared with
normal mucosa tissues (Po0.001; Supplementary Table S2).
Overexpression of nuclear LIMK1 was found in 88 out of 152
(57.9%) CRC cases compared with 14 out of 78 (17.9%) in normal
mucosa tissues (Po0.001; Supplementary Table S2).

Both cytoplasmic and nuclear LIMK1 are associated with
progression and poor prognostic phenotype of CRC. To further
analyse its correlation with clinical features, the data showed that
both cytoplasmic and nuclear overexpression of LIMK1 were
closely related to lymph node metastasis (N classification), distant
metastasis (M classification), and tumour recurrence of patients
with CRC. In addition, high expression of LIMK1 was also
associated with tumour location (Supplementary Table S2).
Kaplan–Meier survival analysis revealed that patients with
cytoplasmic and nuclear overexpression of LIMK1, but not positive
LIMK1, had a worse clinical outcome (Figure 1D; Supplementary
Figure S1). Such a relationship was more obvious in patients with
higher T stage (i.e., T3 and T4) or negative lymph node status (i.e.,
N0) (Supplementary Figures S2 and S3). Unfortunately, multi-
variate analysis did not support LIMK1 overexpression in
subcellular compartments as independent prognostic factors for
CRC (Supplementary Table S3).

Exogenous LIMK1 localised to the cytoplasm and nucleus
contributes to aggressive phenotypes of CRC cells in vitro. We
assessed the subcellular localisation and expression of LIMK1
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protein in all CRC cell lines by IF and western blot assay. Nuclear
localisation of LIMK1 was clearly observed in SW620 and LOVO
cells with high metastatic potential (indicated as yellow arrow;
Figure 1E and F). Compared with HCT116, LS174T, SW480, and
HT29 cells with relatively low metastatic potential, LIMK1
expression was also significantly increased in SW620, SW480/M5,
and LOVO cells with higher metastatic potential. Interestingly, a
gradually increased trend of immunoreactivity was observed in three
cell lines, SW480, SW620, and SW480/M5, derived from the same
patient, along with an increase in metastatic potential (Figure 1G).

To further investigate the effects of LIMK1 in subcellular
compartments on CRC cell behaviours, either a duplicated nuclear
export signal (NES) sequence motif or a duplicated nuclear
localisation sequence (NLS) was fused in-frame to HA-LIMK1 to
generate HA-NES-LIMK1 or HA-NLS-LIMK1, respectively
(Figure 2A). In vitro gain-of-function analyses were performed in
SW480 and HCT116 cells transiently transfected with recombinant
expression vectors. The transfection efficiency and subcellular

localisation was confirmed by western blot analysis (Figure 2B;
Supplementary Figure S4). The IF assay revealed that the HA-NLS-
LIMK1 protein was visualised exclusively within the nucleus of
SW480 cells. Conversely, the HA-NES-LIMK1 protein was observed
by HA visualisation to be excluded from the nucleus. Finally, HA-
LIMK1 was expressed in both the cytoplasm and nucleus
(Figure 2C). The CCK-8 assay revealed that exogenous LIMK1,
localised to the cytoplasm or/and nucleus, increased the capacity of
cell proliferation (Figure 2D). The migration and motility ability was
enhanced independently of cytosolic or nuclear expression, as
assessed by transwell and wound healing assays (Figure 2E and F).

In vitro loss-of-function analyses were carried out in SW620
cells with high endogenous expression of LIMK1 using siRNA-
mediated RNA interference (RNAi). Using western blot analysis,
two of the most effective siRNAs (siRNA-391 and siRNA-377)
were selected for further examination (Figure 3A). The results of
CCK-8 assays revealed that silencing of LIMK1 could significantly
suppress cell proliferation in SW620 cells (Po0.001; Figure 3B).
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Figure 1. Both cytoplasmic and nuclear LIMK1 are associated with a poor prognostic phenotype of CRCs. (A) Western blot analysis of LIMK1 in
CRC tissues (T) and adjacent non-tumour tissues (N). The immunosignal was quantified using densitometric scanning software, and the relative
protein abundance was determined by normalisation with b-actin. (B) IF analysis of LIMK1 protein expression in normal mucosa tissues and
CRC tissues (original magnification � 2400). (C) IHC analysis of LIMK1 protein expression in CRC tissues and adjacent non-tumour tissues.
Representative photographs of IHC staining in CRC tissues and adjacent non-tumour tissues are shown. (D) Kaplan–Meier survival curves and
univariate analyses (log-rank) for CRC patients with distinct expression levels and subcellular localisation of LIMK1. (E) IF analysis for subcellular
localisation of LIMK1 in CRC cell lines (original magnification �2400). (F) Western blot analysis of cytoplasmic and nuclear fractions from SW620
and LOVO. Nuclear segregation is assayed by total H3K4. Cytoplasmic segregation is assayed by GAPDH. LIMK1 is assayed with anti-LIMK1
antibody. (G) Western blot analysis for the expression of LIMK1 in CRC cell lines. IHC, immunohistochemistry. A full colour version of this figure is
available at the British Journal of Cancer journal online.
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Figure 2. Exogenous LIMK1 localised to the cytoplasm and nucleus contributes to aggressive phenotypes in vitro. (A) HA-alone and three
HA-tagged LIMK1 proteins are depicted graphically and colour coded. HA was fused to the N-terminus of LIMK1 cDNA. Exogenous NLS and NES
tags were fused to the N-terminus of HA. (B) SW480 and HCT116 cells were transiently transfected with HA, HA-NES-LIMK1, HA-NLS-LIMK1,
and HA-LIMK1 vectors. Western blot analysis was performed to detect the exogenous and total expression of LIMK1 using anti-HA and anti-LIMK1.
(C) IF assay was used to visualise subcellular localisation of LIMK1 in treated SW480 cells (original magnification � 2400). Exogenous NLS and NES
sequences target HA-NLS-LIMK1 and HA-NES-LIMK1 proteins to the nuclear and cytoplasmic subcellular compartments. (D) The effect of LIMK1
on cell proliferation was evaluated by CCK-8 assay. (E) The invading cells of the transwell assay were counted under a microscope in five randomly
selected fields. Bars represent the number of invaded cells. (F) Wound healing assay was performed to evaluate the motility. Bars represent
migration index of treated or control cells. The distance migrated by treated cells was relative to that migrated by control cells. Representative
figures are shown. The asterisk (*) indicates Po0.05. The double asterisk (**) indicates Po0.01. A full colour version of this figure is available at the
British Journal of Cancer journal online.

BRITISH JOURNAL OF CANCER LIMK1 promotes colorectal cancer progression

566 www.bjcancer.com | DOI:10.1038/bjc.2017.193

http://www.bjcancer.com


The siRNA-treated cells also showed a significant decrease of
migration and motility potential in transwell and wound healing
assays (Po0.05; Figure 3C and D).

Subcellular localisation of endogenous LIMK1 overexpression
promotes CRC growth and progression in vivo. The effect of
subcellular localisation of LIMK1 on tumour growth was assessed
by subcutaneous injection of tumour cells into the back of nude
mice. SW480 CRC cell lines with stable LIMK1 overexpression
targeted to the cytoplasm and nucleus were established and
successfully validated by western blot and IF assay (Figure 4A and B;
Supplementary Figure S5). Expectedly, in vitro experiments
confirmed that stably transfectants show an increase in prolif-
erative and migratory ability (Supplementary Figure S6). Subse-
quently, a subcutaneous tumour model was used to assess the
potential of tumour growth. As shown in Figure 4C, the tumours
in the SW480/HA-NES-LIMK1, SW480/HA-NLS-LIMK1, and
SW480/HA-LIMK1 groups grew obviously faster (Figure 4D),
and showed a higher percentage of positive Ki-67 tumour cells
compared with those in the SW480/HA group (Figure 4E).

The effect of endogenous LIMK1 localised to the cytoplasm and
nucleus on the potential of homing capacity was evaluated 60 days
after the nude mice had been injected with the same cells through
their tail veins. Compared to the control group, more and larger
tumour nodules were found in the lungs of mice with LIMK1-
overexpressing groups with cytoplasmic or nuclear localisation
(Figure 4F).

LIMK1 localised to the cytoplasm and nucleus induces
epithelial–mesenchymal transition and activates the PI3K/Akt
signalling pathway. To evaluate the relationship between the
expression and activity of LIMK1 in CRC, we have performed
western blot analysis to detect the levels of active LIMK1

(phospho-LIMK1), phospho-cofilin, and LIM kinase 2 (LIMK2).
As shown in Supplementary Figure S6, accompanied by changes of
LIMK1 protein expression, corresponding changes of phospho-
LIMK1 and phospho-cofilin, but opposite changes of LIMK2, have
occurred (Supplementary Figure S7).

Next, we explored whether LIMK1 introduction has an effect on
the expression of markers associated with epithelial–mesenchymal
transition (EMT) and the possible oncogenic pathways that may
involve the function of LIMK1. Western blot analyses showed that
the mesenchymal markers (fibronectin and N-cadherin) and
transcription factor snail were upregulated, while epithelial
markers (E-cadherin and b-catenin) were downregulated through
introduction of exogenous LIMK1 in cytoplasmic and nuclear
compartments (Figure 5A). As shown in Figure 5B, cytoplasmic
and nuclear LIMK1 could activate phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K)/Akt signalling via decreased phos-
phorylation of PTEN and increased phosphorylation of AKT at
Ser473 and Thr308 in SW480 and HCT116 cells.

MYH9 and ACTN4 are downstream factors of LIMK1. To
identify the unknown downstream molecules of compartment-
specific expression of LIMK1, the whole proteins of whole-cell
lysates from SW480 cells stably expressing HA, HA-LIMK1, HA-
NES-LIMK1, and HA-NLS-LIMK1 were extracted and immuno-
precipitated with a specific HA-tag antibody. Differential protein
bands were revealed by silver staining in the resultant immuno-
precipitate and analysed by MS (Figure 6A). The identified protein
bands are summarised in Supplementary Table S4. Among them,
band #1 was identified as MYH9 (myosin-9), and band #2 was
identified as ACTN4 (alpha-actinin-4) (Supplementary Figure S8).
Both proteins were confirmed by immunoprecipitation and
immunoblotting with anti-HA, anti-MYH9, or anti-ACTN4 anti-
body (Figure 6B). Immunofluorescence assays validated subcellular
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localisation of MYH9 and ACTN4, and their partial co-localisation
with LIMK1 in SW480/HA-LIMK1 cells (Figure 6C).

DISCUSSION

The LIM kinase family consists of two members; LIMK1 and
LIMK2, which play central roles in the rearrangement of the actin
cytoskeleton (Scott and Olson, 2007). Numerous research has
revealed that LIMK1 may be one of the key molecules that
stimulates tumour cell invasion and metastasis, or possibly a new
‘oncogene’ (Scott and Olson, 2007). So far, the expression and
function of LIMK1 in CRC development and progression is still
unknown. In the present study, we investigated for the first time,
the expression of LIMK1 in a large clinical cohort with 152 CRC
cases. Our data verified the overexpression of LIMK1 in CRC
tissues and its relationship with CRC progression, supporting that
LIMK1 might be a novel oncoprotein in CRC.

Our data provided strong evidence that LIMK1 proteins existed
not only in the cytoplasm but also in the nucleus of CRC cells.
Analysis of the amino-acid sequence of the protein identified that
the PDZ of LIMK1 affects nuclear/cytoplasmic shuttling with two
leucine-rich NES (Yang et al, 1998; Yang and Mizuno, 1999).
Translocation into the nucleus is driven by NLS, which are found
between the PDZ and kinase domains in LIMK1. The presence of
both NES and NLS suggests that nuclear/cytoplasmic shuttling
might be a regulated process and that LIMK1 may have active
functions in the nucleus (Goyal et al, 2006). Our results indicated
that both nuclear and cytoplasmic-localised HA-LIMK1 promoted
xenograft tumour growth and lung homing capacity in nude mice.
A significant correlation was found between LIMK1 overexpres-
sion of distinct compartments and worse clinical prognosis,
probably resulting from the LIMK1-mediated aggressive pheno-
type of CRC cells.

Despite the clinical and biological significance of LIMK1 in
tumour progression, the downstream mechanism and molecular
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targets of LIMK1 remains to be elucidated. Not surprisingly,
studies on LIMK1 have until now focused on the role of LIMK1 in
the actin cytoskeleton (Scott and Olson, 2007). An integrin-linked
machinery of cytoskeletal regulation involving LIMK1 contributed
to tumour initiation and metastatic colonisation by inducing EMT
(Shibue et al, 2013). We further explored the proteins interacting
with LIMK1 in CRC cells via a protein–protein interaction
technique. Among the candidate proteins, MYH9 and ACTN4
were identified as two novel targets of LIMK1. Knockdown of
MYH9 or ACTN4 partly counteracted the malignant phenotypes
mediated by LIMK1, suggesting their essential role in CRC
progression.

MYH9, a gene encoding nonmuscle myosin IIA (NMIIA),
belongs to the myosin II subfamily of actin-based molecular
motors that includes skeletal, cardiac, smooth muscle, and
nonmuscle myosins (Simons et al, 1991; Toothaker et al, 1991).
Several studies have indicated that MYH9 plays a key role in cancer
cell invasion and metastasis (Betapudi et al, 2006; Derycke et al,
2011). However, a study based on a direct in vivo RNAi strategy
showed that MYH9 RNAi and MYH9 knockout trigger invasive
squamous cell carcinoma (SCC) formation on tumour-susceptible
backgrounds. MYH9 is diminished in human SCCs with poor
survival, suggesting it as a potential tumour suppressor (Schramek
et al, 2014). Although further studies need to be carried out, our
data provide new evidence that MYH9 might serve as a novel CRC
metastasis-associated protein.

ACTN4, a member of the cytoskeletal protein family, binds to
actin filaments to preserve cytoskeletal structure and cell
morphology (Condeelis and Segall, 2003; Ebashi and Ebashi,
1964; Goto et al, 2003). ACTN4 is expressed in nonmuscle cells

and has been frequently reported to be associated with cell motility
and cancer metastasis (Honda et al, 1998). During cell movement,
ACTN4 protein expression level is markedly increased and ACTN4
concentrates at the leading edge of migrating cells (Honda et al,
1998). ACTN4 knockdown suppresses the migration and invasion
of cancer cells (Kikuchi et al, 2008; Yoshii et al, 2013; Shao et al,
2014), whereas its overexpression in CRC cells induces lymph node
metastasis in immunodeficient mice (Honda et al, 2005). Our data
showed that ACTN4 knockdown suppressed actin cytoskeleton and
cell migration of LIMK1-overexpressing cells, supporting its
essential role in LIMK1-mediated CRC progression.

In summary, we observed that LIMK1 was upregulated in CRC,
especially in those with metastatic potential, implying its relation-
ship with poor clinical outcome. Notably, both cytoplasmic and
nuclear LIMK1 overexpression functionally promoted CRC cell
aggressiveness both in vitro and in vivo by driving EMT and
activating the PI3K/Akt signalling pathway. Moreover, two tumour
metastasis-associated proteins, MYH9 and ACTN4, were identified
as direct targets of LIMK1 and are required for LIMK1-mediated
aggressive phenotype. Therefore, LIMK1 provides clues for novel
diagnostic strategies and specific targeted drugs for managing
advanced CRC patients.
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