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Abstract

Purpose Clear cell renal cell carcinoma (ccRCC) is one of the most common types of renal cancer. LIM kinase 1 (LIMK1)
reportedly plays an important role in tumorigenesis. However, the involvement of LIMKI1 in the progression of ccRCC
remains ambiguous.

Methods Based on the TCGA and CPTAC databases, the expression of LIMK1 in ccRCC was evaluated. In the TCGA-
ccRCC cohort, the relationships between LIMK1 and immune cell infiltration as well as immune checkpoints were assessed.
The high expression of LIMK 1 in ccRCC was verified by qRT-PCR in four RCC cell lines. Immunohistochemistry was used
to evaluate the expression of LIMK1 in clinical samples. The association between LIMK 1 expression and survival prognosis
was explored via Kaplan-Meier survival curve in the TCGA-ccRCC and local cohorts. The effects of LIMK1 knockdown
on the proliferation, migration, and invasion abilities of RCC cells were evaluated via colony, CCK-8, wound healing, and
Transwell assays.

Results Elevated expression level of LIMK1 was found in the TCGA-ccRCC cohort and was confirmed in RCC cell lines
and clinical samples. Up-regulation of LIMK1 was found to be correlated with poor prognosis in TCGA-ccRCC and exter-
nal cohorts. In addition, high-LIMK1 was associated with clinicopathological stage, immune cell infiltration and immune
checkpoint in ccRCC. Importantly, knockdown of LIMK1 diminished the capability of proliferation, migration, and invasion
in RCC cells.

Conclusion LIMK1 may serve as a promising diagnostic and prognostic biomarker of ccRCC.
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et al. 2021). The most common malignant renal cancer is
renal cell carcinoma (RCC) (Jemal et al. 2011). It can be
divided into different subtypes, including clear cell RCC
(ccRCC), papillary RCC, and chromophobe RCC (Moch
et al. 2016). Among these, ccRCC is the most common
subtype, accounting for 75-80% of all RCCs, and contrib-
uted to 2.3% of global cancer deaths in 2022 (Hsieh et al.
2017; Zhang et al. 2022). Moreover, metastases are com-
mon in patients with ccRCC, resulting in poor prognosis
and unsatisfied treatment efficiency (Jonasch et al. 2021).
Despite the improvement in survival rates for early-stage
ccRCC using current treatment methods, such as radical or
partial nephrectomy, managing advanced ccRCC remains a
challenge (Ljungberg et al. 2015). Notably, ccRCC is highly
resistant to conventional anti-cancer treatment, including
radio- and cytotoxic chemotherapy (Cohen and McGovern
2005; Hammers 2016). Thus, defining the mechanisms driv-
ing ccRCC development and identifying potential therapeu-
tic targets are urgently needed for patients with ccRCC.

LIM kinase 1 (LIMK1), also known as LIMMKI1, is a
member of the LIM motif-containing protein kinase fam-
ily, which regulates actin cytoskeleton dynamics through
the phosphorylation of cofilin (Bénédetti and Vallée 2023;
Scott and Olson 2007). In recent years, LIMK1 has received
extensive attention for its involvement in cell proliferation,
cell migration, and tumorigenesis (Scott and Olson 2007;
Villalonga et al. 2023; McConnell et al. 2011). Moreover,
abnormal activation of LIMK1 has been identified in sev-
eral cancer types, including breast, prostate, and colorectal
cancers (Gong et al. 2019; Fu et al. 2018; Zhang et al. 2018).
Yet, it is not clear whether LIMK1 plays a role in ccRCC
progression.

In this study, multiple bioinformatic analyses based on
the Cancer Genome Atlas (TCGA) and the Cancer Pro-
teomic Tumor Analysis Consortium (CPTAC) databases
revealed the up-regulation of LIMK1 in ccRCC tissues at
both the mRNA and protein levels. It was found that there
was a negative correlation between LIMK1 and tumor sup-
pressor genes (TSGs) (adenomatous polyposis coli (APC)
and phosphatase and tensin homologue (PTEN)). LIMK1
was correlated with immune cell infiltration landscape
and expressions of immune checkpoint genes. Moreover,
reduced LIMK1 impedes proliferation, migration, and inva-
sion of RCC cells (A-498 cells and 786-0 cells). LIMK1
may enhance drug sensitivity of compounds, such as Bleo-
mycin, Simvastatin, Everolimus, Staurosporine, Rapamy-
cin and Wortmannin. Collectively, these results suggest the
oncogenic role of LIMK1 within ccRCC.
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Materials & methods
Exploration of LIMK1 mRNA level

The genomics data matrix of TCGA, containing LIMK1
expression files across 23 different cancer types, includ-
ing the TCGA-ccRCC cohort, was obtained from the
UCSC Xena website. Notably, both clinical information
and genomics matrix files specific to the TCGA-ccRCC
cohort were selected for analysis. Differential expression
genes (DEGs) between the high- and low-LIMK1 expres-
sion groups, based on median LIMKI1 expression, were
determined using the R package ‘DESeq2’ with an adjusted
p-value of 0.05 and allog,-fold change| > 1.5.

Examining LIMK1 protein level

CPTAC-ccRCC proteomics data, which included 110
tumor samples and 84 normal adjacent tissue samples, were
acquired from the CPTAC platform. The LIMKI1 protein
level in ccRCC tissues was labeled with isobaric mass tags
for quantification with Tandem Mass Tags according to a
previously published protocol (Mertins et al. 2018). The
localization of LIMK1 in three cell lines (U-251MG, U20S,
and A-431) was derived from The Human Protein Atlas
(THPA) database which was utilized to measure the LIMK 1
protein level in ccRCC tissues. Antibody HPA073571 and
Antibody HPA028516 were used.

DNA methylation analysis

The methylation analysis of LIMK1 in ccRCC samples
was conducted using the SMART software (Li et al. 2019).
Based on the TCGA data, comprehensive DNA methyla-
tion analysis and visualization plots were generated. The
SMART software provided a summarized overview, offer-
ing insights into the distribution and chromosomal position-
ing of methylation probes pertaining to the gene of interest.
The comparison of methylation level of each site between
ccRCC and normal tissues was performed using Wilcoxon
test. The data from MethSurv database was used to identify
the effect of methylation level of specific sites on the sur-
vival probability of patients with ccRCC (Yu et al. 2021).

Immune-related characteristics analysis

The relevance between LIMK1 expression and TSGs was
analyzed using the Spearman correlation analysis in R soft-
ware. The R package ‘ggplot’ was used for visualization.
With the TIMER database, the correlation between survival
and LIMK1 expression was evaluated, as well as immune
cell infiltration in patients with ccRCC. The correlations
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between LIMK1 expression and immune purity, T cells, B
cells, macrophages, neutrophils, and dendritic cells (DCs)
were analyzed via spearman correlation analysis.

Analysis of affected signaling pathways and
functional enrichment

The potential pro-oncogenic signaling pathways were
included in the analysis based on the UALCAN platform
and CPTAC database. For insights into the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways and Gene
Ontology (GO), the KEGG REST API and R package ‘org.
Hs.eg.db’ were used to clarify gene annotations. Enrichment
analysis was performed via the R package ‘clusterProfiler’.
The minimum and maximum gene set was respectively 5
and 5,000. Statistical significance thresholds were set at
»<0.05 and a false discovery rate<0.1.

Survival analysis and relevance of clinicopathologic
features

The samples from the First Affiliated Hospital of Wenzhou
Medical University (FAHWMU) cohort (n=120) were col-
lected to validate the prognostic value of LIMKI1. Clinical
parameters of patients in FAHWMU cohort were shown in
Table S1. The association between LIMK1 expression and
overall survival (OS) of patients with ccRCC was detected
using the R package ‘survival’. Univariate and multivariate
Cox regression analyses was conducted via the R package
‘Forest Plot’. Metrics included a 95% confidence interval,
the hazard ratio (HR), and the log-rank p-value calculated
by logistic regression analysis.

Differential analysis of mutation genes

A total of 366 samples with mutation data were downloaded
from TCGA. The chi-square test was used to assess the dif-
ference in mutation frequency in each group of samples.

Cell culture and quantitative real-time PCR (qRT-
PCR)

The HK-2 cell line, ACHN cell line, and A-498 cell line
were cultured in MEM medium. 786-0 cells and caki-1 cells
were cultured in RPMI-1640 medium and McCoy’s 5 A
medium, respectively. Cell lines were cultivated in medi-
ums supplemented with 10% fetal bovine serum, and incu-
bated at 37 °C with 5% CO,. All cell lines were purchased
from Wuhan Sevier Biotechnology Company. For total
mRNA extraction, TRIzol Reagents were employed. To
perform reverse transcription, the Revert Aid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham,

MA, USA) was employed. For qRT-PCR, the 7500 Fast
Real-Time PCR System was performed with SYBR Green
Master Mix. GAPDH served as a control for comparison.
The 2722 method was used to calculate the relative levels
of mRNA. The primer sequences of LIMK1 and GAPDH
are shown in Table S2.

Western blotting

Cells were lysed with RIPA buffer, supplemented with a
protease inhibitor cocktail. Protein concentrations were
measured using a BCA Protein Assay Kit. Protein samples
were separated by 10% SDS-PAGE gels and transferred
onto PVDF membranes. After blocking, the membranes
were incubated with primary antibodies overnight at 4 °C.
The membranes were then washed and incubated with sec-
ondary antibodies. The visualization and quantification
of protein bands were conducted through chemilumines-
cence detection system and Imagel software, respectively.
GAPDH was used as the internal control.

Transfection

Small interfering RNAs (si-LIMK1#1/2/3) were synthe-
sized by GenePharma (Suzhou, China). Cells were seeded
(8 x 10* cells/well) in 6-well plates and incubated at 37 °C
with 5% CO,. As per manufacturer instructions, A-498 and
786-0 cells were transfected with si-LIMK1 to knockdown
the expression of LIMK 1. The sequences of si-LIMK 1#1/2/3
were shown in Table S3.

Cell proliferation, migration, and invasion assay

Following adequate digestion, the LIMKI1-knockdown
A-498 cells were placed in 96-well culture plates at a
concentration of 4 x 10% cells/well and then maintained at
37 °C with 5% CO,. The CCK-8 kit was utilized to assess
absorbance at 450 nm daily for three days. For migra-
tion and invasion assays, A-498 cells with or without si-
LIMKI1 were inoculated in transwell chambers. A total of
3x10* cells/well were seeded onto the transwell upper
chamber. The lower chamber was filled with a culture
medium containing 10% FBS. Cells were incubated for
24 h at 37 °C and 5% CO,. Following the manufacturer’s
instruction, formaldehyde fixation and 0.5% crystal vio-
let staining of the transwell chambers were carried out.
For 786-0 cells, colony assay, transwell assay and wound
healing assay were performed after LIMK1 knockdown.
Briefly, for the colony assay, a total of 1x10° cells
per well were seeded in 6-well plates, following RNA
transfection for 48 h. Subsequently, after an incubation
period of 6 days, cells were stained to visualization and
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counting. For the wound healing assay, cells were seeded
in 6-well plates 48 h after RNA transfection. Upon reach-
ing 95-100% confluency, a scratch was created using a
1000 pl pipette tip. Images were acquired using micros-
copy at 0 h and 24 h.

Drug sensitivity analysis

CellMiner is a database of anti-tumor drugs for 60 cell lines
(9 cancers). The 263 drugs included are FDA approved
drugs or clinical trial drugs. The sensitivity correlation
between LIMKI1 and anti-tumor drugs was completed
by pearson correlation analysis via R packages ‘impute’,
‘limma’, ‘ggplot2’ and ‘ggpubr’.

Immunohistochemistry (IHC)

Following fixation in 4% formalin and blocking, tumor
tissue sections were subjected to overnight incubation at
4 °C with primary antibodies. Hematoxylin was utilized for
nuclei counterstaining, while DAB kits were employed for
visualization. Microscopic images were captured using a
Leica DM4B microscope.

Statistical analysis

The Kruskal-Wallis test was used to assess the gene expres-
sion in different tumor tissues. The Wilcoxon rank-sum test
was used to compare gene expression between normal and
tumor tissues. Unpaired two-tailed Student’s t-test was used
for comparison between two groups and one-way analysis
of variance between multiple groups. All statistical analy-
ses were conducted using R software or GraphPad Prism,
with significance set at the following parameters: #p<0.05,
#xkp<0.01, *xxp<0.001.

Results
Upregulation of LIMK1 in CcRCC

To determine whether LIMK1 is dysregulated in cancers,
the mRNA levels of LIMK1 were examined across 23 can-
cer types. Upregulation of LIMK1 was found in 21 out of
23 cancer types (Fig. 1A). Furthermore, analysis of the
TCGA-ccRCC cohort data unveiled a significant upregu-
lation of LIMK1 at the mRNA level in ccRCC (Fig. 1B).
Also, higher LIMK1 protein levels were showed in ccRCC
tissues (Fig. 1C). In line with it, compared to the normal
kidney cells (i.e., HK-2), high expression of LIMK1 was
validated in four RCC cell lines (ACHN, A-498, 786-0,
and caki-1) (Fig. 1D). Based on the THPA database, IHC
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analysis of LIMK1 confirmed enhanced LIMK1 expression
in most ccRCC samples. Two antibodies (HPA073571 and
HPA028516) were used. For HPA073571, 12 cases showed
strong intensity. For HPA028516, 1 case showed strong
intensity, 8 cases showed moderate intensity, and 3 cases
showed weak intensity (Fig. 2A and Figure S1A). More-
over, in the FAHWMU cohort, the expression of LIMK1
protein was stronger in ccRCC tissues compared to adja-
cent non-tumor tissues (Figure S2). As depicted in Fig. 2B,
LIMK1 was predominantly observed in the cytosol and
nuclear speckles. Individual fluorescent images of the three
components were shown in Figure S1B.

DNA methylation of LIMK1 in patients with CcRCC

It has been reported that DNA methylation plays a vital
role in the regulation of gene expression (Zhou et al. 2022).
Based on the TCGA data, it was revealed that methyla-
tion levels of LIMK1 were reduced in most cancer types,
including ccRCC (Fig. 3A). To examine whether LIMK1
is associated with its methylation, the DNA methylation
level of LIMK1 was analyzed in patients with ccRCC.
Clearly, there were 14 LIMK 1 methylation sites in chromo-
some 12 (Fig. 3B). In brief, five sites are situated within
the Island region (cg07594845, cg05640558, cg03358373,
cg21437766, cg27651035), three sites are located in the
N_Shore region (cg05592398, cg06126335, cg06757357),
and the remaining six sites (cg22228754, cg03841431,
€g25333521, ¢g00334821, cg06733155, ¢g04663932)
are situated in gene body region. Analysis of methylation
levels at the methylation sites revealed that LIMK1 was
hypomethylated in ccRCC tissues compared with normal
tissues, which potentially leads to high LIMK1 expression
(Fig. 3C). Further, the association between methylation level
of each site and survival probability was investigated. Mul-
tiple methylation sites associated with prognosis were iden-
tified, including cg05640558, cg04663932, cg00334821,
€g25333529, ¢g22228754, cg03358373, and cg07594845
(Figure S3).

LIMK1 expression was associated with the
clinicopathologic parameters

Clinicopathological factors indicate both the advance-
ment of cancer and the efficiency of treatment (Pavlovié
and Heindryckx 2021). Whether LIMK 1 expression is cor-
related with clinical characteristics (including age, histo-
logical grade score, pathological stage, and TNM scores)
was analyzed in the TCGA-ccRCC cohort. As depicted
in Fig. 4A-F, elevated LIMKI1 expression was found
in ccRCC patients with high histological grade, severe
pathological stage, and high TNM scores. Kaplan-Meier
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Fig. 1 Upregulation of LIMK1 in ccRCC. (A) Analysis of LIMK1 in (B) TCGA-ccRCC cohort and (C) CPTAC dataset. (D) Validation of
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survival analysis showed that elevated LIMK1 expres-  Involvement of signaling pathways and functional
sion was correlated with unfavorable prognosis in  enrichment

TCGA-ccRCC and FAHWMU cohorts (Fig. 4G and Fig-

ure S4A). Receiver operating characteristic (ROC) curve  Next, we explored the potential affected signaling pathways
analysis indicated that LIMK1 expression exhibited a  associated with LIMK1 protein level in ccRCC. These path-
great diagnostic performance in ccRCC (area under the  ways encompassed chromatin modifier alteration, Hippo,
curve (AUC) value=0.75) (Fig. 4H). Meanwhile, the mTOR, MYC/MYCN, NRF2, p53/Rb, RTK, SWI-SNF
AUC values in FAHWMU cohort also demonstrated the  complex, and WNT. Remarkably, the above signaling path-
accuracy of the LIMKI1 in predicting the prognosis of  ways exhibited a strong variation when LIMKI protein
ccRCC patients (Figure S4B). Univariate and multivari-  levels were changed (Fig. SA-I). DEGs, obtained from the
ate Cox analysis showed that LIMK1 was an independent ~ comparison of high- and low-LIMK1 groups, were used for
predictor (Figure S5). As shown in Figure S6, LIMK1 GO and KEGG analyses. GO analysis showed the enrich-
was found to be related to the BAP1 mutation, which has ment in axon development, actin cytoskeleton, and mito-
been reported to be involved in ccRCC development (Bi ~ chondrial matrix (Fig. 5J). KEGG analysis revealed that
etal. 2016; Joseph et al. 2016). These results suggest that ~ the MAPK signaling pathway, Ras signaling pathway, and
LIMKI1 may play a role in the progression of ccRCC and  regulation of the actin cytoskeleton pathway were enriched
exhibit promising prognostic value of ccRCC. (Fig. 5K).
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HPA028516: U-251MG HPA028516: U20S HPA028516: A-431

Fig. 2 Clarification of LIMK1 expression in ccRCC tissues. (A) The of LIMKI1 protein in three cell lines (U-251MG, U20S, and A-431).
IHC images of LIMK1 in ccRCC tissues showed strong staining inten- LIMK1 was predominantly observed in the cytosol and slightly seen
sity of LIMKI1. (B) Immunofluorescence images for the distribution in nuclear speckles
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The interaction of LIMK1 expression with the
immune system

Next, the relationship between LIMK1 and immune system
was assessed. Figure 6A depicted the negative correlations
between LIMKI1 expression and two well-known TSGs
(APC and PTEN), which have been reported to inhibit the
development of ccRCC (Whiteside 2006; Maekawa et al.
1999). Increasing studies have shown that the infiltration of
immune cells plays an important role in the development
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survival time. There was a positive correlation between
LIMK1 expression and immune cell types, including B
cells, CD4" T cells, macrophages, neutrophils, and DCs
(Fig. 6C). Together, these findings suggest a significant
association between LIMK1 expression and immune cells
in patients with ccRCC.
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Correlation of LIMK1 expression and immune
checkpoint genes

Immune-checkpoint molecules are crucial for tumor cells
evading the immune surveillance (Whiteside 2006). Whether
LIMKI1 is correlated with immune checkpoint genes was
explored. As illustrated in Fig. 7A, there were positive cor-
relations between LIMKI1 expression and CD274, CTLAA4,
HAVCR2, LAG3, PDCDI1, and PDCDILG2 in patients
with ccRCC. Figure 7B displayed the scatter plot of the cor-
relation between LIMK1 expression and individual genes.
TIDE scores of the high-LIMK1 group were higher than
those of the low-LIMKI1 group, indicating that patients
with high-LIMKI1 are more likely to escape the immune
surveillance and less likely to respond to immune therapy
(Fig. 7C). Taken together, the aforementioned analyses sug-
gest that increased LIMK 1 expression may act as an indica-
tor of patients with enhanced immune evasion.

Investigation of biological function of LIMK1 in vitro

To determine the biological role of LIMK1 in RCC, LIMK 1
was silenced in RCC. Western blotting was used to verify
the knockdown efficiency, and si-LIMK1#2 was chosen for
the subsequent experiments due to its effective knockdown
performance (Fig. 8A). The CCK-8 assay illustrated that the
silencing of LIMK1 decreased the proliferation of A-498
cells (Fig. 8B). The transwell assay revealed that LIMK1
knockdown resulted in a decrease in the number of migrated
and invasive A-498 cells, respectively (Fig. 8C and D). For
786-0 cells, after knockdown of LIMK1, the reduction of
proliferation, migration, and invasion ability of 786-0 cells
was examined via colony assay (Figure S7A), wound heal-
ing assay (Figure S7B), and transwell assay (Figure S7C),
respectively. The findings suggest that LIMK1 contributes
to the proliferation, migration, and invasion of RCC cells
in vitro. Recently, LIMK1 has been shown to phosphorylate
and deactivate ADF/cofilin, leading to a stabilization of the
actin cytoskeleton (Maekawa et al. 1999; Kang et al. 2021).
Thus, we examined whether the absence of LIMK1 prevents
the phosphorylation of cofilin in ccRCC. In A-498 cells, the
elimination of LIMK1 caused dephosphorylation of cofilin
(Fig. 8E). Our findings demonstrate that the inhibition of
LIMKI1 leads to a decrease in the phosphorylation of cofilin
in RCC cells, thus potentially diminishing their migration
and invasion capabilities.

Relevance of LIMK1 and drug sensitivity
Considering the limited effectiveness of chemotherapy

drugs for ccRCC, it is imperative to explore better and inno-
vative drugs for treatment. The correlation between LIMK1

expression and drug sensitivity was analyzed. The analysis
showed that high LIMK 1 was associated with increased drug
sensitivity to several medications, including Bleomycin,
Simvastatin, Everolimus, Staurosporine, Rapamycin, and
Wortmannin (Fig. 9). All of these drugs in tumor treatment
are currently commonly used. In sum, these results broaden
the scope of therapeutic options available for patients.

Discussion

ccRCC is a malignant cancer, known for its low sensitiv-
ity to radiotherapy and chemotherapy (Zynda et al. 2016).
LIMKI1 has been reported to be involved in the develop-
ment of cancers, especially in cell migration (Kang et al.
2021; Qiao et al. 2021). However, the role of LIMKI1 in
ccRCC remains unclear. In this study, we first investigated
the expression level and prognosis value of LIMKI in
ccRCC. Clearly, ccRCC patients with high LIMK1 expres-
sion were associated with poor prognosis in TCGA-ccRCC
and FAHWMU cohorts. Additionally, LIMK1 was related
to immune infiltration, immune checkpoints, and drug sen-
sitivity in ccRCC. Furthermore, the impacts of LIMK1 inhi-
bition on the proliferation, migration, and invasion of RCC
cells was examined in A-498 and 786-0 cell lines. Our find-
ings suggest that LIMK1 may serve as a novel biomarker
for ccRCC.

Utilizing the TCGA and CPTAC databases, increased
LIMK1 expression was identified at transcription level and
protein level in ccRCC. Consistently, the high expression
of LIMK1 expression was confirmed in four RCC cell lines
(ACHN, A-498, 786-0, and caki-1) and tumor tissues from
FAHWMU cohort. DNA methylation, as a key epigenetic
mechanism, is involved in the development of RCC (Shenoy
et al. 2015). Herein, our research unveiled the DNA meth-
ylation level of specific sites of LIMK 1 was associated with
the survival probability of patients with ccRCC. Recently,
immune checkpoints have been reported to be involved in
tumor immune surveillance and immune evasion (Deng and
Zhang 2018). In this study, it has been demonstrated that
LIMK1 was positively correlated with immune checkpoint-
related genes, such as CD274 and LAG3. Exploration of
immune treatment response indicated that patients with high
LIMKI1 expression had poorer response to immunotherapy.
The efficacy of immune checkpoint inhibitors (ICIs) could
be evaluated using TIDE scores (Fu et al. 2020; Jiang et al.
2018). However, the efficacy of ICIs is not solely contingent
upon the expression levels of immune checkpoints. Other
crucial factors, for example, the tumor microenvironment,
also influence the efficacy of ICIs (Pitt et al. 2016). There-
fore, assessing the role of ICIs in ccRCC patients requires
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Fig. 7 Correlation of LIMKI expression and immune checkpoint
genes. (A) Correlation between LIMK 1 and immune checkpoint genes
was analyzed based on the TCGA-ccRCC cohort. (B) Correlation

larger number of ccRCC patients to elucidate the underlying
mechanisms.
LIMK1 was found to be significantly enriched in mul-
tiple cancer-promoting pathways (Hippo, mTOR, MYC/
MYCN, RTK, SWI-SNF complex, WNT, p53/Rb, and
NRF2) (Marignol et al. 2013; Wang et al. 2023; Korkut
et al. 2018; Xu et al. 2023; Zhou et al. 2020; Shaw et al.
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2019). Insightfully, the development of RCC is strongly
influenced by inflammation (Liu et al. 2018). We found
that there was a correlation between LIMK1 expression
and the NRF2 pathway, which is known to be involved in
inflammation (Saha et al. 2020). These findings suggest
that LIMK1 may play a role in the pathogenic mecha-
nisms of ccRCC through interacting with these pathways.
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Fig.9 Relevance of LIMK1 and drug sensi-
tivity. Correlation between LIMK1 and drug
sensitivity

LIMK1, Bleomycin
Cor=0.402, p=0.001

LIMK1, By-Product of CUDC-305
Cor=-0.388, p=0.002

LIMK1, Everolimus
Cor=0.381, p=0.003

LIMK1, Acetalax
Cor=-0.375, p=0.003

LIMK1, Staurosporine
Cor=0.331, p=0.010

LIMK1, Wortmannin
Cor=0.318, p=0.013

LIMK1, Simvastatin
Cor=0.377, p=0.003

LIMK1, Rapamycin
Cor=0.343, p=0.007
1.0 I CRCRY S CX)

0.54
0.0

-0.54

-1.04

LIMK1, bisacodyl, active ingredient |
Cor=-0.323, p=0.012

LIMK1, Lapachone
Cor=-0.307, p=0.017

21 . .

LN Lo ®ee o

There is a consensus that the landscape of immune cell
infiltration in tumor microenvironments is intricate
(Liu et al. 2019). Our findings showed that LIMK1 was
associated with immune cells, such as T cells, B cells,
neutrophils, macrophages, and DCs. Previous stud-
ies have shown that infiltration of subtypes of CD4" T
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cell, tumor-associated macrophages, neutrophils and DC
cells correlates with poor prognosis in RCC (Toma et al.
2015; Wang et al. 2018; Song et al. 2015; Santoni et al.
2013). Combined with these, LIMK1 may promote the
progression of ccRCC by regulating the immune cells
infiltration. The mutation of BAP1 has been reported to



Journal of Cancer Research and Clinical Oncology (2025) 151:104

Page 150f 17 104

be correlated with the progression of RCC (Bi et al. 2016;
Joseph et al. 2016). Herein, it was found that LIMK1 was
correlated with the mutation of BAP1, suggesting that the
involvement of LIMKI1 in ccRCC development may be
associated with BAP1 mutation.

Next, the in vitro experiments confirmed that the knock-
down of LIMK1 attenuated the proliferation, invasion, and
migration ability of A-498 cells and 786-0 cells. It has been
reported that cofilin, a downstream effector of LIMKI1, is
essential in controlling actin dynamics, which is associated
with tumor migration, invasion, and metastasis (Tanouchi
et al. 2016; Mohan et al. 2019; Davidson and Wood 2016;
Bernard 2007; Lee et al. 2017). Our findings revealed that
when LIMKI1 was silenced, cofilin phosphorylation was
inhibited. Collectively, the above findings suggest that the
LIMK 1-cofilin pathway may be the underlying mechanism
of LIMK1 in promoting ccRCC cell migration and invasion.
As the pharmaceutical industry advances, there is a growing
emphasis on predicting drug sensitivity through public data-
base. Drug sensitivity analysis showed that LIMK1 expres-
sion was linked to drug sensitivity of many medications,
including Bleomycin, Simvastatin, Everolimus, Staurospo-
rine, Rapamycin and Wortmannin, expanding options for
personalized drug selection for ccRCC patients. Neverthe-
less, the precise molecular mechanisms of LIMK1 regulat-
ing tumor progression require more experimental validation
in vivo and in vitro.

Conclusions

In summary, LIMKI1 is identified as a novel promoter of
c¢cRCC and holds promising predictive potential for the
prognosis of ccRCC.
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