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Background: Polo-like kinase 1 (PLK1) belongs to polo-like kinases family and affects cell cycles. However, the role of PLK1 in
some malignant tumors remains unclear.
Methods: To obtain a comprehensive view of PLK1 expression patterns, public databases including The Cancer Genome Atlas,
Cancer Cell Line Encyclopedia, the Genotype-Tissue Expression, and human cell landscape databases were employed. The correlation
of PLK1 expression with prognosis, immune infiltrations, immune checkpoint genes, tumor mutational burden (TMB), microsatellite
instability (MSI), mismatch repair (MMR), and DNA methylation was examined. Besides, we validated the results of clear cell renal
cell carcinoma (ccRCC) in two cohorts, with quantitative real-time PCR, Western blot, and loss-of-function experiments.
Results: By mining public datasets, we discovered that PLK1 expression in tumor tissues and cancer cell lines displayed hetero-
geneity compared to normal controls across different cancers. Besides, high expression of PLK1 results in shorter survival time in 15
cancer types, especially in ccRCC. PLK1 expression showed strong association with immune cell infiltration and immune checkpoint
genes across cancer types. Moreover, we identified a strong association between PLK1 expression and TMB, MSI MMR, and DNA
methylation. PLK1 was validated to be highly expressed in ccRCC tissues and promote ccRCC cell proliferation, migration, invasion,
and cell cycle. Mechanistically, PLK1 could regulate forkhead box protein M1 and target cell cycle-associated genes to participate in
cell cycle control.
Conclusion: PLK1 has important prognostic value and is associated with tumor immunity across cancer types including ccRCC.
Keywords: PLK1, pan-cancer analysis, ccRCC, biomarker, tumor immunity

Introduction
The incidence of malignant tumors has increased at an alarming rate in the past few decades, which has served as
a leading cause of death and major public health burden worldwide.1 To gain deeper insight into the pathogenesis of
human malignancies, a summary of comprehensive projects including Cancer Cell Line Encyclopedia (CCLE) and the
Cancer Genome Atlas (TCGA) was launched.2,3 Due to the continued accumulation and improvement of multi-omics
data across cancer types, pan-cancer analysis has become available.4,5 Unlike previous studies of selected tumor types,
pan-cancer analysis can provide a wide-ranging overview of various aspects of cancer biology through revealing
similarities, heterogeneity, new topics, and the breadth of analysis for human malignancies.6

Polo-like kinases (PLKs) are a class of serine/threonine protein kinases,7 which included five members: PLK1-5.
Among them, PLK1 is studied mostly,8 and plays important functions in regulating cell cycle.9 According to previous
studies, we concluded that high expression of PLK1 contributed to a poor prognosis in some human cancers.10–12

Functionally, PLK1 promotes tumor progression through different pathways, for example, inhibition of PLK1 could
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enhance the radiosensitivity of breast cancer cells.13 Previous investigations of PLK1 focused on a specific cancer type,
which provides limited or biased views and calls for a comprehensive molecular portrait of PLK1 at pan-cancer level.

Here, we firstly, to the best of our knowledge, explored the expression patterns and clinical implications of PLK1
across 33 cancer types by integrating multiple databases. Important variables including immune infiltrations, immune
checkpoint genes (ICGs), tumor mutational burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), and
DNA methylation were comprehensively unraveled to find a correlation with PLK1. Furthermore, PLK1 was verified as
a potent oncogene in clear cell renal cell carcinoma (also known as kidney renal clear cell carcinoma in TCGA database,
KIRC) within clinical specimens and in vitro experiments. Overall, our findings demonstrated the therapeutic, diagnostic,
and prognostic potential of PLK1 across cancer types, especially in KIRC.

Materials and Methods
Data Collection and Clinical Samples
To obtain a comprehensive view of PLK1 expression patterns, four public datasets were included: TCGA,6,14 CCLE,15

the Genotype-Tissue Expression (GTEx),16 and human cell landscape databases (HCL)17 databases. In TCGA dataset,
there were cancer tissues and normal tissues, which were harvested from various cancer types including adrenocortical
carcinoma (ACC), bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell
carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD),
lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma multiforme
(GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), KIRC, kidney renal papillary
cell carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower grade glioma (LGG), liver hepatocellular
carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO),
ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma and paraganglioma
(PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous mela-
noma (SKCM), stomach adenocarcinoma (STAD), testicular germ cell tumors (TGCT), thyroid carcinoma (THCA),
thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS) and uveal melanoma
(UVM). The CCLE dataset consists of 21 cancer types, while GTEx has 31 types of normal tissues. Furthermore, one
comprehensive single cell transcriptomic dataset: HCL was included, which covered 702,968 single cells from 60 human
tissue types. The data collection and procession were performed in accordance with the human subject protection and
data access policies of the corresponding datasets.

To validate the results in KIRC, a well-designed cohort: Clinical Proteomic Tumor Analysis Consortium (CPTAC)
ccRCC cohort with 103 KIRC patients was included.18 In addition, after approval by the ethics committee of Nanjing
First Hospital (Nanjing Medical University, China) on October 18, 2019, 32 pairs of cancer and adjacent normal tissues
were obtained from patients pathologically diagnosed with KIRC, at the Department of Urology of Nanjing First Hospital
from January 2020 to December 2020. The clinical and pathological characteristics of included patients were summar-
ized in Table S1. All patients were treatment naïve before surgery and given written informed consent. All tissues were
stored in liquid nitrogen for further use. This study was conducted in accordance with the Declaration of Helsinki.

Data Acquisition and Procession
Four potent biomarkers: TMB, MSI,19 MMR gene (MLH1, MSH2, MSH6, EPCAM, and PMS2) mutation status, and
DNA methylation surrogate (four DNA methyltransferases: DNMT1, DNMT2, DNMT3A, and DNMT3B)20 of each
tumor type were collected from the TCGA database. The expression data were log2 transformed for further analysis.

Tumor Immune Infiltration Analysis
To unravel the tumor microenvironment, Tumor Immune Evaluation Resource (TIMER) database was adopted, where six
infiltrating immune cell (B cells, CD4+ T cells, CD8+ T cells, macrophages, dendritic cells, and neutrophils) scores were
downloaded.21,22 Furthermore, we analyzed the StromalScore, ImmuneScore and ESTIMATEScore of each tumor type
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with ESTIMATE algorithm, which was embedded in Sangerbox online platform (http://www.sangerbox.com/tool). In
addition, we collected 47 common ICGs23 from TIMER database.

Cell Culture
Human KIRC cell lines (Caki-1, 769-P, 786-O and ACHN) and normal epithelial cell-line HK-2 were purchased from
Procell Life Science (Wuhan, China). The 786-O and 769-P cells were cultured in RPMI-1640 (Thermo Scientific,
Shanghai, China). The ACHN and HK-2 cells were cultured in DMEM (Thermo Scientific, Shanghai, China). The Caki-1
cells were cultured in McCoy’s 5A (Thermo Scientific, Shanghai, China). All medium were mixed with 1% antibiotics
(Thermo Scientific, Shanghai, China) and 10% fetal bovine serum (FBS; Thermo Scientific, Shanghai, China). Cell lines
were maintained at 37°C and humidified atmosphere of 5% CO2.

Plasmid Construction and Transfection
The small interfering RNAs (siRNAs) against PLK1 or forkhead box protein M1 (FOXM1) gene were constructed with
the aid of plasmids and obtained from Gene Pharma (Gene Pharma, Shanghai, China). When the cell density reached
50%, we used Lipofectamine 3000 Transfection Reagent (Thermo Scientific, Shanghai, China) to transfect cells. At 48–
72 h, the cells were collected for subsequent analysis.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from tissues or cells in line with the instruction of Trizol reagent (Thermo Scientific, Shanghai,
China). RNA purity and concentration was measured by Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). The
PrimeScript RT reagent kit (Takara, Dalian, China) was used to perform reverse transcription. Finally, SYBR Green qPCR
Kit (Takara, Dalian, China) was used to conduct qRT-PCR in ABI Prism 7500 Detection System (Applied Biosystems,
USA). The PLK1 expression was calculated by the 2−ΔΔCt method. GADPH were appropriately used for internal reference.

Western Blotting
Total proteins were extracted using RIPA buffer (Beyotime, Shanghai, China). The same amount of proteins were
isolated with 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred into
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Afterward, the membranes were
blocked in the 5% milk without fat and incubated with the primary antibodies against PLK1 (1:1000, 10305-
1-AP, Proteintech, Chicago, USA), FOXM1 (1:1000, bs-21487R, Bioss, China, Beijing), Cyclin B1 (1:5000, 28603-
1-AP, Proteintech, Chicago, USA), Aurora B (1:1000, bs-2445R, Bioss, China, Beijing), or GADPH (1:10000,
10494-1-AP, Proteintech, Chicago, USA) at 4°C overnight with gentle shaking. Goat anti-rabbit IgG antibody
(1:10000, Proteintech, Chicago, USA) was used as the secondary antibody. The ECL system (Beyotime,
Shanghai, China) was used to visualize the protein signals.

Cell Counting Kit-8 (CCK-8) Assay
A total of 2000–3000 cells were seeded in 96-well plates per well. It was detected by CCK8 kit (Dojindo, Kyushu, Japan)
at 0h, 24 h, 48 h, 72 h, and 96 h. After adding 10 μL CCK8 reagent into each well for 2 h, an absorbance of 450 nm was
detected by a microplate reader (Tecan, Männedorf, Switzerland).

EdU Assay
After seeding in 96-well plates for 24 h (1 × 105 cells per well), the Cell-LightTM EdU Apollo® 567 In Vitro Imaging Kit
(Ribobio, Guangzhou, China) was used for EdU staining. Fluorescence microscope (Carl Zeiss, Oberkochen, Germany) was
adopted to photograph random fields. The percentage of EdU-positive cells (red fluorescently labeled cells) was calculated.
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Cell Scratch Assay
KIRC cells were seeded in 6-well plates. When cell density reached 95%–100%, we used 10 μ L sterile pipette tip to
form clear lines in the wells. Migration distance was captured at the time of 0 h and 24 h under an inverted microscope
(Nikon, Tokyo, Japan).

Transwell Assay
Firstly, we added 100 μL Matrigel (Becton, Dickinson and Company, New York, USA) into 900μL serum-free medium
and then coated to transwell inserts (Millipore, Billerica, MA, USA) at 37°C for 5 h. 2–4 × 105 cells starved for 24
h were mixed in 100 μL serum-free medium and then seeded into the upper chamber. The 24-well plate was added 600
μL complete medium. Transwell inserts were cultured in incubators for 24 to 48 hours. And then we removed the
matrigel and noninvasive cells on the upper surface. The cells on the bottom surface were fixed with 4% paraformalde-
hyde and stained with 0.5% crystal violet. Five fields were randomly selected for counting the invasion and migration
cells.

Cell Cycle Analysis
After centrifugation, the transfected KIRC cells were fixed with ethanol (75%) at 4°C overnight. The supernatant was
then discarded, followed by incubation with an RNA enzyme containing iodide (PI, 40%, Sigma-Aldrich). After washing
three times, the cell cycle was detected using FACS Calibur (BD Biosciences, USA), and data analysis was conducted
through Flowjo (version:10.6.2; BD Biosciences, USA). The experiment was repeated three times.

Bioinformatics and Statistical Analysis
The PLK1 expression levels between groups were evaluated with Kruskal–Wallis test and compared with Wilcoxon test.
For survival analysis, two follow-up endpoints: overall survival (OS; defined as the time between the date of diagnosis
and death from any cause) and disease-specific survival (DSS; defined as the time between the date of diagnosis and
death from a specific disease) were adopted for univariate Cox regression and Kaplan–Meier (K-M) plot analyses.
Pathway enrichment analysis was performed using gene sets downloaded from Kyoto Encyclopedia of Genes and
Genomes (KEGG). The correlation of PLK1 expression with studied variables was evaluated using Spearman correla-
tion. All bioinformatics and statistical analyses were performed using the R program (version:6.2; R Foundation for
Statistical Computing, Vienna, Austria) or GraphPad Prism (version:7.0; GraphPad Software, San Diego, CA, USA).
Two-sided P value <0.05 was considered statistically significant.

Results
Pan-Cancer Expression Landscape of PLK1
To characterize the baseline expression levels of PLK1 in normal tissues, the GTEx database was applied. As shown in
Figure 1A, PLK1 expression varied across tissue types, which was highest in testis tissue and lowest in heart tissue.
Furthermore, we unraveled the expression pattern of PLK1 in the single-cell resolution with the aid of HCL dataset. As
summarized in Table S2, PLK1 was highly expressed in stem cells and fetal tissues. While focused on adult tissue types,
we found that PLK1 expression level in testis ranked the top one, which was in line with the GTEx data (Figure 1B).

Based on the oncogene-like expression pattern of PLK1, we integrated the transcriptomic data from both TCGA and
GTEx databases to explore the pan-cancer expression landscape of PLK1. After batch correction and differential
analysis, PLK1 expressed highly in almost all cancer types except LAML and THCA (Figure 1C). Furthermore, we
analyzed the PLK1 expression levels within various cancer cell lines based on the CCLE data (Figure 1D). In agreement
with cancer tissue expression profiles, PLK1 expression was relatively high and heterogeneous in most cancer cell lines.

Prognostic Analysis of PLK1 Across Cancer Types
To determine whether PLK1 could predict patients’ prognosis, survival analyses including Cox and K-M were applied. As
presented in Figure S1A, high PLK1 expression was a risk factor for ACC (P < 0.001), BRCA (P = 0.035), CHOL (P =
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0.043), HNSC (P = 0.036), KICH (P < 0.001), KIRC (P < 0.001), KIRP (P < 0.001), LGG (P < 0.001), LIHC (P < 0.001),
LUAD (P < 0.001), MESO (P < 0.001), PAAD (P < 0.001), PRAD (P = 0.012), SKCM (P = 0.0076), UCEC (P = 0.016), and
UVM (P = 0.0048). In line with the univariate Cox regression analysis, K-M analysis (Figure 2) demonstrates that patients
with higher PLK1 levels had a shorter OS in ACC (P < 0.001), BRCA (P = 0.0078), HNSC (P = 0.01), KICH (P < 0.001),
KIRC (P < 0.001), KIRP (P < 0.001), LGG (P < 0.001), LIHC (P < 0.001), LUAD (P < 0.001), MESO (P < 0.001), PAAD
(P < 0.001), PRAD (P = 0.02), SKCM (P < 0.001), UCEC (P = 0.0049), and UVM (P < 0.001). Furthermore, a similar
pipeline was applied to evaluate the association of PLK1 expression with DSS. The Cox regression analysis indicated that
high PLK1 expression was a risk factor for ACC (P < 0.001), CHOL (P = 0.037), KICH (P < 0.001), KIRC (P < 0.001),
KIRP (P < 0.001), LGG (P < 0.001), LIHC (P < 0.001), LUAD (P < 0.001), MESO (P < 0.001), PAAD (P < 0.001), PRAD
(P = 0.0022), SARC (P = 0.047), SKCM (P = 0.0058), THCA (P = 0.035), and UVM (P = 0.0048; Figure S1B). K-M plots
showed that patients with higher PLK1 expression exhibited poorer DSS than those with lower PLK1 expression in ACC
(P < 0.001), CHOL (P = 0.053), KICH (P < 0.001), KIRC (P < 0.001), KIRP (P < 0.001), LGG (P < 0.001), LIHC (P <
0.001), LUAD (P < 0.001), MESO (P < 0.001), PAAD (P = 0.0026), PRAD (P = 0.0064), SARC (P < 0.001), SKCM (P <
0.001), THCA (P = 0.0064), and UVM (P < 0.001), as seen in Figure 3. To sum up, the results showed that PLK1 expression
was significantly associated with patients’ prognosis, especially in those with KIRC, KICH, and KIRP.

PLK1 Expression is Associated with Immune Infiltration Levels and ICGs
Tumor-infiltrating lymphocytes are important parts of tumor microenvironment, which can be divided into six categories:
B cells, CD4+ T cells, CD8+ T cells, dendritic cells, macrophages, and neutrophils. As summarized in Table S3, the
correlation of PLK1 expression with the immune infiltrates differed across cancer types. Among them, KIRC, LIHC, and
LUSC displayed the best correlation (Figure 4). In detail, PLK1 expression levels were positively associated with all six
infiltrating lymphocyte levels in KIRC and LIHC, while negatively correlated in LUSC.

Figure 1 PLK1 expression in the human pan-cancer. (A) PLK1 expression in 31 normal human tissues. (B) Expression levels of PLK1 in HCL dataset. (C) PLK1 expression in
27 types of cancer tissues compared to normal control. (D) PLK1 expression in 21 type of tumor cells. (***P<0.001).
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To gain an overview of tumor infiltration levels and their association with PLK1 expression, ESTIMATE method was
utilized. As shown Table S4 and Figures S2–S4, PLK1 expression was positively correlated with the StromalScore in
KIRC and THCA while negatively correlated with that in BRCA, CESC, COAD, ESCA, GBM, HNSC, LIHC, LUAD,
LUSC, PAAD, READ, SARC, SKCM, STAD, TGCT, THYM, and UCEC. In terms of ImmuneScore, the positive
association between PLK1 expression was observed in KIRC, LGG, THCA, and THYM while negative association in
ACC, CESC, ESCA, GBM, KIRP, LUAD, LUSC, PAAD, SARC, SKCM, STAD, TGCT, UCEC, and UCS. Besides,
PLK1 expression positively correlated with the ESTIMATEScore in KIRC and THCA, while PLK1 expression nega-
tively correlated with the ESTIMATEScore in ACC, BRCA, CESC, ESCA, GBM, HNSC, KIRP, LUAD, LUSC, PAAD,
SARC, SKCM, STAD, TGCT and UCEC.

Figure 2 Correlation between PLK1 expression in patients with OS. Survival analyses of PLK1 expression using the Kaplan-Meier OS curves in ACC (A), BRCA (B), CHOL
(C), HNSC (D), KICH (E), KIRC (F), KIRP (G), LGG (H), LIHC (I), LUAD (J), MESO (K), PAAD (L), PRAD (M), SKCM (N), THYM (O), and UCEC (P).
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Figure 3 Correlation between PLK1 expression in patients with DSS. Survival analyses of PLK1 expression using the Kaplan-Meier DSS curves in ACC (A), CHOL (B),
KICH (C), KIRC (D), KIRP (E), LGG (F), LIHC (G), LUAD (H), MESO (I), PAAD (J), PRAD (K), SARC (L), SKCM (M), THCA (N), and UVM (O).
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Furthermore, we collected 47 common ICGs to analyze the relationship with PLK1 expression and found that PLK1
expression was associated with multiple ICGs across different cancer types (Figure 5). In particular, the expression of
PLK1 was positively correlated with the expression of a plethora of ICGs, such as CD276, PDCD1, PDCD1LG2, CD70,
and CD86 in KIRC, LIHC and THCA. In contrast, PLK1 expression was negatively correlated with a series of ICGs in
THCA, such as CD40LG, CD48, TNFRSF14 and TNFRSF25. Taken together, these data suggested that PLK1 might
play a significant role in tumor immunity especially in KIRC.

Association Between PLK1 Expression and TMB or MSI in Human Pan-Cancer
TMB is a new biomarker for predicting the response to immune checkpoint inhibitors (ICIs),24,25 and its relationship
with PLK1 expression remains to be explored. The results showed that PLK1 expression was positively related to
TMB in BLCA, BRCA, CHOL, HNSC, KICH, KIRC, LGG, LUAD, LUSC, PAAD, PRAD, SARC, SKCM, STAD,
and UCEC, while PLK1 expression was negatively related to TMB in THYM (Figure 6A). Furthermore, the
relationship between PLK1 expression levels and MSI was investigated, which is another potential prediction
biomarker for ICI response.26,27 As indicated in Figure 6B, PLK1 expression was positively correlated with TMB
in BLCA, COAD, ESCA, LIHC, LUSC, SARC, STAD, TGCT, and UCEC, while it was negatively associated in
DLBC and READ.

PLK1 is Associated with Expression Levels of MMR Gene and DNA Methylation
Across Cancers
DNA MMR is an intracellular mismatch repair mechanism, which is closely related to tumorigenesis.28 Therefore, the
relationships between PLK1 and mutation levels of 5 MMR genes were evaluated. The results showed that PLK1
expression was highly related to mutation levels of 5 MMR genes in almost all cancer types, except CHOL and READ
(Figure 7A). DNA methylation regulates epigenetic inheritance, and the deposition of methylation marks relies on the
catalytic activity of DNMTs.29 As results, the association between the expression level of PLK1 with four DNMTs was

Figure 4 The association of PLK1 expression with immune cell infiltration in KIRC, LIHC, and LUSC.
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explored. We found that PLK1 expression was remarkably correlated with these four DNMTs in almost all cancers except
CHOL (Figure 7B). Taken together, the results suggested that PLK1 was involved in most cancer progression by
mediating MMR or DNA methylation.

Figure 5 The association of PLK1 expression with immune checkpoint genes across different cancers (*P<0.05, **P<0.01, and ***P<0.001).
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PLK1 is Over-Expressed in KIRC Tissue and Promotes KIRC Cell Proliferation,
Migration, And Invasion
The aforementioned results have pinpointed the potent roles of PLK1 across tumor types, especially in KIRC, which
accounts for approximate 4% of all human cancers. Hence, we focused on KIRC, with clinical sample verification and
in vitro experiments to confirm the expression pattern and biological functions of PLK1 in KIRC. Initially, we validated
the expression of PLK1 in CPTAC ccRCC cohort, which was determined with RNA sequencing method in cancer and
normal control tissues. As presented in Figure 8A, PLK1 expression was significantly increased in KIRC tissues. We then
applied qRT-PCR to detect PLK1 expression level in our center cohort. The results indicated that PLK1 was upregulated
in KIRC tissues compared to matched normal peritumoral tissues (Figure 8B). Similar results were confirmed in the
protein level with Western blot assays (Figure 8C). As compared to Table S1, PLK1 was highly expressed in KIRC
patients with higher grade stage (P = 0.0177). Furthermore, we examined the expression level of PLK1 in KIRC cell
lines (Caki-1, ACHN, 786-O, and 769-P) and normal control (HK2). The qRT-PCR results demonstrated the higher
expression of PLK1 in KIRC cell lines than HK-2 cell, and 786-O and ACHN cells were chosen in the further functional
experiments for the high endogenous expression of PLK1 (Figure 8D).

To unravel the biological functions of PLK1 in KIRC, siRNA was adopted to knockdown PLK1 gene, which
significantly reduced the PLK1 expression levels (Figure 8E). CCK-8 assay and EdU assay were carried out to detect
whether PLK1 could affect the proliferative ability of KIRC cells. The results demonstrated that knockdown PLK1
remarkably inhibited cell proliferation in both cell lines (Figure 8F and G). Then, the cell scratch assay and transwell
assay were conducted to detect the role of PLK1 in cell migration and invasion. The results revealed that cell migration
and invasion were significantly suppressed in cells transfected with si-PLK1 (Figure 8H and I). Overall, the data
suggested that PLK1 was over-expressed in KIRC tissue and could promote KIRC cell proliferation, migration, and
invasion, which is consistent with previous studies.30–33

PLK1 Regulates FOXM1 and Targets Cell Cycle-associated Genes to Participate in Cell
Cycle
To explore the potential mechanisms by which PLK1 participated in KIRC, we performed pathway enrichment
analysis. We found that cell cycle pathway was highest enriched (Figure 9A), and PLK1 expression was positively
correlated with cell cycle gene set score (Figure 9B). Thus, we examined the effect of PLK1 knockdown on the cell

Figure 6 Correlations between PLK1 expression and the TMB and MSI in various cancers. (A) Radar map of the correlation between PLK1 expression and the TMB. (B)
Radar map of the correlation between PLK1 expression and MSI.
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cycle. The results indicated that knockdown of PLK1 increased the percentage of cells in the G2/M phase
(Figure 9C).

Furthermore, we explored the potential targets of PLK1. By screening the correlated genes with PLK1 in KIRC
patients from TCGA database, we found that FOXM1 ranked first (Figure 9D) with a positive linear correlation
(Figure 9E). FOXM1 has been reported to over express in KIRC tissue and promote carcinogenesis, partially via cell

Figure 7 The association of PLK1 expression with expression levels of five MMR genes and four DNA methyltransferases. (A) The Spearman correlation analysis of PLK1
expression with expression levels of five MMR genes in cancers. (B) The Spearman correlation analysis of PLK1 expression with four DNA methyltransferases across
cancers (*P<0.05, **P<0.01, and ***P<0.001).
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cycle control.34–37 As shown in Figure 9F, FOXM1 protein level was decreased when knockdown PLK1 in 786-O and
ACHN cells, and a similar trend of cyclin B1 and aurora B was observed. Then, we validated the effects of FOXM1 on
cell cycle. We found that cell numbers in the G2/M phase was increased in FOXM1 knockdown group compared to
normal control (Figure 9G), and protein level of FOXM1, cyclin B1 and aurora B were decreased in si-FOXM1 group
(Figure 9H), which was in line with previous reports.38,39 Taken together, the above results demonstrated that PLK1
might regulate FOXM1 and cell cycle-associated genes to participate in cell cycle.

Figure 8 Over-expressed PLK1 promoted cell proliferation, migration, and invasion in KIRC. (A) Relative expression of PLK1 in KIRC tissues compared to normal tissues in
CPTAC ccRCC cohort. (B) Relative expression of PLK1 in KIRC tissues compared to normal tissues in our center. (C) The protein level of PLK1 in KIRC tissues and normal
tissues. (D) Relative expression of PLK1 in human KIRC cell lines (Caki-1, 769-P, 786-O and ACHN) and normal epithelial cell line HK-2. (E) The efficiency of PLK1 siRNA
(si-PLK1) in 786-O and ACHN cells was confirmed by qRT-PCR. (F–G) CCK-8 and EdU assays showed the cell proliferation ability was inhibited after transfected with si-
PLK1. (H–I) Cell scratch and Transwell assays showed the suppressed migration and invasion ability of transfected KIRC cells. (ns>0.05, *P<0.05, **P<0.01, and ***P<0.001).
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Discussion
PLK1, a member of the polo-like kinases family, was firstly reported to be upregulated in primary tumor tissues in
1994,40 and involved in tumorigenesis and cancer progression in BRCA and SARC et al.10,12,13 However, the potential
mechanisms and clinical translational potential of most cancers remain to be revealed. A pan-cancer analysis can
compare the similarities and differences among different cancer types, which can help us better understand the
mechanisms involved in tumorigenesis and cancer progression. In the present study, we firstly conducted a pan-cancer
analysis of PLK1 expression across different cancer types. We found that PLK1 expression was increased and associated
with a worse prognosis in most cancers. Besides, the analysis of immune infiltration levels and ICGs showed their

Figure 9 PLK1 regulates FOXM1 and targets cell cycle-associated genes to participate in cell cycle. (A) Volcano plot of enriched pathways. (B) The correlation between
PLK1 expression and cell cycle in KIRC. (C) Cell cycle analysis indicated the percentages of cells in the G2/M phase were increased after transfected with si-PLK1. (D)
Volcano plot of correlated genes with PLK1 in KIRC. (E) Gene expression correlation between PLK1 and FOXM1 in KIRC. (F) The protein level of FOXM1, cyclin B1 and
Aurora B in KIRC cells when PLK1 was down-regulated. (G) Cell cycle analysis indicated the percentages of cells in the G2/M phase were increased after transfected with si-
FOXM1. (H) The protein level of FOXM1, cyclin B1 and Aurora B in KIRC cells when FOXM1 was down-regulated. (ns > 0.05, **P < 0.01, and ***P < 0.001).
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association with PLK1 expression in human pan-cancer. Furthermore, PLK1 was related to TMB, MSI, MMR gene and
DNA methylation across cancers. In vitro experiments showed that PLK1 was highly expressed in KIRC tissues. PLK1
could promote cell proliferation, migration, and invasion in 786-O and ACHN cells. Finally, PLK1 could regulate
FOXM1 and target cell cycle-associated genes to participate in cell cycle, which reflects the biological function of PLK1
in tumor progression.

Mount studies have reported that overexpression of PLK1 in various cancers such as BLCA,41 COAD,42 HNSC,43

KIRC,31 and THCA.44 We integrated the data from TCGA and GTEx databases, and found that PLK1 was highly
expressed in most tumor tissues, consistent with previous studies. However, the data indicated that PLK1 is decreased in
LMAL and THCA tumor tissues, which is contrary to the results of published papers.45,46 Therefore, it is necessary to
further confirm the PLK1 expression in different cancer types. We further verified the high expression of PLK1 in KIRC
tissues compared to normal control with qRT-PCR method. In conclusion, these results suggest that PLK1 is abnormally
expressed in various cancers and might be a novel biomarker for cancer.

Previous studies have reported contradictory roles of PLK1 in prognosis prediction. Otsu et al found that gastric
cancer patients with higher PLK1 expression had a worse prognosis compared to those patients with lower PLK1
expression, but the difference was not statistically significant.47 On the other hand, the decreased PLK1 expression
contributed to the shorter disease-free survival in rectal cancer patients receiving neoadjuvant chemoradiotherapy.48 In
this study, we comprehensively analyzed the clinical information of 33 types of cancers within the TCGA database and
found that higher PLK1 expression predicted poorer prognosis of patients, especially in ACC, BRCA, KICH, KIRC,
KIRP, LGG, LIHC, LUAD, MESO, PAAD, and PRAD. Furthermore, we explored the prognosis predictive performance
of PLK1 in our cohort. However, the follow-up time is too short (about one year) to draw conclusive results, and we will
prolong the follow-up time in future. Hence, we conducted in vitro experiments, and found that PLK1 could promote cell
proliferation, migration, and invasion in two KIRC cell lines (786-O and ACHN cells). In terms of mechanism, we found
that PLK1 targeted cyclin B1 and aurora B to control cell cycle by regulating FOXM1.

Recent studies have expanded our view of tumor biology into tumor microenvironment (TME) rather than focusing
on cancer cells. As important components of TME, immune and stromal cells played a key role in the initiation
development of human malignancies.49,50 With the aid of TIMER algorithms to systemically profile the infiltrating
levels of CD4+ T cells, CD8+ T cells, B cells, neutrophils, macrophages, and dendritic cells across cancer types, we
found a significant association between PLK1 levels and some tumor infiltrates, which was most pronounced in KIRC.
Furthermore, ESTIMATE algorithm with three generated variables (StromalScore, ImmuneScore, and ESTIMATEScore)
was used to evaluate the prognosis of cancer patient, which can provide an overview of TME. The results indicated PLK1
was negatively correlated with these scores in most cancers. However, PLK1 was positively correlated with
StromalScore, ImmuneScore and ESTIMATEScore in KIRC. Xu et al have reported the negative association of KIRC
patients’ OS with all three scores.51 To sum up, PLK1 expression serves a key role in TME modulation of different
cancer types, especially in KIRC.

With the deeper insights into TME, immunotherapy has attracted people’s attention and even become the first-line
therapy in some tumors such as KIRC.52 At present, two types of ICI have achieved promising efficacy: CTLA-4 and PD-1
and its ligands, PD-L1 and PD-L253. The correlation analysis demonstrated a significant association between the expression
of PLK1 and ICIs, indicating that PLK1 might serve as a potential ICI in future. One important problem in precision
medicine is the optimal selection of particular patients, as the objective response rate to Nivolumab was about 25% in
CheckMate 025 trial.54,55 Hence, it is of giant urgency to identify biomarkers with ICI response prediction potential; and
TMB and MSI emerged as novel biomarker candidates in addition to tumor PD-L1 expression levels. Samstein et al
suggested higher TMB is associated with more tumor neoantigens, which could facilitate immune recognition and promote
anti-tumor immune response.56 In gastroesophageal carcinoma, tumors with high MSI showed a favorable response to
ICIs.26 In this study, we illustrated the significant association between PLK1 and TMB and MSI in tumor samples. However,
the mechanism of PLK1 affecting the expression of each ICI, TMB, and MSI remains to be further studied.

Gene mutations are the primary cause of tumorigenesis.57 MMR gene mutation disrupts the stability and integrity of
the whole genome in normal cells.58 DNA methylation is a form of DNA chemical modification that alters gene
expression without changing the DNA sequence.59 Both MMR and DNA methylation are associated with tumorigenesis.
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In conclusion, PLK1 expression was remarkably correlated to mutation levels of 5 MMR genes and four DNMTs in
almost all cancers, which indicates that PLK1 serve as a key role in tumorigenesis at both genetic and epigenetic levels.

In this pan-cancer analysis, we comprehensively investigated various aspects of PLK1 and found that PLK1 might
serve as a potent biomarker across cancer types, especially in the era of immunotherapy. However, there are still some
limitations. First, this pan-cancer analysis is based on data integration from multiple databases with a large number of
tumor and normal samples. However, there remains the potential to result in systematic bias due to the inherent
methodology limitations. Second, this study characterized various roles of PLK1 at pan-cancer level with bioinformatics
analysis, and validated the result with clinical specimens and in vitro experiments in KIRC. It will be more convincing to
add in vivo or in vitro experiments in other cancer types except KIRC. Third, even though the significant association of
PLK1 expression with tumor immunity is illustrated, the underlying mechanism remains to be explored. Nevertheless,
our study provided a comprehensive understanding of PLK1, focusing on the association between PLK1 and prognosis of
tumor patients and tumor immunity across cancer types.

Conclusions
In summary, our study has confirmed that the expression of PLK1 is associated with the prognosis of patients and
immune infiltration in different cancers, specifically in KIRC. Besides, PLK1 expression was related to TMB, MSI,
MMR gene and DNA methylation across cancers. Finally, in vitro experiments showed that PLK1 was highly expressed
in KIRC tissues. PLK1 could promote cell proliferation, migration, and invasion in KIRC cells. In terms of mechanism,
we found that PLK1 targeted cyclin B1 and aurora B to control cell cycle by regulating FOXM1. Therefore, PLK1 has
the potential to be a prognostic marker and a novel target for tumor immunity in different cancers.
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