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Abstract

Mixed pedigree kinase 4 (MLK4) is a member of the serine/threonine kinases mixed pedi-

gree kinase (MLKs) family. Few reports on immune-related targets in Cervical squamous

cell carcinoma and endocervical adenocarcinoma (CESC), and the role of MLK4 in cervical

cancer remains to be studied. The expression of MLK4 in CESC was analyzed by TCGA

database containing 306 CESC tissues and 3 peritumoral tissue samples, and the effect of

MLK4 on immune invasion was evaluated using the Deseq2 package(Benjamini-Hochberg

corrected p-value < 0.05 and log2 fold change�|2|). Tissue microarray was used to verify

the expression of MLK4 in CESC patients, and it was found that MLK4 was significantly

overexpressed in CESC, and significantly correlated with WHO grade. Multiple analysis

algorithms revealed that the high expression of MLK4 was negatively correlated with

immune cell infiltration in CESC. Analysis showed that MLK4 expression was negatively cor-

related with the infiltration of various immune cells including CD8+T cells, and MLK4 mRNA

expression was positively correlated with immune checkpoints PD-L1,CTLA4, LAG3, and

negatively correlated with immune promotion genes CD86 and CD80. Furthermore, vitro

assays were performed to investigate the biological characteristics of MLK4 in C33A cells.

The EDU and transwell assays demonstrated that the decrease in MLK4 expression in

C33A cells resulted in a decrease in cell proliferation and invasion. The silencing of MLK4

resulted in a significant increase in the expression of inflammatory cytokines IL-1β(p<0.05),

TNF-α(p<0.01), and IL-6 (p<0.05). The results of cell assays indicate that knocking down

MLK4 would inhibit the expression of established biochemical markers CEA, AFP and HCG.

Hence, it is plausible that MLK4 could potentially exert a significant influence on the develop-

ment and progression of Cervical cancer.

1. Introduction

Cervical squamous cell carcinoma and endocervical adenocarcinoma(CESC) has risen from

the fourth most common cancer in the world to the third most common cancer in women,
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according to 2020 statistics [1]. There are two main types of cervical cancer based on cell type:

squamous cell carcinoma, identified in 80–90% of cases, and adenocarcinoma [2]. Squamous

cell carcinoma arises from cells located in the ectocervix, whereas adenocarcinomas originate

from the glandular cells found in the endocervix [2]. Different types of cervical cancer molecu-

lar biomarkers, including DNA methylation patterns, miRNA and specific proteins, are cur-

rently being studied to diagnose cervical cancer in patients [3]. In a recent report on protein

markers, Zhe Wang et al. [4] used bioinformatics to screen ANXA2 as a diagnostic marker for

cervical cancer and found that it was associated with the prognosis of cervical cancer patients

[4]. Hui Ma et al. [5] found that MCM3 can be an important marker of cervical cancer [5].

Tumor microenvironment plays a crucial role in the occurrence and development of

tumors. According to famous theories, there is a dynamic balance between tumor cells and

immune cells in the development of diseases, and immune escape is almost the hallmark of all

cancers [6]. During immune escape, tumor cells release cytokines to protect abnormal cells

from cytotoxic immune cells, promote the invasion of immunosuppressive cells or regulate the

activation of immune checkpoints [7–9]. Although relatively high programmed cell death pro-

tein-1 (PD-1)/programmed cell death protein-ligand1 expression has been demonstrated in

cervical tumors, the expression of immunosuppressive molecules prior to invasion has not

been adequately studied [10, 11]. Therefore, exploring new protein markers related to immune

invasion is helpful for the immunotherapy of cervical cancer.

To investigate immunological microenvironmental effects in tumors, researchers developed

a new algorithm that uses the distinct features of cancer samples’ transcription profiles to cal-

culate the contents of tumor cells and the various invading normal cells, which can provide

insights into the role of these cells in tumor progression and response to therapy. It is named

Estimation of STromal and Immune cells in MAlignant tumor tissues using Expression data

(ESTIMATE) [12, 13]. ESTIMATE focuses on stromal and immune cells, which make up the

majority of non-tumor components in tumor samples, and identifies specific signals associated

with stromal and immune cell infiltration in tumor tissue [13]. The levels of infiltrating stro-

mal and immune cells were predicted by computing stromal and immune scores by perform-

ing a single-sample gene set enrichment analysis (ssGSEA), which serves as the basis for

estimating the ESTIMATE Score of tumor purity in tumor tissue [14–16]. In cervical cancer

research, ESTIMATE has been used to analyze gene expression data from cervical cancer tis-

sues and to investigate the association between the tumor microenvironment and patient out-

comes [17], CXCR3 axis may be a new therapeutic target for cervical cancer [17]. Yali Deng

et al. [18] also used ESTIMATE algorithm to calculate tumor purity of cervical cancer.

MLK4 is a member of the serine/threonine kinases that belongs to mixed pedigree kinase

(MLKs) family [19]. The MLK4 gene (MAP3K21/KIAA1804) is frequently mutated and over-

expressed in various types of human cancer [20]. In recent years, the role of MLK4 in cancer

cell biology and tumor progression has been reported. Mehlich D et al. [19] reported that

MLK4 regulates DNA damage and promotes chemical resistance in triple negative breast can-

cer [19]. Their reports [21] demonstrated that MLK4 promotes the migration and invasion in

breast cancer cells [21]. Kim SH et al. [20] demonstrated that MLK4 regulates NF-κB activa-

tion in gliomas [20]. Despite growing knowledge about the role of MLK4 in tumorigenesis, the

role of MLK4 in cervical cancer has not been reported.

In this study, we analyzed the expression profile data of patients with cervical cancer using

ESTIMATE to analyze the differentially expressed genes between patients with high and low

immune invasion, and co-screened them with genes with high expression in cervical cancer

compared with those in the peritumoral to identify MLK4 as a possible molecular marker of

cervical cancer immune invasion. The function of MLK4 in cervical cancer was confirmed by

immunohistochemistry and in-depth bioinformatics analysis.
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2. Materials and methods

2.1 Gene expression analysis of cervical cancer RNA-seq data from TCGA

RNA sequencing (RNA-Seq) data from Cervical squamous cell carcinoma and endocervical

adenocarcinoma (CESC) patients were obtained from the TCGA data portal (https://

cancergenome.nih.gov/.), which contained 306 CESC tissues and 3 peritumoral tissue samples

up to September 18, 2021. The Deseq2 package was used to identify differentially expressed

genes (DEGs) between tumor and normal samples (Benjamini-Hochberg corrected p-value

0.05 and log2 fold change |2|).

2.2 Functional analysis

Functional annotation analyses: GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of

Genes and Genomes) were performed using the Database for Annotation, Visualization, and

Integrated Discovery (DAVID; version 6.8; https://david.ncifcrf.gov/), using Homo sapiens

genes as background. Terms with Benjamini-Hochberg corrected p-values < 0.05 were deter-

mined as enriched.

2.3 Survival analysis in Cervical cancer

Gene Expression Profiling Interactive Analysis (GEPIA) server was used to evaluate whether

increased expression of the selected DEGs was associated with a poorer prognosis in cervical can-

cer. Samples with increased expression of selected DEGs were compared with their low expression

samples. Kaplan-Meier survival curves were built and then compared using a log-rank test with

multivariate analysis. Differences resulting in a p-value< 0.05 were considered significant.

2.4 Grouping and screening of immune infiltration

The infiltration index of each patient was analyzed using CESC data from TCGA database. We

used the R package IOBR to select the ESTIMATE method to calculate the immune infiltration

score for each sample. The top 50 patients with the highest and lowest immune infiltration

scores were grouped for differential gene analysis, and the previous differential genes were co-

screened.

2.5 Analyze the effect of MLK4 on immune cell infiltration in Cervical

cancer

We downloaded the unified CESC data set from the UCSC database(http://genome.ucsc.edu/),

and further extracted the expression data of MLK4 gene in each sample. The source of the

selected samples was as follows: Log2 (x+0.001) transformation was performed for each

expression value of Primary Tumor and Primary solid Tumor, and eight immune scoring

methods were used: ESTIMATE [22] quanTIseq [23], TIMER [24], IPS [25], MCPCounter

[13], xCell [26], EPIC [27] and CIBERSORT [28] calculated the effect of MLK4 on immune

infiltration in cervical cancer.

2.6 Immune checkpoint correlation analysis

The correlation analysis between immune regulatory genes and the immune checkpoint was

conducted using the Sangerbox tool (version 3.0; http://vip.sangerbox.com/home.html). In

this study, the CESC data from The Cancer Genome Atlas (TCGA) was utilized to conduct a

Log2 (x+0.001) transformation. The statistical analysis employed the Pearson correlation

coefficient.
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2.7 Immunohistochemistry

A cervical cancer pathology microarray was obtained from Spector Dotarry lab Biotechnology.

The expression of MLK4 in tumor tissues was detected by immunohistochemical method. Par-

affin-embedded tumor tissue sections with a thickness of 4 μm were obtained. The tissue slice

underwent a deparaffinization process by being placed at a temperature of 70˚C for 90 min-

utes. The endogenous peroxidase activity is then blocked at room temperature by a 5–10 min-

ute incubation in 3% H2O2. The sample should be incubated with a 5% bovine serum albumin

(BSA) solution for a duration of 20 minutes at room temperature. The tissue slice were subse-

quently incubated overnight at a temperature of 4˚C with an anti-MLK4 antibody

(GXP326155, 1:200 dilution, GENXSPAN, USA). Following two washes with a tris buffered

saline (TBS) solution containing 0.025% Triton X-100, the tissue slice was exposed incubated

with an HRP-conjugated secondary antibody II for 1 hour. Subsequently, the sample was

stained with DAB (Biosharp, BL732A) at room temperature for approximately 10 minutes.

Tissue section images were visualized with a Nikon microscope equipped with NIS component

software and quantified with 3DHISTECH Quant Center 2.2 software. The H-Score can be

calculated by evaluating the proportion of positive and negative pixels. The positive area ratio

is defined as the ratio of the positive area to the total tissue area. Positive area ratio = Positive

area/total tissue area. The average was taken as the positive expression rate of the patient, and

the positive expression rate of MLK4 >50% was defined as positive. All studies were approved

by the Ethics Committee of Wuhan University People’s Hospital (NO.20231X089).

2.8 cell culture

C33A cell line was purchased from Guangzhou Cellcook Biotech (Guangzhou, China). All

cells were cultured in Dulbecco’s Modified Eagle medium (DMEM, HyClone) with 10% fetal

bovine serum (Gibco, USA) at 37˚C with 95% air humidity and 5% CO2.

2.9 Small interfering RNAs and cell transfection

MLK4 small interfering RNA (siRNA) was synthesized: siRNA-01, GGAAAGAUGCUCAGAGAG
AUU; MLK4-siRNA-02, AGGAGAAGCCCAAGGAAUU, MLK4-siRNA-03, AGAAGAAACGAGAG
GGAAUU. The transfection of negative control (NC) and small interfering RNA (siRNA) was

performed using Lipofectamine RNAiMAX. The complete list of siRNA and primers can be

found in S1 Table.

2.10 Western blotting

The cellular protein was extracted by the addition of 2× Laemmli sample buffer and a protease

inhibitor. The BCA protein assay kit was used to calculate the concentration of protein. Lysates

were heated to 95 ˚C for 5 min. A quantity of 20–30 μg of proteins was subjected to separation

using SDS-PAGE gel and subsequently transferred onto 4.5 μm PVDF membranes. Subse-

quently, the sample was subjected to a blocking step using 5%milk for 1 hour. Then, the sample

was incubated overnight at a temperature of 4˚C with an anti-MLK4 antibody. MLK4 antibody

was purchased from GENXSPAN (GXP326155), IL1β antibody was purchased from Santacruz

(sc-12742),TNF-α antibody was purchased from Abcam(ab183218).

2.11 Quantitative reverse-transcription PCR (qRT-PCR)

The extraction of total RNA from cultured cells was performed using TRIzol reagent according

with the established protocol. Subsequently, the 700ng RNA was reversed transcription using

the GoScriptTM reverse transcription Mix. Quantitative real-time polymerase chain reaction
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(qRT-PCR) was conducted utilizing the SYBR Green Master Mix. Beta-actin primer a was

used as an internal control. The primer sequences of this study can be found in S1 Table.

2.12 EDU assay and Transwell assay

The EdU proliferation assay was conducted subsequent to the transfection of plasmids in

C33A cells. According to the instructions provided by the manufacturer of the Abbkine EdU

kit. The cells were subjected to incubation with an EdU agent at a concentration of 100 μM for

a duration of 2 hours. Dapi was diluted in phosphate-buffered saline (PBS) at a ratio of 1:500.

The images were captured using a Lecia SP8 confocal microscope. Cell proliferation rate was

calculated by dividing the number of active dividing cells (red) by the total number of cells

(blue).

Transwell assay was utilized to evaluate cell invasion by using sterile Transwells1 inserted

with a polycarbonate membrane of 8.0 μm aperture. Following a 48-hour period of transfec-

tion, a total of 5×104 cells were introduced into the upper chamber without the presence of

fetal bovine serum (FBS). The cells were underwent incubation at a temperature of 37˚C for

24h. Following this, the cells were fixed and subsequently stained using hematoxylin. Cells in

five random fields were counted under a microscope.

3. Result

3.1 Differential analysis of gene expression in cervical cancer

Firstly, the cervical cancer data in TCGA database were divided into cancer group (T) and nor-

mal group (N). To determine the gene differences between the two groups of cervical cancer,

the Limma package was used to analyze the differential expression of genes in cervical cancer

patients, and A total of 2970 differential gene expressions were obtained (Fig 1A, S2 Table),
among which 955 genes were highly expressed, 2015 for lower expression (|FC|�2, p<0.05),

indicating that there were gene expression differences between the cancer group and the nor-

mal group of cervical cancer patients. To investigate the molecular markers associated with

immune infiltration in cervical cancer patients, we analyzed the RNAseq data of cervical can-

cer with ESTIMATE to calculate the immune infiltration score of cervical cancer patients

(Table 1, S3 Table). Patients with Top50 High immune infiltration score (high) and patients

with a low immune infiltration score (low) were screened. PCA analysis showed that the genes

of the two groups were completely separated (Fig 1B), in which PCA1 was 10.18% and PCA2

was 4.80%. Using Limma gene expression analysis for 5614 different genes expression (Fig 1C,
S4 Table), of which 2589 high gene expression, 3025 genes lower expression (|FC|�1,

p<0.05), indicating that there were significant differences in gene expression among different

groups of cervical cancer patients with different immune infiltration.

3.2 Screening and analysis of immune-related differential genes in cervical

cancer

In order to obtain molecular markers related to cervical cancer immunity and prognosis, we

co-screened the highly expressed genes in T vs N group and the highly expressed genes in low-

I (low-immunescore) vs high-I group (high-immunescore) (Fig 2A), and carried out GO and

KEGG analysis on these genes. GO analysis showed that the gene set was mainly related to the

anatomical structure maturation (Fig 2B), whereas KEGG analysis demonstrated that these

genes were primarily associated with Natural Killer cell-mediated cytotoxicity (Fig 2C). Gene-

MANIA (http://genemania.org) was further used to analyze gene interactions (Fig 2D) for

subsequent marker screening.
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3.3 Screening and validation of immune-related molecular markers in

cervical cancer

Among the candidate genes, we excluded candidates of small RNA, mainly focused on genes

encoding proteins, and analyzed the disease-free survival and overall survival of cervical cancer

patients with Kaplan–Meier curves (Fig 3A). The analysis revealed that MLK4 gene expression

decreased the disease-free survival of patients with cervical cancer (Fig 3A, DFS, Logrank

p = 0.014, p(HR) = 0.016). AGEPIA analysis of MLK4 expression in patients with cervical can-

cer revealed that MLK4 was significantly overexpressed in these patients (Fig 3B).
Using a tissue microarray, the expression of MLK4 in cervical cancer and adjacent tissues

was confirmed. According to the results of HE (Fig 3C) and IHC, the proportion of cervical

Fig 1. Differential analysis of gene expression in cervical cancer. A. Differential gene volcano map of cervical cancer; B. PCA of cervical cancer patients of

various immune infiltration; C. volcanic map of cervical cancer patients with differing immune infiltration; and D. differential gene heat map of cervical cancer

patients with different immune infiltration.

https://doi.org/10.1371/journal.pone.0290462.g001
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cancer tissues with high MLK4 expression was significantly greater than that of adjacent tissues

(Fig 3D). The expression of MLK4 was significantly correlated with the WHO Grade of

patients (p<0.05, Table 2). In conclusion, we found that MLK4 may serve as a molecular

marker related to cervical cancer immunity.

3.4 MLK4 mRNA expression level is related to immune cell infiltration

To further investigate the effect of MLK4 on cervical cancer immunity, we used a variety of

immune scoring algorithms to examine the effect of MLK4 on the infiltration and proportion of

immune cells in cervical cancer. According to ESTIMA results, MLK4 expression was signifi-

cantly negatively correlated with immune cell infiltration score (Fig 4A, p<0.0001). Using IPS

analysis, it was found that MLK4 expression was significantly negatively correlated with MHC

(major histocompatibility complex) and EC(Effect cell) expression (Fig 4B, p<0.0001). After

analyzing the effect of MLK4 on immune cell infiltration using a variety of immune cell infiltra-

tion algorithms (Fig 4C), we found that MLK4 expression was negatively correlated with CD8

+T cell expression. CIBERSORT and xCELL were used to verify the results, and identical results

were obtained (Fig 4D, p<0.0001), indicating that in cervical cancer, MLK4 expression affects

the infiltration of a variety of immune cells and the number of CD8+T cells significantly.

3.5 MLK4 mRNA expression is related to immune checkpoint gene

expression

Overexpression of immune checkpoint is one of the causes of tumor immune escape. There-

fore, we explored the correlation between MLK4 expression and the expression of immune

checkpoint genes and immune regulatory genes in cervical cancer. We verified the correlation

between MLK4 gene and cervical cancer immune checkpoint expression. The results demon-

strated that MLK4 was associated with immune checkpoints CD274, CTLA4, LAG3, and

IDO1. These immune checkpoints were positively correlated with immune-promoting genes,

such as CD86 and CD80 (Fig 5A and 5B, p<0.05), and significantly negatively regulated, indi-

cating that MLK4 may affect the invasion of immune cells in cervical cancer by regulating the

expression of immune checkpoints and immune-related genes, leading to immune escape of

tumors and affecting the survival of patients. To verify these bioinformatics results, qPCR was

conducted on C33A cells. qPCR results demonstrated that inhibition of MLK4 led to signifi-

cant down-regulation of the immune checkpoint gene CD274(p<0.05)CTLA4 (p<0.01)and

IDO1(p<0.01), and up-regulation of the immune-promoting genes CD80 (p<0.001) and

CD86(p<0.01) in C33A cells in against the control (Fig 5C).

Table 1. Patients samples with the top10 immune scores in the ESTIMATE analysis.

ID Stromal Score Immune Score

TCGA-DG-A2KM-01 494.1996408 3068.176131

TCGA-MY-A5BE-01 -64.96949764 2832.891361

TCGA-R2-A69V-01 154.8617328 2657.365762

TCGA-MA-AA42-01 -570.2167874 2456.375333

TCGA-EA-A3QD-01 161.7264332 2120.509177

TCGA-IR-A3LH-01 543.2190549 2098.288123

TCGA-C5-A7CG-01 -531.2331856 2071.684722

TCGA-VS-A9UT-01 119.0178517 1926.750131

TCGA-VS-A9UD-01 -1121.828106 1878.365157

TCGA-VS-A9UH-01 234.6050061 1828.731203

https://doi.org/10.1371/journal.pone.0290462.t001
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Fig 2. Screening and analysis of immune-related differential genes in cervical cancer. A. Venn diagram of highly expressed genes in cervical cancer and low

immune infiltration groups; B.GO analysis of intersection genes; C.KEGG analysis of intersection genes; D. Gene interaction analysis of intersection genes.

https://doi.org/10.1371/journal.pone.0290462.g002
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3.6 Inhibition of MLK4 significantly promoted the proliferation and

invasion in Cervical cancer

To identify the biological behavior of MLK4 in cervical cancer, we conducted in vitro assays of

C33A cells. The effectiveness of MLK4 siRNA was confirmed by quantitative real-time poly-

merase chain reaction (qRT-PCR) and western blotting; si-MLK4-02 significantly suppressed

MLK4 expression in C33A cells (Fig 6A and 6B, p<0.01). Immunofluorescence on C33A cells

revealed that MLK4 is mainly found in the nucleus (Fig 6C).CCK-8 and EDU proliferation

Fig 3. Screening and validation of immune-related molecular markers in cervical cancer. A. Kaplan–Meier curves showing disease free survival (DFS) and

overall survival (OS) recorded in all CESC patients of low MLK4(blue line) and high MLK4 (red line), recorded in TCGA array data. B. Expression of MLK4 in

cervical cancer and Peritumoral; C. HE staining of cervical cancer tissue microarray; D. IHC staining of MLK4 in cervical cancer tissue microarray.

https://doi.org/10.1371/journal.pone.0290462.g003
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assays revealed that inhibition of MLK4 promoted C33A cell proliferation significantly com-

pared to the control (Fig 6D and 6E, p<0.05,). Transwell assays were conducted to detect the

invasive ability of MLK4 in cervical cancer(Fig 6D and 6E,p<0.05,).Cell invasion in C33A

cells was decreased as a result of MLK4 downregulation(Fig 6F, p<0.001,). These findings con-

firm that MLK4 is closely involved in cell proliferation and invasion in Cervical cancer. As

revealed by the EDU and transwell assays, the downregulation of MLK4 in C33A cells led to a

reduction in cell proliferation and invasion.

3.7 Silencing of MLK4 reduces the expression of inflammatory cytokines

and classical biochemical markers in Cervical cancer

In the context of immunosuppression and autoactivation signals, tumor-secreted cytokines

and growth factors are capable of promoting cell growth, survival, and invasion [22]. The

interaction and effect of MLK4 with immunological molecules(TLR4, TNF-α, IFN-γ, IL-6,

IFN-γ and TGF-β) were summarized in Table 3 [29–32]. In addition, we examined the expres-

sion of inflammatory cytokines, which are associated genes with immune cell infiltration IL-

1β, TNF-α and IL-6. As shown in Fig 7A–7C, silencing MLK4 in C33A cells significantly

increased the expression of IL-1β(p<0.05), TNF-α(p<0.01)and IL-6 (p<0.05)compared to the

control. Western blot analysis confirmed that knocking down MLK4 could increase the

expression of IL- and TNF (Fig 7D). It suggests that MLK4 molecules may modulate the

tumor microenvironment as tumor-derived molecules.

Emerging evidence indicates that carcinoembryonic antigen (CEA), alpha-fetoprotein

(AFP), and human chorionic gonadotropin (HCG) are established biochemical markers in

Table 2. Correlation analysis between MLK4 and clinicopathological information.

Features No. of patients MLK4 expression p value

low high

All patients 80 36 44

Age (years) 0.1772

<61 36 15 26

�61 44 21 18

Grade 0.0328*
I 3 3 0

II 55 27 28

III 22 6 16

(N) 0.0986

N0 63 25 38

N1 17 11 6

T 0.3287

T1 69 33 36

T2 11 3 8

Tumor size 0.2481

<5cm 77 36 41

�5cm 3 0 3

Stage 0.7335

IA 1 0 1

IB 68 32 36

IIA 8 3 5

IIB 3 1 2

https://doi.org/10.1371/journal.pone.0290462.t002
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Fig 4. MLK4 mRNA expression level is related to immune cell infiltration. A. ESTIMATE was used to analyze the correlation between MLK4 and immune

cell infiltration in cervical cancer B. The correlation between MLK4 and immune program was analyzed by IPS; C. Four different algorithms were used to

analyze the correlation between MLK4 and immune cell infiltration in cervical cancer; D. Two algorithms were used to analyze the correlation between MLK4

and CD8+T cell infiltration in cervical cancer(*P< 0.05, **P< 0.01, ***P< 0.001,****P< 0.0001).

https://doi.org/10.1371/journal.pone.0290462.g004
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Fig 5. MLK4 mRNA expression is related to immune checkpoint gene expression. A. Correlation analysis between MLK4

and immune-related factors in cervical cancer; B. Correlation analysis between MLK4 and immune checkpoint in cervical

cancer C. qPCR assays demonstrated that inhibition of MLK4 led to regulation of immune checkpoint CD274CTLA4IDO1

and immune-promoting genes CD80 and CD86 in 33A cells relative to the control(means ± SD; *P< 0.05, **P< 0.01,

***P< 0.001).

https://doi.org/10.1371/journal.pone.0290462.g005
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Fig 6. Inhibition of MLK4 significantly promoted the proliferation and invasion in Cervical cancer. A and B. Three siRNAs were designed

to target MLK4. The effect of siRNAs or plasmids were detected by qRT-PCR and Western blot. C. Immunofluorescence showed that MLK4

mainly located in nucleus. D and E. CCCK-8 and EdU assays were performed to assess the proliferative potential of MLK4 in C33A cells. F.

Transwell assays were conducted to determine the invading potential of MLK4 in C33A cells.(The data represent means ± SD; *P< 0.05, **P<
0.01, ***P< 0.001, 25uM, Representative images are shown).

https://doi.org/10.1371/journal.pone.0290462.g006
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plasma and tumors of patients with gynecological malignant tumors, according to emerging

evidence [33]. Specifically, patients with ovarian and endocervical mucinous adenocarcinoma

had the highest levels of CEA [34]. Alpha-fetoprotein was frequently elevated in patients with

ovarian germinoma, stromal tumors, and large-cell nonkeratinizing cervical cancer. Patients

with severe cystadenocarcinoma of the ovary and keratosis squamous cell carcinoma of the

cervix had the highest HCG concentrations [34]. C33A cells transfected with NC and si-MLK4

were analyzed by RT-PCR to assess the biological relationship between MLK4 and conven-

tional biochemical markers. Fig 7E demonstrates that MLK4 knockdown inhibited the expres-

sion of CEA(p<0.05), AFP(p<0.05) and HCG(p<0.05, Fig 7E). MLK4 could play an

important role in cervical cancer.

4. Discussion

Here, we report a study on screening and validation of immune-related biomarkers for cervical

cancer. The expression of MLK4 mRNA was significantly increased in cervical cancer com-

pared with adjacent normal tissues. MLK4 mRNA level is associated with immune infiltration

status, disease-free survival and Grade stage in patients with cervical cancer. To our knowl-

edge, this is the first study to report an association between increased MLK4 mRNA levels and

immune infiltration in cervical cancer patients.

An important aspect of this study is that MLK4 is associated with different levels of immune

infiltration. By downloading the data of cervical cancer RNA-Seq from TCGA database and

using the ESTIMATE calculation tool [13], we first observed the set of genes negatively corre-

lated with immune cell infiltration in patients with different groups of immune cell infiltration,

and according to the survival analysis and protein expression in cervical cancer patient sam-

ples, MLK4 may be used as a molecular marker related to cervical cancer immune infiltration.

In cervical cancer tissue microarray, MLK4 expression was significantly higher in cancer tis-

sues than in adjacent tumor tissues, and was correlated with the Grade stage of patients.

According to the analysis results, we used a variety of immune cell infiltration algorithms to

explore the correlation between MLK4 mRNA expression and immune infiltration in cervical

cancer. The analysis results showed that MLK4 was significantly negatively correlated with a

variety of immune cells in cervical cancer, including CD8+T cells. The correlation between

MLK4 mRNA expression and immune checkpoint and immune-related factors was further

explored. It was found that MLK4 mRNA expression was significantly positively correlated

with immune checkpoint PD-L1, CTLA4, LAG3etc, which were related to the regulation of T

cells in cervical cancer. Genes related to immune promotion, such as CD86 and CD80, have a

Table 3. The interaction and effect of MLK4 with immunological molecules.

Immunological Molecules Interaction with MLK4 Effect PMID

Toll-like receptor 4 (TLR4) Directly activates MLK4 Induces pro-inflammatory cytokine production, activates NF-κB, and promotes dendritic cell

maturation and antigen presentation

[29]

Tumor necrosis factor

alpha (TNF-α)

Activates MLK4 via TNFR1 Induces apoptosis and inflammation, promotes macrophage activation and cytokine

production, and enhances T cell activation and proliferation

[29]

Interleukin-1 type 1

receptor(IL-1R1)

Activates MLK4 via IL-1R1 Induces pro-inflammatory cytokine production, activates NF-κB and MAPK pathways, and

promotes neutrophil recruitment and activation

[30]

Interferon gamma (IFN-γ) Activates MLK4 Induces pro-inflammatory cytokine production, enhances antigen presentation and T cell

activation, and promotes macrophage polarization towards M1 phenotype

[31]

Interleukin-6 (IL-6) Indirectly activates MLK4 via

STAT3

Induces pro-inflammatory cytokine production, promotes B cell differentiation and antibody

production, and enhances Th17 cell differentiation and autoimmunity

[31]

Interleukin-17receptor B

(IL-17RB)

MLK4 specifically phosphorylates

IL-17RB at Y447

Induces pro-inflammatory cytokine production, IL-17RB forms a homodimer and recruits

MLK4, a dual kinase, to phosphorylate it at tyrosine-447 upon treatment with IL-17B

[32]

https://doi.org/10.1371/journal.pone.0290462.t003
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Fig 7. Silencing of MLK4 reduces the expression of inflammatory cytokines and classical biochemical markers in Cervical cancer. A-C. Elisa assays were

conducted to analyze the expression of the inflammatory cytokines TNF-α, IL-βand IL-6 in C33A cells expressing MLK4. The levels of the inflammatory
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significant negative regulatory relationship, indicating that MLK4 may affect the infiltration of

immune cells in Cervical cancer by regulating the expression of immune checkpoints. In this

study, we conducted in vitro assays to explore the biological behavior of MLK4 in C33A cells.

As revealed by the EDU and transwell assays, the downregulation of MLK4 decreased cell pro-

liferation and invasion in C33A cells. The qPCR results indicate that knocking down MLK4

would inhibit the expression of the established biochemical markers CEAAFP and HCG.

MLk4 may play an important role in cervical cancer.

Recently approved a block of cervical cancer cytotoxic T lymphocyte associated antigen 4

(CTLA4) and programmed cell death protein 1 (PD1) of a variety of therapeutic antibodies,

and other immune targeted clinical checkpoint blocker [22], but questions remain about the

blocker’s treatment effect and patient prognosis. The successful response to immunotherapy

depends on the immune composition or "immune environment" of the tumor microenviron-

ment (TME) [23, 24]. In addition, the presence of an increase in certain cell types has also

been shown to be associated with increased survival in patients with various forms of cancer

[13, 24]. Therefore, in this study, in order to explore the effectiveness of the use of cervical can-

cer therapeutic antibodies, after analyzing the influence of MLK4 on immune cell infiltration,

the expression of MLK4, CTLA4, PD-L1 and other immune checkpoints was further explored,

so as to provide a new molecular marker for cervical cancer immunotherapy.

Supporting information

S1 Table. Related siRNA and primers of this study.

(XLSX)

S2 Table. Differential expression of CESC.

(XLSX)

S3 Table. ESTIMATE_CESC_immunescore.

(XLSX)

S4 Table. Differential gene expression according to immunological group.

(XLSX)

Acknowledgments

The authors acknowledge the participants who generously gave their help on this study.

Author Contributions

Conceptualization: Li Hong.

Data curation: Meng Gong, Fujin Shen.

Formal analysis: Meng Gong, Fujin Shen.

Investigation: Meng Gong.

Methodology: Meng Gong, Yang Li.

Software: Meng Gong, Yang Li.

Supervision: Lei Ming, Li Hong.

cytokines TNF- and IL- were determined by western blotting. E. qPCR assays demonstrated that inhibition of MLK4 was associated with classic biochemical

markers HCG, AFP and CEA (means ± SD; *P< 0.05, **P< 0.01, ***P< 0.001).

https://doi.org/10.1371/journal.pone.0290462.g007

PLOS ONE MLK4 as an immune marker and its correlation with immune infiltration in CESC

PLOS ONE | https://doi.org/10.1371/journal.pone.0290462 August 18, 2023 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290462.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290462.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290462.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0290462.s004
https://doi.org/10.1371/journal.pone.0290462.g007
https://doi.org/10.1371/journal.pone.0290462


Validation: Lei Ming, Li Hong.

Visualization: Lei Ming.

Writing – original draft: Meng Gong.

Writing – review & editing: Lei Ming, Li Hong.

References
1. Buskwofie A, David-West G, Clare CA. A Review of Cervical Cancer: Incidence and Disparities. J Natl

Med Assoc 2020; 112(2):229–232.

2. Couvreur K, Naert E, De Jaeghere E, Tummers P, Makar A, De Visschere P, et al. Neo-adjuvant treat-

ment of adenocarcinoma and squamous cell carcinoma of the cervix results in significantly different

pathological complete response rates. BMC Cancer 2018; 18(1):1101. https://doi.org/10.1186/s12885-

018-5007-0 PMID: 30419851

3. Volkova LV, Pashov AI, Omelchuk NN. Cervical Carcinoma: Oncobiology and Biomarkers. Int J Mol Sci

2021; 22(22). https://doi.org/10.3390/ijms222212571 PMID: 34830452

4. Wang Z, Jiang C, Pang L, Jia W, Wang C, Gao X, et al. ANXA2 is a potential marker for the diagnosis of

human cervical cancer. Biomark Med 2021; 15(1):57–67. https://doi.org/10.2217/bmm-2020-0629

PMID: 33315468

5. Ma H, Liu Z, Li H, Guo X, Guo S, Qu P, et al. Bioinformatics Analysis Reveals MCM3 as an Important

Prognostic Marker in Cervical Cancer. Comput Math Methods Med 2021; 2021:8494260. https://doi.

org/10.1155/2021/8494260 PMID: 34671420

6. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144(5):646–674.

https://doi.org/10.1016/j.cell.2011.02.013 PMID: 21376230

7. Smola S. Immune deviation and cervical carcinogenesis. Papillomavirus Res 2019; 7:164–167. https://

doi.org/10.1016/j.pvr.2019.03.006 PMID: 30980967

8. Patel S, Chiplunkar S. Host immune responses to cervical cancer. Curr Opin Obstet Gynecol 2009; 21

(1):54–59. https://doi.org/10.1097/GCO.0b013e32831a9890 PMID: 19125004

9. Kobayashi A, Weinberg V, Darragh T, Smith-McCune K. Evolving immunosuppressive microenviron-

ment during human cervical carcinogenesis. Mucosal Immunol 2008; 1(5):412–420. https://doi.org/10.

1038/mi.2008.33 PMID: 19079205

10. Cancer Genome Atlas Research N, Albert Einstein College of M, Analytical Biological S, Barretos Can-

cer H, Baylor College of M, Beckman Research Institute of City of H, et al. Integrated genomic and

molecular characterization of cervical cancer. Nature 2017; 543(7645):378–384. https://doi.org/10.

1038/nature21386 PMID: 28112728

11. Mezache L, Paniccia B, Nyinawabera A, Nuovo GJ. Enhanced expression of PD L1 in cervical intrae-

pithelial neoplasia and cervical cancers. Mod Pathol 2015; 28(12):1594–1602. https://doi.org/10.1038/

modpathol.2015.108 PMID: 26403783

12. Frost HR. Analyzing cancer gene expression data through the lens of normal tissue-specificity. PLoS

Comput Biol 2021; 17(6):e1009085. https://doi.org/10.1371/journal.pcbi.1009085 PMID: 34143767

13. Becht E, Giraldo NA, Lacroix L, Buttard B, Elarouci N, Petitprez F, et al. Estimating the population abun-

dance of tissue-infiltrating immune and stromal cell populations using gene expression. Genome Biol

2016; 17(1):218.

14. Wu Y, Jia H, Zhou H, Liu X, Sun J, Zhou X, et al. Immune and stromal related genes in colon cancer:

Analysis of tumour microenvironment based on the cancer genome atlas (TCGA) and gene expression

omnibus (GEO) databases. Scand J Immunol 2022; 95(2):e13119. https://doi.org/10.1111/sji.13119

PMID: 34796980

15. Zhang T, Wang Y, Dong Y, Liu L, Han Y, Wang H, et al. Identification of Novel Diagnostic Biomarkers in

Prostate Adenocarcinoma Based on the Stromal-Immune Score and Analysis of the WGCNA and

ceRNA Network. Dis Markers 2022; 2022:1909196. https://doi.org/10.1155/2022/1909196 PMID:

35075375

16. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer genomics portal:

an open platform for exploring multidimensional cancer genomics data. Cancer Discov 2012; 2(5):401–

404. https://doi.org/10.1158/2159-8290.CD-12-0095 PMID: 22588877

17. Yang L, Yang Y, Meng M, Wang W, He S, Zhao Y, et al. Identification of prognosis-related genes in the

cervical cancer immune microenvironment. Gene 2021; 766:145119. https://doi.org/10.1016/j.gene.

2020.145119 PMID: 32946928

PLOS ONE MLK4 as an immune marker and its correlation with immune infiltration in CESC

PLOS ONE | https://doi.org/10.1371/journal.pone.0290462 August 18, 2023 17 / 18

https://doi.org/10.1186/s12885-018-5007-0
https://doi.org/10.1186/s12885-018-5007-0
http://www.ncbi.nlm.nih.gov/pubmed/30419851
https://doi.org/10.3390/ijms222212571
http://www.ncbi.nlm.nih.gov/pubmed/34830452
https://doi.org/10.2217/bmm-2020-0629
http://www.ncbi.nlm.nih.gov/pubmed/33315468
https://doi.org/10.1155/2021/8494260
https://doi.org/10.1155/2021/8494260
http://www.ncbi.nlm.nih.gov/pubmed/34671420
https://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1016/j.pvr.2019.03.006
https://doi.org/10.1016/j.pvr.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30980967
https://doi.org/10.1097/GCO.0b013e32831a9890
http://www.ncbi.nlm.nih.gov/pubmed/19125004
https://doi.org/10.1038/mi.2008.33
https://doi.org/10.1038/mi.2008.33
http://www.ncbi.nlm.nih.gov/pubmed/19079205
https://doi.org/10.1038/nature21386
https://doi.org/10.1038/nature21386
http://www.ncbi.nlm.nih.gov/pubmed/28112728
https://doi.org/10.1038/modpathol.2015.108
https://doi.org/10.1038/modpathol.2015.108
http://www.ncbi.nlm.nih.gov/pubmed/26403783
https://doi.org/10.1371/journal.pcbi.1009085
http://www.ncbi.nlm.nih.gov/pubmed/34143767
https://doi.org/10.1111/sji.13119
http://www.ncbi.nlm.nih.gov/pubmed/34796980
https://doi.org/10.1155/2022/1909196
http://www.ncbi.nlm.nih.gov/pubmed/35075375
https://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
https://doi.org/10.1016/j.gene.2020.145119
https://doi.org/10.1016/j.gene.2020.145119
http://www.ncbi.nlm.nih.gov/pubmed/32946928
https://doi.org/10.1371/journal.pone.0290462


18. Deng Y, Song Z, Huang L, Guo Z, Tong B, Sun M, et al. Tumor purity as a prognosis and immunother-

apy relevant feature in cervical cancer. Aging (Albany NY) 2021; 13(22):24768–24785. https://doi.org/

10.18632/aging.203714 PMID: 34844217

19. Mehlich D, Lomiak M, Sobiborowicz A, Mazan A, Dymerska D, Szewczyk LM, et al. MLK4 regulates

DNA damage response and promotes triple-negative breast cancer chemoresistance. Cell Death Dis

2021; 12(12):1111. https://doi.org/10.1038/s41419-021-04405-0 PMID: 34839359

20. Kim SH, Ezhilarasan R, Phillips E, Gallego-Perez D, Sparks A, Taylor D, et al. Serine/Threonine Kinase

MLK4 Determines Mesenchymal Identity in Glioma Stem Cells in an NF-kappaB-dependent Manner.

Cancer Cell 2016; 29(2):201–213.

21. Marusiak AA, Prelowska MK, Mehlich D, Lazniewski M, Kaminska K, Gorczynski A, et al. Upregulation

of MLK4 promotes migratory and invasive potential of breast cancer cells. Oncogene 2019; 38

(15):2860–2875. https://doi.org/10.1038/s41388-018-0618-0 PMID: 30552384

22. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-Garcia W, et al. Inferring tumour

purity and stromal and immune cell admixture from expression data. Nat Commun 2013; 4:2612.

https://doi.org/10.1038/ncomms3612 PMID: 24113773

23. Finotello F, Mayer C, Plattner C, Laschober G, Rieder D, Hackl H, et al. Molecular and pharmacological

modulators of the tumor immune contexture revealed by deconvolution of RNA-seq data. Genome Med

2019; 11(1):34. https://doi.org/10.1186/s13073-019-0638-6 PMID: 31126321

24. Li B, Severson E, Pignon JC, Zhao H, Li T, Novak J, et al. Comprehensive analyses of tumor immunity:

implications for cancer immunotherapy. Genome Biol 2016; 17(1):174. https://doi.org/10.1186/s13059-

016-1028-7 PMID: 27549193

25. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D, et al. Pan-cancer Immuno-

genomic Analyses Reveal Genotype-Immunophenotype Relationships and Predictors of Response to

Checkpoint Blockade. Cell Rep 2017; 18(1):248–262. https://doi.org/10.1016/j.celrep.2016.12.019

PMID: 28052254

26. Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular heterogeneity landscape. Genome

Biol 2017; 18(1):220. https://doi.org/10.1186/s13059-017-1349-1 PMID: 29141660

27. Racle J, de Jonge K, Baumgaertner P, Speiser DE, Gfeller D. Simultaneous enumeration of cancer and

immune cell types from bulk tumor gene expression data. Elife 2017; 6. https://doi.org/10.7554/eLife.

26476 PMID: 29130882

28. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enumeration of cell subsets

from tissue expression profiles. Nat Methods 2015; 12(5):453–457. https://doi.org/10.1038/nmeth.

3337 PMID: 25822800

29. Seit-Nebi A, Cheng W, Xu H, Han J. MLK4 has negative effect on TLR4 signaling. Cell Mol Immunol

2012; 9(1):27–33. https://doi.org/10.1038/cmi.2011.15 PMID: 21602844

30. Zhan L, Lu X, Xu W, Sun W, Xu E. Inhibition of MLKL-dependent necroptosis via downregulating inter-

leukin-1R1 contributes to neuroprotection of hypoxic preconditioning in transient global cerebral ische-

mic rats. J Neuroinflammation 2021; 18(1):97. https://doi.org/10.1186/s12974-021-02141-y PMID:

33879157

31. Falsig J, Porzgen P, Lotharius J, Leist M. Specific modulation of astrocyte inflammation by inhibition of

mixed lineage kinases with CEP-1347. J Immunol 2004; 173(4):2762–2770. https://doi.org/10.4049/

jimmunol.173.4.2762 PMID: 15294995

32. Wu HH, Tsai LH, Huang CK, Hsu PH, Chen MY, Chen YI, et al. Characterization of initial key steps of

IL-17 receptor B oncogenic signaling for targeted therapy of pancreatic cancer. Sci Transl Med 2021;

13(583). https://doi.org/10.1126/scitranslmed.abc2823 PMID: 33658352

33. van Nagell JR Jr, Donaldson ES, Hanson MB, Gay EC Pavlik EJ. Biochemical markers in the plasma

and tumors of patients with gynecologic malignancies. Cancer 1981; 48(2 Suppl):495–503. https://doi.

org/10.1002/1097-0142(19810715)48:1+<495::aid-cncr2820481310>3.0.co;2-f PMID: 6168368

34. Donaldson ES, van Nagell JR Jr., Pursell S, Gay EC, Meeker WR, Kashmiri R, et al. Multiple biochemi-

cal markers in patients with gynecologic malignancies. Cancer 1980; 45(5):948–953. https://doi.org/10.

1002/1097-0142(19800301)45:5<948::aid-cncr2820450519>3.0.co;2-q PMID: 6167342

PLOS ONE MLK4 as an immune marker and its correlation with immune infiltration in CESC

PLOS ONE | https://doi.org/10.1371/journal.pone.0290462 August 18, 2023 18 / 18

https://doi.org/10.18632/aging.203714
https://doi.org/10.18632/aging.203714
http://www.ncbi.nlm.nih.gov/pubmed/34844217
https://doi.org/10.1038/s41419-021-04405-0
http://www.ncbi.nlm.nih.gov/pubmed/34839359
https://doi.org/10.1038/s41388-018-0618-0
http://www.ncbi.nlm.nih.gov/pubmed/30552384
https://doi.org/10.1038/ncomms3612
http://www.ncbi.nlm.nih.gov/pubmed/24113773
https://doi.org/10.1186/s13073-019-0638-6
http://www.ncbi.nlm.nih.gov/pubmed/31126321
https://doi.org/10.1186/s13059-016-1028-7
https://doi.org/10.1186/s13059-016-1028-7
http://www.ncbi.nlm.nih.gov/pubmed/27549193
https://doi.org/10.1016/j.celrep.2016.12.019
http://www.ncbi.nlm.nih.gov/pubmed/28052254
https://doi.org/10.1186/s13059-017-1349-1
http://www.ncbi.nlm.nih.gov/pubmed/29141660
https://doi.org/10.7554/eLife.26476
https://doi.org/10.7554/eLife.26476
http://www.ncbi.nlm.nih.gov/pubmed/29130882
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800
https://doi.org/10.1038/cmi.2011.15
http://www.ncbi.nlm.nih.gov/pubmed/21602844
https://doi.org/10.1186/s12974-021-02141-y
http://www.ncbi.nlm.nih.gov/pubmed/33879157
https://doi.org/10.4049/jimmunol.173.4.2762
https://doi.org/10.4049/jimmunol.173.4.2762
http://www.ncbi.nlm.nih.gov/pubmed/15294995
https://doi.org/10.1126/scitranslmed.abc2823
http://www.ncbi.nlm.nih.gov/pubmed/33658352
https://doi.org/10.1002/1097-0142%2819810715%2948%3A1%2B%26lt%3B495%3A%3Aaid-cncr2820481310%26gt%3B3.0.co%3B2-f
https://doi.org/10.1002/1097-0142%2819810715%2948%3A1%2B%26lt%3B495%3A%3Aaid-cncr2820481310%26gt%3B3.0.co%3B2-f
http://www.ncbi.nlm.nih.gov/pubmed/6168368
https://doi.org/10.1002/1097-0142%2819800301%2945%3A5%26lt%3B948%3A%3Aaid-cncr2820450519%26gt%3B3.0.co%3B2-q
https://doi.org/10.1002/1097-0142%2819800301%2945%3A5%26lt%3B948%3A%3Aaid-cncr2820450519%26gt%3B3.0.co%3B2-q
http://www.ncbi.nlm.nih.gov/pubmed/6167342
https://doi.org/10.1371/journal.pone.0290462

