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Abstract. During the development of cancer, many changes leading to a series of genetic mutations
that cannot control tumor growth. Therefore, understanding the complex interactions between the
intrinsic, extrinsic, and systemic mediators of tumor cells and disease progression is crucial for the
rational development of effective anti-cancer treatments. In this study, we conducted a multi-omics
pan-cancer exploration of the function of JMJD4 using various comprehensive analysis tools and
samples collected from relevant cancer databases, to understand how JMJD4 affects pan-cancer
development by identifying its clinical features and multi-omics heterogeneity. We discovered that
JMJD4 was highly expressed and associated with cancer stemness, epigenetic modulations and
DNA repair in pan-cancer, especially in BLCA, BRCA, CHOL, COAD, ESCA. JMJD4 was also related
to most immune-infiltrating cells, which indicated that JIMJD4 may serve as a diagnostic and
immunological biomarker in pan-cancer. Therefore, IMJD4 can be used as an indicator and a new
therapeutic target for early tumor diagnosis and a prognostic marker for many types of cancers.

Keywords: Jumoniji domain containing 4 (JMJD4), pan-cancer, macrophage, stemness, epigenetic
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1. Introduction

Many changes have taken place in the progression of cancer, resulting in the occurrence of a series
of gene mutations, which cannot control the growth of tumors. Therefore, it often leads to a series of
downstream changes, such as abnormal metabolic behavior [1], uninhibited division [2] and
weakened cell-cell adhesion [3]. However, immunotherapy calls for more single gene investigation
in pan-cancer for validation. With the rapid development of the TCGA database and the GEO
database, it is more convenient to analyze the correlation and impact of a single gene on cancer
prognosis and immune infiltration [4]. Thus, study the role of single gene in pan-cancer is an
important means to discover the relationship of genes that promote tumorigenesis from a genetic
perspective.

Jumonji C domain-containing 4 (JMJD4) belongs to the JMJD family, which contains a jumonji
C (JmjC) domain that can demethylate multiple histone or non-histone lysine sites. Besides, IMJD4
can interacts with other proteins to form oligomers or complexes [5]. For example, JMJD4 can
interacts with heatshock protein 70 (Hsp70) mechanistically to mediate the degradation of Pyruvate
Kinase M2 (PKM2) through chaperone mediated autophagy to maintain a new role [6]. Moreover,
JMJD4 is a histone demethylase that is closely related to cancer activity. In human colon cancer,
JMJD4 protein is overexpressed in various tumors compared with normal tissues [7, 8]. Like human
colon cancer, JMJD4 is also overexpressed in liver tumors [9], but very little evidence suggests
JMID4’s function in breast cancer, esophageal cancer, renal cancer, lung cancer or gastric cancer [10].
However, compared with other members of the JIMJD family that have been studied, the relevant
experimental work on JMJD4 in pan-cancer is far behind.

Tumors represent complex ecosystems, including tumor cells, immune cells, tumor associated
fibroblasts, endothelial cells, parietal cells, additional tissue resident cells, and the extracellular matrix
embedded by these cells [11]. The tumor microenvironment (TME) is very important for the tumor
function, which driving tumor growth, invasion, metastasis, and response to therapies [12, 13]. There
might be significant differences in the composition and functional status of tumor microenvironments,
intrinsic characteristics of tumors, tumor staging, and patient status refered to different types of
tumors. Understanding the complex interactions between the intrinsic, extrinsic, and systemic
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mediators of tumor cells and disease progression is crucial for the rational development of effective
anti-cancer treatments [14].

Tumor associated macrophages (TAMSs) are an important component of the tumor
microenvironment, which plays a role in the coordination of angiogenesis, extracellular matrix
remodeling, cancer cell proliferation, metastasis, and immune suppression, as well as resistance to
chemotherapy drugs and checkpoint blockade immunotherapy [15,16,17]. Macrophages are highly
plastic cells that undergo various forms of functional activation based on different signals, which can
be divided into two forms of macrophage activation, commonly referred to as classically activated
macrophage (M1) and alternatively activated macrophage (M2). M1 polarization is associated with
macrophage dependent tissue damage, inflammation triggering and tumor cell killing, while M2
polarization promotes tissue repair and remodeling as well as resistance to chronic inflammation [18].
Macrophages can mediate the phagocytosis of cancer cells and cytotoxic tumor killing, and interact
with the innate and adaptive immune systems [19]. Therefore, TAM have become increasingly clear
in several experimental tumor models.

There is an inseparable relationship between JMJD4 and cancers. JMJD4 protein has long been
identified as having demethylase activity, and play an epigenetic regulatory role in physiological
processes and diseases. Importantly, increasing evidence suggests that the abnormal expression of
JMJD4 protein in cancer and inflammatory diseases may be a potential mechanism for the occurrence
and development of such diseases [20,21,22]. Therefore, IMJD4 is a new oncogene that is associated
with immune suppression and DNA repair, which might be a biomarker of M2 macrophages in many
cancers.

In this study, we conducted a multi-omics pan-cancer exploration of JMJD4 function by using a
variety of integrated analysis tools and samples collected from relevant cancer databases, in order to
find how JMJD4 influences pan-cancer development through identify its clinical characteristics and
multi-omics heterogeneity, especially its effect on macrophage and immune infiltration. This study
comprehensively analyzed and discussed the role of JMJD4 in pan-cancer, which laid a certain
foundation for the future research on targeted therapy.

2. Methods

2.1. Data access and Procession

The batch-corrected and normalized pan-cancer and normal tissue datasets were acquired from the
University of California, Santa Cruz (UCSC) datasets, which include The Cancer Genome Atlas
(TCGA,; encompassing 33 cancer types), Therapeutically Applicable Research to Generate Effective
Treatments (TARGET; consisting of 7 pediatric cancers), and the Genotype Tissue Expression
(GTEX), comprising 54 normal tissues. Cancer types with fewer than 3 samples were excluded. The
simple-nucleotide variation (SNV) data processed using the cBioPortal for Cancer Genomics web
interface  (http://cbioportal.org) [23] were retrieved from the GDC data portal
(https://portal.gdc.cancer.gov/).

2.2. IMJID4 expression

JMJID4 related diseases or phenotypes were first used from Open Target Platform
(https://platform.opentargets.org/). TIMER2.0 [24] (http://timer.cistrome.org/) was used to analyze
the differential IMJD4 mRNA expression between tumor tissue and adjacent normal tissue in the
Gene_DE module. For cancer types lacking sufficient normal neighboring samples, GTEx and TCGA
data were used in Box Plot module and TCGA data from GEPIA2.0 [25]. Expression DIY function
was used for analysis (http://gepia2.cancer-pku.cn/); the absolute log2FC cutoff and p-value cutoff
are set to 1 and 0.01, respectively. In addition, mRNA expression differences in cancer stages also
appear in the Stage Plot module. The data of Clinical Proteomics Oncology Analysis Alliance
(UPTAC) from UALCAN [26] (http://ualcan.path.uab.edu/), were used to compare the differences in
JMJD4 protein expression between cancer and normal tissues. Sangerbox [27] were used to analyze
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the pan-cancer prognostic risk of IMJD4, "survival” function was used to analyze survival differences,
and visualization was achieved through Kaplan-Meier curves.

2.3. Genomic Alteration

The Cancer Type Summary module was used to analyzed the frequency of three types of genomic
changes (mutations, amplifications, and deep deletions) in pan-cancer through the online network
tool cBioPortal [28] (https://www.cbioportal.org/). The collected and processed pan-cancer SNV data
were compared with IMJD8 and JMJD7 to demonstrate the mutation landscape by using GSCA [29]
(http://bioinfo.life.hust.edu.cn/GSCA/). The Kaplan-Meier curve was obtained from the
Copy_Number module of Tumor Immune Dysfunction and Exclusion (TIDE). cBioPortal is a
network tool for studying the correlation between cancer genome or transcriptional changes and
immunotherapy response, to explore the prognostic significance of JIMJD4 copy number variations
(CNVs). In addition, the genome heterogeneity and gene expression analysis module analysis were
conducted using TCGA data and Sangerbox (http://www.sangerbox.com/home.html). The data
source was set to TMB, and the data transformation was set to log2(X+0.001) with Pearson
correlation analysis. The correlation between Tumor mutation burden (TMB), Microsatellite facility
(MSI), Mutant-allele tumor (MATH), Homologous recombination disease (HRD), Neoantigen
(NEO), ploidy and JMJD4 expression was presented.

2.4. DNA repair, Cancer stemness and Epigenetic modification

TIMER2.0 [30] (http://timer.cistrome.org/) were used to analyze the correlation between 5
mismatched repair genes [31] and the expression of JMJD4 in pan-cancer. To further analyze the
homologous recombination repair (HRR) characteristics in pan-cancer, we retrieved 30 HRR related
genes from the ARIEL3 clinical trial [32] and inputted them into GEPIAZ2.0 (http://gepia2.cancer-
pku.cn/#index) to calculate their correlation with IMJD4. The differential methylation probes-based
stemness index (DMPsi) for each type of cancer was also obtained from previous studies [33] and
analyzed through GSCA (http://bioinfo.life.hust.edu.cn/GSCA/#/). The relationship between JMJD4
promoter methylation and cytotoxic T lymphocytes (CTLs) and patients’ survival was subsequently
investigated in TIDE (http://tide.dfci.harvard.edu/). The correlation between JMJD4 and genes
modified with N1-methyladenosine (m1A), 5-methylcytosine (m5C), and N6-methyladenosine (m6A)
[34,35,36] heatmap was drawn through Sanger box (http://www.sangerbox.com/home.html)
methylation module.

2.5. Alternative splicing

To identify clinically significant alternative splicing (AS) events, the ClinicalAS module of the
tumor splicing server [37] (http://www.Oncosplicing.com/) was employed to search for AS events
related to JMJD4, which were included in both the SplAdder and SpliceSeq projects. PanPlot was
utilized to visualize the splicing percentage (PSI) across TCGA cancer and GTEX tissues.
Additionally, the PanDiff plot was utilized to compare the PSI differences of AS events (detected in
three or more types of cancer) between cancerous tissues and their adjacent or GTEX normal tissues.
Finally, Kaplan-Meier curves were generated to demonstrate the prognostic implications of AS events
in pan-cancer.

2.6. Functional Enrichment Analyses

The current JIMJD4 Protein-Protein Interaction network with known experiment validations was
searched via the online webtool String [38] (https://www.string-db.org/). The pan-cancer pathway-
level somatic alterations of several vital pathways were explored on UALCAN, and the expression
correlations between pathway-related signature [39] and JMJD4 were investigated on GEPIA2.0.
Also, the top 100 co-expression genes of JIMJD4 in pan-cancer were obtained from the Similar Gene
Detection function of GEPIA2.0. The top 100 genes were adopted for functional analysis of Gene
Ontology (GO) with a false discovery rate (FDR) < 0.05 using Sangerbox. The correlation between
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the top 5 co-expression genes and JMJD4 were visualized by the heatmap plotted in TIMER2.0 and
the scatter plots in GEPIA2.0. The quantification results of IMJD4 functional enrichment were further
investigated by Gene Set Enrichment Analysis (GSEA) using the GSEA software. According to the
median expression of IMJD4, all cancer samples were divided into low- and high-JMJD4 groups, and
the gene sets were downloaded from the Molecular Signatures Database [40] of (http://www.gsea-
msigdb.org/gsea/downloads.jsp) for Kyoto Encyclopedia of Genes and Genomes (KEGG) and
hallmark pathways GSEASs (p<0.05).

2.7. Immune response

The roles of IMJD4 in pan-cancer microenvironment infiltration and immune cells in MAlignant
Tumour tissues using Expression data (ESTIMATE), stromal, and immune scores were analyzed in
Sangerbox [27] (http://www.sangerbox.com/home.html). The previously studied immune checkpoint
markers [41] were used to analyze their correlation with IMJD4. The correlation between expression
and immune subtypes was analyzed, and the levels of TISDB subtype modules, tumor and immune
system interactions were compared in pan-cancer patients [42] (http://cis.hku.hk/TISIDB/). In
addition, heatmap was drawn to demonstrate the relationship between JMJD4 expression and
chemokines, with chemokine receptors and immune stimulators as chemokine and immune modulator
modules, respectively. To investigate the effect of cytokine therapy on the expression of IMJD4, the
Tumor Immune Sco gene MOuse [43] (TISMO, http://tismo.cistrome.org/) web tools are used to
compare gene expression levels in different cell line between pre- and post-cytokine treatment.

TIMER2.0 was used for immune check to analyze the correlation between M2 macrophages and
JMJD4. In addition, SpatialDB online tool [44], a database transcriptome for spatial parsing
(https://www.spatialomics.org/SpatialDB/) is applied to analyze spatial expression levels and overlap
of JIMJD4 and M2 macrophage markers CD68 and CD163. The expression of JMJD4 in single cell
resolution from different subtypes of pan-cancer was collected from GEO and tumor immune single
cell hub (TISCH) [45] (http://tisch.comp-genomics.org/). Subsequently, the correlation between
immune cell infiltration and JMJD4 was calculated using the CIBERSORT algorithm [46].

TIMER2.0 were used to analyze the relationship between JMJD4, regulatory T cells (Tregs),
cancer-associated fibroblasts (CAFs), myeloid-derived suppressor cells (MDSCs), and CD8+ T cells.
Furthermore, the function of IMJD4 in T-cell dysfunction and the CTL-associated prognosis across
various cancer subtypes were explored at TIDE.

2.8. Statistic

All bioinformatics analyses are conducted on various data analysis platforms and software
mentioned above. The significance of survival rate was evaluated using logarithmic rank test. Pearson
or Spearman correlation coefficients were used in quantify the correlation. P-value less than 0.05 (*
p<0.05) were considered significant.

3. Results

3.1. IMJID4 is differentially expressed in pan-cancer and can predicted patients survivial

To examing the function of JIMJD4 in pan-cancer, we first analyze the JMJD4-related diseases on
the OpenTarget and observed that several cancers are associated with JMJD4. The bubble graph
illustrates the association of JMJD4 with nonpapillary renal cell carcinoma, renal cell carcinoma,
hepatocellular carcinoma, and colon adenocarcinoma (Figure 1A). Subsequently, we utilized
TIMERZ2.0 to analyze the differences in IMJD4 mRNA levels between pan-cancer and corresponding
normal tissues. We found that IMID4 mRNA was significantly upregulated in 14 cancer types (BLCA,
BRCA, CHOL, COAD, ESCA, HNSC, KIRC, LIHC, LUAD, LUSC, PRAD, READ, STAD, UCEC)
and downregulated in KICH, PCPG, and THCA (Figure 1B). Box plots revealed that IMIJD4 mRNA
was highly expressed in THYM, BRCA, and GBM but poorly expressed in SKCM, KIRC, and ACC
(Figure 1C). Furthermore, JIMJD4 was negatively correlated with advanced stages in ACC and UCEC,
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and positively correlated with advanced stages in UCS (Figure 1D). UALCAN were used to compare
protein expression differences between normal and primary tumor tissues in cancers. The results
showed that the JMJD4 protein was upregulated in ccRCC and UCEC cancers and downregulated in
HNSC (Figure 1E). We also noted that high expression of JIMJD4 was associated with lower overall
survival (OS) percentages in UVM, THYM, STAD, PRAD, PCPG, LAML, BLCA, and ACC (Figure
1F). These findings suggest that IMJD4 is differentially expressed across various cancers and can be
serve as a predictor of patient survival.
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Figure 1. JIMJD4 is differentially expressed in pan-cancer and can predicted patients survivial
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A) Analyzed disease web tools related to JIMJD4 on Open Target. The red dashed line indicates
JMJD4 related cancer. B) The expression levels of JMJD4 mRNA in pan-cancer, and their
corresponding control tissues were analyzed on TIMER2.0. Tumors and normal tissues are colored
in red and blue, respectively, the transfer organization appears purple. C) The box plots of IMJD4
mRNA log2 expression levels between tumors and normal tissues in 6 cancer types on GEPIA2.0. T
and N represant tumors and nomal tissues, respectively. D) JIMJD4 expression levels in 4 different
stages of 3 cancers were analyzed on GEPIA2.0. E) The protein expression differences between
normal and primary tumor tissues in 3 cancers were compared on UALCAN. F) Kaplan Meier curve
was drawn to predict patient OS. Red indicate high JMJD4 group, blue line indicated low JMJD4
group. *, ** and *** represent p<0.05, p<0.01, and p<0.001, respectively.

3.2. IMJID4 associated with genomic instability in pan-cancer

The genomic alterations of JIMJD4 in TCGA pan-cancer were analyzed, including mutation,
amplification, and deep deletion. To seek whether IMJD4 gene is altered at the genome level, we
displayed the JMJD4 pan-cancer CNV and SNV analysis results and found that high JMJD4
amplification in BRCA, CHOL, LIHC and OV and high JMJD4 mutation in CHOL, UCEC and
SKCM (>2%) (Figure 2A). To seek whether IMJD4 gene is altered at the genome level, we displayed
the IMJD4 SNV analysis results and compared with JIMJD8 and JMJD7 on GSCA and find that high
SNV rates were observed in many cancers, especially, the deleterious mutation of JMJD4 reached
3.39% in UCEC (Figure 2B, C, and D). Moreover, high IMJD4 CNV group patients showed higher
survival rates in LIHC and BRCA, and lower survival rates in READ, KIRP and ACC by the Kaplan-
Meier plots from GSCA web tool (Figure 2E). JIMJD4 was positively correlated with HRD in 4
cancers (KIRP, KICH, HNSC and STAD) and was negatively in 2 cancers (SARC and CHOL). We
can also find that IMJD4 was positively correlated with MATH in 4 cancers (THYM, MESO, ACC
and KICH) and was negatively in READ, LAML and UCS. As for MSI, JMJD4 was positively in
THYM, TGCT and UCEC and was negatively in COAD and UCS. Moreover, JIMJD4 was positively
correlated with NEO in 3 cancers (BRCA, CESC and LIHC) and was negatively in KICH, THCA
and CHOL. For Ploidy, JMJD4 was positively correlated with 3 cancers (STAD, THYM and STES)
and was negatively associated with SARC and TGCT. 4 cancers (THYM, MESO, ACC and KICH)
showed positive correlation with TMB while 3 cancers (READ, LAML and UCS) present a negative
correlation (Figure 2F). These results strongly suggested that JMJD4 can serve as a marker for
genome instability.
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Figure 2. JIMJD4 associated with genomic instability in pan-cancer

A) JMJD4 is associated with genomic instability in cancer. The green dot indicated the mutation,
red dot indicated the amplification, blue dot indicated the deep deletion, gray dot indicated multiple
alterations. B) The genome alteration landscape of JMJD4, IMJD7, and JIMJD8 on GSCA. C) The
prospects of JIMJD4, IMID7 and JMJD8 SNV in pan-cancer. D) The somatic mutation rate of JMJD4
in UCEC. E) Kaplan-Meier diagrams of IMJD4 CNVs in pan-cancer. F) The correlation coefficients
in HRD, MATH, MSI, NEO, Ploidy, TMD and JMJD4 expression.

3.3. IMJD4 involved in cancer DNA repair, stemness, and epigenetic modulations

To determine whether JMJD4 is involved in cancer genetic modulations, we analyzed the
correlation between JMJD4 and DNA repair genes, cancer stemness and DNA methylations. We
discovered that IMJD4 was positively correlated with multiple mismatch repair (MMR) genes in most
cancers, including ACC, BLCA, ESCA, GBM, LGG, LIHC, LUSC, PCPG, STAD, and especially
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HNSC and HNSC-HPV (Figure 3A). The intercorrelation between cancer stemness and JMJD4
expression are visualized in Figure 3B, we noticed that IMJD4 obtained strong correlation with OV,
followed by UVM, THYM and ACC, but with negative correlation in TGCT. LUSC, OV, STAD and
HNSC showed positive correlations between stemness and JMJD4, which also presented consistent
trends in HRR signature, demonstrating that JIMJD4 interplayed with DNA repair-mediated cancer
stemness (Figure 3C).

Since the DMPsi reflexed the DNA methylation status of cancer, we subsequently sought JIMJD4's
influences on cancer epigenetic modulations. As depicted in the Figure 3D, JMJD4 showed
significant negative correlations with methyltransferases in ESCA, GBM, HNSC, BLCA, BRCA,
CESC, CHOL, LIHC, UCEC, SKCM, THCA, LUAD, LUSC, PCPG, and PRAD. Inversely, their
positive association was exhibited in 9 cancers, including LAML, LGG, ACC, COAD, DLBC, KICH,
OV, PAAD, and STAD.

We also searched TIDE for the interplays between JMJD4 promoter methylation and cancer
subtypes, CTL, and risks. Figure 3E presents the list of the top 9 CTL-correlated cancer subtypes.
JMJID4 promoter methylation was positively correlated with CTL infiltration in BRCA, STAD,
HNSC, BLCA, ESCA, and LUSC. The scatter plots and the Kaplan—Meier curves demonstrated that
JMJID4 promoter methylation was associated with CTL infiltration and predicted more prolonged
survival in BRCA, STAD and LUSC (Figure 3F).

In addition to DNA methylation, we also investigated the correlation between JIMJD4 and RNA
modulator gene expression. The heatmap shows the correlation between JMJD4 expression and RNA
modulations in pan-cancer (Figure 3G). Surprisingly, we discovered that high IMJD4 was associated
with many RNA modulator genes in many cancers, including m1A, m5C, and m6A, indicating that
JMJD4 was involved in RNA modifications. These results showed that JMJD4 has a close
relationship with cancer DNA repair, stemness, and epigenetic regulation.
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Figure 3. IMJD4 involved in cancer DNA repair, stemness, and epigenetic modulations

A) The association between JMJD4 and five MMR genes in pan-cancer cells. B) The correlation
between cancer stemness and JMJD4, where point size represents sample size and color represents p-
value. C) The correlation between HRR characteristics of 30 genes and JMJD4 expression (R>0.3)
of 4 types of cancer. D) JMJD4 and methyltransferase between tumors and normal tissues. E) The
correlation table between JMJD4 methylation level and CTL related factors was retrieved from TIDE
network tool. The fourth column represents CTL correlation, and the fifth column represents the CTL
dysfunction z-score of the interaction item. F) The levels of IMJD4 methylation and CTL markers
were shown in scatter plots, while Kaplan-Meier plots showed survival analyses grouped by JIMJD4
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high methylation and low methylation. G) The relationship between JMJD4 expression and RNA
regulation in correlated pan-cancer cells. * Indicates p<0.05.

3.4. IMJID4 alternative splicing were correlated to patient survival

Alternative splicing is a process in which the exons of RNA produced by the transcription of major
genes or mMRNA precursors are reconnected through RNA splicing in multiple ways. The resulting
different mMRNA may be translated into different protein structures; therefore, a gene may encode
multiple proteins. Thus, we analyzed the splicing mode and the PSI of Intron_Retention_13400 in
pan-cancer. Figure 4A showed that cancers such as KICH and THCA exhibit higher PSI than the
normal samples. Those with prognostic values were presented in Figure 4C by the Kaplan—Meier
curves. High PSI predicted higher xxx (DSS) in BRCA and OS in ACC. Similarly, high PSI also
predicted higher disease-free interval (DFI) in LGG, and PFI in KIRC and UVM. These results
indicate that the selective splicing of JIMJD4 is closely related to patient survival rate and can serve
as an effective marker for predicting patient survival rate.
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Figure 4. IMJD4 alternative splicing were correlated to patient survival

A) The reads-in, reads-out, and PSI values of JMJD4 Intro Retention 13400 in all cancer tissues,
adjacent tissues, and normal tissues. Color labels represent cancer and its corresponding adjacent
tissues, while black labels represent non tumor tissues. B) PSI differences between tumors, adjacent
normal tissues (upper) and tumors, GTEx normal tissues (lower); The red dashed line represents 0.05
of FDR, the dot size represents tumor PSI, and different cancers are marked with different colors. C)
Kaplan-Meier curves were plotted for predicting patient OS, DSS, DFI, and PFI. All data comes from
the OncoSplitting online network tool. * Indicates p<0.05.

3.5. IMJD4 was involved in demethylation, chromatin modification, protein transportation,
cell cycle and immune activities

To further investigated the function of JMJD4 in cancers, the interactive proteins with
experimental validations were obtained from String web tool, and 10 proteins were displayed (Figure
5A). We then compared the JMJD4 expression between altered and non-altered pathways on
UALCAN and noticed that JIMJD4 was elevated in altered chromatin modifiers status, SWI/SNF
complex, p53/Rb-related pathway in GBM while poorly expressed in lung cancer (Figure 5B). The
top 100 JMJD4 expressed genes in pan-cancer were analyzed on GEPIA2.0, and the top 5 genes
(SNAP47, ARF1, DAP3, MTX1, and MRPL55) showed high correlations with JMJD4 in many
cancer types (Figure 5C). The functional enrichment of GO terms exhibited multiply protein
regulation (Figure 5D). The GSEA results of GO and KEGG suggested the close association between

163



Highlights in Science, Engineering and Technology

BLSME 2025

Volume 129 (2025)

immune activities and JMJD4. These results indicated that JMJD4 has a high correlation in
demethylation, chromatin modification, protein transport, cell cycle, and immune activity.

Expression of JMJD4 across cancers(based on Chromatin modifiers status)
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Figure 5. JMJD4 was mvolved in demethylatlon chromatln modification, proteln transportation,
cell cycle and immune activities

A) 10 types of proteins were selected and displayed from the String web tool. B) The box plot of
JMIJD4 expression at the pathway level between somatic changes and non-changes was obtained from

the UALCAN network tool for 6 cancer groups.

C) The top 100 genes co-expressed with JMJD4 in

whole cancer cells were analyzed on GEPIA2.0, and in most cancer types, the top 4 genes showed a
high correlation with JMJD4. D) The circular graph of the top 100 JMJD4 co-expressed genes
enriched GO pathways were identified on GEPIA2.0. Only the top genes of each pathway are listed
at the left end of the corresponding color band. E) The enrichment maps of KEGG and HALLMARK

terms in the entire cancer were analyzed using GSEA.
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3.6. JIMJD4 associated with immune infiltration and cytokine expression

To illustrate the association of JMJD4 and immune responses, the bar charts of the correlations
between JIMJD4 and ESTIMATEScore, ImmuneScore, and StromalScore were displayed, and the top
6 correlations were exhibited for each Score (Figure 6A). As we can noticed that IMJD4 was reversely
correlated to ESTIMATEScore and ImmuneScore in many cancers, including LUAD, ESCA, STES,
THCA, STES and TGCT. Moreover, the cancers showing negative JMJD4-ImmuneScore
correlations also harbored negative correlations with most immune checkpoint genes, like BRCA,
PRAD, LIHC and LUSC (Figure 6B). We also analyzed the associations between JMJD4 and
chemokines, receptors, and immunostimulatory. As showed in Figure S1A, JMJD4 was negatively
associated with several chemokines (CXCL9, 10, 11, 12, and 13), several receptors, and
immunostimulatory in pan-cancer. Subsequently, we explored whether JMJD4 was differentially
expressed in diverse cancer immune subtypes via TISIDB. The histogram exhibits that IMJD4 was
significantly associated with immune subtypes in different cancers, such as BRCA, LUAD and STAD
(Figure 6C). These results indicated that JMJD4 has a strong correlation with immune infiltration and
cytokine expression, which might influence immune environment in many cancers by inhibiting
immunostimulatory function and influencing immune checkpoint.
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Figure 6. IMJD4 associated with immune infiltration and cytokine expression

A) The correlation between JMJD4 and ESTIMATEScore, ImmuneScore, and Stromal Score (left)
were displayed, the top 6 correlated cancers for each Score were showed (right). B) Heat map of the
relationship between immune checkpoints and JMJD4 expression in pan-cancer cells. C) The
correlation between JMJD4 and immune subtypes was obtained from the TISIDB online tool. D) The
expression of IMJD4 in 6 immune subtypes of 3 types of cancer. C1 indicates wound healing, C2
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indicates [FN-gamma dominant, C3 indicates inflammatory, C4 indicates lymphocyte depleted, C5
indicates immunologically quiet, C6 indicates TGF-b dominant. * Indicates p<0.05.

3.7. IMJID4 is highly correlated with M2 macrophage infiltration in pan-cancer
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Figure 7. JIMJD4 is highly correlated with M2 macrophage infiltration in pan-cancer

To investigate the immune role of JIMJD4 in pan-cancer, we first ran the CIBERSORT algorithm
to obtain 22 immunocyte correlations with JIMJD4. We discovered that JMJD4 presented strong
positive correlations with M2 macrophages in TGCT, LAML, THYM and CHOL (Figure 7A). Also,
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B-cells-naive were negatively associated with IMJD4 in 22 cancers. By focusing on M2 macrophages,
we conducted multiple algorithms on TIMER2.0 to analyze the correlation between their infiltration
level and JIMJD4 expression in pan-cancer, and the association was observed in KICH, KIRC, KIRP,
LGG, LUSC, and UVM (Figure 7B).

Spatial transcriptional data on SpatialDB were obtained to depict the spatial overlapping of IMJD4
and M2 macrophage biomarkers CD68 and CD163 on BRCA cancer tissues. As expected, JMJD4,
CD68, and CD163 markers presented similar spatial distributions, which implied their potential co-
expression (Figure 7C). Additionally, we retrieved JMJD4 expression data in single-cell cellular
subtypes from TISCH. As exhibited in Figure 7D, JMJD4 was expressed by M2 macrophages or
malignant cells in SKCM, NSCLC, glioma and BRCA. Further, we used TIMER2.0 to display the
correlations between JMJD4, Tregs, CAFs, and MDSCs. JMJD4's positive correlations with at least
two cell types were observed in several cancers, including HNSC, HNSC-HPV-, HNSC-HPV+, KIRP
and UVM (Figure 7E). We also compared JMJD4 expression in the collected cancer single-cell
datasets and discovered that M2 or undefined macrophages were expressed it in BRCA, Glioma,
NSCLC and SKCM (Figure 7F).

A) The correlation between 22 immune cells and JMJD4. B) The correlation between M2
macrophage infiltration level and the expression of JMJD4 in pan-cancer cells. C) The spatial
transcription section displays the expression of IMJD4, CD68, and CD163 markers. The dot color
represents the expression level of the marker. D) The expression of JMJD4 in cancer single cell
clusters from TISCH online tool. E) The correlation heatmap between JIMJD4 level and other immune
cells penetration were calculated on TIMER 2.0. The red box highlights two or more types of cancer
cells with consistent trends. F) Violin plot of IMJD4 expression in GEO pan-cancer single cell clusters.
* Indicates p<0.05.

4. Discussion

The causes of cancer including genomic changes, transcriptional abnormalities, and epigenetic
regulation. Until recent years, there have been fewer studies indicating that JMJD4 affects the
progression of tumor cells. Therefore, in this article, we comprehensively analyzed and elaborated on
the recently discovered cancer-related gene JMJD4 to conduct a multi-analysis from clinical
significance, multi-omics characteristics, and its role in cancer immunity. Our research findings
indicate that IMJD4 is associated with several cancers and can serve as a genetic marker to providing
new insights into the clinical diagnosis and treatment of cancer.

Our research clearly indicates that IMJD4 is crucial in MMR and HHR in various cancer type. We
found that IMJD4 reduce TMD and MSI in STAD through the MMR and HRR pathways, which is
also examined in THYM. In addition, the importance of JIMJD4 was further confirmed through its
function on p53/RB, SWI/SNF, chromatin modification marker correlation, and reverse enriched
G2M checkpoint pathways results. In addition, other members of the JMJD family may also
participate in regulating the DNA repair process. For example, the HRR pathway requires JMJD5
[47], while the NHEJ pathway will be inhibited by JIMJD1A [48]. The opposite effect of IMJD5 and
JMJID1A on DNA repair can be achieved through H3K36 demethylation [49]. Therefore, JMJD4,
JMJD5, and JMJD1A may also manipulate the DNA repair process through the HRR pathway.

Previously, Liang et al. [50] reported that IMJDS8 is closely related to pan-cancer in various aspects.
Since JMJD protein family have certain function similarity, but we still found different members may
display different roles. We have noticed that the KEGG signaling pathways of JMJD4 is closely
related to metabolism and immune activity, as well as highly correlated in demethylation, chromatin
modification, cell cycle, and protein transport, which is somehow different from JMJD8. However,
the strong correlation between JMJD4 and immune infiltration and cytokine expression is highly
consistent with JIMJD8. Especially for M2 macrophage, JMJD4 expression is strongly correlated with
M2 macrophage infiltration in pan-cancer. In addition, JMJD4 is also associated with high
permeability of Tregs, CAFs, and MDSCs. Therefore, the relationship between JMJD4 and tumor
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immune microenvironment is very close, which might confirm to be the feature of JMJD family
function.

Since there is relatively few research on JMJD family’s impact on pan-cancer at present, our
research fills the gap and provide new enlightenment for cancer patients with poor therapeutic
outcomes. However, our research is limited to the online platforms and software for data analysis and
calculations, further experiments might be needed to validates our primary results. Moreover, the
sample size we used may change with the persistent updates of various cancer databases around the
world, which may lead to more precise conclusion in the future. Given the important immune
regulation role of JIMJD4 in pan-cancer, we are looking forward to screening potential compounds as
new therapeutic strategies and developed as new drug targets which could be applied for diagnostics,
prognostics and therapeutics in the era of personalized medicine.

Acknowledgement

Thanks very much to my family for always supporting my dream. | hope to live up to their
expectations in the future, not necessarily dazzling, but bright. Besides, there are also several good
friends who are thousands of miles away from me. Although we are separated by distant spatial
distances, our hearts are connected, and their companionship and encouragement have given me a lot
of courage to move forward. May my friends fulfill their wishes and shine brightly on their path of
perseverance.

References

[1] Ciavardelli D, Bellomo M, Consalvo A, Crescimanno C, Vella V. Metabolic Alterations of Thyroid
Cancer as Potential Therapeutic Targets. Biomed Res Int. 2017; 2017: 2545031.

[2] GuptaP, Kim B, Kim SH, Srivastava SK. Molecular targets of isothiocyanates in cancer: recent advances.
Mol Nutr Food Res. 2014 Aug; 58 (8): 1685 - 707.

[3] Reher D, Klink B, Deutsch A, Voss-Bdme A. Cell adhesion heterogeneity reinforces tumour cell
dissemination: novel insights from a mathematical model. Biol Direct. 2017 Aug 11; 12 (1): 18.

[4] Liang X, Zhang H, Wang Z, Zhang X, Dai Z, Zhang J, Luo P, Zhang L, Hu J, Liu Z, et al. IMJD8 Is an
M2 Macrophage Biomarker, and It Associates with DNA Damage Repair to Facilitate Stemness
Maintenance, Chemoresistance, and Immunosuppression in Pan-Cancer. Front Immunol. 2022, 11; 13:
875786.

[5] Yeo KS, Tan MC, Lim YY, Ea CK. JMJD8 is a Novel Endoplasmic Reticulum Protein with a JmjC
Domain. Sci Rep. 2017, 7 (1): 15407.

[6] Tang Y, Feng M, SuY, Ma T, Zhang H, Wu H, Wang X, Shi S, Zhang Y, Xu Y, Hu S, Wei K, Xu D.
Jmjd4 Facilitates Pkm2 Degradation in Cardiomyocytes and Is Protective Against Dilated
Cardiomyopathy. Circulation. 2023 May 30; 147 (22): 1684 - 1704.

[7] Yan H, Bao Y, Lin Z. High Expression of JMJD4 Is a Potential Diagnostic and Prognostic Marker of
Renal Cell Carcinoma. Dis Markers. 2021 Dec 24; 2021: 9573540.

[8] Ho YJ, Shih CP, Yeh KT, Shi B, Gong Z, Lin YM, Lu JW. Correlation between high expression levels of
jumonji domain-containing 4 and short survival in cases of colon adenocarcinoma. Biochem Biophys Res
Commun. 2018 Sep 10; 503 (3): 1442 - 1449.

[9] LiZ, ZhouY,JiaK, Yang Y, Zhang L, Wang S, Dong Y, Wang M, Li Y, Lu S, Zhang W, Zhang L, Fan
Y, Zhang D, Li N, Yu Y, Cao X, Hou J. JIMJD4-demethylated RIG-I prevents hepatic steatosis and
carcinogenesis. J Hematol Oncol. 2022 Nov 4; 15 (1): 161. Ma Kunlong. Short term distributed load
forecasting method based on big data. Changsha: Hunan University, 2014.

[10] Ho YJ, Shih CP, Yeh KT, Shi B, Gong Z, Lin YM, Lu JW. Correlation between high expression levels of
jumonji domain-containing 4 and short survival in cases of colon adenocarcinoma. Biochem. Biophys.
Res. Commun. 503 (2018) 1442 — 1449.

[11] CHEN X, SONG E. The theory of tumor ecosystem [J]. Cancer Commun (Lond), 2022, 42 (7): 587 - 608.

168



Highlights in Science, Engineering and Technology BLSME 2025
Volume 129 (2025)

[12] Elhanani O, Ben-Uri R, Keren L. Spatial profiling technologies illuminate the tumor microenvironment.
Cancer Cell. 2023 Mar 13; 41 (3): 404 - 420.

[13] Vitale I, Manic G, Coussens LM, Kroemer G, Galluzzi L. Macrophages and Metabolism in the Tumor
Microenvironment. Cell Metab. 2019 Jul 2; 30 (1): 36 - 50.

[14] GAO Y, ROSEN JM, ZHANG XH. The tumor-immune ecosystem in shaping metastasis. Am J Physiol
Cell Physiol, 2023, 324 (3): C707 - C717.

[15] CHARPENTIER M, SPADA S, VAN NEST SJ, et al. Radiation therapy-induced remodeling of the tumor
immune microenvironment. Semin Cancer Biol, 2022, 86 (Pt 2): 737 - 747.

[16] BENAVENTE S, SANCHEZ-GARCIA A, NACHES S, et al. Therapy-induced modulation of the tumor
microenvironment: New opportunities for cancer therapies. Front Oncol, 2020, 10: 582884.

[17] Manni W, Jianxin X, Weigi H, Siyuan C, Huashan S. JMJD family proteins in cancer and inflammation.
Signal Transduct Target Ther. 2022 Sep 1; 7 (1): 304.

[18] Oh S, Shin S, Janknecht R. The small members of the IMJD protein family: Enzymatic jewels or jinxes?
Biochim Biophys Acta Rev Cancer. 2019 Apr;1871 (2): 406 - 418.

[19] Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and targets in cancer therapy.
Nat Rev Drug Discov. 2022 Nov; 21 (11): 799 - 820.

[20] DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and immunotherapy. Nat Rev
Immunol. 2019 Jun; 19 (6): 369 - 382.

[21] Park MD, Silvin A, Ginhoux F, Merad M. Macrophages in health and disease. Cell. 2022 Nov 10; 185
(23): 4259 - 4279.

[22] Dyachkova U, Vigovskiy M, Basalova N, Efimenko A, Grigorieva O. M2-Macrophage-Induced Chronic
Inflammation Promotes Reversible Mesenchymal Stromal Cell Senescence and Reduces Their Anti-
Fibrotic Properties. Int J Mol Sci. 2023 Dec 4; 24 (23): 17089. [22] Sun L, Wang X, Saredy J, Yuan Z,
Yang X, Wang H. Innate-adaptive immunity interplay and redox regulation in immune response. Redox
Biol. 2020 Oct; 37: 101759.

[23] Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S, Donovan J, et al. The Landscape of Somatic
Copy-Number Alteration Across Human Cancers. Nature (2010) 463 (7283): 899 — 905.

[24] Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for Analysis of Tumor-Infiltrating Immune
Cells. Nucleic Acids Res (2020) 48 (W1): W509 — w14.

[25] Tang Z, Kang B, Li C, Chen T, Zhang Z. GEPIA2: An Enhanced Web Server for Large-Scale Expression
Profiling and Interactive Analysis. Nucleic Acids Res (2019) 47 (W1): W556 — w60.

[26] Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, PonceRodriguez I, Chakravarthi B,
et al. UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses.
Neoplasia (N Y NY) (2017) 19 (8): 649 — 58.

[27] Shen x, et al. 2022. Sangerbox: A comprehensive, interaction-friendly clinical bioinformatics analysis
platform. iMeta 1 (3): e36.

[28] Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The Chio Cancer Genomics Portal:
An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov (2012) 2 (5):
401 - 4.

[29] Chun-Jie Liu, Fei-Fei Hu, Gui-Yan Xie, Ya-Ru Miao, Xin-Wen Li, Yan Zeng, An-Yuan Guo. GSCA: an
Integrated Platform for Gene Set Cancer Analysis at Genomic, Pharmacogenomic, and Immunogenomic
Levels. Briefings in bioinformatics, 2022, bbac558.

[30] Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for Analysis of Tumor-Infiltrating Immune
Cells. Nucleic Acids Res (2020) 48 (W1): W509 — w14.

[31] Li X, Liu G, Wu W. Recent Advances in Lynch Syndrome. Exp Hematol Oncol (2021) 10 (1): 37.

[32] Coleman RL, Oza AM, Lorusso D, Aghajanian C, Oaknin A, Dean A, et al. Rucaparib Maintenance
Treatment for Recurrent Ovarian Carcinoma After Response to Platinum Therapy (ARIEL3): A
Randomised, Double-Blind, Placebo-Controlled, Phase 3 Trial. Lancet (London England) (2017) 390
(10106): 1949 —61.

169



Highlights in Science, Engineering and Technology BLSME 2025
Volume 129 (2025)

[33] Malta TM, Sokolov A, Gentles AJ, Buczkowski T, Poisson L, Weinstein JN, et al. Machine Learning
Identifies Stemness Features Associated with Oncogenic Dedifferentiation. Cell (2018) 173 (2): 338 — 54.
el5.

[34] Dominissini D, Nachtergaele S, Moshitch-Moshkovitz S, Peer E, Kol N, BenHaim MS, et al. The
Dynamic N (1)-Methyl adenosine Methylome in Eukaryotic Messenger RNA. Nature (2016) 530 (7591):
441 - 6.

[35] Pan T. N6-Methyl-Adenosine Modification in Messenger and Long Noncoding RNA. Trends Biochem
Sci (2013) 38 (4): 204 —9.

[36] Amort T, Rieder D, Wille A, Khokhlova-Cubberley D, Riml C, TrixI L, et al. Distinct 5-Methylcytosine
Profiles in Poly (A) RNA From Mouse Embryonic Stem Cells and Brain. Genome Biol (2017) 18 (1): 1.

[37] Zhang Y, Yao X, Zhou H, Wu X, Tian J, Zeng J, et al. OncoSplicing: An Updated Database for Clinically
Relevant Alternative Splicing in 33 Human Cancers. Nucleic Acids Res (2022) 50 (D1): D1340 — d7.

[38] Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING Database in 2021:
Customizable Protein-Protein Networks, and Functional Characterization of User-Uploaded
Gene/Measurement Sets. Nucleic Acids Res (2021) 49 (D1): D605 — d12.

[39] Zhang Y, Chen F, Donehower LA, Scheurer ME, Creighton CJ. A Pediatric Brain Tumor Atlas of Genes
Deregulated by Somatic Genomic Rearrangement. Nat Commun (2021) 12 (1): 937.

[40] Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, Mesirov JP. Molecular
Signatures Database (MSigDB) 3.0. Bioinf (Oxford England) (2011) 27 (12): 1739 — 40.

[41] Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al. The Immune Landscape of
Cancer. Immunity (2018) 48 (4): 812 — 30. e14.

[42] Ru B, Wong CN, Tong Y, Zhong JY, Zhong SSW, Wu WC, et al. TISIDB: An Integrated Repository
Portal for Tumor-Immune System Interactions. Bioinf (Oxford England) (2019) 35 (20): 4200 — 2.

[43] Zeng Z, Wong CJ, Yang L, Ouardaoui N, Li D, Zhang W, et al. TISMO: Syngeneic Mouse Tumor
Database to Model Tumor Immunity and Immunotherapy Response. Nucleic Acids Res (2022) 50 (D1):
D1391 —d7.

[44] Fan Z, Chen R, Chen X. SpatialDB: A Database for Spatially Resolved Transcriptomes. Nucleic Acids
Res (2020) 48 (D1): D233 —d7.

[45] Sun D, Wang J, Han Y, Dong X, Ge J, Zheng R, et al. TISCH: A Comprehensive Web Resource Enabling
Interactive Single-Cell Transcriptome Visualization of Tumor Microenvironment. Nucleic Acids Res
(2021) 49 (D1): D1420 — d30.

[46] 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 - 7.

[47] Amendola PG, Zaghet N, Ramalho JJ, Vilstrup Johansen J, Boxem M, Salcini AE. JMJD-5/KDM8
Regulates H3K36me2 and Is Required for Late Steps of Homologous Recombination and Genome
Integrity. PloS Genet (2017) 13 (2): €1006632.

[48] Lee C, Hong S, Lee MH, Koo HS. A PHF8 homolog in C. elegans promotes DNA repair via homologous
recombination. PLoS One. 2015 Apr 8; 10 (4): e0123865.

[49] Amendola PG, Zaghet N, Ramalho JJ, Vilstrup Johansen J, Boxem M, Salcini AE. JMJD-5/KDM8
regulates H3K36me2 and is required for late steps of homologous recombination and genome integrity.
PLo0S Genet. 2017 Feb 16; 13 (2): €1006632.

[50] Liang X, Zhang H, Wang Z, Zhang X, Dai Z, Zhang J, Luo P, Zhang L, Hu J, Liu Z, Bi C, Cheng Q.
JMJD8 Is an M2 Macrophage Biomarker, and It Associates with DNA Damage Repair to Facilitate
Stemness Maintenance, Chemoresistance, and Immunosuppression in Pan-Cancer. Front Immunol. 2022
Jul 11; 13: 875786. doi: 10.3389/fimmu.2022.875786. PMID: 35898493; PMCID: PMC9309472.

170



