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ARTICLE INFO ABSTRACT

Keywords: Lens epithelium-derived growth factor (LEDGF/p75) is a reader of epigenetic marks and a potential target for
LEDGF/p75 therapeutic intervention. Its involvement in human immunodeficiency virus (HIV) integration and the devel-
H3K36me3 opment of leukemia driven by MLL (also known as KMT2A) gene fusion make it an attractive candidate for drug
:;;;azncer development. However, exploration of LEDGF/p75 as an epigenetic reader of H3K36me3 in tumors is limited.

Here, for the first time, we analyze the role of LEDGF/p75 in multiple cancers via multiple online databases and
in vitro experiments. We used pancancer bulk sequencing data and online tools to analyze correlations of LEDGF/
p75 with prognosis, genomic instability, DNA damage repair, prognostic alternative splicing, protein in-
teractions, and tumor immunity. In summary, the present study identified that LEDGF/p75 may serve as a
prognostic predictor for tumors such as adrenocortical carcinoma, kidney chromophobe, liver hepatocellular
carcinoma, pancreatic adenocarcinoma, skin cutaneous melanoma, and clear cell renal cell carcinoma (ccRCC).
In addition, in vitro experiments and gene microarray sequencing were performed to explore the function of
LEDGF/p75 in ccRCC, providing new insights into the pathogenesis of the nonmutated SETD2 ccRCC subtype.

Clear cell renal cell carcinoma

important player in the development and progression of MLL leukemia,
can bind to the IBD of LEDGF/p75 to promote development and pro-

1. Introduction

LEDGF/p75, encoded by PSIP1, was originally identified as a protein
copurifying with the general transcriptional coactivator PC4 and
described as a transcriptional coactivator related to stress and autoim-
mune responses|1]. PSIPI also codes for an alternative splicing isoform
referred to as p52. Compared with p52, LEDGF/p75 has an integrase
binding domain (IBD) in addition to the common PWWP domain[2].
LEDGF/p75 has been reported to play a key role in the development of
human immunodeficiency virus (HIV) and MLL leukemia[3-5]. HIV
integrase can recognize and bind to the IBD of LEDGF/p75 and hijack it
to the transcriptionally active region of the genome, allowing the virus
to replicate in large numbers[6,7] . Similarly, MLL/MENIN complex, an

gression of the disease[8,9]. In fact, as a chromatin-binding protein,
LEDGF/p75 mediates chromatin localization of several nuclear proteins
[10-13].

Posttranslational modification of histones is an important branch of
epigenetic inheritance that has been widely reported in various diseases,
especially in cancer. H3K36me3 is a 3-methylated modification at the
36th K of histone H3 and mediates several key tumor processes, such as
transcriptional elongation, DNA methylation, and DNA damage repair
[14]. Studies have reported that LEDGF/p75 reads the H3K36me3 mark
via its PWWP domain to recruit functional proteins to the region of
actively transcribed genes[15,16]. However, its role in tumors is poorly
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understood. Therefore, the present study was performed to characterize
the landscape of LEDGF/p75 across cancers for the first time.

Renal cell carcinoma includes more than 10 histological and mo-
lecular subtypes, of which clear cell renal cell carcinoma (ccRCC) is the
most common and accounts for the majority of deaths associated with
kidney cancer[17]. Genetically, ccRCC results from high-frequency
mutations or even deletion of multiple tumor-suppressor genes (VHL,
80%; PBRM1, 29-46%; BAP1, 6-19%; and SETD2, 8-30%), which leads
to genomic instability and promotes defects in DNA repair pathways
[18]. ccRCC can be classified into clinically and therapeutically relevant
subtypes based on the molecular characteristics caused by these defects
[19]. SETD2 is an RNA polymerase Il-associated histone methyl-
transferase that catalyzes H3K36me3, which is a transcriptional activity
marker. Previous studies indicated that H3K36me3 is only added by
SETD2. Although SMYD5 was recently reported to play a role in
methylation, SETD2 is the most dominant specific methylase[20].

Research on the presence or absence of SETD2 is of key clinical
significance for personalized treatment. Therefore, the present study
was performed as preliminary functional exploration of LEDGF/p75, the
main reader of H3K36me3, in ccRCC.

2. Materials and Methods
2.1. Acquisition of basic information about LEDGF/p75

The genomic view for the LEDGF/p75 gene was obtained from the
GeneCards database[21]. The features for the domains and regions of
LEDGF/p75 were obtained from the UniProt database[22]. A
three-dimensional structure for LEDGF/p75 was constructed from
AlphaFold[23]. The immunofluorescence graphs of the intracellular
location of LEDGF/p75 in U-251MG cells (HPA019697) were obtained
from the ATLAS database[24].

2.2. Interaction network of LEDGF/P75 and functional enrichment
analyses

The LEDGF/p75 protein—protein interaction network with physical
interactions was predicted via the GeneMANIA database[25], and the
potential pathways are marked in colors. The LEDGF/p75 protein—-
protein interaction network with known experimental validations was
also explored via the STRING database[26]. We further predicted scores
in cancers and other diseases based on the LEDGF/p75 protein—protein
interaction network via the canSAR database[27].

Gene Ontology (GO) analyses, including biological process, cellular
component analyses and molecular function analyses, along with reac-
tome pathways were predicted via the TISIDB database[28]. Gene set
enrichment analysis (GSEA) was carried out via R software with ca-
nonical pathway gene sets derived from the KEGG pathway database
[29]. All R programs used in the present study were uploaded to GitHub
(https://github.com/melondoctor/LEDGF/tree/master).

2.3. Analyses of LEDGF/p75's correlation with histone modification,
DNA mismatch repair, tumor environment, immune cell infiltration, and
immune-related genes

We obtained pancancer expression profiles from the UCSC Xena
database[30]. Associations between 5 histone modification genes, 5
DNA mismatch repair genes, tumor environment, immune cell infiltra-
tion, immune-related genes and LEDGF/p75 expression in pancancer
were visualized using R software.

2.4. Differential expression of LEDGF/p75 in normal and tumor groups
We processed expression data from the UCSC Xena database, deleted

data with less than three normal samples, and analyzed the remaining
data for 21 tumor types via R software. For the remaining 12 tumor
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types, we added data from GTEx through GEPIA[31] for further analysis
and identified differences in LEDGF/p75 expression between three
tumor groups and corresponding normal groups. We further explored
differential expression of LEDGF/p75 in different kinds of cells and
obtained results from the ATLAS database.

For the LEDGF/p75 protein expression of tumor and normal groups,
we searched the UALCAN database[32] and found 7 tumor types with
different expression. Subsequently, we searched the ATLAS database
and found corresponding immunohistochemical diagrams to show
LEDGEF/p75 protein expression.

2.5. Analyses between LEDGF/p75 expression and patient prognosis

Data on expression and survival in pancancer were obtained from the
UCSC Xena database and analyzed via R software. Overall survival (OS),
disease-specific survival (DSS), disease-free interval (DFI), and
progression-free interval (PFI) were analyzed to indicate patient prog-
nosis. Cox regression analysis and Kaplan—Meier (K—M) analysis were
used for forest plots and K—M plots, respectively. In addition, we
analyzed LEDGF/p75 expression and clinical stages of patients across
cancers.

2.6. Genomic alterations of LEDGF/p75 across cancers

We searched the cBioPortal database[33] for information about
genomic alterations in LEDGF/p75 across cancers. We first identified the
landscape of alteration frequency across cancers, including mutations,
structural variants, amplifications, deep deletions and multiple alter-
ations. Then, we searched the ratio of the alteration group in pancancer.
We further obtained detailed information on copy-number alterations
and mutations in LEDGF/p75. Finally, we analyzed the correlation be-
tween genomic alterations of LEDGF/p75 and patient survival.

We processed the mutation data of pancancer from the UCSC Xena
database and analyzed them via R software to identify information
about the tumor mutational burden (TMB) and microsatellite instability
(MSD).

2.7. Clinically relevant alternative splicing analyses of LEDGF/p75

To identify clinically relevant alternative splicing (AS) events, the
OncoSplicing database[34] was searched for AS events for LEDGF/p75.
We chose project 247053 for subsequent analyses, which was the only
known splice type in SplAdder methodology according to the OncoS-
plicing database. Pan plots indicate the reads in, reads out and percent
spliced-in (PSI) values in pancancer and normal tissues. PanDiff plots
compared the PSI differences of queried AS events (detected in more
than 3 cancers) between cancers and adjacent or GTEx normal tissues.
Finally, we explored the prognostic significance of LEDGF/p75 AS
events across cancers via K—M plots.

2.8. Exploration of the immunological roles of LEDGF/p75 across cancers

We first explored the association between LEDGF/p75 expression
and immune subtypes across cancers via the TISIDB database. Subse-
quently, we analyzed detailed subtypes, including C1 (wound healing),
C2 (IFN-gamma dominant), C3 (inflammatory), C4 (lymphocyte
depleted), C5 (immunologically quiet), and C6 (TGF-b dominant). We
visualized the distribution across subtypes for the top six tumor types
with the highest LEDGF/p75 expression. Heatmaps showed Spearman
correlations between immunoinhibitors, chemokines, tumor infiltrating
lymphocytes (TILs), and LEDGF/p75 expression across cancers.

We further searched the most confident results using gene expression
data in the TIDE database[35], including parts of cancer, subtype,
Pearson correlation with cytotoxic T lymphocyte level (CTL Cor), T-cell
dysfunction score (T Dysfunction), survival risk score (Risk), survival
risk score adjusted for the effect of cytotoxic T lymphocyte (Risk. adj),
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and sample count in the dataset (count).

We then compared LEDGF/p75 expression levels across cell lines
between pre- and postcytokine-treated samples with the TISMO data-
base[36]; IFNy, IFNB, TNFa, and TGFb1 are included as cytokine treat-
ments in the module.

Finally, we searched ROC Plotter[37] to explore the correlation be-
tween LEDGF/p75 expression and immunotherapy. Receiver operating
characteristic (ROC) curves indicated the high diagnostic value of
LEDGF/p75 for assessing immunotherapy outcomes.

2.9. Cell culture

Human kidney cancer cell lines (i.e., Caki-1, 786-O, A498) and
normal human kidney epithelial cells (HK-2) were acquired from Procell
Life Science & Technology Company (Wuhan, China). All cell lines used
in this study were tested and authenticated by DNA sequencing using the
STR method (ABI 3730XL Genetic Analyzer) and tested for the absence
of mycoplasma contamination (MycoAlert). All cell lines were cultured
in commercial cell culture medium at 37 °C in a 5% CO, atmosphere.

2.10. RNA isolation and quantitative real-time PCR (qRT—PCR)

TRIzol Reagent (Invitrogen, USA) was used to isolate total RNA.
HiScript III SuperMix (Vazyme, China) was used to perform reverse
transcription. qRT—PCR was used to analyze the expression level of
mRNAs, as performed using a SYBR Green Kit (Yeasen, China) with the
LightCycler® 96 SW 1.1 system (Roche, Switzerland).

2.11. Western blotting

RIPA buffer (Beyotime, China) mixed with protease inhibitor
(Beyotime) was used to extract total cell protein. The proteins were
separated and then transferred to a polyvinylidene difluoride mem-
brane, which was incubated in 10% milk for 2 h at room temperature
(RT). Subsequently, the membrane was incubated in the primary anti-
body (1:1000, anti-LEDGF/p75: Abcam#ab177159; anti-H3K36me3:
Cell Signaling Technology#4909 s; anti-H3: Proteintech#17168-1-AP;
anti-p-Actin: Proteintech#81115-1-RR) for 12 h at 4 °C and then treated
with a matched secondary antibody (1:5000, Proteintech#SA00001-2)
at RT for 2 h. Enhanced chemiluminescence (Tanon, China) was used for
detection. p-Actin and histone H3 were used as endogenous controls.

2.12. siRNA transfection

siRNA sequences, which were designed and synthesized by RiboBio
(Guangzhou, China), used to target LEDGF/p75 were GGAAGA-
TACCGACCATGAA (5'-3, KD1) and GCAGCAACTAAACAATCAA
(5'—3/, KD2). The siRNAs were transfected with Lipo3000 (Invitrogen)
according to the instruction manual.

2.13. Cell counting kit-8 (CCK-8) and clone formation

A total of 2000 cells were seeded into 96-well plates and cultured for
the indicated times. At each time point, 10 pl of CCK-8 reagent (Yeasen)
was mixed with the cells for 1 h. Optical density (OD) values were
measured at 450 nm.

For the clone formation experiment, 1000/well of the indicated cells
were cultured in a 6-well plate for 10 days. Methanol was used to fix the
cells for 30 min, followed by crystal violet staining for 30 min.

2.14. Transwell assay

Cell migration assays were performed with 24-well no-Matrigel
Transwell chambers (Corning, USA). A total of 3 x 10* cells were
cultured in the upper chamber suspended in 200 pl of medium without
fetal bovine serum (FBS), and 600 pl of medium containing 10% FBS was
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added to the bottom chamber. After overnight incubation, crystal violet
was used to stain the cells on the lower surface of the chamber for 30
min. Images of three random fields were acquired using a fluorescence
microscope, and the cells were counted.

2.15. Gene microarray analysis

786-0 cells were selected for LEDGF/p75 knockdown treatment, and
three biological replicates were prepared for gene microarray detection.
Agilent SurePrint G3 Human Gene Expression v3 8x60K Microarray
(DesignID:072363) chip experiments and data analysis of 6 samples
were performed at Shanghai Ouyi Biomedical Technology Co., Ltd.
China.

Feature Extraction software version 10.7.1.1 (Agilent Technologies)
was used to process original images and extract original data. The
original data were then standardized. Differential genes were screened
according to fold change > 1.5 and P value < 0.05. Then, GO and KEGG
enrichment analyses of differentially expressed genes were performed to
determine biological functions and pathways.

2.16. Online databases

Information on all online databases used in the present study can be
found in Table 2.

2.17. Statistical analyses

All bioinformatics analyses were conducted via R software (version
4.2.2), except for the results obtained from the online databases
mentioned in this study. Independent t tests were used to compare
normally distributed continuous variables and Mann—Whitney U tests
to compare skewed continuous variables. All statistical tests were two-
sided. P values less than 0.05 (* P < 0.05) were considered significant.

3. Results
3.1. Biological information of LEDGF/p75

PSIP1 is a protein-coding gene located in the short arm of the ninth
chromosome (Supplementary Fig. 1 A). LEDGF/p75, encoded by PSIP1,
has two functional domains: the PWWP domain (aa 1-91) and the IBD
(aa 347-454) (Supplementary Fig. 1B-C)[38]. The PWWP domain reads
the H3K36me3 mark, which is an important regulatory mode in epige-
netics[39]. For the IBD, a protein binding hub, previous studies have
reported several interacting proteins, such as HIV integrase 1 and 2,
MENIN-MLL, CDCA7L, PogZ, CDC7-DBF4, and IWS1[38].

We further explored localization of LEDGF/p75 in U-251MG cells
and found that almost all of the protein in the nucleus, which was
consistent with its chromatin identification function (Supplementary
Fig. 1D).

3.2. LEDGF/p75 is involved in several diseases, especially cancer

We first focused on protein interactions of LEDGF/p75 and predicted
proteins that physically bind to it via online tools. As displayed in
Fig. 1A, LEDGF/p75 is mainly involved in viral infections and DNA
repair, such as the viral life cycle, DNA repair complex and DNA binding.
In addition, previous experiments confirmed that LEDGF/p75 binds to
histones and histone-modification proteins (Fig. 1B). Finally, we pre-
dicted the scores of LEDGF/p75 in cancer and other diseases based on
protein—protein interactions, which highlighted the importance of
LEDGF/p75 in cancer (Fig. 1C). As LEDGF/p75 was reported as a reader
of histone modification marks such as H3K36me3, we further explored
the correlation between LEDGF/p75 expression and several common
histone modification-related genes. As shown in Fig. 1D, SETD2, a
classic writer of H3K36me3, correlated highly positively with LEDGF/
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Fig. 1. LEDGF/p75 plays a vital role in tumors and other diseases. (A) Physical interactions of LEDGF/p75 and other key proteins indicate potential functions of
LEDGF/p75. (B) LEDGF/p75 binds to histones and several histone modification proteins. The purple lines represent experimentally determined interactions, and the
blue lines show the results from curated databases. (C) Predicted scores of LEDGF/p75 in cancers and other diseases based on protein—protein interactions. Different
colors represent different rating levels of the canSAR database. (D) Correlations between LEDGF/p75 expression and 5 histone modification genes in pancancer. (E-G)

Results of GSEA-KEGG analyses. * P < 0.05, * * P < 0.01, * ** P < 0.001.

P75 expression in all 33 tumor types. Interestingly, apart from the pre-
viously reported lysine methylation factors (SETD2, KMT2A, KMT2B),
our results showed that LEDGF/p75 expression also correlated with
arginine methylation factors (PRMT1, PRMT5) in some tumor types,
suggesting a potential biological role.

GO analyses, including biological process, cellular component, and
molecular function, indicated vital roles for LEDGF/p75 in both HIV
infection and cancers (Supplementary Table 1). For instance, LEDGF/
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p75 functions in viral latency, response to oxidative stress, and chro-
matin binding. The reactome pathway of LEDGF/p75 illustrates the
details of LEDGF/p75 in HIV integration and the viral life cycle (Sup-
plementary Table 2). Then, we performed GSEA-KEGG analyses to
further explore LEDGF/p75 function. LEDGF/p75 expression correlated
with regulation of autophagy in GBM and OV and with cell adhesion
molecules in PRAD, which indicates the potential function of LEDGF/
p75 in tumor metastasis and development (Fig. 1E-G). All TCGA
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abbreviations are provided in Table 1.

3.3. LEDGF/p75 is differentially expressed across cancers

We analyzed LEDGF/p75 expression data from the UCSC Xena
database and found LEDGF/p75 mRNA to be significantly differentially
expressed in 15 of 21 tumor types. Among the 15 types, LEDGF/p75 was
downregulated in 11 types (BLCA, BRCA, KICH, KIRC, KIRP, LUAD,
LUSC, PRAD, READ, THCA, and UCEC) and highly expressed in another
4 (CHOL, HNSC, LIHC, and PCPG) (Fig. 2A). We supplemented data
from GTEx normal tissues and performed the analyses for another 12
tumor types. We found LEDGF/p75 to be highly expressed in DLBC and
THYM but reduced in OV (Fig. 2B-D).

Next, we explored LEDGF/p75 expression in various cell lines and
found LEDGF/p75 to be differentially expressed in different cell lines
(Fig. 2E). The top two cell lines with the highest LEDGF/p75 expression
were HEL and NTERA-2, and the expression level of HEL cells was more
than twice that of NTERA-2 cells. HEL, a cancer cell line derived from
myeloid cells, is an erythroleukemia cell line (AML M6 in relapse after
treatment for Hodgkin’s disease). Such high expression of LEDGF/p75 in
HEL cells suggests that it may play a role in erythroleukemia. Previous
studies have reported that LEDGF/p75 is essential for MLL-rearranged
leukemogenesis[40]. Whether there is a deeper connection between
the two diseases other than both being blood cancers and whether this
connection is related to LEDGF/p75 remains unclear.

Then, we analyzed LEDGF/p75 protein expression across cancers via
online tools. LEDGF/p75 was significantly reduced in 5 tumor types
(BRCA, COAD, HNSC, LUAD, and UCEC) but markedly increased in
another 2 (LIHC and OV) (Fig. 2F-L). As expected, immunohistochem-
ical results from the ATLAS database showed trends similar to the above
results.

These findings indicate significant differences in LEDGF/p75
expression across cancers. After integrated analysis of differences in

Table 1
Abbreviations of 33 tumors.
Abbreviation Full name
ACC Adrenocortical Carcinoma
KIRC Kidney Renal Clear Cell Carcinoma
PRAD Prostate Adenocarcinoma
BLCA Bladder Urothelial Carcinoma
KIRP Kidney Renal Papillary Cell Carcinomal
READ Rectum Adenocarcinoma
BRCA Breast Invasive Carcinoma
LAML Acute Myeloid Leukemia
SARC Sarcoma
CESC Cervical Squamous Cell Carcinoma
LGG Lower Grade Glioma
SKCM Skin Cutaneous Melanoma
CHOL Cholangiocarcinoma
LIHC Liver Hepatocellular Carcinoma
STAD Stomach Adenocarcinoma
COAD Colon Adenocarcinoma
LUAD Lung Adenocarcinoma
TGCT Testicular Germ Cell Tumors
DLBC Diffuse Large B-cell Lymphoma
LUSC Lung Squamous Cell Carcinoma
THCA Thyroid Carcinoma
ESCA Esophageal Carcinoma
MESO Mesothelioma
THYM Thymoma
GBM Glioblastoma Multiforme
oV Ovarian Serous Cystadenocarcinoma
UCEC Uterine Corpus Endometrial Carcinoma
HNSC Head and Neck Squamous Cell Carcinoma
PAAD Pancreatic Adenocarcinoma
ucs Uterine Carcinosarcoma
KICH Kidney Chromophobe
PCPG Pheochromocytoma and Paraganglioma
UvM Uveal Melanoma
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Table 2
Information of databases used in the present study.

Database Online link

GeneCards https://www.genecards.org/

Uniprot https://www.uniprot.org/

AlphaFold https://alphafold.ebi.ac.uk/

ATLAS https://www.proteinatlas.org/

GeneMANIA http://genemania.org/

STRING https://cn.string-db.org/

canSAR https://cansar.ai/

TISIDB http://cis.hku.hk/TISIDB/index.php

KEGG pathway  http://www.gsea-msigdb.org/gsea/msigdb/human/collections.
jsp

UCSC Xena https://xena.ucsc.edu/

GEPIA http://gepia.cancer-pku.cn/index.html

UALCAN http://ualcan.path.uab.edu/index.html

cBioPortal https://www.cbioportal.org/

OncoSplicing http://www.oncosplicing.com/

TIDE http://tide.dfci.harvard.edu/

TISMO http://tismo.cistrome.org/

ROC Plotter https://www.rocplot.org/

DepMap portal  https://depmap.org/portal/

LEDGF/p75 mRNA and protein expression, we found the same trend for
LIHC, BRCA, LUAD and UCEC. Notably, LEDGF/p75 expression was
opposite at the mRNA and protein levels in HNSC, which requires
experimental verification.

3.4. LEDGF/p75 expression correlates with patient prognosis

To investigate the correlation between LEDGF/p75 expression and
patient prognosis, we performed comprehensive analysis of expression
and clinical data from the UCSC Xena database. Cox regression and
K—M analyses were used to explore OS, DSS, DFI and PFI. As shown in
the forest plot, LEDGF/p75 expression correlated negatively with OS in
4 tumor types (ACC, KICH, LIHC, and UCEC) but positively in 5 (CESC,
KIRC, LGG, PAAD, and SKCM) (Fig. 3A). Regarding K—M plots, there
was a negative correlation between LEDGF/p75 expression and OS in
ACC but a positive correlation in 3 other tumor types (KIRC, LGG, and
OV) (Fig. 3B-E). The results for DSS, DFI and PFI are shown in Supple-
mentary Fig. 2 and Supplementary Fig. 3.

Furthermore, we analyzed the correlation between LEDGF/p75
expression and the clinical stage of patients. The results indicated that
patients with advanced ACC generally expressed high levels of LEDGF/
p75; this phenomenon was reversed in patients with PAAD, SKCM,
THCA, or KIRC (Fig. 3F-L). All these analyses indicate that LEDGF/p75
expression is closely associated with patient prognosis across cancers.
Specifically, LEDGF/p75 is a potential oncogene in ACC, KICH and LIHC
but a potential protective gene in PAAD and SKCM.

3.5. LEDGF/p75 genomic alterations in pancancer and correlation with
patient prognosis

As genomic alterations may cause tumorigenesis, we explored
LEDGF/p75 gene alterations in the cBioPortal database, which is a
multidimensional cancer genomics dataset. We illustrate the landscape
of alteration frequency in pancancer in Supplementary Fig. 4A,
including mutation, structural variant, amplification, deep deletion, and
multiple alterations. We then studied the percentage of altered groups in
pancancer. Notably, the LEDGF/p75 gene was altered in nearly 50% of
patients with 3 tumor types (COAD_POLE, ESCA POLE, and UCEC -
POLE) (Supplementary Fig. 4B). Putative copy number alterations from
GISTIC showed that diploid and shallow deletions were the top two most
common types (Fig. 4A). LEDGF/p75 mutation occurred at a low fre-
quency (Fig. 4B), and specific mutation sites are shown in Fig. 4C.

Subsequently, we analyzed the TMB and MSI of LEDGF/p75 across
cancers. The TMB results showed that LEDGF/p75 correlated negatively
with 8 tumor types (KIRC, KIRP, LGG, PAAD, PRAD, THCA, UVM, and
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Fig. 2. Differential expression of LEDGF/p75
in normal and tumor groups. (A) Differential
expression of LEDGF/p75 across cancers from the
TCGA database. (B-D) Box plots of LEDGF/p75
expression in tumor and normal (match TCGA
normal and GTEx data) groups from the GEPIA
database. (E) Differential expression of LEDGF/
p75 in different cells (classified according to the
source of the organization). The cells of normal
tissues are marked in black, and the tumor cells
are marked in red. (F-L) Box plots and immuno-
histochemical diagrams show the differential
expression of LEDGF/p75 in 7 tumor types.
*P < 0.05, ** P <0.01, * ** P < 0.001.
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Fig. 3. Differential expression of LEDGF/p75 correlates with patient prognosis. (A) The forest plot shows correlations between LEDGF/p75 expression and the
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Fig. 4. Genomic instability of LEDGF/p75 is associated with patient prognosis. (A) Putative copy-number alterations of LEDGF/p75. (B) Mutations in LEDGF/
p75. (C) Schematic diagram of LEDGF/p75 mutation sites. (D) The tumor mutation burden (TMB) of LEDGF/p75 across cancers. (E) Microsatellite instability (MSI) of
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THYM) but positively with 8 types (ACC, BLCA, LOAD, LAML, LUAD,
READ, SKCM, and UCS) (Fig. 4D). The MSI results showed a positive
correlation between 7 tumor types (ACC, BRCA, COAD, LUAD, READ,
STAD, and UCEC) and LEDGF/p75 but a negative correlation only be-
tween SKCM and LEDGF/p75 (Fig. 4E). Next, we investigated the po-
tential function of LEDGF/p75 in DNA mismatch repair (MMR). As
displayed in Fig. 4F, LEDGF/p75 expression correlated highly with MMR
genes across cancers, which was consistent with a previously reported
result that LEDGF/p75 is involved in DNA damage repair[41].

To further explore the clinical value of LEDGF/p75 gene alterations
across cancers, we analyzed their association with patient OS. Our
comprehensive analysis showed that patients in the altered group had
shorter OS, which was significantly different (Fig. 4G). We then per-
formed a separate analysis of 33 tumor types and found that LEDGF/p75
gene alterations predicted poor patient prognosis in TGCT, BRCA, HNSC,
and LIHC (Fig. 4H-K). In conclusion, LEDGF/P75 genomic instability is
widespread across cancers and suggests poor prognosis.

3.6. Pancancer view of LEDGF/p75 alterative splicing and correlation
with patient survival

Alternative splicing (AS) regulates the generation of multiple mRNA
and protein products from a single gene. AS plays a crucial role in cancer
progression, and cancer cells have general as well as cancer-type-specific
and subtype-specific changes during splicing that may have prognostic
value and contribute to cancer development and progression[42]. We
chose the item (PSIP1_alt 3prime_247053) for subsequent analyses on
the OncoSplicing database because it is the only known splice type in
SplAdder, a bioinformatics tool for the analysis and quantification of
alternative splicing events in RNA sequencing data. The read-in,
read-out and PSI values are shown in Fig. 5A, and there were signifi-
cant differences in LEDGF/p75 AS between tumor and normal tissues.
We then visualized the PSI difference in tumor and adjacent normal
tissues (Fig. 5B), and the result showed LUSC as the top result. However,
the top three changed to LGG, GBM and TGCT when we compared the
PSI difference between tumor and GTEx normal tissues (Fig. 5C).

We performed K—M analysis to explore the clinical value of LEDGF/
P75 AS. Consistent with our predictions, LEDGF/p75 AS suggested dif-
ferences in patient prognosis in several tumor types. K—M curves of OS,
DSS and PFI showed that a high LEDGF/p75 PSI indicated good prog-
nosis in patients with SKCM (Fig. 5D-F). The same trend was also
observed in patients with THCA and CESC (Fig. 5H-I). However, the
opposite trend was observed in patients with COAD and LUAD (Fig. 5G,
J-K). All of the above results imply the biological importance of LEDGF/
P75 AS events across cancers.

3.7. LEDGF/p75 is involved in cancer immune infiltration and
immunotherapy

To further explore the immunomodulatory effects of LEDGF/p75, we
analyzed correlations between immune cells, stromal cells, 22 immune
cells, immune checkpoints and LEDGF/p75 expression across cancers
(Supplementary Fig. 6); the results showed a tight association between
LEDGF/p75 and tumor immunity. Subsequently, we explored whether
LEDGEF/p75 is differentially expressed in diverse cancer immune sub-
types via the TISIDB database. Fig. 6A shows that LEDGF/p75 was
significantly associated with immune subtypes in several tumors, and
the top six are presented in Supplementary Fig. 5D-I. The detailed
subtypes include C1 (wound healing), C2 (IFN-gamma dominant), C3
(inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet),
and C6 (TGF-b dominant). In addition, we analyzed the association
between immunoinhibitors, chemokines, TILs and LEDGF/p75 expres-
sion (Supplementary Fig. 5A-C). As visualized in heatmaps, LEDGF/p75
expression correlated with several immunoinhibitors (CTLA4, IL10,
PDCD1, etc.), chemokines (CXCL9, 10, 11, etc.) and TILs (activated CD4,
Th2, CD56, etc.) in pancancer.
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We searched the TIDE database to evaluate multiple published
transcriptomic biomarkers to predict patient response. We list the most
confident results about the correlation between LEDGF/p75 expression
and CTLs, T dysfunction, and risks in Fig. 6C. The results showed a
positive correlation between LEDGF/p75 expression and CTLs in breast
cancer but a negative correlation in brain cancer. Moreover, high
LEDGF/p75 expression indicated short overall survival for endometrial
cancer patients.

We then explored the correlation between LEDGF/p75 and immu-
notherapy. We compared LEDGF/p75 expression levels across cell lines
between pre- and postcytokine-treated samples via the TISMO database,
and the box plot is presented in Fig. 6B. Finally, we searched the ROC
Plotter database to investigate the correlation between LEDGF/p75
expression and immunotherapy efficiency. Interestingly, high LEDGF/
P75 expression indicated effective immunotherapy results in ESCA PD-
L1, STAD PD-1, SKCM CTLA-4, and SKCM PD-1 (Fig. 6D-G). Notably,
the AUC was higher than 0.65 for ESCA PD-L1 and STAD PD-1, illus-
trating the high value of the prediction model. In summary, LEDGF/p75
is involved in cancer immune infiltration and immunotherapy, which
might guide personalized treatment of tumor patients.

3.8. LEDGF/p75 is highly expressed in ccRCC cells and significantly
promotes proliferation and metastatic ability

Renal cell carcinoma includes more than 10 histological and mo-
lecular subtypes, of which ccRCC is the most common and accounts for
the majority of cancer-related deaths[17], and reduction or even dele-
tion of H3K36me3 occurs due to the high mutation rate of SETD2 in
patients with advanced ccRCC[43]. This phenomenon naturally strat-
ifies ccRCC patients into subgroups; thus, the study of LEDGF/p75, the
reader of H3K36me3, is of great significance. Although studies have
reported the vital function of LEDGF/p75 in prostate cancer, leukemia
and other kinds of tumors[44-46], there has been no study related to
kidney cancer. Therefore, we are the first to conduct preliminary func-
tional exploration of LEDGF/p75 in ccRCC.

Considering the presence of SETD2 mutations in ccRCC cell lines, we
searched the DepMap portal database for relevant information. The re-
sults revealed SETD2 mutations in A498 and Caki-1 cells: p.V2536fs and
p-R400R, respectively. To determine expression of H3K36me3 in ccRCC
cell lines, 786-0, A498 and Caki-1 cells were selected for western blot-
ting. As shown in Fig. 7A, H3K36me3 was highly expressed in 786-O and
Caki-1 cells but absent in A498 cells, as predicted by the database. For
LEDGF/p75, all three ccRCC cell lines expressed higher levels than HK-2
cells. Therefore, we chose 786-0O and Caki-1 cells for further studies.

To detect the impact of LEDGF/p75 on ccRCC cell characteristics, we
first attempted to knock down LEDGF/p75. Both siRNAs tested achieved
> 50% knockdown of the expression level of LEDGF/p75 (Fig. 7B-C).
When LEDGF/p75 was knocked down, proliferation and migration
ability of ccRCC cells were significantly reduced (Fig. 7D-G), which
indicated that LEDGF/p75 is a potential oncogene in ccRCC.

3.9. LEDGF/p75 knockdown in ccRCC causes changes to cancer-related
genes and pathways

To further explore the role of LEDGF/p75 in ccRCC, we knocked
down LEDGF/p75 in 786-0 cells and performed gene microarray anal-
ysis (Fig. 8A). After LEDGF/p75 was knocked down, 655 genes were
upregulated and 512 downregulated (Fig. 8B, Supplementary Table 3).
Among them, the most down regulated protein-coding gene was ERO1L.
We performed GO and KEGG analyses for all regulated genes. Consistent
with our expectations, the transcriptional activity of cells was signifi-
cantly changed after LEDGF/p75 knockdown (Figs. 8C, 8E). As
H3K36me3 is a marker of active transcription[14], knockdown of
LEDGF/p75, a reader of H3K36me3, is likely to cause transcriptional
inhibition of some downstream genes. Therefore, we reperformed the
GO and KEGG analyses of all downregulated genes.
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Fig. 6. LEDGF/p75 is involved in cancer immu-
nity. (A) Correlations between LEDGF/p75 and im-
mune subtypes were obtained from the TSIDB
database. (B) The box plot retrieved from the TISMO
database shows LEDGF/p75 expression levels across
cell lines between pre- and postcytokine-treated
samples. (C) The table shows the correlation be-
tween LEDGF/p75 expression and CTLs, T dysfunc-
tion, and risks. The bottom graphs show detailed
information on corresponding data in the table. (D-
G) Box plots show differential expression of LEDGF/
p75 in the indicated groups. ROC curves illustrate
the feasibility of LEDGF/p75 expression as an indi-
cator of the effectiveness of immunotherapy.
*P < 0.05, * * P <0.01, * ** P < 0.001.
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Fig. 7. LEDGF/p75 significantly promotes the proliferation and metastatic ability of kidney cancer cells. (A) Expression of LEDGF/p75 and H3K36me3 in
kidney cancer cell lines. (B-C) QqRT—PCR and western blot experiments show the high efficiency of LEDGF/p75 knockdown. (D-F) CCK-8 and colony formation assays
show that knockdown of LEDGF/p75 significantly inhibits proliferation of kidney cancer cells. (G) Transwell experiments show that knockdown of LEDGF/p75

significantly inhibits metastasis of kidney cancer cells.

Interestingly, the results of GO analysis showed that after LEDGF/
p75 knockdown, the activity of several functional proteins, such as the
Wnt protein, were changed (Fig. 8D). The p53 signaling pathway was
also affected by changes in LEDGF/p75 (Fig. 8F).

4. Discussion

Studies to date on LEDGF/p75 have mainly focused on HIV and MLL
diseases, but there are few studies on its role in tumors. In fact, as a
reader of histone modification marks, LEDGF/p75 mediates chromatin
binding of many nuclear proteins, thus playing an important biological
function in tumors[14]. As a main reader of H3K36me3, its potential
role in cancer is worthy of further study. Here, for the first time, we
comprehensively analyze the LEDGF/p75 landscape across cancers
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using multiple online databases, in vitro experiments and gene micro-
array sequencing. The present study detailed the basic information,
clinical significance, genomic instability, alternative splicing, and can-
cer immunity related to LEDGF/p75.

The PWWP and IBD of LEDGF/p75 perform the functions of chro-
matin recognition and protein binding, respectively; specifically, pro-
cesses of chromatin and DNA binding, transcription regulation,
protein—protein interactions, epitope recognition, HIV integration, and
stress survival are involved, and homology to the hepatoma-derived
growth factor protein family is notable[38]. Accordingly, LEDGF/p75
plays an important role in a variety of biological processes, consistent
with the results of our GO analysis, protein interaction prediction, and
GSEA across cancers.

LEDGF/p75 expression varied widely among normal groups, tumor
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Fig. 8. LEDGF/p75 knockdown in ccRCC causes changes in cancer-related genes and pathways. (A) Heatmap of differentially expressed genes in different
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groups and cell lines, suggesting a disease-specific nature of LEDGF/p75.
It is worth noting that LEDGF/p75 expression in HEL cells was much
higher than that in dozens of other cells. As a cancer cell line derived
from myeloid cells, HEL is an erythroleukemia cell line (AML M6 in
relapse after treatment for Hodgkin’s disease). Whether there is a deeper
connection between erythroleukemia and MLL (known to be dependent
on LEDGF/p75) other than both being blood cancers and whether that
connection is related to LEDGF/p75 is a question that has not yet been
answered.

Compared with normal tissues, LEDGF/p75’s transcription and
protein expression levels were lower in BRCA, LUAD, and UCEC and
higher levels in LIHC. However, LEDGF/p75 transcriptional and protein
levels in COAD, HNSC, OV, and KIRC did not seem to be uniform. There
are many reasons for this. TCGA is a database based on tumor data, and
the number of normal tissues is far less than the number of tumor tissues,
which may cause a degree of error. In addition, posttranscriptional
regulation and posttranslational modification have a great impact on
transcription and translation level. Therefore, experiments need to be
carried out to verify the findings.

Furthermore, we comprehensively analyzed the OS, DSS, DFI, PFI
and clinical stages of patients. High expression of LEDGF/p75 in ACC,
KICH, and LIHC suggested poor prognosis, with the opposite in PAAD
and SKCM.

Genomic instability leads to the development of tumors, including
mutation, structural variant, amplification, deep deletion, and multiple
alterations. Our study indicates that genomic alterations in LEDGF/p75
occur in multiple cancers and are associated with poor prognosis in
patients with TGCT, BRCA, HNSC, and LIHC. We also analyzed the
relationship between LEDGF/p75 and tumor immunity. Our study re-
ports the immune subtypes of LEDGF/p75, the relationship between
LEDGF/p75 and immunoinhibitors, chemokines and TILs, and the effi-
cacy of immunotherapy. Our analysis may provide additional treatment
options for patients with cancer.

Previous studies have reported that LEDGF/p75 plays different key
roles in cancers such as cervical cancer[47], breast cancer[48], ovarian
cancer[49], and prostate cancer[50]. However, there is still no report
about the function of LEDGF/p75 as a reader of H3K36me3 in kidney
cancer.

A high proportion of SETD2 mutations in patients with ccRCC
resulted in substantial reduction or even deletion of H3K36me3, natu-
rally grouping patients into clinically and therapeutically relevant sub-
types. Therefore, studying LEDGF/p75, a key reader of H3K36me3, is of
great significance for clinical diagnosis and treatment of ccRCC patients.
We selected 786-0 and Caki-1 cells with high H3K36me3 expression to
perform functional experiments after LEDGF/p75 was knocked down.
The results suggested that LEDGF/p75 is a potential oncogene in ccRCC.
Interestingly, LEDGF/p75 is significantly protected from mutations in
the ccRCC cohort, which is consistent with its role as an oncogene.
Therefore, targeting LEDGF/p75 interference may be a feasible
personalized therapy for ccRCC patients without SETD2 mutation.
However, the current experimental results are only a preliminary
exploration of this hypothesis, and experiments are still needed for
rigorous verification in the future.

To further explore the role of LEDGF/p75 in ccRCC, we knocked
down LEDGF/p75 and performed gene microarray analysis. Considering
that H3K36me3 is a transcriptional activation mark, we focused on the
genetic functions that were lowered after LEDGF/p75 knockdown.
Interestingly, we found that the p53 signaling pathway changed, which
is worthy of further research. After LEDGF/p75 was knocked down,
ERO1L was the most significantly decreased protein-coding gene among
512 downregulated genes. Overexpression of ERO1L, an endoplasmic
reticulum oxidase, is related to the development and progression of
many cancers, such as lung adenocarcinoma, glioblastoma and low-
grade glioma, pancreatic ductal adenocarcinoma, and kidney renal
papillary cell carcinoma[51]. Whether there is a regulatory axis of
LEDGF/p75-ERO1L in SETD2 nonmutant ccRCC is worth exploring.

4147

Computational and Structural Biotechnology Journal 21 (2023) 4134-4148

In summary, we performed multidirectional analysis of LEDGF/p75
across cancers and identified it as a prognostic biomarker. The present
study preliminarily explored its potential function in kidney cancer,
especially for personalized treatment of patients with SETD2 nonmutant
ccRCC.
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