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Abstract

Background Immune checkpoint inhibitors (ICls) are rapidly evolving in the management of bladder cancer (BLCA).
Nevertheless, effective biomarkers for predicting immunotherapeutic outcomes in BLCA are still insufficient. Ferropto-
sis, a form of immunogenic cell death, has been found to enhance patient sensitivity to ICls. However, the underlying
mechanisms of ferroptosis in promoting immunotherapy efficacy in BLCA remain obscure.

Methods Our analysis of The Cancer Genome Atlas (TCGA) mRNA data using single sample Gene Set Enrichment
Analysis (ssGSEA) revealed two immunologically distinct subtypes. Based on these subtypes and various other public
cohorts, we identified Apolipoprotein L6 (APOL6) as a biomarker predicting the efficacy of ICls and explored its immu-
nological correlation and predictive value for treatment. Furthermore, the role of APOL6 in promoting ferroptosis

and its mechanism in regulating this process were experimentally validated.

Results The results indicate that APOL6 has significant immunological relevance and is indicative of immunologi-
cally hot tumors in BLCA and many other cancers. APOL6, interacting with acyl-coenzyme A synthetase long-chain
family member 4 (ACSL4), mediates immunotherapy efficacy by ferroptosis. Additionally, APOL6 is regulated by signal
transducer and activator of transcription 1 (STAT1).

Conclusions To conclude, our findings indicate APOL6 has potential as a predictive biomarker for immunotherapy
treatment success estimation and reveal the STAT1/APOL6/GPX4 axis as a critical regulatory mechanism in BLCA.
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mechanisms [5]. The most promising avenue in immu-
notherapy involves blocking immune checkpoints on
both tumor and anti-tumor immune cells by employing
immune checkpoint inhibitors (ICIs) [6]. The interplay of
programmed cell death ligand 1 (PD-L1) on tumor cells
and programmed cell death 1 (PD1) on immune cells
combating cancer plays a key role in tumor immune eva-
sion [7]. Inhibiting this interaction with ICIs presents a
promising strategy for targeted tumor immunotherapy
[8]. BLCA, characterized by a high mutational bur-
den, is particularly amenable to immunotherapy, espe-
cially with checkpoint inhibitors targeting PD-1 and its
ligand, PD-L1 [9]. The US Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) have
approved Atezolizumab and Pembrolizumab, two PD-1
or PD-L1 inhibitors, as first-line treatments for cisplatin-
ineligible patients with positive PD-L1 status [2, 10].
Although PD-L1 positivity suggests a clinical benefit [11],
numerous patients exhibiting negative PD-L1 expression
have also shown responses to immunotherapy [12]. Thus,
the sole reliance on PD-L1 detection is inadequate for
selecting patients for immunotherapy, highlighting the
urgent need for alternative biomarkers in clinical practice
to predict responses to immunotherapy.

The tumor immune microenvironment (TME) rep-
resents a multifaceted and diverse cellular landscape
that significantly influences tumor growth [13, 14]. This
environment is characterized by a dynamic extracellular
matrix (ECM) and a diverse range of secreted factors,
including cytokines, growth factors, and chemokines.
Tumors are informally categorized based on the TME
as either immune “cold,” characterized by an immuno-
suppressive milieu, or immune “hot,” distinguished by
the presence of tumor-infiltrating lymphocytes (TILs),
elevated PD-L1 expression on tumor-associated immune
cells, potential genomic instability, and existing anti-
tumor immune responses. Notably, “hot” tumors gener-
ally tend to respond more favorably to anti-PD-1/PD-L1
therapies [15]. Consequently, identifying biomarkers that
differentiate between “cold” and “hot” tumors could offer
a novel approach to enhance the predictive accuracy of
immunotherapy outcomes.

To explore new biomarkers for immunotherapy, we
systematically classified the TCGA-BLCA cohort using
29 immune cell and immune pathway-related gene sets,
integrating this classification with the IMvigor210 immu-
notherapy cohort data to identify potential biomark-
ers. Our comprehensive analysis focusing on expression
levels and prognostic significance led to the selection of
Apolipoprotein L6 (APOL6) for further investigation.
Subsequently, the diagnostic potential of APOL6 was
corroborated in immunotherapy cohorts comprising
BLCA, breast cancer (BRCA), and melanoma (SKCM)

Page 2 of 18

patients. What’s more, we aim to investigate the under-
lying mechanism for the role of APOL6 in BLCA. Our
findings provide APOL6 may emerge as a novel bio-
marker and promising immunotherapy target for BLCA
and possibly other malignancies.

Method and material

Public data acquisition

The immunotherapy cohort’s RNA-seq data, includ-
ing GSE176307 [16], GSE173839 [17], GSE194040 [18],
and PRJEB23709 [19], as well as chemotherapy cohort
data(GSE104580), were sourced from the Gene Expres-
sion Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/
geo/) or the Tumor Immune Dysfunction and Exclusion
(TIDE) databases (http://tide.dfci.harvard.edu/). Addi-
tionally, the IMvigor210 cohort’s [20] clinical and gene
expression data were obtained from the correspond-
ing website (http://research-pub.gene.com/IMvigor210
CoreBiologies/). We acquired the pan-cancer standard-
ized RNA-seq datasets and clinical information from the
UCSC database (https://xenabrowser.net/datapages/).
The abbreviations reference of TCGA cancer types are
listed in Table 1.

From the Cistrome Cancer database (http://cistrome.
org/CistromeCancer/), a substantial data collection
of 318 tumor-related transcription factors (TFs) was
acquired [21].

Single sample enrichment analysis and cluster analysis

The immune characteristics of each sample were com-
prehensively evaluated by ssGSEA algorithm that imple-
mentation provided by the “GSVA” R package [22] relying
on 29 gene sets related to immune [23], encompassing
immune cell types, functional pathways, and immune
checkpoints. Every ssGSEA score xi transformed into xi’
via deviation standardization, and subsequently, immune
subtypes for BLCA patients were determined through
cluster analysis. The t-distributed Stochastic Neighbor
Embedding (tSNE) algorithm [24], implemented through
the R package Rtsne, was used to verify the accuracy and
discrimination of the subtypes in patients for BLCA.

Assessment of immune and stromal context and immune
cell composition

Considering that bulk RNA-Seq data from tumor tis-
sues encompass both tumor and normal cells, an
assessment of the immune feature of the TME in each
specimen was conducted. To gain a deeper understand-
ing of the immunological context within each tumor
sample, the ‘Estimate’ R package [25] was employed
to evaluate the immunological characteristics of each
TME sample. This software facilitated a detailed eval-
uation of the immune infiltrate, shedding light on the
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Table 1 Table of abbreviations in the TCGA database

Abbreviation Full name

ACC adrenocortical carcinoma

BLCA bladder urothelial carcinoma

BRCA breast invasive carcinoma

CESC cervical squamous cell carcinoma and endocervi-
cal adenocarcinoma

CHOL cholangiocarcinoma

COAD colon adenocarcinoma

DLBC lymphoid neoplasm diffuse large B-cell lymphoma

ESCA esophageal carcinoma

GBM glioblastoma multiforme

HNSC head and neck squamous cell carcinoma

KICH kidney chromophobe carcinoma

KIRC kidney renal clear cell carcinoma

KIRP kidney renal papillary cell carcinoma

LGG brain lower grade glioma

LIHC liver hepatocellular carcinoma

LUAD lung adenocarcinoma

LUSC lung squamous cell carcinoma

MESO mesothelioma

oV ovarian serous cystadenocarcinoma

PAAD pancreatic adenocarcinoma

PCPG pheochromocytoma and paraganglioma

PRAD prostate adenocarcinoma

READ rectum adenocarcinoma

SARC sarcoma

SKCM skin cutaneous melanoma

STAD stomach adenocarcinoma

TGCT testicular germ cell tumor

THCA thyroid carcinoma

THYM thymoma

UCEC uterine corpus endometrial carcinoma

ucs uterine carcinosarcoma

UVM uveal melanoma

diverse immune cell populations present and their
potential influence on tumor progression. To further
refine the immune cell components within the TME,
CIBERSORT algorithm that implemented by Stanford
[26] to comprehensively calculate the infiltration lev-
els of tumor-infiltrating immune cells (TIICs) in each
specimen using RNA sequencing data. Additionally,
four other independent algorithms—EPIC [27], MCP
[28], quanTIseq [29], and TIMER [30]—were utilized to
validate the accuracy of the immuno-infiltration assess-
ment in the TME.
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Screening differential genes

We employed the limma R package to perform a differ-
ential expression analysis, aiming to identify genes exhib-
iting significant expression differences across distinct
immune subtypes. Genes with a P-value less than 0.05
were designated as differentially expressed genes (DEGs),
providing us with a set of potential targets for further
exploration. The DESeq2 R package was employed to
process the count data from the IMvigor210 cohort,
with genes exhibiting a P value <0.05 being designated as
DEGs. Subsequently, common gene candidates between
the TCGA-BLCA and IMvigor210 datasets were identi-
fied through Venn analysis.

Enrichment analysis and functional annotation

To explore the signaling pathways of intersecting can-
didates, Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were conducted through
the clusterProfiler R package. The enriched terms with
a P value<0.05 were deemed significant, and the top 10
significant objects were retained. C5.all.v7.0 gene sets
and Hallmark collections were downloaded from the
Molecular Signatures Database (MSigDB) [31]. The top
five upregulated biological processes and pathways were
identified using Gene Set Enrichment Analysis (GSEA).

Estimating the immune landscape of the tumor
microenvironment in BLCA

The substantial diversity of the TME is pivotal in impact-
ing the effectiveness of tumor treatment. Immunologi-
cal characteristics of the TME include the presence of
immune modulators, activation of the tumor immune
cycle, levels of immune cell penetration, and expres-
sion of immune checkpoints in BLCA. We assessed the
expression of 150 immunomodulators, including MHC,
receptors, chemokines, immunostimulators, and immu-
noinhibitors. The cancer immune cycle, fundamental to
tumor immunotherapy, consists of seven steps: release
of cancer antigens (Step 1), cancer antigen presenta-
tion (Step 2), priming and activation (Step 3), traffick-
ing of immune cells to tumors (Step 4), recognition of
cancer cells by T cells (Step 5), and killing of these can-
cer cells (Step 6) [32]. Moreover, effector molecules of
TIICs were analyzed to further confirm the infiltration
degree of immune cells in tumor tissues. The relevance
of APOL6 to immunotherapy was evaluated through the
following aspects: As reported previously, Immunophe-
noscore (IPS) were calculated to forecast the outcomes of
immunotherapy interventions [33]. IPS values for BLCA
patients were acquired from the Cancer Immunome
Atlas (TCIA) website (http://tcia.at/home/). Next, we col-
lated Gene sets for anti-tumor immune-related biological
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processes and tumor immunotherapy to calculate enrich-
ment scores (Table 2). Furthermore, the level of immune
checkpoints could reflect the efficacy of immunotherapy
to some extent. Thus, common immune checkpoints
were analyzed for their correlation with APOLG6.

The complex and diverse nature of the tumor microen-
vironment (TME) significantly influences the success of
cancer therapies. Key immunological characteristics of
the TME, including the presence of immune modulators,
tumor immune cycle activity, immune cell infiltration
levels, and immune checkpoint expression, are particu-
larly relevant in BLCA. The cancer immune cycle, con-
sisting of seven stages (release of cancer antigens, antigen
presentation, priming and activation, immune cell traf-
ficking to tumors, T cell recognition of cancer cells, infil-
tration, and killing of cancer cells), serves as a framework
for understanding tumor immunotherapy. We examined
the effector molecules of TIICs to ascertain the level of
immune cell infiltration into tumor tissues. To assess
APOLG6’s relevance in immunotherapy, we applied several
analyses. First, we used the Immunophenoscore (IPS), a
predictive tool for immunotherapy outcomes, obtained
from The Cancer Immunome Atlas (TCIA) website.
Next, we employed gene sets associated with anti-tumor
immune processes and immunotherapy to determine
enrichment scores (Table 2). Since immune checkpoint
levels can indicate immunotherapy effectiveness, we
investigated the correlation between APOL6 and com-
mon immune checkpoints.

Construction of interaction networks

We combined Hawk Dock [34], ClusPro2.0 [35], and
AlphaFold2 [36] to determine Ferroptosis-related pro-
teins’ potential to interact with APOL6. Using the

Page 4 of 18

Prime module, each ligand molecule’s relative binding
free energy was calculated via the MMGBSA method.
This calculation was instrumental in assessing the bind-
ing affinity between the ligands and the receptor. The
MMGBSA Prime module also determined the energies
for the unbound receptor, unbound ligand, and recep-
tor-ligand complex. All settings are default [37].
The process is as follows:

1. Access the protein structure by prediction in AF2.
2. Docking the protein.
3. Analysis of protein metrics.

To explore the association between tumor-related
transcription factors and APOL6 in BLCA, we obtained
transcription factors data from the Cistrome Cancer
database (http://cistrome.org/CistromeCancer/) and
constructed a co-expression network that was estab-
lished relying on the TCGA BLCA dataset. The fil-
ter condition for correlation coefficients was set at
cor>0.35 and P<0.001. To validate key upstream reg-
ulatory genes, we constructed a transcription factor
(TF)-gene-interactions network using the online tool
NetworkAnalyst [38].

Antibodies, reagents as well as plasmids

The APOL6 overexpression and ACSL4 siRNA plas-
mids were provided by Gene Pharma (Shanghai,
China). The antibodies were used as follows. APOL6
was from Affinity company (DF9219), ACSL4 was
from Proteintech (22401), and ACTB was from Sigma
(A5316). Fludara, the inhibitor of STAT1 was from
APEXBIO (A8317).

Table 2 Detailed information of immunotherapy-related gene signatures

Pathway Reference Gene markers

IFN-y signature PMID: 28650338

TIGIT, CD27, CD8A, PDCD1LG2, LAG3, CD274, CXCR6, CMKLR1, NKG7, CCL5, PSMB10, IDO1, CXCL9, HLA-

DQAT, CD276, STAT1, HLA-DRB1, HLA-E

APM signal
EGFR ligands
WNT/B-catenin network

PMID: 31563503
PMID: 31563503
PMID: 27197067

B2M, HLA-A, HLA-B, HLA-C, TAP1, TAP2
EGFR, AREG, AREGB, EREG, HBEGF, TGFA
CTNNBT, TFF1, HAPLNT, IHH, WNT7B, BMP7, SEMASA, SCN5A, ERBB3, TSPANS, EPCAM, TH, GPX2, GADT,

HSD17B2, KRT7, NOX1, CYB5A, CYP4F12, ID4, SIM2, MECOM, MSX2, KLF5, SMAD6, POU5F1, FOXQT,

GATA2, GATA3, EMX2

Hypoxia PMID: 31563503

CAV1, COL5AT1, ITGAS, PAHA2, SLCT16AT, TGFBI, DPYSL2, SRPX, TRAMZ2, SYDET1, LRP1, PDLIM2, SAV1,

AHNAK2, CAD, CYP1B1, DAAMT1, DSC2, SLC2A3, FUT11, GLG1, GULPT, LDLR, THBS4

PMID: 31563503
PMID: 27197067

FGFR3-coexpressed genes
PPARG network

FGFR3,TP63, IRS1, SEMA4B, PTPN13, TMPRSS4
PPARG, IGFBP3, GDF15, MYH14, IHH, OCLN, AQP3, SCNN1G, PLIN5, KRT19, GPT, CYP4B1, UGT1A7, DGAT2,

KRT20, SNCG, GSTA1, ACADL, BDH1, HMGCS2, LIPESNCG, GSTA1, ACADL, BDH1, HMGCS2, LIPES

IDH1 PMID: 29326431 IDH1
KDM6B PMID: 26503055 KDM6B
VEGFA PMID: 24793239  VEGFA
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Cell culture and transfection

T24 cells, obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences, were cul-
tured in DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin at
37°C under 5% CO2 in a humidified cell incubator. When
cultured to 70% confluence, the cells were transfected
with APOL6 plasmid or siRNA against human ACSL4 for
48 h.

Measurement of lipid peroxidation

T24 cells were incubated with the oxidation-sensi-
tive probe C11-BODIPY581/591 (Thermo, D3861) for
20 min. Following staining the nucleus with DAPI, the
lipid peroxidation was observed and the images were
captured by the fluorescence microscope.

Detection of free iron levels

T24 cells were incubated with the FerroOrange
(1 pmol/L) probe which was purchased from DOJINDO
(F374) for 30 min. The nuclei were stained with DAPI, fol-
lowed by observation under the fluorescence microscope.

IP and immunoblotting analysis

We conducted IP following a previously described pro-
tocol [39]. Initially, cells were lysed in a lysis buffer for
a duration of 30 min on ice. Subsequently, the lysates
underwent centrifugation at 15,000 g for 15 min, with the
resulting supernatant being transferred to a pre-chilled
microcentrifuge tube. Following quantification of the
protein concentration utilizing the BCA Protein Assay
Kit (Beyotime, China), approximately 10% of the super-
natant was reserved for Western analysis as inputs. A
total of 1,500 pg of protein was then subjected to over-
night incubation with specified antibodies, followed by
a 2-h incubation with protein A— or protein G—agarose
beads (Beyotime, China). The IP beads underwent five
washes with lysis buffer prior to immunoblotting analy-
sis. The protein was subsequently separated using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) with varying concentrations of 10% and
15%, and then transferred onto polyvinylidene fluoride
membranes (Millipore, USA). Following a 2-h block with
5% skimmed milk dissolved in TBST, the membranes
were exposed to primary antibody overnight at 4°C. Sub-
sequent washing was followed by incubation with HRP-
conjugated secondary antibodies for 1 h, and the results
were ultimately visualized using the ECL western blotting
detection system (Millipore, USA).

Statistical analysis
All statistical analyses and figure presentations were con-
ducted based on the R language. Data were displayed
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as mean+standard deviations (SDs). The distinction
between the two groups was evaluated using Student’s
t-test or the non-parametric Wilcoxon test. In cases of
comparisons involving multiple groups, the Kruskal-
Wallis test was employed to determine statistical dif-
ferences. Moreover, the Pearson test was utilized for
analyzing correlations between two variables. The prog-
nostic significance of categorical variables was ascer-
tained using log-rank tests and Cox regression analysis,
while survival curves were derived through the Kaplan—
Meier method. Furthermore, the purpose of Receiver-
operating characteristic (ROC) analysis was to gauge the
specificity and sensitivity of potential molecules, utilizing
the area under the ROC curve (AUC) to evaluate the pre-
dictive accuracy of biomarkers. Every statistical test was
two-sided, with a P-value <0.05 regarded statistically sig-
nificant, denoted as *P<0.05; **P<0.01; ***P<0.001.

Result

Identification and validation of the immunological
correlation in two subtypes of BLCA

The schematic diagram of the current study is showed
in Fig. 1. To conduct a comprehensive assessment of
the immunological characteristics in BLCA, we evalu-
ated 29 immune-related pathways in the TCGA-BLCA
cohort. By applying ssGSEA scores and conducting a
clustering analysis, the BLCA cohort was categorized
into two immune subtypes: Immunity H (High) and
Immunity_L(Low) (Figure S1A, B). The tSNE algorithm
was subsequently utilized to validate the clustering of
immune levels in BLCA patients, producing consistent
results in classification (Figure S1C).

Further validation of the immunological relevance
of these subtypes was performed using the ESTI-
MATE algorithm. Higher scores were observed in the
Immunity_H subtype, while the Immunity_L group
exhibited lower levels of EstimateScore, ImmuneScore,
and StromalScore (Figure S1D). The degrees of immune
cell infiltration between these subtypes were assessed by
the CIBERSORT algorithm. We observed significant dif-
ferences in the infiltration levels of CD8+T cells, naive
CD4+T cells, activated memory CD4+T cells, MO
macrophages, eosinophils, and neutrophils. This analy-
sis revealed that the Immunity_H subtype exhibited ele-
vated levels of immune infiltration, especially in CD8+T
cells (Figure S1E), potentially improving the response to
immunotherapy. Overall, these findings imply that the
immunophenotyping of BLCA patients was effectively
accomplished.

Identification of candidates forimmunotherapy in BLCA
In the pursuit of discovering new biomarkers indica-
tive of immunotherapy effectiveness, we sourced data on
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Identify the predictive value of APOL6 and its immunological correlation
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IMvigor210 from relevant websites. We analyzed DEGs
with a significance threshold of P<0.01. This included a
total of 2760 up-regulated DEGs in TCGA immunity-High
subtypes (Figure S1F), 1467 DEGs in responders (CR/PR)
in the IMvigor210 dataset (Figure S1G), and 894 DEGs
in survivors in IMvigor210 (Figure S1H). Subsequently,
through Venn analysis, we identified 31 common candi-
date molecules (Figure S1I). They were enriched in path-
ways related to immunity, including the Toll-like receptor
signaling pathway, NOD-like receptor signaling pathway,

Chemokine signaling pathway, Cytokine-cytokine receptor
interaction, Antigen processing and presentation, and Nat-
ural cell-mediated cytotoxicity (Figure S1J). Overall, these
findings suggest that the 31 potential candidate molecules
in BLCA are related to immunotherapy.

Expression, and prognostic values of potential biomarkers
in BLCA

Next, 31 potential biomolecules were analyzed for prog-
nostic significance in BLCA (Figure S2). Genes exhibiting
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a P-value <0.05 and a hazard ratio (HR) < 1, indicative of
improved prognosis, have been identified. These include
APOL6, CXCL10, ETV7, LAG3, PSMB10, and SLAMF?7,
all associated with improved prognosis in BLCA
(Fig. 2A). Subsequently, we analyzed the expression levels
of these prognostic genes with statistical significance in
the IMvigor210 and TCGA-BLCA datasets, and validated
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their expression in the GSE176307 dataset. In the TCGA
dataset, the expression of CXCL10, ETV7, and APOL6
was notably elevated in tumor tissues as opposed to
para-tumor tissues (Fig. 2B). Regarding the IMvigor210
cohort, the levels of CXCL10, LAG3, ETV7, APOL6, and
PSMBI10 were significantly upregulated in the immu-
notherapy-responsive population (Fig. 2C). Notably,
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expression and survival time (OS) in IMvigor210 cohort. G Prognostic values of APOL6 in terms of OS. H Evaluation of the predictive significance
of APOL6, PD-L1, IFN-y in verification set of GSE176307. 1 Prognostic values of APOL6 regarding OS and PFS confirmed in the GSE176307 cohort
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APOL6 and CXCLI10 levels were significantly elevated
in the tumor samples with the response group in the
GSE176307 cohort (Fig. 2D). Therefore, our study found
that APOL6 and CXCL10 exhibit elevated expression
levels in the immunotherapy-responsive subgroup, dem-
onstrate heightened expression within tumor tissues, and
offer favorable prognostic implications. Patients with ele-
vated APOL6 expression, as opposed to CXCL10, exhibit
a reduced risk of disease progression in BLCA, thereby
warranting further research on APOL6. The predictive
value of APOL6, PD-L1, and IFN-y in the IMvigor210
immune cohort was compared. While the capacity of
APOLSG to differentiate treatment responses was mod-
erate (AUC=0.602), it still surpassed that of PD-L1
(AUC=0.566) (Fig. 2E), a finding corroborated in the
GSE176307 dataset, where APOL6 (AUC=0.753) dem-
onstrated superior discriminative ability for treatment
response compared to PD-L1 (AUC=0.624) (Fig. 2H).
The immunotherapy cohort was categorized into groups
with low and high APOLG6 expression, determined by the
median level of expression. It was observed that APOL6
expression is positively correlated with immunother-
apy survival time, with patients exhibiting high APOL6
expression having longer overall survival (OS) (Fig. 2F,
G). Validation through the GSE176307 dataset confirmed
that APOL6 expression levels positively correlate with
both overall survival (OS) and progression-free sur-
vival (PES) (Fig. 2I), reinforcing the potential of APOL6
expression as an indicative biomarker for immunother-
apy in BLCA.

APOLG6 recognized as a potential biomarker for forecasting
the outcome of immunotherapy in BLCA

To corroborate the prognostic significance of APOL6
in immunotherapy for BLCA, we explored the asso-
ciation between APOL6 and the TME effect using the
IMvigor210 and GSE176307 datasets. The expression of
APOL6 showed a notable correlation with the expres-
sion levels of PD-L1 in both immune cell (IC) and tumor
cell (TC) scores (Fig. 3A, B). Additionally, higher lev-
els of APOL6 expression were associated with more
‘inflamed’ tumor tissues (Fig. 3C). Furthermore, accord-
ing to IMvigor210 and GSE176307 cohorts, APOL6
expression levels were found to be positively correlated
with neoantigen burden and tumor mutation load in
the TME (Fig. 3D-F). Our subsequent analysis focused
on the link between APOL6 expression levels and com-
mon immune checkpoints, encompassing PD1, PD-L1,
cytotoxic T lymphocyte antigen 4 (CTLA4), cluster
of differentiation 86 (CD86), hepatitis a virus cellular
receptor 2 (HAVCR2), lymphocyte activation gene-3
(LAG-3), and T-cell immunoglobulin and ITIM domain
(TIGIT). The levels of APOL6 expression demonstrated
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a positive correlation with the levels of common immune
checkpoints within the IMvigor210 cohort, and compa-
rable findings were observed in the GSE176307 cohort
(Fig. 3G). As previously reported, the IFN-y signature,
APM signal, and Hypoxia show a positive correlation
with responses to immunotherapy [40]. In contrast,
FGFR3-coexpressed genes, PPAR-y, VEGDA pathway,
and the WNT/B-catenin signaling pathways indicate a
‘cold’ immune microenvironment [41]. The association
between APOL6 expression and enrichment scores rel-
evant to immunotherapy was evaluated, revealing a posi-
tive association with the IFN-y signature, APM signal,
and Hypoxia for APOL6. Conversely, there is a negative
association between APOL6 and FGFR3-coexpressed
genes, IDH1, PPAR-y, WNT/B-catenin, and the VEGDA
pathway (Fig. 3H). These findings imply that patients
exhibiting higher APOL6 expression may potentially gain
advantages from immunotherapy.

Immunological correlations of APOL6 in BLCA

Given the significant correlation between APOL6 and
the efficacy of tumor immunotherapy, the GSEA was
performed on cohorts with high and low APOL6 lev-
els to further investigate the function of APOL6 and
the pathways involved. In the C2 collection as defined
by MSigDB, differential gene functions were primarily
enriched in immune biological processes, including the
interferon gamma-mediated signaling pathway, MHC
protein complex, peptide antigen binding, response to
interferon gamma, and response to type I interferon
in GO gene sets of the APOL6 high expression cohort
(Fig. 4A). Similarly, in both HALLMARK and KEGG
gene sets, enhanced immune activation was observed
in the APOL6 high expression cohort (Fig. 4B, Figure
S3A). To further decipher the relationship between
APOL6 and the TME in BLCA, we conducted immune
scoring on TCGA samples. It was observed that APOL6
expression had a positive correlation with the Stro-
mal score, immune score, and ESTIMATE score as
expected, yet exhibited a negative correlation with
tumor purity (Fig. 4C). Additionally, APOL6 was sig-
nificantly associated with the infiltration levels of
tumor-infiltrating immune cells (TIICs); heightened
expression of APOL6 correlates with an augmented
presence of activated CD8* T cells, M1 macrophages,
and dendritic cells, while Treg infiltration diminishes
(Fig. 4D). The above results indicate that APOL6 has a
positive association with the infiltration of pro-inflam-
matory immune cells and a negative association with
the infiltration of immune-suppressive cells (Figure S3B
and C). Specifically, high infiltration of CD8" T lym-
phocytes favors immunotherapy checkpoint treatment
of tumors, while a decrease in Treg cells can alleviate
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tumor immune suppression and enhance the efficacy of
tumor-eliminating cells like CD8" T cells (Fig. 4E). In
summary, APOL6 is strongly related to tumor immune
infiltration, with the significant positive relationship
between APOLG6 expression levels and the infiltration of
activated immune cells being of particular importance,

potentially aiding in the improvement of immune
checkpoint therapy efficacy.

The significance of APOL6 within the inflamed TME in BLCA
The TME comprises a variety of elements includ-
ing tumor cells, immune cells, stromal elements,
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activated, T cells CD8, Tregs

chemokines, and cytokines, and is intimately associ-
ated with tumor occurrence and progression. Given the
relationship between APOL6 and the immune micro-
environment, along with immunotherapy responsive-
ness, we further explored the immuno-relationship
of APOL6 in the TCGA -BLCA cohort. APOL6 was

RSOR method in BLCA. E Correlation between APOL6 and dendritic cells

identified as being positively correlated with a wide
range of immunomodulators, including chemokines,
immunoinhibitors, immunostimulators, MHC mole-
cules, and receptors (Figure S4A). Immunomodulators
are pivotal in initiating the cycle of cancer immunity.
We assessed the association between APOL6 and each
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step of the cancer-immunity cycle, and found that high
APOL6 expression facilitated immune cell infiltration,
recognition, and killing of tumor cells, particularly
tumor antigen presentation, as well as the attraction
and activation of CD8" T cells, Thl cells, and natu-
ral killer cells (Figure S4B). The enhanced activities
of these steps may lead to increased infiltration levels
of effector TIICs in the TME. As expected, there is a
positive connection between APOL6 and the majority
of TIIC abundance (Figure S4C). Additional analysis
indicated that increased APOL6 expression correlated
with enhanced TIICs (Figure S7A). Similarly, effector
genes of these TIICs showed a marked increase in the
group exhibiting high APOL6 expression (Figure $4D).
Overall, there is a strong correlation between APOL6
and the inflamed TME, positioning it as an indicative
marker of immuno-hot tumors in BLCA.

APOLS6 predicts immune phenotype in BLCA

IPS can indicate immunotherapy response, and our
findings revealed that patients with elevated APOL6
expression exhibited notably high IPS (Figure S5A).
APOL6 demonstrated a positive correlation with com-
mon immune checkpoints, including TIGIT, CTLA4,
and LAG3, among others (Figure S5B, D). Additionally,
enrichment scores related to immunotherapy, like the
IFN-y signature and APM signal, showed an increase in
the group with elevated APOL6 expression. Conversely,
APOLG6 levels were negatively associated with PPAR-y
and WNT-B-catenin signaling pathways (Figure S5C).
In conclusion, patients exhibiting higher APOL6 levels
potentially demonstrate enhanced sensitivity to immuno-
therapy in BLCA.

Exploring the immunological role of APOL6 in pan-cancer
analysis

Given the link between APOL6 and immuno-hot tumors,
and its ability to foresee an improved response to immu-
notherapy, we further investigated the relationship
between APOL6 and inflamed TME through a compre-
hensive pan-cancer analysis of the TCGA dataset. The
analysis revealed that APOL6 had a positive correlation
with immunomodulators, including chemokines, recep-
tors, major histocompatibility complex (MHC), immu-
noinhibitors, and immunostimulators, across almost all
cancer types (Figure S6A). Moreover, in most tumors,
higher APOL6 expression levels were often associated
with lower tumor purity and higher levels of tumor-
infiltrating lymphocytes (TILs) (Figure S6B, C). Taken
together, high APOL6 expression indicates an inflamed
TME in various tumor types.
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APOLSG predicts the responses to both immunotherapy

and chemotherapy across various cancer types

Based on the above results, it was found that APOL6
has a strong association with the infiltration of immune
cells in BLCA, BRCA, SKCM, and liver cancer. Moreover,
higher APOL6 expression levels correlated with more
active tumor immune microenvironments, predomi-
nantly characterized by CD8% T cell infiltration, which
may enhance the efficacy of immunotherapy and chemo-
therapy in patients. Additional databases were utilized to
further explore the role of APOL6 in predicting immu-
notherapy and chemotherapy outcomes in human can-
cers. A total of four validation cohorts were employed,
including GSE173839, GSE194040, PRJEB23709, and
GSE104580. Interestingly, APOL6 expression was sig-
nificantly upregulated in the treatment-responsive pop-
ulation across these cohorts (Fig. 5A, E, I, Figure S7B).
Additionally, in the GSE173839 and PRJEB23709 data-
sets, APOL6 demonstrated more effective discrimina-
tion in immunotherapy outcomes compared to PD-LI1.
Although IFN-y also showed satisfactory discriminative
ability, its stability was lacking (Fig. 5B, F, J). Also, APOL6
showed a positive association with the majority of
immune checkpoints in these cohorts, including CTLA4,
PDL1, PD1, LAG3, TIGIT, and others (Fig. 5C, D, G, H,
K, L).

Exploring the correlation between APOL6 and ferroptosis
Given the close relationship between APOL6 expression
and patient sensitivity to immunotherapy and chemo-
therapy across various cancer types, it is imperative to
explore the underlying mechanisms. We discovered that
APOL6 expression is significantly correlated with fer-
roptosis markers (Table 3): elevated levels of APOL6 are
associated with reduced levels of glutathione peroxi-
dase 4 (GPX4) and increased levels of ACSL4 (Fig. 6A,
B). Furthermore, we overexpressed APOL6 in T24 cells
and found the expression of Cox-2 increased while the
expression of GPX4 decreased, indicating that APOL6
promotes ferroptosis (Fig. 6C). Additionally, we also
found overexpression of APOL6 obviously induced
lipid peroxidation (Fig. 6D) and increased free iron lev-
els (Fig. 6E). Taken together, these data suggested that
APOLS6 contributed to ferroptosis.

The interaction between APOL6 and ACSL4 induces
ferroptosis in BLCA

We gathered five ferroptosis-related proteins to inter-
act with APOL6 (Fig. 7A-D). As Fig. 7E presented, the
ACSL4 represents potential hydrophilic-based interac-
tion with APOL6. The other protein candidates’ scores
were all lower than ACSL4. Therefore, we select the
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ACSL4 as the potential protein interacting with APOL6.
IP result further confirmed that there was interaction
between APOL6 and ACSL4 (Fig. 7F). To further confirm

ferroptosis in T24 cells was mediated by interaction
between APOL6 and ACSL4, we overexpressed APOL6
and silenced ACSL4 in T24 cells, western blot result
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Table 3 Ferroptosis-related genes as identified in scientific publications
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showed that reduced GPX4 level induced by APOL6 was
reversed by silencing of ACSL4 (Fig. 8A). Besides, Fig. 8B
and C also revealed that ACSL4 knockdown significantly
alleviated lipid peroxidation and free iron levels caused
by overexpression of APOL6. Taken together, these find-
ings demonstrated APOL6 mediated ferroptosis by inter-
acting with ACSL4 in BLCA.

The STAT1/APOLS6 axis induces ferroptosis in BLCA
We utilized the Cistrome database to analyze poten-
tial upstream transcription factors of APOL6. The radar
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Fig.6 APOLG6 as a key regulatory factor in inducing ferroptosis in BLCA. A and B Relation between APOL6 and ferroptosis-related markers. C Levels

of the Cox-2 and GPX4 protein in T24 cells following transfected with APOL6. D Lipid peroxidation in T24 cells was detected by C11-BODIPY581/591
probe. E T24 cells were transfected with APOL6, followed by detection with FerroOrange probe

chart displayed transcription factors significantly asso-
ciated with APOL6, among which STAT1 showed the
strongest correlation (Fig. 9A). Additionally, the Net-
workAnalyst tool was used to validate the predicted
interacting transcription factors, with results indicating
the presence of STAT1, suggesting that APOL6 expres-
sion may be regulated by STAT1 (Figure S7C). As a
result, to further verify that APOL6 was regulated by
STAT1, Fludarabine, an inhibitor of STAT1 was used. As
shown in Fig. 8B, Fludarabine significantly suppressed
the expression of APOL6, in a dose-dependent manner,
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accompanied by reduced lipid peroxidation (Fig. 9C) and
free iron levels (Fig. 9D).

Discussion

At present, traditional surgery, chemotherapy and radio-
therapy cannot meet the current demand for BLCA treat-
ment. Immunotherapy is becoming increasingly popular.
Finding more effective and precise immunotherapy tar-
gets is particularly urgent.

APOLSG, a pro-apoptotic BH3-only protein, is closely
associated with apoptosis and autophagy. Reports indi-
cate that the up-regulation of APOL6 induces mito-
chondria-mediated apoptosis in colorectal cancer [42].
Cancers are marked by the proliferation of malignant

cells and altered immune reactions. Being a downstream
target of several pro-inflammatory signaling molecules,
APOLS6 holds a vital position in the immune system [43].
IEN-y slows tumor growth and exerts pleiotropic impacts
on anti-tumor immunity relying on the TME [44]. Inter-
estingly, IFN-y treatments significantly enhance the
expression of APOL6 [45]. In this study, we discovered
and demonstrated that APOL6 is an essential biomarker
for evaluating the effectiveness and predicting outcomes
of immunotherapy in BLCA. We suggest that enhancing
APOLS6 expression could be beneficial in immunothera-
peutic strategies for BLCA. Drawing on the relationship
between APOL6 and the features of the TME, we fur-
ther confirmed that APOL6 shapes an inflamed tumor
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microenvironment and can act as a biomarker for immu-
nologically ‘hot’ tumors.

In the current study, apart from BLCA, we found that
APOL6 expression increased in patients responding to
cancer immunotherapy in both BRCA and SKCM, and
was associated with the immunomodulators of the TME
in a publicly available cohort. In multiple cancers, the
level of PD-L1 is used to predict the efficacy of immune
checkpoint therapy [15]. However, in our studies of
immunotherapy cohorts with BLCA, BRCA, and SKCM,
we found that APOLG6 has a similar, if not superior, abil-
ity to distinguish immunotherapy responses compared to
PD-L1.

Ferroptosis, a form of iron-reliant programmed cell
death, is defined by lipid peroxidation due to cellular
metabolism and imbalanced redox homeostasis [46—
48]. The accumulation of reactive oxygen species (ROS)
enhances lipid peroxidation, thereby damaging cell mem-
branes and ultimately leading to cell death. According
to various studies, ferroptosis not only forms the basis
of the onset and development of tumors but also plays
a crucial role in antitumor therapy, including radio-
therapy, chemotherapy, and immunotherapy [49, 50].

It has been reported that APOL6 level is positively con-
nected with rectal cancer populations sensitive to radio-
therapy [51]. We found that APOLS is upregulated in the
responder groups of BLCA, BRCA, and SKCM undergo-
ing immune checkpoint therapy. Furthermore, the results
in this report indicate that the overexpression of APOL6
promotes ferroptosis by decreasing the expression of
GPX4 in BLCA. This suggests that ferroptosis may be a
potential mechanism through which high APOL6 levels
enhance tumor response to immunotherapy.

Furthermore, through artificial intelligence simulation
and experimental verification, we observed an interaction
between APOL6 and ACSL4 in BLCA cancer. Obviously,
APOL6 acts as the promising biomarker and effective
indicative effect for immunotherapy in BLCA by interact-
ing with ACSL4.

Synthetic molecules can mimic the ferroptosis-induc-
ing effects of IFN-y on the Xc- system, offering a poten-
tial therapeutic strategy for targeting human and mouse
tumor cell lines. Following IFN-y stimulation, an increase
in the phosphorylation of STAT1 and the expression lev-
els of downstream genes IRF1 and APOLG6 is observed
in expanded potential stem cells (EPSC) derived from
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Fig. 9 The upstream key regulators of APOL6 involved in ferroptosis. A The radar chart showing the association between APOL6 and transcription
factors. B After treated with fludarabine at 0, 2.5, 5, 10 uM, protein levels of STAT1, pSTATT and APOL6 in T24 cells were analyzed by western blot. C
Following treatment with fludarabine, lipid peroxidation levels in T24 cells were measured by C11-BODIPY581/591 probe. D Free iron levels were

examined after treating T24 cells as shown in (C) by FerroOrange probe

patients with certain innate immune deficiencies [52].
In this study, based on the Cistrome database, we pre-
dicted the direct upstream regulatory transcription fac-
tors of APOL6, among which STAT1 showed the highest
correlation with APOL6, validated through NetworkAn-
alyst. Next, we also found that in BLCA, inhibition of
phosphorylation of STAT1, suppressed the expression
of APOL6. Despite the lack of a STAT1 binding site in
the ACSL4 promoter region, studies have indicated that
IFN-y can still upregulate ACSL4 transcriptional expres-
sion in tumor cells. This regulation occurs through the
activation of the JAK-STAT1 pathway, with IRF1 acting
as a downstream mediator [53]. We speculate that [FN-y,
by promoting the phosphorylation of STAT1, may induce
the upregulation of the downstream target gene APOLS,
enhancing the interaction between APOL6 and ACSL4,
and thereby promoting ferroptosis in BLCA. This could
represent a novel potential mechanism by which APOL6
affects immunogenic cell death in tumor cells.

Despite its findings, this study leaves room for further
investigation. Some limitations include the impact of
APOL6 on the TME and immunotherapy requires fur-
ther exploration. The prognostic significance of APOL6
in immunotherapy has only been validated in a lim-
ited cohort, which needs further verification in larger,
more diverse cancer cohorts. The relationship between
APOLS6 and ferroptosis in BLCA, along with its poten-
tial molecular mechanisms, has not been totally
explored through animal experiments. In summary, our
research systematically analyzed the immunological
correlation of APOL6 and its value in immunotherapy
response. We found that APOL6 can act as a potential
biomarker for BLCA and even other cancer patients
who may benefit from immunotherapy, and discovered
the STAT1/APOL6/GPX4 axis was the underlying reg-
ulating mechanism.
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