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RPN1: a pan-cancer biomarker and disulfidptosis regulator
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Background: Elevated expression of SLC7ALI, in conjunction with glucose deprivation, has revealed
disulfidptosis as an emerging cell death modality. However, the prevalence of disulfidptosis across tumor
cell lines, irrespective of SLC7AL1 levels, remains uncertain. Additionally, deletion of the ribophorin I
(RPNTI) gene imparts resistance to disulfidptosis, yet the precise mechanism linking RPN to disulfidptosis
remains elusive. The aim of this study is to determine the mechanism of RPNI-induced disulfidptosis and to
determine the possibility of RPNT as a pan-cancer marker.

Methods: We hypothesized the widespread occurrence of disulfidptosis in various tumor cells, and
proposed that RPNI-mediated disulfidptosis may be executed through cell skeleton breakdown. Experimental
validation was conducted via flow cytometry, immunofluorescence, and western blot techniques.
Furthermore, given RPN’ status as an emerging cell death marker, we utilized bioinformatics to analyze
its expression in tumor tissues, clinical relevance, mechanisms within the tumor microenvironment, and
potential for immunotherapy.

Results: Conducting experiments on breast cancer (MDA-MB-231) and lung cancer (A549) cell lines
under glucose-starved conditions, we found that RPN primarily induces cell skeleton breakdown to facilitate
disulfidptosis. RPNI demonstrated robust messenger RNA (mRNA) expression across 16 solid tumors,
validated by data from 12 tumor types in the Gene Expression Omnibus (GEO). Across 12 cancer types,
RPNT exhibited significant diagnostic potential, particularly excelling in accuracy for glioblastoma (GBM).
Elevated RPN1 expression in tumor tissues was found to correlate with improved overall survival (OS) in
certain cancers [diffuse large B-cell lymphoma (DLBC) and thymoma (THYM)] but poorer prognosis in
others [adrenocortical carcinoma (ACC), kidney chromophobe (KICH), brain lower grade glioma (LGG),
liver hepatocellular carcinoma (LIHC), and pancreatic adenocarcinoma (PAAD)]. RPN1 is enriched in
immune-related pathways and correlates with immune scores in tumor tissues. In urothelial carcinoma (UCC),
RPN1 demonstrates potential in predicting the efficacy of anti-programmed cell death ligand 1 (PD-L1)
immune therapy.

Conclusions: This study underscores RPNI’s role in facilitating disulfidptosis, its broad relevance as a

pan-cancer biomarker, and its association with the efficacy of anti-PD-L1 immune therapy.
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Introduction

In the tumor microenvironment, cells face challenges
like oxidative stress, metabolic dysregulation, and rapid
proliferation (1). Glutathione, crucial for protection, is
intricately regulated by cysteine (1). SLC7A11 facilitates
cysteine supply to tumor cells. Blocking cysteine uptake
induces ferroptosis, linked to oxidative stress (1). Recent
studies revealed cell death from reductive stress (2). Excess
cysteine, boosted by SLC7A411 and glucose deprivation, led
to disulfidptosis discovery, marked by abnormal disulfide
bond formation in actin, causing F-actin contraction and
cell membrane detachment (3). Key genes like SLC7A11,
SLC3A2, ribophorin I (RPN1), and NCKAPI were identified
via CRISPR/Cas9 screening (3). Interestingly, even under
glucose-deficient conditions, supplementing excess cysteine
in the culture medium of renal cell carcinoma (RCC)
cells (786-0) with low SLC7A11 expression induced
disulfidptosis (3). It’s unclear if disulfidptosis is widespread

Highlight box

Key findings

® This research illuminates the pivotal role of ribophorin I (RPNI)
in promoting disulfidptosis by triggering cell skeleton breakdown.
It underscores its broad significance as a biomarker across diverse
cancer types and its correlation with the efficacy of immune
therapy targeting PD-L1, particularly in urothelial carcinoma.

What is known and what is new?

* Through genome-wide CRISPR/Cas9 screening, key genes
contributing to disulfidptosis were identified, including RPN1I.
However, the precise mechanism by which RPNI influences
disulfidptosis remains unclear. It is known that RPN plays a
crucial role in innate immunity in Arabidopsis, yet whether RPN
serves as a novel cancer biomarker and its association with the

efficacy of immunotherapy remain elusive.

What is the implication, and what should change now?

¢ The findings of this study underscore the mechanism by which
RPNI promotes disulfidptosis through inducing cell skeleton
protein breakdown, emphasizing its impact on diagnosis, prognosis,
and immune checkpoint inhibitor therapy in the context of pan-
cancer scenarios. We demonstrate the inhibition of disulfidptosis
upon RPNI gene knockout in cell lines not previously validated,
irrespective of SLC7AI11 expression levels, providing additional
evidence for RPNI as a potential universal target for cancer
therapy. Future research should explore whether other metabolic
stress conditions can lower intracellular NADPH levels, thus
inducing disulfidptosis. Additionally, our study highlights the
potential of RPN as an immune therapy marker, necessitating
further validation of its role in cohorts.
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in other tumor cell lines. Deleting RPN rendered urothelial
carcinoma cells (UMRCO) resistant to disulfidptosis (3), but
RPN’s precise role remains unclear.

Cellular oxidative stress triggers typical immune
responses (4), paralleled by reactions akin to reductive
stress, such as NLRP1 and CARDS8-mediated cell
pyroptosis (5). Glucose deficiency and reduced ATP levels
activate NLRP1 inflammasomes (6), disrupting cytoskeletal
function and leading to disulfidptosis (3). Inflammasomes,
pivotal in innate immunity, inflammation, and cell death,
imply a link between disulfidptosis and immune activation,
critical in cancer (7). RPNI’s significant role in Arabidopsis
innate immunity underscores the interest in exploring its
mechanisms and immune implications in disulfidptosis
within the tumor microenvironment.

Several studies have investigated the relationship
between RPN and cancer. For example, it may promote the
progression of breast cancer (8) and be associated with poor
prognosis in hepatocellular carcinoma (HCC) (9). However,
the biomarker value of RPN1 across pan-cancers has yet to
be investigated.

In this study, we propose that glucose deficiency can
induce RPNI-dependent disulfidptosis. We observed RPNI-
dependent disulfidptosis in breast cancer (MDA-MB-231)
and lung cancer (A549) cell lines without additional cysteine
supplementation. We hypothesize that RPNI expression
could predict patient outcomes, immune microenvironment,
and response to immunotherapy. Through bioinformatics
analysis across 33 tumor types, we explore RPNI’s clinical
relevance, mechanisms in tumor biology, and implications
for immunotherapy. RPNI gene knockout inhibits
disulfidptosis in various cell lines, regardless of SLC7A11
expression, suggesting RPNI as a potential universal cancer
therapy target. We present this article in accordance with
the MDAR reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-24-581/rc).

Methods

Figure 1 depicts the workflow employed in this study. The
study was conducted in accordance with the Declaration of
Helsinki (as revised in 2013).

Cell lines and culture

All cell lines used in this study were originally obtained
from the American Type Culture Collection (ATCC;
Manassas, VA, USA) as follows: HEK-293T, A549, and
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Figure 1 Workflow of the study. RPN1I, ribophorin I; PI, propidium iodide; TCGA, The Cancer Genome Atlas; GEO, Gene Expression

Omnibus; KEGG, Kyoto Encyclopedia of Genes and Genomes.

MDA-MB-231. All cells were incubated in humidified
air at 37 °C with 5% CO,. The cell lines were cultured
in Dulbecco’s modified Eagle medium (DMEM; Gibco,
Waltham, MA, USA) with 10% fetal bovine serum (FBS),
100 U/mL of penicillin and 100 pg/mL of streptomycin. All
cell lines used in this study were regularly authenticated by
the short tandem repeat (STR) method and had not been in
culture for more than 2 months.

Gene knockout in cell lines

Plasmid
The single guide RNA (sgRNA) expression constructs
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were cloned into the LentiCrispr-V2-puro backbone. The
sequences of the sgRNAs used in this study were as follows:
RPNI-sgl (5'-TGTAGGCAACAATCACAGGG-3"),
RPNI-sg2 (5'-TGAGGACGTGAAGCGCACAG-3").

Lentivirus package

The 293T cell line was seeded into a 6-well plate and
cultured until a confluency of 70% was achieved. For the
transfection procedure, tube A contained a mixture of the
target gene plasmid, psPAX2, and pMD2.G, suspended in
150 pL of Opti-MEM medium at a ratio of 3 pg:2 pg:1 pg.
Concurrently, tube B was prepared with 24 pL of
polyethylenimine (PEI) added to an equal volume of Opti-
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MEM medium. After a 30-minute incubation period to
allow for complex formation, the mixture was added to
the cells. The culture medium was replaced with complete
medium (with 10% FBS, 100 U/mL of penicillin and
100 pg/mL of streptomycin). At 48 hours post-transfection,
the supernatant was collected and cleared of cellular debris
using a 0.45-pm filter membrane. The lentivirus present in
the supernatant was then concentrated using the Lenti-Pac
Lentivirus Concentration Solution (GeneCopoeia, LT007,
Rockville, MD, USA), in preparation for subsequent gene
knockout experiments.

Lentiviral infection

Cell lines designated for infection were plated in 6-well
plates and allowed to reach 70% confluency prior to the
initiation of the lentiviral infection assay. Prepared lentiviral
solution was then added to the culture dishes. After 24 hours,
the medium was replaced, and at 72 hours post-infection,
selection with puromycin commenced. Following 2 weeks of
selection, stable transfectants were successfully established.

Apoptosis assay

A549 and MDA-MB-231 cells stably knocking down RPNI
were collected and rinsed twice with phosphate-buffered
saline (PBS), and stained with propidium iodide (PI; KGA-
108; KeyGen, Changchun, China) for 30 minutes at room
temperature. Stained cells were then examined by flow
cytometry and results were analyzed with FlowJo software
[Becton, Dickinson and Co. (BD), Franklin Lakes, NJ,
USA]. The apoptosis assay was repeated a total of three
times, including both technical and biological replicates.

Immunoﬂuorescence

Cells were seeded into glass-bottomed culture dishes
(801002; NEST Biotechnology, Wuxi, China) 1 day before
experiments. Cells were fixed with 4% paraformaldehyde
for 15 minutes without permeabilization and blocked
with 3% bovine serum albumin for 30 minutes at room
temperature, and rinsed twice with PBS between the
interval step. Next, the cells were incubated with the
phalloidin (PHDH]1; Cytoskeleton, Denver, CO, USA) for
2 hours at room temperature or overnight at 4 °C. After
rinsing three times with PBS, the cells were incubated for
2 hours at room temperature with the following secondary
antibodies: anti-mouse Alexa Fluor-594. Nuclei were
stained with Hoechst 33342 for 5 minutes (Molecular
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Probes, Invitrogen, Carlsbad, CA, USA). The cells were
imaged using laser scanning confocal microscopes (LSM880,
ZEN2.6, 63x oil lens; ZEISS, Oberkochen, Germany).

Western blotting

Cells were harvested and lysed in radioimmunoprecipitation
assay (RIPA) buffer [50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1% NP40] containing Protease Inhibitors Cocktails set I
and Phosphatase Inhibitor Cocktails set II (Sigma-Aldrich,
Darmstadt, Germany), and centrifuged at 12,000 rpm/min
for 20 minutes at 4 °C. The cell lysates were then boiled in gel
loading buffer for 10 minutes and resolved by 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore, Burlington, MA,
USA), which were then blocked in PBS with 5% non-fat
milk and 0.1% Tween-20 and immunoblotted with primary
antibodies overnight at 4 °C. Horseradish peroxidase-
conjugated secondary antibodies were used, and high-signal
enhanced chemiluminescence (ECL) substrate (Tanon,
Shanghai, China) was used for detection. Primary antibodies
were used: RPNI (12894-1-AP, 1:1,000; Proteintech,
Rosemont, IL, USA), FLNA [4762S, 1:1,000; Cell Signaling
Technology (CST), Danvers, MA, USA], FLNB (129798,
1:2,000; CST), myosin ITa (MYH9Y; 3403S, 1:1,000; CST),
TLNT (40218, 1:1,000; CST), Drebrin (10260-1-AP, 1:2,000;
Proteintech), and actin (MA5-11869, 1:500; Thermo Fisher,
Waltham, MA, USA).

Data collection

To comprehensively analyze tumor samples, we obtained
genomic, somatic mutation-related, and clinicopathological
information from multiple databases. The Cancer
Genome Atlas (TCGA) database (10), accessed through
the University of California Santa Cruz Xena browser
(http://xena.ucsc.edu/), provided a large dataset of 15,776
samples from 33 cancer types (the tumor types and their
abbreviations are listed in Table S1) and normal tissues,
enabling robust statistical analyses and meaningful
conclusions about various types of cancer. To validate our
results, we searched for 12 additional datasets from the
Gene Expression Omnibus (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/) (11), providing diverse samples and
confirming reproducibility across different cohorts. The
process of selecting datasets begins with identifying cancer
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types that match those in TCGA, such as “squamous cell
carcinoma of the lung”, rather than broadly categorizing
them as “lung cancer”. Next, we choose the largest available
dataset for this specific cancer type. The reason we only
validated in 12 microarray datasets is because validation was
not successful in the other four types of cancer, possibly
due to insufficient available datasets for these four types of
cancer. ‘Table S2 includes detailed information on the GEO
datasets used in this study. The integration of multiple
databases and datasets ensures a comprehensive analysis of
tumor samples and strengthens the validity of our findings.

Comparing the expression and activity levels of RPN1
between normal and tumor tissues across the TCGA and

GEO databases

To investigate the biological function of a gene, it is
essential to have a certain level of baseline expression.
Therefore, we first calculated the median expression level of
RPNI in each cancer type using the “limma” package in R
and compared its expression difference between normal and
cancer tissues. The gene expression levels were normalized
using the fragments per kilobase per million (FPKM)
algorithm.

To ensure adequate gene activity for proper biological
function, we assessed RPN activity in pan-cancer using the
“GSVA” package (12). The package identified 100 genes
co-expressed with RPNI using the Pearson correlation
test. Then, these gene sets were matched to a predefined
gene set using single-sample gene set enrichment analysis
(GSEA), and their expression statistics were aggregated
into activity scores using the Gaussian algorithm. Similarly,
RPNI activity was also compared between tumor and
normal tissues.

Clinical correlation of RPN1

We conducted a stratified analysis using age, gender, and
disease stage to investigate the correlation between RPNI
mRNA expression and clinical parameters. Receiver
operating characteristic (ROC) curves and areas under the
curve (AUCs) were used to evaluate the diagnostic value of
RPNI in pan-cancer, utilizing the “pROC” package in R
software, through the online tool Xiantao Academic (https://
www.xiantao.love/). The overall survival (OS) of the TCGA
pan-cancer cohort were assessed using univariate Cox
regression with hazard ratios (HRs) and Kaplan-Meier (KM)
method with log-rank test, using the “survival” package.

© Translational Cancer Research. All rights reserved.
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Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis

To explore the signaling pathways related to RPNI, we
retrieved the different pathways between low and high
expression groups for the RPN gene in pan-cancer from
the KEGG database and performed GSEA. To determine
statistical significance, we used corrected false discovery
rates (FDRs) of <0.05 and absolute log, fold changes of
>1. The c2.cp.kegg.v7.4.symbols were utilized for pathway
analysis as the annotation reference sets. The top 5 signaling
pathways with the highest normalized enrichment scores
(NESs) were visualized using the “enrichplot” package.
This particular part of the enrichment analysis was executed
utilizing the “org.Hs.eg.db” package.

Correlation between RPN1 and tumor microenvironment

The Estimation of Stromal and Immune cells in Malignant
Tumors using Expression data (ESTIMATE) package (13),
a specialized tool for evaluating the extent of stromal and
immune cell infiltration in the tumor microenvironment,
was employed to analyze the tumor microenvironment and
its association with RPNI expression levels. Utilizing this
package, stromal and immune scores were computed for each
individual sample, serving as indicators of cell infiltration
within the tumor microenvironment. Higher scores indicated
greater levels of cell infiltration in the corresponding samples.
To assess the relationship between RPN1 expression levels
and the stromal or immune scores, correlation coefficients
and P values were employed as metrics.

Furthermore, the Cell-type Identification by Estimating
Relative Subsets of RNA Transcripts (CIBERSORT)
package (14) was utilized to estimate the composition of the
22 distinct immune cell types infiltrating the tumor. This
estimation was based on a deconvolution algorithm enabling
the quantification of immune cell proportions within the
tumor microenvironment. The correlation between the
presence of these immune cell types and RPNI expression
levels was examined. A correlation coefficient threshold
of 0.3 and a P value threshold of <0.001 were applied
to ascertain the statistical significance of the correlations
during this two-stage analysis.

Potential immunotherapeutic implication of RPN1

The association between immune treatment response and
various indicators, such as immune inhibitors, tumor mutation
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burden (TMB), and microsatellite instability (MSI), has been
well established. In our study, we aimed to investigate the
correlations between the expression levels of RPNI and these
indicators, with the objective of better understanding their
potential role in immune response. To explore the relationship
between RPN1 and immune inhibitors, we utilized the
Tumor-Immune System Interaction Database (TISIDB)
online database (http://cis.hku.hk/TISIDB/index.php). TMB,
defined as the total number of somatic gene coding errors,
base substitutions, insertions, or deletions detected per million
bases, was quantified for each case by dividing the total
number of mutations by the exome size (38 Mb). MSI scores
were obtained from previously published studies for TCGA
cancer cases (15). To visualize the results, we employed the
“fmsb” package. Additionally, we evaluated the differential
expression of RPN between the responder and non-
responder groups, encompassing a total of 25 clinical studies
on immune therapy. These studies specifically investigated
the effectiveness of anti-programmed cell death 1 (PD-1),
anti-programmed cell death ligand 1 (PD-L1), and anti-
CTLA4 immunotherapy. Our objective was to assess whether
RPNI could serve as a predictive marker for immunotherapy
efficacy. Detailed information about these clinical studies can
be found in Table S3. To perform this analysis, we utilized
the online database ICBatlas (http://bioinfo.life.hust.edu.cn/
ICBatlas/) and visualized the results using the online tool
Xiantao Academic (https://www.xiantao.love/).

Statistical analysis

All statistical analyses in this study were performed using
R software (version 4.2.2; r Foundation for Statistical
Computing, Vienna, Austria). Either the Student’s #-test
or the Wilcoxon rank-sum test was employed to assess
continuous variables, depending on data distribution. In
cases where the data did not follow a Gaussian distribution,
the Mann-Whitney test was utilized. Categorical
clinicopathological characteristics were compared using the
Chi-square test or Fisher’s exact test. Pearson correlation
analysis was conducted for correlation analysis. Statistical
significance was determined by P values of <0.05 or <0.01.

Results

RPNI1 induced cell death under glucose-free condition in
disulfidptosis

In Figure 2, the experimental results indicate that under
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glucose deprivation conditions, RPN induces disulfidptosis.
Initially, we employed flow cytometry to analyze cell death
in wild-type (WT) and RPNI-knockout (KO)1/KO2
MDA-MB-231 as well as A549 cells (Figure S1) cultured in
glucose-containing (+Glc) or glucose-deficient (-Glc) media
(Figure 24). This analysis revealed the impact of glucose
availability on cell survival. In glucose deficiency, cell death
increased, a phenomenon mitigated by RPNI knockout.
Hence, the conclusion is drawn that RPNI serves as a
promoter of cell death. To further elucidate cellular changes,
we utilized immunofluorescence labeling of F-actin with
fluorescent phalloidin in +Glc or -Glc media to examine
WT and RPNI-KO MDA-MB-231 as well as A549 cells
(Figure 2B). This enabled visualization of alterations in the
actin cytoskeleton under different glucose conditions. In
glucose deprivation, cell death and cytoskeletal breakdown
were observed. Upon RPNI knockout, this cytoskeletal
breakdown was suppressed, indicating that RPNI mediates
cell death through the degradation of cytoskeletal proteins.
Protein extraction and western blot analysis using non-
reducing and reducing methods were conducted to study
the expression of indicative cytoskeletal proteins in normal
control (NC) and RPNI-KO MDA-MB-231 as well as A549
cells cultured in +Glec or -Gle media (Figure 2C). Under
glucose deprivation, the absence of RPNI contributed to
increased stability of cytoskeletal proteins (FLNA, FLNB,
MYH9, TLNI1, Drebrin, and Actin, Figure 2C). This
demonstrates that RPN loss contributes to the maintenance
of cytoskeletal integrity. These findings collectively
underscore the role of RPNI in mediating disulfidptosis,
possibly through mechanisms involving the induction of
cytoskeletal protein degradation.

Differential expressions and activity of RPN1 were found
in cancerous and normal tissues in 12 cancer types

Figure 34 depicts the expression pattern of RPNI in
33 cancer tissues from TCGA databases, demonstrating
robust mRNA expression levels (>5 FPKM normalized)
in most solid tumors. Moreover, significant differences
were observed between tumor and adjacent non-tumor
tissues in 16 specific cancer types. Notably, BLCA, BRCA,
CESC, CHOL, COAD, ESCA, GBM, HNSC, KIRP,
LIHC, LUAD, LUSC, PRAD, READ, STAD, and
UCEC exhibited higher expression levels in tumor tissues
compared to adjacent non-tumor tissues (Figure 3B). In
terms of gene activity, RPNI exhibited robust activity in
all 33 tumor tissues (Figure 3C). In comparison to adjacent
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Figure 3 Expression and activity of RPNI genes—TCGA data and GEO database validation. (A) Mean RPN expression levels in tumor tissues of pan-cancer in
TCGA (FPKM normalized). (B) Differential expression levels of RPNT between normal and tumor tissues in TCGA pan-cancer. (C) Activity scores of RPN of
individual cancer type from TCGA (Gaussian algorithm using ssGSEA approach). (D) Differential activity levels of RPNI between normal and tumor tissues in
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non-tumor tissues, as illustrated in Figure 3D, RPN1
activity was generally higher in 19 tumor types, including
BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM,
HNSC, KIRP, LIHC, LUAD, LUSC, PAAD, PRAD,
READ, STAD, THCA, THYM, and UCEC. This was
corroborated by the differential expression levels of genes
in the two tissue types, providing mutual validation of the
results.

To validate the differential mRNA expression of RPNI
observed in the 12 tumor types with significant differences
between tumor and adjacent non-tumor tissues, we utilized the
GEO database for validation. As illustrated in Figure 3E-3P,
the mRNA expression trends of RPNI in 12 tumor types
(including BLCA, BRCA, CESC, CHOL, COAD, ESCA,
GBM, HNSC, KIRP, LIHC, LUAD, and LUSC) were
consistent with the findings from the TCGA database across
multiple validation datasets. Due to limited data availability
in GEO, further validation of expression in PRAD, READ,
STAD, and UCEC was not feasible.

RPN1 bhas moderate diagnostic and prognostic value

Using normal tissue samples from the TCGA database as
a reference, we assessed the diagnostic potential of RPN1
(Figure 44-47). Our analysis revealed significant diagnostic
value (AUC >0.8) for RPN1 in BLCA, BRCA, CESC,
CHOL, COAD, ESCA, GBM, HNSC, LIHC, and LUSC.
Notably, in the case of GBM (Figure 4G), the AUC reached
an impressive value of 0.978, potentially influenced by the
relatively small sample size in this dataset, comprising only
five normal tissues and 174 tumor tissues.

Additionally, the univariate Cox regression model
indicated that high RPN expression in tumor tissues was
associated with improved OS in DLBC [HR =0.080, 95%
confidence interval (CI): 0.010-0.631, P=0.02, Figure 4K],
and THYM (HR =0.086, 95% CI: 0.010-0.773, P=0.03,
Figure 4K). However, it was linked to poorer prognosis in
ACC (HR =2.683, 95% CI: 1.275-5.646, P=0.009), KICH
(HR =7.021, 95% CI: 1.124-43.865, P=0.04), LGG (HR
=3.828, 95% CI: 2.173-6.744, P<0.001), LIHC (HR =2.107,
95% CI: 1.392-3.189, P<0.001), and PAAD (HR =1.713,
95% CI: 1.016-2.891, P=0.04). These findings were partially
corroborated by KM survival curves (Figure 4L-40).
Intriguingly, RPNI exhibited favorable attributes in terms
of expression profiling, diagnostic value, and prognostic
significance across multiple cancer types, emphasizing its
potential as a highly promising biomarker in this tumor
context.

© Translational Cancer Research. All rights reserved.
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KEGG pathway and tumor microenvironment analyses
show strong corrvelations between RPN1 expressions and
immune response

To investigate potential mechanisms, we performed KEGG
pathway enrichment analysis on different expression groups
of RPN in eight validated cancer types (Figure 5, Table S4).
Interestingly, regardless of the expression pattern, RPN1
was found to be enriched in immune-related pathways
across multiple cancers. For example, it showed enrichment
in the antigen processing and presentation pathway (NES
=1.891, P=0.02, FDR q-value =0.405 in CESC; NES
=1.728, P=0.013, FDR g-value =0.38 in LUSC), graft-
versus-host disease (NES =1.735, P=0.026, FDR q-value
=0.67 in KIRP; NES =1.787, P=0.038, FDR q-value =0.599
in BRCA), and RIG-I-like receptor signaling pathway
(NES =1.921, P=0.017, FDR q-value =0.405 in CESC;
NES =-1.422, P=0.01, FDR g-value =0.67 in COAD; NES
-—1.775, P=0.013, FDR q-value =0.342 in LUAD; and NES
=1.703, P=0.013, FDR g-value =0.380 in LUSC).

These findings prompted us to further investigate the
relationship between RPNI expression and the tumor
microenvironment (Figure 6). Firstly, the ESTIMATE
scoring system demonstrated a positive correlation
between RPNI expression and immune scores in LGG and
SARC tumors (Figure 64,6F), while it showed a negative
correlation with PAAD (Figure 6D). Additionally, the
CIBERSORT algorithm revealed correlations between
RPNI expression and the infiltration levels of various
immune cells in multiple tumor tissues (Figure 6G-60),
although the distribution of this correlation appeared
to be scattered and lacked a clear pattern. In summary,
the preliminary mechanistic analysis results indicate a
correlation between RPN and immune responses in tumor
tissues, suggesting the need for further exploration of
potential immune therapeutic responses.

RPNI1 expression potentially predicts immunotherapy
efficacy for non-small cell lung cancer (NSCLC), RCC,
and SKCM

After utilizing the TISIDB database, we identified notable
correlations involving RPN1 expression in specific cancer
types. In GBM, RPNI expression displayed a positive
correlation with the immune checkpoint ILI0RB expression,
whereas it exhibited a negative correlation with TGFBRI
expression (Figure 7A4). Moreover, RPNI expression showed
significant correlations with TMB in THCA, STAD, SKCM,
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Figure 4 Clinical relationship of RPNI and pan-cancer in TCGA database. (A-]) ROC curve for RPN in pan-cancer (using TCGA normal
samples as reference). Analysis of prognostic value by using the forest (K) and Kaplan-Meier plots (L-O) of RPNI in pan-cancer. Univariate

Cox regression with HR was used to investigate the prognostic values of (K) RPNI expression levels. P values of <0.05 indicated that the

proportional hazards assumption was not violated. The genetic risk is expressed using the HR and 95% CI. Kaplan-Meier curves were used

to validate the findings of the forest plot for (L-O) RPN in variable tumor types. The log rank test result was statistically significant with a

P value of <0.05. TPR, true positive rate; FPR, false positive rate; RPN1, ribophorin I; AUC, area under the curve; CI, confidence interval;

TCGA, The Cancer Genome Atlas; ROC, receiver operating characteristic; HR, hazard ratio.

SARC, PAAD, LUSC, LUAD, LIHC, LGG, LAML, HNSC,
DLBC, COAD, BRCA, and BLCA (Figure 7B). Similarly,
RPNI expression exhibited correlations with MSI scores in
UCS, UCEC, STAD, LUSC, LUAD, LGG, HNSC, and
BLCA (Figure 7C).

Furthermore, Figure 7D demonstrates the differential
expressions of RPNI in responder and non-responder
groups across an anti-PD-L1 cohort. Specifically,
responders with urothelial carcinoma (IMvigor210 study)
exhibited up-regulated RPNI expression.

© Translational Cancer Research. All rights reserved.

Discussion

The RPNI gene encodes a type I integral membrane protein
found exclusively in the rough endoplasmic reticulum (16). It
plays a crucial role as part of an N-oligosaccharyl transferase
complex, which links high mannose oligosaccharides to
asparagine residues within the Asn-X-Ser/Thr consensus
motif of nascent polypeptide chains (16). This process is
essential for protein N-glycosylation. The UMRCG6 cells’
increased resistance to disulfidptosis upon RPNI knockdown
suggests that RPNI may be involved in regulating cell
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Figure 5 KEGG functional enrichment analyses of RPN in pan-cancer. For each panel, the pathways marked on the left were enriched
in the high-target gene expression group, while the pathways marked on the right were enriched in the low-target gene expression group.
KEGG, Kyoto Encyclopedia of Genes and Genomes; RPN, ribophorin 1.
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Figure 6 The correlation between RPNI expression and ESTIMATE score and relationship of immune cell infiltration. (A-F) The
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stromal score (indicating the presence of stromal cells in tumor tissue) and immune score (indicating the infiltration of immune cells in
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survival pathways (3). However, the precise underlying
mechanism remains unclear. In this study, we elucidated the
previously unreported mechanistic role of RPN in inducing
disulfidptosis. Through an investigation into cell death
under glucose starvation in breast and lung cancer cell lines,
we clarified the role of RPNI in this process, primarily by
inducing cell skeleton breakdown to promote disulfidptosis.
To our knowledge, this study represents the first exploration
of RPNT’s specific mechanism in disulfidptosis.

The relationship between RPNI and cancer has
been partially elucidated. For instance, RPNI promotes
proliferation, migration, and invasion of breast cancer
cells through the PI3K/AKT/mTOR signaling pathway (8),
possibly by inhibiting apoptosis triggered by endoplasmic
reticulum stress (17). In HCC, survival analysis shows
that high RPNI expression is associated with adverse OS
in HCC patients (9). Zheng et al. found that the Circ-
SNX27 sponging miR-375/RPNI axis contributes to HCC
progression (18). Disulfidptosis-associated genes containing
RPNI have been used in risk models related to prognosis and
immune characteristics of brain glioma (19) and HCC (20)
patients, serving as independent prognostic factors for
glioma. However, the comprehensive expression profile
of RPNI across pan-cancers, its clinical relevance, and its

© Translational Cancer Research. All rights reserved.

relationship with the tumor microenvironment remain
unclear. In this study, we further examined the differential
expression and activity of RPNI across various cancer types.
The results revealed strong mRNA expression of RPNI
in 16 solid tumors, with significant differences between
tumor tissues of specific cancer types and adjacent non-
tumor tissues. Additionally, RPNI demonstrated robust
activity in all analyzed tumor tissues. Validation from the
GEO database confirmed consistent mRNA expression
trends across 12 cancer types. RPNI exhibited significant
diagnostic potential across 12 cancer types, particularly
with high accuracy in GBM. Elevated RPN1 expression in
tumor tissues correlated with improved OS in DLBC and
THYM, whereas it was associated with poorer prognosis in
ACC, KICH, LGG, LIHC, and PAAD. Moreover, RPN1
was linked to immune response, being enriched in immune-
related pathways, correlating with immune scores in tumor
tissues, and associated with various immune cells. Notably,
in UCC, RPNI showed potential in predicting the efficacy
of anti-PD-L1 immune therapy. In summary, these findings
emphasized RPNI’s significance in pan-cancer scenarios
and its implications for diagnosis, prognosis, and immune
checkpoint inhibitor therapy. To our knowledge, this is the
first study of RPNI in pan-cancers integrating data from
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Figure 7 The potential immunotherapeutic implication of RPN1. (A) The correlations between the expressions of RPNI and immune

inhibitors. Red indicates a positive correlation whereas blue indicates a negative correlation. The top 2 strongest associations are displayed via

dot plots. Radar plots represented the relationships between RPN expressions and tumor mutation burden (B) and microsatellite instability (C),

respectively. The numbers are correlation coefficients, with negative values in the inner circle indicating negative correlation and positive values

in the outer circle indicating positive correlation. Higher absolute values indicate a stronger correlation. (D) The scatter plot shows the levels of

expression of RPN1 in the responder and non-responder groups in 25 immunotherapy cohorts. An FDR-adjusted P value <0.05 is considered

statistically significant. *, P<0.05; **, P<0.01; ***, P<0.001. exp, expression; FDR, false discovery rate; RPN1, ribophorin I.

multiple public gene databases.

Glucose deprivation is a common feature of the tumor
microenvironment, which induces metabolic reprogramming
in tumor cells to maintain redox balance (21). For instance,
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tumor cells acquire glutathione as a protective mechanism by
upregulating SLC7A11 expression (22), or adopt alternative
strategies like IDHI1 and MEI to support NADPH
formation (23). As suggested by the authors (3), future
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investigations should explore whether other metabolic stress
conditions that deplete intracellular NADPH levels can
induce dual sulfur death. However, it is crucial to note that
the heterogeneity in the protective mechanisms employed
by different tumor cells to maintain redox balance,
especially in the context of pan-cancer. Therefore, the
universal significance of inducing dual sulfur death under
glucose deprivation as a novel therapeutic target for cancer
needs clarification. Considering the dependency of dual
sulfur death on the RPNI gene, we examined the mRNA
and protein expression levels of RPN across various cancer
types to identify tumor types with potential for inducing
dual sulfur death therapy. Importantly, we demonstrated
inhibition of dual sulfur death upon RPNI knockout in
cell lines not validated in previous studies, regardless
of SLC7AI11 expression levels. This provides additional
evidence for RPNI as a potential universal target for cancer
therapy. Furthermore, our study highlights the potential
of RPNI as an immune therapy marker, although further
validation in cohorts is required.

This study has several limitations. Firstly, we did not
further validate the differential expression of RPNT in tumor
and adjacent tissues obtained from our own tissue samples,
which were used to verify the bioinformatics analysis.
Specifically, investigating the expression of RPN in cohorts
undergoing anti-PD-L1 therapy to validate its biomarker
value in the real world was not performed. Secondly, some
tumor types did not receive consistent validation across
multiple databases, which may be related to systematic
sampling biases. Finally, the detailed mechanism by which
RPNI promotes disulfidptosis through inducing cell
skeleton breakdown requires further elucidation.

Conclusions

Overall, these findings emphasize RPN1’s significance
in disulfidptosis induction, its pan-cancer relevance, and
implications for diagnosis, prognosis, and immune therapy.
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