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The role of ferroptosis regulators in the prognosis, immune
activity and gemcitabine resistance of pancreatic cancer
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Background: Ferroptosis is a novel form of regulated cell death that can inhibit the progression of
chemotherapy-resistant tumors. However, the types of cancer most susceptible to ferroptosis induction and
the role of ferroptosis regulators in cancers, especially pancreatic cancer, remain unclear.

Methods: RNA sequencing data of 31 cancers were collected from The Cancer Genome Atlas (TCGA) and
The Genotype-Tissue Expression (GTEx). A nomogram integrating patients’ clinical information and risk
scores based on the expression levels of ferroptosis regulators was depicted. Correlations among the activity
levels of 29 immunity-associated gene sets, immune scores, infiltrating immune cells and key ferroptosis
regulators were assessed.

Results: We performed a pan-cancer analysis and identified 14 distinct cancers that may show a robust
response to ferroptosis inducers. Interestingly, the Xc-complex, which is the major target of ferroptosis
induction, was upregulated in gemcitabine-resistant pancreatic cancer cells (P<0.05). Furthermore, we
focused on the role of ferroptosis regulators in mediating the survival of patients with pancreatic cancer and
constructed a prognostic model with good accuracy (AUC =0.713). We also correlated elevated sensitivity to
ferroptosis with higher scores for CD8+ T cells (P<0.001), the type two interferon response (P<0.001) and
immune checkpoints (P<0.05).

Conclusions: We hypothesized that the ferroptosis pathway plays an important role in the prognosis of
pancreatic cancer. Immuno- and chemotherapy combined with a ferroptosis inducer is a feasible therapeutic

approach for pancreatic cancer.
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Introduction was first proposed by Dixon er 4/. in 2012, ferroptosis has
Ferroptosis is a newly identified form of regulated cell death been found to participate in many physiopathological
(RCD) characterized by iron-dependent accumulation processes, including the development of many kinds of
of lipid peroxidation products (1-3). Since the concept cancers (1). Some studies have indicated that ferroptosis
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induction inhibits the progression of chemotherapy-
resistant tumors (4-6). Several underlying mechanisms,
including IncRNA regulation, immune evasion, immune
surveillance and TP53-related pathway modulation, may
explain the anticancer benefits observed after ferroptosis
induction (7-9).

Pancreatic cancer is one of the most lethal malignancies
with annual mortality rates almost equal to incidence
rates (10). In recent years, the incidence of pancreatic
cancer has increased annually with an annual percent
change of 0.56-1.23% (11), which has imposed heavy
health and economic burdens on most countries. Although
immunotherapy has gradually become a popular and
effective treatment method for some malignancies,
pancreatic cancer is insensitive to programmed cell death-1/
programmed cell death-ligand 1 (PD1/PD-L1) blockade-
mediated targeted therapy, which is considered to be
immunotherapy “cold” (12,13). Moreover, gemcitabine,
the key drug in first-line chemotherapeutic regimens for
pancreatic cancer, shows effective and anticancer ability
at first but fails to control the disease (14,15). Hence, the
development of a new strategy to enhance the sensitivity
of pancreatic cancer to immunotherapy and reduce its
resistance to gemcitabine is an urgent task.

Several regimens have been reported to induce
ferroptosis via inhibition of specific targets in the
ferroptosis pathway (16). For example, erastin, a typical
ferroptosis inducer, directly inhibits SLC7A11, which
depletes glutathione, a major antioxidant in cells (1).
RSL3 induces ferroptosis through depletion of GPX4,
an important reductase in reactive oxygen species (ROS)
clearance (17). In addition, sorafenib, a multitargeted
anticancer agent, induces ferroptosis via blockade of the
Xc-complex, which consists of SLC7A11 and SLC3A2,
hindering intracellular cysteine influx and thus glutathione
synthesis (17). Ferroptosis can be manipulated by many
anticancer regimens, and some of which have been
approved by the U.S. Food and Drug Administration
(17,18). We believe that safe and effective ferroptosis
inducers have potential roles in adjuvant chemotherapy
for cancers, but the types of cancers that are sensitive to
ferroptosis induction remain unknown. ACSL4 dictates the
sensitivity to ferroptosis in tumor cells (19). Thus, tumors
overexpressing ASCL4 may be sensitive to ferroptosis
induction. In addition, only a few studies to date have
focused on the role of ferroptosis in pancreatic cancer
(18,20-22), and most of these studies were only based on
cell experiments.
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Here, we conducted a human sample-based study to
investigate the expression levels of ferroptosis-related
genes in 31 distinct cancers and to determine the potential
relationships between ferroptosis and the prognosis,
immune microenvironment and gemcitabine resistance of
pancreatic cancer.

Methods
Data sources and online tools

Forty-three genes involved in the ferroptosis process
(hereafter, ferroptosis regulators) according to previous
reports were identified and analyzed in this study. Data
from The Cancer Genome Atlas pancreatic adenocarcinoma
(TCGA-PAAD) dataset combined with data from the
Genotype-Tissue Expression (GTEx) project were collected
to investigate the differential expression of these 43
ferroptosis regulators in 31 cancers. In detail, transcriptome
data for 176 pancreatic cancer samples and four normal
pancreas tissues were collected from the TCGA-PAAD
dataset, and data for 167 normal samples were collected
from the GTEx project to compensate for the insufficiency
of normal tissues in the TCGA-PAAD dataset. Fold change
(FC) refers to the ratio of gene expression levels between
two groups. The threshold for significant differential gene
expression was established as P<0.05 and llogFCI>1.
The abovementioned analysis was performed in Gene
Expression Profiling Interactive Analysis (GEPIA) (http://
gepia.cancer-pku.cn), an online tool universally recognized
by researchers. We acquired the list of Gene Expression
Omnibus (GEO) datasets pertaining to pancreatic cancer
from the study conducted by Xie et al. (23). We then
removed the datasets containing nonpancreatic samples,
such as saliva and peripheral blood from patients with
pancreatic cancer. Finally, seven GEO datasets (GSE15471,
GSEG62452, GSE11838, GSE32676, GSE41368, GSE43795
and GSE43288) were used as validation cohorts (Table S1).
The GSEB0617 GEO dataset was used to assess differential
gene expression in gemcitabine-resistant pancreatic cancer
cells. Mutation analysis of the 43 ferroptosis regulators
in pancreatic cancer was performed in cBioPortal (www.
cbioportal.org/). Immunohistochemical data were collected
from the Human Protein Atlas (https://www.proteinatlas.
org/) for validation at the protein level. For construction of
the prognostic model, we selected only tumor samples with
a tumor purity greater than 0.6 to ensure the reliability of
our study. One GEO dataset (GSE57495) containing 63

Ann Transl Med 2020;8(21):1347 | http://dx.doi.org/10.21037/atm-20-2554a


http://gepia.cancer-pku.cn
http://gepia.cancer-pku.cn
https://cdn.amegroups.cn/static/public/ATM-20-2554A-Supplementary.pdf

Annals of Translational Medicine, Vol 8, No 21 November 2020

tumor samples was used as the validation cohort.

The information of 29 immune gene sets is summarized
in Table S2. Data pertaining to immune cell infiltration
were downloaded from CIBERSORT (https://cibersort.
stanford.edu/), a commonly used online tool for analysis of
the immune microenvironment. The study was conducted
in accordance with the Declaration of Helsinki (as revised
in 2013).

Statistical analysis

Linear data in two groups were compared using an unpaired
t test. If a variable was being compared across more than
two groups, one-way analysis of variance (ANOVA) was
applied. Cox regression analysis was conducted to calculate
the hazard ratio of each ferroptosis regulator for the
overall survival time. Lasso regression was conducted to
calculate the risk coefficient of each gene after removal
of genes with an overfitting trend according to the partial
likelihood deviance and lambda value. The lambda value
is determined as the value that minimizes the likelihood
deviance, and the coefficient-lambda curve shows the genes
that are eligible when the lambda value is determined. The
lasso risk was calculated using the following formula: Lasso
risk = D Coefxxi  Finally, the remaining genes were
utilized to construct a predictive model for the prognosis
of patients in the PAAD dataset. When we evaluated
the accuracy of our prognostic model, we adjusted the
expression level of each ferroptosis regulator in the separate
GEO datasets due to the different sequencing platforms
used, which ensured optimized comparability between the
validation and TCGA cohorts. First, we used the following
formula to standardize the expression level of each gene:
X Az , x=— = ﬁzg(x,—f)z . Then, we used
the following formula to adjust each X, to match the
TCGA training data: Xu = Xus ¥ Spain T %y . All correlation

analyses were conducted with GraphPad Prism 7.04, and

the Pearson coefficient (r) reflected the strength of the
correlation. Other statistical analyses were performed
with R software (version 3.6.1). Survival analysis was
implemented using the R package “survival”. A receiver
operating characteristic (ROC) curve was depicted using the
R package “survivalROC”. The “glmnet” package was used
to perform Cox proportional hazards regression analysis
with least absolute shrinkage (glmnet, version 2.0-18).
Nomograms and calibration curves were constructed with
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the package “rms 5.1-4”. The package “Estimate” was used
to calculate the immune score and tumor purity of each
tumor sample. The co-expression mean value of SLC3A2
and SLC7A11 was defined as the sum of their adjusted
expression levels, which was calculated according to the
following formula: Y = xm:i _im . Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analyses were conducted with the package “org.Hs.eg.db
3.10”. P<0.05 was considered statistically significant.

Role of funding sources

All funding sources are listed in the acknowledgement
section. Sponsors are supposed to pay the fee for
publication.

Results

Ferroptosis regulators are differentially expressed in tumor
samples compared to adjacent normal tissues

A flow chart is provided in Figure I to summarize the entire
study.

Opverall, each of the 31 cancers had several differentially
expressed ferroptosis regulators in the pan-cancer
analysis (Figure 2A). Ferroptosis regulators were broadly
upregulated in most tumor samples, except for acute
myeloid leukemia samples in which only 8 genes were
upregulated. Notably, the Xc-complex and GPX4, the
key targets for ferroptosis regulation, were upregulated
in 14 cancers, indicating that specific antagonists of the
Xc-complex and GPX4 may benefit patients with
these cancers v[cholangiocarcinoma (CHOL), colon
adenocarcinoma (COAD), lymphoid neoplasm diffuse
large B cell lymphoma (DLBC), esophageal carcinoma
(ESCA), glioblastoma multiforme (GBM), head and neck
squamous cell carcinoma (HNSC), kidney chromophore
(KICH), brain lower grade glioma (LGG), lung squamous
cell carcinoma (LUSC), PAAD, rectum adenocarcinoma
(READ), stomach adenocarcinoma (STAD), thymoma
(THYM), and uterine corpus endometrial carcinoma
(UCEQ)]. This analysis revealed that pancreatic cancer
exhibited marked variation in the expression profile of
ferroptosis regulators. Hence, we further investigated
the role of this change in the prognosis of patients with
pancreatic cancer and the potential crosstalk between the
immune microenvironment and ferroptosis.
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Differential expression and clinical implication
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Further validation of the expression profile of ferroptosis
regulators in pancreatic cancer

The validation cohort consisted of seven GEO datasets with
a distribution similar to that of TCGA cohort regarding the
differential expression of ferroptosis regulators (Figure 2B).
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Overall, most ferroptosis regulators, including SLC3A2,
the major component of the Xc-complex that regulates the
ferroptosis process, were highly expressed in pancreatic
cancer. Unexpectedly, the other component of the

Xc-complex, SLC7A11, did not exhibit significant
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Figure 2 Differential expression profiles of 43 ferroptosis regulators in cancer and normal samples. (A) The differential expression profiles
of 43 ferroptosis regulators in 31 distinct cancer and normal samples. (B) The expression profiles of 43 ferroptosis regulators in seven
Gene Expression Omnibus (GEO) cohorts were similar to the results in the The Cancer Genome Atlas (TCGA)/The Genotype-Tissue

Expression (GTEx) cohort. (C) The expression levels of SLC3A2 and SLC7A11 were upregulated in gemcitabine-resistant pancreatic cancer
cells.
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upregulation in the TCGA cohort, but it was upregulated
in three of the GEO datasets (GSE62452, GSE11838, and
GSE32676). Another key regulator of ferroptosis, GPX4,
was also upregulated in tumor samples, supporting the
biological plausibility of agents targeting GPX4. NCOA4
and CISD1 were upregulated in pancreatic cancer and in
a few other cancer types, suggesting that they play roles
specifically in the pathophysiology of pancreatic cancer and
these few other cancers through ferroptosis regulation. In
addition, we analyzed the proteomic data of the ferroptosis
regulators in the Human Protein Atlas and found that the
protein expression levels of these ferroptosis regulators were
similar to their mRNA levels (Figure S1).

Mutations in _ferroptosis regulators in pancreatic cancer
samples are associated with shorter overall and disease-free
survival times

Mutation data for 43 ferroptosis regulators in 850 samples
were extracted from 4 databases [International Cancer
Genome Consortium (ICGC), Queensland Centre for
Medical Genomics (QCMG), TCGA and University of
Texas Southwestern Medical Center (UTSW)]. Mutation
of ferroptosis regulators was found in 171 samples (20%).
Survival analysis showed that mutations in ferroptosis
regulators in tumor samples were associated with shorter
overall and disease-free survival times (Figure S2A,B).
Compared to samples with copy number alterations in
ferroptosis regulator genes, their unaltered counterparts
had fewer copy number alterations in other genes as shown
in the volcano plot (Figure S2C,D). CDKN2A, TP53,
KRAS and SMAD#4 are the four driver genes in pancreatic
cancer initiation and development. In samples harboring
mutations in ferroptosis regulators, the copy number
alteration frequency of the four driver genes was increased

(Figure S2E).

The Xc-complex and five other ferroptosis regulators are
upregulated in gemcitabine-resistant pancreatic ductal
adenocarcinoma cells

We analyzed the mRNA expression profiles of parental
Pancl cell lines and gemcitabine-resistant Pancl cell
lines in a GEO dataset (GSE80617). Interestingly, seven
ferroptosis regulators were upregulated after continuous
exposure to gemcitabine for 2 months (Table S3). Among
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these upregulated ferroptosis regulators, two components of
the Xc-complex were dramatically upregulated, suggesting
that ferroptosis-inducing agents targeting the Xc-complex
may be promising treatments for gemcitabine-resistant
pancreatic cancer (Figure 2C).

A predictive model based on ferroptosis regulators accurately
evaluates pancreatic cancer patient survival time

To ensure the reliability of this study, we first selected 98
tumor samples with a tumor purity greater than 0.6 for the
subsequent analysis. From the set of 43 ferroptosis regulators,
univariate Cox regression analysis identified 11 genes
associated with the prognosis of pancreatic cancer (Figure 3A).
Among these genes, CISDI, WASF1, GLS2 and SLC3A42
were negatively associated with the overall survival time,
while overexpression of the other genes dictated a prolonged
survival time. Lasso regression was conducted to calculate
the risk value of each sample in terms of survival prognosis
based on the expression level of ferroptosis regulators. To
avoid the overfitting phenomenon, only five genes (CISD1,
WASFI1, SAT1, TMEMS&87A4 and SLC3A2) were retained in
the predictive model after lasso regression (Figure S3). The
risk score curve demonstrated the distribution of tumor
samples based on the lasso risk values calculated by our model
(Figure 3B). As the survival curve shows (Figure 3C), samples
with low lasso risk values were associated with a significant
increase in survival time compared to those with high lasso
risk values (P<0.01). Next, we generated a ROC curve to
evaluate the accuracy of our predictive model. The area under
the curve (AUC) value of this model was 0.713 (Figure 3D),
indicating intermediate statistical accuracy. One GEO cohort
(GSES57495) was used as a validation cohort for our predictive
model. Survival analysis also confirmed a significant survival
advantage for tumor samples with low lasso risk values
(Figure S4A) despite a slight decrease in the AUC value
(which decreased to 0.696) (Figure S4B). Furthermore,
univariate and multivariate Cox analyses were combined to
determine whether the lasso risk is an independent predictive
factor for pancreatic cancer prognosis in our model. Both
the N stage and lasso risk value independently predicted
survival expectancy (Figure 3E,F). Finally, we constructed
a nomogram to help clinicians conveniently use our model
in combination with some clinical characteristics, such as
age, T stage and N stage, to predict the survival expectancy
of a specific patient with pancreatic cancer (Figure 3G).
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Figure 3 Prognostic model for pancreatic cancer based on ferroptosis regulators. (A) Forest plot showing the ferroptosis regulators

associated with the survival of patients with pancreatic cancer; (B) risk score curve showing the distribution of patients with distinct lasso

risk coefficients calculated by our model; (C) survival curve presenting the significant difference between the high- and low-risk groups in

terms of survival outcomes; (D) receiver operating characteristic (ROC) curve showing the good accuracy of our model for the prediction

of pancreatic cancer survival; (E,F) univariate and multivariate regression analyses identified that the risk value calculated by our model is an

independent indicator of pancreatic cancer survival; (G) the nomogram combining ferroptosis-based risk values with several clinical factors

accurately predicted the survival of patients with pancreatic cancer; (FH) the calibration curve confirmed the accuracy of the nomogram.
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The calibration curve indicated the high accuracy of our
nomogram (Figure 3H).

Elevated sensitivity to ferroptosis is correlated with
enbanced immune activity and potential for antitumor
immune therapy

Single-sample gene set enrichment analysis (ssGSEA) was
conducted to quantify the activity or enrichment levels
of immune cells, functions or pathways in pancreatic
cancer samples by analyzing 29 immune-associated gene
sets representing diverse immune cell types, functions
and pathways. Then, 178 tumor samples were clustered
into three groups based on immune activity (Figure 4A4).
Interestingly, when we compared the expression levels
of four essential ferroptosis regulators (ACSL4, GPX4,
SLC3A2 and SLC7AL11) in each immunity-based group,
we found that SLC3A2 was significantly upregulated in the
Immunity_low group (Figure 4B), while ACSL4 showed the
opposite pattern (Figure 4C). Hence, we further explored
potential associations among immune scores, immune cell
infiltration and the expression levels of three key ferroptosis
regulators.

Linear regression analysis showed that SLC3A2 was
negatively associated with the immune score (Figure 4D)
but that ACSL4 was positively correlated with the immune
score (Figure 4D). Next, we investigated correlations
between six types of common infiltrating immune cells and
the expression of ACSL4, GPX4, SLC3A2 and SLC7ALL.
As shown in Figure S5, ACSL4 was positively correlated
with the numbers of B cells, CD8+ T cells, dendritic
cells, macrophages and neutrophils. GPX was negatively
associated with the numbers of CD8+ T cells, dendritic
cells, macrophages and neutrophils. SLC3A2 was negatively
associated only with the number of neutrophils, and
SLC7A11 was negatively correlated with the numbers of
CD4+ T cells and macrophages.

We further divided 178 tumor samples into 4 groups
based on the adjusted expression levels of ACSL4 and the
Xc-complex (Figure 5A). The expression level of the Xc-
complex is defined as the co-expression mean value of
SLC3A2 and SLC7A11. Samples with Xc-"""ACSL4"¢"
exhibited enhanced scores for CD8+ T cells, the type two
interferon response and immune checkpoints, which are
indicators of better efficacy of checkpoint inhibitor-based
antitumor therapy (Figure 5B).
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GO and KEGG analyses of the 43 ferroptosis regulators
reveal alteration of some ferroptosis-related pathways in
pancreatic cancer

GO analysis showed that the 43 analyzed ferroptosis
regulators are enriched mostly in the following biological
processes: “response to oxidative stress”, “glutathione
synthesis and metabolism” and “sulfur compound and amino
acid synthesis and metabolism”. Most translation products
of these genes were distributed at the outer membrane of
organelles. Regulation of ligase and antioxidant activity was
the main molecular function of these ferroptosis regulators
(Figure 6). KEGG analysis revealed that the 43 genes are
involved in the following signaling pathways: “ferroptosis”,
“glutathione metabolism” and “cysteine and methionine
metabolism” (Figure S6). Thus, both the GO and KEGG
analysis results confirmed that the 43 selected genes are
ferroptosis-related and emphasized the role of glutathione
biosynthesis and metabolism in the development of
pancreatic cancer.

Discussion

While an increasing number of studies have explored the
role of ferroptosis in the initiation and progression of cancers
in the past decade, many questions remain unanswered,
and more data remain to be mined (2,24). For example, it
is important to understand which types of cancer are most
sensitive to ferroptosis induction. A primary consideration
is that susceptibility to ferroptosis induction differs
dramatically among cancer cells. Xie et 4/. identified DLBC
cells as the most susceptible to erastin-induced ferroptosis
among several types of cancer cells (breast cancer cells,
lung cancer cells, colon cancer cells, melanocytes, central
nervous system cancer cells and ovarian cancer cells) (25).
We sought to determine the molecular features that a
certain type of cancer should exhibit for susceptibility
to ferroptosis induction. We investigated the expression
levels of 43 ferroptosis regulators in resected human cancer
samples via bioinformatic analysis and identified 14 types of
cancer with upregulation of either the Xc-complex or GPX4
(CHOL, COAD, DLBC, ESCA, GBM, HNSC, KICH,
LGG, LUSC, PAAD, READ, STAD, THYM and UCEC).
High expression of the Xc-complex and GPX4 endows
these cancers with natural robust resistance to ferroptosis.
Given that almost all ferroptosis inducers target either the
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Xc-complex or GPX4, however, we speculated that high
expression of SLC7A11, SLC3A2 and GPX4 may be the
molecular signature of promising efficacy of ferroptosis-
based treatment. In addition, among the 14 abovementioned
cancers, 4 types (PAAD, STAD, CHOL and ESCA) exhibit
ACSL-4 upregulation, which may enhance ferroptosis
sensitivity by enriching cellular membranes with long
polyunsaturated 6 fatty acids, indicating that these cancers
may be susceptible to ferroptosis-inducing treatment (19).
Our findings have important clinical implications. For
example, STAD, one type of tumor, overexpresses only
GPX4 and not the Xc-complex. Thus, when designing the
plan for treating STAD with ferroptosis inducers, regimens
including agents specifically targeting GPX4, such as RSL-
3, ML162 and some kinds of diverse pharmacological
inhibitor (DPI) compounds, should be prioritized.
Recently, many drugs have been reported to induce
ferroptosis via other targets. For instance, statins block
CoQ10 biosynthesis by targeting HMGCR, which leads to
accumulation of lipid peroxidation products and cell death
(26). Therefore, our results also provide guidance for the
use of these regimens in cancer treatment.

Given the associations between some ferroptosis
regulators and pancreatic cancer, we constructed a prognostic
model with good predictive accuracy. In addition, our model
showed intermediate accuracy in a GEO validation cohort,
suggesting its capability to predict pancreatic cancer survival
in other data sources. However, we constructed a nomogram
integrating patients’ age, sex, 1" stage, N stage and risk score
based on the expression levels of ferroptosis regulators,
providing a convenient approach for clinicians to predict the
survival of patients with pancreatic cancer.

The mechanism by which ferroptosis inducers cause
cancer cell death is clear. For example, binding of erastin to
the Xc-complex blocks the import of cysteine. Glutathione
biosynthesis then decreases, leading to insufficient levels of
glutathione, an essential cofactor for GPX4 in lipid peroxide
elimination. Finally, excessive accumulation of lipid
peroxides rapidly causes cell death. In fact, other ferroptosis
inducers exert their effects through a similar mechanism.
However, because ferroptosis is a form of RCD occurring
in physiological cells, the mechanism underlying whether
and how its dysregulation participates in tumor initiation
and progression is unclear. A recent study has demonstrated
that a single-nucleotide polymorphism at codon 47 in TP53
(referred to as S47) inhibits ferroptosis in hepatocellular
carcinoma (HCC) (27). This study concluded that this
variant of p53 causes a defect in ferroptosis induction,
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resulting in an increased risk of cancer in a mouse model. In
patients with breast and lung cancers harboring wild-type
p53, low expression of the IncRNA P53RRA is significantly
correlated with poor survival. Furthermore, Mao ez 4/. found
that the cytosolic PS3RRA-G3BP1 interaction displaces
p53 from the G3BP1 complex, resulting in increased
nuclear accumulation of p53, which leads to ferroptosis (8).
Here, we also discovered that the copy number alteration
frequency was higher in samples harboring mutations in
ferroptosis regulators than in control samples (Figure 3E).
Therefore, TP53 mutation may be a biologically plausible
origin of ferroptosis inhibition in pretumor cells, which
initiates tumorigenesis. Some researchers have referred to
ferroptosis as autophagic cell death (28). NCOA4-mediated
autophagic degradation of iron storage proteins (called
ferritinophagy) controls the accumulation of cellular labile
iron and further induces ferroptosis (28,29). In this context,
the disturbance of cellular autophagic homeostasis also
mitigates ferroptotic activity, which probably promotes
tumorigenesis. Other mechanisms of ferroptosis modulation
in cancers, such as lipid storage (30), regulation of the
OTUBI deubiquitylase (31) and inhibition of Nrf2 (5), are
also interesting.

The tumor microenvironment has become a central
factor focused on by almost all oncologists. Until recently,
however, the crosstalk between the immune system
and ferroptosis has not been studied. Wang et 4/. found
that CD8+ T cells induce ferroptosis during cancer
immunotherapy by releasing interferon gamma, which
downregulates the expression of the Xc-complex (32).
Pancreatic cancer is thought to be a “cold” tumor in terms
of immunotherapy. Hence, developing a new strategy to
stimulate the response of these tumors to immunotherapy
is an urgent task. Here, we found that ACSL4, a biomarker
for ferroptosis sensitivity, is positively associated with
the immune score and the number of CD8+ T cells.
SLC7A11, SLC3A2 and GPX4 are three biomarkers whose
overexpression indicates resistance to ferroptosis induction.
Among these biomarkers, SLC3A2 was negatively
associated with the immune score, and each biomarker
was negatively correlated with the numbers of certain
immune cells. Based on the ssGSEA results, we found
that tumor samples with Xc'*"ACSL4"¢" exhibited higher
scores for CD8+ T cells, the type two interferon response
and immune checkpoints. All these findings suggested that
samples with high sensitivity to ferroptosis may also be
sensitive to checkpoint inhibitor-based immunotherapy
and vice versa. Under these circumstances, immunotherapy
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combined with a ferroptosis inducer is a feasible therapeutic
approach for pancreatic cancer, but more studies are needed
to confirm this conclusion.

Gemcitabine is the first-line adjuvant chemotherapeutic
drug for pancreatic cancer. Here, we found that both
SLC7A11 and SLC3A2 are upregulated in gemcitabine-
resistant cancer cells. Previous studies have proposed many
explanations for chemotherapeutic resistance. For example,
scientists have shown that cytotoxic, chemotherapy-
associated release of prostaglandin E2 (PGE2) promotes
the repopulation of neighboring cancer stem cells (33).
Here, we hypothesized the following potential mechanism
by which tumor cells acquire drug resistance: a decline in
ferroptosis sensitivity mediated by upregulated expression
of the Xc-complex. However, more studies are needed to
confirm our hypothesis.

Our study has some strengths. First, in this human
tissue-based study, we systematically explored the expression
of 43 ferroptosis regulators in 31 distinct cancers. Thus,
this study is more convincing and valuable than other cell-
based and single-cancer analyses in the literature. Second,
our prognostic model and nomogram have considerable
clinical implications, especially for clinicians asked to
provide a potential patient survival time. Third, we are the
first to correlate enhanced immune activity with enhanced
ferroptosis sensitivity and robust gemcitabine resistance
with diminished ferroptosis sensitivity in pancreatic cancer.
Certainly, our study also has some limitations. First, we
used only the sample information recorded in TCGA,
GEO and other existing online databases, and we did not
analyze fresh samples. In addition, due to the severe lack
of data for the M stage in pancreatic cancer samples in
TCGA database, we analyzed only the T and N stages for
nomogram construction.

In conclusion, our study outlined the expression profiles
of 43 ferroptosis regulators in 31 cancers and constructed a
ferroptosis regulator-based prognostic model for pancreatic
cancer. We also discussed the potential relationships among
the immune microenvironment, gemcitabine resistance
and ferroptosis sensitivity. Future studies are expected to
elucidate the underlying mechanism by which immune-
related factors mediate the regulation of ferroptosis
sensitivity.
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