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ABSTRACT

Increasing studies have highlighted the importance of ferroptosis in colorectal cancer (CRC).
However, how to use ferroptosis-related genes (FRGs) to predict the prognosis and guide the
treatment of CRC remains unknown. To build a prognostic prediction model using the GEO and
TCGA databases and explored a therapeutic strategy for CRC patients based on FRGs. A total of 60
FRGs were identified and three of them including ACACA, GSS, and NFS1 were associated with the
prognosis of CRC. Using Lasso regression analysis, an FRGs signature was constructed and
validated as an independent prognostic predictor. Then we developed a nomogram based on
the FRGs signature and clinical prognostic factors to predict the prognosis of CRC patients, which
was better than the traditional TNM staging system. Single-sample gene set enrichment analysis
(ssGSEA) was further performed for the functional analysis and suggested that JAK-STAT signaling,
Ras signaling pathway, MAPK signaling pathway, and PI3K-Akt signaling pathway were signifi-
cantly enriched in CRC patients with higher FRGs risk score. Interestingly, CRC cells with higher
FRGs risk score were more sensitive to RSL3. Knocking down GSS and NFS1 increased the FRGs risk
score and the sensitivity of CRC cells to RSL3. For the clinic use, we screened 75 FDA-approved
cancer drugs and found that Fludarabine phosphate could decrease the expression of GSS and
NFS1 most. Fludarabine phosphate, in combination with RSL3, showed a strong synergistic effect
on CRC cells. Together, this study identified a potent prognostic model and provided an alter-
native individualized treatment for CRC patients.
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1. Introduction

Colorectal cancer (CRC) is one of the most fre-
quently occurring malignant gastrointestinal
tumors, and it remains the second leading
cause of cancer-related mortality worldwide,
with an estimated 1.4 million new cases and
693, 900 related deaths in 2020 [1,2]. The com-
bination of curative resection and adjuvant che-
motherapy has become the standard therapeutic
method and achieved a significant improvement
in the overall prognosis of CRC [3]. However,
a series of epigenetic and metabolic changes
confer high migration and invasion capabilities
in colorectal cancer cells [4], leading to a 5-year
survival rate of approximately 12% for metastatic

colorectal cancer [5]. For decades, the American
Joint Commission on Cancer/International
Union against Cancer tumor-node-metastasis
(TNM) staging system has been the gold stan-
dard for estimating the prognosis of colorectal
cancer. However, many patients at the same
stage have varied clinical prognoses, and even
patients with stage IIb tumors tend to have
a poorer prognosis than those with stage Illa
tumors [6], suggesting that the TNM staging
system has shortcomings in the prediction of
CRC prognosis. Therefore, an approach combin-
ing the TNM staging system and other prognos-
tic stratification parameters is desperately
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needed to guide decision-making and reveal per-
sonalized treatment strategies.

Ferroptosis was recently recognized as a type
of regulated cell death marked by the iron-
dependent accumulation of lipid hydroperoxides
and has emerged as an essential factor in tumor
biology [7]. Dysregulation of ferroptosis has been
implicated in various disease states such as neu-
rodegeneration, ischemia-reperfusion injury, and
cancer [8]. Increasing studies have highlighted
the importance of ferroptosis in the development
and treatment of CRC [9,10]. For example, Wei
et al. reported that activation of p53 with small
molecule compounds induced strong inhibitory
activity against HCT116 cells via ferroptosis [11].
Lee and his colleagues showed that combinatorial
treatment with ferroptosis agents and tumor
necrosis factor related apoptosis inducing ligand
resulted in synergistic apoptosis and growth
regression of CRC [12].

Given the significance of FRGs in CRC patients
[13,14], ferroptosis-related genes (FRGs) may hold
great promise as therapeutic targets and prognostic
predictors in CRC. In this study, we aimed to use
FRGs to predict the prognosis and guide the treat-
ment of CRC. We developed and validated an FRGs
signature based on three prognostic FRGs (ACACA,
GSS, and NFS1) to predict the prognosis of CRC
patients. Using the FRGs signature and clinical prog-
nostic factors, we constructed and validated
a prognostic nomogram, which was better than the
traditional TNM staging system. To clarify the
potential mechanism that FRGs signature acts as an
independent risk factor for the prognosis of CRC,
single-sample gene set enrichment analysis
(ssGSEA) was performed and suggested that JAK-
STAT signaling, Ras signaling pathway, MAPK sig-
naling pathway, and PI3K-Akt signaling pathway
were significantly enriched in CRC patients with
higher FRGs risk score. Interestingly, we found that
CRC cells with higher FRGs risk score were more
sensitive to ferroptosis, which was validated by
knockdown GSS and NFS1 expression. Through
drug screening, we found that fludarabine phosphate
decreased GSS and NFS1 expression most and
showed a strong synergistic effect with RSL-3 on
CRC cells. Together, this study identified a potent
prognostic model and provided an alternative indi-
vidualized treatment for CRC patients.
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2. Materials & Methods
2.1 Data collation and analysis

The transcriptome data and clinical data were col-
lected from a publicly available dataset (GSE39582)
from the NCBI Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE39582) and The Cancer Genome
Atlas (TCGA) database (https://cancergenome.nih.
gov/). The mRNA expression profiles of 556 colon
cancer patients from the GSE39582 dataset were uti-
lized as the training set, and those of 287 colon cancer
patients from the TCGA dataset were selected as the
validation dataset. Individuals who meet the following
criteria were included: (1) integrated pathological
diagnosis of colon cancer, (2) available mRNA expres-
sion data, and (3) available survival information. Sixty
FRGs assessed were summarized in Zhang’s study
[15], and the ferroptosis pathway (map04216) was
obtained from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway.

2.2 Identification and construction of the FRGs
signature

Eighteen FRGs were first screened out by univari-
ate Cox analysis (P < 0.05). Three of them
(ACACA, GSS, and NFS1) were still associated
with the prognosis of CRC patients (P < 0.01).
Lasso Cox regression model was applied to obtain
the regression coefficients for these crucial candi-
date genes for the signature. Kaplan-Meier survival
analysis was performed to compare and analyze
the overall survival of those with high and low
signature scores. The predictive FRGs signature
was validated externally with the same formula
and cut off in the TCGA dataset.

2.3 Functional enrichment analysis

The molecular functions of FRGs were investigated by
Gene Ontology (GO) analysis and KEGG pathway
analysis via the Database for Annotation,
Visualization, and Integrated Discovery (DAVID)
(https://david.ncifc rf.gov/). The protein-protein
interaction (PPI) network of the FRGs was explored
with the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) database (https://stringdb.
org). The immunological biological functions of the
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prognostic genes in high-risk and low-risk patient
groups were analyzed by ssGSEA.

2.4 Risk model and clinical characteristics
analysis

Multivariate cox regression analysis was performed to
identify independent risk factors, including sex, age,
TNM stage, and FRGs score. All the independent risk
factors were enrolled into construct a nomogram
including clinical data and the risk score. The area
under the (AUC), concordance index
(C-index), receiver operating characteristic (ROC),
and calibration plots were used to confirm the perfor-
mance of the nomogram.

curve

2.5 Cell culture and transfection

The CRC cell lines SW480 and Caco2 were purchased
from Xiangya Cell Line Library (Hunan, China), and
the human colorectal epithelial cell line NCM460 was
obtained from the Myocardial Ischemia Laboratory,
affiliated with Harbin Medical University. All the cell
lines were cultured in 1640 medium (BI, Israel) sup-
plemented with 10% fetal bovine serum (BI, Israel)
and 1% penicillin-streptomycin (BI, Israel). All cells
were incubated at 37°C in humidified air with 5%
CO,. Transfection of siRNA (GenePharma, China)
was performed according to the manufacturer’s
instructions. A nontargeting siRNA was used as
a control. The siRNA sequences are shown in
Supplement Table 1.

2.6 Drugs and inhibitors

An inducer of ferroptosis [a specific GPX4 inhibitor
1S,3 R-RSL3 (T3646)], inhibitors of ferroptosis [fer-
rostatin (Fer-1; T6500), deferoxamine mesylate (DFO;
T1637)], an inhibitor of apoptosis [Z-VAD(OMe)-
FMK (Z-VAD; T6013)] and an inhibitor of necrosis
[necrostatin-1 (Nec-1; T1847)] were purchased from
Target Mol (China, Shanghai). ML210 (S0788) and 75
FDA-approved drugs were purchased from Selleck.
Drug list is shown in Supplement Table 2.

2.7 Cell viability assays

Cell viability was assessed using a Cell Counting
Kit-8 (CCK-8) assay (Bimake, USA) according to

the manufacturer’s instructions. Cells were seeded
into 96-well plates at 6,000 cells/well and cultured
for 24 h. The 96-well plate contained with small
molecule drugs was incubated for 18, 24, 36, and
48 h. Finally, the absorbance of each well was
measured using a spectrophotometer (Beckman,
USA) at an emission wavelength of 450 nm. The
combination index (CI) scores for Loewe additiv-
ity were acquired using the Ting Chao Chou CI-
isobologram equation applied in CompuSyn
(http://www.combosyn.com/) [16].

2.8 Total RNA extraction and quantitative
real-time PCR

Total cellular RNA was isolated using
MagZolReagent (R4801-01, Magen) and Genomic
DNA contamination was eliminated by treatment
with DNase I (R223-01 Vazyme). First-strand
cDNA synthesis was synthesized with a HiScript
II Q RT SuperMix for qPCR Kit (R223-01
Vazyme) according to the manufacturer’s proto-
col. Quantitative real-time PCR was carried out
using Power 2x SYBR Green qPCR Master Mix
(B21702, Bimake). The reaction was run and ana-
lyzed using the QuantStudio 3 Real-Time PCR
System (Applied Biosystems). The relative quanti-
tation expression levels of marker genes were nor-
malized to GAPDH. Primers used are listed in
Supplemental Table 1.

2.9 Lipid ROS assay

Cells in 6-wells plate were incubated with PBS con-
taining 5 pM C-11 BODIPY probes (Invitrogen,
D3861) for 30 min. Then cells were harvested and
washed twice with PBS. We used the Cytek Athena
flow cytometry system to analyze the lipid ROS levels
in FITC channel, and the data were analyzed by
FlowJo 10. Three hundred thousand or more cells
were analyzed for each sample.

2.10 Statistical analysis

The ‘clusterProfiler’ R package was utilized to con-
duct GO and KEGG analyses. Univariate and mul-
tivariate Cox regressions were implemented to
identify independent predictors of OS by using
the ‘survival’ and ‘survminer’ package in R. ROC
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analyses and the subsequent calculation of AUC
were performed using the ‘survivalROC’ package.
The immune infiltrating score of 16 immune cells
and the activity of 13 immune-related pathways in
the tumor microenvironment (TME) were calcu-
lated by calculating ssGSEA with the application of
the ‘GSVA’ ‘GSEAbase’ and ‘ggpubr’ package in
R. The values for each experiment are representa-
tive of at least three independent experiments.
P < 0.05 was considered statistically significant.

3. Results

3.1 Screening of FRGs associated with the
prognosis of CRC patients

Considering the importance of FRGs in CRC
patients, targeting ferroptosis-related genes may
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predictors. As the flow chart showed (Figure 1),
we aimed to use FRGs to predict the prognosis and
guide the treatment of CRC. To explore the func-
tion of FRGs in CRC patients, in the GSE39582
training cohort, we identified 18 ferroptosis-
related genes related to the prognosis of CRC
patients based on univariate Cox regression analy-
sis (P < 0.05) (Figure 2a). GO and KEGG pathway
analyses showed that these FRGs were mainly
enriched in cholesterol biosynthetic process, cellu-
lar amino acid metabolic process, and metabolic
pathways (Figure 2b). The protein-protein interac-
tion network among the 18 genes was established
using the STRING online platform (Figure 2¢). To
further evaluate the prognostic significance of
these genes, K-M survival curves were drawn and
only three genes were significantly associated with
the prognosis of CRC patients including ACACA,

provide therapeutic targets and prognostic =~ NFSI1, and GSS (P < 0.01) (Figure 2 (d-f)).
RNA profile Fermroptosis-related
from GSE 39582 genes (n=60)
[ |
Univanate Cox
- regression (P<0.05)
Candidate genes
with prognostic
value (n=18)
p— K-M survival
oy €000 Famcion
& analysis
Clinicopathological Three-gene nisk TCGA
factors score model D E— dataset
Validation ‘
Constructionof | «
the nomogram Validation

VN

Calibration
plot

Figure 1. A flowchart of the study.
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3.2 Construction and validation of FRGs
signature

Using these three genes, a prognostic FRGs signa-
ture was constructed through Lasso regression
analysis. The risk score of each patient was
assessed with the following formula = (-0.295
x expression of ACACA) + (-0.158 x expression
of NFS1) + (-0.289 x expression GSS). Based on
the same formula and median cutoff value (-6.69),
patients in training (GSE39582) and validation
(TCGA) cohorts were evenly distributed into

4 p value Hazard ratio |
ABCC1  0.010 0.789 (0.658-0.946) !
ACACA 0.001 0.690 (0.550-0.866) |=ii=eq |
ACSF2 0.043  0.830 (0.693-0.994) -
ATP5MC3 0.004 0.677 (0.519-0.884) == !

CISDI  0.038 0.775 (0.609-0.986) ==
CRYAB  0.010 1.171(1.038-1.321) I
cs <0.001 0.621 (0.490-0.785) a—o !
FANCD2 0.030 0.768 (0.605-0.974)  f—a—f

FDFT1  0.037 0.812(0.668-0.988)  |j=i=—f
GLS2  0.042 0.813(0.666-0.992)  |=a—f
GSS <0.001 0.620 (0.482-0.797) p=a—f !
HMGCR  0.007 0.777 (0.645-0.934)  |=a—f'
KEAP1  0.023 0.696 (0.509-0.951) |—a—y'
LPCAT3 0010 0.731(0.575-0.929) |=a—{"
NFS1 0.001 0.685 (0.546-0.859) |1~ '
NOXI  <0.001 0.857(0.788-0.933) '
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high or low groups. Principal component analysis
showed that high-risk patients were clearly differ-
entiated from those at low risk in both cohorts
(Figure 3(a- b)). Notably, patients in the high-
risk group had a poorer prognosis than those in
the low-risk group based on the K-M survival
analysis in GSE39582 cohort (five-year overall sur-
vival rate, 60.7% vs. 75.3%) and TCGA cohort
(five-year overall survival rate, 30.5% vs. 66.3%)
(Figure 3(c-d)). The distributions of the risk score,
survival status, and a heatmap of the gene expres-
sion profile are presented in Figure 3e and 3f,
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Figure 2. Identification of optimal prognostic ferroptosis-related genes in GSE 39582. (a) Univariate Cox regression analysis of
gene expression and overall survival. (b) Gene ontology (GO) terms and Kyoto Encyclopedia of Gene and Genomes (KEGG) pathways
of the 18 candidate genes. (c) Interaction among the candidate genes analyzed through protein-protein interactions (PPI) network.
(d-f) Kaplan-Meier survival curves for the overall survival in the high and low expression group of ACACA (d), GSS (e), and NFS1 (f) in

GSE 39582.



suggesting that patients in the high-risk group had
lower expressions of GSS, ACACA, and NFS1, and
more death cases.

3.3 Identification of FRGs signature as an
independent prognostic predictor

To verify the predictive effect of the FRGs sig-
nature on the prognosis of CRC, we performed
univariate Cox regression analyses and results
showed that FRGs signature was associated with
the poor prognosis in training (HR = 2.848,
95% CI = 1.847-4.394, P < 0.001) and
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validation (HR = 2.932, 95% CI = 1.363-6.305,
P = 0.006) cohort (Figure 4(a-b)). To explore
the independent prognostic predictor of CRC,
FRGs signature and clinic parameters were
entered into multivariate Cox regression ana-
lyses. In the training cohort, independent prog-
nostic predictors for CRC were found to be
gender (HR = 2.541, 95%CI 1.649-3.916),
FRGs signature (HR = 2.541, 95%CI 1.649-
3.916), age (HR = 0.695, 95%CI 0.517-0.934)
and TNM stage (HR = 2.027, 95%CI 1.643-
2.500) (Figure 4c). In the validation cohort,
the FRGs signature was further validated as an

TCGA
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Figure 3. Construction and validation of the three-gene risk score model. (a-b) Principal component analysis plot of GSE 39582
(a) and TCGA dataset (b). (c-d) Kaplan-Meier survival curves for the overall survival in high and low-risk group in GSE 39582 (c) and
TCGA dataset (d). (e-f) The distribution of risk score, overall survival status, and gene expression profile in GSE 39582 (e) and TCGA

dataset (f).
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independent prognostic predictor (HR = 2.541,
95%CI 1.649-3.916) (Figure 4d).

3.4 Establishment and validation of an FRGs
nomogram

Clinically, patients with the same stage have varied
clinical prognoses, suggesting a need for a more
accurate predictive model [17]. To further opti-
mize the predictive model, all predictors including
the risk score, age, gender, and TNM stage, were
extracted to establish a nomogram to predict the
survival probability at 3 and 5 years (Figure 5a).
The practicability of the nomogram was proven by
assessing the area under the ROC curve, and the
C index of the nomogram was 0.743 for 3-year OS
and 0.714 for 5-year OS in the training cohort
(Figure 5(b-c)). Moreover, the ROC curve also
showed a favorable predictive ability for the
3-years OS rates in the validation dataset
(AUC = 0.725, 0.721 for 3-year and 5-year OS

& GSE 39582 b
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0123
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respectively) (Figure 5(d-e)). The calibration
curve results showed an excellent match with
nomogram prediction and the actual survival rate
in the GEO training cohort and the TCGA valida-
tion cohort (Figure 5(f-i)). The findings of the
decision curve analysis for both cohorts indicated
that our nomogram might perform better than
other models in predicting the survival of CRC
patients (Figure S1 (a-b)).

3.5 Functional analyses of the FRGs signature in
CRC

To clarify the potential mechanism that FRGs sig-
nature affects the prognosis of CRC, we analyzed
the GO gene sets and KEGG gene sets between
high-risk and low-risk groups using ssGSEA [15]
(Figure 6(a-b)). We found that JAK-STAT signal-
ing, Ras signaling pathway, MAPK signaling path-
way, and PI3K-Akt signaling pathway were
significantly enriched in the high-risk group
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Figure 4. Prognostic performance of the risk score model. (a-b) Univariate analysis Cox regression analysis of the risk score
model and clinico-pathological factors in GSE 39582 (a) and TCGA dataset (b). (c-d) Multivariate analysis Cox regression analysis of
the risk score model and clinicopathological factors in GSE 39582 (c) and TCGA dataset (d).
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Figure 5. Development and validation of the nomogram. (a) Development of the nomogram. (b-c) ROC curves of the nomogram,
gender, age, and TNM stage at 3 (b) and 5 years (c) in GSE 39582. (d-e) ROC curves of the nomogram, gender, age, and TNM stage at
3 (d) and 5 years (e) in the TCGA validation dataset. (f-i) Calibration plots for 3 (f) and 5 years (g) overall survival prediction in GSE
39582, and for 3 (h) and 5 years (i) overall survival prediction in TCGA validation dataset.

signature predicted the poor prognosis of CRC.
In addition, we found that many immune-related
gene sets were significantly enriched in the high-

(Figure 6b). These pathways were usually reported
to be associated with tumor progression, and could
partly explain the reason that higher FRGs
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risk group (Figure 6(a-b)). Furthermore, we quan-
tified the enrichment scores of diverse immune
cell subpopulations, related functions, or pathways
with ssGSEA, most of which were enriched in the
high-risk group in both cohorts (Figure 6(c-d)).
These finding suggested that FRGs signature was
highly associated with immunity and further
researches were needed to clarify the association.

3.6 Higher FRGs risk score predicts more
sensitivity to ferroptosis-inducer

Considering that the FRGs signature was an inde-
pendent prognostic risk factor, we wondered
whether the FRGs signature was associated with
ferroptosis-related therapy. We firstly checked the
mRNA levels of ACACA, NFS1, and GSS in dif-
tferent CRC cell lines and normal colon cell line by
RT-PCR and calculated their FRGs signature based
on the formula mentioned above (Figure 7a).
Interestingly, the SW480 cell line with the highest
FRGs signature was most sensitive to RSL3,
a ferroptosis inducer, while NCM460, a normal
intestinal epithelial cell line, with the lowest
FRGs signature was insensitive to RSL3
(Figure 7b). To further clarify the association of
FRGs signature and ferroptosis inducers, we
silenced ACACA, NFSI, and GSS in the Caco2
cell line (Figure 7¢), and found that cells with
knockdown of NFS1 or GSS were more sensitive
to RSL3, while knockdown ACACA did not
change the sensitivity of Caco2 cell line to RSL3
(Figure 7d). In order to check whether ferroptosis
is induced by RSL3 in CRC cell lines, different
ferroptosis inhibitors were used under RSL3 treat-
ment. As expected, ferroptosis inhibitors such as
Fer-1 or DFO, but not apoptosis or necrosis inhi-
bitors, could block the death induced by RSL3
treatment (Figure 7e). PTGS2, a marker for fer-
roptosis, is highly increased under the RSL3 treat-
ment (Figure 7f) [18]. What’s more, lipid ROS was
also increased after RSL3 treatment, especially in
SW480 cells (with the highest FRGs signature)
(Figure 7g). Expression of PTGS2 and lipid ROS
were further increased in GSS or NFS1 knockdown
Caco2 cells after RSL3 treatment (Figure 7(h-i)).
These findings suggested that cells with higher
FRGs signature were more sensitive to ferroptosis-
inducers.

3.7 Fludarabine phosphate has a synergistic
effect in combination with ferroptosis-inducer

We have confirmed that down-regulating NFS1
and GSS could increase the sensitivity of CRC
cells to ferroptosis-inducers (Figure 7d). To iden-
tify the drugs which could have a synergetic effect
with ferroptosis-inducers, we screened 75 FDA-
approved cancer drugs and found that fludarabine
phosphate (F-ara-A) inhibited NFS1 and GSS
expression most (Figure 8a). Additionally, F-ara-
A sensitized colon cells to RSL3 in a dose-
dependent manner (Figure 8b). Similarly, the
same trend was presented in the lipid-
peroxidation assay. The addition of F-ara-A
increased the proportion of ferroptosis cells,
which suggested the F-ara-A enhanced the sensi-
tivity of colorectal cancer to ferroptosis
(Figure 8c). Moreover, the isobologram and com-
bination index (CI) was calculated based on com-
bination theory with CI<0.9 representing synergy
[16]. We found that there was a strong synergistic
effect between F-ara-C and RSL3, with an average
CI of 0.67 (Figure 8(d-f)). In summary, F-ara-A
could sensitize CRC cells to RSL-induced ferrop-
tosis by downregulating NFS1 and GSS, which
provide a potential therapeutic avenue for CRC
(Figure 8g).

4. Discussion

Ferroptosis is a new nonapoptotic form of cell
death characterized by lipid reactive oxygen spe-
cies accumulation [7]. The most relevant mechan-
isms regulating the ferroptosis were amino acid
and lipid metabolism [8]. Amino acids and lipid
levels impact tumor cell pathologic behavior (pro-
liferation or death), resulting in gene-dependent
changes in the stimulation response [19].
Moreover, the drug resistance and exist of color-
ectal cancer stem cells pose a major challenge in
the achievement of lower mortality and effective
therapeutic strategy [20,21]. Notably, many studies
had confirmed that ferroptosis presents a new
therapeutic avenue for drug-resistance cells [22-
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Figure 6. Pathway analysis and ssGSEA scores comparison between the high and low-risk groups. (a-b) GO terms (a) and
KEGG pathway analysis in GSEA enrichment. (c-d) The scores of 16 immune cells and 13 immune-related functions in high and low-

risk group in GSE 39582 (c) and TCGA dataset (d).

24], which highlighted the role of ferroptosis in the
treatment of CRC patients.

In this study, we identified three genes related
to CRC patient prognosis from 60 ferroptosis-

related genes based on the GEO database.
ACACA, a protein-coding gene, can encode
acetyl-CoA carboxylase 1 that catalyzes the car-
boxylation of acetyl-CoA to malonyl-CoA.



2508 (&) S.DUETAL

a b RSL3 treatment for 18H RSL3 treatment for 36H
10 120 WS
. E ACACA o = SW430
B o o D - Caco2
is = NFS1 H £ o W A -+ NCM460
& = GSS £ £ §
26 £ £ 60
< z ]
z ERY
%4 S S
£ S SN < S
E 102 10 100 101 102 102 10+ 100 101 102
0 RSL3 uM RSL3 pM/
SW480 1C50-0.9376 uM (0.6619-1.377) SW480 1C50-0.2308 uM (0.1883-0.2932]
SW4s0 Caco2 NCM4e0 Caco2 1C50: \lj:l\if (12.19-15.55) Caco2 1C50-4.506 \121 (4.07
NCM460 IC50=25.34 uM (21.88-28.99) NCM460  1C50=9.338 uM (8.567-10.18)
RSL3 treatment for 24H in Caco2 RSL3 treatment for 48H in Caco2
¢ Caco2 m Acaca d 100 100 - siCon
. 1.29 = NFS1 i . & SIACACA
£ 1.04 m GSS g 80 g 80 -+ siNFS1
A £ g
° = 60: = - siGSS
£ 0.84 £ £
<t 2 40 Z 40
2 0.69 = } =
] = 20 = 20 o
£ 0.49
g T T T 1 T T T J
£ 024 0.4 1 10 100 0.4 1 10 100
g RSL3(HM/mI) RSL3(uM/ml)
0.0~ sictl  1C50=11.64 uM (9.533-14.36) siCon  IC50=4.014 uM (3.524-4.610)
AN Qo SIACACA  C50=10.86 uM (9.201-12.95) SIACACA 1C50=3.981 M (3.723-4.234)
& &S L & SINFS1  1C50=2.935 uM (2.282-3.711) SINFST  1C50=2.046 M (1.778-2.361)
s PN N
& 3 2 SIGSS  IC50=7.941 uM (6.313-9.912) SIGSS  1C50 =2.357 uM (2.139-2.601)
& SW480 Caco2 NCM460
120 120 ke — kK 120- = Kk e
P
100 100 100
Z Z &
£ 80 Z 80 2 807
z 2 2
=60 60 5 60
3 3 3
S 40 ° 40 S 40
RS X "
20 20 20
] 0
RSL3(1uM) - + 4+ + + + RSL3(8uM) - + & & + + RSL3(20pM) - + + + + +
Z-VAD(50uM) - - + - - - Z-VAD(SOuM) - - + - - - Z-VAD(50uM) - - + - - -
Necl(10uM) - - - 4+ - - Necl(lOuM) - - - + - - Necl(l10uM) - - - + - -
Fer-1(10pM) - _ = + - Ferl(lOuM) - - - - 4+ - Fer-1(10pM) - - - - + -
DFo(1oopM) - - - - _ 4+ DFO{o0OuM) - - - - - 4+ DFO(100pM) - - - - - +
f
PTGS2 g
s v mm Swago  w]swaso oo | ] Cacoz DMSO 51480 NCM460 DS 445
£ _ m_—— = Caco2 RSL344.7% | — Ret3308% e {'(\ RSL38.56
7 -aco.
ie = NCM460 2 2 2 | |
: E ;?
z, % o] 3 f b I \
Z | S | 3
: ‘ il \
2, 100 ’| 'ly‘ | | | \
k! o ,

o

4uM RSL3 8uM RSL3
h Caco2
|l siCtrl
mm siNFs1
m siGSs

Relative PTGS2 mRNA expression

4uM RSL3

8uM RSL3

Lipid-ROS

siGSS

SINFS1

0

Figure 7. Higher FRGs signature predicts more sensitivity to ferroptosis-

inducer. (a) The expression of ACACA, NFST and GSS in SW480, Caco2 and NCM460 cells (GAPDH as acommon reference). (b) Cell
viability was assayed by CCK-8 kit after treatment with RSL3 (0, 1.5625, 3.125, 6.25, 12.5, 25, and 50 pM) for 18 or 36 hrs. (c)
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Acetyl-CoA carboxylase 1 is an essential rate-
limiting enzyme of fatty acid metabolism and
the biosynthesis of polyunsaturated fatty acids
[25,26] and polyunsaturated ether phospholipids,
the main substrates for lipid peroxidation and
the induction of ferroptosis [27]. Undoubtedly,
ACACA is of great significance in ferroptosis.
GSS, encoding glutathione synthetase, regulates
the synthesis of glutathione, which is an essential
component of the reactive oxygen species
scavenging system [28]. NFS1 delivers sulfur to
scaffold protein iron-sulfur clusters and plays
roles in DNA maintenance, protein translation,
and energy conversion. Richard Possemato et al.
reported that suppression of NFS1 could trigger
iron starvation and promoted ferroptosis when
cells encountered ROS [29]. These findings sug-
gested that these three genes are important for
the regulation of ferroptosis.

Based on these three genes, we built a signature to
predict the prognosis of CRC patients. The FRGs
signature shows certain predictive feasibility in both
training and validation cohorts, and the risk score of
FRGs signature is an independent prognostic indica-
tor of overall survival. ssGSEA was performed to
explore the potential mechanism of how FRGs signa-
ture affects the prognosis of CRC, and we found that
some pathways such as JAK-STAT signaling and Ras
signaling pathway, were significantly enriched in CRC
patients with higher FRGs risk score. Moreover, the
degree of immune cell infiltration and their expres-
sion levels in the two groups were different. We found
that the high-risk group was with higher immune
scores and relatively lower tumor purity. The detailed
mechanism needs further investigations.

Many previous studies had highlighted the impor-
tance of ferroptosis in predicting tumor prognosis.
For example, Qian and his colleagues reported
a ferroptosis-related predictive model in papillary
thyroid carcinoma patients [30]. Qi et al. constructed
a novel prognostic signature based on FRGs in cer-
vical cancer [31]. However, these studies didn’t
investigate their implications for cancer treatment.
Here, we further explored the role of FRGs signature
on CRC therapy. We found that CRC cell lines with
low expression of the genes in FRGs signature, GSS

or NFS1, were more sensitive to RSL-induced fer-
roptosis. The reasons might be that downregulation
of GSS could affect the synthesis of glutathione [32],
while NFS1 might affect the cell sensitivity to ferrop-
tosis through regulating the synthesis of Fe-S clusters
in the iron metabolic pathway [29,33]. We next
screened 75 FDA-approved drugs and identified flu-
darabine phosphate as a potential clinically applic-
able inhibitor of GSS and NFS1. Combination of
fludarabine  phosphate and RSL3  showed
a synergistic effect on CRC cell viability.
Altogether, our prediction model based on FRGs
can not only improve individual prognosis monitor-
ing but also provide a new ferroptosis-related treat-
ment strategy for CRC patients.

Inevitably, there are still some inherent limitations
in our research. First, further mechanism studies were
needed to uncover the exact role of each gene. Second,
some information such as treatment was not involved
in our study. Third, an external validation based on
prospective and large-scale clinical trials was needed
to evaluate the prediction ability of the models.

5. Conclusions

In summary, we constructed and validated
a prognostic and therapeutic prediction model
based on FRGs. Our findings will assist with deci-
sion making for clinicians and improve the treat-
ment for CRC patients.

Research highlights

® FRGs signature is an independent prognostic
predictor in CRC patients.

e The FRGs-based nomogram functions better
than TNM staging system on the prognosis.

e Fludarabine phosphate combined with RSL3
has a synergistic effect on CRC cells.
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