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Background: Colorectal cancer (CRC) ranks as the third most common malignancy
worldwide but a reliable prognostic biomarker of CRC is still lack. Thus, the purpose of our
study was to explore whether ferroptosis - related lncRNAs could predict the prognosis
of CRC.

Methods: The mRNA expression profiling of colon adenocarcinoma (COAD) and rectum
adenocarcinoma (READ) patients in The Cancer Genome Atlas (TCGA) database were
downloaded. Univariate Cox and multivariate Cox regression analyses was used to obtain
prognostic differently expressed ferroptosis-related lncRNAs (DE-FLs) and a risk signature
was developed. Quantitative polymerase chain reaction (q-PCR) was used to validated the
different expressions of DE-FLs. The calibration curves, C-index and the receiver operating
characteristic (ROC) curves were applied to evaluate the accuracy of nomogram. Gene set
enrichment analyses (GSEA) were carried out to explore the biological mechanism
between high- and low-risk group and the potential regulated pathway of prognostic
DE-FLs in CRC.

Results: Forty-nine DE-FLs were identified between CRC and normal tissue. Then, a 4-
DE-FLs (AC016027.1, AC099850.3, ELFN1-AS1, and VPS9D1-AS1) prognostic
signature model was generated. AC016027.1 was downregulated in CRC tissue;
VPS9D1-AS1 and ELFN1-AS1 were upregulated by q-PCR. The model had a better
accuracy presenting by 1-, 3-, and 5-years ROC curve (AUC ≥0.6), and identified survival
probability (p < 0.05) well. Moreover, the risk signature could play as an independent factor
of CRC (p < 0.05). Further, a nomogram including age, pathologic stage, T stage, and risk
score with good prognostic capability (C-index � 0.789) was constructed. In addition, we
found biological pathways mainly related to metabolism and apoptosis were down-
regulated in high-risk group who with poor outcome. Finally, the functional enrichment
showed prognostic DE-FLs may significantly impact bile secretion in CRC.

Conclusion: A risk model and nomogram based on ferroptosis-related lncRNAs were
created to predict 1-, 3-, and 5-years survival probability of CRC patients. Our data
suggested that the prognostic lncRNAs could serve as valuable prognostic marker.
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INTRODUCTION

CRC is the third major cause of cancer mortality in industrialized
countries, which seriously endangers human health (Siegel et al.,
2018). The relevant data of the World Health Organization
(WHO) shows that the incidence of CRC has begun to decline
in some developed countries, but it still remains increase in the
developing world (Zeuner et al., 2014). In new CRC diagnoses,
20% of patients have metastases at presentation and another 25%
with localized disease will later develop metastases (Biller and
Schrag, 2021), therefore early disease diagnosis is especially
critical. Despite the encouraging amelioration in CRC
diagnostic and therapeutic methods, a relatively high
proportion of CRC patients suffering from poor survival
outcomes still exists because of late disease detection and
lacking availability of adequate risk-assessment biomarkers
(Yang et al., 2021). Thus, it is urgently to identify novel and
reliable biomarkers for the individualized diagnosis of CRC,
which may potentially improve overall outcome of this disease.

Ferroptosis is considered a nonapoptotic, iron-dependent
form of cell death with three hallmarks including oxidation of
polyunsaturated fatty acid, redox active iron and lipid peroxide
repair loss (Dixon et al., 2012; Jiang X. et al., 2021). Cancer cells
are more vulnerable to ferroptosis due to their high demand of
iron to support fast proliferation (Hassannia et al., 2019).
Recently, evidence is emerging that ferroptosis has a tumor-
suppressor effect that could be employed for tumor treatment
(Stockwell et al., 2017). For example, BAP1 restrains tumor
progression partly through SLC7A11 and ferroptosis (Zhang
et al., 2018). Ferroptosis also has great potential to eliminate
malignant cells which are resistant to conventional therapy. Shin
et al. (2018) reported that inhibition of GPX4 made
chemoresistance cancer cells more vulnerable to ferroptosis.

Long non-coding RNAs (lncRNAs) are transcripts with more
than 200 nucleotides in length, but being not translated into
proteins (Mercer et al., 2009). LncRNA possesses variously
functional activity including RNA decay, gene expression and
control, RNA splicing, miRNA regulation, protein folding (Chen
et al., 2017). Some lncRNAs can also prevent oxidation and thus
inhibit ferroptosis as rival endogenous RNAs (Jiang N. et al.,
2021). A study found that LINC00336 acted as an oncogene,
which bound ELAVL1 using nucleotides 1901-2107 of
LINC00336 and the RRM interaction domain and key amino
acids of ELAVL1 (aa 101-213), inhibiting ferroptosis (Wang M.
et al., 2019). Moreover, recent evidences indicated that
identification of lncRNAs could help early disease detection
and advance therapy outcomes in CRC patients (Yang et al.,
2021). Given their roles in malignant development and disorder
of expression in CRC patients, lncRNA is undoubtedly potential
to be a reliable diagnostic and prognostic biomarker for CRC.

In this study, we hypothesized that ferroptosis-related
lncRNAs might be promising prognostic biomarkers for CRC
patients. We analyzed the correlation between the expression of
ferroptosis-related lncRNAs with survival and the
clinicopathological parameter of CRC patients from TCGA
database. Moreover, we constructed a prognostic signature
based on four ferroptosis-related lncRNAs and assessed its

ability to independently and accurately predict the prognosis
of CRC patients. The work flow of this study is illustrated in
Figure 1.

MATERIAL AND METHODS

Acquisition of CRC Data
The level 3 RNA-Sequencing (RNA-Seq) dataset and
corresponding clinical information of COAD and READ
cancer patients were downloaded from TCGA data portal
(https://portal.gdc.cancer.gov/) which was updated at
November 9, 2020. There were 673 samples in the dataset,
including 622 CRC and 51 normal ones. After excluding the
samples without survival information, a total of 582 samples were
enrolled in our study and randomly assigned into training and
validation set at a ratio of 7:3. In addition, 382 ferroptosis-related
genes (FRGs) were obtained from the FerrDb database (http://
www.zhounan.org/ferrdb/). GENCODE v22 was used for gene
annotation (https://www.gencodegenes.org/human/release_22.
html).

Identification of Differently Expressed
Ferroptosis-Related lncRNAs in CRC.
Differently expressed genes (DEGs) and lncRNAs (DLRs)
between CRC and normal samples were identified by “limma”
package in R language. DEGs and DLRs meeting |log2FC| > 1 and
p_value <0.05 were considered as significantly expressed. The
“ggplot2” package were used to construct volcano plot of these
DEGs and DLRs. Then we extracted differently expressed
ferroptosis-related genes (DE-FGs) from the overlap of FRGs
and DEGs, which analyzed by Venn diagram (http://
bioinformatics.psb.ugent.be/webtools/Venn/). Pearson analysis
were performed to screen the DE-FLs with criterion of |cor| >
0.3 and p < 0.05.

Construction of Prognostic DE-FLs
Signature
DE-FLs which significantly associated with CRC prognosis were
identified by univariate Cox regression model (cut off <0.2). Then
the candidate DE-FLs were entered into a stepwise multivariate
Cox regression analysis and constructed a prognostic signature
model according to Akaike Information Criterion (AIC). The
expression levels of prognostic DE-FLs in normal and CRC tumor
samples in TCGA database were checked by Wilcoxon test. And
the survival curve of CRC patients based on DE-FLs expression
were draw. Further, the risk score of individual patients was
established based on the summation of coefficients and
expression level of each prognostic DE-FLs according to the
following formula:

Risk score � ∑(Coefi X Expi)

Thus, the CRC patients in each set were classified into high- and
low-risk group reference the median risk score.
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FIGURE 1 | Work flow for the construction of a risk signature in colorectal cancer.
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Evaluation of the Prognostic Signature
To evaluate the valuable of prognostic signature in each set, the
differences in patients’ survival between high- and low-risk group
were evaluated by Kaplan-Meier curve analyses and log-rank test
(p < 0.05). Then, the 1-, 3-, and 5-years ROC curves were
employed to compare the specificity and sensitivity of the
survival prediction based on the prognostic signature via
“pROC” package. Moreover, the relationship between risk
score and clinical characteristics were analyzed by t-test.

Establishment of Nomogram for CRC
Prognostic Prediction
To identify independent prognostic factors of CRC, the univariate
and multivariate Cox regression analyses were performed to
evaluate the risk score and other clinical variables such as age,

gender, grade, M stage, T stage, and N stage. The factor with p <
0.05 was considered statistically significant. Then, we integrated
all of the independent prognostic factors to build a nomogram by
“rms” package for inspecting the probability of 1-, 3-, and 5-years
overall survival (OS) of the CRC patients. The discrimination and
predictive ability of the nomogram in CRC were assessed with
calibration curve and a C-index indicate. We also plotted ROC
curve and calculated the area under the ROC curve (AUC) values
based on total points of nomogram.

Functional Annotation
Functional enrichment analyses were performed to explore the
underlying mechanism of prognostic signature. Firstly, the GSEA
software was conducted for Gene Ontology (GO) term and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways analyses
in high- and low-risk group in CRC. Then, the co-expression of

FIGURE 2 | Identification of differentially expressed ferroptosis-related lncRNAs in CRC patients. (A) Volcano plot of the DEGs in CRC patients. (B) Venn diagram
showed the intersection of 40 differentially expressed ferroptosis-related genes. (C) Volcano plot of the differentially expressed lncRNAs in CRC patients.

FIGURE 3 | Construction of ferroptosis-related lncRNA prognostic signature in CRC patients. (A) Forest plots showed 4 DE-FLs selected by the univariate Cox
regression. (B) Forest plots showed four prognostic DE-FLs identified by the multivariate Cox regression.
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the signature DE-FLs and mRNA was assessed with Pearson
correlation analyses. The mRNAs in co-expression pairs whose
correlation coefficient >0.7 and p < 0.0.5 were selected for
functional annotation by “clusterProfiler” package. Biological
processes were collected from the GSEA (https://www.gsea-
msigdb.org/gsea/index.jsp). The p. adjust-value below 0.05 was
considered significant.

Quantitative Polymerase Chain Reaction
Thirty pairs of CRC tumor and adjacent tissues were collected
from clinical patients at The First Affiliated Hospital of Wenzhou
Medical University and preserved in -80 C refrigerator. All
patients gave the written informed consent. All assay regimens
gained the approval of the Ethics Committees in Clinical
Research of the First Affiliated Hospital of Wenzhou Medical
University and the corresponding ethical approval code was
KY2021-R005. Total RNA was isolated from tissue samples
using TRIzol reagent (Invitrogen, Carlsbad, CA). Then
PrimeScript™ RT Master Mix kit (TaKaRa, Japan) kit was
used to synthesize cDNA according to the instruction manual.
q-PCR for cDNA amplification was performed with Green™

Premix Ex Taq™ II (TaKaRa) kit. GAPDH was used as endogenous
control and primers were shown in Supplementary Table S1. The
expression of signature DE-FLs were normalized using the relative
quantification method of 2-ΔΔCt.

Statistical Analysis
Statistical procedures were applied using R v.4.0.3 and Prism
v.8.0.0. The Student’s t-test or the Wilcoxon test was utilized for
differences analysis. p < 0.05 was statistically significant.

RESULTS

Screening of DE-FLs in CRC
A total of 1737 DEGs, including 780 up-regulated and 957 down-
regulated genes, between CRC and normal samples were obtained
from TCGA (Figure 2A). And 382 FRGs were downloaded from
the FerrDb database. Then 40 DE-FGs were identified by Venn
diagram (Figure 2B) and the correlation among them was shown
in Supplementary Figure S1. In addition, there were 51 DLRs
selected in CRC, including 33 up-regulated and 18 down-regulated

FIGURE 4 | Evaluation and validation of the DE-FLs prognostic signature in CRC patients. (A, B) Distribution and Survival status of CRC patients with different risk
scores in training set and validation set. (C) Kaplan–Meier survival curve of high- and low-risk group in training set. (D) The 1-, 3-, and 5-years ROC curve for risk model in
training set. (E) Kaplan–Meier survival curve of high- and low-risk group in testing set. (F) The 1-, 3-, and 5-years ROC curve for risk model in testing set.
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lncRNAs (Figure 2C). Finally, we performed Pearson correlation
analysis to calculate the correlation between the DLRs and DE-FGs,
and used |cor| > 0.3 and p < 0.05 as the selection criteria. As shown in
Supplementary Data S1, 49 lncRNAs were acquired and termed as
DE-FLs for further research.

Construction of Ferroptosis-Related
lncRNA Prognostic Signature in CRC
Univariate Cox regression analysis showed that 4 DE-FLs
(AC016027.1, AC099850.3, ELFN1-AS1, and VPS9D1-AS1) were
associated with OS in CRC, except VPS9D1-AS1 played a risk
factor with HR > 1, the others acted as protectors with HR < 1
(Figure 3A). Multivariate Cox regression analysis further ascertained
these 4 DE-FLs with prognostic significance (Figure 3B). Thus, they
were employed to construct a prognostic signature model.
Supplementary Figure S2 showed the survival probability of CRC
patients in high- and low-expression DE-FLs respectively.

Evaluation and Validation of the
Ferroptosis-Related lncRNA Prognostic
Signature
CRC patients in the TCGA dataset were classified into high-risk
(training set n � 205; validation set n � 87; total n � 292) and

low-risk (training set n � 203; validation set n � 87; total n �
290) groups using the median risk-score as the cutoff point
(Figures 4A,B). Kaplan-Meier survival curve analysis showed
that the OS of high-risk group patients were significantly poorer
than low-risk group in the training set (n � 408) (Figure 4C).
The 5-years survival rates were approximately 40 and 75% of the
high-risk and low-risk group respectively. Time-dependent ROC
curve analysis showed an appropriate accuracy of the prognostic
signature in predicting OS in CRC, and AUC values were 0.662 at
1 year, 0.635 at 3 years, and 0.657 at 5 years (Figure 4D). For further
validation, we confirmed that the results in the validation set coincided
with the outcomes in the training set. In the validation set (n � 174),
the significant prognostic value was p � 0.02 (Figure 4E) and AUC
values for 1-, three- and 5- year OS were 0.631, 0.592, and 0.738,
respectively (Figure 4F).

Then, we conducted the correlation analysis between the risk scores
and the clinical characteristics of the CRC patients in TCGA database.
We found that none of the clinical feature associated with risk scores in
training set (Table 1 and Figure 5) and in validation set
(Supplementary Table S2, Supplementary Figure S3).

The Risk Score Is an Independent
Prognostic Factor in CRC
In order to determine if the ferroptosis-related lncRNA
prognostic signature was an independent prognostic factor for

TABLE 1 | The relationship of CRC patients clinical feature and the DE-FLs model.

ExpressionTotal (n = 408)

High (n = 205) Low (n = 203)

p_value

Gender
female 192 (47.1%) 99 (48.3%) 93 (45.8%) 0.687
male 216 (52.9%) 106 (51.7%) 110 (54.2%)

Age (years) 0.138
≥ 60 290 (71.1%) 153 (74.6%) 137 (67.5%)
<60 118 (28.9%) 52 (25.4%) 66 (32.5%)

Pathologic stage 0.592
stage_Ⅰ 67 (16.4%) 32 (15.6%) 35 (17.2%)
stage_Ⅱ 152 (37.3%) 74 (36.1%) 78 (38.4%)
stage_Ⅲ 122 (29.9%) 61 (29.8%) 61 (30.0%)
stage_Ⅳ 53 (13.0%) 32 (15.6%) 21 (10.3%)
unknown 14 (3.4%) 6 (2.9%) 8 (3.8%)

T stage
T1 9 (2.2%) 6 (2.9%) 3 (1.5%) 0.568
T2 71 (17.4%) 32 (15.6%) 39 (19.2%)
T3 290 (71.1%) 146 (71.2%) 144 (70.9%)
T4 37 (9.1%) 20 (9.8%) 17 (8.4%)
unknown 1 (0.2%) 1 (0.5%) 0 (0%)

M stage 0.174
M0 302 (74.0%) 148 (72.2%) 154 (75.9%)
M1 52 (12.7%) 32 (15.6%) 20 (9.9%)
MX 45 (11.0%) 19 (9.3%) 26 (12.8%)
unknown 9 (2.2%) 6 (2.9%) 3 (1.5%)

N stage 0.285
N0 231 (56.6%) 112 (54.6%) 119 (58.6%)
N1 92 (22.5%) 42 (20.5%) 50 (24.6%)
N2 82 (20.1%) 49 (23.9%) 33 (16.3%)
NX 2 (0.5%) 1 (0.5%) 1 (0.5%)
unknown 1 (0.2%) 1 (0.5%) 0 (0%)
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CRC patients, we performed univariate and multivariate Cox
regression analyses. Univariate analyses showed that age, MNT
(p < 0.001), stage (p < 0.001) and the risk score were significantly
associated with OS (Figure 6A). Multivariate analyses showed
that pathologic stage (p < 0.001), age, T stage and risk score could
act as independent prognostic factor (Figure 6B).

Subsequently, we developed a nomogram to predict 1-, 3-, and
5-years OS of CRC using the all of the independent prognostic
factors (Figure 6C). The C-index for the nomogram was 0.789.
The 1-year, 3-years and 5-years calibration curves showed the
nomogram with an accurate prediction in CRC (Figure 6D).
Finally, the AUC values at 1-year, 3-years and 5-years were 0.736,
0.710, 0.746, respectively (Figure 6E), also indicated the
predictive capacity of the nomogram was reliable.

Functional Analysis of Ferropotosis-Related
lncRNA Signature
GSEA analyses were conducted to further explore the difference
biological mechanism between low- and high-risk groups. In high-
risk group, the biological process mainly related to chromosome
(Figure 7A). And the pathways such as OLFACTORY_
TRANSDUCTION, OOCYTE_MEIOSIS, ASCORBATE_AND_
ALDARATE_METABOLISM, O_GLYCAN_BIOSYNTHESIS,
STARCH_AND_ SUCROSE_METABOLISM, UBIQUITIN_

MEDIATED_PROTEOLYSIS, APOPTOSIS and PROTEIN_
EXPORT were significantly enriched in the high-risk group
(Figure 7B). Except RIBOSOME, all of the others were down-
regulated.

Construction of Co-expression Network
We used Pearson correlation analyses and Cytoscape to construct
lncRNA-mRNA co-expression network. When threshold parameter |
cor| > 0.7 was set, 132 mRNA which significantly related to two
prognostic DE-FLs (AC016027.1, AC099850.3) were involved in the
network (Figure 8, Supplementary Data S2). Pearson correlation
analysis also showed all the mRNAs (|cor| > 0.5) associated with these
4 DE-FLs (Supplementary Data S3). PEX26, SLC51B, TMEM236,
CA4, and SLC26A3 ranked as top five genes high correlated with
AC016027.1. PRR11, BRCA1, KPNA2, TOP2A and NCAPH were
top five high correlated with AC099850.3.

Functional Enrichment Analysis
To investigate the biological pathways regulated by the prognostic
lncRNAs, we performed GO and KEGG enrichment analysis on the
network-genes. Five KEGG pathways and 84 GO functional items were
enriched. The top tenGO items weremainly relatedwith smallmolecule
catabolic process, lipid catabolic process, fatty acid metabolism process
(Figure 9A). KEGG pathway analysis confirmed that bile secretion was
the most significantly enriched pathway (Figure 9B).

FIGURE 5 | Relationship between the risk score and clinical significance in training set.

Frontiers in Genetics | www.frontiersin.org October 2021 | Volume 12 | Article 7093297

Zhang et al. A Ferroptosis-Related lncRNA Signature

https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


FIGURE 6 | Identification of independent risk factors and construction of a nomogram. (A) The univariate and (B)multivariate Cox regression analysis of risk score
and clinical feature prognostic value. (C) A nomogram was constructed to predict 1-, 3-, and 5-years OS using risk score, stage, T and age. (D) Calibration curves of
nomogram. (E) 1-, 3-, and 5-years ROC curve based on nomogram.

FIGURE 7 | Functional enrichment analysis. (A) GO items enriched by GSEA analysis in high risk group. (B) KEGG pathways enriched by GSEA analysis in high
risk group.
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Validation of the Ferrptosis-Related
Signature in Clinical CRC Tissues
The expression levels of prognostic DE-FLs were detected by
q-PCR in thirty pairs of CRC tissues and adjacent tissues. As
shown in Figures 10A–D, AC016027.1 was down-regulated in
CRC from TCGA database whereas VPS9D1-AS1, ELFN1-AS1
and AC099850.3 were up-regulated. Q-PCR analyses showed that
expression level of AC016027.1 was down-regulated in CRC
tissues compared with paired normal tissues; VPS9D1-AS1
and ELFN1-AS1 were up-regulated (Figures 10E–G) which
were consistent with the results from TCGA. There was no
significant difference in the expression level of AC099850.3
between CRC and normal tissues (Figure 10H).

DISCUSSION

A growing body of researches showed that aberrant expression of
lncRNAs were associated with risk for CRC (Ni et al., 2019; Wang Y.
et al., 2019; Yuan et al., 2021). Their results indicated the clinic
potential of lncRNAs as stratification markers, diagnostic indicators,
therapeutic targets for CRC (Lin and Yang, 2018). Ferroptosis,

dependent on iron and reactive oxygen species (ROS) and
characterized by lipid peroxidation, is a non-apoptotic regulated
cell death (Kajarabille and Latunde-Dada, 2019). Much evidence
has indicated that ferroptosis participated in multiple pathways
and was critical for eradicating the carcinogenic cells (Dixon, 2017;
Mou et al., 2019). Xu et al. (2020) demonstrated that knockout of
SLC7A11 induced ferroptosis, thereby suppressed the progression of
CRC stem cells. Previous studies which investigated the function of
ferroptosis in CRChave largely concentrated onTP53 (Murphy, 2016;
Xie et al., 2017). Xie et al. (2017) reported that TP53 suppressed
ferroptosis triggered by erastin through the inhibition of dipeptidyl-
peptidase-4 (DPP4) in a transcription-independent manner in CRC.
Emerging evidences indicated that lncRNAs have been involved in
tumorigenesis and tumor progression by targeting ferroptosis-related
genes, such as p53RRA which restrains ferroptosis-modulated genes
in a p53-dependent manner by interacting with G3BP1 (Mao et al.,
2018). Mao C et al. validated a novel mechanism that p53RRA
regulates apoptosis and ferroptosis in cancer. Also, p53RRA can be
used as a prognostic marker in lung adenocarcinoma patients.
Therefore, particular emphasis should be placed on ferroptosis-
related lncRNAs for individualized diagnosis and treatment in
CRC patients. In present study, we screened four
ferroptosis-related lncRNAs and constructed a ferroptosis-

FIGURE 8 | Co-expression network of DE-FLs and mRNA.
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related risk model which might be a potential diagnostic
biomarker, using bioinformatics and statistical tools.

Firstly, we examined 49 DE-FLs in CRC by analyzing TCGA-
COADREAD data set (Smyth, 2004), then 4 DE-FLs (AC016027.1,
AC099850.3, ELFN1-AS1, and VPS9D1-AS1) that significantly correlated

withOSwere foundtoconstruct therisksignatureaccording totheunivariate
and multivariate Cox regression analysis. CRC patients in high-risk groups
showed shorter OS compared to those in low-risk groups. Kaplan-Meier
survival curve and ROC curve evaluated the predictive accuracy of the
ferroptosis-related signature in CRC patients (Robin et al., 2011).

FIGURE 9 | Functional annotation of mRNA. (A) GO items enriched by GSEA analysis on the network-genes. (B) KEGG pathways enriched by GSEA analysis on
the network-genes.

FIGURE 10 | Different expressions of prognostic DE-FLs in CRC tissues and TCGA. (A–D) The different expression levels of 4 DE-FLs in TCGA. (E–G) Q-PCR
results demonstrated the down-regulated expression level of AC016027.1 and up-regulated level of VPS9D1-AS1 and ELFN1-AS1 in CRC tissues compared with
paired normal tissues. (H) Q-PCR result of expression level of AC099850.3 in CRC tissues compared with paired normal tissues. *, p < 0.05. **, p < 0.01. ***, p < 0.001.
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Previous research reported that AC099850.3 and ELFN1-AS1
participated in prognostic autophagy-related lncRNAs signature in
HCG patients (Jia et al., 2020). Jiang Q. et al. (2021) reported
AC099850.3 was selected by a prognostic autophagy-related
lncRNAs signature in oral and oropharyngeal squamous cell
carcinoma. The above results appeared to support an existing
viewpoint that ferroptosis is a type of autophagy-dependent cell
death because a lot of autophagy-related signal pathways
contributed to ferroptosis, including BECN1-mediated system xc-
inhibition and NCOA4-facilitated ferritinophagy (Song et al., 2018;
Quiles Del Rey andMancias, 2019; Zhou et al., 2020). ELFN1-AS1 was
validatedwith high expression in colon cancer tissues and cells andwas
reported to promote proliferation and invasion of colon cancer cells by
adjusting themiR-191-5p/SATB1 axis (Du et al., 2020). Liu et al. (2020)
suggested that VPS9D1-AS1 was a competing endogenous RNA in
CRC cells and increased the expression ofHMGA1, thereby influenced
CRC progression. However, to our knowledge, AC016027.1 and
AC099850.3 have not been reported in CRC, which means our
findings indicated further research is necessary.

In addition, the ferroptosis-related lncRNA signature is an
independent prognostic factor. We constructed a robust nomogram
integrating risk score and prognostic clinical features including age,
pathological staging and T stage for predicting patient outcomes. ROC
curve further demonstrated that this nomogramprovided a personalized
and accurate survival prediction. Collectively, in our study, there are
plenty of evidences suggested that the ferroptosis-related lncRNA
signature made accurately predictive prognosis of CRC patients and
showed great potential for clinical individualized prognosis and therapy.

Ferroptosis-related GO terms and KEGG signaling pathways
were enriched, in order to illustrate the specificmechanism behind the
predictive signature. We identified APOPTOSIS pathway reported to
be closely associatedwith ferroptosis and the expression levels of genes
involved in the pathwaywere significantly upregulated in the high-risk
group. Previous study revealed an existing cross talk between
ferroptosis and apoptosis through ferroptosis-induced endoplasmic
reticulum stress (Lee et al., 2018). C/EBP homologous protein
(CHOP) signaling pathway-mediated p53 upregulated modulator
of apoptosis (PUMA) expression participated in the cooperative
interaction between ferroptosis and apoptosis, indicating
combination of ferroptotic and apoptotic agent treatment could be
considered as a new therapeutic strategy for cancer. Meanwhile, the
interaction network between prognostic lncRNAs and DE-FGs was
also constructed. The correlation analysis gave us clues about the
regulatory relationship between these lncRNAs andmRNA, as well as
the molecular mechanism of their role in colorectal cancer. Through
the above analysis, we preliminarily inferred that these four
ferroptosis-related lncRNAs may directly or indirectly regulate DE-
FGs or genes participated in the pathways which were closely related
to CRC and thus caused the difference in patient survival.

Nie et al. (2021) comprehensively reported construction of a
ferroptosis related genes prognosis model in colon cancer, which
aimed to predict survival probability of patients. Our study further
screened for differently expressed lncRNAs in CRC which were
associated with ferroptosis-related genes, and then constructed a
ferroptosis-related lncRNA prognosis model of CRC by Cox
regression analyses. There are some advantages in our study that not
only did we conduct themining and exploration of public databases, but

also developed the biochemical experiment such as q-PCR to verify our
findings in clinical CRC patient samples. However, the shortcoming is
that the specific biological molecular mechanisms of these ferroptosis-
related prognostic lncRNAs have not been studied in depth. Therefore,
future studies are required to explore its exact molecular functions of
these ferroptosis-related prognostic genes in CRC.

In conclusion, our study constructed and validated a
ferroptosis-related lncRNA prognosis signature in CRC, which
consist of AC016027.1, AC099850.3, ELFN1-AS1 and VPS9D1-
AS1. The novel ferroptosis-related lncRNA prognosis signature
accurately predicts the survival of CRC patients and differentiates
them into high- and low-risk groups. Furthermore, the prediction
model was independent of clinical features and a reliable nomogram
was constructed. Our results might shed lights on promising
biomarkers and targets for the individualized therapy of CRC.

DATA AVAILABILITY STATEMENT

The three transcriptome datasets used in this study are all publicly
available. The datasets TCGA-COAD and TCGA-READ for this
study can be found in the National Cancer Institute GDC Data
Portal [https://portal.gdc.cancer.gov]. The gene set FRGs was
downloaded from the FerrDb database [http://www.zhounan.
org/ferrdb]. All other data generated in this study are included
in the article or the Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee in Clinical Research of the
First Affiliated Hospital of Wenzhou Medical University. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

Conception and design of the research: LJ, XS; Acquisition of
data: WZ; Analysis and interpretation of data: WZ, DF; Statistical
analysis: SL, XB; Drafting manuscript: WZ; Obtaining funding:
LJ, XS. All authors read and approved the final manuscript.

FUNDING

This work was supported by the Natural Science Foundation of Zhejiang
Province (GrantNoLY19H160024),Wenzhou Science andTechnological
Project (Grant No Y20180081), Key funding for Wenzhou High-level
Talent Innovation Technology Project, and the Medicine and Health
Technology Program of Zhejiang Province (2021KY790).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.709329/
full#supplementary-material

Frontiers in Genetics | www.frontiersin.org October 2021 | Volume 12 | Article 70932911

Zhang et al. A Ferroptosis-Related lncRNA Signature

https://portal.gdc.cancer.gov
http://www.zhounan.org/ferrdb
http://www.zhounan.org/ferrdb
https://www.frontiersin.org/articles/10.3389/fgene.2021.709329/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.709329/full#supplementary-material
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


REFERENCES

Biller, L. H., and Schrag, D. (2021). Diagnosis and Treatment of Metastatic
Colorectal Cancer. JAMA 325 (7), 669–685. doi:10.1001/jama.2021.0106

Chen, Y. G., Satpathy, A. T., and Chang, H. Y. (2017). Gene Regulation in the
immune system by long noncoding RNAs. Nat. Immunol. 18 (9), 962–972.
doi:10.1038/ni.3771

Dixon, S. J. (2017). Ferroptosis: bug or feature. Immunol. Rev. 277 (1), 150–157.
doi:10.1111/imr.12533

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., and
Gleason, C. E. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149 (5), 1060–1072. doi:10.1016/j.cell.2012.03.042

Du, Y., Hou, Y., Shi, Y., Liu, J., and Li, T. (2020). Long Non-Coding RNA ELFN1-
AS1 Promoted Colon Cancer Cell Growth and Migration via the miR-191-5p/
Special AT-Rich Sequence-Binding Protein 1 Axis. Front. Oncol. 10, 588360.
doi:10.3389/fonc.2020.588360

Hassannia, B., Vandenabeele, P., and Vanden Berghe, T. (2019). Targeting
Ferroptosis to Iron Out Cancer. Cancer Cell 35 (6), 830–849. doi:10.1016/
j.ccell.2019.04.002

Jia, Y., Chen, Y., and Liu, J. (2020). Prognosis-Predictive Signature and Nomogram
Based on Autophagy-Related Long Non-coding RNAs for Hepatocellular
Carcinoma. Front. Genet. 11, 608668. doi:10.3389/fgene.2020.608668

Jiang, N., Zhang, X., Gu, X., Li, X., and Shang, L. (2021a). Progress in
understanding the Role of lncRNA in programmed cell death. Cell Death
Discov 7 (1), 30. doi:10.1038/s41420-021-00407-1

Jiang, Q., Xue, D., Shi, F., and Qiu, J. (2021b). Prognostic significance of an
autophagy-Related long non-coding RNA signature in patients with oral and
oropharyngeal squamous cell carcinoma. Oncol. Lett. 21 (1), 29. doi:10.3892/
ol.2020.12290

Jiang, X., Stockwell, B. R., and Conrad, M. (2021c). Ferroptosis: mechanisms,
biology and Role in disease.Nat. Rev. Mol. Cel Biol 22 (4), 266–282. doi:10.1038/
s41580-020-00324-8

Kajarabille, N., and Latunde-Dada, G. O. (2019). Programmed Cell-Death by
Ferroptosis: Antioxidants as Mitigators. Int. J. Mol. Sci. 20 (19). doi:10.3390/
ijms20194968

Lee, Y. S., Lee, D. H., Choudry, H. A., Bartlett, D. L., and Lee, Y. J. (2018).
Ferroptosis-Induced Endoplasmic Reticulum Stress: Cross-talk between
Ferroptosis and Apoptosis. Mol. Cancer Res. 16 (7), 1073–1076. doi:10.1158/
1541-7786.MCR-18-0055

Lin, C., and Yang, L. (2018). Long Noncoding RNA in Cancer: Wiring Signaling
Circuitry. Trends Cel Biol 28 (4), 287–301. doi:10.1016/j.tcb.2017.11.008

Liu, H., Zhang, X., Jin, X., Yang, Y., Liang, G., Ma, Y., et al. (2020). Long Noncoding
RNAVPS9D1-AS1 Sequesters microRNA-525-5p to Promote the Oncogenicity
of Colorectal Cancer Cells by Upregulating HMGA1. Cancer Manag. Res. 12,
9915–9928. doi:10.2147/CMAR.S273687

Mao, C., Wang, X., Liu, Y., Wang, M., Yan, B., Jiang, Y., et al. (2018). A G3BP1-
Interacting lncRNA Promotes Ferroptosis and Apoptosis in Cancer via Nuclear
Sequestration of p53. Cancer Res. 78 (13), 3484–3496. doi:10.1158/0008-
5472.CAN-17-3454

Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009). Long non-coding RNAs:
insights into functions. Nat. Rev. Genet. 10 (3), 155–159. doi:10.1038/nrg2521

Mou, Y., Wang, J., Wu, J., He, D., Zhang, C., Duan, C., et al. (2019). Ferroptosis, a
new form of cell death: opportunities and challenges in cancer. J. Hematol.
Oncol. 12 (1), 34. doi:10.1186/s13045-019-0720-y

Murphy, M. E. (2016). Ironing out how p53 Regulates ferroptosis. Proc. Natl. Acad.
Sci. U S A. 113 (44), 12350–12352. doi:10.1073/pnas.1615159113

Ni, W., Yao, S., Zhou, Y., Liu, Y., Huang, P., Zhou, A., et al. (2019). Long noncoding
RNA GAS5 inhibits progression of colorectal cancer by interacting with and
triggering YAP phosphorylation and degradation and is negatively Regulated
by the m(6)A Reader YTHDF3. Mol. Cancer 18 (1), 143. doi:10.1186/s12943-
019-1079-y

Nie, J., Shan, D., Li, S., Zhang, S., Zi, X., Xing, F., et al. (2021). A Novel Ferroptosis
Related Gene Signature for Prognosis Prediction in Patients with Colon Cancer.
Front. Oncol. 11, 654076. doi:10.3389/fonc.2021.654076

Quiles Del Rey, M., and Mancias, J. D. (2019). NCOA4-Mediated Ferritinophagy:
A Potential Link to Neurodegeneration. Front. Neurosci. 13, 238. doi:10.3389/
fnins.2019.00238

Robin, X., Turck, N., Hainard, A., Tiberti, N., Lisacek, F., Sanchez, J. C., et al.
(2011). pROC: an open-source package for R and S+ to analyze and compare
ROC curves. BMC Bioinformatics 12, 77. doi:10.1186/1471-2105-12-77

Shin, D., Kim, E. H., Lee, J., and Roh, J. L. (2018). Nrf2 inhibition Reverses
Resistance to GPX4 inhibitor-induced ferroptosis in head and neck
cancer. Free Radic. Biol. Med. 129, 454–462. doi:10.1016/
j.freeradbiomed.2018.10.426

Siegel, R. L., Miller, K. D., and Jemal, A. (2018). Cancer statistics, 2018. CA: A
Cancer J. Clinicians 68 (1), 7–30. doi:10.3322/caac.21442

Smyth, G. K. (2004). Linear models and empirical bayes methods for assessing
differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol.
3. doi:10.2202/1544-6115.1027Article3

Song, X., Zhu, S., Chen, P., Hou,W., Wen, Q., Liu, J., et al. (2018). AMPK-mediated
BECN1 Phosphorylation Promotes Ferroptosis by Directly Blocking System Xc
(-) Activity. Curr. Biol. 28 (15), 2388–2399 e2385. doi:10.1016/
j.cub.2018.05.094

Stockwell, B. R., Friedmann Angeli, J. P., Bayir, H., Bush, A. I., Conrad, M., Dixon,
S. J., et al. (2017). Ferroptosis: A Regulated Cell Death Nexus Linking
Metabolism, Redox Biology, and Disease. Cell 171 (2), 273–285. doi:10.1016/
j.cell.2017.09.021

Wang, M., Mao, C., Ouyang, L., Liu, Y., Lai, W., Liu, N., et al. (2019a). Long
noncoding RNA LINC00336 inhibits ferroptosis in lung cancer by functioning
as a competing endogenous RNA. Cell Death Differ 26 (11), 2329–2343.
doi:10.1038/s41418-019-0304-y

Wang, Y., Lu, J. H., Wu, Q. N., Jin, Y., Wang, D. S., Chen, Y. X., et al. (2019b).
LncRNA LINRIS stabilizes IGF2BP2 and promotes the aerobic glycolysis in
colorectal cancer. Mol. Cancer 18 (1), 174. doi:10.1186/s12943-019-1105-0

Xie, Y., Zhu, S., Song, X., Sun, X., Fan, Y., Liu, J., et al. (2017). The Tumor
Suppressor p53 Limits Ferroptosis by Blocking DPP4 Activity. Cell Rep 20 (7),
1692–1704. doi:10.1016/j.celrep.2017.07.055

Xu, X., Zhang, X., Wei, C., Zheng, D., Lu, X., Yang, Y., et al. (2020). Targeting
SLC7A11 specifically suppresses the progression of colorectal cancer stem cells
via inducing ferroptosis. Eur. J. Pharm. Sci. 152, 105450. doi:10.1016/
j.ejps.2020.105450

Yang, Y., Yan, X., Li, X., Ma, Y., and Goel, A. (2021). Long non-coding RNAs in
colorectal cancer: Novel oncogenic mechanisms and promising clinical
applications. Cancer Lett. 504, 67–80. doi:10.1016/j.canlet.2021.01.009

Yuan, H., Tu, S., Ma, Y., and Sun, Y. (2021). Downregulation of lncRNA
RPLP0P2 inhibits cell proliferation, invasion and migration, and
promotes apoptosis in colorectal cancer. Mol. Med. Rep. 23 (5).
doi:10.3892/mmr.2021.11948

Zeuner, A., Todaro, M., Stassi, G., and De Maria, R. (2014). Colorectal cancer stem
cells: from the crypt to the clinic. Cell Stem Cell 15 (6), 692–705. doi:10.1016/
j.stem.2014.11.012

Zhang, Y., Shi, J., Liu, X., Feng, L., Gong, Z., Koppula, P., et al. (2018). BAP1 links
metabolic Regulation of ferroptosis to tumour suppression. Nat. Cel Biol 20
(10), 1181–1192. doi:10.1038/s41556-018-0178-0

Zhou, B., Liu, J., Kang, R., Klionsky, D. J., Kroemer, G., and Tang, D. (2020).
Ferroptosis is a type of autophagy-dependent cell death. Semin. Cancer Biol. 66,
89–100. doi:10.1016/j.semcancer.2019.03.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhang, Fang, Li, Bao, Jiang and Sun. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org October 2021 | Volume 12 | Article 70932912

Zhang et al. A Ferroptosis-Related lncRNA Signature

https://doi.org/10.1001/jama.2021.0106
https://doi.org/10.1038/ni.3771
https://doi.org/10.1111/imr.12533
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.3389/fonc.2020.588360
https://doi.org/10.1016/j.ccell.2019.04.002
https://doi.org/10.1016/j.ccell.2019.04.002
https://doi.org/10.3389/fgene.2020.608668
https://doi.org/10.1038/s41420-021-00407-1
https://doi.org/10.3892/ol.2020.12290
https://doi.org/10.3892/ol.2020.12290
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.3390/ijms20194968
https://doi.org/10.3390/ijms20194968
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1158/1541-7786.MCR-18-0055
https://doi.org/10.1016/j.tcb.2017.11.008
https://doi.org/10.2147/CMAR.S273687
https://doi.org/10.1158/0008-5472.CAN-17-3454
https://doi.org/10.1158/0008-5472.CAN-17-3454
https://doi.org/10.1038/nrg2521
https://doi.org/10.1186/s13045-019-0720-y
https://doi.org/10.1073/pnas.1615159113
https://doi.org/10.1186/s12943-019-1079-y
https://doi.org/10.1186/s12943-019-1079-y
https://doi.org/10.3389/fonc.2021.654076
https://doi.org/10.3389/fnins.2019.00238
https://doi.org/10.3389/fnins.2019.00238
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.freeradbiomed.2018.10.426
https://doi.org/10.1016/j.freeradbiomed.2018.10.426
https://doi.org/10.3322/caac.21442
https://doi.org/10.2202/1544-6115.1027
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1016/j.cell.2017.09.021
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1186/s12943-019-1105-0
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1016/j.ejps.2020.105450
https://doi.org/10.1016/j.ejps.2020.105450
https://doi.org/10.1016/j.canlet.2021.01.009
https://doi.org/10.3892/mmr.2021.11948
https://doi.org/10.1016/j.stem.2014.11.012
https://doi.org/10.1016/j.stem.2014.11.012
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1016/j.semcancer.2019.03.002
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Construction and Validation of a Novel Ferroptosis-Related lncRNA Signature to Predict Prognosis in Colorectal Cancer Patients
	Introduction
	Material and Methods
	Acquisition of CRC Data
	Identification of Differently Expressed Ferroptosis-Related lncRNAs in CRC.
	Construction of Prognostic DE-FLs Signature
	Evaluation of the Prognostic Signature
	Establishment of Nomogram for CRC Prognostic Prediction
	Functional Annotation
	Quantitative Polymerase Chain Reaction
	Statistical Analysis

	Results
	Screening of DE-FLs in CRC
	Construction of Ferroptosis-Related lncRNA Prognostic Signature in CRC
	Evaluation and Validation of the Ferroptosis-Related lncRNA Prognostic Signature
	The Risk Score Is an Independent Prognostic Factor in CRC
	Functional Analysis of Ferropotosis-Related lncRNA Signature
	Construction of Co-expression Network
	Functional Enrichment Analysis
	Validation of the Ferrptosis-Related Signature in Clinical CRC Tissues

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


