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Background: Chronic lymphocytic leukemia (CLL) is a subtype of B-cell malignancy with high heterogeneity. Ferroptosis is a novel 
cell death induced by iron and lipid peroxidation and exhibits prognostic value in many cancers. Emerging studies on long non-coding 
RNAs (lncRNAs) and ferroptosis reveal the unique value in tumorigenesis. However, the prognostic value of ferroptosis-related 
lncRNAs (FRLs) remains unclear in CLL.
Aim: We aimed to construct a FRLs risk model to predict prognosis and improve prognostic stratification for clinical practice.
Methods: RNA-sequencing data and clinical characteristics of CLL patients were downloaded from the GEO database. Based on 
ferroptosis-related genes from FerrDb database, differentially expressed FRLs with prognostic significance were identified and used to 
generate the risk model. The capability of the risk model was assessed and evaluated. GO and KEGG analyses were performed to 
confirm biological roles and potential pathways.
Results: A novel ferroptosis-related lncRNAs prognostic score (FPS) model containing six FRLs (PRKCQ, TRG.AS1, LNC00467, 
LNC01096, PCAT6 and SBF2.AS1) was identified. Patients in the training and validation cohort were evenly divided into high- and 
low-risk groups. Our results indicated that patients in the high-risk group had worse survival than those in the low-risk group. 
Functional enrichment analyses showed that the differently expressed genes (DEGs) between the two groups were enriched in the 
chemokine signaling pathway, hematopoietic cell lineage, T cell differentiation, TCR pathway and NF-κB pathway. Moreover, 
significant differences in immune cell infiltration were also observed. Surprisingly, FPS was proved to be an independent prognostic 
indicator for OS.
Conclusion: We established and evaluated a novel prognostic risk model with 6 FRLs that could predict prognosis accurately and 
describe the distinct immune infiltration in CLL.
Keywords: chronic lymphocytic leukemia, ferroptosis, long non-coding RNAs, prognosis, immune infiltration

Introduction
Chronic lymphocytic leukemia (CLL) is a B-cell hematological malignancy, which is characterized by the clonal 
expansion and the accumulation of CD5+/CD23+ mature B lymphocytes in the peripheral blood, bone marrow, and 
secondary lymphoid tissues.1 Since the 1960s, more and more studies have revealed the complex pathogenesis and 
explored the treatment of CLL.2 With great advances in the biological understanding of CLL and the emergence of 
the small molecular targeted agents, such as BTK inhibitors, PI3K inhibitors and BCL-2 inhibitors, the treatment 
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of CLL has shifted from the era of traditional chemoimmunotherapy (CIT) to chemotherapy-free era.3 However, 
chemo-free therapy is not enough to achieve deep remission, high-risk patients still suffer from treatment 
resistance and encounter poor prognosis. Therefore, it is crucial to identify novel molecules to predict the 
prognosis and achieve individualized treatment in CLL.

Ferroptosis is an iron and lipid peroxidation-dependent programmed cell death, which is distinct from 
apoptosis, necrosis, autophagy, and proptosis.4,5 Since the term was defined by Dr Stockwell in 2012, numerous 
studies have shown that ferroptosis is involved in many important pathological processes, including cancer 
development and drug resistance.6,7 Currently, different degrees of ferroptosis sensitivity have been observed in 
cancer cells from different types of lymphoma and leukemia, suggesting the unique role of ferroptosis in 
hematological malignancies. For example, dimethyl fumarate induces ferroptosis by lipid peroxidation particularly 
in GCB DLBCL.8 Artesunate may regulate autophagy and ferroptosis via impairing the STAT3 signaling pathway 
in DLBCL cells as well as enhance ferroptosis in Burkitt’s lymphoma by activating ATF4-CHOP-CHAC1 
pathway.9,10 TXNRD1 is recognized as a key regulator involved in the ferroptosis of CML cells induced by 
cysteine depletion in vitro.11 APR-246 induces cell death by ferroptosis in AML and triggers ferritinophagy and 
ferroptosis of diffuse large B-cell lymphoma cells with distinct TP53 mutations.12,13 Additionally, the prognostic 
significance of ferroptosis-related genes is increasingly recognized in hematological malignancies.14–16

Long noncoding RNAs (lncRNAs) are defined as RNAs longer than 200 nucleotides that are not translated into functional 
proteins. Studies have shown that lncRNAs are widely expressed and involved in gene regulation. Depending on their 
localization and specific interactions with DNA, RNA, and proteins, lncRNAs play an important role in cell activities, such 
as chromatin function regulation, assembly and function of nucleosome, stability and translation of cytoplasmic mRNA, and 
so on.17 Recently, the relationship between lncRNAs and ferroptosis sheds light on cancer research. Ferroptosis-related 
lncRNA signatures were established to predict the prognosis of cancer. All evidence suggests ferroptosis-related lncRNAs 
(FRLs) could be potential biomarkers and provide a rationale for clinical treatment in CLL.

Therefore, we obtained gene expression data of CLL from public databases to screen out differentially 
expressed prognostic FRLs. In this study, we first established a novel prognostic risk model with 6 FLRs 
(PRKCQ, TRG.AS1, LNC00467, LNC01096, PCAT6 and SBF2.AS1) and further validated its reliability and 
sensitivity in CLL. Moreover, our results revealed the difference in functional enrichment analysis and immune 
cell infiltration between the two clusters. Notably, we found similar results from the validation cohort from our 
center. Overall, the ferroptosis-related lncRNAs risk score prognostic model may accurately and effectively predict 
the prognosis of patients with CLL, thus providing new insights into clinical management.

Materials and Methods
Data Collection
Firstly, we obtained gene sequencing profiles and related clinical information of 151 CLL patients in the 
GSE22762 dataset from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) as 
a training cohort. According to Table S1, two hundred fifty-nine ferroptosis genes including markers, drivers and 
suppressors were comprehensively acquired from FerrDb (http://www.zhounan.org/ferrdb/). Then, the lima pack-
age in R was used to analyze the correlation between the expression of ferroptosis-related genes and lncRNAs in 
CLL patients. According to the limitation of R (Relevant Coefficient) >0.4 and P<0.001, 250 FRLs were found. 
Through univariate Cox regression, 69 lncRNAs with prognostic value (P<0.05) were screened out. Subsequently, 
another dataset GSE50006 containing 188 CLL patients and 32 normal samples was used for the identification of 
291 differentially expressed genes (DEGs). Finally, 20 prognostic ferroptosis-related differently expressed 
lncRNAs (PFDELs) were considered for further study. All data from GEO and FerrDb are available.

Generation and Evaluation of the Ferroptosis-Related Prognostic Score Model
To avoid the potential risk of overfitting, the least absolute contraction and selection operator (LASSO) regression analysis was 
performed with the “glmnet” R package.18 Based on the expression of 20 FRLs in CLL, the following equation was used to 
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calculate the risk score of individuals in the cohort: FPS=βlncRNA1 × Expression lncRNA1 + βlncRNA2 × Expression lncRNA2 
+ · · · + βlncRNAn × Expression lncRNAn (the value of β represents the corresponding coefficients). The samples in the training 
cohort were classified into high- and low-risk groups based on the suitable cutoff value. The “pheatmap” R package was applied to 
generate the heatmap of the 6 FRLs expression, while the “ggbiplot” R package was used to generate the principal component 
analysis (PCA) and t-distributed stochastic neighbor embedding (tSNE) for dimensionality analysis. Kaplan–Meier curve analysis 
and long-rank tests were used to compare the difference of the overall survival (OS) time, treatment-free survival (TFS) time and 
progression-free survival (PFS) time between the high- and low-risk groups with the “survminer” R package. Finally, the 
R package “ROC survival” was performed to describe ROCs for the prediction of the OS, TFS and PFS at different times.

Functional Enrichment Analysis and Immune Cell Infiltration
Gene Ontology (GO) and Kyoto Encyclopedia of Gene and Genomes (KEGG) enrichment analyses of DEGs were 
conducted by “cluster Pofolier” R package to explore the biological process and potential signaling pathways of two risk 
groups in our model. Subsequently, the CIBERSORT (https://cibersort.stanford.edu/) algorithm was applied to assess the 
population of 22 distinct immune cells in the tumor microenvironment (TME). We continued to assess the immune 
infiltration score of 28 immune cell subtypes and 13 immune pathways with single-sample gene set enrichment analysis 
(ssGSEA) to compare the immune features between the high- and low-risk groups.19

Ethics Statement
This study was approved by the Ethics Committee of the Jiangsu Province Hospital and written informed consent was obtained 
from all patients according to the Declaration of Helsinki. All methods were carried out in accordance with relevant guidelines.

Sample Collection in Validation Cohort and RNA-Seq Analysis
We collected 36 peripheral blood samples of CLL in the First Affiliated Hospital of Nanjing Medical University (Jiangsu 
Province Hospital). Peripheral blood mononuclear cells (PBMC) from 36 CLL samples were first collected, and a CD19+ 

B cell selection kit (Miltenyi Biotech, Gladbach, Germany) was used to extract B-CLL cells. Total RNA was extracted 
and assessed with RNeasy Micro Kit (QIAGEN, Hilden, Germany) to ensure quality. The prepared sequencing libraries 
were sequenced by a HiSeq X Ten high-throughput sequencing system. The sequences were mapped to hg38 (human 
genome 38) and aligned with Bowtie and BLAT (the BLAST-like alignment tool).

Statistical Analysis
All statistical data were analyzed by R software (version 4.11) and IBM SPSS software (version 21.0). Pearson’s 
correlation analysis was used to analyze the correlation between the lncRNAs and ferroptosis-related genes. The t-test or 
Kruskal–Wallis test was conducted for continuous variables to determine significant factors. Survival analysis was 
estimated with the Kaplan–Meier methods and the differences between the high- and low-risk groups were evaluated 
by long-rank tests. Univariate and multivariate regression analyses were performed to identify independent prognostic 
factors. P<0.05 was defined as statistically significant: * P < 0.05; ** P < 0.01; *** P < 0.001.

Results
Flowchart of the Study
The flowchart provided a clear summary of the construction of the prognostic model and further analysis (Figure 1).

Construction of the Novel Ferroptosis-Related lncRNA Risk Score Prognostic Model 
for CLL Patients
Firstly, to construct the prognostic model, twenty differentially expressed FRLswere obtained after intersecting 69 
lncRNAs with prognostic value, 291 DEGs and 250 FRLs, which were significantly associated with the OS of CLL 
patients through univariate COX regression analysis (P<0.05) (Figure 2A). The forest plot showing the prognostic value 
of the 20 lncRNAs is presented the Figure 2B. We revealed the gene expression correlation by correlation analysis of 20 
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FRLs (Figure 2C). Then, LASSO Cox regression analysis was conducted to establish a new ferroptosis-related lncRNA 
prognostic score (FPS) model (Figure 2D‒E), which was calculated as follows: FPS=0.4720* LNC00467 expression 
+0.3359* LNC01096 expression+0.1326* PCAT6 expression+0.0831* SBF2.AS1 expression‒0.6319* PRKCQ.AS1 
expression‒0.1653* TRG.AS1 expression. The risk score of PRKCQ.AS1 and TRG.AS1 had negative coefficients, 
indicating the protective effect on prognosis, whereas LNC00467, LNC01096, PCAT6 and SBF2.AS1 were observed as 
risk factors with positive coefficients (Figure 2F). We also described the relationship between the lncRNAs, ferroptosis- 
related genes and the risk types (Figure 2G). The Kaplan–Meier analysis showed that patients with the high level of 
protective factors (PRKCQ.AS1 and TRG.AS1) had favorable OS (P < 0.0001 and P < 0.0001, respectively) and TTFT 
(P < 0.0001 and P = 0.0097, respectively), while patients with the high level of risk factors (LNC00467, LNC01096, 
PCAT6 and SBF2.AS1) had worse outcomes (Figure S1A‒B). Furthermore, the Sankey diagram shows the relationship 
between the lncRNAs, ferroptosis-related genes and the risk types.

Evaluation of the Novel Ferroptosis-Related LncRNA Risk Score Prognostic Model in 
the GEO Dataset
The samples were divided into high and low-risk groups based on the optimal risk score of 1.08 as the cutoff (Figure 3A). As 
shown in Figure 3B, the patients in the high-risk group tended to have worse prognosis compared to those in low-risk group. In 
addition, the heatmap showed lower expression levels of PRKCQ and TRG.AS1, and the higher expression levels of LNC00467, 
LNC01096, PCAT6 and SBF2.AS1 in the high-risk group, whereas the expression levels were opposite in the low-risk group 

Figure 1 Flow chart of the design in the study.
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(Figure 3C). Then, PCA and t-SNE indicated that CLL patients were well distributed into two groups (Figure 3D‒E). Moreover, 
Kaplan–Meier curve analysis indicated that patients in the high-risk group had shorter OS and TTFT than those in the low-risk 
group (P < 0.0001, respectively) (Figure 3F‒G). The ROC curves and the corresponding AUC values showed superior 
performance in predicting prognosis. The AUC values of the ROC curves for predicting the 1-, 3- and 5-year OS were 0.829, 
0.824 and 0.821, respectively, and the 1-, 3- and 5-year TFS were 0.788, 0.857 and 0.839, respectively (Figure 3H and I). The data 
in the training cohort suggested that the FPS model could provide an accurate prediction of the outcomes of CLL patients.

Functional Enrichment Analyses and Immune Cell Infiltration Between the High and 
Low-Risk Groups in CLL
As shown in Figure 4A, the heatmap displayed the top 40 of 226 DEGs between the FPS-compliant low- and high-risk groups. To 
explore the role of the FPS model on the occurrence and progression of CLL patients, Go and KEGG enrichment analyses were 

Figure 2 Construction of the Novel Ferroptosis-Related lncRNA Risk Score Prognostic Model for CLL patients (A)Venn diagram of the generation of 20 PFDELs. (B)Forest 
plots showed the HR and p value of the 20 PFDELs. (C) Correlation analysis of the 20 FRGs. (D and E) The LASSO coefficient profiles of the 6 FRLs signature. (F) 
Coefficients (λ) of the 6 FRLs in the FPS model. (G) Sankey diagram of the relationship between the lncRNAs, ferroptosis-related genes and the risk types.
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conducted. Go analysis indicated that the DEGs were associated with biological processes (BP) such as T cell activation, 
lymphocyte differentiation and T cell differentiation (Figure 4B). Meanwhile, KEGG analysis suggested that the chemokine 
signaling pathway, cytokine-cytokine receptor interaction, hematopoietic cell lineage, T helper (Th) cell differentiation, TCR 
pathway and NF-κB signaling pathway were significantly enriched (Figure 4C). Considering the enrichment of immune cells in 
the DEGs, we continued to investigate the relationship between the risk scores and immune infiltration. CIBERSORT algorithm 
was implemented to assess the infiltration level of 22 distinct immune cells. Different infiltrations were found between high- and 
low-risk groups, including naive CD4+ T cells, resting natural killer (NK) cells, monocytes, naive B cells, plasm cells, activated 
mast cells, follicular helper T cells, regulatory T cells and activated NK cells (Figure 4D, all P<0.05). Based on this, we proceeded 
to use ssGSEA algorithm to estimate differences in the enrichment scores of immune cells and immune-related functional 
pathways in high- and low-risk groups. The scores of activated B cells, activated CD4+ T cells, activated CD8+ T cells, CD56 
bright/dim natural killer cells, central memory CD8+ T cells, effector memory CD8+ T cells, gamma delta T cells, mast cells, 
memory B cells, monocytes, myeloid-derived suppressor cell, natural killer cells, natural killer T cells, plasmacytoid dendritic 
cells, regulatory T cells, follicular helper T cells, type 1 T helper cells, type 2 T helper cells and type 17 T helper cells were 
significantly different in the two groups (Figure 4E, all P<0.05). Furthermore, APC co-suppression/co-stimulation, chemokine 
receptor (CCR), checkpoints, cytokine activity, inflammation promotion, T-cell co-suppression or co-stimulation and type II 
interferon (IFN) response were significantly decreased in the high-risk group, while HLA pathway was increased (Figure 4F, all 

Figure 3 Evaluation of the Novel Ferroptosis-Related LncRNA Risk Score Prognostic Model in the GEO Dataset (A) The distribution and optimal cut-off value of risk 
scores in the training cohort. (B) The distributions of OS status, OS and risk score. (C) Heatmap of the expression levels of the 6 selected FRLs. (D and E) t-SNE and PCA 
plot of the CLL cohort visualizing the distribution of the low and high-risk groups. (F and G) Kaplan–Meier survival curves for OS and TFS of CLL patients stratified by FPS 
risk score. (H and I) Time-dependent ROC curves of the risk model for predicting the 1-, 3- and 5-year OS and TFS.
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P<0.05). In summary, the evidence of functional analyses and immune cell infiltration could indicate that the FPS model may be 
correlated with the immune microenvironment in CLL.

Validation of the Novel Ferroptosis-Related LncRNA Risk Score Prognostic Model
To further demonstrate the feasibility of the FPS model, thirty-six patients with CLL diagnosed between 2012 and 2017 in our 
center were included in this study as a validation cohort. We calculated the FPS based on the expression of 6 FLRs, and then the 
patients were also separated into high- and low-risk groups based on the optimal cutoff. It was consistent with the training cohort 
from the GEO database (Figure 5A‒C). Besides, Kaplan–Meier curves were also applied to evaluate the prognostic role of the 6 

Figure 4 Functional Enrichment Analyses and Immune Cell Infiltration Between the High and Low-risk groups in CLL(A) The heatmap displaying the differentially expressed 
genes between the low-risk group and high-risk group. (B and C) The representative results of GO and KEGG analysis of DEGs between two groups. (D) Boxplots of the 
relative fraction of 22 immune cell types between two groups. (E and F) The score of immune cell types and immune-related functions using ssGSEA analysis, respectively.
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FRLs by OS, FPS and TTFT (Figure S2). Our model showed that the higher scores were associated with poorer survival 
outcomes. We observed significant differences in OS, PFS and TTFT between the high- and low-risk groups (OS: P=0.0066; FPS: 
P=0.016; TTFT: P=0.038, Figure 5D‒F). Moreover, the AUC values of the ROC curves showed high accuracy to predict the 3- 
and 5-year OS (OS: AUC = 0.805 and 0.851) and the 1-, 3- and 5-year PFS (PFS: AUC = 0.744, 0.618 and 0.720, respectively), 
and TTFT as well (TTFT: AUC = 0.660, 0.593 and 0.754, respectively) (Figure 5G‒I).

Independent Prognostic and Clinical Characteristics of the 6-FRLs Prognostic Model
Next, univariate analysis Cox regression analyses were applied to explore the relationship between the FPS model and 
clinical characteristics, such as stage, B symptoms, gender, age, lymphocytes, hemoglobin, platelets, LDH, β2-MG, TP53 
disruption, IGHV status and CLL International Prognosis Index (CLL-IPI). The results indicated that FPS high risk 
(P=0.013), Binet stage B or C (P=0.023), B symptoms (P=0.030), age >65years (P=0.034), hemoglobin <100g/L 
(P=0.008), platelets (P=0.002), β2-MG >3.5 mg/L (P=0.006), TP53 disruption (P=0.016), IGHV unmutated 
(P=0.001), and CLL International Prognosis Index (CLL-IPI) (P<0.001) were significantly related to poor OS 
(Figure 6A). Finally, FPS (P=0.034) and CLL-IPI (P=0.030) were selected as independent prognostic factors for OS 
prediction by multivariate Cox regression analysis (Figure 6B). Notably, a prognostic nomogram containing the FPS and 
CLL-IPI score was plotted to quantitatively predict the 2-, 3- and 5-year OS (Figure 6C). Furthermore, calibration curves 
of 2-, 3- and 5-year OS were described to confirm the consistency between the predicted survival rate and the actual 
survival rate (Figure 6D-F). Overall, the FPS model displayed benefited performance in predicting the survival of CLL.

Figure 5 Validation of the Novel Ferroptosis-Related LncRNA Risk Score Prognostic Model (A) The distribution and the value of risk scores in the validation cohort. (B) 
The distributions of OS status, OS and risk score in the validation cohort. (C) Heatmap of the expression levels of the 6 FRLs in the validation cohort. (D-F) Kaplan–Meier 
survival curves for OS, PFS and TFS of CLL patients stratified by FPS risk score. (G-I) Time-dependent ROC curves of the risk model for predicting the 1-, 3- and 5-year OS, 
PFS and TFS.
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Discussion
CLL is a highly heterogeneous disease. In the past 50 years, relevant advances have been made in the understanding of 
genetics and molecular biology, clinical characteristics, prognostic stratification and treatment of CLL.20 To date, 
different prognostic models have been developed for CLL prognostic stratification,21,22 but CLL-IPI is widely used 
with the most convincing and the highest acceptance.23 However, with the emergence of the novel oral inhibitors, the 
CLL-IPI might be partly insufficient.24 Therefore, it is essential to develop a novel prognostic model to better predict 
outcomes.

Since the 21st century, various novel types of unprogrammed cell death including apoptosis, necrosis, autophagy, 
proptosis, ferroptosis and cuproptosis have been gradually recognized to reveal the complexity of biology.4,25–27 Among 
them, a unique modality of cell death, ferroptosis is induced by iron-dependent lipid peroxidation and regulated by 
multiple cellular metabolic events, including redox homeostasis, mitochondrial activity, and metabolism.6 Although 
lncRNAs have no ability to encode proteins, it can participate in competing endogenous RNAs, interacting with proteins 
or inhibiting translation to regulate ferroptosis.16,28–31 However, the potential value of ferroptosis-related lncRNAs in 

Figure 6 Independent Prognostic and Clinical Characteristics of the 6-FRLs Prognostic Model (A and B) The univariate and multivariate Cox regression model analyses for 
assessment of the prognostic value of clinical characteristics and FPS. (C) The nomogram model for predicting 2-, 3- and 5-year OS rate of CLL patients. (D-F) The calibration plot 
analysis to assess the nomogram accuracy for OS prediction at 2-, 3- and 5-year.
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CLL is still unclear. Hence, based on the data from GEO database, we developed a novel ferroptosis-related lncRNAs 
prognostic model.

In the prognostic model, PRKCQ.AS1 and TRG.AS1 are considered as protective factors, whereas LINC00467, 
LINC01096, PCAT6 and SBF2.AS1 were observed as risk factors. Actually, lncRNA PRKCQ.AS1 plays an important 
role in the process of lymphoma including DLBCL and HL.32,33 Consistent with our study, it was also shown to be 
a protective factor in DLBCL.32 Another study showed that up-regulation of TRG.AS1 could protect against glucocorti-
coid-induced osteoporosis in a rat model by regulating miR-802-mediated CAB39/AMPK/SIRT-1/NF-κB axis.34 To date, 
no studies of TRG.AS1 have been reported in hematological malignancies except in this study. In previous studies, 
LINC00467, LINC01096, PCAT6 and SBF2.AS1 have been reported to be overexpressed and play oncogenic roles in 
both solid cancers and hematological malignancies. Through competing endogenous RNA, they promoted tumorigenesis, 
tumor progression and tumor metastasis by regulating various signaling pathways, such as Wnt/β-catenin, NK-κB and 
STAT3 pathway. LINC00467 was reported by Bo to play a role in signaling pathways of peroxisomal lipid metabolism 
and immunity.35 PCAT6 was included in a novel ferroptosis-related lncRNA model to accurately predict the prognosis 
and immune microenvironment of hepatocellular carcinoma.36 SBF2.AS1 was identified and validated to be 
a ferroptosis-related gene signature for predicting survival in glioma.37 The biological role of LINC01096 remains 
poorly understood. Although all lncRNAs in our model were first reported in CLL, they unexpectedly assisted us in 
establishing an accurate and convincing prognostic model.

Notably, the biological function of the DEGs between the FPS-compliant low- and high-risk groups was analyzed in 
our study. By KEGG analysis, we found several pathways were significantly enriched, including the chemokine signaling 
pathway, TCR pathway and NF-κB signaling pathway. Besides, T helper (Th) cell differentiation also plays a unique role. 
Previously, some studies have reported that ferroptosis and tumor-infiltrating immune cells could influence each 
other.38,39 Chen indicated that follicular helper T cells (Tfh) cells are susceptible to undergoing ferroptosis with the 
persistent stimulation of TCR, which results in higher ROS production in Tfh cells,40 which may explain the enrichment 
of T cell activation and differentiation between the DEGs. Besides, the NF-κB pathway has been reported to be aberrantly 
hyperactivated in chronic lymphocytic CLL development and evolution.41 Considering the TME plays an essential role in 
the development, growth, and survival of the malignant B-cell clone in CLL, the infiltrating abundance of tumor immune 
cells also differed between high- and low-risk groups by measuring the proportions of immune-infiltrating cells with 
CIBERSORT. Compared to the high-risk group, resting NK cells, monocytes, resting mast cells and eosinophils, which 
were recognized to play anti-tumor roles, were infiltrated at higher levels in the low-risk group. However, Tregs and Tfhs, 
considered as immunosuppressive roles, were infiltrated at higher levels in high-risk populations.42–44 To some degree, 
the immunosuppressive microenvironment could explain the fact that patients with high-risk scores undergo worse 
prognosis than those with low-risk scores in our study. All the genetic complexity and diverse and complex tissue TME 
interactions participate in the heterogeneous course of CLL. Although the introduction of small molecule inhibitors of 
BTK, PI3K and BCL-2 has greatly improved the prognosis of CLL patients, prolonging the survival time, limitations still 
exist on achieving a deep and permanent remission. Combination strategies of small molecule inhibitors and immune 
checkpoint inhibitors or Immunomodulatory drugs, targeting the TME, may provide light on patients with high-risk.

In conclusion, we identify ferroptosis-related lncRNAs and construct a novel and accurate prognostic model. The 
reliability and sensitivity of the model were verified both in the external database and in our data. We sincerely hope that 
our findings would shed insights for further study and clinical practice.

Indubitably, our study still has some limitations. First, the 6-FRLs signature prognostic model may be not easy to be 
widely used in clinical practice because of the price of RNA-sequencing, but it could be accurate and useful in clinical 
trials to some degree. Second, the model was only validated with 36 patients in our center, and more external validations 
are needed to assess the reliability and sensitivity. Finally, the molecular mechanism of the lncRNAs included in the 
prognostic model has not been fully recognized. In future, functional analysis and mechanistic studies of the 6 
ferroptosis-related lncRNAs are expected to be carried out to explore the specific value in CLL progression.
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Data Sharing Statement
The datasets used and analyzed for this study were obtained from GEO GSE22762 and GSE50006. For CLL samples in 
the validation cohort from our center, the sequence data are deposited in DRYAD and accessible for peer review at: 
https://datadryad.org/stash/share/_2lBuwkaTXpXZqNYef_FeMgPQirBHWuPvguEMJC6U80, and the dataset has been 
assigned a unique digital objective identifier (DOI): https://doi.org/10.5061/dryad.z612jm6fp.
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obtained from all patients according to the Declaration of Helsinki.

Acknowledgments
We would like to acknowledge contributors to GEO datasets and FerrDb used in the study and the Core Facility of the 
First Affiliated Hospital of Nanjing Medical University for their instructions. Especially, we had the highest regard for 
the patients who volunteered to participate in this study.

Author Contributions
(I) Conception and design,

(II) Administrative support, BHP, JYL, JW and WX; (III) Provision of study materials or patients, YL, YX and YLK; 
(IV) Collection and assembly of data, HY, JT, XYZ, JHL and LW; (V) Data analysis and interpretation, ZDX, BHP 
and LW. All authors made a significant contribution to the work reported; whether that is in the conception; study 
design; execution; acquisition of data; analysis and interpretation; or in all these areas; took part in drafting; revising 
or critically reviewing the article; gave final approval of the version to be published; have agreed on the journal to 
which the article has been submitted; and agree to be accountable for all aspects of the work.

Funding
This work was funded by National Natural Science Foundation of China (81770166, 81720108002, 81800192), Jiangsu 
Province’s Medical Elite Programme (ZDRCA2016022), Project of National Key Clinical Specialty, Jiangsu Provincial 
Special Program of Medical Science (BE2017751) and National Science and Technology Major Project 
(2018ZX09734007), Nature Science Foundation for Youths of Jiangsu Province (BK20171079), and Young Scholars 
Fostering Fund of the First Affiliated Hospital of Nanjing Medical University (PY2021026).

Disclosure
The authors declare no conflicts of interest.

References
1. Hallek M, Shanafelt TD, Eichhorst B. Chronic lymphocytic leukaemia. Lancet. 2018;391(10129):1524–1537. doi:10.1016/S0140-6736(18)30422-7
2. Bergsagel DE. The chronic leukemias: a review of disease manifestations and the aims of therapy. Can Med Assoc J. 1967;96(25):1615–1620.
3. Albiol N, Arguello-Tomas M, Moreno C. The road to chemotherapy-free treatment in chronic lymphocytic leukaemia. Curr Opin Oncol. 2021;33 

(6):670–680. doi:10.1097/CCO.0000000000000791
4. Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012;149(5):1060–1072. 

doi:10.1016/j.cell.2012.03.042
5. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends Cell Biol. 2016;26(3):165–176. doi:10.1016/j.tcb.2015.10.014
6. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev Mol Cell Biol. 2021;22(4):266–282. doi:10.1038/ 

s41580-020-00324-8
7. Xu T, Ding W, Ji X, et al. Molecular mechanisms of ferroptosis and its role in cancer therapy. J Cell Mol Med. 2019;23(8):4900–4912. doi:10.1111/ 

jcmm.14511
8. Schmitt A, Xu W, Bucher P, et al. Dimethyl fumarate induces ferroptosis and impairs NF-kappaB/STAT3 signaling in DLBCL. Blood. 2021;138 

(10):871–884. doi:10.1182/blood.2020009404
9. Wang N, Zeng GZ, Yin JL, Bian ZX. Artesunate activates the ATF4-CHOP-CHAC1 pathway and affects ferroptosis in Burkitt’s Lymphoma. 

Biochem Biophys Res Commun. 2019;519(3):533–539. doi:10.1016/j.bbrc.2019.09.023
10. Chen Y, Wang F, Wu P, et al. Artesunate induces apoptosis, autophagy and ferroptosis in diffuse large B cell lymphoma cells by impairing STAT3 

signaling. Cell Signal. 2021;88:110167. doi:10.1016/j.cellsig.2021.110167

International Journal of General Medicine 2023:16                                                                             https://doi.org/10.2147/IJGM.S399629                                                                                                                                                                                                                       

DovePress                                                                                                                       
1551

Dovepress                                                                                                                                                               Xu et al

Powered by TCPDF (www.tcpdf.org)

https://datadryad.org/stash/share/_2lBuwkaTXpXZqNYef_FeMgPQirBHWuPvguEMJC6U80
https://doi.org/10.5061/dryad.z612jm6fp
https://doi.org/10.1016/S0140-6736(18)30422-7
https://doi.org/10.1097/CCO.0000000000000791
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1111/jcmm.14511
https://doi.org/10.1111/jcmm.14511
https://doi.org/10.1182/blood.2020009404
https://doi.org/10.1016/j.bbrc.2019.09.023
https://doi.org/10.1016/j.cellsig.2021.110167
https://www.dovepress.com
https://www.dovepress.com


11. Liu S, Wu W, Chen Q, et al. TXNRD1: a key regulator involved in the ferroptosis of CML cells induced by cysteine depletion in vitro. Oxid Med 
Cell Longev. 2021;2021:7674565. doi:10.1155/2021/7674565

12. Birsen R, Larrue C, Decroocq J, et al. APR-246 induces early cell death by ferroptosis in acute myeloid leukemia. Haematologica. 2022;107 
(2):403–416. doi:10.3324/haematol.2020.259531

13. Hong Y, Ren T, Wang X, et al. APR-246 triggers ferritinophagy and ferroptosis of diffuse large B-cell lymphoma cells with distinct TP53 
mutations. Leukemia. 2022;36(9):2269–2280. doi:10.1038/s41375-022-01634-w

14. Song Y, Tian S, Zhang P, Zhang N, Shen Y, Construction DJ. Validation of a novel ferroptosis-related prognostic model for acute myeloid leukemia. 
Front Genet. 2021;12:708699. doi:10.3389/fgene.2021.708699

15. Chen H, He Y, Pan T, et al. Ferroptosis-related gene signature: a new method for personalized risk assessment in patients with diffuse large B-cell 
lymphoma. Pharmgenomics Pers Med. 2021;14:609–619. doi:10.2147/PGPM.S309846

16. Gong H, Li H, Yang Q, et al. A ferroptosis molecular subtype-related signature for predicting prognosis and response to chemotherapy in patients 
with chronic lymphocytic leukemia. Biomed Res Int. 2022;2022:5646275. doi:10.1155/2022/5646275

17. Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long non-coding RNAs and its biological functions. Nat Rev Mol Cell Biol. 2021;22 
(2):96–118. doi:10.1038/s41580-020-00315-9

18. Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized linear models via coordinate descent. J Stat Softw. 2010;33(1):1–22. 
doi:10.18637/jss.v033.i01

19. Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinform. 2013;14:7. 
doi:10.1186/1471-2105-14-7

20. Bosch F, Dalla-Favera R. Chronic lymphocytic leukaemia: from genetics to treatment. Nat Rev Clin Oncol. 2019;16(11):684–701. doi:10.1038/ 
s41571-019-0239-8

21. Hoechstetter MA, Busch R, Eichhorst B, et al. Prognostic model for newly diagnosed CLL patients in Binet stage A: results of the multicenter, 
prospective CLL1 trial of the German CLL study group. Leukemia. 2020;34(4):1038–1051. doi:10.1038/s41375-020-0727-y

22. Gordon MJ, Kaempf A, Sitlinger A, et al. The Chronic Lymphocytic Leukemia Comorbidity Index (CLL-CI): a three-factor comorbidity model. 
Clin Cancer Res. 2021;27(17):4814–4824. doi:10.1158/1078-0432.CCR-20-3993

23. Jatoi I. An international prognostic index for patients with chronic lymphocytic leukaemia (CLL-IPI): a meta-analysis of individual patient data. 
Lancet Oncol. 2016;17(6):779–790. doi:10.1016/s1470-2045(16)

24. Kutsch N. CLL-IPI: valid in the era of oral inhibitors? Blood. 2021;138(2):106–107. doi:10.1182/blood.2021011937
25. Tsvetkov P, Coy S, Petrova B, et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Science. 2022;375(6586):1254–1261. 

doi:10.1126/science.abf0529
26. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanistic description of dead and dying eukaryotic cells. Infect Immun. 2005;73 

(4):1907–1916. doi:10.1128/Iai.73.4.1907-1916.2005
27. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell. 2011;147(4):728–741. doi:10.1016/j.cell.2011.10.026
28. Zhang Y, Luo M, Cui X, O’Connell D, Yang Y. Long noncoding RNA NEAT1 promotes ferroptosis by modulating the miR-362-3p/MIOX axis as a 

ceRNA. Cell Death Differ. 2022. doi:10.1038/s41418-022-00970-9
29. Wang M, Mao C, Ouyang LL, et al. Long noncoding RNA LINC00336 inhibits ferroptosis in lung cancer by functioning as a competing 

endogenous RNA. Cell Death Differ. 2019;26(11):2329–2343. doi:10.1038/s41418-019-0304-y
30. Ronchetti D, Manzoni M, Agnelli L, et al. lncRNA profiling in early-stage chronic lymphocytic leukemia identifies transcriptional fingerprints with 

relevance in clinical outcome. Blood Cancer J. 2016;6(9):e468. doi:10.1038/bcj.2016.77
31. Garding A, Bhattacharya N, Claus R, et al. Epigenetic upregulation of lncRNAs at 13q14.3 in leukemia is linked to the In Cis downregulation of 

a gene cluster that targets NF-kB. PLoS Genet. 2013;9(4):e1003373. doi:10.1371/journal.pgen.1003373
32. Wang X, Lu Y, Liu Z, et al. A 9-LncRNA signature for predicting prognosis and immune response in diffuse large B-cell lymphoma. Front 

Immunol. 2022;13:813031. doi:10.3389/fimmu.2022.813031
33. Liang Y, Zhu H, Chen J, Lin W, Li B, Guo Y. Construction of relapse-related lncRNA-mediated ceRNA networks in Hodgkin lymphoma. Arch Med 

Sci. 2020;16(6):1411–1418. doi:10.5114/aoms.2020.98839
34. Liu W, Li G, Li J, Chen W. Long noncoding RNA TRG-AS1 protects against glucocorticoid-induced osteoporosis in a rat model by regulating 

miR-802-mediated CAB39/AMPK/SIRT-1/NF-kappaB axis. Hum Cell. 2022;35(5):1424–1439. doi:10.1007/s13577-022-00741-1
35. Bo H, Zhang WC, Zhong XP, et al. LINC00467, Driven by copy number amplification and DNA demethylation, is associated with oxidative lipid 

metabolism and immune infiltration in breast cancer. Oxid Med Cell Longev. 2021;2021:1–27. doi:10.1155/2021/4586319
36. Fang C, Liu S, Feng K, et al. Ferroptosis-related lncRNA signature predicts the prognosis and immune microenvironment of hepatocellular 

carcinoma. Sci Rep. 2022;12(1):6642. doi:10.1038/s41598-022-10508-1
37. Zheng J, Zhou Z, Qiu Y, et al. A prognostic ferroptosis-related lncRNAs signature associated with immune landscape and radiotherapy response in 

glioma. Front Cell Dev Biol. 2021;9:675555. doi:10.3389/fcell.2021.675555
38. Wang W, Green M, Choi JE, et al. CD8(+) T cells regulate tumour ferroptosis during cancer immunotherapy. Nature. 2019;569(7755):270–274. 

doi:10.1038/s41586-019-1170-y
39. Dai E, Han L, Liu J, et al. Autophagy-dependent ferroptosis drives tumor-associated macrophage polarization via release and uptake of oncogenic 

KRAS protein. Autophagy. 2020;16(11):2069–2083. doi:10.1080/15548627.2020.1714209
40. Chen Z, Wang N, Yao Y, Yu D. Context-dependent regulation of follicular helper T cell survival. Trends Immunol. 2022;43(4):309–321. 

doi:10.1016/j.it.2022.02.002
41. Mansouri L, Papakonstantinou N, Ntoufa S, Stamatopoulos K, Rosenquist R. NF-kappaB activation in chronic lymphocytic leukemia: a point of 

convergence of external triggers and intrinsic lesions. Semin Cancer Biol. 2016;39:40–48. doi:10.1016/j.semcancer.2016.07.005
42. Li C, Jiang P, Wei S, Xu X, Regulatory WJ. T cells in tumor microenvironment: new mechanisms, potential therapeutic strategies and future 

prospects. Mol Cancer. 2020;19(1):116. doi:10.1186/s12943-020-01234-1
43. Liu L, Cheng X, Yang H, et al. BCL-2 expression promotes immunosuppression in chronic lymphocytic leukemia by enhancing regulatory T cell 

differentiation and cytotoxic T cell exhaustion. Mol Cancer. 2022;21(1):59. doi:10.1186/s12943-022-01516-w
44. Svanberg R, Janum S, Patten PEM, Ramsay AG, Niemann CU. Targeting the tumor microenvironment in chronic lymphocytic leukemia. 

Haematologica. 2021;106(9):2312–2324. doi:10.3324/haematol.2020.268037

https://doi.org/10.2147/IJGM.S399629                                                                                                                                                                                                                                 

DovePress                                                                                                                                   

International Journal of General Medicine 2023:16 1552

Xu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1155/2021/7674565
https://doi.org/10.3324/haematol.2020.259531
https://doi.org/10.1038/s41375-022-01634-w
https://doi.org/10.3389/fgene.2021.708699
https://doi.org/10.2147/PGPM.S309846
https://doi.org/10.1155/2022/5646275
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1038/s41571-019-0239-8
https://doi.org/10.1038/s41571-019-0239-8
https://doi.org/10.1038/s41375-020-0727-y
https://doi.org/10.1158/1078-0432.CCR-20-3993
https://doi.org/10.1016/s1470-2045(16)
https://doi.org/10.1182/blood.2021011937
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1128/Iai.73.4.1907-1916.2005
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1038/s41418-022-00970-9
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1038/bcj.2016.77
https://doi.org/10.1371/journal.pgen.1003373
https://doi.org/10.3389/fimmu.2022.813031
https://doi.org/10.5114/aoms.2020.98839
https://doi.org/10.1007/s13577-022-00741-1
https://doi.org/10.1155/2021/4586319
https://doi.org/10.1038/s41598-022-10508-1
https://doi.org/10.3389/fcell.2021.675555
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1016/j.it.2022.02.002
https://doi.org/10.1016/j.semcancer.2016.07.005
https://doi.org/10.1186/s12943-020-01234-1
https://doi.org/10.1186/s12943-022-01516-w
https://doi.org/10.3324/haematol.2020.268037
https://www.dovepress.com
https://www.dovepress.com


International Journal of General Medicine                                                                                         Dovepress 

Publish your work in this journal 
The International Journal of General Medicine is an international, peer-reviewed open-access journal that focuses on general and internal 
medicine, pathogenesis, epidemiology, diagnosis, monitoring and treatment protocols. The journal is characterized by the rapid reporting of 
reviews, original research and clinical studies across all disease areas. The manuscript management system is completely online and includes a 
very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from 
published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-general-medicine-journal

International Journal of General Medicine 2023:16                                                                        DovePress                                                                                                                       1553

Dovepress                                                                                                                                                               Xu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Data Collection
	Generation and Evaluation of the Ferroptosis-Related Prognostic Score Model
	Functional Enrichment Analysis and Immune Cell Infiltration
	Ethics Statement
	Sample Collection in Validation Cohort and RNA-Seq Analysis
	Statistical Analysis

	Results
	Flowchart of the Study
	Construction of the Novel Ferroptosis-Related lncRNA Risk Score Prognostic Model for CLL Patients
	Evaluation of the Novel Ferroptosis-Related LncRNA Risk Score Prognostic Model in the GEO Dataset
	Functional Enrichment Analyses and Immune Cell Infiltration Between the High and Low-Risk Groups in CLL
	Validation of the Novel Ferroptosis-Related LncRNA Risk Score Prognostic Model
	Independent Prognostic and Clinical Characteristics of the 6-FRLs Prognostic Model

	Discussion
	Data Sharing Statement
	Ethics Approval and Consent to Participate
	Acknowledgments
	Author Contributions
	Funding
	Disclosure

