Journal of Hepatocellular Carcinoma Dove

ORIGINAL RESEARCH

|dentification of a Novel Ferroptosis-Related Gene
Signature for Predicting Prognosis and
Responsiveness to Immunotherapy in Hepatocellular
Carcinoma

Qingbin Wang'">*, Bingkun Wang'?*, Xiaowu Ma'%, Hongkai Zhuang'?, Zhiqin Xie'?,
Chenwei Tang®"?, Wenliang Tan'?, Lei Yang'?, Changzhen Shang®'*?, Yajin Chen'"?

'Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene Regulation, Sun Yat-sen Memorial Hospital, Sun Yat-Sen University,
Guangzhou, People’s Republic of China; 2Department of Hepatobiliary Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou,
People’s Republic of China

*These authors contributed equally to this work

Correspondence: Changzhen Shang; Yajin Chen, Department of Hepatobiliary Surgery, Sun Yat-sen Memorial Hospital, Sun Yat-sen University,
Guangzhou, People’s Republic of China, Tel +86 13711279678, Email shangcz_sysu@ | 63.com; chenyaj@mail.sysu.edu.cn

Purpose: Ferroptosis has been reported to regulate multiple biological behaviors. However, the prognostic and oncologic values of
ferroptosis-related genes (FRGs) have not been comprehensively elucidated in hepatocellular carcinoma (HCC). Here, we aimed to
construct FRGs-associated signature for stratification of the prognosis of HCC patients.

Methods: A list of FRGs was generated from FerrDb. Public databases were used to extract expression matrices and clinical
information. TCGA cohort was randomly divided into a training set and a validation set. Prognostic signature for Overall Survival
(OS) was established in training set and validated in internal cohorts (TCGA validation set and entire set) and external cohort (ICGC
cohort). Additionally, the role of signature in HCC was well investigated by analysis of mutations, gene set enrichment analysis
(GSEA), analysis of immune infiltrates, and analysis of response to immune checkpoint blockade (ICB) treatment. The oncogenic
effects of ZFP69B on HCC were also investigated in vitro.

Results: We identified 12 FRGs-based signature for OS with LASSO regression. Patients were partitioned into different risk groups based
on the signature. Overall, patients in different groups had different prognosis. The signature independently predicted OS in multivariate Cox
regression analyses. Anti-tumor immune cells including activated CD8 T cells, cytolytic activity, and Thl cells were negatively correlated
with risk score in both TCGC and ICGC cohorts. Furthermore, low-risk patients responded better to ICB than high-risk patients. In addition,
knockdown of ZFP69B reduced proliferation, migration, and invasion, and promoted erastin-induced ferroptosis of HCC cells.
Conclusion: We developed a prognostic signature based on FRGs to predict OS of HCC patients. And the signature may facilitate
clinicians in identifying those who are likely to benefit from ICIs. The results also indicated that ZFP69B might regulate the process of
ferroptosis and could be used as a novel potential target for HCC.
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Introduction

Liver cancer is the sixth most common cancer worldwide and has become the third leading cause of cancer-related deaths in
2020." Hepatocellular carcinoma (HCC), the most commonly diagnosed type of primary liver cancer, accounts for about
90% of all liver cancer cases.” Despite considerable progress in HCC treatment such as surgical resection, liver transplanta-
tion and immune checkpoint inhibitors (ICIs) based therapy, prognosis of patients with HCC remains dismal. ICIs represent
a promising treatment but only a small number of patients respond to immunotherapy.® Therefore, it is an urgent need to

identify new biomarkers or develop prognosis models for the prediction of OS and response to immunotherapy.
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Ferroptosis is a novel type of regulatory cell death due to abnormal accumulation of lipid reactive oxygen species and
iron overload.* Inducing ferroptosis of tumor cells has been considered a promising therapeutic approach.” Sorafenib,
a first-line drug for advanced HCC patients, has shown the potential to induce ferroptosis. Ferroptosis is involved in the
toxic effect of sorafenib on HCC cells and the resistance of HCC cells to sorafenib.®’ Other therapeutic agents, including
low-density lipoprotein docosahexaenoic acid nanoparticles and haloperidol, also promote ferroptosis in HCC cells.®’
Some progress has been made in elucidating the regulatory mechanism of ferroptosis in HCC. The activation of p62-
Keap1-Nrf2 pathway up-regulates ferritin heavy chain 1 (FTH1), which inhibits ferroptosis in HCC cells by accumulat-
ing and transporting Fe2".'® As a negative regulator of ferroptosis, Metallothionein-1G could increase sorafenib
resistance of HCC cells and ultimately lead to poor prognosis for patients with HCC.® Liang et al built a FRGs-based
signature for HCC patients based on only 60 FRGs, with AUC of 0.8 and 0.668 for 1- and 3-year."' Similarly, Du et al
integrated 2483 immunity-related genes (IRGs) with only 60 FRGs to build a prognostic signature for HCC."? A recent
study constructed a signature predicting the prognosis of HCC patients from 279 FRGs and 952 IRGs.'* However, its
signature contained many genes (n = 27), limiting its role in clinical practice. Previous studies investigating FRG-related
signatures have mainly focused on elucidating the prognostic predictive performance of the prognostic signatures.
However, they lack clinical utility and experimental validation.

In this study, through multiple bioinformatics analyses, a novel prognostic signature for OS was established,
validated, and comprehensively investigated in HCC. In this signature, we identified ZFP69B as the key predictor of
prognosis based on regression coefficients. And the oncogenic effects of ZFP69B on HCC were also explored.

Materials and Methods

Data Acquisition

The work flow is shown in Figure S1. Firstly, from the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/), we
obtained the RNA-sequencing data (FPKM) of 374 HCC and 50 normal samples. Clinicopathological data were obtained
from the cBioPortal (https://www.cbioportal.org/). After excluding patients with missing OS or OS < 3 days and

metastatic samples, we obtained TCGA cohort (n = 364) for further analysis. External dataset (n = 230) was derived
from the ICGC data portal (https://dcc.icgc.org/). Based on the FerrDb database, we defined genes promoting or

preventing ferroptosis and demonstrated the occurrence of ferroptosis as FRGs.'*

Differentially Expressed Analysis and Univariate Cox Regression

We extracted expression matrices of FRGs from the TCGA. Differentially expressed FRGs (DE-FRGs) were identified
among 364 tumor tissues and 50 normal tissues. The adjusted p < 0.05 was considered statistically significant. To identify
prognosis-associated FRGs, we implemented univariate Cox regression analysis of OS with the “survival” package of the
R software. To select OS-related FRGs, p < 0.05 was used as a cut-off value. Intersection of DE-FRGs and OS-related
FRGs was taken for downstream analyses. We defined them as OS-genes.

Construction and Validation of OS Signature

HCC patients were randomly divided into training set and validation set in a 6:4 ratio. The entire set (n = 364) comprised
a training set (n = 228) and a validation set (n = 136). To build a ferroptosis prognostic signature, LASSO Cox regression
was carried out in the OS training set using the “glmnet” package in R. The TCGA validation set, entire set, and ICGC
cohort were evaluated for predictive performance. The risk score was calculated according to the following formula: Risk
score = eXPgene 1*Pgene 1 T €XPgene 2¥Pgenc 2 T -+ €XPgene n*Peene n (the expgene is the FPKM value of FRGs, the Bgene is
the LASSO regression coefficient). Patients were then stratified into different risk subgroups according to their median
risk score. To evaluate the predictive power of the signature, the Kaplan—Meier survival curve and time-dependent ROC
curve analysis were performed using the “survival” package and “timeROC” package, respectively. We also assessed the
association between clinicopathological factors and risk score.
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Development and Validation of Predictive Nomograms

Firstly, the relationship between clinicopathological factors and risk score in TCGA and ICGC cohorts for OS was
further explored. Then, using univariate and multivariate Cox regressions, independent predictors were identified from
the FRGs signature and clinicopathological variables, including age, gender, race, family history of cancer, serum AFP,
total bilirubin, albumin, adjacent hepatitis, fibrosis, vascular invasion, T stage, TNM stage, tumor grade, and Child-Pugh
classification. The results were presented as a forest plot. Based on the “rms” and “survival” packages, we built
nomograms to predict 1-, 3-, and 4-year OS based on the results of univariate and multivariate Cox regressions, our
clinical knowledge, and predictors identified from previously published articles. Calibration curves and C-indexes were
utilized to evaluate the performance of the nomograms.

Mutation and GSEA Analysis

MAF files of somatic mutation were also derived from TCGA database. The “maftools” package in R was utilized to
analyze and visualize differences in somatic variants between different risk subgroups.'> We identified differentially
mutated genes in the two groups.

GSEA was performed to further assess the differences in possible biological pathways between different risk groups.
First, the “limma” package in R was used for differential expression analysis in two risk groups. We obtained log fold-
change (logFC) of all mRNAs and used it to rank these genes. Then, using “clusterprofiler” package and “enrichplot”
package in R, GSEA analysis was performed and visualized.'®

Transcriptional changes in well-known suppressors of ferroptosis (SOFs), such as ATF4, ELAVLI, FTH1, GPX4,
NFE2L2, SQSTM1, SLC7A11, VDAC2, and so on, were also explored in the different risk groups.“’lo’”*21

Immune Cell Infiltration Analysis and Differential Expression Analysis for Immune
Checkpoints

We quantified the abundance of 18 immune-related terms using gene set variation analysis (GSVA).**** Immune
infiltration in different risk groups was shown with box plots. The lollipop and scatter plots were generated to show
the association between immune cell infiltration level and risk score.

The expressions of PD-1, PD-L1, B7-H3, CTLA4, HAVCR2, LAG3, CD47, and CD80 between different risk groups
were compared. The correlation between expressions of immune checkpoints and risk score was also investigated.

IPS Analysis and TIDE Score

Based on immunomodulators, MHC molecules, suppressor cells, and effector cells, immunophenoscore (IPS) was
calculated and normalized within 0-10 range, with higher scores representing higher immunoreactivity.”* From The
Cancer Immunome Atlas, we downloaded the IPSs of patients in different groups.”* Additionally, the ImmuCellAl
database can be utilized to forecast the therapeutic response to ICB.?*> Tumor Immune Dysfunction and Exclusion (TIDE)
algorithm was also utilized to predict potential ICB response.*®

Clinical Specimen

In total, 77 pairs of tumor and adjacent normal tissues from HCC patients undergoing surgical resection were obtained
from Sun Yat-sen Memorial Hospital. The Ethics Committee of Sun Yat-Sen Memorial Hospital reviewed and approved
this work. All participants in this study signed informed consent forms.

Cell Culture and Transfection

Obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China), HuH7 and other HCC cell lines
were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS; Shanghai
ExCell Bio, Inc., Shanghai, China) and incubated with 5% CO2 at 37°C. ZFP69B siRNA (sil-2) and negative control
siRNA (RiboBio, Shanghai, China) were transfected into HuH7 cells. Knockdown sequences of ZFP69B were as
follows: si#l, 5’-CAAAUGUAAUAAGCUAGAATT-3’; si#2, 5>-GCUUACUCAACAUGUUAGATT-3".
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RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

EZ-press RNA Purification Kit (EZBioscience, Roseville, USA) was utilized to extract total RNA from cell lines or tissues.
Reverse transcription was carried out using 5X RT Master Mix (Accurate Biotechnology Co., Ltd., Hunan, China). RT-PCR
was performed on all the samples to quantify the relative expression level of our target gene. The following primers were used:
ZFP69B, 5’-CAGACATCCTTCATCGCTTAC-3’ (forward) and 5’-GCTTTCTCACATACCCTACATTC-3’ (reverse);
GAPDH, 5’-AGAAGGCTGGGGCTCATTTG-3’ (forward), and 5’-~ AGGGGCCATCCACAGTCTTC-3’ (reverse).

Cell Proliferation Assay

5-Ethynyl-20-Deoxyuridine (EdU) cell proliferation staining was carried out with the BeyoClick™ EdU-488 kit
(Beyotime, Shanghai, China). Briefly, in 24-well plates, HuH7 cells (3 x 10* cells/well) were seeded and cultured for
24 h in DMEM with 10% FBS. Subsequently, incubation with EdU for 2 h, fixation with paraformaldehyde for 15 min,
and permeation with 0.3% Triton X-100 for another 15 min were performed. After 30 min of incubation with Click
Reaction Mixture, cells were incubated with Hoechst 33,342 for 10 min.

Transwell Assays

Cell suspensions (5 x 10* cells) were added to the upper transwell chamber (BIOFIL, Guangzhou, China) and incubated
with 20% FBS for 24 h to examine cell migration. Transwell membranes were coated with Matrigel (Corning, NY, USA)
and incubated for 24 h to examine cell invasion. Then, cells that migrated or invaded to the bottom chamber were fixed
with paraformaldehyde and stained with crystal violet. Microscope was used to quantify the migrated and invaded cells.

Western Blot

Radio immunoprecipitation assay (RIPA) lysis buffer (CWBIO, Beijing, China) was utilized to extract protein from
cultured cells, and a bicinchoninic acid assay kit (CWBIO) was utilized to measure its concentration. Western blotting
was carried out as previously described.”” Membranes were incubated overnight at 4 °C with primary antibodies. The
following antibodies were used: anti-ACSL4 (A20414) from ABclonal, anti-COX2 (#12282) from Cell Signaling
Technology, anti-SLC7A11 (ab175186) and anti-GPX4 (ab125066) from Abcam, and anti-GADPH from Beijing Ray
Antibody Biotech. Then, the membranes were reacted with secondary anti-rabbit/mouse antibodies (EpiZyme, Shanghai,
China). The enhanced chemiluminescence method (EpiZyme) was used to visualize target proteins with G: BOX Chemi
XT4 (Syngene, UK).

Detection of Malondialdehyde (MDA), Lipid ROS, and Total ROS Level
MDA concentration was measured following kit instructions (ab287860, Abcam). Briefly, cells were plated in 10-cm
dishes, treated with siRNA for 24h and treated with erastin (10uM, Selleck, Houston, Texas, USA) for another 24 h. And
cells were lysed by ice-cold homogenizing buffer for 10 min, followed by centrifugation at 3000 g for 10 min at 4°C.
Concentrated HC1 was used until pH 1.5 was reached. The supernatant was hydrolyzed for 80 min at 60 °C. Next, 150 L.
concentrated HCI and 650 pL Developer Mix were added to 200 uL hydrolyzed samples and incubated at 45 °C for 60
min. After this incubation period, samples were centrifuged at 9000 g and RT for 10 min. Then, blue supernatant was
collected and 200 pL of each sample was transferred into a 96-well plate. Absorbance at OD 586 nm was measured at RT
in end-point mode. MDA concentration was then calculated from a standard curve.

2,7-Dichlorodihydrofluorescein (DCFH-DA, APExBIO, Houston, Texas, USA) diacetate and C11-BODIPY (Thermo
Fisher Scientific) were used to detect the intracellular ROS levels and lipid ROS. In brief, cells were plated in 6-well
plates treated with siRNA for 24h and treated with erastin for another 24 h. Then, the cells were incubated with DCFH-
DA or C11-BODIPY for 20 min. The fluorescence intensity of ROS and the percent of C11-BODIPY positive cells were
analyzed by flow cytometry.
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Statistical Analysis

Statistical analysis of the bioinformatic data and experimental data in this study was performed using R software 3.6.2
(Vienna, Austria), SPSS 25.0 (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 8.0 (San Diego, CA, USA). It
was considered statistically significant when p <0.05.

Results

Constructing FRGs Prognostic Signature in TCGA Training Set
We obtained a list of 259 FRGs from FerrDb. In the TCGA dataset, we identified 240 FRGs based on the annotation file
downloaded from the “GENCODE” website. Then, we obtained 189 DE-FRGs among 364 HCC and 50 normal samples.
The 240 FRGs in the OS cohort were then analyzed using univariate Cox regression to identify ferroptosis-related
prognostic genes (Table S1). Finally, we found that 89 FRGs were significantly correlated with OS. We identified 82 OS-
genes in the intersection of DEGs and ferroptosis-related prognostic genes (Figure 1A).

To build a prognostic signature for HCC patients, LASSO Cox analysis was utilized to identify candidate genes
(Figure 1B and C). OS signature containing 12 FRGs (Figure 1D) was generated. Of these, 11 were significantly
associated with shorter OS in the TCGA training set, including ACSL3, AKR1C3, HILPDA, KEAP1, PRDX6, RRM2,
SLC2A1, SLC1AS5, SRXNI1, UBC, ZFP69B, whereas FLT3 was significantly associated with longer OS (Figure 1E).
Results in the TCGA validation, TCGA entire set, and ICGC cohort were also broadly similar to those (Figures S2—S4).
The risk score for each patient was calculated according to the following formula: risk score = expspcya1®0.201 +
expsrxn1 ¥0.102 + exprrr3s*(—1.205) + expypc*0.124 + exprrm2¥0.035 + expuppa®0.126 + expgpap:¥0.059 +
expacsr3¥0.260 + expprpxs™0.137 + expzrpeop™1.140 + expaxric3*0.110 + expspc1as5¥0.066. Patients in OS training
set were divided into different groups on the basis of their median risk score. Figure 2A displays the distribution of risk
score and survival time in OS training set. As shown in Figure 2B (p < 0.001), patients in different risk groups
demonstrated different prognoses. Time-dependent ROC curves were generated to assess predictive performance,
generating AUC values of 0.826, 0.766, and 0.761 for 1-, 3-, and 4-year OS (Figure 2C).

Internal and External Validation of Prognostic Signature

To verify the prognostic performance of the OS signature, risk scores were calculated in different validation cohorts using
the formula indicated earlier. Similarly, based on median risk score, patients were assigned to different risk groups.
Survival status distribution and risk score are shown in Figure 2D and G, and J. The OS signature demonstrated that
patients with higher risk scores had a shorter OS in validation set, entire set, and ICGC cohort (Figure 2E, H and K).
From the results, AUC were 0.757, 0.750, and 0.727 for 1-, 3-, and 4-year OS in OS validation set and 0.800, 0.757, and
0.746 in TCGA entire set, respectively (Figure 2F and I). For ICGC cohort, AUC were 0.702, 0.723, and 0.817 for 1-, 3-,
and 4-year OS, respectively (Figure 2L). These results all showed that OS signature had good predictive capabilities. Of
note, we calculated the AUC value for 1-, 3- and 4-year OS because only 2 patients’ OS was more than 60 months in the
ICGC cohort.

Association Between Risk Score and Clinicopathological Factors and Constructing

Predictive Nomograms

We assessed the association between different groups and clinicopathological factors. Table S2 showed the clinicopatho-
logical characteristics of the samples included in this study. Advanced T stage, TNM staging, and tumor grade were
significantly associated with higher risk score in OS training set (Table S3 and Figure 3A-D). Significant differences in
risk scores were found among different groups of clinicopathological factors in patients with HCC (Figure 3E-L). In
ICGC cohort, advanced TNM stage was significantly associated with higher risk score (Table S4 and Figure S5A and B).
For TCGA training set and entire set, risk score and TNM stage were independent predictors of HCC prognosis, whereas

risk score was the sole independent predictor in TCGA validation set (Figure 3M—0). In ICGC cohort, risk score, gender,
and TNM stage were independent predictors (Figure S5C).
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Figure | Construction of FRGs prognostic signature in TCGA training set. (A) The 82 overlapping genes analyzed by differentially expressed analysis and univariate Cox
regression analysis are called OS-gene. (B—C) the least absolute shrinkage and selection operator (LASSO) regression were performed in OS training set with the penalty
parameter estimated by |5-fold cross-validation. (D) Lollipop diagrams of LASSO coefficient for OS signature. (E) The KM survival curve for 12 FRGs in TCGA training set.

To provide individualized prediction of OS, nomograms were constructed based on multivariate analysis results and
other clinicopathological factors. The nomograms for predicting OS in training set and validation set were plotted based
on the following prognostic factors: TNM stage (III & IV vs I & II) and risk score (high risk vs low risk) (Figure S5D
and E). The nomogram for predicting OS in TCGA entire set was created based on the following three prognostic factors:
AFP (>20ng/mL vs < 20ng/mL), vascular invasion (positive vs negative), TNM staging and risk score (Figure S5J). Sex
and TNM stage were selected for constructing nomogram in ICGC cohort (Figure S5K). Lower total points indicated
a better prognosis. The discriminative ability of the nomograms for OS was assessed using the C-index (0.692, 0.657,
0.665, and 0.758 for training, validation, entire set, and ICGC cohort, respectively). The calibration plots are respectively
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Figure 2 Internal and external validation of FRGs prognostic signature. Prognostic stratification analysis, Kaplan—Meier curve analysis and time-dependent ROC curve
analysis of the 12 FRGs signature in TCGA training set (A—C), TCGA validation set (D-F), TCGA entire set (G-I) and ICGC cohort (J-L).

displayed in Figure S5F-I, demonstrating good agreement between the nomograms predicted and actual survival
probability.

Mutation Analysis and Pathway Enrichment

We analyzed the association between mutation characteristics and FRGs signature with somatic mutation data from
TCGA. The top 20 cumulative mutated genes in different risk groups of TCGA entire set are respectively displayed in
Figure 4A and C. We compared the differentially mutated genes in two groups (Figure 4B). In addition, as shown in
Figure 4D, a higher prevalence of TP53 mutation (43% vs 15%) was viewed in high-risk group. The mutation status of
TP53 was significantly associated with the signature (Figure 4E). Furthermore, whether with TP53 alterations or wild
type TP53, patients in the high-risk group had a significantly worse prognosis than those in the low-risk group (Figure 4F
and Q).

Then, GSEA enrichment analyses were performed to discover the possible pathways. The high-risk group from
TCGA cohort exhibited the highest enrichment scores for proliferative processes (eg, G2M checkpoint signaling and E2F
targets), crucial oncogenic pathways (eg, WNT-beta-catenin signaling and epithelial-mesenchymal-transition signaling),
and immune-related processes such as inflammatory response (Figure 4H). Figure 41 shows metabolic processes (eg, fatty
acid metabolism, xenobiotic metabolism, and oxidative phosphorylation) were downregulated in the high-risk score

subgroup. Similarly, proliferative processes and crucial oncogenic pathways were significantly enriched in high-risk
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Figure 3 Association between risk score and clinicopathological characteristics. Correlation between risk score and TNM stage, histologic grade in in TCGA training set
(A-D), TCGA validation set (E-H), TCGA entire set (I-L). Univariate and multivariate Cox regression analyses in different TCGA cohorts (M-O). *p < 0.05, **p < 0.01,

##kp < 0.001.

subgroup and low-risk subgroup of ICGC cohort had highly significant enrichment of metabolic processes (Figure S6A

and B).

Transcriptional changes in SOFs in different subgroups were also investigated. In addition to GPX4, the remaining
SOFs were up-regulated in the high-risk group of the TCGA cohort (Figure 4J and K). ICGC cohort was also used to
validate the change in these genes (Figure S6C and D). In addition to GPX4, ITGBS, and NFE2L2, most SOFs were up-
regulated in the high-risk group. Overall, these findings suggest ferroptosis is suppressed in the high-risk subgroup.
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Figure 4 Mutation analysis and pathway enrichment in high and low risk group of TCGA cohort. (A and C) Mutation information of top 20 genes in low and high risk group
of TCGA cohort. Different colors represented different types of mutations. (B) Differentially mutated genes in two groups for OS with fisher test. (D-G) TP53 mutation
status was significantly correlated with risk score, whether with TP53 alterations or wild type TP53, patients in high-risk group had significantly poorer prognosis than
patients in low-risk group. (H-1) GSEA enrichment analysis for different risk group in TCGA cohort. (J-K) The correlation between risk score and SOFs and transcriptional
changes in SOFs in different subgroups. p-values were showed as follows: *p < 0.05, *p < 0.01, ***p < 0.001.

Differential Abundance of Infiltrating Immune Cells
Stepwise increase in infiltration of pro-tumor immune cells was observed from low- to high-risk groups, including Th2
cells and dendritic cells (plasmacytoid, immature, and activated) (Figure 5A). The lollipop chart demonstrated the
correlation between immune cell infiltration level and risk score (Figure 5B). Risk score was significantly negatively
correlated with activated CD8 T cell, cytolytic activity, and Thl cell, and positively with Th2 cells (Figure 5C).
Additionally, we found high risk scores were positively correlated with high expression of PD1, CD80, CD47,
HAVCR2, CTLAA4, and B7-H3 (Figure 5D-F).

Similarly, in ICGC cohort, a higher percentage of anti-tumor immune cells infiltrates, such as Cytolytic activity, TIL,

Th1 cell, and activated CD8 T cell, were observed in low-risk group (Figure S7A-F). In addition, risk score was
positively associated with B7-H3 and CD47 and negatively associated with LAG3 (Figure S7G, I-K). We found higher
expression levels of B7-H3 and CD47 and lower expression levels of LAG3 in high-risk group (Figure S7H).

Signature Predicts Immunotherapy Response
To further evaluate the performance of FRGs signature in predicting patient response to ICB therapy, IPS analysis was
utilized to evaluate the immunogenicity of HCC patients. Figure 6A shows low-risk subgroup had higher IPS, IPS-CTLA4
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Figure 5 The difference of immune cell infiltration and ICls related-genes in different risk groups. (A) The landscape of 18 immune cell infiltration proportions for TCGA
cohort. (B) Correlation between immune cell infiltration level and risk score. (C) Risk score was significantly negatively correlated with activated CD8 T cell, cytolytic
activity, and Thl cell, and positively correlated with Th 2 cell. (D—F) High risk scores were positively correlated with high expression of PDI, CD80, CD47, HAVCR2,
CTLA4, and B7-H3. p-values were showed as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

and IPS-PD1/PD-L1/PD-L2 scores than high-risk subgroup. Then, ImmuneCellAl was used to forecast the therapeutic
response to ICB treatment. In the low-risk group from TCGA cohort, 58% of patients were judged as responsive to ICB
therapy compared with only 31% of patients in high-risk subgroup (Figure 6B). Higher risk scores were found in ICB-non-
response HCC patients compared with ICB-response HCC patients (Figure 6C). We also assessed immunotherapy
responsiveness using TIDE scores. As shown in Figure 6D-E, patients in low-risk group were inclined to have higher
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Figure 6 Signature predicts immunotherapy response. (A) Difference in IPS based on FRGs signature. Therapeutic response to ICB therapy from ImmuneCellAl (B and C)
and TIDE score (D and E). (F-I) Risk scores were positively correlated with TIDE score, T cell exclusion and enrichment of MDSC but negatively correlated with T cell
dysfunction. p-values were showed as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

immunoreactivity than high-risk group and responders to ICB tended to have lower risk score. Additionally, we found that

risk scores were positively associated with TIDE score, T cell exclusion, and enrichment of MDSC but negatively

associated with T cell dysfunction (Figure 6F—I). Similarly, in ICGC cohort, more patients from low-risk group were

judged as having response to ICB therapy. ICB-non-response HCC patients had higher risk score than ICB responsive group

according to ImmuneCellAl (Figure S8A and B). Additionally, patients in low-risk group tended to have higher responses
to ICB than in high-risk group (Figure S8C) and responders to ICB inclined to have lower risk score (Figure S§8D). We also
found risk score was positively associated with TIDE score, T cell exclusion, and enrichment of MDSC and TAM M2, but

negatively associated with T cell dysfunction (Figure SS8E-L).
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ZFP69B Promotes HCC Cellular Proliferation, Migration, and Invasion

In this prognostic signature, ZFP69B was the most important predictor of prognosis according to its regression
coefficient. Therefore, the role of ZFP69B in HCC was further evaluated. Figure 7A shows that mRNA levels of
ZFP69B were significantly higher in 77 HCC tissues than their adjacent normal tissues from our center. We also
examined transcriptional levels of ZFP69B in five HCC cell lines and found higher expression in HuH7 than other
cell lines (Figure 7B). To analyze the function of ZFP69B, we transfected si-NC and si-ZFP69B (sil and si2) into HuH7
cells. As shown in Figure 7C, sil and si2 had good knockdown efficiencies. ZFP69B knockdown significantly inhibited
cell proliferation (Figure 7D and E). In addition, transwell assays showed that cellular migration and invasion were
significantly suppressed after ZFP69B knockdown (Figure 7F and G).

ZFP69B Promotes Erastin-Induced Ferroptosis

ZFP69B expression was upregulated in HCC (Figure 7A) so we speculate that it may promote ferroptosis resistance. To
determine the role of ZFP69B in ferroptosis, cells were transfected with sil for 24h and then treated with 10puM erastin
for another 24 h. As there are no commercially available antibodies to ZFP69B, we were not able to check its protein
level. But as shown in Figure 7C, sil had a good knock-down efficiency. During erastin-induced ferroptosis, the protein
levels of ferroptosis-related markers (SLC7A11, GPX4) decreased dramatically, whereas ACSL4 and COX2 increased,
and si-ZFP69B further improved the degree of changes in the protein expression of these markers (Figure 71). In
addition, MDA, lipid ROS, and total ROS levels were also changed after erastin-treated, and si-ZFP69B further enhanced
the degree of changes (Figure 7J-M), suggesting that knockdown of ZFP69B increased ferroptosis in HCC cell line.

Discussion

In this study, we constructed signature for predicting OS and established corresponding nomograms. Moreover, the role
of signature in immunity was well explored and the prognostic signature could reliably predict response to ICB.
Furthermore, knockdown experiments proved ZFP69B could promote HCC cellular proliferation, migration, invasion,
and erastin-induced ferroptosis.

The prognostic signature contains 12 genes. SLC24/-mediated glucose uptake could facilitate lipid peroxidation-
dependent ferroptotic death through serial metabolic reactions such as glycolysis and fatty acid synthesis.”® However,
another study also showed that SLC241 may inhibit ferroptosis.'® FLT3 inhibitors could prevent lipid peroxidation
whereas FLT3 promotes ferroptosis.”’ RRM2 protects against ferroptosis in HCC cells by sustaining GSH synthesis.*°
HILPDA, regulated by HIF24, promotes ferroptosis in clear cell carcinoma cells.>' Sun et al found that the expression of
p62 could inactivate KEAPI, promoting nuclear accumulation of NRF2, which ultimately leads to the suppression of
ferroptosis in HCC cells.'® A recent study showed that MUFA activation could promote ferroptosis-resistance in ACSL3-
dependent rather than ACSL4-dependent manner.*> MicroRNAs such as miR-137 could inhibit ferroptosis by suppressing
the expression of SLCIA45.>* PRDX6 and AKRIC3 inhibit ferroptosis through their antioxidant effect.***> Although the
expression of ZFP69B, SRXN1, and UBC was upregulated in HCC, their relationship with ferroptosis still needs further
exploration.®® Although FLT3 could inhibit ferroptosis, its expression was downregulated in high risk group.
Therefore, half of the genes involved in the OS signature could inhibit ferroptosis, whereas HILPDA, KEAPI, and
SLC1A45 could promote it. In addition, the transcriptional changes of SOFs were significantly up-regulated in high-risk
subgroup of different cohorts. These results indicate ferroptosis is suppressed in the high-risk subgroup.

TP53 mutations were more common in high-risk subgroup of the TCGA cohort (43% vs 15%). TP53, a tumor
suppressor, could regulate the development of ferroptosis. In lung cancer cell lines, the p53 3KR (KI117R, K161R,
K162R) acetylation-defective mutant has been reported to induce ferroptosis. In contrast, p53 4KR (K98R and 3KR) and
P53 P47S does not trigger ferroptosis.®’° This suggests that the role of P53 mutation in the regulation of ferroptosis in
HCC needs to be clarified in future studies. GSEA analysis displayed that low-risk group had a highly significant
enrichment of metabolic processes, such as fatty acid metabolism, oxidative phosphorylation, and so on. Interestingly,
ferroptosis is closely related to lipid metabolism, as it relies on polyunsaturated fatty acids (PUFAs) for oxidation.*’ In
addition, significant enrichments of cancer-related pathways and immune-related pathways in the high-risk subgroup of
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Figure 7 ZFP69B promotes HCC cellular proliferation, migration, invasion and erastin-induced ferroptosis. (A) ZFP69B mRNA levels were significantly high than their
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TCGA and ICGC cohort, suggest that patients in this group may have a worse prognosis and a potential interaction
between ferroptosis and immunity.

A recent study showed that treatment with immunotherapy-activated CD8+ T cells down-regulated SLC342 and
SLC7A411 expression by releasing interferon y (/FNy), thereby affecting the uptake of cystine in cancer cells and
promoting lipid peroxidation and ferroptosis. This, in turn, promoted ferroptosis which mediated the anti-tumor effect
of immunotherapy.*' These results suggest a potential association between immunotherapy and ferroptosis. Therefore,
a comprehensive analysis of the relationship between immunity and ferroptosis was further performed. Results showed
that activated CD8 T cell, cytolytic activity, and Thl cells, well-known anti-tumor immune cells, were negatively
correlated with the risk score in TCGA cohort and ICGC cohort, suggesting an immune-suppression status and
a higher malignancy in high-risk group. Furthermore, IPS analysis result indicated that the low-risk subgroup of
TCGA cohort had higher IPS score, suggesting a higher immunoreactivity and a better response to ICB. Furthermore,
the results obtained from the ImmuneCellAl database and TIDE score showed that the low-risk groups in TCGA and
ICGC cohort tended to have a good response to ICB. This shows that our prognostic signature can be used to identify
suitable treatments for HCC patients. It must be noted that the prediction of immune response is based on ICI
monotherapy.>*® However, combined immunotherapy is a standard treatment as pharmacological treatment for HCC.
Our signature will also provide a reference for our choice of combined immunotherapy. In the future, we should further
explore the prediction of response to combined immunotherapy.

In further tests, ZFP69B was selected based on regression coefficients to further validate the in vitro results. To date,
the functions of ZFP69B in HCC have not been reported. ZFP69B (zinc finger protein 69 homolog B) is a number of
Zinc-finger proteins, one of the largest families of DNA-binding proteins. Interestingly, inducible knockdown of ZFP69B
repressed the proliferation, migration, and invasion. We observed that patients with HCC had high expression of ZFP69B
and it correlated with poor prognosis. So we wanted to know whether ZFP69B correlates with ferroptosis resistance. Our
results found that ZFP69B knockdown had higher protein levels of ACSL4 and COX2 and lower protein levels of
SLC7A1l and GPX4. In addition, ZFP69B knockdown also increased MDA, lipid ROS and, total ROS levels after
erastin-treated. All the results indicate that knockdown of ZFP69B increased erastin-induced ferroptosis in HCC and
supports its potential as a novel therapeutic target for the treatment of HCC. Further work exploring the molecular
mechanisms underlying this result is needed.

In the future, large-scale and multi-center researches are required to validate the prognostic performance of our
prognostic models. Additionally, the association of risk scores with immune infiltrates and immunotherapy requires
further investigation.

Conclusion

In conclusion, novel OS signatures based on FRGs were constructed and validated. The prognostic signature showed
good prognosis prediction for HCC patients and is expected to help clinicians to identify more aggressive tumors and
initiate appropriate individualized treatments. Our results also suggested that ZFP69B might influence the regulation of
proliferation, migration, and invasion, and promote erastin-induced ferroptosis in HCC cells, and may act as a therapeutic
target for HCC patients.
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