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Abstract

Background

In this study, we comprehensively analyzed the relationship between ferroptosis regulator genes (FRGs)
and prognosis of hepatocellular carcinoma (HCC), determined the prognostics value of FRGs, established
a prediction model, and explored the relationship with immunotherapy for HCC.

Methods

The mRNA transcriptional levels and clinical information of HCC were obtained from The Cancer Genome
Atlas (TCGA) database. The 24 FRGs were combined with the differential expression genes (DEGs) of
HCC for further analysis. The prognostics values of differential FRGs via the construction of model and
validation by the Cox regression analysis.

Result

There were three genes (CARS1, FANCD2, and SLC7A11) were identified as independent risk factors for
HCC, and a predictive model was constructed based on CARS1, FANCD2, and SLC7A11. The model
showed that the low-risk group HCC patients with a more prolonged overall survival (OS) than the high-
risk group (P=0.001). The high-risk group with higher expression of FRGs than the low-risk group. Finally,
the relations between FGEs and immune infiltration showed that CARS1, FANCD2, and SLC7A11 had a
positive relationship with macrophage infiltration. From these, three genes might be the potential
therapeutic targets.

Conclusion

Our study indicated that CARS1, FANCD2, and SLC7A11 might have potential value for therapeutic
strategies as practical and reliable prognostic tools for HCC.

Introduction

HCC is one of the leading digestive cancer, and ranking fifth in cancer-related death, Chinese patients
composed more than half of these deaths. In China, since the high incidence and mortality, HCC has
become a big challenge for public healthy ['-3]. With the advanced diagnostics and therapeutics methods,
the lifespan of HCC has been lengthened via induvial and comprehensive therapy such as surgical
resection, liver transplantation, radiofrequency ablation, and chemotherapy according to * 5. However,
the rates of recurrence, metastasis, and mortality remain high. Therefore, it urgently needs to understand
further the underlying mechanisms of tumorigenesis, progression, recurrence, and therapeutics resistance
for HCC.

Induction of tumor cell death is one of the clinical cancer treatment strategies. Apoptosis and necrosis
are the two most common forms of cell death. Dr. Stokes reported in 2008 that iron death, a cell death
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pattern characterized by the iron-dependent accumulation of reactive lipid oxygen [¢l. Because of its
morphological, molecular biological, and metabolic characteristics, it is different from other types of cell
death and has become one of the research hotspots in cancer. Numbers of studies revealed that iron
death could be found in multiple cancer types. Several studies have shown that iron-death was the
regulator of tumor cell growth in ovarian cancer, head and neck cancer, liver cancer, cervical cancer,
pancreatic cancer, and kidney cancer 711, |ron death may serve as the anti-cancer effect, and there were
several studies indicated that accelerated the iron death to promote the death of cancer cells ['2 131, As
the largest digestive gland, the liver is closely related to iron metabolism. Current studies showed two
forms (iron metabolism and lipid metabolism) of iron death for HCC tumor cells [14-16]. Sorafenib is one
of the commonly used targets therapy drugs for HCC patients. One of the anti-cancer mechanisms of
sorafenib is increasing lipid oxidation levels, resulting in cell death closely related to iron death ['7],
Furthermore, sorafenib combined with other drugs can enhance iron death for HCC tumor cells ['6l.

In the present study, we aimed to investigate the relationship between FRGs and the prognosis of HCC
and immune cell infiltration. There are two phrases in the present study that including the discovery
phase and the verification phase. In the discovery phase, FRGs that are important to the prognosis of HCC
were screened out through bioinformatics analysis. In the subsequent validation phase, the relationship
between the screened genes and prognosis was evaluated in The Cancer Genome Atlas (TCGA) cohort
and the tissue microarray-based cohort. A clinical model was established for internal data validation.
Finally, we further evaluated the relationship between selected FRGs

and immune infiltration also explored their predictive value for HCC.

Materials And Methods

Data source

We obtained RNA-seq transcriptomic data and relevant clinical data of patients with primary HCC from
TCGA (https ://cancergenome.nih.gov/). All RNA-SEQ gene expression data has been standardized using
Perl. A total of 370 HCC cases and 50 normal control samples were included for subsequent analysis.

Key genes screening

There are 24 FRGs, Including cyclin-dependent kinase inhibitor 1 (CDKN1A), heat shock protein family A
member 5 (HSPA5), ER membrane protein Complex subunit 2 (TTC35/EMC2), Solute Carrier family 7
member 11 (SLC7A11), nuclear factor, erythroid 2 like 2 (NFE2L2), metallothionein-1G (MT1G), heat shock
protein beta 1 (HSPB1), glutathione peroxidase 4 (GPX4), Fanconi anemia complementation group D2
(FANCD2), CDGSH iron sulfur domain 1 (CISD1), farnesyl-diphosphate farnesyltransferase 1 (FDFT1),
solute carrier family 1 Member 5 (SLC1A5), spermidine/spermine N1-acetyltransferase 1 (SAT1),
transferrin receptor (TFRC), ribosomal protein L8 (RPL8), nuclear receptor coactivator 4 (NCOA4),
lysophosphatidylcholine acyltransferase 3 (LPCAT3), glutaminase 2 (GLS2), dipeptidyl-dippeptidase-4
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(DPP4), citrate synthase (CS), cysteinyl tRNA synthetase (CARS/CARS1), ATP synthase, H+ transporting,
mitochondrial Fo complex subunit C3 (ATP5G3/ATP5MC3), Arachidonate 15-lipoxygenase (ALOX15), and
ACyl-coa Synthetase long-chain family member 4 (ACSL4)['8 191, We used the "EdgeR" software package
to identify FRGs differentially expressed between HCC samples and standard control samples. Univariate
Cox regression analysis was used to analyze the prognostic value of differentially expressed genes for
HCC, and genes with a P value less than 0.05 were selected.

Risk Characteristics and Prognosis

To further evaluate the relationship between the above-screened gene expression and HCC patients'
prognosis, after determining the independent FRGs and their coefficients, we used a free-based risk score
prediction model to divide HCC patients into high-risk and low-risk groups. Receiver operating
characteristic (ROC) curves were used to detect the predictive efficiency of the survival model. Significant
factors (including age, sex, histological grade, and clinical stage) were screened for HCC. Simultaneously,
to further understand the genetic relationship with the immune, using the Timer database
(https://cistrome.shinyapps.io/timer/) is analyzed, and explores the value of his and the prognosis of
patients with HCC.

Statistical analysis

For continuous variables, differences between the groups were analyzed using ANOVA, a t-test, or a
Wilcoxon rank-sum test following the data's concrete types. A chi-squared test was used to differentiate
the rates of different groups. The ROC curves and the AUC measured the diagnostic accuracy of the
genes. The Kaplan—Meier method was conducted to calculate the overall survival curves. A log-rank test
was used to determine differences in survival rates. These analyses were performed by utilizing MedCalc
software (15.2.2; Mariakerke, Belgium). Statistical significance was considered at P < 0.05.

IHC staining

The tumor tissue and adjacent non-tumor tissue were fixed in 10% formalin for 1 week, then embedded in
paraffin, and then the tissue specimens were sectioned, deparaffin treated, and the antigen was repaired
by EDTA Antigen Retrieval Solution( Solution). The following antibodies were used for immunostaining of
CARS (proteintech, 15296-1-AP), SLC7A11 (proteintech, 26864-1-AP), and FANCD2 proteintech, 24006-1-
AP).

Results

FRGs associated with HCC

Heat map was used to reflect the expression of FRGs in HCC tissues. Compared to normal tissue, GPX4(P
<0.001), CISD1(P < 0.001), ATP5MC3(P < 0.001), CARS(P < 0.001), CS(P < 0.001), FANCD2(P < 0.001),
TFRC(P < 0.001), SLC7A11(P < 0.001), SLCTA5(P < 0.05), EMC2(P < 0.001), HSPB1(P < 0.001), RPL8(P <
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0.001), HSPA5(P < 0.001), ACSL4(P < 0.001), SAT1(P < 0.05), MT1G(P < 0.001), GLS2(P < 0.001),
ALOX15(P < 0.001), NFE2L2(P < 0.01), FDFT1(P < 0.001) and DPP4 (P < 0.001) were different in tumor
tissues. CDKN1A, NCOA4 and LPCAT3 showed no significant difference (Figure 1). Further prognostic
analysis of differentially expressed genes showed that CARS1 (P= 0.002), FANCD2(P=0.009) and
SLC7A11(P < 0.001) were significantly related to the prognosis of HCC (Figure 2).

Construction and validation of prognostic features

The three genes in the above FRGs (CARS1, FANCD2, and SLC7A11) were used as predictive genes,
univariate Cox analysis was conducted, and the coefficients were extracted from them. The risk score
formula for OS prediction was as follows: Risk score= (CARS1* 0.049) + (FANCD2* 0.266) + (SLC7A11*
0.073) (Figure3, A), suggesting that FANCD2 has the most significant influence on the prognosis of
patients, followed by SLC7A11 and CARS1, which are independent risk factors affecting the prognosis of
HCC patients. We used time-dependent ROC analysis to assess the prognostic value of these three risk
genes, and the results showed that the area under the ROC curve (AUC) of 1-year, 3-year, and 5-year OS
was 0.713,0.637, and 0.627, respectively (Figure3, B). Patients were divided into high-risk and low-risk
groups based on the median risk, and the distribution of risk scores and the survival time and status of
patients were shown in Figure 4. Survival analysis showed that patients in the high-risk group had a
worse 0S than those in the low-risk group (Figure3 C).

The three genes included above were included as independent OS risk factors in the nomogram, which
had a total number of 160. The number of points for each factor was determined by drawing a vertical
line upward. The sum of the points corresponding to the three factors was the patient's total number of
points. The patients' survival probability was 1 year, 3 years, and 5 years when projected to the
corresponding points of the total number of points. It can be seen that the more total points, the worse
the prognosis. The calibration curves for 1-year, 3-year, and 5-year survival in the validation cohort
showed good fitting. (Figure 5).

These three genes were included as independent OS risk factors in NOMogram, a total of 160 genes. The
number of points for each aspect is determined by drawing a vertical line upwards. The sum of the points
corresponding to the three factors is the total number of patients. When projected to the corresponding
points of the total number of points, patients' survival probability is 1 year, 3 years, and 5 years. As can be
seen, the higher the total score, the worse the prognosis. The calibration curves for 1-year, 3-year, and 5-
year survival in the validation cohort showed good fitting. (Figure 5).

Subsequently, the expression of FRGs in HCC immune cells and their prognostic value were further
analyzed. The results showed that CARS1 has associated with macrophage (P= 6.43e-10) expression,
FANCD2 was related to dendritic cells (P= 5.13e-22) expression, and SLC7A11 was associated with B
cells (P= 5.68e-04), macrophages (P= 9.62E -05) and dendritic cells (P= 5.51e-06) expression (Figure 7).
In terms of immune-related prognosis, the analysis showed that low expression of CARS1 (P=0.003),
FANCD2 (P=0.006), and SLC7A11 (P=0.002) suggested better OS in patients (Figure 8).
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We performed immunohistochemical (IHC) to test the expression of CARS1, FANCD2 and SLC7A11
proteins in hepatocellular carcinoma tissues and their counterparts. We found that the expression of
FANCD2 and SLC7A11 protein in HCC tissue was higher than that in normal tissue, while the expression
of CARS1 protein in HCC tissue was not significantly different from that in normal tissue (Figure 9).

Discussion

The liver is an essential hub for sugar, lipid, and amino acids' metabolism, the body's three major
nutrients. Studies have shown that HCC presents various characteristic metabolic changes 2% thus
providing energy and bio-macromolecular synthesis raw materials for rapidly growing and proliferating
tumor cells. The discovery of iron death has attracted extensive attention from researchers. During iron
death in tumor cells, intracellular iron, lipid, and amino acid metabolism play a significant regulatory role
[21.22] There is currently a lack of systematic research on the iron death of HCC and its regulatory genes.
Studies have identified 24 FRGs through high-throughput sequencing ['8]. We attempted to study the
value of these genes with HCC prognosis. Therefore, TCGA data were used to compare 24 FRGs in HCC
and control samples, and 21 genes were found to have differences in expression. Further analysis was
conducted on the relationship with OS, and finally, three genes were found to be prognostic factors for
HCC patients. Besides, HCC patients were divided into two groups according to their risk level, and there
were significant differences in OS and some clinical features.

In this study, we aimed to obtain HCC related RNA sequences through TCGA data and perform correlation
analysis with FRGs to determine THE FRGs related to HCC prognosis. We found that the prognostic
model constructed by three genes (CARS1, FANCD2, and SLC7A11) has an excellent predictive function,
which can independently predict HCC patients' prognosis. Moreover, these three genes' expression
characteristics are not affected by underlying diseases, suggesting that the prognostic model constructed
has good population adaptability. Besides, for HCC patients who have completed genetic testing,
clinicians can use this model to make better clinical decisions and enhance follow-up or early intervention
for patients with high-risk recurrence factors. CARS1 alias CARS, encoding type 1 ammonia acyl tRNA
synthetase, in ammonia acyl tRNA synthetase, the gene is located in chromosome 11 p15. 50n an
essential area of the tumor suppressor gene imprinting genes domain near one of several genes, such as
Krebs people find expression of HBV specific CARS CD8 (+) T cells can recognize different HBV subtypes,
and immune function in HBV transgenic mice transplanted and amplification, can effectively control the
replication of HBV quickly, only transient hepatic damage [23]. Besides, Cho et al. found that the special
region of antigen-presenting cells was associated with CARS secreted by cancer cells to activate the
immune response, thus stimulating a strong humoral and cellular immune response in the body 24!
suggesting CARS may be related to immunity. FANCD2 gene is closely associated with DNA damage
response. Studies have shown that interference with FANCD2 will affect DNA interstrand cross-linking
agents' sensitivity, which is correlated with HCC resistance to chemotherapy [2526]. Komatsu et al. found

that FANCD2 plays an important role in DNA replication of HCC cells and inhibiting liver cancer 271, It was
also found that FANCD2 expression was up-regulated in HCC tumor tissues, and patients with high
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expression had a poor prognosis and were associated with larger tumor size and invasive phenotype.
FANCD2 gene knockout can inhibit the proliferation and invasion of liver cancer cells 7. SLC7A11, also
known as xCT, encodes a highly specific all-source of cysteine and glutamate. Studies have shown that
blocking SLC7A11 can inhibit HCC cells' growth through the ROS/ autophagy pathway [28l. SLC7A11 can
induce iron death when lipid peroxides accumulate excessively 12939, Yue's study found that SLC7A11
expression was associated with the prognosis of liver cancer 311,

Immunotherapy is a tumor therapy that utilizes the human body's immune system to generate an anti-
tumor response, providing a new therapeutic approach for the treatment of HCC [3234], especially the
application of immune checkpoint inhibition, with better objective remission rate and longer progression-
free survival time for HCC patients 3%, Our study found that FRGs in 3 were associated with high
expression of B cells, macrophages, and dendritic cells in high-risk HCC patients and were associated
with prognosis, reflecting that iron death may be involved in the regulation of the immune
microenvironment. These differences may promote the growth and development of HCC, leading to poor
prognosis. In addition, the use of immune checkpoint inhibitors in high-risk HCC patients may be of more
significant benefit. Although we found that 3 FRGs are closely related to THE prognosis of HCC, the
specific mechanism of action is poorly understood. Therefore, it is necessary further to determine the
prognostic significance of these genes in HCC.

In conclusion, we determined that 3 FRGs were associated with the prognosis of HCC and had good
predictive value. The model based on these three genes showed good predictive performance. The further
immune analysis showed that these three genes may be related to the immunity of HCC and may be
potential therapeutic targets.
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Figure 1

heat map of FRGs expression in HCC tumor tissues and normal tissues (up-regulated in red and down-
regulated in green). *P < 0.05, **P < 0.01 and ***P < 0.001)

Page 12/17



—* w
1 L
- §:e - .
« - = I
= - +s s
T == -‘if -
) ) ™ o o ..
= .
wn . el X =
R : o ¥
- LR & .
s i & s
S . } " 4
N E : * - 2
- = - = —
T T
LHC LIHC LIHC
{nurn{T)=368; num(M)=160) {nuen(T}=360; num{Ny=160) {nuen(T)=360; num{N)= 160}
D CARSY == High == Low E FANCDZ == High == Low SETAN == Hgh == Low
1.00: 100 100
0rs 075 0rs
E ) z
i 3 3
2 2 2
g. 0.50: g as0 121 050
2 z ]
£ & H
5 5 5
@ @ @
025 035 035
p=0.002 p=0.009 pe0.001
0.00 000 0.00
[] 1 2 3 4 5 [ 7 ] ] [ 1 2 a 4 5 [] T [] ] 10 [] 1 2 3 4 5 [ 7 [] [] 10
Time(years) Time{years) Time{years)
GHHgh] 185 118 B4 40 M 4 8B 3 1 0 gu.gn B 14 62 M 7 1B 13 4 2 1 1 Tgh] 185 114 S8 31 26 17 15 4 3 2 0
=
g Lew] 185 143 76 50 » % 18 L] 3 1 & low] 185 W7 78 49 El Pl 13 5 4 3 ] § Low] 185 14T 81 53 an ] 1" 5 3 2 1
[] 1 2 3 7 [] 10 [ 1 2 3 T a ] 10 o 1 2 3 T 8 [] 10

Figure 2

H] 3 ]
Time(years)

4 [ 8
Time{years)

a ] L]
Time{years)

Expression and prognostic analysis of 3 FRGs in HCC and its corresponding tissues.A and Dlithe
expression and prognosis of CARS1 gene in HCC(P=0.002);B and E, the expression and prognosis of
FANCD2 gene in HCC (P=0.009); C and F, the expression and prognosis of SLC7A11 gene in HCC (P <

0.001).
A

B

pvalue Hazard ratio :
i =
!
i
i @
: =
i
SLETAN 0013 1.075(1.015-1.439) [
| » @ |
! £ o
i E
: |
| =i
,
i
o~
FANCDZ <0.001 1.305(1.115-1.526) : —a— = — AUC at 1years: 0.713
' = AUC at 3 years: 0,837
! e ] —— AJC at § years: 0,627
[ = T T T T T T
, o0 02 04 08 08 10
I
CARST o.086 10500 863-1.111) - 1-Specificity

Figure 3

— Tt
00 02 04 0B 0B 10 12 14

Hazard ratio

C

Riask =b= High risk == Low risk

Survival probability
°
3

p=0.001
0.00;
o 1 2 3 4 5 [ T 8 a 0
Time(years)
% Highrisk] 185 116 64 40 25 14 12 4 1 1 1
o Lowrsk] 185 145 76 50 38 26 14 & 5 3 0
o 1 2 3 4 5 [ ¥ 8 L] n

Time(years)

Influence of FRGs on HCC prognosis. A. Single-factor Cox analysis of the three FRGs; B. ROC curves of 3
FRGs for predicting prognosis of HCC; C. Kaplan-Meier overall survival curve of patients in the TCGA data
set was divided into a high-risk group and low-risk group according to the risk score.
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Figure 4

Influence of risk score on the prognosis of HCC patients. A. The heat map shows the expression of three
FRGs (up-regulated in red and down-regulated in green); B. Patients were divided into a high-risk group
and low-risk group based on the median risk; C. Distribution of risk scores and survival status of patients.
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Figure 5

The nomogram and correction curve of the 3 FRGs predicted 0OS. A. The nomograms of the 3 FRGs
predicted OS; B. 1-year OS prediction probability correction curve; C, 3-year OS prediction probability
correction curve; D. Five-year OS prediction probability correction curve.
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Figure 6

Expression of the three FRGs in patients with different clinical characteristics of HCC. A CARS; B, FANCD2;
C, SLC7A11.
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Figure 7

Expression of 3 FRGs in HCC immune cells.

Page 15/17



H

B Cel CO8+T Cal CO4+T Cel Macrophage

100 Log-rank P = 0.488 Log-rank P = 0551 Log-rank P = 0.454 Log-rank P = 0,153 Log-rank P =0.2
E 075
@
§ 050
£
3

025

4 3 e 75 100 128 s 75 100 g 75 100 135 % & 75 w00 1259 T 100 126 g 75 100 1%
Time to Fallow-Up (months)
BCel CO8+T Cal CD4+T Cel Macrophage Neutrophi FANCDZ

1200 Log-rank P = 0,489 Log-rank P = 0.551 Log-rank P = 0.454 Log-rank P = 0,153 Log-rank P =0.2 Log-rank P = 0,006
E 075
@
g 050
E
5]

025

4 2 & 75 100 138 & 78 10 138 € 78 10 13 % & 75 0 136 0 75 100 138 g 75 w0 1%
Time to Follow-Up (months)
BCel D8+ T Cal CD4+ T Cel Macrophage Newsrophi SLCTAI

1,00 Log-rank P = 0,480 Log-rank P = 0.551 Log-rank P = 0.454 Log-rank P = 0,153 Log-rank P =0.2 Log-rank P = 0.002
E 0,75
@
g 050
E
3

025

H

L] F 50 75 100 128 0

Figure 8

50 T 100

125

8 ] 100 125

Immune prognosis of 3 FRGs in HCC.

= & ™ 100 126 0
Time to Follow-Up (months)

Page 16/17

75 100 126 0

80 b ] 100 1%

— High (Top 50%)
— Low [Botiom B0%)

= High {Top 5%}
— Low [Bofiom 5%

— High (Top 50%)
— Lenw (Bomom 50%)



FANCD2

Figure 9

The Expression of 3 FRGs in hepatocellular carcinoma (IHC).
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