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A B S T R A C T   

TP53, a guardian of the genome, suppresses or enhances tumors through various regulatory 
pathways. However, the role of p53-related long non-coding RNAs (lncRNAs) in immune regu
lation of tumor microenvironment and prognosis of gastric cancer (GC) is so far unelucidated. We 
analyzed the role of TP53-associated lncRNAs (obtained from the TP53LNC-DB database) in 
immune regulation, immune cell infiltration and RNA modification in gastric cancer. Firstly, 
using multivariate COX regression analysis, we identified eight lncRNAs related to the prognosis 
of GC. Furthermore, based on the expression of the lncRNA signature and risk score, the GC 
patients were divided into high-risk and low-risk groups. We found that M2-macrophages have 
significantly higher infiltration in the high-risk group. Similarly, significant differences in im
mune function (APC_co_stimulation, CCR, and checkpoint) and m6A modification (FTO, ZC3H13, 
YTHDC1, and RBM15), and m5C modification (NOP2 and TET1) between both groups were also 
observed. These signature lncRNAs were also positively associated with oxidative stress-related 
genes (MPO, MAPK14, HMOX1, and APP). Additionally, we found that high expression of 
GAS5 and low expression of MALAT1 in Helicobacter pylori (H-pylori) positive GC patients. 
Finally, GC patients in the low-risk group showed higher resistance to immunotherapy while 
patients in the high-risk group were more sensitive to various chemotherapy drugs. Based on 
these findings, we conclude that p53-associated lncRNAs signature could potentially predict the 
immune status and overall survival, and may also be used for risk management and planning 
immunotherapy for gastric cancer patients.  
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1. Introduction 

Gastric cancer (GC) is considered one of the most common cancers and ranked as the top deadly cancer worldwide [1]. Although 
recent therapeutic advancements such as immunotherapy have brought some success in treatment outcomes of advanced-stage gastric 
cancer patients [2,3], unfortunately, the overall survival and prognosis of GC patients are still poor [4]. Identifying more effective 
molecular markers for clinical diagnosis and therapeutics is highly valuable for improving disease prognosis, reducing the disease 
burden [5,6], and planning better clinical management and therapeutics [7,8]. 

The underlying regulatory mechanisms of cancer pathogenesis and development are highly complex [9]. The regulatory factors, 
including coding and noncoding genes, play a critical role in the cancer development [10]. Noncoding genes, especially long 
non-coding RNAs (lncRNAs), perform various regulatory functions in biological systems, including transcriptional, translational, and 
posttranslational regulation of the DNA, RNAs, and proteins [11]. LncRNAs can be oncopromotors and oncosuppressors or regulators 
of non-malignant diseases, such as lncRNA LINC-PINT plays a crucial role in various diseases, including cancers, neurological dis
orders, diabetes, and viral infections [12,13]. LncRNA linc00152 controls the proliferation and transition of the epithelial cell to 
mesenchymal cells [14], and lncRNA GAS5 causes cell cycle arrest and inhibits tumor growth and cellular proliferation [15]. A lncRNA 
PVT1 is one of the critical lncRNAs that promotes gastric cancer phenotype through activating angiogenesis and vasculogenic mimicry 
through STAT3 [16–18]. LncRNAs are also considered key players in cancer immunity, such as lncRNA NKILA regulates tumor-specific 
cytotoxic T lymphocytes and T helper cells for the cancer evasion [19], and Lnc-MM2P activates macrophages in the osteosarcoma 
[20]. Recently, several studies have predicted the role of lncRNAs in the prognosis and overall survival of gastric cancer [21–23]. 

Nevertheless, lncRNA models demand a decent number of functional analyses in an independent cohort. So far, no comprehensive 
studies have shown the role of p53-associated lncRNAs in immune cell infiltration in gastric cancer. In the current study, we performed 
a detailed analysis of the p53-associated lncRNAs for their roles in immune function, survival, and prognosis of gastric cancer. We 
further altered the expression of p53 in gastric cancer cell lines to validate the p53-associated lncRNAs signature. Moreover, lncRNA 
signatures were validated in normal gastric epithelial and cancer cell lines. The finding of our study may provide a base for planning 
strategies for risk management and therapeutics for gastric cancer patients. 

2. Methods 

2.1. Data sources 

The TP53-associated lncRNAs were obtained from a previously published database (TP53LNC-DB:) [24]. The database consists of 
4851 lncRNA entries in different categories of lncRNA, but we only chose experimentally verified 227 lncRNAs. However, after initial 
filtering, we selected 128 lncRNA linked with p53. Moreover, we downloaded RNA-sequencing (RNA-seq) data (TCGA-STAD) and 
complete clinical information of the 375 gastric cancer patients and 32 normal controls from The Cancer Genome Atlas (TCGA) 
(https://portal.gdc.cancer.gov/) database. The RNA-seq data were processed and normalized using R version 3.6.1 software. 

3. Identification of the prognostic gene signature 

We extracted the expression levels of all lncRNAs in the samples and normalized all genes using "edgeR". P53-related lncRNAs and 
patient survival status were combined using "strawberry perl" (version 3.0.0, http://strawberryperl.com/). Multivariate COX 
regression analysis was performed using the "survival" package and the "glmnet" package to screen out the gene signatures associated 
with GC prognosis. 

3.1. Building a prognostic model 

The gastric cancer patients were divided into high-risk and low-risk groups based on the median risk score. Using the ‘survival’ 
package in the R software [25], a prognostic model was constructed for each high-risk and low-risk group. The model’s predictive 
performance was analyzed by time-dependent receiver operating characteristic (ROC) analysis, and Area Under the Curve (AUC) was 
calculated for prognostic prediction. 

3.2. Relationship between gene signature and clinical characteristics 

Age, gender, stage, Tumor Node Metastasis (TNM), and hub lncRNAs were used to construct a heat map to show the relationship 
between gene expression and clinical features. In addition, multivariate COX regression was used to analyze the risk scores and Hazard 
Ratio (HR) of different clinical characteristics of the patients. 

3.3. ssGSEA analysis 

The Gene Set Enrichment Analysis (GSEA) was used to test whether genes in the high-risk score group or low-risk score group were 
enriched as predefined Hallmark gene sets (v6.2, downloaded from http://software.broadinstitute. org/gsea/downloads.jsp) with the 
GSEA 3.0 application under the JAVA platform [26]. P-value ≤0.05 was considered a screening convenience standard for false 
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discovery rate (FDR). The top five most meaningful pathways in the high-risk and low-risk groups were selected, and a scatter chart 
was drawn. 

3.4. The relationship between risk score and tumor infiltration of immune cells 

The TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, and EPIC methods were used in the R software to 
calculate the differential infiltration of the immune cells in both high-risk and low-risk groups. The CIBERSORT package was used to 
perform a quantitative analysis of immune cells, and the ggplot2 package was used to draw the heat maps of differentially infiltrated 
immune cells. 

3.5. The relationship between risk score and immune marker genes 

The immune cells and m6A were obtained from hallmark gene sets in the Molecular Signature Database (MSigDB) (https://www. 
gsea-msigdb.org/gsea/msigdb/) and imported only related genes through IMPORT, too (https://www.immport.org). The Wilcox test 
was applied to compare the infiltration level of immune cells in both risk groups. Box plots and scatter plots were drawn using the 
‘ggplot2’ package in the R software. 

3.6. The correlation between lncRNAs and oxidative stress-related genes (OSRGs) 

We extracted Oxidative Stress-related genes (OSRGs) from GeneCards (https://www.genecards.org); genes having correlation 
scores higher than 40 were selected (Table S1) for determining their correlations with signature lncRNAs. Spearman’s test was applied 
to analyze the correlation of lncRNAs with OSRGs, and a heat map was drawn using the "ggplot2″ package. 

3.7. LncRNA expression in gastric cancer cell lines 

Gastric cancer cell lines (AGS, SGC7901, MGC803, MKN45, and NCIN87) and normal gastric epithelial cell lines (GES-1) were 
purchased from American Type Culture Collection (ATCC Manassas, VA, USA). All cells were cultured in RPMI-1640 (Biological In
dustries, Israel) supplemented with 10 % FBS, and culturing conditions were set in a 37 ◦C humidified incubator with a constant supply 
of 5 % CO2. After achieving logarithmic growth, cells were trypsinized and collected in 1 ml pure TRIzol (TaKaRa, Japan), and RNA 
was extracted using the chloroform method. RT-qPCR was performed using Quantinova Syber-green Real-time PCR Kit (Qiagen, 
Germany). Relative expression of lncRNAs was calculated using the 2-ΔΔCt method, and primers used for qPCR are mentioned in 
Table S2. 

3.8. Effect of P53 silencing and overexpression on lncRNAs 

The lentiviral particles for P53 knockdown were prepared in HEK293T cells by cotransfecting PLKO.1-EV and PLKO.1-P53 with 
pREV, pGag/Pol/PRE, and pVSVG (2:2:2:1 ratio) for 48h. Then viral particles in culture media were collected and sh-P53 was 
transduced to SGC7901 cells using 8 mg/ml polybrene (Sigma); 48h later, cells were selected using puromycin (5 mg/ml) for an 
additional 24–48h. After achieving a stable cell line, protein and RNA samples were prepared to confirm knockdown efficiency and 
signature lncRNA expression. Similarly, P53 was cloned into the PSin-3x-flag vector and transiently transfected SGC7901 cells for 48h. 
Later, the expression of P53 was analyzed by western blotting, and lncRNA expression was evaluated by qualitative real-time PCR. 

3.9. Western blot analysis 

Total protein samples were prepared using RIPA lysis buffer (Solarbio, Beijing) and quantified using BCA Kit (Solarbio, Beijing) and 
a microplate reader. An equal amount of protein samples was electrophoresed using SDS-PAGE, transferred to a nitrocellulose 
membrane, then blocked with 5 % milk, washed with 1 % TBST, and incubated with anti-P53 primary antibody overnight. After 
removing the primary antibody and washing it with 1 % TBST, the secondary antibody was added for 1h at room temperature. The 
protein expression was measured using an ECL kit (Epizyme Biomed Tech, Shanghai). 

3.10. P53 immunoprecipitation and interacting LncRNAs 

The cell lysate was prepared by using IP lysis buffer (0.5 % NP-40, 150 mM NaCl, 20 mM HEPES, pH 7.4, 2 mM EDTA, and 1.5 mM 
MgCl2, containing RNAse inhibitors and protease inhibitor cocktail) and incubated with protein A/G Sepharose beads tagged with 
anti-P53, and IgG antibodies for 2–4h at 4 ◦C. After washing beads, protein and RNA samples were prepared for western blotting and 
qPCR analysis. 

3.11. Statistical analysis 

All statistical analyses were performed using R software (version 3.6.1; https://www.R-project.org), and a multivariate Cox pro
portional hazard regression analysis was performed to assess the association between risk scores and overall survival. The Wilcox test 
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was applied to determine the differences between both groups through R software. P-value P ≤ 0.05 was considered significant for all 
the analyses. 

4. Results 

4.1. Screening of prognostic signatures of TCGA gastric cancer 

As mentioned, we only considered experimentally verified p53-associated lncRNAs from the TP53LNC-DB database. Additionally, 
we collected RNA-seq data of gastric cancer patients from TCGA, along with their clinicopathological information. After normalizing, 
we obtained 932 lncRNAs in TCGA samples, and intersecting 128 p53-related lncRNAs, only 24 lncRNAs were filtered out; we 
calculated their prognostic characteristics in gastric cancer patients (Fig. S1). Multivariate COX regression analysis was performed for 
lncRNAs, and the gene signature was selected. The investigation revealed eight lncRNAs (GAS5, MALAT1, XIST, CASC9, TGFB2-AS1, 
RAD51-AS1, MIR4435-2HG, and PVT1) were related to the survival of gastric cancer patients (Fig. 1A). Based on the expression of 
eight signature lncRNAs, the risk score for each gastric cancer patient was calculated. GC patients were divided into high-risk and low- 
risk groups using the median risk scores. The expression levels of the eight signature lncRNAs in the high-risk and low-risk groups are 
presented as the heat map (Fig. 1B). 

In addition to gastric cancer, we collected RNA sequencing data and clinical clinicopathological information of 32 cancers from the 
TCGA database. All expression data were normalized via the log2 conversion method. The expression differences of eight lncRNAs in 
pan-cancer were plotted into a boxplot (Fig. S2). Moreover, the survival curves of eight signature lncRNAs in gastric cancer were 
plotted using the "survival" package (Fig. S3). Data showed that the expression of lncRNA PVT1 significantly affects the survival of 
gastric cancer patients. 

Fig. 1. Establishing prognostic gene characteristics through multivariate COX regression analysis. (A) We used multivariate COX regression 
analysis to screen out gene sets meaningful for patient survival status. (B) Heat map of the expression levels of 8 hub genes in the high and low 
expression groups. 
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4.2. Construction of the prognostic model 

Furthermore, the relationship between risk score distribution and survival time of the STAD patients was calculated, which showed 
less survival time in the high-risk score group (Fig. 2A and B). Similarly, the survival curve revealed that the patients with low-risk 
scores survive much longer than those with high-risk scores (Fig. 2C). The highest area under the curve (AUC) for patients’ risk 
scores was detected as 0.651 (Fig. 2D), confirming the prognostic model’s reliability. 

4.3. Characteristics of the prognostic gene signature 

In the TCGA-STAD samples, heat maps were drawn to show the relationship between the expression of signature lncRNAs in both 
risk groups and the clinical characteristics of the patients. These results showed a significant correlation between risk score with gender 

Fig. 2. The characteristics of p53-related genes are significantly related to the survival rate of gastric cancer patients. (A&B) The distri
bution of risk score and patient’s survival time. (C) Kaplan-Meier analysis of TCGA gastric cancer patients stratified by the median risk score. (D) 
Draw the ROC curve and calculate AUC to evaluate the accuracy of the prognostic model. 
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and T stage (Fig. S4A). Furthermore, we compared the risk score with survival time, gender, and T stage of the patients in both groups 
(Figs. S4B–E), which revealed the critical role of P53-associated lncRNA signature in the overall survival of gastric cancer patients 
(Table 1). 

4.4. Identifying signaling pathways involved 

Through multivariate COX regression analysis, we found the association of risk score with gender, Hazard Ratio (HR) >1 was 
considered a risk factor (Fig. S5A). GSEA analysis showed that lncRNA signatures in the high-risk group were significantly enriched in 
several common pathways, including top-five: COMPLEMENT_AND_COAGULATION_CASCADES, GLYCO
SAMINOGLYCAN_BIOSYNTHESIS_CHONDROITIN_SULFATE, GLYCOSAMINOGLYCAN_DEGRADATION, HOMOLOGOUS_RECOMBI
NATION, and LYSOSOME. While lncRNAs in the low-risk group were associated with the top five pathways; 
OTHER_GLYCAN_DEGRADATION, OXIDATIVE_PHOSPHORYLATION, PARKINSONS_DISEASE, RIBOSOME, and SPLICEOSOME 
(Fig. S5B). 

The GSVA results suggest that the eight lncRNAs and their constitutive gene sets are associated with most tumor-associated 
pathways, including the P53 pathway (Fig. S9). 

4.5. The relationship between risk score and immune cell tumor infiltration 

To explore the relationship between p53-associated lncRNA signatures and immune cell infiltration in the gastric cancer tumor 
microenvironment, we used various methods, including TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, MCPCOUNTER, XCELL, 
and EPIC. Using TIMER: T cell CD8+, macrophage, myeloid dendritic cell; CIBERSORT: T cell regulatory (Tregs) and M2-macrophage; 
CIBERSORT-ABS: M2-macrophage; QUANTISEQ: M2-macrophage, uncharacterized cells; MCPCOUNTER: monocyte, macrophage, 
myeloid dendritic cell; XCELL: myeloid dendritic cell, macrophage, macrophage M1, M2-macrophage, monocyte, T cell regulatory 
(Tregs); EPIC: macrophage were detected in the gastric cancer tumor microenvironment (Fig. 3). In general, the higher infiltration of 
M2-macrophages was detected through several methods, thus showing increased tumor invasion in the high-risk group. This recog
nizes p53-associated lncRNAs as new factors influencing the infiltration of macrophages in the gastric tumor microenvironment. 

4.6. The relationship between risk score and different immune functions 

We further analyzed the relationship between risk score and tumor immune function based on differences in immune cell infil
tration. Comparing immune functions including APC_co_inhibition, APC_co_stimulation, CCR, Checkpoint, Cytolytic_activity, HLA, 
Inflammation-promoting, MHC_class_I, Parainflammation, T_cell_co-inhibition, T_cell_co-stimulation, Type_I_IFN_Reponse and 
Type_II_IFN_Reponse. The data analysis revealed that three functions of APC_co_stimulation, CCR, and Check-point showed a signif
icant difference between high-risk and low-risk groups, showing significant downregulation in the high-risk group (Fig. 4A). Then, a 
box plot was drawn to show the differentially expressed genes in the three significantly affected immune pathways in both risk groups 
(Fig. 4B–D). We believe lncRNAs may also regulate these immune-related genes directly or through regulating p53 in gastric cancer. 

Table 1 
Clinical characteristics of gastric cancer patients according to p53 associated lncRNAs.  

id futime fustat age gender grade stage T 

M 238.411 
(0.390) 

− 1.163(0.246) 54.815 
(0.150) 

1.467(0.144) 0.848 
(0.654) 

160.226 (1.638e- 
34) 

14.592(0.002) 

N 223.52(0.661) − 2.231(0.027) 35.767 
(0.836) 

0.54(0.590) 4.754 
(0.093) 

158.099 (4.714e- 
34) 

23.625(2.992e- 
05) 

GAS5 240.878 
(0.348) 

− 0.399(0.690) 45.535 
(0.450) 

0.636(0.526) 1.269 
(0.530) 

10.033(0.018) 1.91(0.591) 

MIR4435- 
2HG 

241.32(0.340) − 2.289(0.023) 51.075 
(0.247) 

− 1.152(0.250) 3.526 
(0.172) 

6.744(0.081) 5.542(0.136) 

MALAT1 239.743 
(0.367) 

1.238(0.217) 35.085 
(0.856) 

− 0.375(0.708) 5.038 
(0.081) 

15.262(0.002) 18.328(3.763e- 
04) 

PVT1 231.538 
(0.515) 

1.626(0.105) 68.316 
(0.014) 

0.968(0.335) 0.291 
(0.864) 

1.633(0.652) 12.253(0.007) 

RAD51-AS1 244.3(0.293) − 0.118(0.906) 47.671 
(0.365) 

− 0.567(0.571) 3.766 
(0.152) 

2.011(0.570) 12.011(0.007) 

TGFB2-AS1 231.1(0.523) − 1.104(0.271) 43.958 
(0.516) 

− 0.808(0.420) 6.291 
(0.043) 

0.979(0.806) 11.358(0.010) 

CASC9 237.237 
(0.411) 

1.396(0.164) 46.499 
(0.410) 

− 0.051(0.959) 0.694 
(0.707) 

0.778(0.855) 2.738(0.434) 

XIST 240.347 
(0.357) 

1.76(0.080) 54.626 
(0.154) 

11.624(5.959e-21) 0.49(0.783) 0.687(0.876) 6.334(0.096) 

riskScore 242.676 
(0.318) 

− 4.146(5.178e- 
05) 

58.626 
(0.084) 

− 4.198(3.739e- 
05) 

1.58(0.454) 9.774(0.021) 15.515(0.001)  
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4.7. Correlation of signature LncRNAs with oxidative stress-related genes 

A total of 18 genes were found to have correlation scores of more than 40, so we selected them to analyze their association with p53- 
associated lncRNAs. Overall, gene signature-based risk scores were positively correlated with MPO, MAPK14, HMOX1, and APP in 
OSRGs (Fig. S6 and Table S3). 

4.8. The relationship between risk score and m6A regulatory function 

The relationship between P53 and m6A RNA modifications has been reported in many cancers [27–29]. However, the relationship 
and role of p53-associated lncRNAs are not yet known in RNA modifications in gastric cancer. Therefore, we specifically studied the 
role of signature lncRNAs in m6A RNA modifications and compared the expression of m6A-related genes in both risk groups. The gene 
expression differences in both groups are presented as a box plot, which revealed a significant difference in expression levels of FTO, 
ZC3H13, YTHDC1, and RBM15 in both risk groups (Fig. S7A). However, ZC3H13 significantly upregulated in the low-risk group, while 
FTO, YTHDC1, and RBM15 upregulated considerably in the high-risk group. Subsequently, the correlation between the four 
m6A-related differential genes and the risk scores was plotted as a scatter diagram FTO: Cor = 0.028 (p = 0.589); ZC3H13: Cor =
− 0.143 (p = 0.006); YTHDC1: Cor = − 0.091 (p = 0.082), RBM15: Cor = − 0.103 (p = 0.049) (Figs. S7B–E). Except for FTO, all other 
genes significantly correlated with risk scores in gastric cancer. 

The signature lncRNAs significantly correlated with the m6A factor; for example, RAD51-AS1 was positively correlated with 
ZC3H13, YTHDC2, YTHDC1, and MALAT1 showed a significant positive correlation with ZC3H13 (Fig. S8 and Table S4). 

4.9. The relationship between lncRNAs, risk score, and m5C RNA modification regulators 

In total, 18 m5C genes including 11 writers (NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7, DNMT1, TRDMT1, 
DNMT3A, and DNMT3B), three readers (YTHDF2, ALYREF, YBX1), and four erasers (TET1, TET2, TET3, ALKBH1) were systematically 
analyzed using data from previous studies. We screened only m5C genes that have different expression levels in high-risk and low-risk 
groups. We found that NOP2 had significantly higher expression in the low-risk group, while TET1 showed significantly higher 
expression in the high-risk group (Figure S7 F). 

Fig. 3. Differential heat map of immune cell infiltration in the tumor microenvironment patients in the high-risk and low-risk groups.  
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Fig. 4. The relationship between risk score and different immune functions. (A) The relationship between risk score and immune function in 13. (B–D) the expression of marker genes differs 
between the high-risk and low-risk groups in the immune APC_co_stimulation, CCR, and Check-point. 
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4.10. Association of lncRNAs with H-pylori infection in gastric cancer patients 

We screened GC patients with clear Helicobacter pylori infection records from TCGA-STAD, and 145 patients were found to have H- 
pylori infection. To study the relationship between P53-Hp-lncRNA, we sorted 145 patients with H-pylori infected according to the 
expression level of P53 and screened out the top 18 H-pylori + patients and compared them with 18 GC patients without H-pylori 
infection. H-pylori + GC patients showed higher expression of GAS5 and low expression of MALAT1 than those without H. pylori 
infection (Fig. 5A). 

Fig. 5. Relationship between Hp infection and eight lncRNAs. (A) Box plot of the difference in expression of 8 lncRNAs between H. pylori- 
infected patients with high P53 expression and H. pylori-uninfected patients. (B) Boxplot of differences in the expression of 8 lncRNAs in the 
P53 high-expression and low-expression sample groups. (C) Lollipop graph of the correlation between P53 and 8 lncRNA expressions. *, P < 0.05. 
**, P < 0.01. ***, P < 0.001. 
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Subsequently, we analyzed the relationship between the expression level of P53 and eight signature lncRNAs in H-pylori + samples. 
We found that GAS5 and PVT1 had higher expression in the P53 high expression group, while TGFB2-AS1 showed an opposite 
expression pattern (Fig. 5B). Correlation analysis also showed that the expression levels of GAS5 and PVT1 in H-pylori + samples were 
positively correlated with P53, and MALAT1 and TGFB2-AS1 were negatively correlated with the expression of P53 in GC patients 
(Fig. 5C). 

4.11. P53-associated LncRNA showed better immune response 

The Estimation of Stromal and Immune Cells in Malignant Tumors using the Expression Data (ESTIMATE) algorithm has the 
advantage of the unique properties of the transcriptional profiles to infer the tumor cellularity as the tumor purity. 

We found that the immune indicators were significantly lower in the high-risk score sample group than in the low-expression group 
(Fig. 6A), showing that the low-risk score group may have a better immune response. 

Tumor immune dysfunction and rejection (TIDE; http://tide.dfci.harvard.edu/) were also used to examine immune escape 
mechanisms and predict the immune response to immunotherapy. Higher TIDE scores indicate a greater likelihood of immune escape, 
leading to the probability of reduced treatment efficacy. TIDE analysis showed that the low-risk group had higher resistance to 
immunotherapy (Fig. 6B). 

Fig. 6. Relationship between risk score and drug efficacy in patients with gastric cancer. (A) Violin plot of differences in immune markers in 
high and low-risk scores. (B) Relationship between TIDE score and risk score. (C–J) Relationship between risk score and chemotherapeutic drug 
sensitivity. *, P < 0.05. **, P < 0.01. ***, P < 0.001. 
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4.12. The response of P53-related LncRNAs to chemotherapy 

The Genomics of Drug Sensitivity in Cancer (GDSC) Project (https://www.cancerrxgene.org/) is a database used to analyze the 
sensitivity of anticancer drugs, which can help to predict the response of molecular targets against anticancer drugs. Based on the GDSC 
database, we used the “pRRophetic” R package to calculate the response to chemotherapy drugs in GC patients in different risk score 
groups. We found that the half maximal inhibitory concentration (IC50) values of Bryostatin-1, CGP-082996, CMK, NSC-87877, 
Pazopanib, Rapamycin, TGX221, and XMD8-85 were lower in the high-risk group (P < 0.05), indicating that the high-risk group 
patients are more sensitive to chemotherapy drugs (Fig. 6C–J). 

4.13. Expression of signature in gastric cancer cell lines 

To verify the expression pattern in RNA seq data obtained from TCGA, we analyzed the expression of eight selected lncRNAs in five 
gastric cancer cell lines (AGS, SGC7901, MGC803, MKN45, and NCIN87) by real-time qPCR and taking normal gastric epithelial cell 
line GES-1 as control. Data analysis showed that three lncRNAs, Mir4435-2HG, CAS-9, and XIST, had upregulation in two or more GC 
cell lines (Fig. 7B–D), while PVT1 and TGFB2-ASI were downregulated in all cells (Fig. 7E–H). The remaining lncRNAs GAS5, MALAT1, 
and RAD51-ASI were upregulated only in NCIN87 cells while down-regulated in other studied cell lines (Fig. 7A–F, G). This analysis 
shows that all selected P53-associated lncRNAs have a unique role in GC development. 

4.14. P53 regulates hub genes in gastric cancer cells 

Furthermore, to find whether these lncRNAs are regulated by p53, we transiently overexpressed the p53 in SGC7901 cells and 
observed no significant change in the expression pattern of the lncRNAs except MALAT1 (Fig. 8A and B, Fig. S10A). Interestingly, sh- 
RNA-mediated silencing of P53 in SGC7901 showed a substantial increase in the expression of PVT1, XIST, MALAT1, Mir4435-2HG, 
CAS-9, and GAS5, while no significant change in TGFB2-ASI and RAD51-ASI expression was observed (Fig. 8C and D, Fig. S10C). As 
shown in Fig. 7, the expression of lncRNAs PVT1, XIST, MALAT1, and TGFB2-ASI in SGC7901 cells was significantly low, while p53 
silencing the expression of these lncRNAs is upregulated substantially, showing that P53 is primary regulator these lncRNAs. 

4.15. LncRNAs interacting with P53 

To further validate the regulation of the lncRNAs by p53, we performed RNA-IP by pulling down p53 in the SGC7901 cells (Fig. 8E, 
Fig. S10E). The expression profiles of lncRNAs in p53-IP samples revealed that all lncRNAs interacted with P53 except XIST, which 
showed a weak interaction (Fig. 8F). This analysis revealed that p53 is a primary regulator of selected signature lncRNAs in gastric 
cancer. 

Fig. 7. The expression of Signature lncRNAs in Gastric cancer cell lines. The expression of 8 lncRNAs (A) GAS5, (B) MIR4435-2HG, (C) CASC9, 
(D) XIST, (E) PVT1, (F) MALAT1, (G) RAD51-ASI and (H) TGFB2-AS1 was studied in five gastric cancer cell lines (AGS, SGC7901, MGC803, MKN45, 
and NCIN87) and normal gastric epithelial cell line (GES-1). 
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5. Discussion 

Gastric cancer is one of the deadliest cancers worldwide due to its late-stage diagnosis [1]. The lack of early-stage diagnostic 
approaches makes it a heavy health burden. GC is a highly heterogeneous disease in terms of molecular features, and recently, several 
coding genes have been identified as prognostic markers in gastric cancer patients [11,30]. The immune regulation of the lncRNAs has 
been studied in many cancers, including the glioblastoma [31], pancreatic cancer [32], and hepatocellular carcinoma [33]. Findings of 
previous studies have shown that immune-related lncRNA signatures could be used to predict the prognosis and disease outcomes [34, 
35]. In addition, several non-coding genes (miRNAs and lncRNAs) play a crucial role in the development of gastric cancer and serve as 
potential diagnostic and therapeutic markers [36]. Noteworthy, p53 is one of the key players in cancer development, so its associated 
lncRNAs also have equal participation in regulating cancers [12,37–39]. On the other hand, in gastric cancer, H-pylori is considered a 
vital initiator of the cancer [40,41]; it constantly regulates various biomarkers, including p53 [42] and noncoding RNAs [43–45]. So 
far, no detailed study has ever reported the role of p53 lncRNAs in immune cell infiltration and the prognosis of gastric cancer. 

Therefore, in the current study, we selected experimentally verified p53-associated lncRNAs from a public database TP53LNC-DB 
[24]. To further validate these lncRNAs, we downloaded gastric cancer RNA-seq data along with the clinical information of the 375 GC 
patients and 17 normal controls from TCGA. Firstly, we studied the RNA signatures that were only correlated with the immune 
function and survival of gastric cancer patients. Thus, we filtered out eight lncRNAs, including GAS5, MALAT1, XIST, CASC9, 
TGFB2-AS1, RAD51-AS1, MIR4435-2HG, and PVT1. These lncRNAs are known to regulate gastric cancer through various pathways. 
Such as lncRNA MALAT1 act as an oncogene in gastric by inhibiting several miRNAs miR-122, miR1297, miR-202, miR-22-3p, etc., 
and several pathways or genes like Pi3k/AKT, PCDH10, ZFP91, and SOX2 [46–49]. LncRNA XIST is also a critical lncRNA regulating 
gastric cancer through binding with miRNAs; it binds with miR-337 and regulates the expression of JAK2, which further governs the 
proliferation & migration ability of the gastric cancer cells [50]. It also regulates gastric cancer through miR-132 and PXN [51], ceRNA 
networking like XIST/miR-185/TGF-β1 [52], and via EZH2 modulation by sponging miR-101 [53]. LncRNA CASC9 is also a key player 
in gastric cancer development. It works through miR-370 and EGFR [54] and suppresses apoptosis by regulating the expression of the 
BMI1 gene in gastric cancer cells [55]. LncRNA TGFB2-AS1 is known to predict the risk score and immune landscape in the gastric 
cancer [56]. LncRNA MIR4435-2HG acts as an oncogene in gastric cancer by activating the Wnt/β-catenin signaling [57] and targeting 
the miR-138-5p/Sox4 axis [58]; it has also been predicted as a prognostic marker for gastric cancer [59,60]. LncRNA PVT1 has also 
been thoroughly studied in gastric cancer development, showing that it promotes gastric cancer through activating the STAT3/VEGFA 
axis [16], interacting with FOXM1 [61], or targeting the miR-125 and miR-30a activity [62,63]. Although three lncRNAs, RAD51-AS1 
[64], MIR4435-2HG, and PVT1, have been predicted to participate in the prognosis of gastric cancer, their exact role in immune cell 
infiltration in gastric cancer has not been studied. Therefore, based on the current study’s findings, we provide lncRNAs specifically 

Fig. 8. P53 regulates signature lncRNAs in Gastric cancer cells. The expression of eight lncRNA was analyzed after (A, B) overexpressing and (C, 
D) silencing P53 in SGC7901 cells, which showed significant alteration of lncRNA expression upon p53 knockdown. Furthermore, (E) RNA-IP by 
pulling down p53 showed (F) a substantial interaction between signature lncRNAs and P53. For uncropped gel blots of figure A,C and E, please refer 
to Fig. S10. 
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regulated by P53 for survival prediction and risk management. We found that eight signature lncRNAs potentially regulate the immune 
cell infiltration in gastric cancer. Additionally, signature lncRNAs were associated with immunotherapy and chemotherapy response in 
gastric cancer patients. We also classified the patients based on the expression of lncRNAs and the risk of disease, showing that 
high-risk patients have shorter survival and low immune status. These findings were further experimentally validated in the gastric 
cancer cell lines, which confirms the reliability immune-related lncRNA model. Some of the lncRNAs, such as CAS9, MALAT1, and 
PVT1 were naturally downregulated in gastric cancer cells, especially in SGC7901; upon silencing the expression of P53, the expression 
of these lncRNAs significantly upregulated, which confirms their potential involvement in gastric cancer pathogenesis. 

Helicobacter Pylori infection is one of the major causes of gastric cancer [65]; it activates various or suppresses pathways, including 
the P53 pathway [66,67]. H-pylori also affects the expression of multiple lncRNAs, which might be a key factor in H-pylori-induced 
carcinogenesis [68–71]. Such as lnc-SGK1 induced by H-pylori promotes differentiation of Th2 and Th17 in the gastric cancer [72], 
and other lncRNAs, including GClnc1, FOXD2-ASI, and NEAT1 have been linked with H-pylori infection in gastric cancer [43,44,73]. 
So far, no connection has been established between the H-pylori and P53-associated lncRNAs in gastric cancer development, specif
ically in immune cell infiltration. We believe that H-pylori infection significantly alters the expression of some of the selected lncRNAs. 
Thus, we collected GC patients having Helicobacter pylori (Hp) infection and analyzed the association of signature lncRNAs. In short, 
only two lncRNAs (GAS5 and MALAT1) showed a difference in expression in H-pylori-infected patients. Furthermore, we analyzed the 
association between the p53 expression and signature lncRNAs in H-pylori + GC patients and found that GAS5 and PVT1 positively 
correlated, while MALAT1 and TGFB2-AS1 showed a negative correlation with P53 in H-pylori + GC patients. Previously, some 
lncRNAs such as HOTAIR and MEG3 showed a negative association with H-pylori in the gastric cancer [74]. 

We used different methods to study the infiltrating immune cells related to 8 signature lncRNAs. Overall, patients in the high-risk 
group were found to have a high proportion of M2-macrophages, which was associated with increased tumor invasion. M2- 
macrophages have similar properties to tumor-associated macrophages (TAMs), having an oncogenic function, drug resistance, 
metabolic reprogramming, and immune suppressor function [75]. A study shows that TAMs release certain factors that facilitate the 
transportation of lncRNA-HISLA to breast cancer cells, stabilizing the HIF-1α level, increasing glycolysis rate, and reducing drug 
resistance [76]. These findings reveal that P53-associated lncRNAs could be the new factors influencing the infiltration of macrophages 
in the gastric cancer tumor microenvironment. 

Recently, chemical modification of RNAs has been recognized as an epigenetic mechanism playing an essential role in cancer 
development [77], and N6-methyladenine (m6A) and m5C mRNA modifications are most frequently found in cancer cells and tissues 
[78,79]. Based on the well-known relationship between the p53 and m6A RNA modification [27–29], we decided to study the relation 
of p53-related lncRNAs signatures with common genes involved in the RNA modification. The expression level of genes related to m6A 
RNA modification in high-risk and low-risk patient groups was significantly different. Several lncRNAs have been found to have as
sociation with m6A RNA methylation [80]. Similarly, lncRNA GATA6-AS1 was found to have strong binding ability to FTO (m6A 
demethylase), which blocks expression of GATA6-AS1 and promotes proliferation of gastric cancer cells [81]. Another RNA modifier 
KIAA1429 enhances expression of LNCO01106 by promoting m6A which ultimately restrict growth lung adenocarcinoma cells [82]. 
NEAT1 is well known oncogenic LncRNA, and its expression is stabilized by hnRNPA2B1 via m6A modification. Both work together to 
enhance cellular proliferation and stemness ability of the gastric cancer cells [83]. In the current study, the expression of ZC3H13 was 
considerably higher in the low-risk group, while FTO, YTHDC1, and RBM15 had higher expression in the high-risk group. Additionally, 
we analyzed the correlation of the signature lncRNAs with m5C genes and found that NOP2 (m5C writer) and TET1 (m5C eraser) were 
associated with these lncRNAs. It suggests that p53 plays a key role in activation of RNA modifiers which then regulate the lncRNAs. 

However, our study has tremendous clinical implications but still has some limitations; the lncRNA signatures still need to be 
clinically tested. Thus, comprehensive large-scale clinical studies are required to confidently imply these lncRNA signatures in clinical 
practice. Moreover, we could only work on a limited number of p53 lncRNAs because not all lncRNAs mentioned in TP53LNC-DB were 
functionally validated. The interaction between p53 associated lncRNAs and RNA modifiers still need to be experimentally validated. 
Recent studies on lncRNAs have substantially contributed to the understanding underlying mechanisms of cancer development but 
using them as clinical markers or therapeutic target confidently still require long time. LncRNAs associated with immune check points 
are being used as biomarkers for immunotherapy in breast, bladder and lung cancer patients. The target genes of LINC-PINT including 
CDK1, CCNA2, AURKA, and PCNA are potentially being used as therapeutic targets in route clinical practice [12]. Based on our 
findings, we believe most immediate clinical use of lncRNAs could be as diagnostic, therapeutic, and prognosis markers. 

6. Conclusion 

In conclusion, we provide for the first time the p53-associated lncRNAs in gastric cancer. We further experimentally validated our 
findings in gastric cancer cell lines and cells with altered expression of p53. Our results show that the current lncRNA signatures have 
great potential in predicting gastric cancer patients’ immune status and survival. Hence, these lncRNAs could be used for planning 
strategies for risk and clinical management of gastric cancer patients. 
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