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Abstract
Background
Gastric cancer is the sixth most frequently diagnosed cancer and third in causing cancer-related death globally. The most frequently mutated gene in human cancers is TP53, which plays a pivotal role in cancer initiation and progression. In Africa, particularly in Rwanda, data on TP53 mutations are lacking. Therefore, this study intended to obtain TP53 mutation status in Rwandan patients with gastric cancer.

Results
Formalin-fixed paraffin-embedded tissue blocks of 95 Rwandan patients with histopathologically proven gastric carcinoma were obtained from the University Teaching Hospital of Kigali. After DNA extraction, all coding regions of the TP53 gene and the exon–intron boundary region of TP53 were sequenced using the Sanger sequencing. Mutated TP53 were observed in 24 (25.3%) of the 95 cases, and a total of 29 mutations were identified. These TP53 mutations were distributed between exon 4 and 8 and most of them were missense mutations (19/29; 65.5%). Immunohistochemical analysis for TP53 revealed that most of the TP53 missense mutations were associated with TP53 protein accumulation. Among the 29 mutations, one was novel (c.459_477delCGGCACCCGCGTCCGCGCC). This 19-bp deletion mutation in exon 5 caused the production of truncated TP53 protein (p.G154Wfs*10). Regarding the spectrum of TP53 mutations, G:C > A:T at CpG sites was the most prevalent (10/29; 34.5%) and G:C > T:A was the second most prevalent (7/29; 24.1%). Interestingly, when the mutation spectrum of TP53 was compared to three previous TP53 mutational studies on non-Rwandan patients with gastric cancer, G:C > T:A mutations were significantly more frequent in this study than in our previous study (p = 0.013), the TCGA database (p = 0.017), and a previous study on patients from Hong Kong (p = 0.006). Even after correcting for false discovery, statistical significance was observed.

Conclusions
Our results suggested that TP53 G:C > T:A transversion mutation in Rwandan patients with gastric cancer is more frequent than in non-Rwandan patients with gastric cancer, indicating at an alternative etiological and carcinogenic progression of gastric cancer in Rwanda.
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Introduction
According to Global Cancer Statistics 2020, gastric cancer is the sixth most frequently diagnosed cancer with 1,089,103 cases in 2020 and the third leading cause of cancer death worldwide with 768,793 deaths in 2020 [1]. Projections indicate that low- and middle-income countries will have ≥ 80% of the global cancer burden by 2030 [2]. Therefore, understanding the molecular characteristics of gene mutations associated with gastric cancer will be important to improve survival outcomes and minimize the incidence of cancer in these regions [3].
The tumor suppressor gene TP53 remains one of the most mutated genes in human cancers and is important for cancer genesis and progression [4]. Gastric cancer is highly associated with Helicobacter pylori (H. pylori) infection, which causes various cellular abnormalities, including genomic instability by producing double-strand breaks in the host genome [5]. Normal functioning TP53 protects human genome integrity by preventing these damages [5]. Conversely, loss of function for TP53 caused by inactivating mutations is associated with gastric cancer initiation and its worst prognosis [5, 6]. Determining the mutation status of TP53 can be a tool to predict the best treatment options, while mutant TP53 itself can be a target for cancer therapy [7]. However, the mutation status of TP53 and its spectrum have not been studied in Rwandan patients with gastric cancer. Dietary variation, environment, and genetic factors are thought to contribute to the differences observed in TP53 mutation spectra [8]. Therefore it is important to find the TP53 mutations, which are the most frequent in a given cancer type and geography [9].
The prevalence of a particular mutational pattern in a given type of cancer represents a distinct mutation mechanism in cancers [10]. For instance, C > T and C > G mutations at CpG sites are thought to be caused by the activity of the apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) enzymes and have been primarily associated with breast cancer [10] and exogenous factors, like nitroso compounds, known to be involved in the pathogenesis of gastric cancer can also exacerbate this mutational process [8]. The most prominent TP53 mutation pattern in gastric cancer is G:C > A:T with a dominant feature of C > T at CpG sites [11]. At least 20% of G:C > A:T mutations take place at hypermutable CpG dinucleotides in all cancer types and are mostly associated with cytosine to uracil deamination [10]. Since this type of mutation is prevalent in cancers associated with chronic inflammation [12], it demonstrates the role of inflammation in enhancing the deamination process in gastric carcinogenesis [11]. The predominance of G:C > A:T transitions at dipyrimidine sites are known to be associated with nonmelanoma skin cancer and melanoma, including CC > TT tandem mutations, which are due to UV-light-induced C = C double bonds at adjacent pyrimidines [12, 13]. Another mutation pattern, which is associated with lung cancer and hepatocellular carcinoma, is the G:C > T:A transversion with dominant feature G > T. In lung cancer, individuals who are exposed to polycyclic aromatic hydrocarbons (PAHs) have approximately 30% of these types of mutations in TP53 [12]. In geographic area with poor food storage, mycotoxin aflatoxin is a major contaminant and has been associated with high prevalence of hepatocellular carcinoma (HCC) with a transversion at codon 249 (p.R249S; G:C > T:A) [12]. Lung cancer ranks seventh and liver cancer ranks fifth in Rwanda [14]; however, molecular studies linking them with PAHs [15] and the mycotoxin aflatoxin [16], respectively, remain lacking. The G:C > T:A transversion, with C > A as a dominant feature, was first described in neuroblastomas and adrenocortical cancers [17]. However, it was recently described by whole genome sequencing in gastric cancer as part of patterns associated with environmental mutational processes [11].
For many years, much attention has been given to genomic analysis, especially in Europe, North America, and Asian countries like Japan and China [18–21]. In a study conducted in the United States of America, a significantly higher frequency of TP53 mutations in patients of African American descent was identified [22]. However, the African continent continues to face healthcare inequities because genomic data generated outside of Africa do not represent the African population [23]. Until 2020, only 375 (0.016%) of total publications retrieved on PubMed globally were studies done on cancer in the African population [24]. There is a need to uncover genomic patterns that are specific to the African population to provide precise medical care. According to Globocan in 2020, gastric cancer was the fourth leading cancer in terms of incidence and mortality in Rwanda, after breast, cervical, and prostate [14]. However, the limited publications on cancer genetics and genomics focused on gene mutations in breast [25, 26], colorectal cancers [27], and DNA analysis of human papillomavirus in cervical cancer [28, 29]. Gastric cancer-related molecular pathology studies have yet to gain attention in Rwanda, and given the scarcity of genomic data in Rwanda in general, this study aimed at obtaining information on TP53 mutation status in Rwandan patients with gastric cancer. During this study, TP53 mutation spectra in our cases were analyzed and subsequently compared to the spectrum of non-Rwandan patients with gastric cancer. To our knowledge, this report on TP53 mutations in Rwandan patients with gastric cancer is first of its kind.

Materials and methods
Patients and tissue samples
During the 2020 to 2022 study period, 255 Rwandan patients were prospectively received from the Endoscopy Service at the Department of Internal Medicine at the University Teaching Hospital of Kigali (CHUK) in Rwanda. Of 255 patients, 221 (86.6%) signed the consent form to participate and 101 of 221 (45.7%) were confirmed to have gastric cancer on histopathological examination. Of these 101 cases, 4 cases were excluded from this study due to insufficient tissue material for DNA extraction and two samples were excluded due to low quality of extracted DNA. The study therefore included 95 gastric cancer cases.

Histopathological diagnosis
Microscopic examination of the biopsies was first performed at CHUK (Rwanda), and tissue slides were reviewed by pathologists at Hamamatsu University School of Medicine, Japan. Biopsy specimens whose diagnosis was confirmed as carcinoma were included in this study. The histopathological characteristics were determined in carcinoma samples based on both the Laurén’s classification [30] and World Health Organization (WHO) tumor classifications [31].


                           H. Pylori status
To detect the presence or the absence of H. pylori in the gastric cancer biopsies, conventional polymerase chain reaction (PCR) analysis for the ureC gene, which is present in H. pylori, but not in humans, was used after slightly modifying the previous quantitative PCR method by Suzuki et al. [32]. The primer pair specific to ureC was composed of 5′-GCATGCAATTGAATAAAGCC-3′ (forward) and 5′-GCCGCTATAACGGATCAAAT-3′ (reverse) [32]. PCR technique included the first segment of initial denaturation at 95℃ (15 min), the second segment for 45 cycles of denaturation (30 s at 94℃), annealing (30 s at 60℃) and extension (1 min at 72℃), and the third segment of final extension (10 min at 72℃). PCR products were electrophoresed in 2% agarose gel for 30 min at 100 V. Gel was stained in ethidium bromide for 30 min and ureC gene bands were captured and visualized with an ATTO gel documentation system (ATTO corporation, Tokyo, Japan).

TP53 gene sequencing
The genomic DNA extracted from formalin-fixed paraffin-embedded (FFPE) blocks was examined at the Department of Tumor Pathology of Hamamatsu University School of Medicine, Japan. DNA isolation was carried out using the QIAamp DNA FFPE Advanced UNG Kits (Qiagen GmbH, Hilden, Germany) and following manufacturer’s protocol. Direct Sanger sequencing using PCR products amplified by the primer sets for each exon was used for TP53 gene sequencing. The sequences of the PCR primers are shown in supplementary Table S1. Fragments covering exon 2–11, including the entire coding region, and boundary regions of the TP53 gene were amplified by PCR with HotStarTaq DNA polymerase (Qiagen, Valencia, CA, USA). The PCR products were purified with Exo-SAP-IT (Thermo Fisher Scientific, Waltham, MA, USA) and directly sequenced in two directions with a BigDye Terminator v3.1 Cycle sequencing Kit (Thermo Fisher Scientific). The sequencing reaction was performed initially at 96℃ for 1 min followed by 25 cycles at 96℃ for 10 s, 50℃ for 10 s, and 60℃ for 4 min. The sequencing reaction products were purified, and then analyzed in the ABI 3130xL Genetic Analyzer (Thermo Fisher Scientific). Cases with suspected insertion–deletion mutations were assessed using TA cloning as previously described [27, 33].

Mutation detection and interpretation of mutations
UniproUGENE version 45 [34] and GENETYX® version 14.1.0 (Genetyx Corporation, Tokyo, Japan) were used to align ABI sequences to the TP53 reference genomic sequences. A deletion variant was suspected when a stretch of multiple fluorescent signals was seen in the ABI sequence. Once a variant was confirmed for the second time in a different PCR experiment or TA cloning for deletion cases, the variant was annotated according to the Human Genome Variation Society recommendations (HGVS) and the Joint Consensus Recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology [35, 36]. Next, variant details were checked in the ClinVar database [37], and if the details were available, this variant was determined to be a known variant. In cases where the variant details were missing in ClinVar, other databases like COSMIC [38] and the TP53 Database platform (http://​tp53.​isb-cgc.​org) were consulted for more details. A variant was considered novel when its details could not be found in ClinVar, COSMIC and the TP53 Database. Novel variant description was done using Mutalyzer 2 [39], a tool designed to automatically apply the HGVS guidelines in order to describe a variant. To predict the effect of the novel variant on TP53 protein, MutationTaster2021 was used [40]. In this study, variants with < 1% of population-level minor allele frequency (MAF) in a database of 1000 genomes [20] and ExAC [41] were considered mutations. Finally, data regarding the flanking sequences of the mutated bases were generated after uploading the list of TP53 mutations into the TP53 Database website (https://​tp53.​isb-cgc.​org/​search_​gene_​by_​var). For novel mutations that could not be found in the database, the sequences were manually compared against the reference genome (GRCh38) on the NCBI website (https://​www.​ncbi.​nlm.​nih.​gov/​) in order to identify the nitrogen bases positioned immediately before and after the mutated base in the 5′ to 3′ direction.

Immunohistochemistry
TP53 protein expression in gastric carcinoma with TP53 missense mutations was evaluated via immunohistochemistry. Tissue FFPE blocks were cut into 4-µm-thick sections. After deparaffinization, immunostaining was performed using an automatic immunohistochemical stainer, the HISTOSTAINER (Nichirei Bioscience, Tokyo, Japan) with Histofine Simple Stain MAX PO (Nichirei) as previously described [42]. A primary antibody for TP53 (Mouse monoclonal, clone DO-7; Dako, Glostrup, Denmark) was used, and 3,3′-diaminobenzidine (DAB) (Dako) was used as a chromogen. Nuclear counterstaining was performed using hematoxylin. The staining signal was visualized using a Leica DMD 108 microscope (Leica Biosystems, Wetzlar, Germany). Representative photomicrographs were captured using the same microscope.

Collection of publicly available data
Somatic TP53 mutations data of 440 stomach adenocarcinomas deposited in The Cancer Genome Atlas (TCGA) database (TCGA ID: STAD) and 100 stomach adenocarcinomas in patients from Hong Kong reported by Wang et al. [43], were utilized in this study. These data were collected from The cBio Cancer Genomics Portal (http://​cbioportal.​org), a web platform for exploring, visualizing and analyzing multidimensional cancer genomic data [44]. From this platform, mutation data were downloaded as files of tab-separated values and then they were converted into Excel files for summary and organization. To generate results on the mutation spectrum, the list of TP53 mutations [Genomic Description (hg19)] of each data set was uploaded to the TP53 Database website. Results were downloaded as comma separated values files and subsequently imported into an Excel spreadsheet for curation.

Mutation signature analysis
First, we extracted single base substitution data from the list of all TP53 mutations in Rwandan and non-Rwandan patients. Second, we categorized them into six substitution patterns: C > A, C > G, C > T, T > A, T > C, and T > G. Finally, 96 substitution types and sequence contexts were counted for each population as in previous reports [9, 11]. The Signal platform (https://​signal.​mutationalsignat​ures.​com) was used to estimate the single base substitution (SBS) mutation signature for Rwandan and non-Rwandan patients [45].

Statistical analysis
Statistical analysis was performed by using statistical product and service solutions version 29.0 software (SPSS Inc., Chicago, IL, USA). Fischer’s exact test was used to calculate the p, and results were considered statistically significant at p ≤ 0.05. To control the false discovery rate (FDR) within the comparisons, the Benjamini–Hochberg procedure (FDR correction) was applied [46] by using R software version 4.0.3 [47] and Package RVAideMemoire version 0.9-83-2 [48].


Results
Clinicopathological characteristics of Rwandan patients with gastric cancer analyzed for TP53 mutation
Genomic DNA of 95 Rwandan patients with gastric carcinoma was extracted and used in this study. Clinicopathological profiles of the analyzed cases are shown in Table 1. The mean age ± standard deviation was 60.6 ± 13.7 years with ages ranging from 29 to 99 years; patients aged between 65 and 74 were slightly more frequent with 25 (26.3%). There were 51 females (53.7%) and 44 males (46.3%). Anatomically, the majority of tumor specimens (54; 56.8%) came from the antrum, followed by the fundus (12; 12.6%). According to Laurén’s classification, histopathologically mixed-type carcinomas were more frequent with 36 (37.9%) cases, followed by diffuse type with 24 (25.3%) cases. According to WHO classification, mixed-type was predominant with 36 (37.9%) cases followed by tubular, moderately differentiated in 16 (16.8%) cases. With regards to H. pylori status in gastric carcinoma lesions, it was detected in 7/95 (7.4%) cases through PCR analysis of the H. pylori ureC gene (supplementary Fig. S1), which is consistent with the previous result [49].
Table 1Clinicopathological characteristics of Rwandan patients with gastric cancer (n = 95)


	Characteristics
	Number of cases
	Percentage

	Age (y.o.)
	 	 
	Mean ± standard deviation
	 	(60.6 ± 13.7)

	Range
	 	(29–99)

	Age group
	 	 
	< 45
	15
	15.8%

	45–54
	16
	16.8%

	55–64
	23
	24.2%

	65–74
	25
	26.3%

	75-
	16
	16.8%

	Sex
	 	 
	Female
	51
	53.7%

	Male
	44
	46.3%

	Anatomic site of the tumor
	 	 
	Cardia
	8
	8.4%

	Sub-cardia
	3
	3.2%

	Fundus
	12
	12.6%

	Corpus
	3
	3.2%

	Corpus-antrum
	2
	2.1%

	Antrum
	54
	56.8%

	Antro-pyloric region
	4
	4.2%

	Pylorus
	9
	9.5%

	Lauren’s classification
	 	 
	Intestinal
	22
	23.2%

	Indeterminate
	6
	6.3%

	Diffuse
	24
	25.3%

	Mixed
	36
	37.9%

	Not defined
	7
	7.4%

	WHO classification
	 	 
	Papillary
	5
	5.3%

	Tubular, well-differentiated
	1
	1.1%

	Tubular, moderately differentiated
	16
	16.8%

	Tubular, poorly differentiated
	6
	6.3%

	Poorly cohesive, signet-ring cell phenotype
	7
	7.4%

	Poorly cohesive, other cell types
	17
	17.9%

	Mixed
	36
	37.9%

	Undifferentiated carcinoma
	5
	5.3%

	Neuroendocrine carcinoma
	2
	2.1%






                           TP53 mutations identified in Rwandan patients with gastric cancer
TP53 mutations were observed in 24 (25.3%) of the 95 cases, with 29 total mutations (Table 2). These mutations (n = 29) were distributed between exon 4 and 8 with exon 5 having more mutations (12, 41.4%) followed by exon 6 (9; 32.0%) (supplementary Fig. S2). When these mutations (n = 29) were categorized by their effect on protein production, the majority were missense mutations (19; 65.5%), followed by nonsense mutations (5; 17.2%) and deletion type frameshift mutations (3; 10.3%) (Fig. 1). Representative sequencing results of missense mutations of the TP53 gene is shown in Fig. 2A and B [Fig. 2A shows g.7,673,776G>C (c.844C>G) mutation associated with p.R282G, while Fig. 2B shows the g.7,673,763T>A (c.857A>T) mutation associated with p.E286V]. Some mutations were detected more than once in different patients, these are c.637C>T (p.R213*) and c.527G>T (p.C176F), which appeared 3 times each, c.733G>A (p.G245S) and c.524G>A (p.R175H) appearing twice each (Table 2).
Table 2List of TP53 mutations identified in Rwandan gastric cancer patients


	Sample ID
	Exon
/intron
	Genomic
description
	Coding DNA description
	Protein Description
	Effect
	dbSNP_ID

	GC090
	Exon 4
	g.7,676,060G>T
	c.309C>A
	p.Y103*
	Nonsense
	NA

	GC057
	Exon 4
	g.7,676,055C>A
	c.314G>T
	p.G105V
	Missense
	NA

	GC060
	Exon 5
	g.7,675,206del
	c.406del
	p.Q136Nfs*34
	Frameshift
	NA

	GC028
	Exon 5
	g.7,675,185C>T
	c.427G>A
	p.V143M
	Missense
	rs587782620

	GC021&
	Exon 5
	g.7,675,139_7,675,157del
	c.459_477del
	p.G154Wfs*10
	Frameshift
	NA

	GC067
	Exon 5
	g.7,675,142A>G
	c.470T>C
	p.V157A
	Missense
	rs1131691023

	GC019
	Exon 5
	g.7,675,139C>A
	c.473G>T
	p.R158L
	Missense
	rs587782144

	GC014
	Exon 5
	g.7,675,138G>A
	c.474C>T
	p.Arg158=
	Silent
	rs139200646

	GC053
	Exon 5
	g.7,675,094A>C
	c.518T>G
	p.V173G
	Missense
	rs1057519747

	GC028
	Exon 5
	g.7,675,088C>T
	c.524G>A
	p.R175H
	Missense
	rs28934578

	GC080
	Exon 5
	g.7,675,088C>T
	c.524G>A
	p.R175H
	Missense
	rs28934578

	GC042
	Exon 5
	g.7,675,085C>A
	c.527G>T
	p.C176F
	Missense
	rs786202962

	GC071
	Exon 5
	g.7,675,085C>A
	c.527G>T
	p.C176F
	Missense
	rs786202962

	GC079
	Exon 5
	g.7,675,085C>A
	c.527G>T
	p.C176F
	Missense
	rs786202962

	GC028
	Exon 6
	g.7,674,954G>A
	c.577C>T
	p.H193Y
	Missense
	rs876658468

	GC075
	Exon 6
	g.7,674,950A>C
	c.581T>G
	p.L194R
	Missense
	rs1057519998

	GC084
	Exon 6
	g.7,674,945G>A
	c.586C>T
	p.R196*
	Nonsense
	rs397516435

	GC059
	Exon 6
	g.7,674,894G>A
	c.637C>T
	p.R213*
	Nonsense
	rs397516436

	GC060
	Exon 6
	g.7,674,894G>A
	c.637C>T
	p.R213*
	Nonsense
	rs397516436

	GC066
	Exon 6
	g.7,674,894G>A
	c.637C>T
	p.R213*
	Nonsense
	rs397516436

	GC006
	Exon 6
	g.7,674,893C>A
	c.638G>T
	p.R213L
	Missense
	rs587778720

	GC051
	Exon 6
	g.7,674,885C>T
	c.646G>A
	p.V216M
	Missense
	rs730882025

	GC081
	Exon 6
	g.7,674,877del
	c.654del
	p.Y220Mfs*27
	Frameshift
	NA

	GC038
	Exon 7
	g.7,674,230C>T
	c.733G>A
	p.G245S
	Missense
	rs28934575

	GC067
	Exon 7
	g.7,674,230C>T
	c.733G>A
	p.G245S
	Missense
	rs28934575

	GC014
	Intron 7
	g.7,674,180C>T
	c.782+1G>A
	p.?
	Splice-site
	NA

	GC035
	Exon 8
	g.7,673,776G>C
	c.844C>G
	p.R282G
	Missense
	rs28934574

	GC106
	Exon 8
	g.7,673,776G>A
	c.844C>T
	p.R282W
	Missense
	rs28934574

	GC089
	Exon 8
	g.7,673,763T>A
	c.857A>T
	p.E286V
	Missense
	rs1057519985


& newly identified variant, ID: identification, NA: Not applicable, g.: genomic, c.: coding, p.: protein, dbSNP: The Single Nucleotide Polymorphism Database, rs: The reference single nucleotide polymorphism
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Fig. 1Types of TP53 mutation in Rwandan patients with gastric cancer (n = 29). The pie graph shows different percentages of missense mutations (blue), nonsense mutations (orange), deletion mutations (gray), silent mutations (yellow), and splice-site mutations (light blue). Missense mutations were the most prevalent type with 65.5% of all mutations


[image: ]
Fig. 2Representative electropherograms for the missense and novel TP53 mutations in Rwandan patients with gastric cancer. A: p.R282G missense TP53 mutation detected in case GC035. The lower electropherogram shows a g.7,673,776G>C (c.844C>G) TP53 mutation corresponds to a missense mutation on codon 282, which is associated with p.R282G. The upper electropherogram is derived from a control case without TP53 mutation. B: p.E286V missense TP53 mutation detected in case GC089. The lower electropherogram shows a g.7,673,763T>A (c.857A>T) TP53 mutation corresponds to a missense mutation on codon 286, which is associated with p.E286V. The upper electropherogram is derived from a control case without TP53 mutation. C: A frameshift TP53 mutation (g.7,675,139_7,675,157delCGGACGCGGGTGCCGGGCG corresponding to c.459_477delCGGCACCCGCGTCCGCGCC), which is associated with p.G154Wfs*10, was newly identified in this study. The middle and lower electropherograms are the results of gastric carcinoma containing this novel mutation in case GC021. In the middle electropherogram, mixed peaks are seen as result of the deletion of 19 bases. The lower electropherogram shows the TP53 mutation sequence after TA subcloning. The shaded area represents 19 bases deleted. The upper electropherogram corresponds to the wild-type sequence (control case)


When the TP53 mutations found in this study were examined for novelty, 28 of 29 mutations were found registered in the ClinVar or COSMIC databases. The remaining mutation (g.7,675,139_7,675,157delCGGACGCGGGTGCCGGGCG corresponding to c.459_477delCGGCACCCGCGTCCGCGCC) was unavailable in the ClinVar, COSMIC, and TP53 databases, considering this as a novel mutation. The newly identified mutation consists of the deletion of 19 bases between codon 459 and 477, resulting in the production of a short polypeptide of 10 amino acids in addition to the normally coded 154 amino acids, i.e., truncated protein of 164 amino acids (p.G154Wfs*10) (Fig. 2C: sequencing results of this frameshift mutation).
Since TP53 missense mutations are strongly associated with the TP53 protein accumulation in cellular nuclei [50, 51], we carried out immunohistochemical analysis for TP53 protein on 17 gastric cancer cases with TP53 missense mutations. The results showed an abnormal accumulation of TP53 protein in 16 (94.1%) out of 17 cases (Fig. 3; immunohistochemical images of two representative cases are shown in Fig. 2A, B), suggesting the correctness of our TP53 gene sequencing.
[image: ]
Fig. 3Representative photomicrographs for H&E staining and immunostaining for TP53 expression. A: The photomicrograph represents the H&E-stained slides showing TP53 missense mutation-positive gastric carcinoma derived from case GC035. Note that the sequencing result of the TP53 p.R282G missense mutation in this case is shown in Fig. 2A. B: The photomicrograph represents immunostaining for TP53 protein expression of gastric carcinoma containing a TP53 p.R282G mutation in case GC035. C: The photomicrograph represents the H&E-stained slides showing TP53 missense mutation-positive gastric carcinoma derived from case GC089. Note that the sequencing result of TP53 p.E286V missense mutation in this case is shown in Fig. 2B. D: The photomicrograph represents immunostaining for TP53 protein expression of gastric carcinoma containing a TP53 p.E286V mutation in the case GC089. Scale bar = 100 μm


No significant association was found between clinicopathological characteristics, including age, gender, anatomic site of carcinoma, histological classification, and TP53 mutation (Table 3). Additionally, clinicopathological characteristics were not associated with the TP53 mutation effects (missense mutation, frameshift mutation, nonsense mutation, silent mutation, and splice-site mutation) (supplementary Tables S2 and S3).
Table 3Relationship between the clinicopathological characteristics and TP53 mutation status in Rwandan patients with gastric cancer (n = 95)


	Characteristics
	Number of cases (percentage)
	p value

	 	TP53 mutant (n = 24)
	TP53 wild-type (n = 71)
	 
	Age (y.o.)
	 	 	0.276

	Mean ± standard deviation
	(63.3 ± 11.1)
	(59.7 ± 14.5)
	 
	Range
	 (40–80)
	(29–99)
	 
	Age group
	 	 	0.190

	< 45
	2 (8.3)
	13 (18.3)
	 
	45–54
	5 (20.8)
	11 (15.5)
	 
	55–64
	3 (12.5)
	20 (28.2)
	 
	65–74
	10 (41.7)
	15 (21.1)
	 
	75-
	4 (16.7)
	12 (16.9)
	 
	Sex
	 	 	0.956

	Female
	13 (54.2)
	38 (53.5)
	 
	Male
	11 (45.8)
	33 (46.5)
	 
	Anatomic site of the tumor
	 	 	0.620

	Cardia
	1 (4.2)
	7 (9.9)
	 
	Sub-cardia
	0 (0.0)
	3 (4.2)
	 
	Fundus
	3 (12.5)
	9 (12.7)
	 
	Corpus
	0 (0.0)
	3 (4.2)
	 
	Corpus-antrum
	0 (0.0)
	2 (2.8)
	 
	Antrum
	15 (62.5)
	39 (54.9)
	 
	Antro-pyloric
	1 (4.2)
	3 (4.2)
	 
	Pyloric
	4 (16.7)
	5 (7.0)
	 
	Laurén’s classification
	 	 	0.793

	Intestinal
	7 (29.2)
	15 (21.1)
	 
	Indeterminate
	2 (8.3)
	4 (5.6)
	 
	Diffuse
	4 (16.7)
	20 (28.2)
	 
	Mixed
	9 (37.5)
	27 (38)
	 
	Not defined
	2 (8.3)
	5 (7.0)
	 
	WHO classification
	 	 	0.427

	Papillary
	0 (0)
	5 (7.0)
	 
	Tubular, well-differentiated
	0 (0)
	1 (1.4)
	 
	Tubular, moderately differentiated
	7 (29.2)
	9 (12.7)
	 
	Tubular, poorly differentiated
	2 (8.3)
	4 (5.6)
	 
	Poorly cohesive, signet-ring cell phenotype
	2 (8.3)
	5 (7.0)
	 
	Poorly cohesive, other cell types
	2 (8.3)
	15 (21.1)
	 
	Mixed
	9 (37.5)
	27 (38)
	 
	Undifferentiated carcinoma
	2 (8.3)
	3 (4.2)
	 
	Neuroendocrine carcinoma
	0 (0)
	2 (2.8)
	 




Comparison of the spectrum of TP53 mutations in Rwandan patients with gastric cancer to previous TP53 mutational studies on patients with gastric cancer
Next, we evaluated the spectrum (A:T > C:G, A:T > G:C, A:T > T:A, G:C > A:T, G:C > C:G, G:C > T:A, and deletion type) of TP53 mutations detected in Rwandan patients with gastric cancer (Fig. 4 and supplementary Table S2). From a total number of 29 mutations identified in this study, 14 (48.3%) mutations were G:C > A:T (G > A or C > T). The G:C > A:T pattern was also divided based on their presence or absence at CpG sites. In this study, G:C > A:T at the CpG sites was most common (10; 34.5%), whereas G:C > A:T at non-CpG sites was 4 (13.8%). G:C > T:A was the second most frequent pattern (7; 24.1%) after G:C > A:T at CpG sites. The TP53 mutation spectrum was not significantly associated with clinicopathological characteristics or area of residence in Rwanda (supplementary Table S4).
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Fig. 4Spectrum of TP53 mutations in Rwandan and non-Rwandan patients with gastric cancer. The data of Rwandan patients is from the present study (n = 29), while that of non-Rwandan patients is from the study by Natsume et al. (n = 272) [33], TCGA dataset (n = 226) [52], and the study by Wang et al. (n = 58) [43]. The pie chart illustrates the TP53 mutation spectrum categorized into six types of single nucleotide substitutions as well as non-substitution mutations. The G:C > A:T transitions were subdivided into G:C > A:T at CpG sites and non-CpG sites. Each spectrum is shown in the pie graphs as follows: A:T > C:G (blue), A:T > G:C (orange), A:T > T:A (silver), G:C > A:T at CpG (yellow), G:C > A:T at non-CpG (light blue), G:C > C:G (green), G:C > T:A (dark blue), deletion (brown), deletion-insertion (grey), insertion (golden yellow), and fusion (red)


We then attempted to compare these TP53 mutation spectrum of gastric cancer in Rwandan patients with previous TP53 mutational studies on non-Rwandan patients with gastric cancer. The TP53 mutation spectrum in our study (n = 29) was statistically compared with that of three previous studies, including our recent study by Natsume et al. (272 TP53 mutations) [33], TCGA database (226 TP53 mutations) [52], and the study by Wang et al. (58 TP53 mutations) [43] (Table 4; Fig. 4). Age distribution and sex were not statistically significant between the present study and each of the three previous studies (supplementary Table S5). Among all forms of TP53 mutations, the frequency of the G:C > T:A pattern was the only one significantly higher in Rwandan patients than in the studies on non-Rwandan patients by Natsume et al. (p = 0.013), the TCGA database (p = 0.017), and the study by Wang et al. (p = 0.006). In addition, even after FDR correction the statistical significances in the three previous studies were still observed using the Benjamini–Hochberg procedure with a maximum discovery rate of d = 0.05 (the adjusted p values: p = 0.034 for our study vs. study by Natsume et al., p = 0.034 for our study vs. TCGA dataset, and p = 0.033 for our study vs. study by Wang et al.). Conversely, no significant difference in the mutation effect on protein production was observed between Rwandan and non-Rwandan patients with gastric cancer (Table 4 and supplementary Fig. S3). These results suggest that G:C > T:A transversion mutation is more frequent in Rwandan patients with gastric cancer than non-Rwandan patients with gastric cancer.
Table 4Frequency of the mutation spectrum of TP53 in Rwandan patients with gastric cancer compared with the previous TP53 mutational studies in non-Rwandan patients with gastric cancer


	Mutation
	Present study (n = 29)
	Previous TP53 mutational studies for gastric cancer patients

	Natsume et al. [33]a (n = 272)
	TCGA dataset [52]b (n = 226)
	Wang et al. [43]c (n = 58)

	n (%)
	n (%)
	p d
	n (%)
	pd
	n (%)
	p d

	Mutation spectrum
	 	 	 	 	 	 	 
	A:T > C:G
	2 (6.9)
	15 (5.5)
	0.503
	5 (2.2)
	0.183
	2 (3.4)
	0.598

	A:T > G:C
	1 (3.4)
	26 (9.6)
	0.238
	27 (11.9)
	0.796
	6 (10.3)
	0.725

	A:T > T:A
	1 (3.4)
	10 (3.7)
	0.325
	7 (3.1)
	1
	2 (3.4)
	1

	G:C > A:T at CpG
	10 (34.5)
	88 (32.4)
	0.482
	71 (31.4)
	0.833
	21 (36.2)
	1

	G:C > A:T at non-CpG
	4 (13.8)
	55 (20.2)
	0.29
	41 (18.1)
	0.22
	8 (13.8)
	0.261

	G:C > C:G
	1 (3.4)
	9 (3.3)
	0.643
	12 (5.3)
	1
	6 (10.3)
	0.416

	G:C > T:A
	7 (24.1)
	22 (8.1)
	0.013**
	19 (8.4)
	0.017**
	2 (3.4)
	0.006**

	deletion
	3 (10.3)
	34 (12.5)
	0.51
	35 (15.5)
	0.588
	8 (13.8)
	0.745

	deletion-insertion
	NA
	3 (1.1)
	NA
	NA
	NA
	NA
	NA

	insertion
	NA
	10 (3.7)
	NA
	8 (3.5)
	NA
	3 (5.2)
	NA

	fusion
	NA
	NA
	NA
	1 (0.4)
	NA
	NA
	NA

	Mutation type
	 	 	 	 	 	 	 
	Missense
	19 (65.5)
	172 (63.2)
	0.808
	167 (73.9)
	0.397
	33 (56.9)
	0.4395

	Nonsense
	5 (17.2)
	42 (15.4)
	0.8
	NA
	NA
	10 (17.2)
	1

	Silent
	1 (3.4)
	10 (3.7)
	0.95
	NA
	NA
	NA
	NA

	Splice-site
	1 (3.4)
	1 (0.4)
	0.052
	19 (8.4)
	0.42
	4 (6.9)
	0.515


NA: Not applicable
aData collected from our previous work [33], the work consisted of 272 TP53 mutations identified in 689 gastric cancer patients from China (n = 133), Eastern Europe (n = 288), and Japan (n = 268)
bThe Cancer Genome Atlas (TCGA) data on TP53 mutation in stomach adenocarcinoma accessed through cBioPortal for Cancer Genomics [52]. In the database, 213 stomach adenocarcinoma cases with TP53 mutation are registered. The mutation-positive cases consisted of Black or African American (n = 8), Asians (n = 45), Whites (n = 135), and 25 cases without information on race. The total number of TP53 mutations was 226
cDataset from whole genome sequencing of 100 gastric cancers of patients from Hong Kong, in a study by the University of Hong Kong and Pfizer, accessible in cBioPortal for Cancer Genomics but also published in Nat Genet 2014 [43]. In this study 58 TP53 mutations were seen in 55 patients with TP53 mutation(s)
dThe Fischer’s exact test between each study and the present study was performed
**indicate the significant difference (less than 0.05) in the p-value of Fischer’s exact test. The statistical significance was observed even after the Benjamin–Hochberg procedure with a maximum FDR of d = 0.05 for multiple comparisons [the adjusted p-values: 0.034 for this study vs. study by Natsume et al. [33], 0.034 for this study vs. TCGA study [52], and 0.033 for this study vs. study by Wang et al. [43]]



The estimated SBS mutation signatures were consistent with SBS1 in all four studies when the 96 mutation patterns were further analyzed (Fig. 5 and supplementary Table S6). Among C > A (G:C > T:A) mutation, the G[C > A]A mutation was the most frequently found (11.5%) in Rwandan patients with gastric cancer. On the contrary, this mutation demonstrated low frequencies of 3.1%, 2.7%, and 0.0% in these studies [33, 43, 52], respectively. Thus, G[C > A]A mutation may chiefly increase G:C > T:A mutations in Rwandan patients with gastric cancer.
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Fig. 5Landscape of TP53 mutational substitutions in Rwandan and non-Rwandan patients with gastric cancer. The single base substitutions with their total number included Rwandan patients (this study [n = 26]), non-Rwandan patients (the study by Natsume et al. [n = 225] [33], TCGA dataset [n = 182] [52], and the study by Wang et al. [n = 47] [43]. The bar graphs illustrate different mutation counts based on the 96-substitution classification, and each bar represent a frequency of a particular mutation from the traditional six base substitutions namely, C > A (blue), C > G (black), C > T (red), T > A (light gray), T > C (green), and T > G (pink). Substitutions were investigated using their immediate sequencing context (the base immediately 5′ before the mutation and the base immediately 3′ after the mutation) to make 96 mutations. * represents G[C > A]A, the pattern most frequently found in G:C > T:A mutations of Rwandan patients with gastric cancer (11.5%) compared to non-Rwandan patients in the study by Natsume et al. (3.1%), the TCGA dataset (2.7%), and the study by Wang et al. (0.0%)



Possible involvement of APOBEC enzymes on TP53 mutations in Rwandan gastric cancer
Since four of the APOBEC members (APOBEC3A, APOBEC3B, APOBEC3C, and APOBEC1) favor C residues immediately flanked by T at its 5′ side and APOBEC3G favors C immediately flanked by C at its 5′ side [53], flanking sequence context in G:C > A:T transitions, which is the most prevalent among the seven types of patterns in our TP53 mutations series, was analyzed. The results showed that 42.8% of C > T preferred C preceded by T (i.e., 5′-TC-3′) [the mutated base is underlined] and 28.6% of the C > T preferred C preceded by C (i.e., 5′-CC-3′) (supplementary Table S2). This result suggests the possible involvement of APOBEC enzymes in TP53 mutations in Rwandan gastric cancer.


Discussion
In the present study, a TP53 mutation was observed in 24 (25.3%) of the 95 Rwandan patients with gastric cancer, and a total of 29 TP53 mutations were identified. These TP53 mutations were distributed between exon 4 and 8, and a majority of these mutations (65.5%) were missense mutations. Immunohistochemical analysis for TP53 showed a TP53 protein accumulation in most of TP53 missense mutation-positive cases. Among 29 TP53 mutations, one was novel (c.459_477delCGGCACCCGCGTCCGCGCC) and this 19-bp deletion mutation in exon 5 caused the production of truncated TP53 protein (p.G154Wfs*10). Regarding the spectrum of TP53 mutation, G:C > A:T at CpG sites was the most prevalent and G:C > T:A was the second most prevalent. Interestingly, when the spectrum of TP53 mutations was compared between our study and three previous TP53 mutational studies for non-Rwandan patients with gastric cancer, G:C > T:A mutations were significantly more frequent in our study than in the three previous TP53 mutational studies, and even after correction for FDR, statistical significance was observed. These findings suggested that the TP53 G:C > T:A transversion mutation in Rwandan patients with gastric cancer was more frequent than in non-Rwandan patients with gastric cancer, probably due to a different etiological and carcinogenic process of gastric cancer in Rwanda. This report is the first published study to describe the gene mutation in Rwandan patients with gastric cancer, providing an important genetic analysis of Rwandan gastric cancer.
In this study, the percentage of gastric cancer cases with TP53 mutations was 25.3%, this result is comparable with the incidence of mutation (27.0%) in the previous study by Li-Chang et al. [54], slightly lower when compared to the findings of Hwang et al., 37.4% [55] and 43.3% of Tahara et al. [56]. This difference could partly be due to the relatively small sample size of this study compared to those studies with 110 to 2946 gastric biopsies. However, there are other studies with fewer mutations but relatively big sample sizes. In a study done in India, the frequency of TP53 mutations in 348 gastric cancer biopsies was 4.6% [57], in Latin America even though the sample size was small, the number of mutations was still low at 3.5% in 59 gastric cancer biopsies [58]. With these findings, one cannot be confident in asserting that the TP53 gene is less mutated in Rwandan cancer or in Africa compared to Europe, Latin America or Asia since studies done on the African continent analyzing TP53 mutations in gastric cancer are still lacking [24, 59]. Different reports suggest that differences in patients’ constitution, methods employed in the detection of mutations, or the anatomical sites of the tumor can result in differences in the prevalence of TP53 mutations [60]. For instance, in a study conducted by Tolbert et al., TP53 mutations were found in 54% of tumors in the cardia versus 25% of tumors in the antrum [61].
In our study, we found a significantly higher occurrence of the G:C > T:A transition in the TP53 mutation pattern in gastric cancer patients from Rwanda compared to those from non-African countries such as China, Hungary, Japan, Poland, Romania, the USA, and Hong Kong [33, 43, 52]. The distribution of G:C > T:A in Rwandan and non-Rwandan patients with gastric cancer did not show any statistically significant difference in terms of age and sex (supplementary Table S5). Due to the fact that the gastric cancer sample in this study was obtained through endoscopic examination, it is difficult to compare the histopathological classification and staging of cancer between the Rwandan patient group and the non-Rwandan patient group. It is possible that regional differences are associated with the variation in the frequency of G:C > T:A transition. The variation in environmental factors, infectious diseases, food contamination, and socio-economic status between Rwanda and other countries may result in a unique mutation spectrum specific to Rwanda. This mutation pattern with G > T as the main feature has been previously associated with liver and lung cancers based on the mutagen [12, 13]. Liver cancer associated with the dietary mutagen aflatoxin ranks fifth with a prevalence rate of 4.22/100,000 in Rwanda [14]. Aflatoxin exposure is associated with aflatoxin B1 (AFB1)-N7-guanine adducts in HCC [62], and a unique transversion at codon 249 (p.R249S; G:C > T:A) is highly prevalent in areas where aflatoxin is a common food contaminant [12]. Surprisingly, in our study, this particular transversion was not identified in any cases with G:C > T:A; instead, the most prevalent transversion was at codon 176 (c.527G>T), which appeared 3 times. Aflatoxin contamination results from poor food storage and inadequate drying facilities and is a major issue in Rwanda and Africa in general [63, 64]. Conversely, aflatoxin has not been considered a public health concern in the United States and other developed nations. Nevertheless, the growth and production of aflatoxins by toxigenic fungi may also change in distribution with global climate change [65, 66]. Studies to assess the epidemiological impact of aflatoxin in Rwanda and to uncover genomic changes that may be attributable to aflatoxin in Rwandan patients with cancer are necessary. Tobacco smoking-associated lung cancer ranked seventh in Rwanda, with a prevalence rate of 3.16/100,000 [14]. While the burden of smoking-related diseases remained unestablished in Rwanda due to insufficient data [67], 7% of males and < 1% of females were known to use any type of tobacco during 2019–2020 [68]. However in the United States, smoking killed approximately 29.5 million Americans from 1960 to 2020 [69]. Additionally, the leading cause of cancer death is lung cancer in the United States [70] and smoking in Eastern Europe [71, 72]. The smoking-related cancer mortality rate was 337.2/100,000 among males and 157.3/100,000 among females in China during 2002–2018 [73]. Additionally, 145,765 new cancer cases and 72,520 cancer deaths were attributable to active tobacco smoking in 2015 in Japan [74]. Tobacco smoke induces PAH-N2-guanine adducts and is associated with bronchial and lung cancers, head and neck cancers, and esophageal cancer [12, 75, 76]. The increased ratio of G:C > T:A may also reflect an increase in oxidative stress induced by continued inflammation of the gastric mucosa or environmental oxidative mechanisms such as ionizing radiation [33, 77, 78]. In this study, we were not able to determine whether the changes from G > T in Rwandan patients with gastric cancer were due to AFB1 or tobacco smoke-related adducts. Moreover, whether this mutation pattern is a signature of a mutational process in stomach cancer in Rwanda or in Africa in general, research has to be carried out on a larger scale to understand its contribution to the development of gastric cancer.
In our study, we found that G:C > A:T (G > A and C > T) was 48.3% of all mutations. The G:C > A:T transitions at CpG sites were the most common pattern in all mutations with 34.5%, compared to 13.8% of G:C > A:T non-CpG sites. These results show that CpG sites are the preferred locations for G:C > A:T patterns, a finding that is consistent with other studies [13, 33, 56]. The observed transitions at CpG sites are generally attributed to the high mutability of CpG sites as a result of spontaneous oxidative deamination of 5-methylcytosine [79]. This deamination will result in the change from C to T and it is thought to be catalyzed by members of the cytidine deaminase family, which include activation-induced cytidine deaminase (AICDA) and APOBEC. These enzymes show a strong preference for deaminating cytidine residues depending on the nitrogen base that comes before the mutated base. For instance, APOBEC3A, APOBEC3B, APOBEC3C, and APOBEC1 favor C residues flanked by T, whereas APOBEC3G favors C flanked by C [13, 53, 80]. Studies have shown that the flanking sequence context of a mutation (bases that come immediately 5′ and 3′ to the mutated base) are important in defining the mutation process of a particular cancer [9, 11, 13]. The results of our study revealed that 42.8% of C > T preferred C preceded by T (TC) and 28.6% of the same mutation pattern preferred C preceded by C (CC). This suggests that APOBEC enzymes were involved in this mutational change. While these enzymes normally function as DNA modifiers in physiological processes, their extreme activation by endogenous or exogenous factors may cause DNA damage due to mutations that are not corrected [9].
Some authors found that the G:C > A:T pattern that involves cytidine to uracil deamination is implicated in the mutation process likely to be linked with H. pylori-associated gastric cancer [56, 80]. It is believed that the change from C to T is induced by nitric oxide, which is also induced by H. pylori. In our study, it is difficult to ascertain the contribution of H. pylori to this mutation process because of its association with alterations that occur in cytidine preceded by purine (G or A), and the primary enzyme for this is AICDA [80]. As noted earlier in the discussion, the greater percentage of C > T mutations occurred at C residues preceded by T or C. These results minimize the role that H. pylori would have played in this process. The pattern from G:C to A:T mutations with G to A transitions are believed to be partly caused by alkylating agents like N-methyl-N’-nitro-N-nitrosoguanidine, and N-methyl-N-nitrosourea, which introduce a cytotoxic O6-alkylguanine into the DNA. Once generated in the DNA, during replication, this abnormal base mispairs with thymine instead of cytosine. Thus, the guanine-cytosine pair gets replaced by an adenine-thymine pair in the final sequence [81]. These alkylating substances, which are considered to be carcinogens in gastric cancer, are widespread in the environment and can be found in foods [82, 83]. This supports the theory that the interaction between humans and environment plays a key role in TP53 mutations [80]. Looking at the bases that precede the mutated base in C > T transitions (T for APOBEC3A, APOBEC3B, APOBEC3C and APOBEC1 or C for APOBEC3G) and considering the role of alkylating agents on G > A transitions, deaminating enzymes of the APOBEC family and alkylating agents are suspected to be the major causes of G:C > A:T mutations in Rwandan patients with gastric carcinoma. In addition to the above factors, genetic background may also influence the mutation spectrum. Thus, it is important to analyze genetically and environmentally diverse populations.
Mutations in this study were distributed between exons 4 and 8, which is common with studies conducted in eastern Europe and Asia [33]. Hainaut found the majority of these mutations were localized in hotspots regions [12]. Some variants occurred more than once in different patients, including rs397516436 (c.637C>T, p.R213*) and rs786202962 (c.527G>T, p.C176F), which appeared three times each, rs28934575 (c.733G>A, p.G245S) and rs28934578 (c.524G>A, p.R175H) appearing twice each. According to Hainaut and Pfeifer, mutation hotspots at codons 175, 213, and 245 are part of six “major hotspot” codons (175, 213, 245, 248, 273, and 282) that each comprise of at least 2% of all TP53 mutations in the COSMIC database, whereas codon 176 is part of 13 codons that are considered “mini hotspots” (158, 176, 179, 193, 195, 196, 220, 249, 266, 278, 306, 337, and 342), because they comprise between 1% and 2% of all mutations [12].
In this study, 19 (65.5%) missense mutations, 5 (17.2%) nonsense mutations, and 3 (10.3%) were deletion types resulting in a frameshift. These results are consistent with previous studies where missense mutations were predominant [84]. The results of TP53 missense mutations as confirmed through TP53 immunostaining are consistent with the previous finding where mutant TP53 exhibits a longer half-life than wild-type TP53 [85]. The results suggest that missense mutation can be suspected whenever TP53 immunostaining shows a diffuse and strong nuclear immunoreactivity.
In this study, there were three frameshift mutations (deletions), one of them novel. The results from in silico tools show that this produces a truncated protein. Previous findings suggested that these types of mutations may interfere with protein translation and result in the production of an incomplete protein [86]. Studies indicate that TP53 frameshift mutants lack C-terminal sequences and exhibit a mixture of residual antiproliferative (cellular senescence and aging) and neomorphic functions that may be differentially exploited for targeted therapy [87].
In this study, 7.3% of cases had ureC gene detected by PCR indicating H. pylori colonization. This finding is consistent with a previous study [49]. Usually, H. pylori colonizes the nontumor, non-metaplastic mucosa, and is mostly found in acute gastritis and chronic active gastritis [88]. In our case, we were analyzing gastric biopsies composed largely of tumor. In studies where H. pylori was detected in nontumor tissues the positivity was higher than 7.3% [32], thus the prevalence of H. pylori in our samples might not reflect the true picture of H. pylori colonization in Rwandan patients with gastric cancer.
Our study was limited, we did not match tumor and nontumor tissue during TP53 gene sequencing and, thus, were unable to confirm with certainty whether the TP53 variants were genetic polymorphisms or somatic mutations. In this study variants with < 1% of population-level MAF in the database of 1000 genomes [20] and ExAC [41] were determined to be a mutation. Since the most frequent somatic mutations of the TP53 gene, such as p.R175H and p.R282W, were observed in less than 1% of population-level MAF, we considered our criteria sufficient for the detection of mutant variations of the TP53 gene. Nevertheless, the genetic analysis in tumors in understudied populations would give a novel insight on gene-environmental interaction in human carcinogenesis [89, 90].

Conclusion
We performed the first gene mutation analysis for Rwandan patients with gastric cancer, which revealed that the G:C > T:A mutation pattern of the TP53 gene in Rwanda was more frequent than in non-Rwandan patients with gastric cancer. This may suggest a different etiological and carcinogenic process of gastric cancer in Rwanda.

Acknowledgements
We acknowledge Dr. Shunji Nagai, the Ministry of Foreign Affairs of Japan to give us a chance to initiate this international study. The staff from Endoscopy unit of the University Teaching Hospital of Kigali are acknowledged for their support in recruitment of study participants and providing first hand data. Rwanda Society for Endoscopy has provided resources to carry out endoscopic procedures. Authors also acknowledge the Pathology laboratory personnel at CHUK for their technical assistance. Primers for H. pylori were provided by professor Shumpei Ishikawa and associate professor Hiroto Katoh from the Department of Preventive Medicine, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan. Part of the experiments were carried out at the Advanced Research Facilities & Services (ARFS) of the Hamamatsu University School of Medicine. This research was funded by the Japan Society for the Promotion of Science (20K07445) (KS), Smoking Research Foundation (HS), and HUSM’s Grant-in-Aid (HS).

Author contributions
HS, FM, and AN initiated the project with Rwandan people. AN performed experiments and drafted the manuscript. JBS Provided technical assistance regarding tissue processing. ELN, SU data curation, review and editing of the manuscript. DU Data curation, assisted in providing samples needed for this study. FM Performed some experiments, provided technical advice regarding the interpretation of TP53 mutations. MCN, GN, ER, PK, FN, BS, VD provided the samples needed for this study. RI Data curation, technical assistance and provided technical advice regarding the interpretation of TP53 mutations pattern. BR Helped in writing, review and editing. YI, HY coordinated the study design, and helped draft the manuscript. KY, assisted in statistical analysis for multiple comparison. HS, KS Study conception, Study design, Funding acquisition, supervision and project administration. All authors have read and approved the final manuscript.

Funding
This research was funded by the Japan Society for the Promotion of Science (20K07445) (KS), Smoking Research Foundation (HS) and HUSM Grant-in-Aid (HS).

Data availability
Available from the corresponding authors on reasonable request.

Declarations
Ethics approval and consent to participate
The study was approved by the institutional Review Board (IRB) of the University of Rwanda College of Medicine and Health Sciences (Approval notice N° 295/CMHSIRB/2020 and N° 310/CMHSIRB/2021), the Ethical Committee of the University Teaching Hospital of Kigali (Ref.: EC/CHUK/2/064/2020) and the ethics committee of the Hamamatsu University School of Medicine (EC HUSM number: 20 − 011). All study participants were informed of the purpose of the study and voluntarily signed an informed consent form before participating in this study.

Competing interests
The authors declare that they have no competing interests.


Change History
2 April 2024A Correction to this paper has been published: https://​doi.​org/​10.​1186/​s41021-024-00303-x


References
	1.
Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71(3):209–49.PubMed


	2.
Farmer P, Frenk J, Knaul FM, Shulman LN, Alleyne G, Armstrong L, et al. Expansion of cancer care and control in countries of low and middle income: a call to action. Lancet. 2010;376(9747):1186–93.PubMed


	3.
Asombang AW, Rahman R, Ibdah JA. Gastric cancer in Africa: current management and outcomes. World J Gastroenterol. 2014;20(14):3875–9.PubMedPubMedCentral


	4.
Mei Y, Liang D, Wang T, Yu D. Gaining insights into relevance across cancers based on mutation features of TP53 gene. Biochem Biophys Rep. 2021;28(October):101165.PubMedPubMedCentral


	5.
Imai S, Ooki T, Murata-Kamiya N, Komura D, Tahmina K, Wu W et al. Helicobacter pylori CagA elicits BRCAness to induce genome instability that may underlie bacterial gastric carcinogenesis. Cell Host Microbe. 2021;29(6).


	6.
Mansuri N, Birkman EM, Heuser VD, Lintunen M, Ålgars A, Sundström J et al. Association of tumor-infiltrating T lymphocytes with intestinal-type gastric cancer molecular subtypes and outcome. Virchows Arch. 2021;478(4).


	7.
Rahman MM, Sarker MAK, Hossain MM, Alam MS, Islam MM, Shirin L et al. Association of p53 gene mutation with Helicobacter pylori infection in gastric Cancer patients and its correlation with clinicopathological and environmental factors. World J Oncol. 2019;10(1).


	8.
Fedriga R, Calistri D, Nanni O, Cortesi L, Saragoni L, Amadori D. Relation between food habits and p53 mutational spectrum in gastric cancer patients. Int J Oncol. 2000;17(1):127–33.PubMed


	9.
Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin AV, et al. Signatures of mutational processes in human cancer. Nature. 2013;500(7463):415–21.PubMedPubMedCentral


	10.
Alexandrov LB, Stratton MR. Mutational signatures: the patterns of somatic mutations hidden in cancer genomes. Curr Opin Genet Dev. 2014;24(1):52–60.PubMedPubMedCentral


	11.
Degasperi A, Zou X, Amarante TD, Martinez-Martinez A, Koh GCC, Dias JML et al. Substitution mutational signatures in whole-genome–sequenced cancers in the UK population. Sci (80-). 2022;376(6591).


	12.
Hainaut P, Pfeifer GP. Somatic TP53 mutations in the era of genome sequencing. Cold Spring Harb Perspect Med. 2015;6(a026179):1–22.


	13.
Helleday T, Eshtad S, Nik-Zainal S. Mechanisms underlying mutational signatures in human cancers. Nat Rev Genet. 2014;15(9):585–98.PubMedPubMedCentral


	14.
GCO. Rwanda Fact Sheet. Vol. 237. 2021.


	15.
Kalisa E, Kuuire V, Adams M. A preliminary investigation comparing high-volume and low-volume air samplers for measurement of PAHs, NPAHs and airborne bacterial communities in atmospheric particulate matter. Environ Sci Atmos. 2022;2(5).


	16.
Nishimwe K, Bowers E, Ayabagabo J, de Habimana D, Mutiga R, Maier S. D. Assessment of aflatoxin and fumonisin contamination and associated risk factors in feed and feed ingredients in Rwanda. Toxins (Basel). 2019;11(5).


	17.
Pilati C, Shinde J, Alexandrov LB, Assié G, André T, Hélias-Rodzewicz Z et al. Mutational signature analysis identifies MUTYH deficiency in colorectal cancers and adrenocortical carcinomas. J Pathol. 2017;242(1).


	18.
Smetana J, Brož P. National Genome Initiatives in Europe and the United Kingdom in the era of whole-genome sequencing: a Comprehensive Review. Genes (Basel). 2022;13(3):1–12.


	19.
Halldorsson BV, Eggertsson HP, Moore KHS, Hauswedell H, Eiriksson O, Ulfarsson MO, et al. The sequences of 150,119 genomes in the UK Biobank. Nature. 2022;607(7920):732–40.PubMedPubMedCentral


	20.
Auton A, Abecasis GR, Altshuler DM, Durbin RM, Bentley DR, Chakravarti A, et al. A global reference for human genetic variation. Nature. 2015;526(7571):68–74.PubMed


	21.
Wall JD, Stawiski EW, Ratan A, Kim HL, Kim C, Gupta R, et al. The GenomeAsia 100K Project enables genetic discoveries across Asia. Nature. 2019;576(7785):106–11.


	22.
van Beek EJAH, Hernandez JM, Goldman DA, Davis JL, McLaughlin K, Ripley RT, et al. Rates of TP53 mutation are significantly elevated in African American patients with gastric Cancer. Ann Surg Oncol. 2018;25(7):2027–33.PubMedPubMedCentral


	23.
Zhang C, Hansen MEB, Tishkoff SA. Advances in integrative African genomics. Trends Genet. 2022;38(2):152–68.PubMed


	24.
Rotimi SO, Rotimi OA, Salhia B. A review of Cancer Genetics and Genomics studies in Africa. Front Oncol. 2021;10(February):1–24.


	25.
Uyisenga JP, Segers K, Lumaka AZ, Mugenzi P, Fasquelle C, Boujemila B, et al. Screening of germline mutations in young Rwandan patients with breast cancers. Mol Genet Genomic Med. 2020;8(11):1–10.


	26.
Habyarimana T, Attaleb M, Mugenzi P, Mazarati JB, Bakri Y, El Mzibri M. CHEK2 germ line mutations are lacking among familial and sporadic breast cancer patients in Rwanda. Asian Pac J Cancer Prev. 2018;19(2):375–9.PubMedPubMedCentral


	27.
Manirakiza F, Rutaganda E, Yamada H, Iwashita Y, Rugwizangoga B, Seminega B, et al. Clinicopathological characteristics and Mutational Landscape of APC, HOXB13, and KRAS among Rwandan patients with colorectal Cancer. Curr Issues Mol Biol. 2023;45(5):4359–74.PubMedPubMedCentral


	28.
Mpunga T, Chantal Umulisa M, Tenet V, Rugwizangoga B, Milner DA, Munyanshongore C, et al. Human papillomavirus genotypes in cervical and other HPV-related anogenital cancer in Rwanda, according to HIV status. Int J Cancer. 2020;146(6):1514–22.PubMed


	29.
Mukanyangezi MF, Sengpiel V, Manzi O, Tobin G, Rulisa S, Bienvenu E, et al. Screening for human papillomavirus, cervical cytological abnormalities and associated risk factors in HIV-positive and HIV-negative women in Rwanda. HIV Med. 2018;19(2):152–66.PubMed


	30.
Laurén P. The two histological main types of gastric carcinoma: diffuse and so-called intestinal-type carcinoma. Acta Pathol Microbiol Scand. 1965;64(1):31–49.PubMed


	31.
WHO Classification of Tumours Editorial Board; Digestive System Tumours. 5th ed. Lyon (France): International Agency for Research on Cancer.; 2019. 85–95 p.


	32.
Suzuki A, Katoh H, Komura D, Kakiuchi M, Tagashira A, Yamamoto S, et al. Defined lifestyle and germline factors predispose Asian populations to gastric cancer. Sci Adv. 2020;6(19):1–14.


	33.
Natsume H, Szczepaniak K, Yamada H, Iwashita Y, Gędek M, Šuto J, et al. Non-CpG sites preference in G:C > A:T transition of TP53 in gastric cancer of Eastern Europe (Poland, Romania and Hungary) compared to east Asian countries (China and Japan). Genes Environ. 2023;45(1):1.PubMedPubMedCentral


	34.
Okonechnikov K, Golosova O, Fursov M, Varlamov A, Vaskin Y, Efremov I, et al. Unipro UGENE: a unified bioinformatics toolkit. Bioinformatics. 2012;28(8):1166–7.PubMed


	35.
den Dunnen JT, Dalgleish R, Maglott DR, Hart RK, Greenblatt MS, Mcgowan-Jordan J, et al. HGVS recommendations for the description of sequence variants: 2016 update. Hum Mutat. 2016;37(6):564–9.


	36.
Laboratories KD, Genetics M, Health O, Road P, Molecular C, Children N, et al. Standards and guidelines for the interpretation of sequence variants. Acta Ophthalmol. 2018;96(S261):134–4.


	37.
National Library of Medicine.National Center for Biotechnology Information [Internet]. National Institute of Health (.gov). Available from: https://​www.​ncbi.​nlm.​nih.​gov/​clinvar/​.


	38.
Catalogue of Somatic Mutations. In Cancer [Internet]. Wellcome Sangaer Institute. [cited 2023 May 7]. Available from: https://​cancer.​sanger.​ac.​uk/​cosmic/​gene/​analysis?​ln=​TP53.


	39.
Lefter M, Vis JK, Vermaat M, den Dunnen JT, Taschner PEM, Laros JFJ. Mutalyzer 2: next generation HGVS nomenclature checker. Bioinformatics. 2021;37:18.


	40.
Steinhaus R, Proft S, Schuelke M, Schwarz JM, Seelow D, Cooper DN. MutationTaster2021. 2021;49(April):446–51.


	41.
Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature. 2016;536(7616):285–91.PubMedPubMedCentral


	42.
Shinmura K, Goto M, Tao H, Matsuura S, Matsuda T, Sugimura H. Impaired suppressive activities of human MUTYH variant proteins against oxidative mutagenesis. World J Gastroenterol. 2012;18(47):6935–42.PubMedPubMedCentral


	43.
Wang K, Yuen ST, Xu J, Lee SP, Yan HHN, Shi ST, et al. Whole-genome sequencing and comprehensive molecular profiling identify new driver mutations in gastric cancer. Nat Genet. 2014;46(6):573–82.PubMed


	44.
Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci Signal. 2013;6(269).


	45.
Degasperi A, Amarante TD, Czarnecki J, Shooter S, Zou X, Glodzik D, et al. A practical framework and online tool for mutational signature analyses show intertissue variation and driver dependencies. Nat Cancer. 2020;1(2):249–63.PubMedPubMedCentral


	46.
Simes RJ. A improved Bonferroni procedure for multiple tests of significance. Biometrika. 1986;73(3):751–4.


	47.
R Core Team. A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. Vienna, Austria; 2023.


	48.
Hervé M. Testing and plotting procedures for Biostatistics RVAideMemoire’. Cran. 2023.


	49.
Nelsen EM, Lochmann-Bailkey A, Grimes IC, Benson ME, Gopal DV, Pfau PR. Low yield and high cost of gastric and duodenal biopsies for investigation of symptoms of Abdominal Pain during Routine Esophagogastroduodenoscopy. Dig Dis Sci. 2017;62(2):418–23.PubMed


	50.
Kim KM, Ahn AR, Park HS, Jang KY, Moon WS, Kang MJ, et al. Clinical significance of p53 protein expression and TP53 variation status in colorectal cancer. BMC Cancer. 2022;22(1):1–17.


	51.
Sung YN, Kim D, Kim J. p53 immunostaining pattern is a useful surrogate marker for TP53 gene mutations. Diagn Pathol. 2022;17(1):1–9.


	52.
Stomach Adenocarcinoma (TCGA., PanCancer Atlas) [Internet]. Available from: http://​www.​cbioportal.​org/​datasets.


	53.
Beale RCL, Petersen-Mahrt SK, Watt IN, Harris RS, Rada C, Neuberger MS. Comparison of the Differential Context-dependence of DNA deamination by APOBEC enzymes: correlation with mutation Spectra in vivo. J Mol Biol. 2004;337(3).


	54.
Li-Chang HH, Kasaian K, Ng Y, Lum A, Kong E, Lim H et al. Retrospective review using targeted deep sequencing reveals mutational differences between gastroesophageal junction and gastric carcinomas. BMC Cancer. 2015;15(1).


	55.
Hwang HJ, Nam SK, Park H, Park Y, Koh J, Na HY, et al. Prediction of TP53 mutations by p53 immunohistochemistry and their prognostic significance in gastric cancer. J Pathol Transl Med. 2020;54(5):378–86.PubMedPubMedCentral


	56.
Tahara T, Shibata T, Okamoto Y, Yamazaki J, Kawamura T, Horiguchi N, et al. Mutation spectrum of TP53 gene predicts clinicopathological features and survival of gastric cancer. Oncotarget. 2016;7(27):42252–60.PubMedPubMedCentral


	57.
Saxena A, Shukla SK, Prasad KN, Ghoshal UC. Analysis of p53, K-ras gene mutation & Helicobacter pylori infection in patients with gastric cancer & peptic ulcer disease at a tertiary care hospital in north India. Indian J Med Res. 2012;136(4):664–70.PubMedPubMedCentral


	58.
Palacio-Rúa KA, Isaza-Jiménez LF, Ahumada-Rodríguez E, Ceballos-García H, Muñetón-Peña CM. Genetic analysis in APC, KRAS, and TP53 in patients with stomach and colon cancer. Rev Gastroenterol Mex. 2014;79(2):79–89.PubMed


	59.
Rotimi SO, Rotimi OA, Salhia B. Authorship patterns in Cancer Genomics publications Across Africa. JCO Glob Oncol. 2021;(7):747–55.


	60.
Blanchet A, Bourgmayer A, Kurtz JE, Mellitzer G, Gaiddon C. Isoforms of the p53 family and gastric cancer: a ménage à Trois for an unfinished affair. Cancers (Basel). 2021;13(4):1–45.


	61.
Tolbert D, Fenoglio-Preiser C, Noffsinger A, De Voe G, MacDonald J, Benedetti J, et al. The relation of p53 gene mutations to gastric cancer subsite and phenotype. Cancer Causes Control. 1999;10(3):227–31.PubMed


	62.
Petljak M, Alexandrov LB. Understanding mutagenesis through delineation of mutational signatures in human cancer. Carcinogenesis. 2016;37(6):531–40.PubMed


	63.
Nishimwe K, Wanjuki I, Karangwa C, Darnell R, Harvey J. An initial characterization of aflatoxin B1 contamination of maize sold in the principal retail markets of Kigali, Rwanda. Food Control. 2017;73(Part B):574–80.


	64.
Meijer N, Kleter G, de Nijs M, Rau ML, Derkx R, van der Fels-Klerx HJ. The aflatoxin situation in Africa: systematic literature review. Compr Rev Food Sci Food Saf. 2021;20(3):2286–304.PubMed


	65.
Xue KS, Tang L, Shen CL, Pollock BH, Guerra F, Phillips TD, et al. Increase in aflatoxin exposure in two populations residing in East and West Texas, United States. Int J Hyg Environ Health. 2021;231:113662.PubMed


	66.
Chen T, Liu J, Li Y, Wei S. Burden of Disease Associated with Dietary exposure to aflatoxins in China in 2020. Nutrients. 2022;14(5).


	67.
Rubagumya F, Costas-Chavarri A, Manirakiza A, Murenzi G, Uwinkindi F, Ntizimira C et al. State of Cancer Control in Rwanda: past, Present, and Future opportunities. JCO Glob Oncol. 2020;(6).


	68.
National Institute of Statistics of Rwanda (NISR). [Rwanda]. Ministry of Health (MOH) [Rwanda] and ICF. 2021. Rwanda Demographic and Health Survey 2019-20 final report. Kigali, Rwanda, and Rockville. Maryland, USA: NISR and ICF; 2021.


	69.
Jha P. The hazards of smoking and the benefits of cessation: a critical summation of the epidemiological evidence in high-income countries. Elife. 2020;9.


	70.
Hoffman RM, Sanchez R. Lung Cancer Screening. Volume 101. Medical Clinics of North America; 2017.


	71.
Manczuk M, Sulkowska U, Łobaszewski J, Koczkodaj P, Przepiórka I, Cedzynska M et al. Time trends in tobacco-attributable cancer mortality in Poland - Direct estimation method. Nowotwory. 2017;67(4).


	72.
Gredner T, Mons U, Niedermaier T, Brenner H, Soerjomataram I. Impact of tobacco control policies implementation on future lung cancer incidence in Europe: an international, population-based modeling study. Lancet Reg Heal - Eur. 2021;4:100074.


	73.
Li N, Wu P, Wang Z, Shen Y, Zhang L, Xue F et al. Smoking-related cancer death among men and women in an ageing society (China 2020–2040): a population-based modelling study. Tob Control. 2023;32(2).


	74.
Katanoda K, Hirabayashi M, Saito E, Hori M, Abe SK, Matsuda T, et al. Burden of cancer attributable to tobacco smoke in Japan in 2015. GHM Open. 2021;1(2):202101013.


	75.
Hsu TM, Zhang YJ, Santella RM. Immunoperoxidase quantitation of 4-aminobiphenyl- and polycyclic aromatic hydrocarbon-DNA adducts in exfoliated oral and urothelial cells of smokers and nonsmokers. Cancer Epidemiol Biomarkers Prev. 1997;6(3).


	76.
Talaska G, Underwood P, Maier A, Lewtas J, Rothman N, Jaeger M. Polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs and related environmental compounds: Biological markers of exposure and effects. In: Environmental Health Perspectives. 1996.


	77.
Kucab JE, Zou X, Morganella S, Joel M, Nanda AS, Nagy E, et al. A compendium of Mutational signatures of Environmental agents. Cell. 2019;177(4):821–836e16.PubMedPubMedCentral


	78.
Kasai H, Kawai K. Free radical-mediated acetaldehyde formation by model reactions of dietary components: effects of meat, wine, cooking oil and coffee. Genes Environ. 2021;43(1).


	79.
Ohno M. Spontaneous de novo germline mutations in humans and mice: rates, spectra, causes and consequences. Genes Genet Syst. 2019;94(1):13–22.PubMed


	80.
Shimizu T, Marusawa H, Matsumoto Y, Inuzuka T, Ikeda A, Fujii Y, et al. Accumulation of somatic mutations in TP53 in gastric epithelium with helicobacter pylori infection. Gastroenterology. 2014;147(2):407–417e3.PubMed


	81.
Oue N, Shigeishi H, Kuniyasu H, Yokozaki H, Kuraoka K, Ito R, et al. Promoter hypermethylation of MGMT is associated with protein loss in gastric carcinoma. Int J Cancer. 2001;93(6):805–9.PubMed


	82.
Vidal B, Parra M, Jardí M, Saito S, Appella E, Muñoz-Cánoves P. The alkylating carcinogen N-methyl-N′-nitro-N-nitrosoguanidine activates the plasminogen activator inhibitor-1 gene through sequential phosphorylation of p53 by ATM and ATR kinases. Thromb Haemost. 2005;93(3):584–91.PubMed


	83.
Kim WJ, Beardsley DI, Adamson AW, Brown KD. The monofunctional alkylating agent N-methyl-N′-nitro-N- nitrosoguanidine triggers apoptosis through p53-dependent and -independent pathways. Toxicol Appl Pharmacol. 2005;202(1):84–98.PubMed


	84.
Fang J, Yang Y, Xie L, Yin W. Immunological role of TP53 somatic mutation classification in human cancers. J Oncol. 2023;2023:1–15.


	85.
Na K, Sung JY, Kim HS. TP53 mutation status of Tubo-ovarian and peritoneal high-grade Serous Carcinoma with a wild-type p53 immunostaining pattern. Anticancer Res. 2017;37(12):6697–703.PubMed


	86.
Garziera M, Cecchin E, Canzonieri V, Sorio R, Giorda G, Scalone S, et al. Identification of novel somatic TP53 mutations in patients with high-grade serous ovarian cancer (HGSOC) using next-generation sequencing (NGS). Int J Mol Sci. 2018;19(5):1510.PubMedPubMedCentral


	87.
Tong DR, Zhou W, Katz C, Regunath K, Venkatesh D, Ihuegbu C, et al. P53 frameshift mutations couple loss-of-function with unique neomorphic activities. Mol Cancer Res. 2021;19(9):1522–33.PubMedPubMedCentral


	88.
Tang YL, Gan RL, Dong BH, Jiang RC, Tang RJ. Detection and location of Helicobacter pylori in human gastric carcinomas. World J Gastroenterol. 2005;11(9):1387–91.PubMedPubMedCentral


	89.
Wang JL, Fu YD, Gao YH, Li XP, Xiong Q, Li R et al. Unique characteristics of G719X and S768I compound double mutations of epidermal growth factor receptor (EGFR) gene in lung cancer of coal-producing areas of East Yunnan in Southwestern China. Genes Environ. 2022;44(1).


	90.
Manirakiza F, Yamada H, Iwashita Y, Ishino K, Ishikawa R, Kovacs Z et al. TP53 mutations in Romanian patients with colorectal cancer. Genes Environ. 2023;45(1).




Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/41021_2024_302_Fig4_HTML.png
Present study

0.0%__ ﬂ‘éo‘\o% > 6.9%

.3%

Q}'/‘\i

TCGA dataset

10
24.1%

3.5% 0.4% 2.2%
e ° =7 11.9%

0.0% " a1
&

The study by Natsume et al.
5.5%

11%. 3.7% _ 0.0%

3.3% —i

The study by Wang et al.

52% 0.0% 3.4%

" A"»&m
L

|/

M A:T>C:G [ G:C>A:T at CpG M Deletion
W A:T>G:C M G:C>A:Tatnon-CpG M Deletion-insertion
W AT>STIA W G:C>C:G M Insertion

N G:C>TA M Fusion





OEBPS/navigation.xhtml

    
      Contents


      
        		The spectrum of TP53 mutations in Rwandan patients with gastric cancer


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/41021_2024_302_Fig1_HTML.png
Missense
= Nonsense
u Deletion
65.5% u Silent
Splice site






OEBPS/css/envelope.png





OEBPS/images/41021_2024_302_Fig3_HTML.png
GC035 c. 844C>G (p-R282G)






OEBPS/images/41021_2024_302_Fig5_HTML.png
Rwanda (present study)
18%
16%
14%
12% | *
10%
8% |
6%
4%
2%
0% -

The study by Natsume et al.
18%
16% |
14% |
12%
10%
8%
6%
4% *
2%
0% -

TCGA dataset
18% r
16% |
14% |
12% |
10%
8%
6% [
4%
2%
0% -

Percentage of single base substitutions

The study by Wang et al.
18%
16% |
14%
12% |
10%
8%
6%
4% |
2% |
0%

ILIL L DARRRRRnnE 1l

(G:C>T:A) (G:C>C:G) (G:C>A:T) (A:T>T:A) (A:T>G:C) (A:T>C:G)

Single base substitution





OEBPS/images/41021_2024_302_Fig2_HTML.png
A

g.7673776G>C (p.R282G) B §.7673763T>A (p.E286V)

TTCTCTTCCTOCTGT.

Mutation sequence

Wild type
allele

Before TA
cloning

After TA

g.7675139_7675157del CGGACGCGGGTGCCGGGCG
(p.G154Wfs*10)

CCATGGCGCGGACGCGGGTGCCGGGCGGG6G6GG6GTG

CCATGGCGCGGACGCGGGTGCCGGGCGEGGGGTG!

cloning
e






OEBPS/css/sidebar.gif





