
  

 

 

APOBEC-mediated DNA alterations: a possible new mechanism of carcinogenesis in 

EBV-positive gastric cancer 

 

 

 

Abstract 

 

 Mechanisms  of viral oncogenesis are diverse and include the off-target activity of enzymes 

expressed by the infected cells, which evolved to target viral genomes for controlling their 

infection. Among these enzymes, the single-strand DNA editing capability of APOBECs 

represent a well-conserved viral infection response that can also cause untoward mutations 

in host DNA. Here we show , after evaluating somatic single-nucleotide variations and 

transcriptome data in 240 gastric cancer samples, a positive correlation between 

APOBEC3s mRNA-expression and the APOBEC-mutation signature, both increased in 

EBV+ tumors. The correlation was reinforced by the observation of APOBEC-mutations 

preferentially occuring in transcriptionally-active loci. The EBV-infection and APOBEC3 

mutation-signature axis was confirmed in a validation cohort of  112 gastric cancer patients. 

Our findings  suggest that APOBEC3 upregulation in EBV+ cancer may boost the mutation 

load, providing further clues to the mechanisms of EBV-induced gastric carcinogenesis. After 

further validation, this EBV-APOBEC axis may prove to be a secondary driving force in the 

mutational evolution of EBV+ gastric tumors, whose consequences in terms of prognosis 

and treatment implications should be vetted. 

 

  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 19, 2018. ; https://doi.org/10.1101/473884doi: bioRxiv preprint 

https://doi.org/10.1101/473884


  

1. Introduction 

 

Viruses have been implicated as etiologic agents in the development of human 

cancer, such as high-risk human papillomaviruses (HPVs), hepatitis B and C viruses (HBV, 

HCV), human T cell lymphotropic virus-1 (HTLV-1), the Kaposi’s sarcoma herpesvirus 

(KSHV), as well as the Epstein-Barr virus (EBV). Together these viruses are associated with 

12-20% of human cancers worldwide [1,2] and further evidence suggest a possible link 

between viruses and other tumor types [3]. As described before, the molecular mechanisms 

of viral oncogenesis involve complex multistep processes causing the activation of cancer-

causing pathways, which further on lead to the acquisition of cancer hallmarks [1,2]. These 

mechanisms include the expression of a number of viral oncoproteins that directly contribute 

to the neoplastic transformation and, more indirectly, through inflammatory responses 

triggered by chronic infections that may lead to lifelong persistent viral infection [1]. 

 

Nevertheless, despite the fast mutation and evolution rates of particular viruses, a 

mutual adaptation between the host and the infectious agents takes place, including the 

reduced replication and expression of viral proteins, the modulation of the host response by 

viral-miRNAs, as well as the emergence of innate and adaptive immunity [ 4, 5, 6, 7, 8]. In 

addition to these mechanisms, cytokines produced by the host as a response to viral 

infections induce the expression of AID/APOBEC (Activation-Induced cytidine 

Deaminase/Apolipoprotein B Editing Complex) family genes, which are important for 

antibody maturation and inhibition of viral infections through mutagenic and non-mutagenic 

mechanisms. The increased expression of some members of the APOBEC3 is one of the 

mechanisms used to control viral infections, as well as the retrotransposition of endogenous 

retroelements through the deamination of cytosines to uracil in single-stranded DNA 

(ssDNA) at replication forks, transcriptionally active genomic bubbles or RNA [ 9,10, 11]. 

 

These mechanisms are efficient in disrupting viral DNA replication and transcription, 

but an important side effect is the accumulation of off-target genomic mutations in the host 

DNA. The APOBEC-induced DNA editing does not occur randomly. Instead, it takes place in 

very specific DNA motifs, TCW→TTW or TCW→TGW (mutated nucleotide underlined, W=A 

or T). These patterns  are known as APOBEC mutation signatures [11]. 

 

In spite of it’s specificity, normal APOBEC activity has an intrinsic off-target 

deaminase activity over human cellular RNA and DNA [12]. This will lead to the 

accumulation of genomic mutations in the host DNA and also poses a threat to the integrity 

of the host genome and can itself become oncogenic. Therefore APOBEC may be especially 

active in cancers related to viral infection, being a second driving force towards to neoplastic 

transformation. Here we assessed the relationship of EBV infection, the expression of 

APOBEC3 genes and APOBEC mutation hallmarks in the gastric cancer (GC) TCGA cohort 

[13], followed by the validation of the EBV-APOBEC mutational signature in an independent 

cohort, in an attempt to investigate whether the presence of EBV-infection would trigger 

APOBEC-dependent DNA damage.  
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2. Results 

 

2.1 The mRNA expression of APOBEC3s varies according to EBV status in GC 

samples 

 

The expression levels of APOBEC3 genes were recovered from the total TCGA GC 

cohort, using the original pipelines of this project (see Methods section). We considered all 

cases for which EBV-status was informed and RNA-Seq and exome data were available 

[13], comprising a total of 240 subjects. We abode by the original TCGA four-tiered 

molecular classification: chromosomal instability (CIN, N: 122); microsatellite instability (MSI, 

N:47); genomically stable (GS, N:48) and positive for EBV infection (EBV, N:23). 

 

The results observed are consistent with a physiological response to viral infection as 

6 out of 7 APOBECs genes showed to be upregulated in the 23 EBV-positive samples, in 

stark contrast to the set of 217 EBV-negative samples (Figure 1). With the single exception 

of APOBEC3A, the APOBEC3 gene with the lowest expression levels for all sample groups, 

all other APOBEC3s showed to be upregulated in the EBV-positive group compared EBV-

negative samples. APOBEC3C was the most abundantly expressed APOBEC3 transcript 

among all sample groups. 

 

2.2 EBV+ GC harbor a high load of APOBEC-mediated mutations 

 

Next, for this same TCGA cohort, we evaluated the APOBEC mutation enrichment in 

EBV-negative and positive GC patients he TCW mutation enrichment [14] was used as a  

measure of the incidence of the APOBEC mutagenesis pattern. The TCW mutation pattern 

showed to be enriched  in the EBV-positive as compared to  EBV-negative samples (p = 

0.01). This difference was validated an independent validation cohort of Brazilian GC 

patients (positive and negative for EBV) subjected to mutation analysis in a panel of 99 

genes (p=0.042). 

 

Having confirmed that TCW-mutation is enriched in EBV-positive as compared to 

EBV-negative tumors, we set out to investigate whether the increment in TCW-enrichment 

would correlate to an increment of APOBEC mRNA expression for the EBV-positive 

samples. For this, APOBEC3 expression was quantified by mapping RNA-Seq reads to each 

one of the APOBEC3 genes using the  FPKM method (Section 2.1 and Methods). These 

expression levels were plotted against the enrichment for the TCW mutation context for each 

sample, as described [14]. 

 

Interestingly, for six out of the seven known human APOBEC3 genes (86%), we 

found a positive correlation between TCW-mutation enrichment and APOBEC3 expression 

(Figure 3, left panel ). In contrast, by extending this analysis to EBV-negative tumors, we 

observed no correlations between APOBEC3s expression and the mutation load in the TCW 

context (Figure 3, right panel). To highlight the most correlated APOBECs genes throughout 

the tumor subtypes, we performed a clustering analysis that showed mutations in TCW 

context to positively correlate with APOBEC transcription levels in EBV-positive samples 

(Figure 4). 
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In order to determine  if the APOBEC activity detected by the RNA-seq reads, would 

likely derive from the tumor cells or from other cells present in the tumor sample, we 

evaluated a possible correlations between APOBEC gene expression and tumor purity, 

using the tumor purity score given by TCGA. The results showed that APOBEC expression 

positively correlates with tumor purity, a finding that  clearly suggests that  APOBEC activity 

is indeed derived  from the tumor cells (Figure 5). 

 

 

2.3 APOBEC mutations in transcriptionally active genes 

 

Since the increased TCW motif mutation load seen in EBV-positive samples is indeed 

correlated with the higher mRNA expression of APOBEC3 genes, we conceived that the 

APOBEC3 mutational load would be correlated to the expression of the mutated genes; i.e. 

highly expressed genes should display more mutations than genes with lower expression, 

due to greater availability of transcriptionally active ssDNA bubbles, the preferential editing 

sites of APOBEC3s. In order to estimate this, we divided all  transcripts detected in the 

TCGA gastric cancer samples into 5 categories of transcriptional activity quantiles (see 

Methods) and evaluated the frequency of TCW-mutations in each one of these categories. In 

agreement with previous descriptions of an enhanced mutational  load in ssDNA strands 

exposed during transcription, we found a clear trend for an increased load of TCW-motif 

alterations that parallels the expression levels of the transcripts in the different abundance 

categories. Indeed, a parallel of expression-mutation is clearly observed. In contrast, no 

trends were observed for the EBV-negative samples (Figure 6). Altogether, our findings 

indicate that whereas APOBEC3-mediated mutations damage a series of distinct transcripts, 

there is an enrichment on the mutational load in genomic regions associated with  elevated 

transcriptional activity. 

 

 

3. Discussion 

 

The mechanisms of tumorigenesis so far described for EBV-induced tumors include 

the interference of EBV with cell-cycle checkpoints (G1 as well as G2/M transitions and the 

assembly of the mitotic spindle), the inactivation of cell death pathways, when immortalized 

EBV-infected B-cells proliferate in a central neoplastic mechanism of B-cell lymphomas [15] 

as well as the genome-wide reactivation of enhancers and promoters located near cryptic 

and otherwise repressed long terminal repeats of inactive human endogenous retroviruses 

[16]. In these cells, EBV-infection acts as  a somatic mutator, leading to the activation of AID, 

an enzyme that mediates class switch recombination of immunoglobulin genes and induces 

cytosine deamination and somatic hypermutation [17]. These findings indicate that AID has a 

role in EBV-induced lymphomagenesis in B cells.  

 

Here we investigated whether EBV-infection would trigger collateral APOBEC-

mediated damage of the host genome in EBV-positive gastric cancer. We performed a 

comprehensive analysis in a large number of paired exome and expression profiles of GC 

samples derived from The Cancer Genome Atlas (TCGA) database. We found the 

expression of APOBEC3-family genes to be  significantly increased in EBV-positive 

compared to EBV-negative  gastric cancer. An intriguing study also found the presence of 

EBV DNA in breast cancer samples and was able to correlate an EBV-related transcriptional 
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signature to the APOBEC mutation signature [18]. Furthermore, we showed a consistent 

correlation between the expression of six out of the seven APOBEC3 genes and mutations 

driven by APOBEC3 in EBV-infected gastric cancer. In contrast, EBV-negative tumors had 

no APOBEC3 overexpression nor relevant APOBEC-mediated mutations. 

 

Whereas it has been described that EBV infection can induce the infiltration of 

immune cells [19] and we can not rule out the importance of APOBEC expression in immune 

infiltrating cells, we should mention that according to TCGA data, the percentage of tumor 

cells in the samples used here did not show significant differences among GC molecular 

subtypes -  i.e. EBV+ and others - making less likely that the evaluated samples have 

significant discrepancies in terms of infiltrating immune cells [13]. Moreover, our correlation 

analysis between tumour purity and APOBEC gene expression showed that APOBEC 

activity is likely to be indeed derived  from the tumor cells. 

 

As we observed increased rates of TCW-context mutations at highly active 

transcriptional genomic loci, the presence of mutations apparently associated with exposed 

ssDNA may serve as a possible source of genomic instability in EBV-positive cancers. 

Taken together, our findings suggest that the observed antiviral APOBEC3 upregulation 

response might boost the mutation rates during viral carcinogenesis in EBV-positive gastric 

cancer. In this context, APOBEC activation may be a secondary mutation mechanism in 

EBV-related gastric cancers.  These results gained support from our validation cohort that 

corroborated the correlation between EBV-status and TCW-mutation patterns. However, as 

the frequency of EBV-positive GC cases is low, larger cohorts and experiments with animal 

models are needed to further validate our findings. Nevertheless, APOBEC3s may emerge 

as a secondary driving force in the mutational evolution of EBV-positive gastric cancer and 

should have its consequences  assessed in terms of prognosis, generation of neoantigens, 

immunotherapy  and other therapeutic implications. 

 

 

4. Materials and Methods 

 

4.1 Genomic and clinical data in the Discovery Cohort 

 

Somatic Single Nucleotide Variations (SNVs), clinical data as well as the normalized 

gene expression levels (FPKM, Fragments Per Kilobase of exon per Million fragments 

mapped) of 240 gastric cancer cases were downloaded from The Cancer Genome Atlas 

(TCGA) [13], and used as the discovery cohort. SNVs were processed through the internal 

pipeline at Genomic Data Commons (GDC) as tumor-normal pairs, which applies three 

separate somatic variant calling algorithms. We used a variant set detected by Mutect2 

which employs a "Panel of Normals" to filter out additional germline mutations. These 

datasets derive from four different tumor subtypes, as follows: Epstein–Barr virus (EBV+, 

N=23), microsatellite instability (MSI, N=47), genomically stable (GS, N=48) and 

chromosomal instability (CIN, N=122). Characteristics of participants in the discovery cohort 

are available to all interested upon request. 
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4.2 Validation Cohort: Library preparation, NGS and EBV analysis 

 

The study was approved by the Institutional Review Board of the A.C.Camargo 

Cancer Center (protocol 2134/15), São Paulo, Brazil. All 112 GC patients of the validation 

cohort were prospectively enrolled in an institutional study to unveil the epidemiology and 

genomics of gastric adenocarcinomas in Brazil [20]. All participants provided written 

informed consent either for this study or for the institutional tumor biobank. 

 

With the exception of one case (1/112), all other surgical specimens were collected 

before any interventions and were provided by the institutional biobank. Genomic DNA 

(100ng) from gastric adenocarcinoma samples was used for capture-based enrichment of 

781.132 bp of a customized gene panel including 99 of the most frequently mutated genes in 

gastric cancer, according to TCGA and to the literature. Libraries were prepared following 

the manufacturer’s instructions (SeqCap EZ Library SR User’s Guide Version 5.1 - 

NimbleGen, Roche), and were sequenced in the NextSeq 500 platform (Illumina), using 

paired-end reads (2x75bp). 

 

The EBV genotyping was performed for all samples, as follows. Samples were 

analyzed by Real Time PCR with primers directed a 84-bp fragment of the BamH1W region 

of the EBV genome (F: 5'-GCAGCCGCCCAGTCTCT-3'; R: 5'- 

ACAGACAGTGCACAGGAGCCT-3') together with a labelled internal probe (FAM-

AAAAGCTGGCGCCCTTGCCTG-TAMRA) [21,22] EBV detection was done together with an 

internal control directed to the amplification of a fragment of  the human  β-actin gene (F: 5´-

CCATCTACGAGGGGTATGC-3´; R: 5´-GGTGAGGATCTTCATGAGGTA-3´), together with 

an internal probe (VIC-CCTGCGTCTGGACCTGGCTG-NFQ), in a multiplex reaction. 

Amplicons were detected in real time in  an ABI 7500 Fast Real Time instrument. 

Thermocycling conditions were: 95°C for 20 seconds, 95°C for 3 seconds and 60°C for 30 

seconds for 40 cycles.  Each 20ul reaction contained: TaqMan® Fast Universal Master Mix 

(2x) (Applied Biosystems®), as well as primers and probes (primers: 18µM; probes: 5µM) for 

each target. 

 

To check for amplicon contamination, every run contained at least two “no template” 

controls (water). Finally, the determination of EBV infection status was performed by the ΔCt 

method, where EBV Ct was subtracted from β-actin Ct, and the result calculated by 2^(-ΔCt). 

the samples were considered positive for EBV infection when the ratio EBV/ACTB was of at 

least 1. 

 

 

4.3 SNV calling in the Validation Cohort 

 

For the validation cohort, somatic SNVs were called  through an in-house pipeline, 

following the Broad Institutes GATK best practices [23]. Briefly, raw reads were aligned 

using BWA-mem (Burrows Wheeler Aligner) [24] to assembly hg19/GRCh37. Alignment files 

in SAM format were converted to BAM files, sorted and then filtered to exclude reads with 

mapq score < 15. Retained reads were processed using SAMtools [25] and Picard 

(https://broadinstitute.github.io/picard/) respectivaly, which  excludes low-quality reads and 

PCR duplicates. Finally, somatic SNVs call was performed for the panel data from analysis-

ready BAM files using GATK-UnifiedGenotyper (v3.8) for tumor samples and filtered with a 
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panel of 16 unmatched blood samples. Extensive filtering was applied to remove low 

mapping quality, as well as strand and position bias. Further residual germline variants were 

filtered out using the the database of germline mutations of the Exome Aggregation 

Consortium (ExAC) [26] and the Online Archive of Brazilian Mutations (ABraOM) [27]. 

 

 

4.4 Detecting an APOBEC3 mutation enrichment 

 

We elected the stringent TCW motif (where W = A or T) as the preferred sequence 

context for APOBEC3-mediated cytosine deamination [11]. The enrichment score in the 

TCW-context was considered as a measurement of prevalence of APOBEC mutation (as 

described by [14]) and calculated as  

 

TCWenrich = (Mtcw * Ccg)/(Mcg * Ctcw) 

 

where Mtcw is the number of mutated cytosines/guanines located in a TCW motif, Mcg is the 

total number of mutated cytosines/guanines, Ctcw is the total number of TCW within the 

+/−20 nucleotides window around mutated cytosines/guanines and Ccg is the total number 

of cytosines/guanines within the +/−20 nucleotides window around mutated 

cytosines/guanines. 

 

4.3 Mutation enrichment in expression genes levels 

 

We evaluated the mRNA expression levels for all seven APOBEC3-family genes: 

APOBEC3A, APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, and 

APOBEC3H in all gastric cancer samples. For this we considered the gene expression levels 

processed and provided by the TCGA pipelines, from their public database 

(https://portal.gdc.cancer.gov/). 

 

The quantitative expression levels were obtained by counting the mapped sequence 

reads, normalized through the FPKM method (Fragments Per Kilobase of exon per Million 

fragments mapped) [28]. This approach considers the uniquely mapped reads of the RNA-

Seq experiment (depth of sequencing), length of the transcripts, as well as the number of 

counts for all exons of each transcript. Next, after separating the transcripts with no 

expression (silent) we stratified the active transcripts in four levels (high, the top 25%; 

medium, 75 to 50%; low, 50 to 25% and trace, those below 25%) based on FPKM values 

using a normal mixture model implemented in the Mclust and quantile methods employed in 

R language as previously described [29]. Then we calculated a numeric value to evaluate 

the APOBEC-induced mutations in those classes for each gastric cancer sample as follows:  

 

(10**6/TG)*(TCW/TM) 

 

where TG is the total of genes with any mutation, TCW is the total number of mutations in 

APOBEC-context for each class and, finally, TM is the total of mutations for each class. 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 19, 2018. ; https://doi.org/10.1101/473884doi: bioRxiv preprint 

https://doi.org/10.1101/473884


  

 

 

4.4 Association with tumor purity 

 

In addition to the tumor cells, tumor microenvironment typically comprises a mixed 

population of cells, including stromal and infiltrating immune cells. To evaluate whether 

tumor purity (percent tumor cells) correlates with APOBEC expression, we took advantage of 

the tumor purity inferred from ESTIMATE (Estimation of STromal and Immune cells in 

MAlignant Tumor tissues using Expression data) [30] available at MD Anderson Cancer 

Center (https://bioinformatics.mdanderson.org/estimate/). We used  Pearson’s correlation 

coefficient as a test for association between tumor purity and gene expression. 

 

4.5 Statistical Analysis 

 

The comparison of gene expression and TCW enrichment between the EBV-positive 

and EBV-negative samples were performed using the nonparametric Wilcoxon's signed rank 

test (one- tailed unpaired test) or a permutation test of equality as appropriate. 
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Legends 

 

Figure 1: Comparison of expression levels of APOBEC3 members between EBV-negative 

(EBV-) and EBV-positive (EBV+) GC tumor types. GC-subtypes are indicated by colored 

dots as follows: MSI, Orange; GS, red; CIN, blue and EBV, black. Resulting p-values: 

*<=0.05; **<=0.0001 and ***<=0.00001 by Wilcoxon test. 

 

Figure 2: Analysis of TCW enrichment density between EBV-positive and EBV-negative 

samples. A permutation test of equality between the two densities indicates that the 

distributions are significantly different (p=0.01). 

 

Figure 3: Comparison of expression levels of APOBEC3 genes and APOBEC3-related 

mutations (TCW enrichment). The scatter plot shows that elevated expression of most of the 

APOBEC3 genes is associated with higher APOBEC3-related mutations in EBV-positive 

samples. GC-subtypes are indicated by colored dots as follows: MSI, Orange; GS, red; CIN, 

blue and EBV, black. Resulting p-values: *<=0.05; **<=0.01 by test  for association between 

paired samples. 

 

Figure 4: Heatmap for all correlations between gene expression levels of APOBEC3-family 

members and the TCW enrichment of APOBEC3-related mutations throughout the tumor 

subtypes. The gene expression values for the APOBEC3-family members are given as 

FPKM. 

 

Figure 5: Correlation between tumor purity and APOBECs gene expression.  Resulting p-

values: *<=0.05; **<=0.0001 by test  for association between paired samples. 

 

Figure 6: The mutation load in TCW context was found to be proportional to the 

transcriptional levels of the distinct genes in EBV-positive samples. 
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