
Sibony‑Benyamini et al. Genome Medicine  (2025) 17:14 
https://doi.org/10.1186/s13073-025-01439-3

RESEARCH Open Access

© The Author(s) 2025, corrected publication 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCom-
mercial-NoDerivatives 4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if you modified the licensed material. You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Genome Medicine

The landscape of Helicobacter 
pylori‑mediated DNA breaks links bacterial 
genotoxicity to its oncogenic potential
Hadas Sibony‑Benyamini1, Rose Jbara1†, Tania Shubash Napso1†, Layan Abu‑Rahmoun1†, Daniel Vizenblit1,3, 
Michal Easton‑Mor1, Shira Perez1, Alexander Brandis2, Tamar Leshem3, Avi Peretz1,3 and Yaakov Maman1*    

Abstract 

Background  Helicobacter pylori (H. pylori) infection is a significant risk factor for gastric cancer (GC) development. 
A growing body of evidence suggests a causal link between infection with H. pylori and increased DNA breakage 
in the host cells. While several mechanisms have been proposed for this damage, their relative impact on the overall 
bacterial genotoxicity is unknown. Moreover, the link between the formation of DNA damage following infection 
and the emergence of cancerous structural variants (SV) in the genome of infected cells remained unexplored.

Methods  We constructed a high-resolution map of genomic H. pylori-induced recurrent break sites using the END-
seq method on AGS human gastric cells before and after infection. We next applied END-seq to cycling and arrested 
cells to identify the role of DNA replication on break formation. Recurrent H. pylori-mediated break sites were further 
characterized by analyzing published RNA-seq, DRIP-seq, and GRO-seq data at these sites. γH2AX staining and comet 
assay were used for DNA breakage quantification. Liquid chromatography-mass spectrometry (LC–MS) assay was used 
to quantify cellular concentrations of dNTPs.

Results  Our data indicated that sites of recurrent H. pylori-mediated DNA breaks are ubiquitous across cell types, 
localized at replication-related fragile sites, and their breakage is dependent on replication. Consistent with that, we 
found that H. pylori inflicts nucleotide depletion, and that rescuing the cellular nucleotide pool largely reduced H. 
pylori-induced DNA breaks. Intriguingly, we found that this genotoxic mechanism operates independently of H. pylori 
cag pathogenicity island (CagPAI) that encodes for the bacterial type 4 secretion system (T4SS), and its virulence fac-
tor, CagA, which was previously implicated in increasing DNA damage by downregulating the DNA damage response. 
Finally, we show that sites of recurrent H. pylori-mediated breaks coincide with chromosomal deletions observed 
in patients with intestinal-type GC and that this link potentially elucidates the persistent transcriptional alterations 
observed in cancer driver genes.

Conclusions  Our findings indicate that dNTP depletion by H. pylori is a key component of its genotoxicity and sug-
gest a link between H. pylori genotoxicity and its oncogenic potential.
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Background
H. pylori is a gram-negative extracellular bacterium that 
colonizes the epithelial stomach and infects about half 
of the world’s population [1]. Chronic infection with H. 
pylori causes a variety of pathologies including peptic 
ulceration and chronic gastritis [2, 3]. Importantly, it is 
the most significant risk factor of gastric cancer (GC) 
development [3, 4].

A growing body of evidence demonstrates that H. 
pylori infection induces the formation of double-stranded 
breaks (DSBs) in host cells. This genotoxic effect is pri-
marily attributed to the bacterial cag pathogenicity island 
(cag-PAI), which encodes for the type IV secretion sys-
tem (T4SS), and the secreted virulence factor CagA [5]. 
Indeed, studies have demonstrated the downregulation 
of DNA damage response (DDR) factors such as RAD51 
and BRCA1 in a CagA-dependent manner [6, 7], mak-
ing CagA-positive strains more genotoxic. Nevertheless, 
a significant portion of H. pylori-mediated DNA break-
age retains even in the absence of CagA, arguing for a 
substantial CagA-independent component of H. pylori-
genotoxicity. In this regard, H. pylori was recently shown 
to activate the ALPK1/TIFA/NF‐κB pathway, which sub-
sequently leads to the formation of RNA:DNA hybrids 
(“R-loops”). These structures compromise the genome 
integrity by promoting nuclease-mediated DNA cleavage, 
and replication stress [8]. This process has been demon-
strated to be independent of CagA, but still relies on the 
presence of CagPAI. Of note, inhibiting NF-kB only par-
tially reduced DSB levels, suggesting that there are addi-
tional mechanisms involved in H. pylori genotoxicity.

Replication stress is a major instigator of DNA dam-
age. It arises upon stalling or slowing of the replication 
fork during DNA synthesis, which may occur due to 
dNTP depletion [9–11], or inhibition of DNA polymer-
ase [12, 13]. Impairment of the replication fork progres-
sion results in the formation of single-stranded DNA 
(ssDNA) between the DNA helicase, responsible for 
DNA unwinding, and the lagging DNA polymerase [14]. 
ssDNA persistence triggers a replication-stress response 
that ultimately results in nuclease-mediated cleavage at 
the site of stalling [15, 16].

Both the CagA-dependent and CagA-independent 
processes described above link H. pylori infection to rep-
lication stress: R-loop formation may result in transcrip-
tion-replication collisions (TRCs), and mis-regulation of 
RAD51 and BRCA1 hinders homologous-recombination 
(HR), thereby preventing the repair of replication-cou-
pled DNA damage [6]. However, the contribution of rep-
lication stress to the overall H. pylori genotoxicity is not 
yet clear, as it has been reported that H. pylori can cause 
DNA damage even without DNA synthesis taking place 
[17].

Eradication of H. pylori does not revert cancer progres-
sion once initiated. This portrays a “hit-and-run” mecha-
nism in which the infection leaves long-lived marks on 
cells that remain even after bacterial clearance [18]. Such 
persistence might be established due to DNA damage, 
resulting in chromosomal aberrations that can lead to 
oncogene hyperactivation, or the deletion of tumor-sup-
pressor genes [19]. There is, therefore, a possibility that 
H. pylori-mediated DNA breaks are connected to the 
genetic landscape distinctive of GC. However, a direct 
link between the two is yet to be established.

In this study, we conduct a high-resolution genome-
wide mapping of DSBs, to identify distinct genomic 
sites that recurrently undergo breakage shortly after H. 
pylori infection at the host cells. These breaks, referred 
to as “H. pylori-mediated break sites” (HPBS), appear 
in short genes characterized by enrichment in R-loops, 
as well as around repetitive DNA elements. This HPBS 
signature follows the pattern of the previously defined 
replication-coupled fragile sites [20], and coincide with 
break sites that appear upon hydroxyurea (HU) treat-
ment, which induces replication stress through induc-
tion of dNTP depletion [21]. In accordance with that, 
we found that a large portion of H. pylori-induced DNA 
breakage is mediated by the depletion of dNTPs, which 
operates independently of CagPAI. Finally, we demon-
strated that HPBS are linked to sites of chromosomal 
aberrations obtained in GC patients and may be a source 
for persistent transcriptional changes in early stages of 
tumorigenesis.

Methods
Antibodies
Anti-gH2A.X (S139), produced in Mouse (Abcam, Cat. 
No. #ab26350); Anti-RRM2, produced in Mouse (Abcam, 
Cat. No. # ab57653); Anti-CagA (A-10), produced in 
Mouse (Santa cruz, Cat. No. #sc-28368); Anti beta-Actin, 
produced in Rabbit (Abcam, Cat. No. # ab115777); Anti-
Rabbit IgG H&L (HRP), produced in Goat (Abcam, Cat. 
No. # ab6721); Anti-Mouse IgG H&L (Alexa Fluor® 488), 
produced in Goat (Abcam, Cat. No. # ab150117); Anti-
Rabbit IgG H&L (Alexa Fluor® 594), produced in Goat 
(Abcam, Cat. No. # ab150084).

Primers
Primers for H. pylori GlmM gene were used to detect 
H. pylori infection: FW (5′-CCA​GGA​GTG​AGT​GGA​
AGA​CA-3′) and RV (5′-GCA​AAT​GAG​CCT​ACA​GCA​
GA-3′).

Cell culture, bacterial strains, infections, and treatments
Wild-type adenocarcinoma gastric cells (AGS) were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) 
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supplemented with 10% fetal bovine serum (FBS, Gibco), 
penicillin streptomycin, L-glutamine and sodium pyru-
vate (Gibco) at 37  °C. RAG1 − / − preB vAbl cells—gen-
erously contributed by Dr. Andre Nussenzweig, National 
Cancer Institute, NIH—were cultured in RPMI supple-
mented with 15% FBS (Gibco), penicillin streptomycin, 
L-glutamine and sodium pyruvate (Gibco) at 37 °C.

The H. pylori CagPAI-positive (ATCC43054) and Cag-
PAI-negative (ATCC51932) strains used in this work 
were generously provided by Clinical Microbiology Labo-
ratory, Baruch Padeh Medical Center, Poriya, Israel. E.coli 
XL1-Blue strain was used for comparing dNTP levels and 
RRM2 expression (Additional File 1: Fig. S4). Infections 
were performed for 24 h with MOI of 100–140 (for AGS 
cells) and 20 (for vAbl cells). For cell cycle arrest, vAbl 
cells were treated with 3 mM STI-571 (Imatinib; Selleck-
chem #S2475) for 72 h.

Immunoblot analysis
Whole-cell lysates were prepared by suspending 
2–4 × 106  cells in 200–400 µL of RIPA lysis buffer (1  M 
TrisHCl [pH 8.0], 5 M NaCl, 0.5 M EDTA, 10% IgePAL 
CA-630, 10% sodium deoxycholate, 10% SDS, 100  mM 
PMSF (0.1  M in ethanol), phosphatase inhibitors, and 
protease inhibitor). An equal amount of lysate protein 
underwent separation via 15% SDS–polyacrylamide 
gel electrophoresis (PAGE) and transferred to Midi-
size PVDF membranes (BIO-RAD). After blocking with 
Blocking solution reagent (AdvanBlock Chemi; Advan-
sta), the membranes were incubated with anti-γH2AX 
(1:500; Abcam), anti-Actin (1:3000), anti-RRM2 (1:200), 
antibodies. The membranes were washed, incubated 
with goat anti-rabbit IgG (1:10,000) or goat anti-mouse 
(1:10,000), and again washed, followed by ECL detec-
tion (Advansta). The signal was detected using the Q9 gel 
documentation systems. Signal intensities were normal-
ized to Actin in all experiments.

Comet assay
Comet Assay-Kit (Abcam;ab238544) was used to conduct 
an Alkaline comet assay. Briefly, cells were collected and 
washed once in PBS, and then were combined with low-
melting agarose. The cells were subsequently treated with 
lysis buffer and an alkaline solution, followed by electro-
phoresis for 30  min at 18  V under alkaline conditions. 
DNA staining was accomplished using Vista Green DNA 
Dye solution, prior to the detection of comet tails using 
epifluorescence microscopy Zeiss upright AxioImager 
M2 ApoTome through a 10 × objective. Analysis of DNA 
in each tail was performed using ImageJ [22] (NIH) using 
OpenComet [23] plug-in. All images were processed with 
Adobe Photoshop CS5.1.

Quantification was performed using a minimum of five 
different fields, each containing 15–20 comets.

Immunofluorescence
Cells were seeded a concentration of 1 × 104 cells/plate in 
a glass bottom dish (Cellvis; Sunnyvale, CA, USA). Fol-
lowing treatment, the cells were rinsed with PBS and, 
pre-extraction was carried out with 0.1% Triton/PBS for 
1 min on ice. Subsequently, the cells were fixed with 4% 
formaldehyde for 10 min at room temperature. Following 
fixation, the cells were blocked with 10% horse serum and 
0.2% Tween in PBS for 1 h at room temperature. Incuba-
tion with antibodies was carried out in 1% horse serum 
in PBS-T using with anti-cagA antibody (1:50) and anti-
γH2AX (1:1000) for 1  h at room temperature, followed 
by incubation with secondary, Alexa Fluor 488–goat anti-
mouse IgG antibody (1:1000) or Alexa Fluor 594–goat 
anti-rabbit IgG antibody (1:1000) for 1  h. Images were 
acquired with Zeiss LSM780 inverted confocal micro-
scope through a 63 × objective.

END‑seq
END-seq protocol was performed as previously described 
[24]. Briefly, single-cell suspensions of AGS cells (8 mil-
lion), or vAbl cells (40 million for STI treated, and 20 
million for cells that were not treated with STI), were 
washed with PBS, and resuspended in cell suspension 
buffer (Bio-Rad), embedded in agarose, and transferred 
into plug molds (Bio-Rad). Plugs were allowed to solidify 
at 4  °C and subsequently incubated with Proteinase K 
solution (Puregene, QIAGEN) for 1 h at 50 °C, followed 
by overnight incubation at 37  °C. This was followed by 
consecutive washes in a wash buffer consisting of 10 mM 
Tris–HCl (pH 8.0) and 50 mM EDTA (Wash Buffer) and 
then in a TE Buffer containing 10 mM Tris (pH 8.0) and 
1  mM EDTA. Washed plugs were subsequently treated 
with RNaseA (Puregene, QIAGEN), washed again in 
Wash Buffer, and stored at 4 °C (up to 2–4 days). Blunt-
ing, A-tailing, and ligation to END-seq hairpin adaptor 
1 were performed at 37  °C and 4  °C, respectively. The 
DNA extracted from melted plugs was fragmented to 
a size range of 150 and 200  bp by sonication (Covaris), 
followed by purification of biotinylated DNA fragments 
using streptavidin beads (MyOne C1, Invitrogen). After 
streptavidin capture, the newly generated ends under-
went end repair using T4 DNA polymerase (15 U), Kle-
now fragment (5 U), and T4 polynucleotide kinase (15 
U); A-tailed with Klenow exo-fragment (15 U), followed 
by ligation to END-seq hairpin adaptor 2 using the NEB 
Quick ligation kit. After the second adaptor ligation, 
libraries were prepared by first digesting the hairpins 
on both adapters with USER enzyme (NEB), and PCR 
amplified for 16 cycles using TruSeq index adapters. 
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PCR reactions were run on a 2% agarose gel and a smear 
of 200–400  bp was cut. The gel was purified using the 
MACHEREY–NAGEL extraction Kit (740,609.50S).

Quantification of the library was performed by KAPA 
Library Quantification Kit for Illumina Platforms (Roche) 
and using dsDNA HS Assay Kit and QUBIT (Molecu-
lar Probes, Life Technologies). Quantification was done 
using the Agilent HS DNA Kit and Bioanalyzer 2100. 
10  nM of each library were pooled together and was 
diluted to 4  nM according to NextSeq manufacturer’s 
instructions. 1.7 pM were loaded onto the flow cell with 
1% PhiX library control. Libraries were sequenced by 
Illumina NextSeq 500 platform with single-end reads of 
75 cycles according to the manufacturer’s instructions.

Cell‑cycle analysis
For cell-cycle analysis, cells were first fixed in 100% etha-
nol, after which they underwent RNase treatment (1 mg/
ml; Invitrogen) and staining with 50  μg/ml Propidium 
iodide (Sigma #P4170). The cell-cycle was analyzed using 
The Gallios Flow Cytometer.

LC–MS dNTPs quantification
AGS cells (1 × 106 cells) were collected with or without H. 
pylori infection, washed with PBS, and then snap-frozen 
pellet was made for each treatment. Intracellular dNTPs 
concentration was determined via Alexander Brandis at 
Life Sciences Core Facilities, Weizmann Institute of Sci-
ence, 7,670,001 Rehovot, Israel.

Samples were extracted with 600  µl of chilled metha-
nol and 400 µl of 10 mM ammonium acetate and 5 mM 
ammonium bicarbonate, pH 7.7. 13C10-adenosine 
5′-triphosphate (13C10-ATP, Sigma) was added to stand-
ards and samples as internal standard (100  µM). After 
shaking at ambient temperature for 10  min (1000  rpm, 
Thermomixer C, Eppendorf ), the samples were centri-
fuged (20,000  g, 5  min). Supernatants were collected 
and evaporated in speedvac and lyophilizer. The residues 
were re-suspended in 50 µl of 50%-aqueous acetonitrile, 
filtered, and analyzed by LC–MS/MS.

Quantification of nucleotides was carried out using an 
Acquity I-class UPLC system coupled to Xevo TQ-S tri-
ple quadrupole mass spectrometer (both Waters). The 
UPLC was performed using an Atlantis Premier BEH 
Z-HILIC column 2.1 × 150  mm 1.7  µm (Waters). The 
mobile phase A consisted of 17% acetonitrile in 20 mM 
ammonium carbonate at pH 9.25, while mobile phase B 
comprised acetonitrile. The flow rate was kept at 300 µl/
ml consisting of a 0.8-min hold at 80% B, followed by a 
linear gradient decrease of B to 20% B during 4.8  min. 
The column temperature was set at 25  °C and an injec-
tion volume of 5 µl. An electrospray ionization interface 
was used as ionization source. Analysis was performed 

in positive ionization mode. Analytics were detected 
using multiple-reaction monitoring, using argon as the 
collision gas: 468 > 112.2 and 192.1 m/z (collision energy 
12  eV for both) for dCTP, 483 > 207.2 and 81.0  m/z 
(collision energy 6 and 12  eV respectively) for dTTP, 
492.1 > 136.2 and 81.1 m/z (collision energy 16 and 24 eV 
respectively) for dATP, 507.9 > 152.1 m/z (collision energy 
30 eV) for dGTP, and 519.1 > 141.1 m/z (collision energy 
35 eV) for 13C10-ATP. Quantification was made using a 
standard curve in the 0–10 µM concentration range. Tar-
getLynx (Waters) was used for data analysis.

Immunohistochemistry (IHC) staining
Biopsy specimens (see the “Cohort description” section 
below) were stained for RRM2 using the BenchMark 
ULTRA IHC semi-automatic device (Ventana Co., Tuc-
son, AZ, USA) with the assistance of the pathology labo-
ratory at the Tzafon Medical Center, Poria, Israel. Briefly, 
the Formalin-Fixed Paraffin-Embedded (FFPE)biopsy 
specimens are sliced into 4-μm-thick sections. The speci-
mens are deparaffinized in EZprep (Ventana Co.), at 
72 °C, followed by antigen retrieval at 95 °C, for 64 min, 
in buffer CC1 (Roche, Indianapolis, IN, USA). Slides were 
preheated for 4  min, at 36  °C, and then incubated with 
a primary antibody (mouse 1:200, abcam, Cambridge, 
UK) for 20  min and detected with Ventana UltraView 
Universal DAB Buffer (Roche). The slides were stained 
with hematoxylin, washed, and dehydrated in increas-
ing ethanol concentrations. Images are captured using an 
EVOS™ Imaging System (Invitrogen). Analysis was done 
on ImageJ using Color Deconvolution plugin [25, 26].

Cohort description
Gastric biopsy specimens collected from 11 different 
patients with median age of 63, who underwent esoph-
agogastroduodenoscopy (EGD) at the Tzafon Medi-
cal Center between 2022 and 2024 and classified as H. 
pylori positive (n = 5) or negative (n = 6) by pathological 
examination.

Statistical analysis
Statistical analyses throughout the study were performed 
using R version 4.1.2 (http://​www.r-​proje​ct.​org). The sta-
tistical tests are reported in the figure legend and main 
text. In comparisons where T-test was applied, the Sha-
piro–Wilk test was used to determine data normality for 
compared variables.

Fisher’s exact test was used to compare the distribu-
tion of genomic sites overlapping with HPBS to expected 
distribution using comparable randomely-picked regions 
(see the “Genome annotation” section below).

http://www.r-project.org
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Support vector machine classification was used to pre-
dict breakabilty of genes and TA-repeats following infec-
tion, using the e1071 package in R [27].

Genome alignment
END-seq reads were aligned to either the human (hg19) 
genome, or the mouse (GRCm38p2/mm10) genome, 
using Bowtie (version 1.1.2) [28] with the options: –
best–all –strata –l 50. For END-seq – we allowed 3 mis-
matches and kept the best strata for tags with multiple 
alignments (-n 3 –k 1). For ChIP-seq, we allowed 2 mis-
matches and discarded reads with multiple alignments 
(-n 2 –m 1). For GRO-seq, 3 mismatches were allowed 
(–n 3 –m1). Samtools was used to convert the sam out-
put file to bam file [29].

Peak calling
To identify H. pylori-mediated END-seq peaks (with or 
without DRB treatment), H. pylori-infected replicates 
were combined and MACS 1.4.3 [30] was used for peak 
calling with default parameters (p-value cutoff for peak 
detection of 1 × 10E − 5;–keep-dup = auto), using the 
combined uninfected data as control. Data from unin-
fected cells served as control, with peaks retained if 
exhibiting > tenfold-enrichment. Next, the reads-per-
kb-per-million-reads (RPKM) was calculated for each of 
the H. pylori-infected samples using bedtools intersect 
[31] function. Only peaks that exhibited at least twofold 
increase in each H. pylori-infected sample over the com-
bined uninfected sample, were retained.

Differential breakage analysis
Differential breakage analysis was conducted as follows: 
Total END-seq read counts across gene bodies (from TSS 
to TTS; see the “Genome annotation” section below), or 
TA repeats (+ / − 250 bp from the repeat center) was cal-
culated for each dataset of H. pylori-infected and unin-
fected sampels, and served as an input for DESeq2 [32] 
package (release 1.30.1) in R (version 4.1.2). Cutoffs of 
Fold-change and adjusted p-values are indicated in the 
corresponding figure legends.

Genome annotation
Transcription start sites (TSSs) and gene body coordi-
nated were defined using RefSeq [33] genes annotations 
(genome build hg19/GRCh37.p13 for human, and mm10 
for mouse), taken from the UCSC database [34]. Repeti-
tive elements were obtained from RepeatMasker [35].

R package “LOLA” [36] was used to test the enrichment 
of diffferent genomic regions within H. pylori-mediated 
break sites. Annotations of enhancers and LADs were 
obtained from the internal LOLA database.

Random genomic sites used for comparison with 
HPBS, where obtained by applying bedtools shuffle31 
function on HPBS, while excluding sites overlapping 
with HPBS and retaining the relative distribution among 
chromosomes.

Data visualization
For genome browser tracks visualization, aligned bed 
files were converted into bedgraph using bedtools genom-
ecov [31], followed by bedGraphToBigWig [37] to make a 
bigwig file. Values were normalized to reads per million. 
Genomic profiles were visualized using the Integrative 
Genomic Viewer (IGV) browser [38]. For aggregate plots, 
the signal was smoothed using smooth.spline function in 
R. Volcano plots of differential breakage analysis were 
generated using the “EnhancedVolcano” package [39] 
(release 1.8.0) in R.

Results
High‑resolution mapping of H. pylori‑induced breakome
To gain a comprehensive view of H. pylori-mediated 
DNA breakage, AGS gastric cells were infected with H. 
pylori (ATCC 43504;CagPAI-positive strain) for 24  h 
(Additional file  1: Fig. S1A). H. pylori-mediated DNA 
breaks were detected by immunostaining for the repair 
factor γH2AX and by comet assay (Additional file 1: Fig. 
S1B,C).

Next, H. pylori infected cells were subjected to END-
seq for genome-wide mapping of DSBs (see the “Meth-
ods” section) [24, 40, 41]. Overall, ~ 1700 recurrent break 
sites, hereinafter termed “H. pylori-induced break sites” 
(“HPBS”), were identified across the genome (Fig. 1A). In 
general, HPBS presented a signature of active chroma-
tin, showing enrichment predominantly at gene bodies 
and promoters (Fig. 1B; top; (Additional file 1: Fig. S1D). 
Among the intergenic regions, HPBS sites were local-
ized at gene-rich regions (Fig. 1B) and were characterized 
by enrichment in repetitive DNA elements (Additional 
file 1: Fig. S1D).

Closer examination revealed two classes of HPBS, dis-
tinguished by their localization and structure: the first 
class consisted of genic sites that span the entire gene 
body and extended to its flanking regions (Fig. 1C; left), 
while HPBS from the second class were mainly situated 
within intergenic regions and were highly focal (Fig. 1C; 
right).

To explore the properties of genes harboring DSBs, 
we conducted a comparison of breakage levels across all 
genes in cells infected with H. pylori and those in unin-
fected cells. The analysis revealed 419 genes that have 
significantly higher levels of DSBs in the infected cells 
(“HPBS genes”; Fig.  1D; left panel; Additional file  2: 
Table S1). Analysis of published RNA-seq from AGS cells 
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[42, 43], showed that HPBS genes are highly transcribed 
and exceptionally short in comparison to unbroken genes 
(Fig. 1D; right panel).

Support vector machine classification (Additional file 1: 
Fig. S1E) showed that HPBS genes can be effectively pre-
dicted based on their transcription level and size.

We next examined the intergenic HPBS. The signal in 
this class of break sites, presented two sharp peaks from 
opposite strands. As mentioned, these sites were highly 
enriched at repetitive DNA sequences (Fig.  1E; Addi-
tional file 1: Fig. S1D), with TA-repeats being significantly 
enriched at break sites over randomly selected genomic 
sites.

Of note, out of ~ 66 k TA-repeats, 197 repeat acquired 
DSBs to significantly high levels following infection 
(Additional file 1: Fig. S1F).

Previous reports attributed the fragility of tandem 
repeats to their size and purity [44, 45]. In agreement 
with that, TA repeats that undergo breakage following H. 
pylori infection were characterized by large size and high 
purity (Additional file 1: Fig. S1G).

Moreover, support vector machine (SVM) classifica-
tion using repeat size and purity as predictors demon-
strated that TA-repeat breakability after infection can be 
effectively predicted, achieving an area under the curve 
(AUC) of 0.85 (Additional file 1: Fig. S1H,I).

Taken together, H. pylori infection induces recurrent 
DNA breakage at hundreds of genomic sites, that can be 
divided into two classes: highly transcribed, short genes, 
and TA-repeats.

Breakage at HPBS is associated with DNA replication
Previous studies linked H. pylori-mediated damage to 
replication stress [6, 8, 46], while others demonstrated 
replication-independent DNA damage following infec-
tion [17]. Given that both repetitive DNA elements [47–
49] and transcribed regions [47–49] were recognized as 

hotspots of replication fork stalling and DNA breakage in 
replication stress conditions, we next sought to explore 
the involvement of replication in the formation of the 
HPBS described above.

To enable sufficient timeframe for infection following 
cell-cycle arrest, without inducing replication stress, we 
used the mouse pre-B cell line, vAbl, which can be effi-
ciently arrested in G1 phase for up to 72 h through treat-
ment with the kinase inhibitor STI-571 [50] (Fig.  2A; 
Additional file  1: Fig. S2A). To examine the effect of 
cell cycle arrest on DNA breakage, we treated cells with 
STI-571 for 48 h. Following that, once cells were largely 
arrested (Additional file  1: Fig. S2A), we infected them 
with H. pylori for 24  h. These arrested cells were com-
pared to H. pylori-infected cells that were not treated 
with STI-571 (“Dividing cells”) (Fig. 2B).

Dividing vAbl cells presented a breakage pattern simi-
lar to the pattern observed in the AGS gastric cells, fea-
turing enrichment at genic sites and gene-rich regions 
(Additional file 1: Fig. S2B,C).

Similar to genic HPBS from AGS data, vAbl genic 
HPBS showed a preference for short and highly tran-
scribed genes (Fig. 2B, C, D, Additional file 1: Fig. S2D).

Notably, genic HPBS from the two cell lines exhibited 
minimal overlap (Additional file  1: Fig. S2E). These dif-
ferences likely stem from the transcriptomic disparities 
between the two cell lines, as vAbl genic HPBS that do 
not overlap with AGS genes are transcribed at signifi-
cantly lower levels in AGS cells (Additional file  1: Fig. 
S2F).

Overall, our data shows that HPBS genes are ubiqui-
tous across cell types, and that vAbl cells provide a suit-
able platform for our investigation.

Strikingly, upon cell cycle arrest, genic HPBS were 
diminished (Fig. 2E, F, Additional file 1: Fig. S2G). Thus, 
DNA replication is necessary for breakage to occur at 
HPBS.

Fig. 1  The landscape of H. pylori-mediated breakage. A END-seq profiles of data from H. pylori infected (two upper panels; red) and uninfected 
(two lower panels; blue) AGS cells are shown. Values are given in reads-per-million. B Top: The 1673 H. pylori-mediated break sites (HPBS), 
determined by peak calling (see the “Methods” section), were categorized based on their genomic localization into intergenic regions, gene bodies, 
and promoters (left pie chart). The same number of randomly picked sites (right pie chart) were used for comparison (Fisher’s test; p < 1E − 10). 
Bottom: Histogram showing the distances from the closest genes for intergenic HPBS (red) and randomly selected regions (gray). (T-test; p < 1E10). 
Three biological replicates from infected and uninfected cells were used. C Zoom-in of END-seq profiles of genic (left) and intergenic (right) 
HPBS. D Left: Volcano plot showing differential breakage analysis (see the “Methods” section) across all genes between END-seq data from H. 
pylori-infected and uninfected AGS cells. Genes exhibiting significantly elevated END-seq signal in infected cells (referred to as HPBS genes; defined 
by -log10(adjusted p-value) > 2 and abs(Log2FC) > 1) are highlighted in red (N = 419). Right: histograms showing the differences in the distribution 
of transcription levels (top) and gene size (bottom) between HPBS genes (red) and unbroken genes (blue). (Wilcoxon rank-sum test; p < 1E − 10, 
for both comparisons). Three biological replicates from infected and uninfected cells were used. E Top: Zoom-in on intergenic break site exhibiting 
two distinct peaks indicative of two DNA ends separated by a gap with (TA)n repeat sequence. Bottom: Enrichment analysis of repetitve DNA 
elements wthin intergenic HPBS and randomly picked regions (see the “Methods” section). Fisher’s exact test with FDR of *q < 0.05; ***q < 1e − 10. F 
Cumulative plot of the relative END-seq signal at 20-kb window around TSS and transcription termination sites (TES) of HPBS genes. Values (HP/UI) 
represent the ratio between signal from H. pylori-infected and uninfected cells

(See figure on next page.)



Page 7 of 17Sibony‑Benyamini et al. Genome Medicine  (2025) 17:14	

Fig. 1  (See legend on previous page.)
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Replication fork stalling at genes may occur by tran-
scription-replication collision (TRC) [51, 52], and the 
formation of R-loops [53–55]. We therefore hypoth-
esized that HPBS genes are prone to R-loop formation. 
To test this idea, we compared the vAbl breakage pattern 
to R-loop patterns obtained by published DRIP-seq data 
performed on mouse B cells [56, 57].

Consistent with the replication-coupled characteris-
tics of the DSBs sites, the DRIP-seq analysis revealed that 
HPBS genes are indeed characterized by high levels of 
R-loops (Fig.  2G, H). Importantly, while R-loop forma-
tion correlates with levels of transcription, HPBS genes 
exhibited higher levels of R-loops, and shorter length 
compared to other highly transcribed genes (GRO-seq 
[58, 59]; Fig.  2H). This finding consistent with a previ-
ous study demonstrating that short genes are prone to 
R-loops formation [60]. To further strengthen the link 
between DSBs and R-loop formation, we divided the 
genes into 5 quantiles with respect to their breakage lev-
els, and obtained the level of R-loops across the genes 
from the different quantiles. The differential signal of 
R-loops between the quantiles indicates that DSB lev-
els in HPBS genes are predictive of their R-loop levels 
(Fig. 2I, Additional file 1: Fig. S2H). Taken together, our 
data indicates that breaks in HPBS are formed during 
replication, and that genic HPBS are notably enriched in 
R-loops.

dNTP depletion is a key source for H. pylori‑mediated DNA 
damage
One of the major causes of replication stress is the short-
age of dNTPs. Of note, DSB profiles of cells that undergo 
dNTP depletion by treatment with hydroxyurea (HU), 
inhibitor of the ribonucleotide reductase (RNR) subu-
nit RRM2, showed a breakage profile reminiscence of 
the breakage signature observed H. pylori infected cells, 

characterized by a notable enrichment of DSB at gene-
rich regions and repetitive DNA elements [48]. We there-
fore wondered whether DNA breaks induced by H. pylori 
are initiated by dNTP depletion.

To test this, we first measured the cellular dNTP con-
centration in H. pylori-infected and uninfected AGS cells 
by liquid chromatography-mass spectrometry (LC–MS) 
assay (see the “Methods” section). Strikingly, H. pylori-
infected cells showed a substantial decrease in dNTP 
levels (Fig. 3A; Additional file 1: Fig. S3A). Consistently, 
we identified H. pylori-induced downregulation of RRM2 
expression, in both transcript and protein levels (Fig. 3B 
and C, respectively). Similar RRM2 decrease has been 
observed by Immunohistochemical staining of gastric 
mucosa biopsies obtained from H. pylori-infected and 
uninfected individuals (Additional file  1: Fig. S3D) for 
RRM2 (Fig. 3D).

Since RRM2 expression is normally upregulated in 
S-phase [61], one could argue that the decreased levels 
of RRM2 in H. pylori-infected cells simply reflects cell 
cycle arrest in response to H. pylori infection. However, 
cell cycle analysis showed that infected cells progress 
to S-phase as frequently as uninfected cells (Additional 
file 1: Fig. S3B). Thus, it can be concluded that H. pylori-
mediated RRM2 downregulation is not merely a conse-
quence of overall cell cycle arrest.

To assess the extent by which H. pylori genotoxicity is 
driven by dNTP depletion, we supplemented the infected 
cells with an external reservoir of dNTPs that partially 
recovered their dNTP pool (Fig.  3A and Additional 
file  1: Fig. S3A; light red bars). Strikingly, the recovery 
of dNTP levels significantly decreased DNA break lev-
els in infected cells, reaching levels comparable to those 
observed in uninfected cells (Fig.  3C and Additional 
file 1: Fig. S3C).

(See figure on next page.)
Fig. 2  Genic H. pylori-mediated break sites are replication-coupled. A Schematic representation of the experimental setup for infecting arrested 
cells: cells were treated STI-571 for 72 h. Following 48 h of STI treatment, cells were infected with H. pylori for 24 h (see the “Methods” section). B 
Genomic profile of END-seq from H. pylori-infected (red) and uninfected (green) dividing (− STI) and arrested (+ STI) vAbl cells. C Zoom-in on genic 
breaks from END-seq profiles of dividing vAbl cells infected with H. pylori (red), or uninfected (green). D Volcano plot showing differential breakage 
analysis (see the “Methods” section) across all genes between END-seq data from H. pylori-infected and uninfected dividing vAbl cells (adjusted 
p-value < 0.05; abs(Log2FC > 1)). Genes exhibiting significantly higher END-seq signals in infected cells (HPBS genes) are highlighted in red. Two 
biological replicates for each condition were used. E Zoom-in on genic breaks from END-seq profiles of arrested vAbl cells infected with H. pylori 
(red), or uninfected (green). F Volcano plot presenting differential breakage analysis (see the “Methods” section) across all genes between END-seq 
data from H. pylori-infected and uninfected vAbl cells, following cell cycle arrest by STI treatment. (adjusted p-value < 0.05; abs(Log2FC > 1). Two 
biological replicates for each condition were used. G Genomic profiles of END-seq from H. pylori-infected (red) and uninfected (green) dividing 
vAbl cells, along with GRO-seq (black; from Bönelt P, 2019) and DRIP-seq (blue; from L.,Chédin,2022) data. Two representative HPBS genes (left) 
and two highly transcribed, unbroken genes (right), are displayed. H Boxplots showing the quantification of transcription (by GRO-seq), and DSBs 
(by END-seq), gene size, and R-loop levels (by DRIP-seq) in broken genes (red) from data of dividing vAbl cells. For comparison, unbroken genes 
with comparable levels of transcription (gray) were picked (framed plots; two-tailed T-test; ns-p > 0.05 for transcription, and ***p < 1e − 10 for DSBs). 
The two sets were then compared for their gene size and R-loops levels. T-test; **p < 1E − 6 and *p < 0.004, respectively. I A DRIP-seq signal 
is presented for five gene sets, grouped by quantiles of DSB levels in cycling vAbl cells, as measured by END-seq, in infected cells
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Fig. 2  (See legend on previous page.)
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H. pylori‑mediated dNTP depletion is independent of CagA
According to previous reports, H. pylori can induce DNA 
breakage by both CagA-dependent and CagA-independ-
ent mechanisms.

Thus, we wondered whether dNTP depletion by H. 
pylori, and the resulting DNA damage are depend-
ent on the presence of CagA. To address this inquiry, 
we compared cells infected with CagPAI-positive 
(“CagA( +)”;ATCC 43504) and CagPAI-negative 

(“CagA( −)”;ATCC51932) H. pylori strains. Consistent 
with previous reports [5, 8], both CagA( +) and CagA( −) 
strains show increased levels of DNA damage compared 
to uninfected cells, while the extent of DNA breakage 
in cells infected with CagA( −) strain was significantly 
lower than that observed in the CagA( +) infected cells 
(Fig.  4A). In contrast, the levels of dNTP depletion, as 
well as the downregulation of RRM2, were comparable 
between the two strains (Fig.  4B). This observation is 

Fig. 3  dNTP depletion is a key source for H. pylori-mediated DNA damage. A Cellular concentration of dNTPs was measured by LC–MS 
(see the “Methods” section) for uninfected (gray) and H. pylori-infected cells (dark red), supplemented with 50 μM of dNTPs. (T-test; p < 0.05 
for both comparisons). At least 3 biological replicates from each condition were used. B Number of RNA-seq reads (from Kontizas et al.) of Rrm2 
gene in samples from uninfected (gray) and H. pylori-infected cells (red). (*Wald test; adjusted p-value < 0.05). C Left: Immunoblotting for RRM2 
(top) γH2AX (middle) and Actin (bottom) in uninfected and infected AGS cells, with and without external supplementation of dNTPs. Right: 
Immunoblotting quantification for RRM2 and γH2AX (n = 3 per group). *p < 0.05. D Left: Biopsy specimens from individuals positive and negative 
to H. pylori were stained for RRM2 (brown) and hematoxylin (blue). Right: RRM2 signal, normalized with hematoxylin stain following color 
deconvolution (see the “Methods” section). Five H. pylori-positive samples and 6 H. pylori-negative samples were used in the analysis. The values 
were obtained by averaging all images per individual (*T-test; p < 0.05)
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consistent with the downregulation of Rrm2 transcript 
observed in P12 H. pylori strain as well as its isogenic 
DCagA mutant (Additional file  1: Fig. S3E). Of note, 
infection with laboratory E.coli strain did not result in 
dNTP depletion (Additional file  1: Fig. S3F), suggesting 
that dNTP depletion—albeit independent of CagA—is a 
characteristic feature of H. pylori infection.

DNA breakage caused by H. pylori is manifested in GC 
chromosomal aberrations
H. pylori infection increases the risk of developing GC. 
However, the contribution of its genotoxic impact to this 
risk remains unknown.

To explore this possible link, we inquired whether the 
DNA breakage caused by H. pylori is evident in genetic 
variants of patients with gastric cancer (GC). GC is tra-
ditionally divided into two types: intestinal-type and 
diffuse-type. It is well accepted that chronic H. pylori 
infection is associated with intestinal-type GC, whereas 
the connection between H. pylori and diffuse-type GC 
remained uncertain [62, 63].

Thus, we analyzed structural variants from 100 
GC patients [64]. Fifty-seven of these patients were 

diagnosed with intestinal-type GC and therefore were 
hypothesized to exhibit discernible signatures indicative 
of HPBS. The remaining 43 patients were diagnosed with 
GC from a diffused/mixed type. Additionally, genetic 
data of non-gastric cancers, acute lymphoblastic leuke-
mia, prostate cancer, and skin cancer [65], were used as 
negative controls.

Using the data sets above, we quantified the cumulative 
breakage signal within a 500-kb window centered on the 
deletion breakpoints. Strikingly, END-seq signals from 
the infected cells presented significant enrichment of 
breakage signal near breakpoints from intestinal-type GC 
data, but not from any of the other data sets (Fig. 5A, B). 
Hence, deletions of intestinal-type GC patients display 
HPBS signature.

Previous studies showed that H. pylori infection leads 
to differential expression (DE) of multiple genes, includ-
ing cancer-related genes [42, 66]. We reasoned that these 
DE genes can be categorized into two distinct classes: 
the first class involves DE resulting from the reversible 
perturbation of cellular process by the bacteria, whereas 
the second class occurs due to long-lived chromosomal 
changes. Importantly, the latter can persist even after 

Fig. 4  dNTP depletion by H. pylori is independent of CagA. A Left: Visualization of stained DNA from uninfected cells (gray) and cells infected 
with CagA + (dark red) and CagA − (pink) H. pylori strains, subjected to comet assay. Right: quantification of percentage of the DNA in the tail 
from the total DNA for each cell. Wilcoxon rank-sum test; p < 1E − 3. At least 5 replicates were used for each condition. The presented values were 
obtain by averaging the signal from all cells for each replicate. B Cellular concentration of dNTPs was quantified using LC–MS (see the “Methods” 
section) for uninfected (gray), H. pylori-(CagA +)-infected cells (dark red) and H. pylori-(CagA −)-infected cells (pink) (T-test; *p < 0.01)
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bacterial clearance and may play a role in cancer trans-
formation. We hypothesize that H. pylori-mediated 
breakage facilitates these persistent alternation.

To test this hypothesis, we analyzed a set of previously 
identified GC driver genes [64]. This set consists of 97 
cancer-related genes that recurrently undergo deletion/
amplification. Based on our END-seq data, increased 
breakage was detected in 13 of these genes following 
H. pylori infection (Fig.  5C, E). We tested the correla-
tion between the infection-driven differential expres-
sion (“infection DE”), and the transcriptional changes 
observed between tumor and normal tissue (“cancer 
DE”). Strikingly, a significant correlation between infec-
tion DE and cancer DE was observed for the 13 genes 
broken upon H. pylori infection, though not for the 
unbroken genes (Fig. 5D), suggesting that H. pylori-medi-
ated breakage initiates GC tumorigenesis by prompting 
copy-number variations and transcriptional changes at 
GC driver genes. Together, these results point towards a 
causal link between the genotoxic effect of H. pylori and 
the tumorigeneses of GC.

Discussion
The capacity of H. pylori to induce DNA breakage in 
host cells is now widely accepted. Here, we utilized high-
resolution mapping of DNA double-strand breaks (DSB) 
to illustrate the “breakome” induced by H. pylori, iden-
tifying two distinct classes of breaks: intergenic breaks, 
enriched at TA repeats, and genic breaks, enriched at 
short, highly transcribed genes, where breakage levels 
correlate with R-loop levels.

Of note, Koeppel et  al. [67] have been previously 
conducted γH2AX ChIP-seq on H. pylori-infected and 
uninfected cells. Consistent with our data, their study 
revealed γH2AX enrichment following infection at 

transcribed regions. In comparison to γH2AX ChIP-
seq, where signal resolution is limited both due to the 
technical aspects of ChIP-seq and the nature of γH2AX 
signal spreading outwards the break sites, the high sen-
sitivity and resolution of END-seq allowed us to iden-
tify specific break sites in a precise and quantitative 
fashion, such that the mechanisms of breakage can be 
inferred.

Interestingly, beyond highly transcribed genes, Koep-
pel et  al. identified infection-derived γH2AX peaks at 
pre-telomeric regions that were not identified by our 
data. The differences between the two profiles may reflect 
a discrepancy between the sites of double-strand breaks 
(DSBs) and γH2AX formation, potentially resulting from 
the natural distribution bias of unphosphorylated H2AX 
across the genome. In line with this, Seo et al. [68] dem-
onstrated that non-phosphorylated H2AX is enriched 
in sub-telomeric region, supporting an inherent bias in 
γH2AX accumulation towards sub-telomeric breaks. 
Whether this bias could also account for the absence of 
γH2AX signal at repetitive DNA elements, which showed 
high signal in our data, requires further investigation.

The breakage pattern that emerged from our map 
points toward replication-coupled DNA damage. Further 
investigation in this direction portrayed a model (Fig. 5F) 
wherein H. pylori infection induces dNTP depletion and 
replication stress, independently of CagA, by downregu-
lating RRM2. Consequent to replication stress, a distinct 
pattern of breakage is formed at previously annotated 
replication barriers, including repetitive elements and 
bodies of short genes that are prone to R-loop formation. 
These sites—which we collectively named HPBS—are 
reflected in oncogenic chromosomal deletions observed 
in GC and correlate with transcriptional perturbation of 
GC driver genes. This provides a potential mechanism 

Fig. 5  H. pylori-mediated breakage is manifested in chromosomal deletions from GC patients. A END-seq profiles depict normalized intensities 
of DSBs data from H. pylori-infected AGS cells (upper panel; red) contrasted with uninfected AGS cells (lower panel; blue). Horizontal bars 
represent deleted regions obtained from patients with intestinal-type GC (Wang et al. 2014). Dashed lines represent the breakpoints of these 
deletions. B Plots showing cumulative END-seq signal of H. pylori infected (red) and uninfected AGS cells (blue) within 500 kb window centered 
around breakpoints. Data is organized from left to right for patients with intestinal GC, diffused/mixed type GC (Wang et al. 2014; with breakpoint 
numbers 7053 and 2765, respectively), acute lymphoblastic leukemia, prostate cancer, and skin cancer (n = 2389, 4235, and 10,915, respectively; all 
sourced from COSMIC) (T-test; p < 1E − 4 for intestinal GC data, and p > 0.05 for the other data sets). C Volcano plot showing differential breakage 
analysis (see the “Methods” section) across GC driver genes (from Wang 2014) between END-seq data from H. pylori-infected and uninfected 
dividing vAbl cells (adjusted p-value < 0.05; abs(Log2FC > 1)). Driver genes with significantly higher END-seq signal at infected cells (N = 13) are 
shown in red. D Scatter plots showing the correlation between log2(fold-change) in the expression between tumor and normal tissue (x-axis; 
data from Wang 2014), and between infected and uninfected AGS cells (y-axis; data from Kontizas 2020), for broken GC driver genes (left; r = 0.65; 
p < 0.02) and unbroken GC driver genes (right). Pearson correlation test; r = 0.65; p < 0.02 for broken genes, and r = 0.05; p = 0.62, for unbroken 
genes. E Genomic profiles of END-seq from H. pylori-infected (red) and uninfected (green) AGS cells. Two representative broken GC driver genes 
are presented. F Proposed model: H. pylori infection facilitates genome instability by a combination of CagA-independent and CagA-dependent 
mechanisms: CagA-independent genotoxicity is primarily based on the downregulation of Rrm2, dNTP depletion, and, finally, the formation 
of replication-coupled DNA breakage at bodies of genes with a tendency to produce R-loops, and at repetitive DNA elements. CagA suppresses 
the DNA damage response, thereby promoting the propagation of DNA breaks into long-lived chromosomal aberrations

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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through which H. pylori infection contributes to GC 
development.

Our findings demonstrate that supplementing external 
dNTPs is sufficient in reducing γH2AX signal to back-
ground levels (Fig.  3C). This observation underscores 
the significance of the CagA-independent depletion of 
dNTPs in the genotoxic effects of H. pylori. On the other 
hand, consistent with previous reports, our data shows 
that cells infected with CagA( +) strain present increased 
DNA damage (Fig.  4A). This excessive genotoxicity 
observed in CagA( +) strains is likely linked to its ability 
to impede DNA damage response [6, 7].

As mentioned earlier, Bauer et  al. proposed a mecha-
nism of H. pylori genotoxicity in which bacterial ADP-
heptose is secreted into host cells, triggering ALPK1/
TIFA/NF-κB signaling activation and resulting in R-loop 
accumulation. While this is a notable example of a CagA-
independent mechanism, it still relies on CagPAI, which 
encodes the bacterial T4SS responsible for secreting 
ADP-heptose. In contrast, the mechanism proposed 
here—initiated by dNTP depletion—takes place in the 
absence of CagPAI.

The identity of the host and bacterial factors that 
link H. pylori infection to dNTP depletion is yet to be 
revealed. Of note, the transcriptional program active 
during the S-phase, which includes the upregulation of 
RRM2 [69], is initiated by the transcription factor E2F1. 
E2F1 is regulated by its interaction with Retinoblastoma 
(Rb). This interaction brings Rb to the promoters of E2F1 
target genes where it suppresses their transcription by 
recruiting transcription repressors [70]. Normally, upon 
G1/S transition, Rb undergoes phosphorylation and is 
released from E2F1, allowing the latter to activate the 
transcription of its targets [71]. A possible mechanism 
is, therefore, that the downregulation of RRM2 following 
infection is caused by perturbation of Rb/E2F1 pathway.

From the bacterial side, an intriguing hypothesis is 
associated with H. pylori’s ability to activate the Toll-like 
receptor 2 (TLR2) through interaction with UreB, a subu-
nit of the bacterial urease enzyme [72, 73]. This interac-
tion has been demonstrated to induce the expression of 
the hypoxia-induced factor 1a (HIF1a), which canonically 
mediates the cell response to hypoxia [73]. The upregu-
lation of HIF1a may, in turn, contribute to dNTP deple-
tion through several mechanisms: Firstly, HIF1a has 
been shown to inhibit the E2F1-mediated transcriptional 
program by upregulating the expression of E2F7 and 
interacting with it at the promoters of E2F1-responsive 
genes [74]. In addition, during hypoxia, RRM2—which is 
oxygen-sensitive—loses its activity, and later its expres-
sion, being replaced by RRM2B, an isoform less sensitive 
to oxygen. While this substitution partially rescues the 
dNTP pool and increase replication efficiency, it does not 

restore them to normal levels [75]. Therefore, HIF1α rep-
resents an intriguing target for future studies investigat-
ing H. pylori genotoxicity.

Under normal conditions, a depletion of dNTPs and 
the subsequence replication stress would lead to cell 
cycle arrest [76, 77]. However, our observation revealed 
that infected cells continue to cycle as frequently as unin-
fected cells, suggesting that the transmission of the DNA 
damage response to cell cycle regulation is somehow hin-
dered. Such decoupling might be attributed to the pre-
viously documented CagA-dependent downregulation 
of p53 [78–80], which blocks the induction of cell cycle 
arrest in response to replication stress. Additionally, our 
data suggests a connection between H. pylori-mediated 
damage and the formation of long-lived chromosomal 
aberrations, including copy number variations in GC 
driver gene. Thus, allowing cell cycle progression along-
side extensive DNA breakage can lead to transcriptional 
changes that further promote dysregulated cell prolifera-
tion and survival.

Collectively, a comprehensive two-tier model can be 
outlined for H. pylori genotoxicity and its role in gastric 
cancer tumorigenesis. In this model (Fig.  5F), H. pylori 
actively induces DNA damage in host cells, through 
dNTP depletion independently of CagA. Simultaneously, 
CagA contributes to the attenuation of repair processes 
for this damage, while maintaining cell cycle progression 
by downregulating p53.

Of note, pathogen-induced dNTP depletion has been 
demonstrated before in Human Papillomavirus (HPV) 
infection [9]. However, while H. pylori-induced dNTP 
depletion has been shown here to be decoupled from cell 
cycle progression, HPV-induced dNTP depletion occurs 
in the context of cell cycle dysregulation, and premature 
entry into S-phase with insufficient dNTP concentration. 
Despite this difference, the common genotoxic path-
way shared by these two oncogenic pathogens may sug-
gest a more universal characteristic of pathogen-related 
tumorigenesis.

Although mostly related to gastric epithelial tissue 
pathologies, H. pylori infection is not restricted to gastric 
cells. Previously, systematic analysis of H. pylori infec-
tion and cell responses in multiple non-gastric human 
and mouse cell lines [81], revealed a wide range of cell 
types that can be efficiently infected with H. pylori, and 
demonstrated an array of H. pylori-induced cellular 
responses. Moreover, H. pylori has been shown to induce 
DNA damage in U2OS human osteosarcoma cells [17]. 
Consistent with these observations, we show here that 
H. pylori infects and induces DSBs in mouse pre-B cells 
(vAbl). Importantly, we demonstrate that the genotoxic 
effect of H. pylori on those cells is reminiscent of its 
effect on human gastric cells (AGS), both in its relation 
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to replication and in the DSB pattern. Notably, H. pylori 
infection has been linked to the development of MALT 
lymphoma, a B-cell neoplasia of the digestive tract. The 
similarity that we observed here between gastric and 
lymphoid cells in H. pylori-mediated DSB signature, 
implies some commonalities in the etiology of these two 
H. pylori-mediated cancers.

While our data argues that H. pylori-mediated breaks 
may be a source for CNVs shown in GC driver genes, this 
genotoxicity-oncogenicity axis is yet to be established. 
Of note, 89% of non-cardia GC cases are attributable to 
H. pylori  [82]. However, considering the high frequency 
of H. pylori in the total population, there is likely a sig-
nificantly lower fraction of GC cases where H. pylori 
played a major role in tumorigenesis. Nevertheless, for 
this subset, the extended time window of several dec-
ades between infection and cancer transformation offers 
a unique opportunity to early detect the initiation of 
cancerous processes through H. pylori-mediated breaks 
leading to persistent chromosomal aberrations that can 
be monitored over time.

Conclusions
We provide a novel model of H. pylori genotoxicity, in 
which H. pylori induces dNTP depletion in host cells 
through a CagA-independent mechanism, leading to 
replication-coupled DNA breaks. Furthermore, we show 
that H. pylori infection imposes a signature of recurrent 
DNA break sites, which are reflected in chromosomal 
aberrations in GC patients, suggesting a link between H. 
pylori genotoxicity, and the genetic etiology of GC.
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