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BRIEFS. Novel Helicobacter pylori genes regulating DNA translocation and TLR9 activation were identified and characterized to investigate the

role of DNA translocation in gastric cancer development.

ABSTRACT. Infection with the human pathogen Helicobacter py-
lori is the strongest known risk factor for gastric cancer. The strain-
specific cag pathogenicity island encodes a cancer-associated type
IV secretion system (T4SS), which translocates the CagA onco-
protein, peptidoglycan, and bacterial DNA into host epithelial
cells. In host cells, toll-like receptor 9 (TLR9) is an immune recep-
tor that responds to bacterial DNA. H. pylori-induced TLR9 acti-
vation is directly linked to increased cancer risk in human popula-
tions. To study the carcinogenic risk of H. pylori-associated DNA
translocation into host cells, H. pylori genes that mediate DNA
translocation must be identified and inactivated to better delineate
the role of DNA translocation in cancer development independent
of known carcinogenic risk factors. H. pylori components directly
inducing DNA translocation were identified and inactivated to cre-
ate isogenic mutants, which were tested to ascertain that CagA and
peptidoglycan translocations remain undisrupted. Growth analysis
of the isogenic mutants ensured that lowered TLR9 activation was
not caused by growth defects. Two H. pylori genes demonstrated
significantly lower TLR9 activation without impeding CagA and
peptidoglycan translocation. Understanding the mechanism of
DNA translocation enables more efficient identification of higher-
risk individuals; a link between DNA translocation and cancer pro-
vides a novel pharmacotherapeutic target.

INTRODUCTION.

Helicobacter pylori (H. pylori) is a Gram-negative bacterial species
that colonizes epithelial cells in the stomach. H. pylori is the most
common bacterial infection worldwide and currently colonizes nearly
66% of the world’s population [1-5]. Infection causes a chronic in-
flammatory response, and gastritis caused by H. pylori infection is the
strongest risk factor for gastric cancer, which is the third leading cause
of cancer-related deaths globally [5]. The risk for gastric carcinogen-
esis varies due to specific interactions between environmental factors,
the host, and the microbe, which are highlighted by strain-specific dif-
ferences in H. pylori [1-5].

Host factors, such as toll-like receptors (TLRs), play a significant role
in the development of gastric cancer caused by H. pylori. TLRs are
membrane bound proteins that direct host responses to pathogens
through selective recognition of pathogen-associated molecular pat-
terns (PAMPs) such as hypo-methylated CpG DNA motifs found in
bacterial DNA. Prolonged activation of TLRs may result in inflamma-
tion or other responses associated with carcinogenesis. In particular,
TLR9 is an intracellular receptor that recognizes and responds to mo-
tifs abundant in the DNA of bacterial origin. Notably, increased TLR9
expression has been induced by co-culture with higher-risk strains of
H. pylori, compared to lower-risk strains [2].

The H. pylori cag type IV secretion system (T4SS) is an important
strain-specific determinant that is linked to the onset of cancer [1-5].

Genes that encode proteins in the T4SS are found within the cag path-
ogenicity island. Strains which are cag positive (cag*) are known to
significantly augment the risk for gastric cancer compared to cag
strains. An intact and functional T4SS system is capable of translocat-
ing cancer-associated CagA and peptidoglycan into host cells [4]. Ad-
ditionally, while Agrobacterium tumefaciens and Bartonella henselae
were historically the only known examples of bacteria with the capac-
ity for trans-kingdom DNA translocation into host cells, it was re-
cently demonstrated that H. pylori can translocate DNA into gastric
epithelial cells in a cag-dependent manner [5]. Agrobacterium tume-
faciens translocates plasmid DNA through its T4SS into host plant
cells, which results in the development of tumors in the plants [5].
Therefore, due to homology between Agrobacterium tumefaciens and
H. pylori, it is imperative to study the risk for carcinogenesis H. pylori
DNA poses to gastric cells.

H. pylori DNA has been demonstrated to activate TLR9 through the
cag T4SS [5]. However, in response to bacterial infections, TLR9 re-
sponses have been shown to be both pro- and anti-inflammatory [4, 6],
obscuring TLR9’s role in gastric carcinogenesis. Disruption of the en-
tire cag T4SS eliminates the ability of H. pylori to translocate not only
DNA but also CagA and peptidoglycan (Figure S1). Therefore, iden-
tification of genes that significantly reduce DNA translocation without
affecting the peptidoglycan and CagA pathways is vital to delineating
the route by which microbial DNA is delivered to host cells and in
determining the impact of DNA translocation on carcinogenesis in
vivo, independent of other known carcinogenic substrates.

In this study, novel genes regulating DNA translocation and TLR9 ac-
tivation were identified using random insertion mutagenesis (RIM)
paired with a TLR9 screen. The overall viability and secretion system
functionality of mutants lacking the novel genes were characterized to
elucidate the role of DNA translocation on carcinogenesis. Further un-
derstanding of the role of TLR9 activation by H. pylori is essential to
understanding the effect of the cag T4SS and to revealing TLR9’s role
in gastric cancer. Clinically, specific TLR9 pathways are potential bi-
omarkers for identifying and treating higher-risk individuals.

MATERIALS AND METHODS.
RIM TLR9 Reporter Assay

Preliminary work for this project involved the construction of a ran-
dom insertion library in H. pylori strain J166 that allows for the func-
tional identification of genes in H. pylori as described by Bijlsma et al
(1.

Ten random insertion mutagenesis (RIM) clones were randomly se-
lected; each RIM is a disruption at a different locus of the bacterial
genome. The clones were screened utilizing an in vitro TLR9 assay to
identify candidate genes required by H. pylori strain J166 for TLR9
activation as previously described [5]. Quantitative measure of SEAP
production was used to assess levels of TLR9 activation by the indi-
vidual strains.

Isogenic mutants



Using the candidate gene disruptions uncovered in the RIM TLR9
screen, isogenic H. pylori J166 mutant strains were constructed as pre-
viously described [3]. The location of each disruption was identified
using Sanger sequencing and isogenic complete knockout mutants
were created of the disrupted genes. RIM 7 was a mutation on
EG65_04365. RIM 2 was a mutation on EG65_05235. RIMs 1, 8, and
10 were mutations in different regions of EG65_06650; EG65_06650
and its flanking genes, EG65_06635 and EG65_06655, were also in-
cluded as genes of interest.

Growth Curves

The overall viability of each mutant was analyzed through growth
curve experiments of the mutants. Bacteria were grown under selec-
tion in liquid cultures. Optical density (ODeoo) was measured hourly
or bihourly for 25 hours using a spectrophotometer. Measurements
were compared to determine viability of mutants compared to wild
type strain.

Co-cultures

H. pylori was passed from frozen stocks onto blood agar plates and
grown overnight in liquid culture at a starting ODsoo of 0.2-0.3. AGS
cells were grown and counted with a hemocytometer and seeded in 6-
well plates at 1,000,000cells/well. Following infection with H. pylori
at an MOI of 100:1, both co-culture supernatants and protein lysates
were harvested. Protein lysates were used for Western blot.

Western Blot

CagA becomes phosphorylated after translocation into the host cell by
a functional cag T4SS.

Levels of total CagA and phosphorylated CagA were determined via
Western blotting to analyze candidate gene impact on CagA translo-
cation and overall cag T4SS function in the isogenic mutants. Protein
lysates from the co-cultures were collected for Western blot. Mouse
primary antibody was used for phosphorylated tyrosine detection and
a rabbit primary antibody was used for total CagA detection. Blots
were analyzed using ImageJ. Experiments were performed in dupli-
cate and repeated at least three times.

Human IL-8 ELISA

IL-8 is a pro-inflammatory cytokine released by epithelial cells fol-
lowing translocation of CagA and peptidoglycan fragments via a func-
tional cag T4SS. As an additional measure of cag T4SS function, IL-
8 levels were quantified following co-culture using a Human CXCL8
ELISA kit (R&D Systems, Minneapolis, MN, USA) according to
manufacturer’s instructions and tested in duplicate.

Isogenic Mutant TLR9 Assay

Mutants were analyzed for their ability to activate TLR9 using the spe-
cific HEK293-hTLR9 reporter assay system (described in RIM). Since
the original RIM clones demonstrated decreased activation of TLR9,
the isogenic knockouts were screened to see if the targeted genes de-
creased TLR9 activation significantly. Experiments were performed
in duplicate and repeated at least three times.

RESULTS.
Random Insertion Mutagenesis

The ten randomly selected clones created via random insertion muta-
genesis (RIM) were screened for TLR9 activation utilizing a TLR9
assay. Figure S2 shows the TLR9 activation from each RIM clone
compared to the negative control cagE-, uninfected, and the J166 wild
type strain. Each strain was used to infect both TLR9+ cells and pa-
rental cells. Results from the TLR9 activation assay shows that RIMs
1, 2,7, 8, and 10 all activated significantly lowered levels of TLR9
compared to the wild type strain. The significantly decreased TLR9

activation seen in RIMs 1, 2, 7, 8, 10 provided novel gene targets im-
pacting DNA translocation and TLR9 activation for further analysis.

Isogenic Mutant TLR9 Activation

The four isogenic mutants created based on the RIM TLR9 screen
were tested for TLR9 activation to verify decrease in TLR9 activation.
The mutants were compared to a negative control, isogenic mutant
cagE-, uninfected, and the J166 wild type strain (Figure 1). Two mu-
tants, EG65_06635 and EG65_04365 demonstrated significantly de-
creased TLR9 activation compared to the wild type strain in the
TLR9+ infections.
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Figure 1. TLR9 Activation by Isogenic Mutants. Isogenic mutants
EG65_06635 and EG65_04365 demonstrate significantly decreased TLR9
activation compared to the wild type strain. Data are expressed as fold
change over uninfected control. Mean+SEM are shown. A one-way anal-
ysis of variance with Bonferroni correction was used to determine statisti-
cal significance between groups. **p<0.01, ****p<0.0001

IL-8 Induction by Isogenic Mutants

After confirming the significance of genes EG65 06635 and
EG65_04365 in decreasing TLR9 activation, an IL-8 induction assay
was used to ascertain that removal of the genes did not disrupt the
pathway induced by translocated peptidoglycan and analyze the func-
tionality of their cag T4SS (see Figure S1). The isogenic mutants
demonstrate similar levels of IL-8 induction compared to wild type
(Figure 2).
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Figure 2. IL-8 Induction Remains Unchanged by Isogenic Mutants. No sig-
nificant change in IL-8 induction compared to wild type strain. CagE was
a negative control. Mean+SEM are shown. A one-way analysis of variance
was used to determine statistical significance.

Phosphorylated CagA/Total CagA by Isogenic Mutants

Phosphorylated CagA and total CagA levels in host cells from infec-
tion by each isogenic mutant were determined using Western blot in
order to ensure that the pathway activated by translocated CagA re-
mains intact and determine that the cag T4SS is functional (Figure S1).
All isogenic mutants demonstrate no change in phosphorylated
CagA/total CagA, demonstrating that the CagA translocation remains
unchanged by the removal of candidate genes (Figure 3).

Growth rate

Growth rates of each isogenic mutant compared to wild type strain was
also observed to ensure the perceived changes in TLR9 activation was
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Figure 3. Type IV Secretion System Function of Isogenic Mutants Remains
Intact. A. Isogenic mutants demonstrate no significant change in CagA trans-
location compared to wild type strain. Mean+SEM are shown. A one-way anal-
ysis of variance was used to determine statistical significance. B. Western blot
was used to determine phosphorylated CagA and total CagA levels from each
infection to ensure the T4SS remains intact.

not due to abnormal growth caused by deletion of a gene. Isogenic
mutants EG65_06635, EG65_06650, and EG65_04365 grew similarly
to the wild type strain while EG65_06655 demonstrated decreased
growth after 25 hours compared to the wild type strain (Figure S1).

DISCUSSION.

Isogenic mutants EG65_06635 and EG65_04365 demonstrated signif-
icantly lower levels of TLR9 activation when compared to the wild
type (Figure 1) while no significant change was noted in I1L-8 induc-
tion (Figure 2) or T4SS function (Figure 3). Since release of IL-8 can
be induced by CagA and peptidoglycan translocation into host cells,
this indicates a functional cag T4SS is preserved while TLR9 activa-
tion in the two mutants is significantly decreased. Since EG65_06635
and EG65_06650 demonstrate no growth defects, increased TLR9 ac-
tivation is not attributed to differences in growth (Figure S3). A de-
crease in TLR9 activation but no change in IL-8 induction also sug-
gests that activation of the TLR9 pathway by H. pylori DNA affects
inflammation independently of IL-8. Additionally, the mutants retain
the ability to induce IL-8, indicating the cag T4SS is still able to trans-
locate CagA and peptidoglycan, driving a proinflammatory response.
TLR9 has been demonstrated to induce both proinflammatory and
anti-inflammatory responses. The data suggests that TLR9 activation
by H. pylori DNA does not induce a proinflammatory response via IL-
8 release since this remains intact with lowered levels of TLR9 acti-
vation. This supports the conclusions of Varga et al. [4], who noted
that H. pylori-infected mice lacking TLR9 demonstrated higher in-
flammation than wild type mice, suggesting that TLR9 activation sup-
presses inflammatory responses.

Varying host responses to bacterial DNA of each mutant further indi-
cate that bacterial DNA may differ by strain and suggests possibility
of identification of higher risk individuals by differences in translo-
cated DNA. Several genes affecting translocation of DNA and other
substrates seem to be heavily conserved among strains [2, 4]. Further
study is necessary to determine whether the candidate genes in this
study are conserved in other strains, which would indicate a role of the
candidate genes in the evolutionary survival of H. pylori [2, 4].

DNA translocation by H. pylori will be further characterized through
high-resolution microscopy. The effects of DNA translocation and

TLR9 activation independent of known carcinogenic substrates CagA
and peptidoglycan on gastric carcinogenesis can be observed in vivo
in a mouse infection model by the identified isogenic mutants. By be-
ing able to selectively observe the effects of TLR9 activation inde-
pendent of other carcinogenic substrates, a potentially novel drug tar-
get for gastric cancer prevention and treatment can also be explored.
Isogenic mutants EG65_06635 and EG65_04365 make possible the
study of how TLR9 mutations may inhibit or promote H. pylori from
colonizing or inducing cancer in hosts. In-depth study of the independ-
ent effects of TLR9 activation by H. pylori DNA may also facilitate
the development of a blood test that can screen patients for higher risk.
More importantly, activation of the TLR9 pathway may eventually act
as a biomarker for higher risk strains of H. pylori.

In this study, novel genetic factors contributing to TLR9 activation by
DNA translocation, which is significantly increased in higher-risk H.
pylori strains, were identified and characterized for the first time. Iden-
tifying and understanding the genes that encode proteins required for
DNA translocation is crucial to understanding the evolutionary ad-
vantage of DNA translocation; identifying these component genes in-
creases understanding of where the DNA that is translocated origi-
nates from within the H. pylori genome. If DNA translocation is
demonstrated to be associated with increased occurrence of gastric
cancer, this provides for a novel pharmacotherapy target and a bi-
omarker for identifying higher risk patients.
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Figure S1. T4SS Substrates.
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