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Nuclear targeting of bacterial proteins and their pathological
effects on host cells are an emerging pathogenic mechanism
in bacteria. We have previously reported that urease subunit
A (UreA) of Helicobacter pylori targets the nuclei of COS-7
cells through nuclear localization signals (NLSs). This study
further investigated whether UreA of H. pylori targets the
nuclei of gastric epithelial cells and then induces molecular
and cellular changes in the host cells. H. pylori 26695 strain
produced and secreted outer membrane vesicles (OMV3s).
UreA was translocated into gastric epithelial AGS cells through
outer membrane vesicles (OMVs) and then targeted the nu-
clei of AGS cells. Nuclear targeting of rUreA did not induce
host cell death, but resulted in morphological changes, such
as cellular elongation, in AGS cells. In contrast, AGS cells
treated with rUreAANLS proteins did not show this mor-
phological change. Next generation sequencing revealed that
nuclear targeting of UreA differentially regulated 102 mor-
phogenesis-related genes, of which 67 and 35 were up-regu-
lated and down-regulated, respectively. Our results suggest
that nuclear targeting of H. pylori UreA induces both mo-
lecular and cellular changes in gastric epithelial cells.
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Introduction

Helicobacter pylori colonizes or infects the gastric mucosa of
more than half of the world’s population, affecting as much
as 90% of the population in countries with poor sanitation.
H. pylori infection is known to be associated with the de-
velopment of gastritis, peptic ulcers, chronic atrophy, and
gastric adenocarcinoma (Suerbaum and Michetti, 2002; Yu
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et al., 2011; Makobongo et al., 2014; Seo et al., 2014).
However, the molecular mechanisms by which H. pylori
contributes to the development of gastric diseases remain
to be elucidated. Several virulence-associated determinants
have been found to be associated with the pathogenesis of
H. pylori and progression of gastric diseases. These include
membrane-associated adhesins (blood-group-antigen-bind-
ing adhesin [BabA], sialic acid binding adhesin [SabA], ad-
herence-associated lipoprotein A and B [AlpA/B], and outer
inflammatory protein A [OipA]) (Ilver et al., 1998; Yamaoka
et al., 2000; Mahdavi et al., 2002; Odenbreit et al., 2002), cy-
totoxin-associated gene A (CagA) (Handa et al., 2007; Backert
et al., 2011; Wessler et al., 2011), vacuolating cytotoxin A
(VacA) (Cover and Blanke, 2005; Rassow, 2011), high tem-
perature requirement A (HtrA) (Hoy et al., 2010), peptido-
glycan (Viala et al., 2004), and y-glutamyl transpeptidase
(Kim et al., 2007).

Nuclear targeting of bacterial proteins is a recently recog-
nized pathogenic mechanism of bacteria that has a signifi-
cant impact on host cell biology. Several bacteria, Acineto-
bacter baumannii (Choi et al., 2008), Chlamydia trachomatis
(Pennini et al., 2010), Klebsiella pneumoniae (Lee et al., 2009),
Salmonella enterica (Haraga and Miller, 2003), Shigella spe-
cies (Okuda et al., 2005), and Yersinia species (Benabdillah
et al., 2004), are known to possess nuclear targeting proteins
in eukaryotic cells. After translocation to the nuclei of host
cells through nuclear localization signals (NLSs) (Lange et
al., 2007), bacterial proteins may directly or indirectly bind
to the nuclear molecules of the host cells and then alter cell
function or induce pathological changes in cells. Using bio-
informatic analysis, we recently found that 49 functional or
hypothetical H. pylori proteins carried putative NLSs in
their amino acid sequences and, among theses, 26 were ex-
perimentally shown to target the nuclei of COS-7 cells (Lee
et al., 2012). For instance, urease subunit A (UreA) could
target the nuclei of COS-7 cells via a monopartite NLS,
21KKRKEKj. These results suggested that nuclear targeting
of UreA may alter the biology of gastric epithelial cells if
UreA is translocated from H. pylori to gastric epithelial
cells during in vivo infection.

H. pylori produces a large quantity of urease, which ac-
counts for 10-15% of the bacterial proteins (Hu and Mobley,
1990). H. pylori urease is a 1.1 MDa spherical assembly of
12 catalytic units, consisting of a monomer with two sub-
units, UreA (26.5 kDa) and UreB (60.3 kDa) (Ha et al., 2001;
Ge et al., 2013). Urease is an intracellular enzyme that cata-
lyzes the hydrolysis of urea to form ammonia and carbon
dioxide. Urease production is essential to the survival of H.
pylori under the acidic conditions encountered during col-
onization or infection in the stomach (Eaton and Krakowka,



1994; Dunn et al., 1997). The main role of the urease pro-
duced by H. pylori is thought to be neutralization of the
acidic microenvironment by production of ammonia. Urease
also displays biological effects that are independent of its
enzymatic activity, such as inducing the production of pro-
inflammatory cytokines (Harris et al., 1996), transendothelial
migration of T cells (Enarsson et al., 2005), and expression
of inducible nitric oxide synthesizing enzyme (Gobert et al.,
2002), which mediates tissue inflammation and injury. Upon
bacterial autolysis, intrabacterial urease is released and binds
to the extracellular surface of viable H. pylori, where it rep-
resents about 30% of the total cell urease content (Dunn et
al., 1997). Furthermore, outer membrane vesicles (OMVs)
secreted from H. pylori contain structural and accessory
proteins of urease, including UreA, UreB, UreF, and UreH
(Olofsson et al., 2010). Given this background, we hypothe-
sized that OMVs deliver intrabacterial and surface-bound
urease of H. pylori to gastric epithelial cells, which can then
induce alteration of host cell biology. This study investi-
gated the translocation of UreA from H. pylori to host cells via
OMVs and the subsequent molecular and cellular changes
in gastric epithelial cells induced by nuclear targeting of
UreA.

Materials and Methods

Bacterial strains and cell culture

H. pylori 26695 strain was obtained from the H. pylori Korean
Type Culture Collection (Gyeongsang National University
School of Medicine, Jinju, Korea). Escherichia coli DH5a
and E. coli BL21 (DE3) were used for DNA cloning and pro-
duction of recombinant UreA (rUreA) proteins, respectively.
H. pylori was grown on Brucella agar medium (Difco) sup-
plemented with 10% fetal bovine serum (FBS; HyClone) at
37°C in 10% COs. E. coli strains were grown in Luria-Bertani
(LB; Difco) broth at 37°C. AGS cells, originally derived from
human gastric carcinoma tissue, were obtained from the
Korean Cell Line Bank. AGS cells were grown in RPMI 1640
medium (HyClone) supplemented with 10% FBS, 100 U/ml
penicillin, and 20 pg/ml streptomycin under a humidified
atmosphere containing 5% CO,. AGS cells were seeded in
6- or 12-well tissue culture plates for the transfection of plas-
mids or direct delivery of recombinant proteins.

Gateway recombinational cloning of ureA

Genomlc DNA was purified from H. pylori 26695 using a
SolGent™ Genomic DNA Prep kit (SolGent) and was then
used as a template for polymerase chain reaction (PCR).
PCR was performed using 1.5 U Platinum Pfx DNA poly-
merase (Invitrogen), 2 pl of 10 x Pfx amplification buffer,
0.3 mM dNTP mixture, I mM MgSOs, 10 pM of each pri-
mer, and template DNA (100 ng). PCR reactions were per-
formed in two steps: The first step of PCR, employing ureA-
specific primers (5'-ACA AAA AAG CAG GCT CCA CCA
TGA AAC TCA CCC CAA AAG AGT T-3" and 5'-ACA
AGA AAG CTG GGT TCT CCT TAA TTG TTT TTA
CAT AGT TG-3'; underlined nucleotides indicate a#tB1 and
attB2 adapter sequences, respectively), was conducted as
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follows: one cycle of 95°C for 3 min; 30 cycles each consisting
of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 2 min; and
a final elongation step at 72°C for 10 min. The PCR prod-
ucts so obtained were then used as a template in the second
step of PCR, which employed the adapter primers for attB1
(5-GGG GAC AAG TTT GTA CAA AAA AGC AGG CT-3)
and attB2 (5'-GGG GAC CAC TTT GTA CAA GAA AGC
TGG GT-3'); this generated the full-length at¢B1 and attB2
sites flanking ureA of H. pylori. The amplified ureA was re-
combined into the pPDONR207 vector (Invitrogen) by using
BP reactions. The plasmid pDONR207 was mixed with 2 pl of
each attB-linked PCR product in 15 pul of BP reaction mix-
ture containing 3 pl BP clonase I enzyme mix (Invitrogen).
After incubation at 25°C for 60 min, proteinase K was added
and then each reaction was incubated at 37°C for 10 min.
BP reaction mixtures were used directly for bacterial trans-
formation. Aliquots of the entry clone were used for trans-
formation of E. coli DH5a cells, and bacteria were plated on
LB medium containing 50 pg/ml of gentamicin. A single
colony subsequently obtained from these plates was tested
by colony-PCR with specific primers for ureA and the am-
plicon was sequenced using an ABI Prism 3730XL Analyzer
(Applied Biosystems). The entry clone specific for ureA was
then used for the generation of green fluorescent protein
(GFP)-tagged clones or production of recombinant proteins
in a reaction mixture containing 2 ul LR clonase II enzyme
mix (Invitrogen), 150 ng pcDNA™6.2/N-EmGFP-DEST vec-
tor (Invitrogen) for GFP-tagged clones or pET160-DEST
(Invitrogen) for the production of recombinant proteins.
After incubation at 25°C for 3 h, proteinase K was added
and each reaction mixture was further incubated at 37°C for
10 min. The LR reactions were used to transform E. coli
DHb5a, as described above. Transformants were selected on
LB plates containing 50 pg/ml ampicillin.

Transfection of the constructed plasmids in AGS cells

The plasmid constructs obtamed from LR reactions were
extracted using an Exprep' ™ plasmid SV kit (GeneAll), and
plasmid DNA was diluted in 100 pl of Opti-MEM MEM® I
medium (Invitrogen). Plasmld DNA (1.6 pg) was incubated
with 4 pl Lipofectamine™ 2000 (Invitrogen), diluted in 96 pl
of Opti-MEM MEM® I medium, for 45 min at room tem-
perature and this mixture was subsequently added to the
cells.

Production of rUreA proteins and direct delivery of recom-
binant proteins into AGS cells

The plasmid constructs of ureA cloned into pET160-DEST
using the Gateway cloning system were transformed into
E. coli BL21 (DE3) and recombinant proteins were overex-
pressed after induction with 1 mM of isopropyl p-D-1-thi-
ogalactopyranoside at 37°C for 4 h. Recombinant proteins
were purified using a nickel-column (Amersham Biosciences)
and lipopolysaccharide (LPS) was removed by polymyxin
B-coated beads (Sigma-Aldrich). The protein concentration
was determined using a modified BCA assay (Thermo Scien-
tific). Concentrations of LPS were determined using a Limulus
Amebocyte lysate test kit (Sigma-Aldrich), and the quantity
of LPS in the recombinant proteins was found to be <0.01
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ng/mg. His-tagged recombinant UreA proteins were delivered
directly into AGS cells using a Pro-Ject™ Protein Transfec-
tion Reagent kit (Pierce) according to the manufacturer’s
instructions. This system is a unique cationic lipid-based
carrier system for the delivery of biologically active pro-
teins into living cells.

Isolation of OMVs

The OMVs produced by H. pylori were prepared as described
previously (Kwon et al., 2009). Briefly, H. pylori 26695 strain
was grown in Brucella broth (Difco) supplemented with 10%
horse serum in a 90-mm diameter petri dish to the early
stationary phase under the following conditions: 10% CO,
100% humidity, and a temperature of 37°C (Joo et al., 2010).
Bacterial cells were removed by centrifugation at 6,000 x g
for 20 min at 4°C. The supernatants were filtered with a
QuixStand Benchtop System (GE Healthcare) by using a
0.2 um-sized hollow fiber membrane (GE Healthcare) and
concentrated with a QuixStand Benchtop System using a
100 kDa hollow fiber membrane (GE Healthcare). The con-
centrated bacterial supernatant containing OMVs was ul-
tracentrifuged at 150,000 x g for 3 h at 4°C. The pellets were
resuspended in 1.25 ml of phosphate-buffered saline (PBS)
and layered over a sucrose gradient (1.25 ml each of 2.5,
1.6, and 0.6 M sucrose). The samples were centrifuged at
200,000 x g for 20 h at 4°C, and four fractions of equal vol-
umes were collected from the bottom. Sucrose was removed
by ultracentrifugation at 150,000 x g for 3 h at 4°C, and the
purified OMV's were resuspended in PBS. The sucrose den-
sity and protein concentration were determined using refrac-
tometry and the Bradford assay (Bio-Rad Laboratories), res-
pectively. The purified OMVs were checked for sterility and
stored at -80°C until required for use.

Preparation of bacterial lysates and outer membrane pro-
teins

After culturing of H. pylori 26695 strain in Brucella broth,
bacterial cells were centrifuged at 6,000 x g for 20 min at 4°C
and resuspended in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer (1 M Tris-
HCI pH 6.8, 10% SDS, 1% bromophenol blue, glycerol, and
B-mercaptoethanol). The samples were boiled for 10 min to
prepare bacterial lysates. For the preparation of outer mem-
brane proteins, bacterial cells were resuspended in 10 mM
HEPES buffer containing 1 mM EDTA and 1 mM phenyl-
methylsulfonylfluoride (Smiley et al., 2013). The bacterial cells
were disrupted by sonication (Bransonic Sonifiter S-450A).
Unbroken cells were removed by centrifugation and bacte-
rial lysates were resuspended in 10 ml of 10 mM HEPES
and then DNAse and RNAse (Sigma-Aldrich) were added
to a final concentration of 0.1 mg/ml for 2 h at 37°C. After
ultracentrifugation at 100,000 x g for 1 h, the pellets were
solubilized in 10 ml of 2% sarcosine (Sigma-Aldrich) and
incubated for 30 min at room temperature. The samples were
ultracentrifuged at 100,000 x g for 1 h and the outer mem-
brane proteins were subsequently dissolved in PBS. The
protein concentrations were determined using the Bradford
assay (Bio-Rad Laboratories).

Subcellular fractionation of AGS cells and western blotting
of UreA

AGS cells were transfected with the destination vector
pcDNA"™6.2/N- EmGFP DEST and plasmid constructs of
ureA in pcDNA™6.2/N-EmGFP-DEST, generated using
the Gateway cloning system, and were then incubated at
37°C for 24 h. After harvesting the adherent cells, the nu-
clear and cytosolic fractions were isolated using a Nuclear/
Cytosol fractionation kit (Bio-Vision) according to the manu-
facturer’s instructions. The samples were separated by 12%
SDS-PAGE, followed by electrotransfer onto nitrocellulose
membranes (Hybond-ECL; GE Healthcare). The blots were
blocked in 5% non-fat skim milk and incubated with a mono-
clonal anti-mouse UreA antibody. A monoclonal antibody
against UreA was supplied by Department of Microbiology,
Gyeongsang National University School of Medicine, Jinju,
Korea (Kim et al., 1991). UreA proteins were visualized by
incubation with horseradish peroxidase-conjugated goat
anti-mouse IgG antibody (Molecular Probes), followed by
enhanced chemiluminescence (ECL plus; GE Healthcare),
according to the manufacturer’s instructions.

Fluorescence and confocal laser microscopy

AGS cells were seeded at a density of 4 x 10° on glass cover-
slips in 6-well plates for 24 h. rUreA proteins were delivered
directly into AGS cells using a protein transfection system
and cells were incubated at 37°C for 4 h. After permeabiliza-
tion of cells with Triton X-100, UreA was labeled with a mono-
clonal anti-mouse UreA antibody, followed by incubation
with an Alexa-568-conjugated goat anti-mouse IgG antibody
(Molecular Probes). The nuclei of AGS cells were stained
with 4', 6-diamidino-2-phenyllindole dihydrochloride (DAPI)
(Molecular Probes). AGS cells were treated with H. pylori
OMVs for 4 h. After permeabilization with Triton X-100,
UreA was labeled with a monoclonal anti-mouse UreA an-
tibody, followed by staining with an Alexa-488-conjugated
goat anti-mouse IgG antibody (Molecular Probes). Samples
were analyzed using a Carl-Zeiss confocal laser microscope.
For staining of F-actin and myosin in AGS cells that had been
treated with rUreA, cells were labeled with Alexa Fluor-568
phalloidin (Molecular Probes) and anti-myosin antibody
(Abcam), followed by Alexa-488-conjugated goat anti-mouse
IgG antibody (Molecular Probes), respectively. Cells were
observed using a fluorescence microscope (Nikon).

Determination of cell viability

The cytotoxicity of AGS cells transfected with rUreA pro-
teins was measured using the Premix WST1 Cell Prolifera-
tion Assay system (TaKaRa) AGS cells were seeded at a
concentration of 2.0 x 10 cells/ml in a 96-well microplate.
Cells were transfected with various concentrations of rUreA
proteins using a protein transfection system and cells were
incubated at 37°C for 24 h. The growth of AGS cells was
monitored at 450 nm for 3 h after treatment with WST1.

Next generation sequencing (NGS)

Total RNA was isolated from AGS cells transfected with
the destination vector pcDNA"™6.2/N-EmGFP-DEST or the



plasmid constructs of ureA in pcDNATM6.2/N-EmGFP-DEST,
and was then treated with RNase-free DNase I (New Eng-
land BioLabs) for 30 min at 37°C to remove residual DNA.
DNase I-treated total RNA was purified using the RNeasy
RNA Isolation kit (Qiagen) and the integrity and quality of
these samples were measured with an Agilent Bioanalyzer
2100 (Agilent). The samples with an ODaso/280 > 1.8, 28s/18s
> 1.5, and RIN > 9.0 were selected for sequencing. Oligo
(dT)-conjugated beads were used to isolate poly(A) mRNA.
First-strand cDNA was synthesized using random hexamer
primers and reverse transcriptase (Invitrogen). The second-
strand cDNA was synthesized using RNase H (Invitrogen)
and DNA polymerase I (New England BioLabs). cDNA li-
braries were then prepared according to the manufacturer’s
instructions (Illumina). In total, we constructed one single-
end cDNA library for each of two samples and sequenced
these cDNA clones using the Illumina HiSeq-2000 sequencer.

Calculation of copy number of mRNAs

Gene expression levels were calculated by using the reads
per kb per million reads (RPKM) method, using the for-
mula shown below:

10°C
RPKM(A) = Jr10°
in which RPKM (A) represents the expression of gene A, C
represents the number of reads that are uniquely aligned to
gene A, N is the total number of reads that are uniquely
aligned to all genes, and L is the number of bases in gene A.
The RPKM method is capable of eliminating the influence
of differences in gene length and sequencing discrepancies
on the calculation of gene expression. Therefore, the calcu-
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Fig. 1. H. pylori OMV's contain UreA. (A) Transmission electron micro-
graph of OMVs purified from H. pylori 26695 strain. (B) Protein profiles
of H. pylori OMVs. Lanes: M, molecular size markers; 1, bacterial lysates
of H. pylori; 2, purified OMV’s; 3, outer membrane proteins. (C) Identifi-
cation of UreA in H. pylori OMVs. OMV samples were separated by 12%
SDS-PAGE and were immunoblotted with a monoclonal anti-UreA anti-
body. rUreA proteins were used as a positive control.
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lated gene expression can be directly used for comparing the
difference in gene expression among samples. When more
than one transcript exists for a gene, the longest transcript
is used to calculate the gene expression level and coverage.
Gene coverage is the percentage of a gene covered by reads.
This value is equal to the ratio of the base number in a gene
covered by unique mapping reads to the total base number
of that gene.

Results

OMVs deliver UreA to gastric epithelial cells

A large amount of H. pylori urease is released upon bacterial
autolysis and binds to the surface of viable H. pylori (Dunn
et al., 1997). Proteomic analysis has shown that UreA is pre-
sent in the OMV’s secreted from H. pylori CCUG 17875 strain
(Olofsson et al., 2010). These results suggest that H. pylori
urease can be secreted from bacteria to extracellular milieu
via OMVs. To determine whether H. pylori 26695 strain also
secreted UreA via OMVs, bacteria were cultured in a thin-
layer liquid culture system and OMVs were then purified
from the culture supernatant. TEM analysis showed that H.
pylori 26695 strain produced and secreted spherical nano-
vesicles (Fig. 1A). SDS-PAGE was performed to verify OMVs.
Protein bands of OM Vs were different from those of bacte-
rial lysates and outer membrane protein fractions (Fig. 1B).
Western blot analysis showed that UreA was present in the
OMVs of H. pylori 26695 strain (Fig. 1C). Next, to determine
whether OMVs played a role in the delivery of UreA to
gastric epithelial cells, AGS cells were treated with H. pylori
OMVs for 4 h and were then stained with a monoclonal
anti-UreA antibody, followed by staining with an Alexa 488-
conjugated goat anti-mouse IgG antibody. UreA was detected
in both the cytoplasm and nuclei of AGS cells (Fig. 2). These
results suggest that OMVs are an important vehicle by which
the UreA produced by H. pylori is delivered to gastric epi-
thelial cells.

DAPI UreA

Merged

AGS cells

AGS cells
with OMVs

Fig. 2. H. pylori OMVs deliver UreA to gastric epithelial cells. AGS cells
were treated with H. pylori OMVs (a protein concentration of 10 pg/ml)
for 4 h. The cells were fixed, permeabilized with Triton X-100, and
stained with a monoclonal anti-UreA antibody, followed by staining with
an Alexa 488-conjugated goat anti-mouse IgG antibody (green). DAPI
was used to stain the nuclei (blue). The distribution of UreA was ana-
lyzed by confocal laser microscopy.
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Fig. 3. Nuclear targeting of H. pylori UreA
in AGS cells. (A) Nuclear localization of H.
pylori UreA fused with GFP in gastric epi-
thelial cells. AGS cells were transfected with
plasmids constructs of ureA in the pcDNA™
6.2/N-EmGFP-DEST vector (GFP-UreA) or
the empty vector (GFP) and were incubated
for 18 h. Subcellular localization of the GFP-
tagged UreA proteins was observed by flu-
orescence microscopy. (B) SDS-PAGE of
His-tagged rUreA proteins. The recombi-
nant His-tagged UreA proteins were pro-
duced using a Gateway cloning system Lanes:
M, molecular size markers; 1, the purified
rUreA proteins; 2, rUreA proteins obtained
from bacterial cell lysates. An arrow indi-
cates His-tagged rUreA. (C) Subcellular lo-
calization of rUreA in AGS cells. rUreA pro-
teins were directly delivered to AGS cells us-
ing a protein transfection system and cells
were incubated for 4 h. UreA was labeled
with a monoclonal anti-mouse UreA anti-
body, followed by staining with an Alexa 568-
conjugated goat anti-mouse IgG antibody.
The nuclei were stained with DAPI. rUreA
proteins were distributed in both the cyto-
plasm and nuclei of AGS cells.

Fig. 4. Morphological changes induced by
rUreA proteins in AGS cells. (A) AGS cells
were treated with rUreA proteins using a
protein transfection system or were treated
with the same volume of transfection buffer,
and were then incubated for 24 h. Cellular
viability was measured using the WST1
assay. (B) rUreA, rUreAANLS, or (-galacto-
sidase (an amount equivalent to a protein
concentration of 10 pg/ml) was delivered
directly to AGS cells using a protein trans-
fection system, and cells were then incubated
for 24 h. Cellular morphology was observed
using a phase-contrast inverted microscope.
Magnification, x100. (C) AGS cells were
treated with rUreA proteins (an amount
equivalent to a protein concentration of 10
pg/ml) using a protein transfection system,
and were then incubated for 24 h. Cells were
fixed, permeabilized with Triton X-100, and
stained with Alexa Fluor 568 phalloidin and
anti-myosin antibodies, followed by Alexa
488-conjugated goat anti-mouse IgG anti-
body. The nucleus was stained with DAPI.
Cellular morphology was observed using a
confocal laser microscope. As a control, AGS
cells were treated with 10 ug/ml of B-galac-
tosidase using a protein transfection system.
Scale bar: 20 um.



UreA targets the nuclei of gastric epithelial cells

We previously showed that GFP-tagged UreA targeted the nu-
clei of COS-7 cells via NLSs, whereas GFP-tagged UreAANLS
was localized in the cytoplasm of cells (Lee et al., 2012). To
determine whether UreA could target the nuclei of effector
cells, gastric epithelial AGS cells were transfected with plas-
mid constructs of ureA cloned into the pcDNA™6.2/N-
EmGFP-DEST vector, and the subcellular distribution of
GFP-tagged UreA was then determined by fluorescence
microscopy. Green fluorescence was observed in both the
cytoplasm and nuclei of AGS cells, but was predominantly
observed in the nuclei (Fig. 3A). To obtain further direct evi-
dence of the nuclear targeting of UreA in AGS cells, rUreA
proteins were produced using a Gateway cloning system
(Fig. 3B) and directly delivered into AGS cells using a pro-
tein transfection system. Similar to the delivery of UreA via
OMVs (Fig. 2), confocal microscopy showed that rUreA pro-
teins were detected in both the cytoplasm and nuclei of AGS
cells (Fig. 3C). Taken together, our results suggest that H.
pylori UreA targets the nuclei of gastric epithelial cells after
delivery to the host cells via OMVs.

Nuclear targeting of UreA induces morphological changes
in AGS cells

To determine whether UreA could induce any cellular change
after nuclear targeting, rUreA proteins were delivered di-
rectly to AGS cells using a protein transfection system and
the cellular viability was determined 24 h after the treatment.
Because cytotoxic virulence-associated factors, such as CagA
and VacA, were found to be associated with H. pylori OMV's
and showed the same biological activity that mediated by
whole bacteria (Ricci et al., 2005; Olofsson et al., 2010), AGS
cells were treated with rUreA proteins, instead of OMVs
purified from H. pylori 26695 strain. rUreA proteins did
not induce cytotoxicity in AGS cells that had been treated
with up to 20 pg/ml (Fig. 4A). However, rUreA proteins
(210 pg in 50 pl of buffer) induced morphological changes
in AGS cells, such as elongation of the cells (Fig. 4B). As a
control, B-galactosidase (10 pg) was delivered to AGS cells
using the protein transfection system and the same volume

GFP GFP-UreA
C N B C N B

<+— 579 kDa

<+—48.0 kDa

. el 3 o +—345kDa
Fig. 5. Nuclear translocation of GFP-tagged UreA proteins in AGS cells.
AGS cells were transfected with the destination vector pcDNA™46.2/N-
EmGFP-DEST or plasmid constructs of ureA in destination vector, and
then incubated for 24 h. After harvesting the cells, the nuclear and cyto-
solic fractions were isolated. The nuclear (N) and cytosolic (C) fractions
and bacterial lysates (B) were separated by 12% SDS-PAGE and western
blotting was performed using a monoclonal anti-UreA antibody. Intact

and degraded GFP-tagged UreA proteins were detected in the nuclear
fraction and bacterial lysates.
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(50 ul) of dialysis buffer as that used for purification of re-
combinant proteins was treated to the AGS cells. p-Galac-
tosidase and dialysis buffer (data not shown) did not induce
any morphological change in AGS cells, as compared to un-
treated control cells. Furthermore, AGS cells treated with
rUreANLS proteins did not show this morphological change
(Fig. 4B), suggesting that nuclear targeting of UreA is a pre-
requisite for induction of morphological changes in AGS
cells. Next, to determine whether morphological changes of
AGS cells induced by rUreA proteins were associated with
reorganization of actin filaments or myosin, AGS cells were
treated with rUreA proteins and stained with Alexa Fluor-
568 phalloidin and anti-myosin antibodies. Cellular shrin-
kage and cytoplasmic elongation were observed in AGS cells
treated with rUreA proteins (Fig. 4C). Our results suggested
that nuclear targeting of UreA induces morphological changes
in AGS cells.

Nuclear targeting of UreA differentially regulates morpho-
genesis-related genes

In order to investigate whether induction of morphological
changes by nuclear targeting of UreA was associated with
regulation of morphogenesis-related genes in AGS cells, a
genome-wide expression profile in AGS cells in the process
of responding to UreA was measured using the NGS tech-
nology. Two sets of AGS cells were transfected with plas-
mid constructs of ureA cloned into the destination vector
pcDNA"™6.2/N-EmGFP-DEST, or with the empty vector.
One set of cells was used for a western blotting assay to de-
termine nuclear targeting of GFP-UreA proteins, and the
other was used for NGS analysis. The transfection efficiency
of AGS cells with both the GFP-tagged UreA clone and the
destination vector alone reached approximately 70%, as de-
termined using fluorescence microscopy. In order to de-
termine whether GFP-tagged UreA proteins localized to the
nuclei of AGS cells, western blotting analysis was performed
using a monoclonal anti-UreA antibody. Intact and de-
graded GFP-tagged UreA proteins were detected in the nu-
clear fraction of AGS cells that had been transfected with
the plasmid constructs of GFP-tagged UreA clone (Fig. 5).
Total RNA was extracted from AGS cells transfected with a
plasmid constructs of GFP-tagged UreA clone or the desti-
nation vector, and the copy number of mRNA in each gene
was calculated. A total of 347 genes were differentially up-
regulated by GFP-tagged UreA, with at least a two-fold
change, whereas 301 were down-regulated. Among the 648
differentially regulated genes, 102 (15.7%) were found to be
associated with cellular morphogenesis; 67 of these were
up-regulated by GFP-tagged UreA (Supplementary data Table
S1), whereas 35 were down-regulated (Supplementary data
Table S2). These results suggest that UreA differentially re-
gulates a wide range of cellular genes, as well as morpho-
genesis-related genes, which are possibly associated with
the induction of morphological changes in AGS cells.

Discussion

The present study shows that nuclear targeting of H. pylori
UreA induces morphological changes in gastric epithelial
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cells. Besides its main role in the neutralization of gastric
acid, H. pylori urease may indirectly interfere with host cell
biology. Although cellular changes in gastric epithelial cells
induced by nuclear targeting of H. pylori UreA were dem-
onstrated in AGS cells treated with rUreA, but not with
OMV:s or whole bacteria, this is the first to report both mo-
lecular and morphological changes of host cells induced by
nuclear targeting of H. pylori-derived molecules.

Delivery of bacterial proteins to the cytoplasm of host cells
is a prerequisite for nuclear targeting. We previously showed
that H. pylori UreA targeted the nuclei of fibroblast COS-7
cells via a functional NLS, » KKRKEKj¢, but we did not de-
termine the mechanisms by which UreA delivered to the
host cells (Lee et al., 2012). H. pylori delivers specific viru-
lence factors, such as CagA, directly to host cells through
the type IV secretion system (Naumann and Crabtree, 2004;
Lamb et al., 2009). In addition, many virulence-associated
factors, including AlpA/B, BabA, OipA, SabA, HopQ, VacA,
HtrA, CagA, y-glutamyl transpeptidase, and UreA, were
identified in OMVs from H. pylori CCUG 17875 (Olofsson
et al., 2010), suggesting that OMV's can deliver these viru-
lence factors to host cells simultaneously. In the present
study, we showed that H. pylori 26695 strain secreted UreA
through OMV's during in vitro culture, and that UreA was
translocated into gastric epithelial AGS cells via OMVs. Our
results suggest that OMV's can deliver bacterial effector pro-
teins, including UreA, to gastric epithelial cells during H.
pylori infection.

In the present study, we demonstrated that nuclear targeting
of rUreA proteins induces the morphological changes in
AGS cells. Cellular elongation was also observed in COS-7
cells transfected with the plasmid constructs of ureA 24 h
after transfection (Lee et al., 2012). Marked changes were
observed in actin filaments of AGS cells. However, in our
study, rUreAANLS was neither delivered to the nuclei of
gastric epithelial cells, nor resulted in morphological changes
in AGS cells. This result suggests that morphological changes
of AGS cells were only induced by nuclear targeting of UreA.
We treated AGS cells with rUreA, but not with H. pylori
OMVs, because CagA, which can induce a hummingbird
phenotype, has been identified on the surface of OMVs
(Olofsson et al., 2010). The H. pylori oncoprotein, CagA, is
known to induce morphological changes in gastric epithelial
cells, such as cellular spreading and elongation, that is, the so-
called hummingbird phenotype (Yamahashi and Hatakeyama,
2013). Upon delivery into gastric epithelial cells via the type
IV secretion system, CagA interacts with SH2 domain-con-
taining protein tyrosine phosphatase 2 (SHP2) and dereg-
ulates SHP2 phosphatase activity. CagA-stimulated SHP2
activates the ERK MAP kinase signaling pathway and de-
phosphorylates focal adhesion kinase (FAK). Both ERK ac-
tivation and FAK inactivation by CagA-deregulated SHP2
induce the hummingbird phenotype (Higashi et al., 2004;
Tsutsumi et al., 2006; Yamahashi and Hatakeyama, 2013).
CagA also binds to the kinase catalytic domain of PARI1
(polarity regulating serine/threonine kinase) and inhibits
PARI kinase activity (Saadat et al., 2007; Yamahashi and
Hatakeyama, 2013). CagA causes potentiation of GEF-H1-
dependent RhoA activation, which stimulates RhoA-de-
pendent stress fiber formation. As a result, both CagA-SHP2

and CagA-PARI interactions not only perturb the micro-
tubule-dependent cytoskeletal system but also deregulate the
actin-dependent cytoskeletal system, both of which are in-
volved in induction of the hummingbird phenotype (Yama-
hashi and Hatakeyama, 2013). A hummingbird phenotype
is considered to mimic an epithelial-mesenchymal transition
(EMT) (Polyak and Weinberg, 2009; Watanabe et al., 2014).
EMT participates in tumor promotion and progression of
cancer cells. Expression of epithelial cell markers, such as
cytokeratins and E-cadherin, is down-regulated in EMT,
whereas mesenchymal proteins, including vimentin, fibro-
nectin, N-cadherin, and integrin, are up-regulated. We did
not determine cellular proteins interacting with UreA in
the nuclei of host cells and the molecular mechanisms as-
sociated with morphological changes in gastric epithelial cells
induced by H. pylori UreA in this study. Instead, we deter-
mined the expression of genes associated with the UreA-
induced alteration of host cell morphology. It is of great
importance that gene expression was globally regulated in
AGS cells that had been transfected with plasmid constructs
of GFP-tagged UreA. Among the differentially regulated
genes, 102 of the 648 genes that were differentially regulated
were associated with cellular morphogenesis. These results
suggest that nuclear targeting of UreA induces both mole-
cular changes, such as global regulation of gene expression,
and cellular changes, such as the morphological changes, in
gastric epithelial cells. The mechanisms regulating morpho-
genesis-related genes or EMT-associated genes that are in-
duced through nuclear targeting of UreA and the associa-
tion thereof with morphological changes in gastric epithelial
cells should be determined. Another important issue for
future research is the detailed role played by UreA in the
morphogenetic activity in H. pylori infection in vivo.

In conclusion, to the best of our knowledge, this is the first
report on the alteration of host cell biology that is induced
by nuclear targeting of H. pylori-derived proteins. UreA dis-
plays biological effects that are independent of enzymatic
activity, such as morphological changes brought about in
gastric epithelial cells through cellular translocation of UreA
via OMVs and its subsequent nuclear targeting. Further stu-
dies are required to better understand the pathomolecular
mechanisms exerted by nuclear targeting of H. pylori pro-
teins.
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