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The main risk factor for stomach cancer, the third most common
cause of cancer death worldwide, is infection with Helicobacter pylori
bacterial strains that inject cytotoxin-associated gene A (CagA). As
the first described bacterial oncoprotein, CagA causes gastric epithe-
lial cell transformation by promoting an epithelial-to-mesenchymal
transition (EMT)-like phenotype that disrupts junctions and enhances
motility and invasiveness of the infected cells. However, the mecha-
nism by which CagA disrupts gastric epithelial cell polarity to achieve
its oncogenicity is not fully understood. Here we found that the
apoptosis-stimulating protein of p53 2 (ASPP2), a host tumor suppres-
sor and an important CagA target, contributes to the survival of
cagA-positive H. pylori in the lumen of infected gastric organoids.
Mechanistically, the CagA-ASPP2 interaction is a key event that pro-
motes remodeling of the partitioning-defective (PAR) polarity com-
plex and leads to loss of cell polarity of infected cells. Blockade of
cagA-positive H. pylori ASPP2 signaling by inhibitors of the EGFR
(epidermal growth factor receptor) signaling pathway—identified
by a high-content imaging screen—or by a CagA-binding ASPP2
peptide, prevents the loss of cell polarity and decreases the sur-
vival of H. pylori in infected organoids. These findings suggest
that maintaining the host cell-polarity barrier would reduce the
detrimental consequences of infection by pathogenic bacteria,
such as H. pylori, that exploit the epithelial mucosal surface to col-
onize the host environment.
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alf of the world’s population is infected by the gram-negative

bacterium Helicobacter pylori, a pathogen known to cause
gastritis, peptic ulcers, and gastric cancer (1, 2). The two major
known types of H. pylori are type I strains that express
cytotoxin-associated gene A (CagA) with the type IV secretion
system (TESS), a secretion apparatus used to inject CagA inside the
host cell, and type II strains that are cag4-negative or TFESS-defective
(3-7). Infection with cagA-positive H. pylori increases the risk of
stomach cancer by 5- to 10-fold compared with infection with cag4-
negative strains (8). Consistently, Mongolian gerbils infected with an
H. pylori TFSS- and CagA-proficient strain develop gastric carci-
noma within 12 wk of infection in a CagA-dependent manner (9),
supporting the importance of CagA in oncogenesis. The World
Health Organization has identified H. pylori as a type I carcinogen
(10) and recently ranked H. pylori as a high-priority pathogen for
which new antibiotics are urgently needed (11). How to eliminate
the pathogenic impact of cagA-positive H. pylori remains an impor-
tant challenge due to the rise in antibiotic-resistant H. pylori strains
(12). Some epidemiological studies have observed an inverse
correlation between reduced incidence of H. pylori infection and
increased incidence of Barrett’s esophagus and esophageal ade-
nocarcinoma in Western countries, suggesting a potential pro-
tective impact of H. pylori (13). Therefore, strategies to reduce
cancer incidence need specifically to consider the mechanisms by
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which CagA transforms gastric epithelial cells. It is important to
note that cagA-positive and -negative H. pylori, and mutant cagA4-
positive strains that are unable to inject CagA, can colonize hu-
man cells in vivo. It has also been reported that some injection-
defective mutants colonize in model systems more efficiently
than wild-type strains (14, 15). This raises the interesting ques-
tions of whether injection of CagA might elicit host cell responses
that limit infection and whether H. pylori has strategies to over-
come these responses.

In the stomach, the mucosal barrier is formed by highly po-
larized gastric epithelial cells and H. pylori is often found at the
mucous barrier or directly attached to epithelial cells where it
uses the apical surface of the cells as a replicative niche (16, 17).
Polarization of epithelial cells provides a barrier function and
allows compartmentalization of molecules to either the apical
side, which interfaces with the external environment, or to the
basolateral side, where connections with neighboring cells and
the extracellular matrix are established (18). The three major
polarity complexes are partitioning-defective (PAR) (19), Crumbs
(CRB) (20), and Scribble (SCR) (21). CRB and SCR localize at
the apical and basolateral membranes, respectively, whereas
different components of PAR are at the basolateral side (Parl
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kinases), apical side (aPKC, Par6, cdc42), and tight junctions
(Par3). Polarity complex localization is tightly regulated by ki-
nases, including the Parl kinases that normally localize at the
basolateral membrane (22). The importance of cell polarity as
the first line of defense against infection is reflected by many
pathogenic bacteria—including Pseudomonas aeruginosa and
Neisseria meningitidis as well as H. pylori—targeting host polarity
complexes. P. aeruginosa and N. meningitidis target the apical
components of the PAR complex (23), whereas H. pylori is known
to target the basolateral Parlb kinase (24). Perturbation of host
cell polarity is required for pathogens to colonize the host envi-
ronment effectively (17, 25). However, the mechanism for the H.
pylori-induced loss of cell polarity is only partially understood.
Furthermore, an intriguing question is whether interfering with
bacterial mechanisms that disrupt host cell polarity might provide
new approaches to target bacteria. Doing so would require the
identification of a targetable mechanistic step in the process of
pathogen-mediated disruption of polarity without any adverse
effects on host cell polarity.

Injection of CagA by H. pylori triggers a plethora of effects on
epithelial cells, with loss of cell polarity, adhesion, and increased
cell motility as prominent phenotypes (26, 27). Thus, CagA induces
an epithelial-to-mesenchymal transition (EMT)-like phenotype. In
a previous unbiased interactome study, we identified apoptosis-
stimulating protein of p53 2 (ASPP2) as a prominent cellular tar-
get of CagA (28) that binds to the N terminus of CagA (residues
19 to 235) (29). ASPP2 is a haploinsufficient tumor suppressor (30)
that functions as a shuttling transcriptional regulator that is non—
DNA-binding (31). ASPP2 shuttles from the tight junctions to the
nucleus where it binds p53 and regulates pS3 transcriptional target
selectivity to enhance p53-induced apoptosis (32). Binding to CagA
subverts the proapoptotic function of ASPP2 and induces p53
degradation (28, 29). ASPP2 is also a regulator of the PAR3
complex at tight junctions (33, 34). Reduced ASPP2 expression
induces EMT whereas increased ASPP2 expression induces the
reverse phenomenon, namely a mesenchymal-to-epithelial transi-
tion (35). We therefore reasoned that ASPP2 might be a central
hub through which CagA deregulates not only p53 activity but also
cell polarity.

To investigate this, we studied the role of ASPP2 in mediating
CagA-induced loss of cell polarity using the gastric cancer cell
line AGS, the polarized epithelial cell line Madin-Darby canine
kidney (MDCK), and an ex vivo primary human gastric organoid
model. We show the importance of the CagA-ASPP2 interaction
in CagA-mediated disruption of polarity using peptide-mediated
inhibition of the interaction. Notably, kinase inhibitors—identified
in a high-content imaging screen—that interfere with CagA-ASPP2
complex formation also block loss of cell polarity, revealing the
importance of receptor tyrosine kinase (RTK)/phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT) signaling in the recruit-
ment of ASPP2 by CagA. We validate these findings in primary
human gastric organoids and demonstrate the importance of the
CagA-ASPP2 complex in colonization by cagA-positive H. pylori.

Results

ASPP2 Is the Key Node in CagA-Induced Remodeling of the PAR Complex.
ASPP2 has previously been implicated in regulating epithelial
cell polarity (33, 34). We therefore hypothesized that ASPP2 is
essential for CagA-induced loss of host cell polarity. To test this,
we examined the ASPP2 interactome by analyzing affinity-purified
ASPP2 from cagA-positive H. pylori-infected or -uninfected stomach
gastric adenocarcinoma (AGS) cells by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Several known ASPP2-
interacting proteins, including PPla, Yapl, and Par3, were iden-
tified in uninfected cells (Fig. 14). In infected cells, there was
increased association between ASPP2 and Par3, and the entire
PAR complex copurified with ASPP2: namely, the apical PAR
polarity complex (aPKC, Par6, and cdc4?), the junctional Par3,
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and the basolateral proteins Parla and Parlb (Fig. 1 4, Right).
Specificity was confirmed using a cell line in which ASPP2 has
been genetically ablated through CRISPR/Cas9-mediated genome
engineering (Fig. 14 and SI Appendix, Fig. S14).

We confirmed these findings by testing the interaction of
ASPP2 with a representative member of each of the PAR sub-
complexes (aPKC for apical, Par3 for junctional, and Parlb for
basolateral) from cells that were uninfected, or infected with
wild-type (wt) H. pylori or the AvirB10 H. pylori strain. AvirB10
carries a mutation in CagyY, meaning that the mutant bacteria
have a defective TFSS that cannot inject CagA; we use AvirB10
to compare CagA-positive versus CagA-negative host cells after
infection. Note that immunostaining of cells infected with wt or
AvirBI10 H. pylori strains readily detects the bacterium, as well as
the CagA-ASPP2 association in cells infected with the wt H. pylori
strain (SI Appendix, Fig. S1B). Infection with wt, but not AvirB10,
H. pylori increases the association between ASPP2 and each of the
tested PAR components (Fig. 1B). Next, we tested whether CagA
is part of the H. pylori-induced ASPP2-PAR component complex.
Immunoprecipitation of CagA from wt H. pylori-infected control
cells retrieved ASPP2, Par3, aPKC, and Parlb (Fig. 1 C and D).
Importantly, in H. pylori-infected ASPP2-deficient cells, immu-
noprecipitation of CagA does not retrieve aPKC or Par3 (Fig. 1C)
and the interaction with Parlb is reduced (Fig. 1D).

To further corroborate our results, we assessed by immuno-
fluorescence the distribution of the PAR components in cells
that were uninfected or infected with wt or AvirB10 H. pylori
strains. In line with the immunoprecipitation results, infection of
AGS cells with wt H. pylori results in colocalization of CagA and
all of the apical PAR components tested, including Par3, Paro6,
aPKC, and Parlb, at the sites where the bacterium is attached
to the cells (Fig. 24). However, in H. pylori-infected ASPP2-
deficient cells, PAR3 complex components rarely colocalize
with CagA, so their distribution is not affected by infection (Fig.
2B and SI Appendix, Fig. S1C); a similar result was observed in
AGS cells infected with the AvirBI10 H. pylori strain (Fig. 2C). In
addition, we observed a strong reduction in the redistribution at
the plasma membrane of Parlb in infected ASPP2 knockout
(KO) cells compared with the infected wt AGS cells (Fig. 2B and
SI Appendix, Fig. S1 C and D). To assess the specificity of these
findings, we tested changes in the distribution of two unrelated
polarity complexes, CRB and SCR. Both members of the apical
CRB complex (Cbr3 and Pals1), as well as a member of the SCR
complex (Scribble), were not affected by infection with H. pylori
(SI Appendix, Fig. S24), confirming that the PAR complex is the
main polarity target of the H. pylori infection.

The PAR complex is asymmetrically distributed in epithelial
cells and posttranslational modification, mainly by the aPKC and
Parl kinases, regulates its cellular distribution (36). We tested
whether infection with H. pylori promotes the formation of an
aberrant PAR complex by uniting components that are not nor-
mally complexed together (37). Indeed, H. pylori-infected cells
showed a strong colocalization between CagA, ASPP2, and Parlb
(Fig. 2D and SI Appendix, Fig. S2B), and Par3 and Parlb (Fig. 2E
and SI Appendix, Fig. S2C), supporting the idea that these PAR
members are simultaneously recruited by cag4-positive H. pylori.
Together, these data indicate that ASPP2 is a key target via which
CagA redistributes the PAR polarity complex.

ASPP2 Is Required for CagA to Disrupt Cell Polarity. The ASPP2-CagA
cocrystal structure shows that Phel14 and Thr212 of CagA are
essential for the interaction of CagA with ASPP2 (29). Hence, to
test whether the CagA—ASPP2 interaction is a prerequisite for
CagA-induced cell-polarity loss, we generated a GFP-tagged CagA
mutant that is defective in ASPP2 binding (GFP-CagA F114A/
W212A) and we expressed this mutant, wt CagA, or GFP in a
polarized epithelial cell line (MDCK). In polarized MDCK cells,
GFP-CagA F114A/W212A localizes to the plasma membrane and
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Fig. 1. ASPP2 mediates CagA-PAR complex formation. (A, Left) Number of unique peptides identified by LC-MS/MS after immunoprecipitation of endog-
enous ASPP2 from parental AGS cells, ASPP2 KO AGS (clone 2) cells, or AGS cells infected with wt H. pylori. Colors correspond to the adjacent diagram. (A,
Right) Diagram of polarity complex distribution in epithelial cells (apical membrane, blue; basolateral membrane, red; TJ, tight junction). (B) Parental or
ASPP2 KO AGS cells were left uninfected or infected with the wt or AvirB10 mutant H. pylori strains. After 7 h, cells were lysed and subjected to
ASPP2 immunoprecipitation (IP) followed by SDS/PAGE and immunoblotting using the indicated antibodies. Black arrowheads indicate the different isoforms
of Par3 and Par1b. Red arrowheads indicate residual ASPP2 signal, as the membrane was first immunoblotted for ASPP2 and subsequently for CagA and Par3.
Actin serves as a loading control. (C and D) AGS cells were infected as described in B. CagA immunoprecipitates were immunoblotted using the indicated
antibodies. In C, fourth panel, the membrane was immunoblotted for ASPP2 (red arrowhead) and subsequently immunoblotted for CagA. Actin serves as a
loading control. In B-D, the immunoprecipitated levels were calculated by densitometry and the enrichment has been stated as a fold change compared with

the input. See also SI Appendix, Fig. S1.

promotes the same elongated phenotype as seen with GFP-tagged
wt CagA (GFP-wt CagA) (SI Appendix, Fig. S34). As expected, the
CagA F114A/W212A mutant does not bind ASPP2 (SI Appendix,
Fig. S3B) and its expression has minimal impact on the normal
cellular localization of ASPP2 (Fig. 34). Notably, this mutant is not
able to mislocalize the basolateral marker Parlb (Fig. 3B) and the
apical marker gp135 to the apical and basolateral membranes, re-
spectively (Fig. 3C). These results indicate that the ASPP2 binding-
defective CagA mutant is unable to disrupt cell polarity, in contrast
to wt CagA (Fig. 3 B and C). Thus, full-length mutant CagA that is
unable to bind ASPP2 is still able to induce cell elongation but is
unable to break the junctional complex and promote the loss of cell
polarity, similar to the phenotype induced by expression of the
isolated CagA C terminus (26). Together, these results indicate that
binding to ASPP2 is required for CagA to achieve full disruption of
cell polarity.

The apical redistribution of Parlb is thought to be important
for the CagA-induced EMT-like phenotype (24). Although we
still detected colocalization between Parlb and the mutant CagA
F114A/W212A, this only occurred at the basolateral side of the
cell (Fig. 3 B, Bottom, white arrowheads) and CagA was unable
to redistribute Parlb to the apical membrane. Phosphorylation
of Parlb Thr595 normally results in the dissociation of Parlb
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from the plasma membrane. We observed a small but detectable
reduction in Parlb phosphorylation upon infection with wt H.
pylori (SI Appendix, Fig. S3C) (24) and Parlb remains associated
with CagA at the plasma membrane (SI Appendix, Fig. S1 D,
Top). Importantly, in ASPP2-deficient cells, we did not observe a
reduction in Parlb phosphorylation upon H. pylori infection (SI
Appendix, Fig. S3C), and Parlb had an increased cytoplasmic
distribution (SI Appendix, Figs. S1 D, Bottom and S3 D and E).
Thus, when CagA is unable to bind ASPP2, it also fails to recruit
Parlb efficiently and to promote cell-polarity loss. Combined
with the above results, our findings show that CagA serves as a
scaffold protein that, via ASPP2, brings together the tight-
junctional, apical Par complex ASPP2-Par3-aPKC (Fig. 2 4
and B and SI Appendix, Fig. S3D) and the basolateral complex
Parlb (Figs. 24 and B and 3B and SI Appendix, Fig. S3 D and E),
thereby forming an abnormal complex that leads to the loss of
cell polarity in epithelial cells infected with H. pylori.

CagA Colocalizes with ASPP2 and the PAR Complex at the Apical Side
in Infected Gastric Organoid Cells. To place these findings in a
physiological context, we used an ex vivo human gastric organoid
(gastroid) system that has previously been used as a model to
study H. pylori infection (38). Human gastric organoids closely
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Fig. 2. ASPP2 mediates colocalization of the CagA-PAR complex. (A) Confocal images of AGS cells that were uninfected (Left) or infected with wt H. pylori
(Hp) (Right). Seven hours postinfection, cells were fixed and stained for markers of the PAR complex (ASPP2, Par3, aPKC, Par6, and Par1b, green), CagA (red),
and nuclei (DAPI, blue). White arrows point to the colocalization between CagA and PAR members. (B) ASPP2 KO AGS cells were infected with wt H. pylori
and treated as described in A. (C) AGS cells were infected with the AvirB10 mutant H. pylori strain and treated as described in A. (D and E) AGS cells were
infected with the wt or AvirB10 mutant H. pylori strains. After 7 h, cells were fixed and stained for (D) ASPP2 (green), Par1b (red), CagA (magenta), and nuclei
(DAPI, blue) and (E) Par1b (green), Par3 (red), H. pylori (magenta), and nuclei (DAPI, blue). (E, Insets) Z sections of the colocalization between Par1b and Par3.
White arrowheads in D point to the colocalization between ASPP2, Par1b, and CagA. (Scale bars, 10 um.) See also S/ Appendix, Fig. S2.

mimic the gastric glands and recapitulate important features of
the gastric compartment, including a well-polarized epithelium.
Gastric antrum tissues from gastrectomy samples from two
morbidly obese donors without known gastric disease were used
to establish the organoid lines. In the organoids, ASPP2 has a
distinct apical localization at the tight junctions that matches its
cellular distribution in the tissue of origin (SI Appendix, Fig. S4A4),
and colocalizes with Par3 (SI Appendix, Fig. S4B). Mechanically
disrupted gastroids were incubated with H. pylori and allowed to
close the lumen with the internalized bacterium before reembed-
ding in Matrigel. Upon infection with wt H. pylori, CagA is de-
livered into the epithelial cells of the organoids as phosphorylation
of CagA is detected 24 h postinfection (SI Appendix, Fig. S4C). In
the presence of H. pylori, ASPP2 is mislocalized from the apical
junctions to the apical side of the epithelial cells in close proximity
to the attached bacteria (Fig. 4, SI Appendix, Fig. S4D, and Movies
S1 and S2). These effects are strictly dependent on the delivery of
CagA, as the distribution of ASPP2 is unchanged in organoids
infected with the H. pylori AvirB10 mutant (Fig. 44 and SI Ap-
pendix, Fig. S4D).

Similar to ASPP2, Par3 colocalizes with CagA on the apical
side, at the site of bacterial attachment in H. pylori-infected
organoids (Fig. 54 and SI Appendix, Fig. S54). Although the
localization of aPKC at the apical side of the epithelial cells (S
Appendix, Fig. S5B) is not visibly altered in H. pylori-infected
organoids, we nonetheless detected CagA colocalization with
aPKC (Fig. 5B).
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In the organoids, Parlb shows a symmetrical distribution to
the basolateral domain of the epithelial cells (Fig. 5C, white
arrows and SI Appendix, Fig. S5C). Upon infection with H. pylori,
Parlb is relocalized just underneath the site of bacterial at-
tachment at the apical side of the infected cells (Fig. 5C, light
blue arrows, SI Appendix, Fig. S5D, and Movies S3 and S4).
Delocalization of basolateral and tight-junctional proteins is one
of the first steps that leads to the loss of cell polarity (39). Ac-
cordingly, epithelial cells of organoids infected with H. pylori
show an increased cytoplasmic and apical distribution of the
basolateral protein Scribble (Fig. 5D) compared with uninfected
organoids in which Scribble is restricted to the basolateral side
(SI Appendix, Fig. S5E). This suggests that the tight-junctional
fence that regulates paracellular transit of molecules is at least
temporarily compromised upon infection. The organoid model
shows similar results to our in vitro findings and shows that
H. pylori recruits basolateral (Parlb) and apical-junctional PAR
proteins (ASPP2, Par3, aPKC) to the apical membrane of the
host cells at the sites where H. pylori is attached to the cells.
These effects perturb the host epithelial cell polarity and pro-
mote the mislocalization of other cell-polarity markers such as
Scribble, which is not detected in a nonpolarized system such as
AGS cells.

CagA-ASPP2 Complex Formation Is Blocked by RTK/PI3K/AKT Inhibitors
Identified by a High-Content Imaging Screen. The observation that
the association between CagA and ASPP2 is an upstream event
involved in H. pylori-induced loss of cell polarity suggests that

Buti et al.
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interference with this protein—protein interaction may provide
a novel means by which to decrease the detrimental conse-
quences of H. pylori infection. Previous studies have shown that
the phosphorylation status of CagA influences its oncogenic
functions and, importantly, H. pylori infection also has a pro-
found impact on host cell signaling pathways (40-42). There-
fore, to identify small-molecule inhibitors that prevent the CagA-
ASPP? interaction and to study how such inhibitors influence H.
pylori fitness and colonization of the gastric environment, we
performed a high-content fluorescence microscopy-based high-
throughput screen using a GlaxoSmithKline (GSK) Published
Kinase Inhibitor Set (PKIS) in AGS cells. This library com-
prises 371 small-molecule ATP-competitive kinase inhibitors with
well-characterized bioactivity (43).

We analyzed the cellular distribution of ASPP2 in uninfected
cells, cells infected with wt or AvirBI10 mutant H. pylori strains, or
cells infected with H. pylori in the presence of the small-molecule
compounds (Fig. 64 and SI Appendix, Fig. S6 A and A’).
ASPP2 distribution was quantified through automated image
analysis (SI Appendix, Fig. S6 A and A"). Uninfected and H. pylori
AvirBI0 mutant-infected cells had ~25% of the level of
ASPP?2 redistribution of cells infected with wt H. pylori (Fig. 6B
and SI Appendix, Fig. S6B; where the average redistribution of
ASPP2 in the cells infected with wt H. pylori was assigned as
100%). The screen yielded strong reproducibility between rep-
licates, with a Pearson correlation of 0.88, and a good dynamic
range between negative and positive controls, with the average Z
factor for the screen being 0.78 and 0.74 when wt H. pylori-
infected cells were compared with uninfected or mutant H.

pylori-infected cells, respectively (SI Appendix, Fig. S6B). We set

our “positive-hit” cutoff as below 30% (Fig. 6B) to identify ro-
bust inhibitors of the redistribution of ASPP2 by wt H. pylori, in
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line with the percent difference we observed with uninfected and
H. pylori AvirB10 mutant-infected cells. This led to the identifi-
cation of 39 compounds that prevented the recruitment of
ASPP2 by H. pylori (Fig. 6C). Interestingly, around half of these
inhibitors (21/39 compounds) target receptor tyrosine kinases
(RTKS) (81 Appendix, Fig. S6 C and D). Of these RTK inhibitors,
15 targeted the epidermal growth factor receptor (EGFR) (Fig.
6C and SI Appendix, Fig. S6E), suggesting that EGFR signaling
regulates the CagA—ASPP2 interaction. The remaining hits tar-
get the PKB/AKT pathway (11/39), regulators of the cytoskele-
ton (2/39), and regulators of the cell cycle (5/39) (SI Appendix,
Fig. SOE).

We confirmed that H. pylori activates EGFR at 7 h post-
infection (SI Appendix, Fig. S7A), which correlates with the re-
cruitment and binding of ASPP2 by CagA (SI Appendix, Fig. S7A,
second lane). We then analyzed ASPP2 colocalization and binding
to CagA upon H. pylori infection of AGS cells pretreated with
different concentrations of lapatinib, a well-known EGFR inhibi-
tor iIEGFR) that targets the EGFR/Her2 pathways and is of the
same chemotype as the EGFR inhibitors identified in the library.
Under these conditions, we observed a dose-dependent inhibi-
tion of CagA-ASPP2 complex formation, as determined by im-
munoprecipitation (SI Appendix, Fig. S7TA) and immunofluorescence
staining of CagA (Fig. 6D and SI Appendix, Fig. STB). These data
show that inhibition of EGFR activity blocks the recruitment of
ASPP2 by CagA. To further investigate how RTK signaling leads
to the recruitment of ASPP2 by CagA, we inhibited the two major
pathways downstream of EGFR, namely mitogen-activated pro-
tein kinase (MAPK) (also known as ERK) and PI3K/AKT. In
accordance with our screening results, inhibition of AKT, but not
MAPK (ERK), abrogates the binding of CagA to ASPP2 (Fig.
6EF). To rule out the possibility that these inhibitors could affect
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Fig. 4. Apical redistribution of ASPP2 in gastric organoids infected with H. pylori. (A) Human gastroids (Org) were infected for 24 h with wt or AvirB10
mutant H. pylori strains. Infected organoids were fixed and stained for CagA (green), Hp (red), ASPP2 (gray), and nuclei (DAPI, blue). Magenta arrows
point to the apical distribution of ASPP2 in cells infected with H. pylori. (Scale bars, 10 pm.) (B) Confocal images of human gastroids infected with wt
H. pylori for 24 h and stained for ASPP2 (green), CagA (red), actin (phalloidin, gray), and nuclei (DAPI, blue). Magenta arrowheads point to the colocalization of
ASPP2 with CagA and to the apical redistribution of ASPP2. White arrowheads point to the junctional localization of ASPP2. The white dotted line indicates the
lumen (L) of the organoid. (Scale bar, 10 um.) (B") Three-dimensional reconstruction of the images shown in B. (B, Left) View from the side of the epithelial layer.
(B’, Right) View from the top. Magenta arrowheads point to the colocalization of ASPP2 with CagA and to the apical redistribution of ASPP2. White
arrowheads point to the junctional localization of ASPP2. (C) Quantification of the percentage of colocalization between CagA and ASPP2. See method
C in Quantification of Microscopy for further explanation of the analysis method. Significance was tested using a one-way ANOVA Tukey’s multiple-
comparison test. Error bars, +SEM. ***P < 0.001. Redistribution of ASPP2 was assessed for >100 H. pylori-infected cells from three or more independent

experiments. See also S/ Appendix, Figs. S4 and S5.

the viability of H. pylori or the translocation of CagA into the host
cell, we plotted a growth curve of the bacterium alone or in the
presence of iEGFR or iAKT (SI Appendix, Fig. S7C). Neither
inhibitor affects the growth of H. pylori (SI Appendix, Fig. S7C) or
its ability to translocate CagA into the host cells (S1 Appendix, Fig.
S7D). These data suggest that inhibition of the RTK/PI3K/AKT
pathway can block the recruitment of ASPP2 by cagA-positive H.
pylori strains.

Inhibition of the CagA-ASPP2 Interaction Dampens H. pylori Colonization
in Gastric Organoids. Loss of cell polarity can favor the colonization
of the host environment by bacterial pathogens (17, 25) and our
data suggest that by blocking the recruitment of ASPP2, we can
prevent the remodeling of the PAR complex and hence the loss of
polarity upon infection. We therefore assessed whether interfering
with the CagA—ASPP?2 interaction reduces the fitness of H. pylori

2650 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1908787117

in the host environment, using the gastroid model. At 24 h post-
infection with H. pylori, bacterial counts from gastroids show
~10%/mL actively replicating bacteria (as assessed by colony-
forming units), whereas no bacteria survived when cultured in
the absence of gastroids (Matrigel plus medium alone) (Fig. 6F,
first column). Strikingly, we observed a nearly 2-log reduction in
replicating bacteria in gastroids pretreated with either EGFR or
AKT inhibitors (Fig. 6F), suggesting that this signaling pathway
favors H. pylori colonization. In line with our interaction data,
inhibition of MAPK (ERK) does not affect the ability of H. pylori
to replicate in the gastroids (Fig. 6F).

The lack of effect from inhibition of the MAPK (ERK)
pathway suggests that reduction in bacterial load in organoids
treated with the EGFR and AKT inhibitors is unlikely to be a
consequence of the toxicity of the compounds. To further confirm
this, we tested the cell viability of organoids treated with iEGFR

Buti et al.
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independent experiments. See also S/ Appendix, Fig. S5.

and iAKT (the two conditions in which there is a reduction of
bacteria). Inhibition of EGFR has only a very mild toxicity on the
epithelial cells of the organoids while AKT inhibition does not
affect cell viability (SI Appendix, Fig. S84). Next, we infected
organoids either treated with iEGFR or dimethyl sulfoxide
(DMSO) with wt or AvirBI0 H. pylori strains and compared the
reduction of viable bacteria in combination with the EGFR in-
hibitor. We note that H. pylori mutants lacking injected CagA can
colonize host cells, particularly in the presence of nutrients and/or
within 1 d of infection (17, 44, 45). In this experiment, we use
AvirB10 H. pylori to check for nonspecific toxicity of iEGFR. Less
than 10% of wt H. pylori survive upon iEGFR treatment compared
with the untreated H. pylori-infected gastroids, whereas nearly
100% recovery was achieved when iEGFR-treated organoids were
infected with the AvirBI10 H. pylori strain (SI Appendix, Fig. S8B).

We then sought to understand whether the reduced ability of
wt H. pylori to survive in the lumen of the organoids is linked to
the loss of cell polarity. Gastroids treated with iEGFR (lapatinib)

Buti et al.

maintain a normal distribution of the polarity proteins (S Ap-
pendix, Fig. S8 C and D). Upon infection, lapatinib-treated
gastroids showed reduced ASPP2 apical localization to the
sites of H. pylori attachment compared with mock-treated in-
fected gastroids (SI Appendix, Fig. S9 A and E). Also, we ob-
served a reduction in the apical distribution of both Par3 (S
Appendix, Fig. S9B) and Parlb (SI Appendix, Fig. S9C) and
decreased redistribution of Scribble (SI Appendix, Fig. S9 D
and E) in the organoids treated with the EGFR inhibitor and
infected with H. pylori. These results suggest that inhibition of RTK/
PI3K/AKT signaling interferes with the CagA-ASPP?2 interaction,
reduces the loss of polarity in H. pylori-infected gastroids, and
lowers colonization by virulent H. pylori strains.

Direct Inhibition of the CagA-ASPP2 Interaction Affects H. pylori
Colonization in Human Gastroids. We have shown previously that
expression of a Cherry-tagged 56-amino acid CagA-binding
ASPP2 peptide (Cherry-CAP) functions in a dominant-negative

PNAS | February 4,2020 | vol. 117 | no.5 | 2651
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Fig. 6. High-content screen of gastric epithelial cells infected with H. pylori to identify inhibitors of the CagA-ASPP2 interaction. (A) Schematic of the
high-content screen used to identify compounds blocking the CagA-ASPP2 interaction. PKIS, Protein Kinase Inhibitor Set library B. (B) ASPP2 relocali-
zation was quantified as the number of ASPP2 punctae per cell in AGS cells that were uninfected (green circles), infected with wt H. pylori (black circles),
or infected with the H. pylori AvirB10 mutant (blue circles). The dashed red line shows the cutoff (30%). See also method B in Quantification of Mi-
croscopy for further explanation of the analysis method. (C) Results of the high-content screening of a PKIS library of AGS cells infected with wt H. pylori
and treated with the PKIS compound library (red circles). The solid black line indicates the median. The dashed red line represents the cutoff (30%). An
average of n = 2 replicates is shown. (D) Confocal images of AGS cells incubated with DMSO or increasing concentrations of EGFR inhibitor (lapatinib) and
infected with wt or AvirB10 mutant H. pylori. Seven hours after infection, cells were fixed and stained for ASPP2 (green), CagA (red), and nuclei (DAPI,
blue). (Scale bar, 10 um.) (E) AGS cells were treated with different kinase inhibitors (iEGFR, 20 uM lapatinib; iERK, 5 uM U126; iAKT, 10 uM AKTVIII) or
DMSO and infected with wt or H. pylori AvirB10 mutant strains. Cell lysates were subjected to CagA immunoprecipitation followed by SDS/PAGE and
immunoblotting using the indicated antibodies. p97 served as a loading control. In the second panel, the membrane was immunoblotted for ASPP2 and
subsequently immunoblotted for CagA; residual ASPP2 signal is indicated by a white arrowhead. (F) Human gastroids were infected with wt H. pylori for
24 h and either treated with DMSO or EGFR inhibitor (lapatinib, 10 pM), ERK (U126, 5 pM), or AKT (AKTVIII, 10 pM). After 24 h, bacteria were replated to
assess their viability in a colony-forming assay (CFUs, colony-forming units). Significance was tested using a one-way ANOVA Tukey’s multiple-comparison
test. n = 3 (where n is a biological repeat and each biological repeat has two technical replicates that are averaged). Error bars, +SEM. ***P < 0.001, **P <
0.01; ns, P > 0.05. See also S/ Appendix, Figs. S6-59.

manner in AGS cells and prevents the CagA—-ASPP2 interaction,
inhibiting the recruitment of p53 and restoring the apoptotic
response in H. pylori-infected cells (29). In light of our findings,
we examined whether expression of Cherry-CAP might also
prevent the misregulation of the PAR complex by CagA. We
stably expressed Cherry-CAP in gastroids (SI Appendix, Fig.
S104) and observed that Cherry-CAP precluded the relocaliza-
tion of endogenous ASPP2 by CagA (Fig. 7 A and A’, Bottom
and SI Appendix, Fig. S10 B, B’, and D). Importantly, the re-
distribution of Par3 was also reduced upon H. pylori infection of
Cherry-CAP-expressing organoids (Fig. 7B and SI Appendix, Fig.
S10D). In contrast, colocalization of ASPP2 and CagA or Par3 was
unaffected in the control Cherry-expressing organoids (Fig. 7 4,
Top and SI Appendix, Fig. S10D) and basolateral Scribble was not
redistributed in H. pylori-infected organoids expressing Cherry-
CAP compared with H. pylori-infected control Cherry-expressing
organoids (SI Appendix, Fig. S10C).| These data show that tar-
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geting the CagA—ASPP?2 interaction prevents the deregulation
of the PAR complex by H. pylori. To test whether this can affect
the ability of H. pylori to colonize the lumen of the organoids,
we repeated the colony-forming assay using the Cherry-CAP-
expressing organoids (Fig. 7C). As expected, the number of
H. pylori colony-forming units was indeed reduced in the Cherry-
CAP but not in the Cherry control gastroids. These results show
that blocking the CagA—ASPP2 interaction reduces H. pylori col-
onization of the host environment in an ex vivo organoid model,
suggesting that disrupting the CagA—-ASPP2 interaction is a vi-
able option to reduce the pathogenic activity of cagA-positive
H. pylori strains.

Discussion

The establishment and maintenance of cell polarity in gastroin-
testinal epithelial cells is essential to form the mucosal barrier that
is the first line of defense against invading microbes. Infection by
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ASPP2 (gray), CagA (green), and nuclei (DAPI, blue). (A, Insets) Apical colocalization of CagA and ASPP2 in the H. pylori-infected organoids expressing
Cherry (Top, blue arrows) versus the normal junctional distribution of ASPP2 in the H. pylori-infected organoids expressing Cherry-CAP (Bottom, red
arrows). (A’) Three-dimensional reconstruction of the Insets in A. (B) Confocal images of human gastroids infected as described in A. Infected organoids
were stained for Par3 (gray), CagA (green), and nuclei (DAPI, blue). (B, Insets) Apical colocalization of CagA and Par3 (Top, blue arrowheads) in the H.
pylori-infected control Cherry organoids versus the normal junctional distribution of Par3 (Bottom, red arrowheads) in the H. pylori-infected organoids
expressing Cherry-CAP. (Scale bars, 10 pm.) (C) Gastroids expressing Cherry or Cherry-CAP were infected with H. pylori and after 24 h, bacteria were
replated for the CFU assay. n = 4 (where n is a biological repeat and each biological repeat has two technical replicates that are averaged). Error
bars, +SEM. *P < 0.05. (D) Model of PAR polarity complex remodeling by CagA and ASPP2 in epithelial cells. Infection with H. pylori activates an RTK
pathway that is then sustained by the delivery of CagA. The apical-junctional PAR complex is redistributed by CagA via the direct interaction of CagA
with ASPP2. This predisposes the cells receiving CagA to the loss of cell polarity. Through its C-terminal domain, CagA binds Par1b and this leads to cell
scattering (hummingbird phenotype). The combination of these two events promotes the EMT-like phenotype induced by CagA. Inhibitors of the RTK/
PI3K/AKT pathway prevent CagA’s association with ASPP2 and, under these conditions, the delivery of CagA no longer remodels the PAR complex and
the cell does not lose cell polarity. See also S/ Appendix, Fig. S10.

P. aeruginosa or N. meningitidis targets the apical-junctional PAR
complex, and our findings show that delivery of H. pylori CagA
remodels the whole PAR complex, including the apical, junc-
tional, and basolateral components. Therefore, CagA has more
widespread effects on polarity complex proteins than previously
anticipated. This study also provides a mechanistic demonstration
that by binding to ASPP2, CagA mislocalizes the PAR members,
thus predisposing the infected cells to the loss of cell polarity and
EMT-like phenotype promoted by the interaction of CagA with
Parlb. This is consistent with previous findings that the CagA C
terminus, responsible for initiating signaling and for interaction
with Parlb (24), is not able to recapitulate the phenotype caused
by full-length CagA (26). Expression of the CagA N terminus alone
did not cause EMT and cell migration either, but coexpression of
the N and C termini of CagA is required to recapitulate the effects
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of the full-length protein (26). Now we show that the interaction of
CagA with ASPP2, which occurs via the N-terminal domain of
CagA (26, 27), remodels the PAR complex at the apical junctions
of the cell, thus complementing the signal generated by the C
terminus and enabling the infected cell to achieve complete loss of
cell polarity (Fig. 7D). Notably, tight junctions and cell-polarity
proteins are required for the maintenance of the epithelial bar-
rier function of the gastrointestinal tract and in this regard they
function as tumor suppressors. In line with this, it has been shown
that Claudin 18, a tight-junctional protein, is down-regulated in
mice infected with H. pylori. Claudin 18 loss increases cell pro-
liferation and loss of nuclear polarity and accelerates neoplasia
development, correlating with poor prognosis of patients with
stomach cancer (46). Consistent with this finding, reduced ex-
pression of ASPP2 increases an invasive phenotype in patients
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with stomach cancer (47) and analysis of The Cancer Genome
Atlas (TCGA) data reveals that five of six truncation mutations
observed in gastric cancers occur at the N terminus of ASPP2,
which is required to bind Par3 (33, 48). Loss of ASPP2 promotes
an EMT phenotype, and enforced expression of ASPP2 reverts
this phenotype (35). Thus, CagA reaches cell-polarity components
via the interaction with ASPP2 to achieve its full oncogenic po-
tential. In addition, the CagA—ASPP2 interaction inactivates the
apical PAR complex by bringing together effectors (e.g., aPKC)
and regulators (e.g., Par6, Par3) that normally are separated in a
fully polarized epithelium (22, 49). Parlb, which is normally ex-
cluded from the apical membrane by aPKC-dependent phos-
phorylation (50), is no longer phosphorylated when complexed
with CagA (24). However, without ASPP2, CagA associates
less effectively with Parlb and phosphorylation is restored.
This could be achieved through ASPP2’s ability to bind and
regulate the activity of protein phosphatase 1 (PP1) (51), for
example if ASPP2 brings PPla to dephosphorylate Parlb via
the CagA interaction.

The finding that EGFR inhibitors are the most prominent
group of kinase inhibitors in our screen (15 hits out of 40 com-
pounds; SI Appendix, Fig. S6F) is consistent with EGFR signaling
being activated by infection with H. pylori (52). Compared with wt
flies, those flies that carry a single copy of the egfi gene show an
attenuated phenotype upon a transgenic expression of CagA (53).
EGFR activation promotes the translocation of ASPP2 from the
tight junctions to the cytosol, where ASPP2 binds RAS and po-
tentiates the downstream MAPK (ERK) and AKT signaling path-
ways (54, 55). It is therefore conceivable that cagA-positive H. pylori
strains might co-opt ASPP2 through the activation of the EGFR
pathway. In agreement with this, the PI3K-AKT signaling axis is
also activated by EGFR, and our results indicate that inhibitors of
AKT also prevent the CagA-ASPP2 interaction. We have pre-
viously shown that the CagA-ASPP2 interaction is independent of
CagA phosphorylation (28), therefore excluding activation of the
MAPK (ERK) pathway by CagA as the mechanism for ASPP2
recruitment. In line with this, we did not identify any MAPK (ERK)
inhibitors (0 hits out of 89 compounds; SI Appendix, Fig. S6E) in
our screen.

Finally, the finding that a Cherry-tagged CagA-binding ASPP2
peptide reduces the CagA-induced phenotypes, including decreased
loss of cell polarity and a reduction in H. pylori colonization, is of
great interest. Given the role played by ASPP2 in connecting cell
polarity to inflammation (56), blocking the CagA-ASPP2 interaction
might evoke a stronger immune response from the infected epithelial
cells. Alternatively, we have previously shown in vitro that blocking
the CagA-ASPP2 interaction increases the apoptotic response spe-
cifically in wt H. pylori-infected cells (29). In organoids, blocking the
CagA-ASPP2 interaction might specifically promote the apoptotic
response of the infected cells, as seen in in vitro conditions, and
therefore deplete the target cell population of the infection. Further
studies will address how epithelial cells better control the infection
with H. pylori when the bacterium is not able to reach ASPP2. Also,
given that CagA is needed for colonization by H. pylori in nutrient-
deprived conditions in vitro (17), in future studies it will be interesting
to address whether the CagA—-ASPP2 complex can influence H.
pylori’s ability to access nutrients. The incomplete reduction in
colonization observed in the organoid phenotypes may be due to
partial degradation of the CagA-binding ASPP2 peptide, since a
degradation fragment of the peptide was detected by immunoblot
(ST Appendix, Fig. S104). Heterogeneous expression of the peptide
may also affect its efficacy in preventing the CagA-ASPP2 in-
teraction and altering cellular phenotypes. Regardless, this study
demonstrates that preventing bacterial pathogens from disrupting
the host cell polarity could be a strategy for the development of new
antimicrobial drugs that limit the damage during infection.
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Materials and Methods

Human Tissue Materials. Donor samples were obtained from the Oxford Gl
Biobank (Gastrointestinal Iliness in Oxford: prospective cohort for outcomes,
treatment, predictors and biobanking). Ethical approval was obtained from
the Yorkshire & The Humber - Sheffield Research Ethics Committee (Refer-
ence no. 11/YH/0020) and informed written consent was given by all study
patients. Isolation of the gastric glands was performed as previously de-
scribed (38).

Immunofluorescence. Samples for confocal immunofluorescence were pro-
cessed as previously described (29) with minor modifications. Briefly, cells
were grown on coverslips and organoids were grown on a p-Slide 8 Well
(Ibidi) and fixed in 4% paraformaldehyde (PFA). After permeabilization in
0.1% Triton X-100, samples were incubated with Image-iT FX signal en-
hancer (Thermo Scientific) and incubated overnight with the indicated an-
tibodies. References for the antibodies used in this study and their
concentration are shown in S/ Appendix. Cells were incubated with Alexa
Fluorochrome secondary antibodies, phalloidin-647 for actin, and DAPI for
nuclei acids, and mounted with ProLong Gold Antifade Mountant (Thermo
Scientific). A Zeiss LSM 710 confocal microscope was used to acquire the
confocal images.

High-Content Screening for Regulators of the Recruitment of ASPP2 by H.
pylori. The screen was performed in duplicate. AGS cells were seeded in
96-well plates in DMEM supplemented with 5% FBS at 37 °Cin 5% CO,. After
8 h, compounds or DMSO were transferred robotically from a library stock
plate to a final concentration of 10 pM and cells were further incubated for
12 h. Wild-type or AvirB10 mutant H. pylori strains were added to the cells at
a multiplicity of infection of 1:50 and allowed to infect the cells for 7 h. Cells
were then fixed in 4% PFA, permeabilized in 2% BSA, 0.1% Triton-containing
buffer, and stained for ASPP2, CagA, DAPI for nuclei, and phalloidin for
actin. Assays were performed in black-walled, clear-bottom, 96-well plates
(PerkinElmer) suitable for automated fluorescence imaging. Images were
acquired using a high-content imaging system (InCell Analyzer 6000; GE
Healthcare Life Sciences); a total of 18 different images were acquired per
wavelength, well, and replicate.

Quantification of Microscopy.
Method A. Recruitment of the polarity markers in AGS cells. A cell was scored as
positive for redistribution if we saw at least some overlap between PARs and CagA
in that cell (i.e., not the total % of the PAR members that colocalize with CagA).
Method B. High-content imaging screening. The raw image files (.jpeg) were
segmented and analyzed to extract changes in the cellular distribution of
ASPP2 using ImagelJ software (code used for the analysis is available at https:/
github.com/LButi/Code-CagA-ASPP2-image-analysis/releases/tag/v1.0). ASPP2
distribution was quantified as puncta area of staining per nucleus. The av-
erage punctate staining of ASPP2 in the positive control samples (infected
with wt H. pylori) was assigned a maximum value of 100% of redistribution
(Fig. 6 B and C and S/ Appendix, Fig. S6B). ASPP2 punctate staining for all
other samples (uninfected, AvirB10 H. pylori mutant-infected and wt H.
pylori-infected cells + drugs) was represented as a percentage compared
with the positive controls. Based on the Pearson correlation (0.88) and the
average Z factors (0.74), our positive-hit cutoff was assigned a 30% value.
Method C. Colocalization of CagA with polarity markers in the organoid model.
Confocal optical sections of organoids stained with the indicated antibodies
were analyzed with Zen Zeiss (Carl Zeiss). Whole organoids or random fields
of H. pylori-infected organoids were selected to measure the percentage of
colocalization. The data were then transferred to an Excel worksheet and
analyzed by Prism 7 (GraphPad).

All other experimental procedures, including bacterial infections and
organoid culture, are detailed in SI Appendix, Supplemental Experimental
Procedures.
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