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Helicobacter pylori infection
iInduces STAT3 phosphorylation

on Ser727 and autophagy in human
gastric epithelial cells and mouse
stomach

Juan-Yu Piao?, Su-Jung Kim?!, Do-Hee Kim?, Ji Hyun Park3, Sin-Aye Park*, Hyeong-jun Han?,
Hye-Kyung Na®, Kichul Yoon®, Ha-Na Lee’, Nayoung Kim3, Ki Baik Hahm® &
Young-Joon Surh%***

Helicobacter pylori (H. pylori) infection is considered as one of the principal risk factors of gastric
cancer. Constitutive activation of the signal transducer and activator of transcription 3 (STAT3)

plays an important role in inflammation-associated gastric carcinogenesis. In the canonical STAT3
pathway, phosphorylation of STAT3 on Tyr705 is a major event of STAT3 activation. However, recent
studies have demonstrated that STAT3 phosphorylated on Ser727 has an independent function in
mitochondria. In the present study, we found that human gastric epithelial AGS cells infected with H.
pyloriresulted in localization of STAT3 phosphorylated on Ser727 (P-STAT3%¢7?), predominantly in the
mitochondria. Notably, H. pylori-infected AGS cells exhibited the loss of mitochondrial integrity and
increased expression of the microtubule-associated protein light chain 3 (LC3), the autophagosomal
membrane-associated protein. Treatment of AGS cells with a mitophagy inducer, carbonyl cyanide
3-chlorophenylhydrazone (CCCP), resulted in accumulation of P-STAT35¢7%7 jn mitochondria. In
addition, the elevated expression and mitochondrial localization of LC3 induced by H. pylori infection
were attenuated in AGS cells harboring STAT3 mutation defective in Ser727 phosphorylation (S727A).
We also observed that both P-STAT35¢7?7 expression and LC3 accumulation were increased in

the mitochondria of H. pylori-inoculated mouse stomach.

It is well known that the signal transducer and activator of transcription 3 (STAT3) functions as a nuclear tran-
scription factor to regulate expression of target genes involved in cell proliferation, survival and transformation’.
It has been reported that STAT3 is constitutively activated in human gastric adenomas, which is associated with
poor prognosis?. Helicobacter pylori (H. pylori), a gram-negative bacterial pathogen, has been implicated in the
development of gastric cancer. It has been well documented that H. pylori infection causes activation of STAT3
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which is implicated in gastric cancer initiation and progression®=. Our previous study demonstrated that H.
pylori infection induced phosphorylation and nuclear translocation of STAT3 in cultured human gastric AGS
cells and mouse stomach in vivo’.

One of the essential events in activation of STAT3 is phosphorylation at its Tyr705 residue. The tyrosine
phosphorylated STAT3 (P-STAT3Y7%) forms a dimer which translocates to nucleus and functions as a transcrip-
tion factor. However, STAT3 undergoes phosphorylation on Ser727 as well, which is speculated to be involved in
maximal activation of this transcription factor®. Notably, STAT3 was found to be constitutively phosphorylated
on both Tyr705 and Ser727 in acute myeloid leukemia®. Sakaguchi et al. observed aberrant phosphorylation
of STAT3 on Ser727 in melanoma cells irrespective of Tyr705 phosphorylation and demonstrated a role for
P-STAT3%7% in regulating survival of these cells'®. Moreover, the Ser727 phosphorylation of STAT3 is associated
with negative estrogen receptor status in infiltrating breast ductal carcinoma'!, and also progression of cervical
intraepithelial neoplasia'?.

Unlike Tyr705, Ser727 phosphorylation results in localization of STAT3 predominantly in mitochondria
where it regulates the electron transport chain activity'>'*. In addition, mitochondrial STAT3 phosphorylated
on Ser727 contributes to ras-dependent oncogenic transformation’®. Yu et al. also demonstrated that the mito-
chondrial P-STAT3%7%7, not nuclear P-STAT3™"7%, was involved in malignant transformation of the Barrett’s
epithelial cells expressing oncogene ras'®. Moreover, mitochondrial localization of P-STAT357%7 promotes breast
cancer growth by controlling the electron transport chain activity and regulating the intracellular accumulation
of reactive oxygen species (ROS)'”. However, the role for P-STAT3%7%’ in gastric carcinogenesis and related
pathogenesis has not been investigated comprehensively. This prompted us to explore the role of P-STAT3%7%
in the host response to H. pylori-associated gastritis.

Results

H. pylori induces phosphorylation of STAT3 on Ser727 in cultured AGS cells, independently
of Tyr705 phosphorylation. Constitutively elevated phosphorylation of STAT3 at the Tyr705 residue has
been frequently observed in many different types of cancer cells and biopsies from cancer patients and is consid-
ered as an essential event for its transcriptional activity. However, recent studies have revealed that phosphoryla-
tion on Ser727 is also important for the oncogenic function of STAT3!1%15-17 To determine whether H. pylori
could induce STAT3 phosphorylation on Ser727, we conducted a time study upon H. pylori infection in cultured
AGS cells. H. pylori infection induced STAT3 phosphorylation on Ser727 which exhibited a kinetic profile dis-
tinct from that for Tyr705 phosphorylation (Fig. 1A). To investigate whether or not phosphorylation of STAT3
at Tyr705 and Ser727 in H. pylori-infected AGS cells is causally linked, we performed site-directed mutagenesis
targeting the tyrosine phosphorylation (Y705F) and serine phosphorylation (S727A) sites of the pCMV-STAT3-
HA construct. AGS cells were then transfected with these phosphorylation-defective STAT3 mutant constructs
prior to H. pylori infection. As illustrated in Fig. 1B, Tyr705 mutation did not influence phosphorylation of
STAT3 on Ser727 and vice versa, suggesting that H. pylori-induced phosphorylation of STAT3 on Tyr705 and
Ser727 occurs independently of each other.

STAT3 phosphorylated on Ser727 predominantly localizes in mitochondria of H. pylori-infected
AGS cells. Next, we investigated the subcellular localization of P-STAT3%7% in H. pylori-infected AGS cells.
According to Western blot analysis of the cytosolic and nuclear extracts, P-STAT3™7% was detected in nucleus,
whereas STAT3 phosphorylated on Ser727 was mainly present in cytosol (Fig. 2A), indicating that P-STAT-
35727 s unlikely to function as a transcription factor. It has been reported that mitochondrial STAT3 promotes
ras-dependent oncogenic transformation, which is largely dependent on Ser727 phosphorylation'>¢. There-
fore, we further fractionated the cytoplasm to get the mitochondrial fraction which was subjected to Western
blot analysis. Notably, P-STAT3%”% predominantly localized in mitochondria of H. pylori-infected AGS cells
(Fig. 2B), and this result was verified by the immunocytochemical analysis using a selective mitochondrial probe
MitoTracker (Fig. 2C). Serine phosphorylated STAT3 has been reported to localize in nucleus'®" as well as in
cytosol and mitochondria. In our present study, Western blot analysis barely detected P-STAT3%% in the nucleus
(Fig. 2A), but immunofluorescence analysis (Fig. 2C) detected 4',6-diamidino-2-phenylindole (DAPI)-stained
P-STAT3%%, indicative of its nuclear localization although the extent was apparently much less evident than that
of mitochondrial accumulation.

H. pylori infection provokes mitochondrial damage and autophagy. Autophagy is an autodiges-
tive process that degrades cellular organelles and proteins to maintain cellular homeostasis against environmen-
tal stress®’. It has been reported that H. pylori induces autophagy via the virulence factor of VacA*'. In agreement
with this finding, expression of the autophagy marker, the microtubule-associated protein light chain 3 (LC3)
B (Fig. 3A) and formation of LC3 dots (Fig. 3B) were increased by H. pylori infection in AGS cells. However,
there was not much change in the expression of other autophagy markers, such as Beclin-1 and p62. Notably, the
increased accumulation of autophagosomal membrane-associated protein LC3B was observed in the mitochon-
drial fraction of H. pylori-infected AGS cells, as assessed by Western blot (Fig. 3C) and immunocytochemical
(Fig. 3D) analyses.

While the uninfected AGS cells maintain integrity of the mitochondria, H. pylori-infected AGS cells exhibited
swelling of mitochondria as visualized by transmission electron microscopy (Fig. 3E). These results suggest that
H. pylori infection causes mitochondrial damage, and the injured mitochondria are likely to be sequestered by
autophagosomes which eventually fuse with the lysosomes for clearance.
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Figure 1. H. pylori-induced phosphorylation of STAT3 on Ser727 and Tyr705 in cultured AGS cells. (A)
Western blot analysis of P-STAT3%7%7, P-STAT3™7%5 and STAT3 in whole lysates. AGS cells were treated with
100 MOI H. pylori (ATCC43504) and harvested at indicated time points. The relative levels of P-STAT3%7%
and STAT3 from three independent experiments are presented as means +S.D. (B) Western blot analysis of
P-STAT3%727, P-STAT3™7% and STAT3 in whole lysates. AGS cells were transfected with WT and mutant
vectors prior to H. pylori infection. The conditions for transient transfection and other experimental details are
described in “Materials and methods”

H. pylori-induced accumulation of LC3 is associated with STAT3 phosphorylation on
Ser727. To determine whether P-STAT3%7% could be involved in clearance of damaged mitochondria by
autophagy, we treated the AGS cells with a well-known mitophagy inducer carbonyl cyanide 3-chlorophenylhy-
drazone (CCCP). CCCP treatment dramatically increased co-localization of mitochondria with LC3B (Fig. 4A).
In addition, the expression of P-STAT3%7%7 in whole (Fig. 4B) and mitochondrial (Fig. 4C) lysates was increased
by CCCP treatment. Notably, CCCP-induced LC3B-II expression was abrogated in AGS cells transfected with
the serine 727 mutant vector (Supplementary Fig. 1). We then investigated the possible role of Ser727 phospho-
rylated STAT3 in H. pylori-induced LC3 accumulation in the mitochondria of AGS cells. Those cells transiently
transfected with phosphorylation defective S727A vector exhibited a markedly reduced expression level of
LC3B-II upon H. pylori infection (Fig. 4D). Furthermore, LC3 dot formation and decreased mitochondria mass
observed in wild-type cells following H. pylori infection were not evident in the mutant cells (Fig. 4E). These
results, taken all together, suggest that STAT3 phosphorylation on Ser727 may account for H. pylori-induced
autophagic removal of damaged mitochondria.

We also explored possible association between Ser727 phosphorylation of STAT3 and autophagy in a H.
pylori-induced murine gastritis model. The H. pylori-induced gastritis was evidenced by elongation of gastric
pits and loss of parental cells according to histological examinations (Fig. 5A). As shown in Fig. 5B, expression
of both P-STAT3%727 and LC3B was enhanced in the gastric mucosa of H. pylori infected mice. Further, H.
pylori-inoculated mouse stomach had elevated co-localization of P-STAT3%7%” and the mitochondrial voltage-
dependent anion channel (VDAC). Moreover, enhancement of LC3B localization was observed in the mitochon-
dria of H. pylori-infected mouse mucosa (Fig. 5D).

Discussion

STATS3 is a transcription factor activated by various external stimuli including cytokines and growth factors.
Upon activation, STAT3 is phosphorylated on Tyr705 and translocates to nucleus where it regulates expression
of target genes involved in cell proliferation, survival and so on**7?2, Although phosphorylation of STAT3
on Tyr705 has been considered essential for its dimerization, nuclear translocation, transcriptional activity
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Figure 2. Comparison of subcellular localization of P-STAT3%7% in AGS cells infected with H. pylori. AGS
cells were co-cultured with H. pylori and harvested at indicated time points. (A) Western blot analysis of
P-STAT3%727, P-STAT3™"% and STAT3 in cytosolic and nuclear extracts. Lamin B and a-tubulin were used as
nuclear and cytoplasmic protein markers, respectively. (B) Western blot analysis of P-STAT3%7%” and STAT3 in
cytosolic and mitochondrial extracts. VDAC and a-tubulin are mitochondrial and cytoplasmic protein markers,
respectively. (C) Verification of mitochondrial translocation of P-STAT3%7%” upon H. pylori infection for 12 h.
Mitotracker was used as a selective probe of mitochondria. Scale bar, 100 um.
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Figure 3. Mitochondrial accumulation of an autophagy marker in H. pylori infected AGS cells. (A) AGS cells
were infected with H. pylori and harvested at indicated time points. Western blot analyses of LC3B, Beclin 1,
p62 and actin in whole cell lysates. (B) Immunocytochemical analysis of LC3 in AGS cells infected by H. pylori
for 12 h. The arrow indicates the LC3 dots. (C) Western blot analysis of P-STAT3%7?” and LC3B in cytosolic
and mitochondrial fractions of H. pylori infected AGS cells. VDAC and a-tubulin were used as mitochondrial
and cytoplasmic protein markers, respectively. The relative expression levels of LC3B-II from three independent
experiments are presented means +S.D. (D) Immunocytochemical analysis of LC3 in AGS cells co-cultured
with H. pylori for 12 h. MitoTracker is a selective probe of mitochondria. Scale bar, 100 pm. (E) Transmission
electron microscopy image of control cells and H. pylori-infected cells.
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Figure 4. Role of P-STAT3%% in accumulation of LC3 in mitochondria of H. pylori infected AGS cells. (A) Immunocytochemical
analysis of LC3 co-localized with mitochondria. AGS cells were treated with vehicle (DMSO) or CCCP (1 uM) for 1 h. MitoTracker
was used as a selective probe of mitochondria. Scale bar, 100 um. (B) Western blot analysis of P-STAT3%7%, STAT3, and LC3B in AGS
cells treated with DMSO or 1 pM CCCP for 1 h. (C) AGS cells were treated with DMSO or CCCP (1 uM) for 1 h. Western blot analysis
of P-STAT3%7%7 and LC3B in cytosolic and mitochondrial extracts. VDAC and a-tubulin are mitochondrial and cytoplasmic protein
markers, respectively. (D) Western blot analysis of P-STAT3%7%” and LC3B in AGS cells transfected with WT or serine dominant
negative mutant vector. The relative expression levels of LC3 from three independent experiments are presented means +S.D. (E)
Immunocytochemical analysis of LC3B in WT and Ser727 mutant AGS cells with or without H. pylori infection. MitoTracker is a
selective probe of mitochondria. Scale bar, 100 pm.
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Figure 5. STATS3 phosphorylation on Ser727 and LC3B expression in mouse stomach infected with H. pylori.
(A) H&E staining of H. pylori-infected mouse stomach tissue. (B) Western blot analysis of P-STAT3%7% and
LC-3B in H. pylori-infected mouse stomach. The relative expression levels of P-STAT3%7* and LC-3B are
presented means +S.D. (C) Immunofluorescence analysis of P-STAT3%7% co-localized with a mitochondrial
marker protein, VDAC. (D) Immunofluorescence analysis of LC3B co-localized with VDAC.
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and oncogenic function, STAT3 phosphorylated on Ser727 is imported into mitochondria and regulates the
mitochondrial electron transport chain activity and ras-dependent malignant transformation'>'¢. The phos-
phorylation at serine 727 also stimulated breast tumor growth by modulating the activity of complex I and the
intracellular accumulation of ROS".

The association between Tyr705 and Ser727 residues of STAT?3 is controversial. Some studies demonstrated
that STAT3 Ser727 phosphorylation negatively modulated Tyr705 phosphorylation®>**. In glioma-initiating
cells, Tyr705 phosphorylation was independent of Ser727 phosphorylation while Ser727 phosphorylation was
dependent on Tyr705 phosphorylation®®. However, it has been reported that phosphorylation of STAT3 on Ser727
promotes prostate tumorigenesis, regardless of Tyr705 phosphorylation?. Our previous studies demonstrated
that H. pylori infection gave rise to increased Tyr705 phosphorylation and nuclear translocation of STAT3 in
cultured AGS cells and mouse stomach in vivo’. In the study reported here, we found that H. pylori infection
induced phosphorylation of STAT3 on Ser727 as well, and the resulting P-STAT3%7# was detected predominantly
in mitochondria and that nuclear translocation of P-STAT3™7% and mitochondrial localization of P-STAT3%7%7
occurred, independently of each other in H. pylori infected human gastric cancer cells.

Autophagy is an autodigestive process, which removes unnecessary or dysfunctional components to main-
tain cellular homeostasis in response to nutrient stress?’. During the process of autophagy, the LC3 is converted
to the LC3-II form, recruiting autophagosomal membranes. Our present study reveals that H. pylori-induced
accumulation of LC3-II in the mitochondria is likely to be mediated by P-STAT3%7%’. The involvement of STAT3
in regulating autophagy has received considerable attention in recent years”’ . Several studies have highlighted
regulatory roles for ROS of mitochondrial origin in the induction of autophagy, especially the selective autophagic
degradation of mitochondria, also known as mitophagy'”*'. However, connections between mitochondrial STAT3
activities and ROS production are somewhat contradictory®.

It should be noted that no specific mitochondrial targeting signal sequence has been identified in STAT3
although the C-terminus has been shown to be required for its mitochondrial transport. STAT3 phosphorylated
on Ser727 translocates to mitochondria which is known to be dependent on GRIM-19*, a component of com-
plex I required for maintenance of the mitochondrial membrane potential****. The phosphorylation of STAT3
on Ser727 facilitates its interaction with GRIM-19 with a resultant translocation of STAT3 to the mitochondria
where it induces an increase in ROS production and cell death?. In support of this speculation, we found a
physical interaction between Ser727 phosphorylated STAT3 and GRIM-19 in mitochondria of H. pylori-infected
cells (Supplementary Fig. 2A), and this binding was blunted when the Ser727 residue of STAT3 was replaced
by alanine (Supplementary Fig. 2B). Furthermore, siRNA knockdown of GRIM-19 abolished H. pylori-induced
localization of P-STAT3%7% in the mitochondria (Supplementary Fig. 2C) as well as expression of LC-3 (Sup-
plementary Fig. 2D). This result suggests that H. pylori-induced mitochondrial translocation of P-STAT3%7
is mediated by GRIM-19.

Mitophagy, a specific form of autophagy, removes damaged mitochondria to prevent cytochrome ¢ release
into cytosol, thereby protecting against apoptotic cell death upon mild stress®”. However, the (patho)physiologic
significance of mitophagy is still obscure. Increased ROS production by impairment of mitochondrial electron
transport can trigger inflammatory signaling. Accumulation of mitochondria-derived ROS then activates redox
sensitive transcription factors, facilitating the production of anti-inflammatory or proinflammatory factors.
Although mitophagy can specifically eliminate dysfunctional mitochondria to maintain cellular homeostasis,
thereby preventing hyperinflammation caused by ROS, defective or overactivated mitophagy may aggravate the
inflammation, provoking pathological conditions®*.

It is well established that H. pylori infection induces inflammatory responses leading to an increased risk of
gastric cancer. As shown in this study, H. pylori-infected mouse stomach mucosa exhibited elongation of gastric
pit and loss of parental cells, reflecting inflammatory tissue damage. Furthermore, the levels of both P-STAT35¢7
and LC3 were elevated in H. pylori-positive mouse stomach, suggesting the potential link between inflammation
and autophagy. A prototypic pro-inflammatory enzyme, cyclooxygenase-2 (COX-2) is one of the downstream
targets of the oncogenic transcription factors NF-kB and STAT3. Both H. pylori (Supplementary Fig. 3A) and
the mitophagy inducer CCCP (Supplementary Fig. 3B) upregulated the expression of COX-2, indicative of
association between H. pylori-promoted mitophagy and inflammatory response. Moreover, silencing of LC3
abrogated the H. pylori-induced COX-2 expression (Supplementary Fig. 3C). A similar result was achieved by
use of an autophagy inhibitor (3-MA) (Supplementary Fig. 3D). Notably, H. pylori-induced enhancement of
COX-2 expression was negated in AGS cells harbouring a serine to alanine mutation (S727A) of STAT3 (Sup-
plementary Fig. 3E). H. pylori-induced COX-2 expression in AGS cells was attenuated by silencing of GRIM-19
(data not shown), suggesting that interaction of P-STAT3%7” with GRIM-19 may trigger inflammatory signaling
in response to H. pylori-induced gastric inflammation.

Taken together, the findings from the present study provide a novel molecular mechanism underlying host
response to H. pylori-induced gastritis. H. pylori infection induces phosphorylation of STAT3 on Ser727 and
subsequently its mitochondrial translocation through interaction with GRIM-19 (Fig. 6). This would facilitate
the elimination of dysfunctional mitochondria formed as a consequence H. pylori-induced infection although
it may also provoke inflammation, depending on the extent of mitophagy. Further studies will be necessary to
clarify the (patho)physiologic significance of P-STAT3%7?’-mediated mitochondrial autophagy in H. pylori-
induced gastritis and gastric carcinogenesis.

Materials and methods

Materials. RPMI-1640 medium, fetal bovine serum (FBS), penicillin, streptomycin were products of GIBCO
BRL (Grand Island, NY, USA). Sheep blood agar, Gaspak™ and anaerobic jars were provided by BD Biosciences
(Sparks, MD, USA). Primary antibody against actin was purchased from Sigma-Aldrich (St. Louis, MO, USA).
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Figure 6. A proposed scheme illustrating the potential role of STAT3 phosphorylation on Ser727 in regulating
mitochondrial autophagy. While P-STAT3™7% |ocalized in the nucleus of H. pylori infected AGS cells
transactivates the target genes, STAT3 phosphorylated on Ser727 is imported into mitochondria by interacting
with GRIM-19. P-STAT3%% localized in mitochondria may direct autophagosome formation through an
unknown mechanism. Autophagic clearance of impaired mitochondria can maintain tissue homeostasis or
cause inflammation, depending on the extent of mitochondrial autophagy.
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Primary antibodies for lamin B and GRIM-19 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against P-STAT3™7%, P-STAT3%7%7, total STAT3, HA, VDAC and LC3B were bought from
Cell Signaling Technology (Beverly, MA, USA). Primary antibody for a-tubulin was a product from Biogenex
(Fremont, CA, USA). Horseradish peroxidase (HRP)-conjugated secondary antibody was obtained from Pierce
Biotechnology (Rockford, IL, USA). CCCP and DL-dithiothreitol (DTT) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Alexa 588 conjugated-IgG, TRIzol®, MitoTracker, DAPI, and Lipofectamine® RNAIMAX
were provided by Invitrogen (Carlsbad, CA, USA). Polyvinylidene difluoride (PVDF) membranes were sup-
plied from Gelman laboratory (Ann Arbor, MI, USA). Protease inhibitor cocktail tablets were provided from
Boehringer Mannheimm (Mannheimm, Germany). The ECL chemiluminescent detection kit was purchased
from LPS solution (Daejon, South Korea). A protein assay dye (Bradford) reagent was supplied by Bio-Rad
Laboratories (Hercules, CA, USA). The bicinchonic acid (BCA) protein assay reagent was obtained from Pierce
Biotechnology (Rockford, IL, USA). All other chemicals used were in the purest form available commercially.

Cell culture. AGS cells were obtained from American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI-1640 medium supplemented with 10% v/v FBS and 100 units/mL penicillin and 100 pug/mL
streptomycin at 37 °C in an incubator with humidified atmosphere of 95% O,/5% CO,.

Bacteria strain and infection condition. H. pylori (ATCC’ 43504™) with the typical S shape, gram-
negative rods, possessing the CagA and VacA were provided in a frozen state by ATCC. A mouse adaptive strain
of H. pylori, Sydney strain 1 (S51)** was provided by Prof. Ki-Baik Hahm of CHA University. Both strains were
grown on tryptic soy agar with 5% sheep blood agar (BD Diagnostics) and Dent antibiotics supplement (Oxoid)
at 37 °C under microaerophilic conditions (Campy-Pak System; BBL). AGS cells were incubated overnight in
fresh serum- and antibiotic-free RPMI medium and were infected with H. pylori at multiplicities of infection
(MOI) of 100:1.

Western blot analysis. The cell lysates were prepared, and the protein concentration was measured as
described previously’. The equivalent amounts of proteins (10-30 pg) were subjected to electrophoresis on 8%
or 12% SDS-polyacrylamide gel and transferred to PVDF membrane. The transferred proteins were blocked in
5% fat-free dry milk in phosphate-buffered saline (PBS) containing 0.1% tween 20 (PBST) for 1 h at room tem-
perature. Then, the membranes were incubated with primary antibodies in 3% fat-free dry milk in PBS overnight
in 4 °C. Membranes were washed followed by incubation with 1:3000 dilution of respective HRP conjugated
secondary antibodies for 1.5 h and again washed with PBST. Protein expressed was visualized with an ECL
chemiluminescence detection kit.

Plasmid constructs and transient transfections. The full-length human STAT3 was amplified by RT-
PCR from the total RNA obtained from AGS cells with primers 5-ACG CTC GAG TTA TGG CCC AAT GGA
ATC AG-3' (forward) and 5'- ATT CTT ATG CGG CCG CTC ACA TGG GGG AGG TAG-3'(reverse) and
subcloned into HA-tagged pCMV expression vector (addgene Plasmid #28023) as Xhol/Not] fragment. pCMV-
HA-STAT3 was used as a template. STAT3 mutant constructs were generated using a site-directed mutagenesis
kit (iNtRon; Seongnam, South Korea). Primer sequences used for PCR are as follows. Y705F-FP 5'- GTA GCG
CTG CCC CAT TCC TGA AGA CCA AGT TT-3' (forward) and Y705F-RP 5-AAA CTT GGT CTT CAG
GAA TGG GGC AGC GCT AC-3'(reverse). S727A-FP 5'-GAC CTG CCG ATG GCC CCC CGC ACT TTA
GAT-3' (forward) and S727A-RP 5'-ATC TAA AGT GCG GGG GGC CAT CGG CAG GTC-3'(reverse). Mutant
constructs were confirmed by DNA sequence analysis. The plasmids were transfected into AGS cells using the
FuGENE HD Transfection (Promega; UK), according to the optimized protocol for the AGS cells.

Preparation of cytosolic and nuclear extracts. After H. pylori infection, cells were washed twice with
ice-cold 1xPBS and scraped in 1 mL 1xPBS, followed by centrifugation at 1700xg for 5 min at 4 °C. Pellets
were resuspended in hypotonic buffer A [10 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (pH
7.9), 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT and 0.2 mM phenylmethylsulfonylfluoride (PMSF)] for 15 min
on ice. Ten % Nonidet P-40 was then added to final concentration of 0.1% for less than 5 min. The mixture was
then centrifuged at 6000x g for 5 min at 4 °C. Supernatant was collected as the cytosolic extract and stored at
— 80 °C. The pellets were washed twice with hypotonic buffer A and resuspended again in hypertonic buffer C
[20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (pH 7.9), 20% glycerol, 420 mM NaCl, 1.5 mM
MgCl,, 0.2 mM ethylenediaminetetraacetic acid, 0.5 mM DTT and 0.2 mM PMSF] for 1 h on ice and centrifuged
at 18,000xg for 15 min at 4 °C. The supernatant containing nuclear proteins was collected and stored at — 80 °C.
The protein concentrations of both fractions were determined by using the BCA protein assay reagent’.

Preparation of cytosolic and mitochondrial extracts. Cytosolic extract and mitochondrial pellets
were prepared by a commercial Mitochondria Isolation Kit (Thermo Fisher Scientific; Rockford, IL, USA). The
mitochondrial pellets were lysed by RIPA buffer [150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
Tris-HCI (pH 8.0) and one tablet of protease inhibitor cocktail]. The protein concentrations of cytosolic and
mitochondrial extracts were determined using the BCA protein assay reagent.

Immunocytochemical analysis. AGS cells were infected with H. pylori for 12 h. After the cells were incu-
bated with MitoTracker probe (1 nM) in prewarmed staining solution for 30 min, samples were fixed with cold
95% MeOH/5% acetic acid for 10 min at 4 °C. Then samples were permeabilized with 0.2% Triton X-100 for
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5 min at room temperature and blocked with 5% bovine serum albumin in PBST for 1 h at room temperature.
Samples were incubated with primary antibody specific for phospho-STAT3%7%” or LC3B overnight at 4 °C, fol-
lowed by incubation with fluorescein isothiocyanate-goat anti-rabbit IgG secondary antibody for 1 h at room
temperature. Nuclear-staining was performed with DAPI for 5 min at room temperature’. Images were assessed
under a fluorescent microscopy.

Transmission election microscopy. AGS cells with or without H. pylori infection were collected and
fixed at room temperature for 4 h with karnovsky’s fixation. The cells were washed with 0.05 M sodium caco-
dylate buffer and postfixed for 2 h with 1% osmium tetroxide in 0.1 M cacodylate buffer. After fixation, the cells
were stained with 0.5% uranyl acetate for overnight. The stained cells were dehydrated in graded alcohol and
embedded in spurr’s resine. Then, ultra-thin sections (100 nm) were prepared, stained with uranyl acetate and
lead citrate, and examined under a transmission electron microscope (JEM1010, JEOL, Japan).

Animal treatment. The protocol for animal treatments is the same as reported previously’. All animal
experiments were carried out in accordance with the 8th edition of the Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011), and the protocol was approved by the Institutional Animal Care
and Use Committee (IACUC) of Seoul National University (SNUIBC-R141017-1).

Preparation of whole lysates from mouse stomach tissue. Part of excised stomach tissues were
homogenized in ice-cold lysis buffer [150 mM NaCl, 0.5% Triton-X 100, 50 mM Tris-HCI (pH 7.4), 20 mM
ethyleneglycoltetra-acetic acid, I mM DTT, 1 mM Na;VO, and protease inhibitors, 1 mM PMSF and ethylen-
ediaminetetra-acetic acid-freecocktail tablet] followed by periodical vortex mixing for 30 min at 0 °C. Lysates
were centrifuged at 14,000 rpm for 15 min at 4 °C. Supernatants were collected and stored at — 80 °C until use.

Histopathological examinations. After 4 weeks of H. pylori infection, mouse stomachs were subjected
to histological analysis. The tissues were fixed with 10% formalin before being embedded in paraffin. Each tissue
blot Sections (4 um) was stained with hematoxylin and eosin (H&E).

Immunofluorescence analysis. The dissected stomach tissues were prepared as previously” for measur-
ing the expression patterns of P-STAT3%7%7, LC3 and VDAC. Four-um sections of 10% formalin-fixed, paraffin-
embedded tissues were placed on glass slides and deparaffinized twice with xylene and rehydrated through
graded alcohol bath. The deparaffinized sections were heated by using microwave and boiled twice for 10 min in
10 mM citrate buffer (pH 6.0) for antigen retrieval. Then the samples were incubated with 0.2% Triton for 45 min
for permeabilization. To diminish nonspecific staining, each section was blocked for 1 h with 3% bovine serum
albumin in PBS. For the detection of respective protein expression, slides were incubated with P-STAT3%7%7,
LC3 and VDAC antibodies at 4 °C for overnight and Alexa Fluor (Invitrogen) anti-mouse or rabbit (1:1,000)
secondary antibody at room temperature for an additional 1 h. The slides were mounted by prolong antifade
with DAPI (Invitorgen).

Statistical analysis. Data from three independent experiments at least were expressed as the mean +S.D.
The statistical significance of differences between two groups was evaluated using Student’s ¢ test. Analysis was
performed using Sigmaplot (Version 10). Statistical significance was accepted at p <0.05, unless otherwise indi-
cated.

Data availability
The datasets generated during and/or analyzed during current study are available from the corresponding author
on reasonable request.

Received: 5 May 2019; Accepted: 31 August 2020
Published online: 24 September 2020

References
1. Yu, H, Lee, H,, Herrmann, A., Buettner, R. & Jove, R. Revisiting STAT3 signalling in cancer: new and unexpected biological func-
tions. Nat. Rev. Cancer 14(736-746), 2014. https://doi.org/10.1038/nrc3818 (2014).
2. Xiong, H. et al. Constitutive activation of STAT3 is predictive of poor prognosis in human gastric cancer. J. Mol. Med. 90(1037-
1046), 2012. https://doi.org/10.1007/s00109-012-0869-0 (2012).

. Zhao, . et al. Helicobacter pylori-induced STAT3 activation and signalling network in gastric cancer. Oncoscience 1, 468-475 (2014).

4. Bronte-Tinkew, D. M. et al. Helicobacter pylori cytotoxin-associated gene A activates the signal transducer and activator of tran-
scription 3 pathway in vitro and in vivo. Cancer Res. 69, 632-639. https://doi.org/10.1158/0008-5472.CAN-08-1191 (2009).

5. Xiong, H. et al. A positive feedback loop between STAT3 and cyclooxygenase-2 gene may contribute to Helicobacter pylori-
associated human gastric tumorigenesis. Int. J. Cancer 134, 2030-2040 (2014).

6. Lee, 1. O. et al. Helicobacter pylori CagA phosphorylation status determines the gp130-activated SHP2/ERK and JAK/STAT signal
transduction pathways in gastric epithelial cells. J. Biol. Chem. 285(16042-16050), 2010. https://doi.org/10.1074/jbc.M110.11105
4(2010).

7. Piao, ]. Y. et al. Helicobacter pylori Activates IL-6-STAT3 signaling in human gastric cancer cells: potential roles for reactive oxygen
species. Helicobacter https://doi.org/10.1111/hel.12298 (2016).

8. Wen, Z., Zhong, Z. & Darnell, J. E. Jr. Maximal activation of transcription by Statl and Stat3 requires both tyrosine and serine
phosphorylation. Cell 82, 241-250 (1995).

9. Schuringa, J. J., Wierenga, A. T., Kruijer, W. & Vellenga, E. Constitutive Stat3, Tyr705, and Ser727 phosphorylation in acute myeloid
leukemia cells caused by the autocrine secretion of interleukin-6. Blood 95, 3765-3770 (2000).

w

SCIENTIFIC REPORTS |

(2020) 10:15711 | https://doi.org/10.1038/s41598-020-72594-3


https://doi.org/10.1038/nrc3818
https://doi.org/10.1007/s00109-012-0869-0
https://doi.org/10.1158/0008-5472.CAN-08-1191
https://doi.org/10.1074/jbc.M110.111054
https://doi.org/10.1074/jbc.M110.111054
https://doi.org/10.1111/hel.12298

www.nature.com/scientificreports/

10.
11.
12.
13.

14.

15.

16.

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
. Jonchere, B. et al. STAT3 as a new autophagy regulator. JAKSTAT 2, e24353. https://doi.org/10.4161/jkst.24353 (2013).
29.
30.

31.
32.

33.
34.
35.
36.
37.
38.

. Gkikas, I, Palikaras, K. & Tavernarakis, N. The role of mitophagy in innate immunity . Front. Immunol. 9, 1283 (2015).
40.

Sakaguchi, M., Oka, M., Iwasaki, T., Fukami, Y. & Nishigori, C. Role and regulation of STAT3 phosphorylation at Ser727 in mel-
anocytes and melanoma cells. J. Invest. Dermatol. 132, 1877-1885. https://doi.org/10.1038/jid.2012.45 (2012).

Yeh, Y. T. et al. STAT3 ser727 phosphorylation and its association with negative estrogen receptor status in breast infiltrating ductal
carcinoma. Int. J. Cancer 118, 2943-2947. https://doi.org/10.1002/ijc.21771 (2006).

Yang, S. E. et al. The role of p-STAT3 (ser727) revealed by its association with Ki-67 in cervical intraepithelial neoplasia. Gynecol.
Oncol. 98, 446-452. https://doi.org/10.1016/j.ygyno.2005.05.032 (2005).

Wegrzyn, J. et al. Function of mitochondrial Stat3 in cellular respiration. Science 323, 793-797. https://doi.org/10.1126/scien
ce.1164551 (2009).

Szczepanek, K. et al. Mitochondrial-targeted Signal transducer and activator of transcription 3 (STAT3) protects against ischemia-
induced changes in the electron transport chain and the generation of reactive oxygen species. J. Biol. Chem. 286, 29610-29620.
https://doi.org/10.1074/jbc.M111.226209 (2011).

Gough, D. J. et al. Mitochondrial STAT3 supports Ras-dependent oncogenic transformation. Science 324, 1713-1716. https://doi.
org/10.1126/science.1171721 (2009).

Yu, C. et al. Mitochondrial STAT3 contributes to transformation of Barrett’s epithelial cells that express oncogenic Ras in a
p53-independent fashion. Am. J. Physiol. Gastrointest. Liver Physiol. 309, G146-161. https://doi.org/10.1152/ajpgi.00462.2014
(2015).

Zhang, Q. et al. Mitochondrial localized Stat3 promotes breast cancer growth via phosphorylation of serine 727. J. Biol. Chem.
288, 31280-31288. https://doi.org/10.1074/jbc.M113.505057 (2013).

Cimica, V. et al. Dynamics of the STAT3 transcription factor: nuclear import dependent on Ran and Importin-bl. PLoS ONE 6,
€20188 (2011).

Meyer, T. & Vinkemeier, U. Nucleocytoplasmic shuttling of STAT transcription factors. Eur. J. Biochem. 271, 4606-4612 (2004).
Glick, D, Barth, S. & Macleod, K. F. Autophagy: cellular and molecular mechanisms. J. Pathol. 221, 3-12. https://doi.org/10.1002/
path.2697 (2010).

Greenfield, L. K. & Jones, N. L. Modulation of autophagy by Helicobacter pylori and its role in gastric carcinogenesis. Trends
Microbiol. 21, 602-612. https://doi.org/10.1016/.tim.2013.09.004 (2013).

Yu, H., Pardoll, D. & Jove, R. STATs in cancer inflammation and immunity: a leading role for STAT3. Nat. Rev. Cancer 9, 798-809.
https://doi.org/10.1038/nrc2734 (2009).

Chung, J., Uchida, E., Grammer, T. C. & Blenis, J. STAT3 serine phosphorylation by ERK-dependent and -independent pathways
negatively modulates its tyrosine phosphorylation. Mol. Cell. Biol. 17, 6508-6516. https://doi.org/10.1128/mcb.17.11.6508 (1997).
Wakahara, R. et al. Phospho-Ser727 of STAT3 regulates STAT3 activity by enhancing dephosphorylation of phospho-Tyr705 largely
through TC45. Genes Cells 17, 132-145. https://doi.org/10.1111/j.1365-2443.2011.01575.x (2012).

Ganguly, D. et al. The critical role that STAT3 plays in glioma-initiating cells: STAT3 addiction in glioma. Oncotarget 9, 22095
22112 (2018).

Qin, H. R. et al. Activation of signal transducer and activator of transcription 3 through a phosphomimetic serine 727 promotes
prostate tumorigenesis independent of tyrosine 705 phosphorylation. Cancer Res. 68, 7736-7741. https://doi.org/10.1158/0008-
5472.CAN-08-1125 (2008).

You, L. et al. The role of STAT3 in autophagy. Autophagy 11, 729-739. https://doi.org/10.1080/15548627.2015.1017192 (2015).

Sun, L. et al. MIR506 induces autophagy-related cell death in pancreatic cancer cells by targeting the STAT3 pathway. Autophagy
13, 703-714. https://doi.org/10.1080/15548627.2017.1280217 (2017).

Fan, T. E et al. Dihydromyricetin promotes autophagy and apoptosis through ROS-STATS3 signaling in head and neck squamous
cell carcinoma. Oncotarget 7, 59691-59703. https://doi.org/10.18632/oncotarget.10836 (2016).

Scherz-Shouval, R. & Elazar, Z. ROS, mitochondria and the regulation of autophagy. Trend Cell Biol. 17, 422-427 (2007).

Poli, A. & Camporeale, A. STAT3-mediated metabolic reprograming in cellular transformation and implications for drug resist-
ance. Front. Oncol. 5(121), 2015. https://doi.org/10.3389/fonc.2015.00121.eCollection (2015).

Tammineni, P. et al. The import of the transcription factor STAT3 into mitochondria depends on GRIM-19, a component of the
electron transport chain. J. Biol. Chem. 288, 4723-4732. https://doi.org/10.1074/jbc.M112.378984 (2013).

Fearnley, I. M. et al. GRIM-19, a cell death regulatory gene product, is a subunit of bovine mitochondrial NADH:ubiquinone
oxidoreductase (complex I). J. Biol. Chem. 276, 38345-38348. https://doi.org/10.1074/jbc.C100444200 (2001).

Lu, H. & Cao, X. GRIM-19 is essential for maintenance of mitochondrial membrane potential. Mol. Biol. Cell 19, 1893-1902. https
://doi.org/10.1091/mbc.E07-07-0683 (2008).

Shulga, N. & Pastorino, J. G. GRIM-19-mediated translocation of STAT3 to mitochondria is necessary for TNF-induced necroptosis.
J. Cell Sci. 125, 2995-3003 (2012).

Frank, M. et al. Mitophagy is triggered by mild oxidative stress in a mitochondrial fission dependent manner. Biochim. Biophys.
Acta 1823(2297-2310), 2012. https://doi.org/10.1016/j.bbamcr.2012.08.007 (2012).

Yan Zhao, Y. et al. Mitophagy contributes to the pathogenesis of inflammatory diseases. Inflammation 41, 1590-1600 (2018).

Lee, A. et al. A standardized mouse model of Helicobacter pylori infection: introducing the Sydney strain. Gastroenterol. 112,
1386-1397 (1997).

Acknowledgements

This work was supported by the Global Core Research Center (GCRC) Grant (No. 2011-0030001) and the BK21
Plus Program (10Z20130000017) from the National Research Foundation (NRF), Republic of Korea. The authors
acknowledge the special guidance, care and support from the late Professor Young Nam Cha and dedicate this
publication to him.

Author contributions

All authors approved the final version of this manuscript to be published. J.-Y.P. performed the experiments,
collected and analyzed data, and wrote the manuscript. S.-J.K. gave conceptional advice and technical support.
D.-H.K. gave conceptional advice and analyzed data. J.H.P. perfomed experiments and analyzed data. S.-A.P.
provided the technical support. H.-j.H. provided the technical support. H.-K.N. gave conceptual advice. K.-
C.Y. analyzed data. H.-N. L. analyzed data. N.K. provided technical support. K.B.H. provided materials. Y.-].S.
supervised this study and edited manuscript.

Competing interests
The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2020) 10:15711 | https://doi.org/10.1038/s41598-020-72594-3


https://doi.org/10.1038/jid.2012.45
https://doi.org/10.1002/ijc.21771
https://doi.org/10.1016/j.ygyno.2005.05.032
https://doi.org/10.1126/science.1164551
https://doi.org/10.1126/science.1164551
https://doi.org/10.1074/jbc.M111.226209
https://doi.org/10.1126/science.1171721
https://doi.org/10.1126/science.1171721
https://doi.org/10.1152/ajpgi.00462.2014
https://doi.org/10.1074/jbc.M113.505057
https://doi.org/10.1002/path.2697
https://doi.org/10.1002/path.2697
https://doi.org/10.1016/j.tim.2013.09.004
https://doi.org/10.1038/nrc2734
https://doi.org/10.1128/mcb.17.11.6508
https://doi.org/10.1111/j.1365-2443.2011.01575.x
https://doi.org/10.1158/0008-5472.CAN-08-1125
https://doi.org/10.1158/0008-5472.CAN-08-1125
https://doi.org/10.1080/15548627.2015.1017192
https://doi.org/10.4161/jkst.24353
https://doi.org/10.1080/15548627.2017.1280217
https://doi.org/10.18632/oncotarget.10836
https://doi.org/10.3389/fonc.2015.00121.eCollection
https://doi.org/10.1074/jbc.M112.378984
https://doi.org/10.1074/jbc.C100444200
https://doi.org/10.1091/mbc.E07-07-0683
https://doi.org/10.1091/mbc.E07-07-0683
https://doi.org/10.1016/j.bbamcr.2012.08.007

www.nature.com/scientificreports/

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-72594-3.

Correspondence and requests for materials should be addressed to Y.-].S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020)10:15711 | https://doi.org/10.1038/s41598-020-72594-3


https://doi.org/10.1038/s41598-020-72594-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Helicobacter pylori infection induces STAT3 phosphorylation on Ser727 and autophagy in human gastric epithelial cells and mouse stomach
	Results
	H. pylori induces phosphorylation of STAT3 on Ser727 in cultured AGS cells, independently of Tyr705 phosphorylation. 
	STAT3 phosphorylated on Ser727 predominantly localizes in mitochondria of H. pylori-infected AGS cells. 
	H. pylori infection provokes mitochondrial damage and autophagy. 
	H. pylori-induced accumulation of LC3 is associated with STAT3 phosphorylation on Ser727. 

	Discussion
	Materials and methods
	Materials. 
	Cell culture. 
	Bacteria strain and infection condition. 
	Western blot analysis. 
	Plasmid constructs and transient transfections. 
	Preparation of cytosolic and nuclear extracts. 
	Preparation of cytosolic and mitochondrial extracts. 
	Immunocytochemical analysis. 
	Transmission election microscopy. 
	Animal treatment. 
	Preparation of whole lysates from mouse stomach tissue. 
	Histopathological examinations. 
	Immunofluorescence analysis. 
	Statistical analysis. 

	References
	Acknowledgements


