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ABSTRACT

LncRNA LUCATT1 induced by Helicobacter pylori promotes M2
macrophage polarization via exosomal MIF in gastric cancer

Helicobacter pylori (H. pylori) is a well-established etiological factor for the
development of gastritis, peptic ulcer disease, and even gastric cancer (GC). Long
noncoding RNAs (IncRNAs) are RNA molecules that are more than 200 nucleotides in
length, are widely recognized for their critical role in the development and progression of
various cancers, including GC. While it is known that IncRNAs are involved in cancer
development following inflammatory responses, such as those triggered by H. pylori,
knowledge regarding the changes in IncRNA expression specifically induced by H. pylori
remains limited. To address this, I analyzed the changes in IncRNA and gene expression
profiles in normal and GC cells upon H. pylori infection, considering H. pylori’s
pathological factors, including oncoprotein cytotoxin associated gene A (CagA) and
identify IncRNAs that contribute to H. pylori-infected GC progression. RNA sequencing
and subsequent validation studies confirmed that LUCAT1 is markedly upregulated by
CagA-positive H. pylori. This upregulation subsequently elevates the expression of
macrophage migration inhibitory factor (MIF), which is secreted via exosomes. In turn,
exosomal MIF promotes M2 polarization of tumor-associated macrophages, thereby
potentiating GC cell malignancy. These findings underscore the profound impact of H.

pylori infection on the tumor microenvironment through IncRNA expression and exosome-

Vi



mediated signaling regulation, highlighting the pivotal role of IncRNA-driven mechanisms
in GC progression. This study offers an opportunity to explore therapeutic strategies that
target IncRNA modulation and exosomal signaling in H. pylori, rather than focusing solely

on its complete eradication.

Key words : Helicobacter pylori, CagA, long non-coding RNA, LUCAT 1, MIF, macrophage,

exosome, RNA-sequencing, gastric cancer
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1. Introduction

Helicobacter pylori, a gram-negative microaerophilic bacterium, is widely recognized as
the most serious risk factor for gastric cancer (GC).! H. pylori produces a well-recognized
oncoprotein, cytotoxin-associated gene A (CagA)**, which modulates various
intracellular signaling pathways involved in GC development.® Furthermore, H. pylori
infection can influence epigenetic regulation by altering the expression of noncoding

RNAs, including microRNAs (miRNAs) and long noncoding RNAs (IncRNAs).58

H. pylori infection triggers an immune response that recruits macrophages to the gastric
mucosa, where they secrete pro-inflammatory cytokines and chemokines, contributing to
inflammation and tissue damage.®!! Depending on the micro-environmental signals
macrophages encounter, they can differentiate into classically activated (M1) macrophages
involved in pro-inflammatory and antitumor responses or alternatively activated (M2)
macrophages associated with tissue remodeling, immune modulation, and tumor
progression.’?* Tumor-derived factors, including exosomes, facilitate macrophage
recruitment and polarization toward the M2 phenotype, thereby enhancing the metastatic
potential.®> Exosomes are 30-150 nm-diameter extracellular vesicles that play a critical
role in intercellular communication by transporting various biomolecules, such as proteins,
lipids, mMRNAs, miRNAs, and IncRNAs.1¢8 Macrophage migration inhibitory factor (MIF),
another key macrophage regulator, plays a crucial role in maintaining both innate and
adaptive immunity. Aberrant MIF expression has been linked to various inflammatory

diseases and cell cycle event dysregulation during carcinogenesis.'® Specifically, increased



MIF expression, notably induced by CagA-positive H. pylori, is significantly associated
with gastritis, gastric ulcer, and GC development.?°

LncRNAs play a pivotal role in gene regulation, including chromatin remodeling,
transcriptional control, and post-transcriptional modifications, and are particularly
involved in tumorigenesis and progression following chronic inflammation.?'*>* Notably,
the significance of IncRNAs has increased with growing insight into the diverse pathways
through which they contribute H. pylori-induced gastric carcinogenesis.”* However,
whether IncRNAs are involved in regulating the tumor microenvironment (TME) in H.
pylori-induced chronic inflammation leading to GC remains unclear.

LUCATT1, an IncRNA, is associated with the development of various cancers such as lung
cancer, which was initially reported in 2013 due to smoking?®, as well as GC?, esophageal?®’,
and bladder cancer.”® Recent studies have emphasized its involvement in inflammatory
response regulation and its association with inflammatory disease onset.?>*° Furthermore,
it drives epithelial-mesenchymal transition (EMT) within the extracellular matrix, a well-
established mechanism in cancer initiation and progression.’'#

This study sought to uncover the role and underlying mechanisms of IncRNAs in the
process by which H. pylori infection induces changes in macrophages and the TME within
the gastric mucosa. To this end, various H. pylori strains and toxins were applied to gastric
mucosal and cancer cells, followed by RNA sequencing to identify IncRNAs and genes and

examine their effects on macrophages and the TME.



2. MATERIALS AND METHODS

2.1. Cell culture and bacteria supplementary materials
GC cell lines and normal cell line were purchased from the Korean Cell Line Bank

(KCLB, SNU, Seoul, Korea) and the American Type Culture Collection (ATCC,
Rockville, MD, USA). The human acute monocytic leukemia THP-1 cells were purchased
from the American Type Culture Collection (ATCC). All cells were cultured at 37 °C in
humidified atmosphere of 5% CO- using RPMI-1640 medium (Thermo Fisher Scientific,
Rockford, IL, USA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Thermo Fisher Scientific). Differentiation of THP-1 cells into
macrophage was performed by incubating the cells with 160 ng/MI phorbol 12-myristate
13-acetate (PMA) (Sigma-Aldrich, MO, USA) for 24 h, and then, the media was changed
to that without 1% PBS. The H. pylori strains, H. pylori 60190 (CagA+. 49503, ATCC,
USA), H. pylori ACagA (CagA-), and H. pylori 8822(Cag PAI-), were cultured on agar
plates containing 10% horse serum at 37°C in a microaerobic atmosphere using a

CampyContainer system (BBL, USA)

2.2. GC patients and tissue sampling

Patients with advanced gastric cancer (n=34) surgically removed at Yonsei University
Severance Hospital and those with early gastric cancer (n=36) removed via endoscopy

were selected. From each group, patients with H. pylori infection and those without H.



pylori infection were matched in a 1:1 ratio. Additionally, fresh tissues from gastric cancer
and adjacent non-cancerous tissues of 66 prospectively collected patients with advanced
gastric cancer were obtained from the institutional tissue bank. All samples were promptly
frozen in liquid nitrogen following resection and stored at —80 °C until further use. Written
informed consent was obtained from 36 early gastric cancer patients in compliance with
the Declaration of Helsinki, and the study received approval from the the Public Institution
Bioethics Committee designated by the Ministry of Health and Welfare and the IRB of
Yonsei University College of Medicine (IRB number: 4-2013-0024; approval date: March
7, 2013). The advanced gastric cancer samples of 34 patients were obtained prior to
receiving consent and were consequently exempt from consent requirements. A total of
100 samples were sourced from the Tissue Bank at the Research Institute of
Gastroenterology, Yonsei University College of Medicine (Seoul, Korea). All patients had
undergone gastric cancer surgery and had completed their treatment. Since the clinical
data and tissue samples did not include any personal identification information, prior
consent was not required. For patients with multiple tumors, tissues were taken from the

largest lesions.

2.3. Total RNA extraction, reverse transcription and quantitative real-time
PCR
Total RNA was extracted from GC cells and tissues using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), followed by reverse transcription and quantitative real-time PCR.

RNA quantification was carried out using a Nanodrop spectrophotometer (ND-100;



Nanodrop Technologies Inc., Wilmington, DE, USA), with purity assessed through the
260/280 nm absorbance ratio and verification on 1% agarose gels. cDNA synthesis was
carried out using 2.0 pg of total RNA with Superscript II (Invitrogen). The relative
expression of LUCAT1 was assessed and analyzed through quantitative real-time PCR
using a Light Cycler 480 Real-Time PCR machine and iQ SYBR Green Supermix
(Applied Biosystems Inc., Carlsbad, CA, USA). The Ct value of the sample was
normalized to the expression of U6 or GAPDH, and the 2-AACt value was calculated. The

primers used for qRT-PCR are presented in Table 1.

Table 1. Primer sequences for gRT-PCR

Gene Direction Sequence (5' to 3")

LUCAT1 Forward 5-GCTCGGATTGCCTTAGACAG -3'
Reverse  5- GGGTGAGCTTCTTGTGAGGA -3'

MIF Forward 5- TCCGAGAAGTCAGGCACGTAG -3'
Reverse  5'- TGCACCGCGATGTACTGG -3'
CagA Forward 5- TGATGAGGCAAATCAAGCAG -3
Reverse  5- ATTCACGAGCTTGAGCCACT-3'
iINOS Forward 5-CACCATCCTGGTGGAACTCT-3'
Reverse  5- TCCAGGATACCTTGGACCAG-3'
IL-1B Forward 5- GGGCCTCAAGGAAAAGAATC-3'

Reverse  5- AAGTGGTAGCAGGAGGCTGA-3'

TNF-a Forward 5-TGGCCAATGGCGTGGAGCTG -3'
Reverse  5-GTAGGAGACGGCGATGCGGC-3'

Arginase-1 Forward 5- ACTTAAAGAACAAGAGTGTGATGTG -3'
Reverse  5- CATGGCCAGAGATGCTTCCA -3'

IL-10 Forward 5-AAGCCTGACCACGCTTTCTA -3'
Reverse  5-GCTCCCTGGTTTCTCTTCCT -3'




TGF-B Forward

5-GACTGCGGATCTCTGTGTCA -3'

Reverse  5-GGGCAAAGGAATAGTGCAGA -3'

U6 Forward 5-CTCGCTTCGGCAGCACA-3'
Reverse  5-AACGCTTCAGGAATTTGCGT-3'

GAPDH Forward 5-CCGGGAAACTGTGGCGTGATGG-3'
Reverse  5-AGGTGGAGGAGTGGGTGTCGCTGTT-3'

2.4. Small interfering RNA (siRNA) transfection

For transfection, all cells are counted in 6-wells (3 x 10°) and incubated in a 37 °C

incubator. After 24 h, siRNA LUCAT1, MIF, and RNAi negative control (siCT; Invitrogen)

were transfected according to the Lipofectamine 2000 protocol using Lipofectamine 2000

reagent (Invitrogen). The sequences of target siRNAs for LUCAT1 and MIF are listed in

Table 2.

Table 2. siRNAs targeting INcRNA LUCAT1 and mRNA MIF

Gene Direction Sequence (5' to 3%)

Si LUCAT1 1 Sense

5'- CAGAAGAUGUCAGAAGAUAAGGAUU -3

Antisense  5'- AAUCCUUAUCUUCUGACAUCUUCUG -3'

Si LUCAT1 2 Sense

5'- GCACAGAUAAAUUUCUCUUACUGUA -3

Antisense  5'- UACAGUAAGAGAAAUUUAUCUGUGC -3'

Si MIF Sense

5'- CCGAUGUUCAUCGUAAACATT -3'

Antisense  5'- UGUUUACGAUGAACAUCGGTT -3'

2.5. LUCAT1 overexpression plasmid construction



LUCAT1 cDNA was amplified using a PCR system (Roche Applied Science). To insert
the cDNA into the pcDNA3.1 (+) expression vector,
LUCAT1 NHel F (acccaagctggctage CAATGCCCAGACCTCCAG) and
LUCAT1 Xbal R (aaacgggccctctaga TTGACTGCAAGAGCTTGAAG) were used as
cloning primers. The pcDNA3.1 (+) expression vector was purchased from Addgene. AGS
and MKN74 cells were transfected with 1 pg of pcDNA3.1-LUCAT1 for 24 h using

Lipofectamine 2000 (Invitrogen).

2.6. Immunofluorescence study

For the immunofluorescence study, cells were washed twice with ice-cold PBS and then
incubated for 30 min at 4°C with 4% formaldehyde in PBS. Cells were permeabilized
with 0.5% Triton X-100 for 5 min, followed by blocking for 1 h in PBS containing 3%
bovine serum albumin. They were then incubated with the primary antibody (CagA, sc-
28368, Santa Cruz, USA; MIF, sc-271631, Santa Cruz; Alpha tubulin, sc-32293, Santa
Cruz) overnight at 4 °C. Cells were then washed multiple times with PBS containing
0.1% Tween 20, followed by incubation with anti-mouse-FITC and/or anti-rabbit-Texas
Red-conjugated secondary antibody. They were then stained with DAPI for 1 h at room
temperature, followed by washing with PBST. Cellular fluorescence was monitored using

a Zeiss LSM 700 confocal microscope (Carl Zeiss, Germany).

2.7. ChIP-qPCR assay



For chromatin shearing was performed in lysates of cells transfected with small interfering
RNA (siRNA) (siLUCAT1 or siControl), I used water bath sonication for 30 cycles under
cooling conditions, 15 s, 30 s off (170-190 W). The fragmented chromatin was extracted
using the High-Sensitivity ChIP Kit (ab185913; Abcam, Cambridge, UK), following the
protocol provided by the manufacturer. A total of 5 pg of total chromatin was used for ChIP
with anti-H3K27 acetyl (ab; Abcam) and the mock immunoprecipitation (IP) (lgG,
ab185913; Abcam) at 4 °C overnight. After reversing cross-links and purifying the DNA,
1 uL of the eluted DNA was used for qRT-PCR with primers specific to the target regions.

The sequences of the primers used for qRT-PCR are shown in Table 3.

Table 3. Primer sequences for ChIP-gPCR

Gene Direction Sequence (5' to 3%)
Primer1  Forward 5-GGTGTACCCAGATGCTCCAT -3'
Reverse  5- CTCCGTGGTAGGCAGATGAC -3'
Primer2 Forward 5- AAAGAGACTGTCCCCACTGG -3'
Reverse  5- CCTTCAGTTCTTGGCTCAGC -3'
Primer3 Forward 5- CAGGGCCTTGTGACAGTACT -3'
Reverse  5- CATCTCCTTGTACCCTCCCC -3'
Primer4  Forward 5- AACTTGAGAGGGGCTTCTGG -3'
Reverse  5- ACCAGAGACATTCCATCCCC -3'
Primer5 Forward 5- GCTGGATTTAGGC GGCTTTT -3'
Reverse  5- GTCCCTGTGAACCTGAATG -3'
Primer6 Forward 5-GCTCAGCTTTCATAGGGCAC-3'
Reverse  5- CACCTCATCACCTGCCAGTA -3'
Primer 7 Forward 5- GGGCACAGGTAAGAGAAGGT -3'
Reverse  5- TACCAGTCTCAGTGAAGGCC -3'
Primer8 Forward 5- AAATCTCTGAGGACCTGGCC -3'




Reverse  5- CACCGTGTATGGCCTCTCAT -3'
Primer9 Forward 5- GGAAGTTCCCTGGATGGTGA-3'

Reverse  5- AAGATGGCCCTTACCCTTC-3'
Primer 10 Forward 5- TAAGAAAGACCCGAGGCGAG -3'

Reverse 5'- GTCCCGCCTTTTGTGACG -3'

2.8. RIP Assay

To immunoprecipitate isolate RNA-protein complexes, cells were first lysed using IP
buffer (Thermo Fisher Scientific) and subsequently resuspended in RIP buffer (Abcam)
containing an RNase inhibitor (GenDEPOT, Barker, TX, USA) and protease inhibitor
(GenDEPOT). Chromatin was sheared by sonication in a water bath for 30 cycles, followed
by centrifugation to clear the lysate. An appropriate antibody (2 pg) was added to the
resulting supernatant (600-800 pg) and the mixture was incubated at 4 °C for 24 h or more
on a rotator. After incubation, 20 pL of Magna Chip protein magnetic beads (Merck
Millipore) were added, and the solution was rotated at 4 °C for 2 h. Following washing
with RIP buffer, RNA purification was performed using TRIzol reagent for gRT-PCR, and

SDS gel electrophoresis was used for western blotting.

2.9. Western blot analysis
Whole cell lysates were treated with 1X RIPA buffer (Cell Signaling Technology, Danvers,
MA, USA) supplemented with a protease inhibitor (GenDEPOT). Proteins were separated

on sodium dodecyl sulfate-polyacrylamide gels and subsequently transferred to



polyvinylidene fluoride membranes (Millipore, Darmstadt, Germany). The membranes
were then blocked at room temperature for 30 min using 3% bovine serum albumin
(Thermo Fisher Scientific) before being incubated with primary antibodies. This was
followed by incubation with horseradish peroxidase-conjugated goat anti-mouse and goat
anti-rabbit secondary antibodies (GenDEPOT). The antibodies employed for the western
blot analysis included the following: anti-CagA (CagA, sc-28368, Santa Cruz), anti-MIF
(MIF, sc-271631, Santa Cruz), anti-TSG101 (TSG101, ab30871, Abcam), anti-CD63 (cd63,
ab231975, Abcam), anti-HDAC1 (HDACI, ab7028, Abcam), anti-HDAC2 (HDAC2,
ab7029, Abcam), anti-Histone H3K27ac (H3K27ac, ab4729, Abcam), anti-Histone H3
(GTX115549, Genetex, Irvine, CA, USA), PTEN (PTEN, ab32199, Abcam), PI3K (PI3K,
ab151549, Abcam), AKT (AKT, ab8805, Abcam), p-AKT (p-AKT, ab81283, Abcam), anti-
TGF-B (TGF B, ab215715, Abcam), anti-Arginase-1 (Arginase-1, sc-166920, Santa Cruz),
anti-IL-10 (IL-10, ab34843, Abcam), and anti-B-actin (B-actin, sc-47778, Santa Cruz). The
membranes were subsequently treated with ECL solution (GenDEPOT) and then exposed
using either an X-ray film processor (CP1000; AGFA, Greenville, SC, USA) or an Image

Quant LAS 4000 (GE Healthcare, Piscataway, NJ, USA).

2.10. Exosome isolation
The medium used to culture the AGS cells was collected and centrifuged at 3000 x g for
10 min at 4 °C. The supernatant was filtered through a 0.22 pum filter (Millipore) to remove

cell debris and large vesicles and ultra-centrifuged at 10,000 x g for 70 min at 4 °C. The

10



pellet was washed using PBS and ultra-centrifuged at 100,000 x g for 70 min at 4 °C and

resuspended in PBS. The exosomes were stored at —80 °C until used.

2.11. Transmission electron microscopy (TEM)

For the transmission electron microscopy analysis, exosome samples were prepared as
previously outlined. The exosome pellet was briefly immersed in a droplet of 2.5%
glutaraldehyde in PBS buffer and left to fix overnight at 4 °C. The exosome samples were
washed three times in PBS for 10 min each, then fixed in 1% osmium tetroxide for 60 min
at room temperature. Following this, the samples were dehydrated through a series of
ethanol concentrations, ultimately reaching 100%. They were infiltrated with Epon resin
(Ted Pella) in a 1:1 mixture of Epon and propylene oxide overnight on a rocker at room
temperature. The next day the samples were placed in fresh Epon for several hours, then
embedded in Epon overnight at 60 °C. Thin sections were cut using a Leica EM UC7
ultramicrotome, collected on formvar-coated grids, stained with uranyl acetate and lead

citrate, and examined using a JEOL JEM 1011 transmission electron microscope at 80 kV.

2.12. Nanoparticle tracking analysis (NTA)

The Nanosight NS 300 system (NanoSight Technology, Malvern, UK), equipped with a
488 nm laser and a high-sensitivity sCMOS camera, was used to directly monitor the
number and size of exosomes. Exosomes were re-suspended in PBS at a concentration of

5 ug of protein per ml and were subsequently diluted by 100 to 500 times, aiming to achieve

11



a range of 20 to 100 particles visible in each frame. Samples were manually injected into
the sample chamber at room temperature. Each sample was analyzed in triplicate using
camera setting 13, with an acquisition time of 30 s and a detection threshold setting of 7.
Each video was analyzed for a minimum of 200 completed tracks, using the NTA analytical

software version 2.3 for data capture and analysis.

2.13. GW4869 treatment

GW4869, known as an inhibitor of exosome formation and release,”® was initially
dissolved in DMSO to create a 1.5 mM stock solution. To enhance solubility, 5%
methanesulfonic acid was added to the DMSO. Subsequently, AGS cells were treated with

GW4869 at a final concentration of 10 uM for 24 h.

2.14. Macrophage polarization

THP-1 cells were induced by PMA (160 ng/ml, 24 h; Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) to differentiate into macrophages. M1 or M2 macrophages were
induced by LPS (1 pg/ml, Sigma-Aldrich) + IFN-y (50 ng/ml, R&D Systems, Minneapolis,

MN, USA) or IL-4 +IL-13 (20 ng/ml, R&D Systems) for 24 h.

2.15. Flow cytometry

The expressions of non-specific macrophage marker (CD14), M1 macrophage marker

(CD86) and M2 macrophage marker (CD206) were measured by a flow cytometer (EXL™,

12



Beckman Coulter) to determine the percentages of total macrophages (CD14"), M1
macrophages (CD14°CD86") or M2 macrophages (CD14'CD206") in each group. PMA-
induced macrophages (1 x 10%) were incubated with FITC-marked CD14 antibody (ab,
10 pl, Abcam). Macrophages induced by LPS + IFN-y were incubated with FITC-marked
CD14 antibody and PerCP/Cy5.5®-marked CD86 antibody (ab, 4 pl, Abcam).
Macrophages induced by IL-4 + IL-13 were incubated with FITC-marked CD14 antibody

and APC-marked CD206 antibody (ab, 20 pl, Abcam).

2.16. Transwell co-culture

PMA-induced THP-1 macrophage cells (4 x 10°/well) were seeded with or without each
conditioned GC-derived exosomes in the upper chamber of a co-culture system with a
0.4 um pore membrane, and the recipient AGS cells (2 x 103/well) were placed in the lower

chamber. After 24 h of co-culture, AGS cells were detected and analyzed.

2.17. Cell proliferation analysis

Cell proliferation was assessed using MTS assays (Promega, Madison, WI, USA) in 96-

well plates. The plates were incubated in a darkroom for 1 h, followed by enzyme-linked

immunosorbent assays (ELISAs) being performed.

2.18. Colony formation assay
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To assess tumorigenicity in vitro, 96-well culture plates were prepared with base and top
layers of agarose using the CytoSelect™ 96-Well Cell Transformation Assay (CELL
BIOLABS, INC, San Diego, CA, USA). Each well received 1.5 ml of 2X DMEM
containing 1% agarose as the base layer. After 1 h solidification, AGS cells were
resuspended in 2X DMEM with 0.7% agarose as the top layer and incubated at 37 °C for
2-3 weeks. Colonies were observed daily and images were captured using bright-field

microscopy.

2.19. Invasion assay and Migration assay

For the invasion assay, AGS cells were transfected with two siLUCAT Is and subsequently
reseeded in Matrigel Invasion Chambers (BD Biosciences) within a 24-well culture plate.
The lower chamber was supplemented with a medium containing 10% FBS. After 24 h, the
non-invading cells were carefully removed from the insert using a cotton swab. The
underside of the upper chamber was fixed and stained with Diff-Quik stain (Dade Behring
Inc., Newark, DE, USA). Invading cells were observed in five random fields using a virtual
microscope (BX51; Olympus, Tokyo, Japan), counted, and the results were averaged.

For migration analysis, AGS cells (2 % 10°) were transfected with siLUCAT s and siCT.
After 24 h of incubation, a wound was created using a P200 pipette tip. The wound width
was measured at 0 and 24 h using a virtual microscope (BX51; Olympus). Image analysis

was conducted using Image J software (NIH).
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2.20. RNA-sequencing followed by next-generation sequencing (NGS)

RNA from AGS and GES-1 cells were treated with H. pylori strains 60190, 8822, and
ACagA with 100 MOI for 6 h or transfected with CagA vector was isolated using the
TRIZOL reagent (Invitrogen). For deep sequencing library preparation, we utilized the
[Nlumina Truseq stranded and unstranded mRNA library prep kits (Illumina, USA) as per
the manufacturer's instructions. The libraries were sequenced in a paired-end format to a
read length of 101 bp on the HiSeq 2000 platform (Macrogen Corporation, Republic of
Korea).

2.21. Statistical analysis

Data analysis was performed using Prism 5 software (GraphPad, San Diego, CA, USA).
The results are shown as mean =+ standard error of the mean (SEM) or as median =+
interquartile range (IQR). Statistical differences between the two groups were assessed
using either unpaired t-tests or Mann-Whitney tests, with a significance threshold of P <

0.05.

3. RESULTS
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3.1. RNA-seq analysis following infecting gastric epithelial cells with H. pylori
and CagA

To elucidate the role of H. pylori in GC cells and normal gastric epithelial cells, AGS (CC)
and GES-1 cells (NC) were infected with H. pylori strains 60190 (C6, N6), 8822 (N6, N8),
and isogenic CagA deletion mutant strain (delta CagA, ACagA) (C-delta, N-delta) at 100
MOI for 6 h. To further understand the role of CagA, transfection was performed using a
CagA vector (CV, NV), followed by RNA-seq analysis. To assess the effect of CagA, a
virulence factor representing H. pylori pathogenicity, in AGS cells, H. pylori strain 60190
(C6) and CagA transfection (CV) were compared with their respective controls: H. pylori
strain 8822 (C8), ACagA (C-delta), and empty-vector transfection (CX).

RNA-seq analysis revealed that no IncRNAs exhibited significant expression changes
common to all H. pylori strains infecting AGS and GES-1 cells (Fig. 1A-B, left). However,
several IncRNAs were significantly upregulated under both CagA-positive H. pylori strain
60190 and CagA transfection conditions. In AGS cells, LUCAT1 (4.85- and 5.71-fold,
respectively, P < 0.05) and ATRIP-TREX1 (read-through IncRNA) (137- and 80.9-fold,
respectively, P <0.05) expression was significantly upregulated by CagA-positive H. pylori
60190 (C6) and CagA transfection (CV) than the control (CC, CX; Fig. 1A, right). In GES-
1 cells, SNHG1 (3.22- and 3.70-fold, respectively, P < 0.05), SNHG15 (3.74- and 5.27-
fold, respectively, P < 0.05), ATP6V1G2-DDX39B (read-through IncRNA) (3.79- and

3.42-fold, respectively, P < 0.05), and CZIP-ASNS (read-through IncRNA) (5.56- and
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4.57-fold, respectively, P < 0.05) expressions were significantly upregulated than the
control (Fig. 1B, right). To validate the RNA-seq results, AGS and GES-1 cells were
infected with H. pylori 60190, and changes in the expression of IncRNAs LUCATI,
SNHG1, and SNHG15 were examined by qRT-PCR. LUCAT1 expression significantly
increased in both AGS and GES-1 cells upon infection with H. pylori 60190. However,
only SNHG1 and SNHG15 expression changed in GES-1 cells upon infection with H.

pylori 60190 (Fig. 1C).
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Figure 1. RNA-seq analysis following infecting gastric epithelial cells with H. pylori and CagA.
(A) The Venn diagram shows overlapping IncRNAs of significantly differentially expressed
IncRNAs (DELncRNAs) with [log2(FC)] > 2 and P-value < 0.05 following infection of each strain
H. pylori or transfection of CagA expression vector in AGS cells (CC). (B) The Venn diagram shows
overlapping IncRNAs of significantly differentially expressed IncRNAs (DELncRNAs) with
[log2(FC)] > 2 and P-value < 0.05 following infection of each strain H. pylori or transfection of
CagA expression vector in GES-1 normal gastric epithelial cells (NC). (C) LUCAT1, SNHG1, and
SNHG15 expression after infection of CagA-positive H. pylori 60190 at 100 MOI for 6 h in AGS
and GES-1 cells were analyzed using qRT-PCR. Hp— ; control, Hp+ ; CagA-positive H. pylori 60190
infection. All of the data are from three independent experiments. Data represented the
mean £ s.e.m. n=3, t test, *P <0.05, **P<0.01, ***P < 0.001 versus con group.
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3.2 LUCATI exhibits a specific increase in response to infection of CagA-
positive H. pylori

I validated LUCAT expression in 66 patients with advanced GC. LUCAT1 expression
was markedly elevated in GC tissues compared to adjacent non-tumor tissues (Fig. 2A). To
understand the association between LUCAT1 and GC in the context of CagA-positive H.
pylori infection, I compared LUCAT1 and CagA expression levels in GC tissues. |
examined LUCAT1 expression in 34 patients with advanced GC and 36 patients with early
GC based on the presence of H. pylori infection and CagA. In GC tissues with H. pylori
positivity, LUCAT1 expression was significantly higher than that in H. pylori-negative GC
tissues (Fig. 1B-C, left). Additionally, LUCAT1 expression statistically significantly
increased in CagA-positive H. pylori-infected GC tissues than in CagA-negative H. pylori-
infected GC tissues (Fig. 1B—C, right).

Next, 1 examined LUCAT1 expression in various GC cell lines and normal gastric
epithelial cells and found that its expression was significantly higher in the GC cell lines
(AGS, MKN74, KATO III, and SNU719) than in normal gastric epithelial cells (GES-1)
(Fig. 2D). AGS and MKN74 cell lines, which show relatively high LUCAT1 expression
levels, were selected as target cells to study the mechanism of the interaction between
LUCAT1 and H. pylori.

When AGS cells were infected with H. pylori 60190 at 100 MOI for 6 h, CagA expression
was confirmed by western blot analysis, which showed a proportional increase with MOI

(Fig. 2E, left). CagA expression initiated at 100 MOI for 3 h after infection with H. pylori
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60190, persisted for up to 12 h, and subsequently decreased (Fig. 2E, right). LUCAT1
expression also significantly increased when infected with H. pylori 60190, starting at 100
MOI for 6 h (Fig. 2F, left). Moreover, LUCAT1 expression pronouncedly increased at 6 h
after infection with H. pylori 60190 at 100 MOI (Fig. 2F, right). LUCAT1 was upregulated
by infection of CagA-positive H. pylori 60190, and did not increase when infected with
ACagA in AGS and MKN74 cells (Fig. 2G). This result indicates that LUCAT1 exhibits a

specific response to CagA-positive H. pylori infection.
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Figure 2. LUCAT1 exhibits a specific increase in response to CagA-positive H. pylori infection.
(A) LUCAT expression in cancer tissues and adjacent non-tumor tissues (n=66) was analyzed using
gRT-PCR. (B—C) LUCAT1 expression in advanced GC (n=34) (B) and early GC (n=36) (C) tissues
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was analyzed using qRT-PCR. (D) LUCAT1 expression in GC cell lines (AGS, MKN74, KATO I1I,
and SNU719) and gastric normal epithelial cells (GES-1) was analyzed using qRT-PCR. (E)
Representative images showing CagA expression after infection of H. pylori 60190 at indicated dose
for 6 h (left) and indicated time at 100 MOI (right) in AGS cells by western blot analysis. (F)
LUCAT1 expression after infection of H. pylori 60190 at indicated dose for 6 h (left) and indicated
time at 100 MOI (right) in AGS cells was analyzed by qRT-PCR. (G) LUCAT1 expression after
infection of CagA-positive H. pylori 60190 or isogenic CagA deletion mutant strain (ACagA) at 100
MOI for 6 h in AGS and MKN74 cells was analyzed using qRT-PCR. All of the data are from three
independent experiments. Data represented the mean £ s.e.m. n=3, t test, *P < 0.05, **P<0.01,
**%P < (.001 versus con group.

3.3 LUCATI acts as an upstream regulator of MIF in GC cells

I focused on the role of MIF as a key gene in illustrating the function of LUCATI in
linking inflammatory responses to the TME in GC, which was the primary aim of this study.
First, I examined the relationship between LUCAT1 and MIF expression. StarBase assay
revealed that MIF and LUCAT1 expression levels were positively correlated in GC
(Fig. 3A). I validated the correlation between MIF and LUCAT1 expressions in 66 patients
with advanced GC (Fig. 3B). In addition, I performed a correlation analysis between MIF
and LUCAT1 in 17 patients with H. pylori-infected advanced GC and 18 patients with H.
pylori-infected early GC (Fig. 3C-D). I also confirmed that LUCAT1 upregulation is
associated with increased MIF expression in tissue samples from both groups of patients.

Next, I examined the timing of LUCAT1 and MIF upregulation in GC cells during H.
pylori 60190 infection at 100 MOI for 6 h in GC cells. Upon H. pylori 60190 infection in
AGS and MKN74 cells, LUCAT1 and MIF transcription was monitored over time.
LUCAT1 began to increase at 6 h post-stimulation, whereas MIF showed an increase

starting from 9 h (Fig. 3E).
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To determine whether there was an interaction between LUCAT1 and MIF, changes in
their expression were examined after treatment with the respective siRNAs. The siRNA
targeting MIF decreased both MIF transcription (Fig. 4A) and translation (Fig. 4C) in AGS
and MKN74 cells but did not affect LUCAT1 expression (Fig. 4B). Two siRNAs targeting
LUCAT1 (siLUCAT1 1 and siLUCAT1 2) suppressed LUCAT1 expression in AGS and
MKN74 cells by approximately 50% (Fig. S1A), and decreased MIF transcription by
approximately 50% (Fig. 4D). Conversely, pcDNA LUCAT! increased LUCAT1
expression by approximately 4000% in AGS and MKN74 cells (Fig. S1B) and upregulated
MIF transcription by more than 4-fold (Fig. 4E).

Both LUCAT1 siRNAs significantly decreased MIF translation in AGS and MKN74 cells,
even in the absence of H. pylori 60190 infection, whereas the pcDNA LUCAT1-induced
expression increased MIF translation (Fig. 4F, left). Similarly, H. pylori 60190 infection
increased MIF translation in AGS and MKN74 cells, but siLUCAT1s suppressed this
increase, whereas pcDNA_LUCAT] further augmented MIF translation (Fig. 4F, right).

These results demonstrated that MIF expression is regulated in the same direction as

LUCAT]1, indicating that LUCAT1 acts as an upstream regulator of MIF.
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Figure 3. The expression correlation between LUCAT1 and MIF in GC tissues and cells. (A)
The expression correlation between LUCAT1 and MIF in 375 cases of stomach adenocarcinoma
tissues was analyzed by starBase. (B) The expression correlation between LUCAT1 and MIF in
cancer tissues and adjacent non-tumor tissues (n=66) was analyzed using qRT-PCR. (C-D) The
expression correlation between LUCAT1 and MIF by qRT-PCR in H. pylori-infected GC tissues of
17 patients with advanced GC (C) and 18 patients with early GC (D) was analyzed using Prism
software; (E) Representative images showing the timing of LUCAT1 and MIF upregulation during
H. pylori 60190 infection at 100 MOI for 6 h in AGS and MKN74 cells was identified by qRT-PCR.
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Figure 4. LUCAT1 upregulates MIF expression in GC cells. (A—B) MIF expression (A) and
LUCAT1 expression (B) were measured by qRT-PCR in AGS and MKN74 cells transfected with
either siControl or siMIF. (C) Representative images showing MIF expression in AGS and MKN74
cells transfected with either siControl or siMIF by western blot analysis. (D) MIF expression in AGS
and MKN74 cells transfected with either siControl or siLUCAT1s was measured by qRT-PCR. (E)
MIF expression in AGS and MKN74 cells transfected with either pcDNA or pcDNA LUCAT1 was
measured by qRT-PCR. (F) Representative images showing MIF expression under infection or non-
infection with H. pylori 60190 at 100 MOI for 6 h in AGS and MKN74 cells transfected with either
siControl or siLUCAT Is and either pcDNA or pcDNA LUCAT1 by western blot analysis. All of the
data are from three independent experiments. Data represented the mean *+ s.e.m. n =3, t test, *P <
0.05, **P<0.01, ***P < (0.001 versus con group.
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3.4. MIF also exhibits a specific increase in response to CagA-positive H. pylori
infection

I validated MIF expression in 66 patients with advanced GC. MIF expression was
significantly elevated in GC tissues compared to adjacent non-tumor tissues (Fig. 5SA). To
understand the association between MIF and GC in the context of CagA-positive H. pylori
infection, I compared the MIF and CagA expression levels in GC tissues. I examined MIF
expression in 34 patients with advanced GC and 36 patients with early GC based on the
presence of H. pylori infection and CagA. In both GC tissues with H. pylori positivity, MIF
expression was significantly increased compared to H. pylori-negative GC tissues (Fig.
5B-C left). Additionally, MIF expression statistically significantly increased in CagA-
positive H. pylori-infected GC tissues than in CagA-negative H. pylori-infected GC tissues
(Fig. 5B—C, right).

Next, I examined MIF expression in various GC cell lines and normal gastric epithelial
cells and found that its expression was significantly higher in GC cell lines (AGS, MKN74,
KATO III, and SNU719) than in normal gastric epithelial cells (GES-1) (Fig. SD-E).

Furthermore, 1 determined the relevance of MIF to CagA. MIF was upregulated by
infection of CagA-positive H. pylori 60190 and did not increase when infected with ACagA
in AGS and MKN74 cells (Fig. 5F-G). After H. pylori 60190 infection,
immunofluorescence revealed MIF and CagA accumulation in the AGS cell cytosol (Fig.
S5H). These results suggest that similar to LUCAT1, MIF expression also increased by H.

pylori 60190, with a pronounced increase specifically in response to CagA.
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Figure 5. MIF also exhibits a specific increase in response to CagA-positive H. pylori
infection. (A) MIF expression in cancer tissues and adjacent non-tumor tissues (n=66) was analyzed
using qRT-PCR. (B—C) MIF expression in advanced GC (n=34) (B) and early GC (n=36) (C) tissues
was analyzed using qRT-PCR. (D-E) MIF expression in GC cell lines (AGS, MKN74, KATO III,
and SNU719) and gastric normal epithelial cells (GES-1) was analyzed using qRT-PCR (D) and
western blot analysis (E). (F—-G) MIF expression after infection of CagA-positive H. pylori 60190
or ACagA in AGS and MKN74 cells was analyzed using qRT-PCR (F) and western blot analysis
(G). (H) Representative images showing CagA and MIF expressions with anti-CagA antibody (red),
anti-MIF antibody (red), 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (blue) and anti-alpha
tubulin structure stain (green) after infection of H. pylori 60190 and ACagA in AGS cells by indirect
immunofluorescence. All of the data are from three independent experiments. Data represented the
mean * s.em.n = 3, ttest, *P < 0.05, **P < 0.01, ***P <0.001 versus con group.

3.5. LUCATI upregulates MIF expression via H3K27 acetylation in GC cells

To investigate how LUCAT1 upregulates MIF, I examined the intracellular LUCAT1
distribution and whether this distribution changed in response to H. pylori infection. In both
AGS and MKN74 cells, LUCAT1 was predominantly localized in the nuclear fraction
compared to the control genes, GAPDH and U6 (Fig. 6A). Upon H. pylori infection, the
overall LUCAT1 expression increased in both AGS and MKN74 cells; however, the ratio
of nuclear to cytosolic fractions remained unchanged (Fig. 6B).

Nucleus-localized IncRNAs have often been reported as epigenetic regulators.** Using
UCSC, I observed a high enrichment and significant peak of H3K27 acetylation in the
promoter region of MIF, suggesting that MIF is regulated by chromatin acetylation (Fig.
7A). Nevertheless, the effect of LUCAT1 on H3K27 acetylation remains unknown;
therefore, Chromatin Immunoprecipitation (ChIP) was performed following LUCAT1

knockdown and H. pylori 60190 infection. ChIP experiments were conducted targeting
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specific sequences within the MIF promoter region. Primers 7-10 each covered several
CpG sites, whereas primers 1-6 did not target CpG sites. Following H. pylori infection, |
observed an increase in acetylation, and LUCAT1 knockdown significantly decreased
H3K27ac enrichment at specific sites in the MIF promoter (recognized by primers 7-10
for MIF), both before and after H. pylori infection (Fig. 7B). The analysis revealed that
acetylated sites were evenly distributed within the CpG islands. However, sequences 500
bp away from the CpG islands showed no significant changes in acetylation. These results
suggest that LUCAT 1 modulates H3K27ac levels at the MIF promoter in GC cells.
Because histone acetylation is associated with histone modifications, I further investigated
the interaction of LUCAT1 with well-studied histone deacetylases HDAC1 and HDAC2. I
performed RIP using an HDAC1/2 antibody and found that LUCAT1 bound to HDAC1/2
(Fig. 8A-B). H. pylori 60190 infection increased H3K27ac levels, and while LUCAT1
knockdown reduced both baseline H3K27ac levels and the H3K27ac increase induced by
H. pylori 60190 (Fig. 9A). However, LUCAT1 depletion did not affect HDAC1/2
expression (Fig. 9A). To investigate the interaction between MIF and HDAC1/2, 1 treated
cells with siRNA targeting HDACI1/2. This increased the overall H3K27ac and MIF
intensities (Fig. 9B). These findings suggest that LUCAT1 increase H3K27ac occupancy
at the MIF promoter, thereby enhancing both baseline MIF expression and H. pylori 60190-
induced MIF expression. This regulatory mechanism is presumed to involve the interaction

with HDAC1 and HDAC?2.
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Figure 6. LUCAT1 is predominantly localized in the nuclear fraction in GC cells. (A-B)
Intracellular distribution of LUCAT in AGS and MKN74 cell lysates, both uninfected (A) and

infected with H. pylori 60190 (B), were analyzed by RT-qPCR. GAPDH and U6 were used as
internal control.
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Figure 7. LUCAT1 upregulates the expression of MIF through H3K27 acetylation in GC cells.
(A) Data from the UCSC Genome Bioinformatics Site (http://genome.ucsc.edu/) showed high
enrichment of H3K27ac in the promoter of MIF. (B) ChIP-qPCR analysis of H3K27ac enrichment
at MIF promoter in H. pylori 60190 infected or uninfected AGS and MKN74 cells transfected with
either siControl or siLUCAT1s. All of the data are from three independent experiments. Data
represented the mean = s.e.m. n =3, t test, *P <0.05, **P <0.01, ***P < 0.001 versus con group.
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Figure 9. LUCAT1 depletion does not affect the expression of HDAC1/2. (A) Representative
images showing the protein level of H3K27ac and HDAC1/2 in H. pylori 60190 infected or
uninfected AGS and MKN74 cells transfected with either siControl or siLUCAT 1s by western blot
analysis. (B) Representative images showing the protein level of MIF, H3K27ac, and HDAC1/2 in
H. pylori 60190 infected or uninfected AGS and MKN74 cells transfected with either siControl or

siHDAC1/2 by western blot analysis.
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3.6. H. pylori-infected GC cell-derived exosomal MIF promotes macrophage
toward the M2 phenotype through the PTEN/PI3K/AKT pathway

After confirming that H. pylori infection increased MIF expression through LUCAT1
regulation, I investigated the role of MIF in H. pylori infection in the context of the TME.
MIF plays a critical role in inflammation and cancer progression by influencing
surrounding immune cells via exosomes.>33#

I first confirmed the presence of exosomes in AGS cells. AGS cells were infected with H.
pylori 60190 and transfected with siControl or siLUCAT1s to detect the presence of
exosomes. Each exosome group (Hp— Exo, Hp+ Exo, Hp+ siLUCATI1 Exo, and
Hp+ siLUCAT1 2 Exo) was extracted and purified from AGS cell supernatant by
differential centrifugation, which were subsequently characterized by transmission electron
microscopy (TEM), nanosight tracking analysis (NTA), and western blotting. TEM images
and NTA showed that the AGS cell-derived exosomes were round particles (Fig. 10A)
approximately 100 nm in diameter (Fig. 10B). Western blot analysis confirmed that MIF
and the exosome markers TSG101 and CD63 were detected in exosomes infected with or
without H. pylori 60190 in siControl- or siLUCAT1-transfected AGS cells, which
diminished after GW4869 treatment and inhibited neuraminidase activity in cells, thereby
inhibiting tumor cell exosome secretion (Fig. 10C). These data imply that MIF can be
encapsulated and secreted in GC cell-derived exosomes; exosomal MIF expression

significantly increased with the expression in H. pylori-infected GC cells and was

downregulated in siLUCAT 1-transfected cells. These results suggest that H. pylori 60160
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not only increases MIF levels in GC but also elevates exosomal MIF in GC, which is
attenuated by LUCAT1 knockdown. This process may be attributed to the generation and
secretion of exosomes, involving GW4869.

To understand the role of H. pylori-infected GC cell-derived exosomes in macrophage
polarization, I first induced human THP-1 monocytes into macrophages with 160 ng/mL
PMA for 24 h, and then treated them with 50 ng/mL IFN-y and 1 pg/mL LPS to polarize
into M1 macrophages or 20 ng/mL IL-4 + IL-13 to polarize into M2 macrophages for 24 h
(Fig. 11A). To explore the effect of H. pylori-infected GC cell-derived exosomes on the
macrophages in the TME, I incubated PMA-induced THP cells (MO macrophages) with
PBS, Hp— Exo, Hp+ Exo, Hp+ siLUCAT1 1 Exo, or Hp+ siLUCATI1 2 Exo. I
measured the M1 and M2 macrophage-associated phenotypic marker levels in the different
groups by qRT-PCR. The M2 marker (Arginase-1, IL-10, and TGF-B) levels in
macrophages incubated with GC cell-derived exosomes, particularly H. pylori-infected GC
cell-derived exosomes, were significantly increased, while those of M1 markers (iNOS, IL-
1B, and TNF-0) were not significantly different. Incubation with Hp+ siLUCAT1s Exo,
which depletes exosomal MIF expression, attenuated these effects (an increase in M2
markers) (Fig. 12A). According to the measurement of the expression of the surface
markers CD14 (all macrophages), CD206 (M2 macrophages), and CD86 (M1 macrophages)
by flow cytometry, the proportion of CD14°CD86" macrophages in each group did not
change significantly after treatment with GC cell-derived exosomes (Fig. 13A, above).

CD14°CD206" macrophages reduced in the Hp+ siLUCAT1s_Exo group and increased in

33



the Hp+ Exo group (Fig. 13A, below).

I explored the mechanisms underlying M2 macrophage polarization induction by H.
pylori-infected GC cell-derived exosomal MIF. The PTEN/PI3K/AKT signaling pathway
is involved in macrophage polarization.’**! Therefore, I hypothesized that H. pylori-
infected GC cell-derived exosomal MIF promotes M2 macrophage polarization via the
PTEN/PI3K/AKT signaling pathway. To test my hypothesis, I performed a series of western
blotting analyses and found that H. pylori-infected GC cell-derived exosomal MIF
activated the PTEN/PI3K/AKT signaling pathway. Hp+ Exo incubated group
downregulated PTEN expression and upregulated PI3K, p-AKT, and M2 marker (TGF-p3,
Arginase-1, and IL-10) expressions; Hp+ siLUCAT1s Exo, which is thought to deplete
exosomal MIF expression, attenuated the above effects (Fig. 14A). Collectively, these
results suggest that H. pylori-infected GC cell-derived exosomal MIF activates the PI3K/p-
AKT/AKT signaling pathway to induce macrophage M2 polarization by downregulating

PTEN expression in macrophages.
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Figure 10. Identification of GC cell-derived exosomes and GW4869 decreases the secretion of
GC cell-derived exosomes. (A) Representative TEM images of GC cell (AGS) derived exosomes.
(scale bar = 100 nm) (B) Exosome size distribution as analyzed by NTA. (C) Representative images
showing exosomal MIF and exosomal surface markers TSG101 and CD63 expression in AGS cells
treated with or without 10 uM GW4869 for 24 h, an inhibitor of exosome secretion, by western blot
analysis.
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Figure 11. Identification of PMA-mediated differentiation of THP-1 macrophages. (A)
Representative images showing PMA-mediated differentiation of THP-1 macrophages by
microscopy.
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Figure 12. H. pylori-infected GC cell-derived exosomes induce macrophages to differentiate
into M2 macrophages. (A) The expression of M1 markers (iNOS, IL-1f3, and TNF-o) and M2
markers (Arginase-1, IL-10, and TGF-B) in THP-1 macrophages incubated with or without each
group of GC cell-derived exosomes was analyzed by qRT-PCR. All of the data are from three
independent experiments. Data represented the mean +s.e.m. n=3, t test, *P <0.05, **P <0.01,
***P < 0.001 versus con group.
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macrophages incubated with or without each group of GC cell-derived exosomes by western blot
analysis.

3.7. H. pylori-infected GC cell-derived exosomal MIF induces M2 macrophage

polarization to promote the GC cell proliferation and metastasis
Several studies have reported that tumor-derived exosome-induced M2 macrophage
polarization promotes GC metastasis.**** Therefore, | studied the role of H. pylori-

infected GC cell-derived exosome-induced M2 macrophages in GC cell proliferation and
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metastasis using an in vitro indirect co-culture system (Fig. 15A). The in vitro indirect co-
culture system was established by isolating H. pylori-infected GC-derived exosomal MIF
and incorporating it into the culture medium of THP-1 macrophages for 24 h incubation.
As illustrated in Figure 15A, a dual-chamber setup was employed, wherein THP-1
macrophages in the upper chamber were co-cultured with AGS cells in the lower chamber
for additional 24 h prior to subsequent experimental analyses. Proliferation (Fig. 16A),
colony formation (Fig. 16B), invasion (Fig. 17A), and migration (Fig. 17B) levels of AGS
cells co-cultured with THP-1 macrophages incubated with Hp+ Exo were higher than of
those incubated with Hp— Exo. These levels were attenuated in AGS cells co-cultured
with THP-1 macrophages incubated with Hp+ siLUCAT1s_Exo, which deplete exosomal
MIF expression. Collectively, these data suggest that M2 macrophages activated by H.
pylori 60190-infected GC cell-derived exosomal MIF promote cell proliferation, colony
formation, and metastasis in GC. Reducing exosomal MIF by knocking down LUCAT 1
effectively modulates macrophage polarization in the TME, thereby impeding the
progression of GC.

In this study, | demonstrate that CagA-positive H. pylori enhances MIF production and
exosomal excretion in GC cells through LUCAT1 activation. The exosomal MIF induces
M2 macrophages in the surrounding microenvironment, contributing to the progression of

GC (Fig. 18A).
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Figure 17. H. pylori-infected GC cell-derived exosomal MIF induces M2 macrophage
polarization to promote the GC cell invasion and migration. (A) Representative images showing
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Figure 18. (A) Schematic mechanism showing how LUCAT1 induced by CagA-positive H. pylori
60190 promotes GC metastasis by modulating M2 macrophage polarization via exosomal
MIF/PTEN/PI3K/AKT pathway.
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4. DISCUSSION

Despite the experimental and clinical evidence that H. pylori induces GC! and large-
scale clinical studies showing that eradicating H. pylori reduces the incidence of GC*,
research is still ongoing to determine the precise mechanisms of GC development and
progression. Such research is essential for devising more refined methods of GC prevention
that could reduce the risks and inconveniences associated with H. pylori eradication therapy,
which relies on antibiotics. In my study, through RNA sequencing and subsequent
validation, | successfully identified CagA-induced LUCAT1 and MIF expression. In this
study, I found that H. pylori, through a process not yet fully understood, induces changes
in the TME by shifting macrophages from the M1 to the M2 phenotype. This process is
initiated by LUCAT1 upregulation in the mucosal and GC cells by H. pylori, which
facilitates the exosomal transfer of MIF to the TME. The exosomal MIF-induced M2
polarization of macrophages contributes to an aggressive GC phenotype, highlighting the
importance of IncRNA-mediated mechanisms in GC progression. These findings suggest
the potential for developing preventive and therapeutic strategies for GC by targeting
LUCAT1 and MIF.

LncRNAs have diverse roles and functions in both physiological and pathological
contexts, and numerous studies have demonstrated that most noncoding RNAs exert their
biological effects by regulating gene expression.?24¢ The dysregulation of IncRNAs plays

a pivotal role in cancer development and is closely associated with the progression of
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various cancers, including gastric, colon, and lung cancers.?*4” Consequently, INcRNAs
have emerged as potential biomarkers for cancer diagnosis.*

With the emergence of high-throughput technologies like RNA-seq, the identification
and characterization of IncRNAs have been significantly improved, leading to the
development of various pipelines for identifying novel IncRNAs from RNA-seq data.*>
Despite successful research demonstrating the crucial roles of IncRNAs in various diseases,
there is still limited understanding of their functions in GC. Moreover, elucidating the
biological roles of IncRNAs remains challenging due to their limited annotations and
generally low expression levels.

In this study, I elucidated the role of IncRNAs in H. pylori-associated GC and performed
RNA-Seq to explore the IncRNA expression patterns in H. pylori-infected GES-1 and AGS
cells, revealing a full-scale IncRNA map of H. pylori-infected epithelial cells. I found that
LUCAT1 was upregulated in CagA-positive H. pylori-infected GC cells and found at higher
levels in H. pylori-infected GC tissues than in H. pylori-uninfected GC tissues, with
particularly elevated levels in patients with GC infected with CagA-positive H. pylori. 1
also found that the CagA-positive H. pylori strain 60190 induced a more pronounced
elevation in LUCAT1 expression than the ACagA strain. These results suggest a strong
correlation between LUCAT1 upregulation and the presence of CagA during H. pylori
infection.

I have previously shown that LUCAT1 was extensively expressed in GC tissues than in

adjacent non-tumor tissues and downregulated tumor suppressor genes.? In this study, |
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reaffirmed that LUCAT1 is highly expressed in GC tissues. | identified that LUCATL,
which is upregulated by H. pylori, influences the TME by facilitating macrophage
transition from the MO to M2 phenotype, thereby promoting GC development. Additionally,
these findings indicate that exosomal MIF secretion is integral to this mechanism. MIF, a
pro-inflammatory cytokine, has been implicated in the progression of various tumors
including melanoma, neuroblastoma, myelomonocytic leukemia, prostatic cancers of the
breast, colon, lung, liver, stomach, and esophagus, implying its role in carcinogenesis.*®
Previous studies have shown that H. pylori infection increases MIF expression in both
gastric inflammatory and epithelial cells, leading to the hypothesis that H. pylori
contributes to GC development via an MIF-mediated pathway.%

LUCAT1 knockdown was reported to reduce HDAC1 expression in papillary thyroid
cancer’?; however, the relationship between LUCAT1 and HDAC1 or HDAC2 in other
cancers has not been documented. In my study, LUCAT1 upregulates MIF expression
through epigenetic modifications, particularly by modulating H3K27 acetylation at the MIF
promoter via binding to HDACI1/2. This mechanism is similar to previously reported
mechanisms involving MIF expression through H3K27 acetylation in astrocytes.’® This
implies that the CagA-positive H. pylori infection-driven LUCAT1 overexpression likely
acts primarily within the nucleus and may contribute significantly to the pathogenic
processes associated with H. pylori-related GC. Histone acetylation is a post-translational
modification that plays a key role in modulating chromatin structure and transcriptional

activity. Histone acetylation neutralizes the positive charge of lysine residues, leading to
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chromatin decondensation and reduced interactions between DNA and histones, facilitating
increased transcriptional activity.>* Bioinformatic analysis using genome databases
(http://genome.ucsc.edu/) indicated significant H3K27ac enrichment in the MIF promoter
region. I confirmed the presence of H3K27ac at the MIF promoter in AGS and MKN74
cells using ChIP assays. Subcellular fractionation studies have shown that LUCAT1 is
predominantly localized in the nucleus, suggesting its potential role in transcriptional
regulation.

In this study, I confirmed that LUCAT1 knockdown significantly reduced H3K27ac
levels in the MIF promoter, and identified LUCAT1 as a key regulator of MIF expression
in GC cells. Similar to previous reports indicating that the IncRNA ANRIL regulates
histone modifications through the formation of a complex with WDRS and HDAC3 in
vascular smooth muscle cells®, LUCAT1 binds to HDAC1/2 in this study. In this study,
LUCAT1 suppression alone changed H3K27ac levels at the MIF promoter compared to
those achieved by siRNA targeting HDAC1/2, suggesting that LUCAT 1 exerts a significant
regulatory influence on MIF expression.

Tumor cells advance malignant tumor progression by secreting exosomes that mediate
paracrine or endocrine signaling to mononuclear macrophages, both locally and distantly3e.
These exosomes facilitate macrophage polarization toward the M2 phenotype and elevate
the levels of inflammatory factors that promote tumor progression and EMT?, Tumor cells
can induce macrophage polarization toward the M2 phenotype, which subsequently

facilitates tumor growth and progression®. In hepatocellular carcinoma, M2 macrophages
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effectively promote malignant transformation and tumor progression compared to M1
macrophages through the upregulation of key factors such as vascular endothelial growth
factor A (VEGF-A) and matrix metalloproteinase-9 (MMP-9) within the TME,
contributing to poor prognostic outcomes.®’

In this study, H. pylori-infected GC cell-derived exosomes were incubated with
macrophages. In my study, the delivered exosomes induced M2 macrophage polarization.
This effect is mediated by MIF, which is upregulated by LUCAT1 in response to CagA-
positive H. pylori infection in GC cells. | confirmed that the secreted MIF was efficiently
transferred to macrophages via exosomes and facilitated M2 polarization through the
PTEN/PI3K/AKT pathway. Furthermore, M2-polarized macrophages significantly
enhance GC cell proliferation, colony formation, migration, and invasion in vitro. These
findings underscore the essential role of exosomal MIF, which is upregulated by H. pylori-
CagA induced LUCATL, in the TME acting as a crucial intercellular communication
mediator and influencing tumor dynamics.

My study has several limitations that warrant further attention. Unlike my study,
previous studies have reported several INcCcRNAs induced by H. pylori infection, including
H19, LINC00152, and AF147447.58%° One potential reason for these differences may be
due to the experimental design, which used both GC and normal cells. By treating these
cells with various strains and toxins, | aimed to identify the IncRNAs that exhibited
common expression anomalies across all conditions. This approach may have contributed

significantly to the observed variations. Moreover, differences may arise from the specific
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H. pylori strains used or the activity levels of the CagA vector. Nevertheless, | believe that
my study provides more meaningful results than other studies, owing to its consideration
of a broad range of cell types, strains, and toxins. Second, while my research confirmed
that LUCAT1 increases exosomal MIF expression and enhances both MIF production and
delivery in GC cells, I could not determine which of these mechanisms was the
predominant pathway. However, further studies are required to address this issue.

This study provides novel perspectives on the role of IncRNA LUCAT1 and exosomal
MIF in H. pylori-induced GC, highlighting their potential for preventive and therapeutic
interventions. Future studies should explore the therapeutic efficacy of disrupting these

pathways and their potential to improve outcomes in patients with GC.
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5. CONCLUSION

This study provides novel perspectives on the role of IncRNA LUCAT1 in the context of
H. pylori-induced GC. The upregulation of LUCAT1 in CagA-positive H. pylori-infected
GC cells led to increased production of MIF, which was then secreted into exosomes. These
exosomes facilitated the transfer of MIF to tumor-associated macrophages, promoting their
M2 polarization and enhancing the metastatic potential of GC cells. The findings
demonstrate that H. pylori infection significantly impacts the tumor microenvironment by
modulating IncRNA expression and exosome-mediated communication. The M2
polarization of macrophages induced by exosomal MIF contributed to a more aggressive
cancer phenotype, highlighting the importance of IncRNA-mediated mechanisms in GC
progression.

This research underscores the potential for targeting IncRNAs and exosomal factors as
therapeutic strategies in managing H. pylori-associated GC. Future studies should further
explore the therapeutic efficacy of disrupting these pathways and their potential in

improving patient outcomes in GC.
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Figure S1. Expression of LUCAT1 in GC cells transfected with siLUCAT1s and pcDNA_LUCATI.
(A) LUCATI expression in AGS and MKN74 cells transfected with a siControl or siLUCAT1s was
measured by qRT-PCR. (B) LUCAT1 expression in AGS and MKN74 cells transfected with a pcDNA
or pcDNA LUCAT1 was measured by qRT-PCR. All of the data are from three independent

experiments. Data represented the mean+s.e.m. n=3, t test, *P <0.05, **P<0.01, ***P < 0.001
Versus con group.
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