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Abstract: Dysregulation of polyamine metabolism has been associated with the development of many cancers. 
However, little information has been reported about the associations between elevated extracellular putrescine 
and epithelial-mesenchymal transition (EMT) of gastric cancer (GC) cells. In this study, the influence of extracellular 
putrescine on the malignant behavior and EMT of the AGS and MKN-28 cells was investigated, followed by RNA 
sequencing profiling of transcriptomic alterations and CUT&Tag sequencing capturing H3K27ac variations across 
the global genome using extracellular putrescine. Our results demonstrated that the administration of extracellular 
putrescine significantly promoted the proliferation, migration, invasion, and expression of N-cadherin in GC cells. 
We also observed elevated H3K27ac in MKN-28 cells but not in AGS cells when extracellular putrescine was used. 
A combination of transcriptomic alterations and genome-wide variations of H3K27ac highlighted the upregulated 
MAL2 and H3K27ac in its promoter region. Knockdown and overexpression of MAL2 were found to inhibit and pro-
mote EMT, respectively, in AGS and MKN-28 cells. We demonstrated that extracellular putrescine could upregulate 
MAL2 expression by elevating H3K27ac in its promoter region, thus triggering augmented EMT in GC cells.
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Introduction

Gastric cancer (GC) was responsible for over 
one million new cases and 769,000 deaths, 
ranking fifth in global incidence and mortality  
in 2020 [1]. Epithelial-mesenchymal transition 
(EMT) and tumor metabolic microenvironment 
were recognized to contribute significantly to 
influencing GC [2, 3]. During EMT, epithelial 
cells undergo a phenotypic switch by the  
loss of expression of their epithelial markers 
(E-cadherin) and become mesenchymal cells  
by the acquisition of expression of mesenchy-
mal markers (N-cadherin) [4]. Current research 
has demonstrated close associations between 
polyamine dysregulation and cancer progres-
sion [5]. Additionally, many studies have indi-
cated conflicting roles of polyamine in EMT. For 
instance, Marco et al. [6] have revealed a direct 

link between the depletion and activation of 
endoplasmic reticulum stress and the enhance-
ment of EMT in MDCK cells. In addition, overex-
pression of the polyamine-affected MYC gene 
increased the expression of Snail and Vimentin 
and decreased E-cadherin levels in the HSC3 
cells [7, 8]. Cellular polyamines are derived from 
endogenous organisms, dietary, and intestinal 
microbes [9]. Dietary polyamines, one of the 
significant sources of exogenous polyamines, 
can readily be absorbed in the intestinal lumen 
and subsequently function within the body [10].

Moreover, post-translational modifications (in- 
cluding acetylation, methylation, ADP ribosyl-
ation, and phosphorylation) of histone proteins, 
specifically H3-H4, have been linked to EMT in 
several cancers. Dynamic changes in H3K27ac 
and H3K27me3 induce the splicing modifica-
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tions seen during EMT [11]. In GC, despite the 
promoting roles of Wnt/β-catenin and P13K/
Akt signaling pathways in EMT via H3K27ac 
[12], little is known about how H3K27ac aff- 
ects the occurrence of EMT in GC. Furthermore, 
the increased expressions of ornithine decar-
boxylase (ODC) and polyamines are hallmarks 
of epithelial tumorigenesis [13]. Studies have 
shown that polyamines might influence histone 
acetyltransferase (HAT) and histone deacety-
lase (HDAC) activity [14, 15], suggesting that 
polyamines may regulate EMT through H3K- 
27ac.

Most investigations have focused on spermine 
and spermidine rather than putrescine, likely 
because spermine and spermidine are deri- 
vatives of putrescine. However, emerging stud-
ies have demonstrated the direct roles of 
putrescine in regulating cellular activities. For 
instance, supplementing putrescine instead of 
spermidine and spermine could reduce the per-
centage of infected macrophages in macro-
phage metabolism [16]. The level of putrescine 
can directly affect the broiler chicks’ hatchabil-
ity, gut morphology, and pre-production perfor-
mance [17]. Considering the established rela-
tionship between the gut microbiome and GC 
[18] and that putrescine is one of the metabo-
lites of gut microorganisms [19], it was found 
that putrescine, as opposed to spermine and 
spermidine, promoted DNA synthesis [20]. In 
particular, Helicobacter pylori, a known carci- 
nogenic intestinal microorganism for GC, is a 
significant putrescine producer [21, 22]. This 
has prompted our interest in investigating the 
connections between extracellular putrescine, 
H3K27ac levels throughout the entire genome, 
the EMT phenotypes in gastric cancer cells, 
and the underlying mechanisms.

In this study, we aimed to explore 1) whether 
putrescine could promote EMT in MKN-28  
and AGS cell lines, 2) the alteration in H3K27ac 
levels across the global genome, and 3) the 
alterations in transcriptomes in the two cell 
lines. We aimed to uncover the underlying 
mechanisms, which would be verified through 
gene overexpression and knock-out experi-
ments in the cell lines. We found that putres-
cine might promote EMT through the H3K27ac-
MAL2 axis. Our findings will deepen the rela-
tionship between polyamine metabolism and 
cancer and contribute to understanding the 

involvement of the polyamine-rich diet in gas-
tric cancer progression.

Materials and methods

Tumor cell lines and culture conditions

We selected MKN-28 cell lines with high 
E-cadherin and low N-cadherin expressions 
and AGS cell lines with high N-cadherin and low 
E-cadherin expressions to explore the effect of 
putrescine on EMT of GC cells in vitro [23]. The 
human AGS and MKN-28 cell lines were pur-
chased from the Procell Life Science & Tech- 
nology Co., Ltd., Nanjing, China. The GC cells 
were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS, 
Procell Life Science & Technology Co., Ltd.)  
and 1% penicillin/streptomycin (Procell Life 
Science & Technology Co., Ltd.). All cell lines 
were maintained at 37°C, 5% CO2.

HPLC assay of putrescine

Three parallel groups were set up for each con-
centration of putrescine. The AGS and MKN-28 
cells were cultured with 1640 medium contain-
ing 0, 500, and 1000 ng/mL of putrescine. The 
cell supernatants were collected before and 
after 24 h and stored at -20°C. The standard 
putrescine was purchased from Sigma-Aldrich 
(99%). The sample was derivatized with NaOH 
(2 mol/L), saturated NaHCO3, NH3H2O, acetoni-
trile acetonitrile (chromatographically pure), 
and dansulfonyl chloride (10 mg/mL). After 
derivatization, the samples were filtered with 
an oil-water 0.22 μm filter (Biosharp, Guang- 
zhou, China) for High-Performance Liquid Ch- 
romatography (HPLC) analysis. A chiral HPLC 
was performed on a Wooking K2025 HPLC 
(High performance liquid chromatography) sys-
tem (Shandong Wooking Instruments, Shan- 
dong, China) with a Sunniet C18 end-capped 
column (250 mm × 4.6 mm, 5 μm). The mobile 
phase comprised acetonitrile (chromatographi-
cally pure) (A) and 5 mmol/L aqueous formic 
ammonium acetate (B). The gradient elution 
was as follows: 0-5 min, 60% A; 5-12 min, 
60-75% A; 12-20 min, 75-95% A; 20-20.1 min, 
95-60% A; 20.1-30 min, 60% A. The flow rate 
was kept at 1.0 mL/min. The temperature of 
the column was maintained at 30°C, and the 
injection volume of the solute was 10 µL. The 
chromatograms were recorded every 30 min.
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Estimation of malignant behavior of GC cells 
using cell proliferation, cell migration, inva-
sion, and cell wound-healing assays

According to the manufacturer’s instructions, 
the cell counting kit-8 (CCK-8) assays were 
used to determine cell proliferation (Elab- 
science Biotechnology Co., Ltd.). In the 96- 
well plates with 2 × 104 cells/well, the AGS/
MKN-28 cells were cultured for 12 h (37°C, 5% 
CO2) and then treated with gradient concentra-
tions (0, 125, 250, 500, and 1000 ng/mL) of 
putrescine for additional 24 h. For the CCK-8 
assay, 10 μL/well of CCK-8 solution was add- 
ed and incubated at 37°C for 1.5 h. The absor-
bance (optical density, OD) of cells was mea-
sured at 450 nm using a microplate reader 
(TECN). The cell growth curves were plotted 
using time on the horizontal axis and absor-
bance on the vertical axis. 

The cell migration/invasion assay was deter-
mined using a 24-well Boyden chamber with  
an 8-mm pore-size polycarbonate membrane 
(Corning, Union City, CA, USA). An appropriate 
volume of Matrigel (1:8) was added to the upp- 
er chamber of the Transwell plates for the inva-
sion assay. The plates without Matrigel in the 
upper chamber were used for the migration 
assay. The cell suspension (1 × 105 cells/100 
μL serum-free MEM media) was added to the 
upper chambers, and a 700 μL complete cul-
ture medium containing 10% FBS was added to 
the lower chambers. The cells were incubated 
for 48 h (37°C, 5% CO2). The cells were wash- 
ed with PBS three times, fixed in 4% parafor-
maldehyde for 30 min, and stained with 0.1% 
crystal violet for 20 min. Next, five regions were 
randomly chosen under the microscope to take 
representative photographs and count the 
cells.

The cell wound healing assay was performed as 
described previously [24]. The cells were cul-
tured at 37°C, 5% CO2. Photographs of the 
scratch wound in different samples were 
recorded at 0 and 48 h. The expressions of 
E-cadherin and N-cadherin of AGS and MKN-28 
cells were quantified using Western blot.

Western blot

Total protein was extracted from the cells  
using a RIPA buffer with a protease inhibitor 
(MedChemExpress, Monmouth, NJ, USA) and a 

phosphatase inhibitor cocktail (Beyotime, 
Shanghai, China). The protein concentration 
was measured by using a BCA kit (Beyotime). 
The proteins were separated through elec- 
trophoresis using 12% and 10% SDS-PAGE  
and transferred onto a polyvinylidene fluoride 
(PVDF) membrane (Millipore, Billerica, MA, 
USA). Then, the samples were blocked with 
10% nonfat milk (Solarbio, Beijing, China) for  
2 h and immunoblotted with the primary anti-
bodies overnight at 4°C. After being washed 
three times with TBST buffer, the protein bands 
were incubated with the corresponding se- 
condary antibodies for 2 h at room tempera- 
ture and then probed with appropriate horse-
radish peroxidase (HRP-conjugated secondary 
antibody, Elabscience Biotechnology Co., Ltd.) 
and visualized using chemiluminescence 
(Elabscience Biotechnology Co., Ltd.). Anti- 
bodies used in this study were: Anti-GAPDH 
(1:1000 dilution, Abmart), anti-Tubulin (1:1000 
dilution, Abmart), anti-H3 (1:8000 dilution, 
ProteinTech), anti-H3K27ac (1:50000 dilution, 
Abcam), anti-H3K27me3 (1:50000 dilution, 
Abcam), anti-E-cadherin (1:50000 dilution, 
ProteinTech), anti-N-cadherin (1:8000 dilution, 
ProteinTech), and anti-MAL2 (1:1000 dilution, 
Bioss). The intensity of the protein bands was 
determined using ImageJ software.

Library construction, sequencing, and data 
analysis of transcriptome and CUT&Tag

The group sets for constructing transcriptome 
and CUT&Tag libraries were Put0 (0 ng/mL), 
Put500 (500 ng/mL), and Put1000 (1000 ng/
mL) for both AGS and MKN-28 cells based on 
the concentrations of putrescine. The library 
construction, sequencing, and data analysis  
of the transcriptome and CUT&Tag were per-
formed as in our previous study [25]. After 
extracting the total RNA for transcriptomes 
using an ALLPure DNA/RNA/Protein Kit (CW- 
BIO, Cat.CW0591S) according to the manufac-
turer’s instructions. The transcriptome libraries 
were constructed using a VAHTS® Universal V8 
RNA-seq Library Prep Kit for Illumina (Vazyme 
Biotech Co., Ltd.). The quantified libraries using 
qPCR were sequenced on a NovaSeq 6000 
platform in Novogene (Beijing, China). The raw 
reads were filtered using the fastp software 
[26]. The clean reads were then aligned against 
the GRCh38 genome dataset, and a gene-sam-
ple count table was constructed by employing 
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the Subread software [27]. Differential gene 
analysis and variance stabilizing transforma-
tion (VST) were performed using DESeq2 [28] 
for downstream analysis, which included gene 
set enrichment analysis (GSEA) against the 
Molecular Signatures Database (MSigDB 7.5.1) 
using the clusterProfiler package (version 
4.4.2) [29, 30]. The time series gene expres-
sion was clustered using the Mfuzz package 
[31].

The CUT&Tag library was constructed using the 
Hyperactive® Universal CUT&Tag Assay Kit 
(Vazyme Biotech Co., Ltd., China). A total of 1 × 
105 cells per sample were processed with the 
anti-H3K27ac antibody and the input control 
IgG. The library was then quantified using  
qPCR and sequenced on a NovaSeq 6000 plat-
form at Novogene (Beijing, China). Fastp and 
Bowtie2 [32] were employed to filter the raw 
reads and align the clean reads against the 
GRCh38 genome dataset, respectively. Follow- 
ing that, spike-in normalization, summarizing 
the fragment size distribution, calling peak 
using MACS2 software, and annotating peaks 
with the ChIPseeker package [33] were per-
formed. The differential analysis, GSEA, and 
Mfuzz clustering of the promoters were per-
formed similar to transcriptomic analysis.

Examining the roles of MAL2 in EMT of AGS 
and MKN-28

The Flag-MAL2 and shRNAs (shMAL2-1#, sh- 
MAL2-2#, and shMAL2-3#) were synthesized 
using Applied Biological Materials (Vancouver, 
Canada). They were then employed to produce 
different lentiviral particles in 293T cells. After 
24 h transfection, the cell culture medium  
was replaced with a fresh DMEM medium. The 
cell culture medium containing the viral parti-
cles was collected after 72 h and used to trans-
duce GC cells. Then, selected cells were treat-
ed with puromycin (1.5 μg/mL for MKN-28 and 
1 μg/mL for AGS) for 72 h, and the infection 
efficiency was observed using inverted fluores-
cence microscopy. The expressions of MAL2, 
E-cadherin, and N-cadherin of AGS and MKN-
28 cells were quantified using Western blot.

CUT&RUN-qPCR

As described above, the AGS and MKN-28 cells 
were divided into control (NC) and Putrescine 
groups (1000 ng/mL). Following the manufac-

turer’s instructions, A hyperactive pG-MNase 
CUT&RUN Assay Kit for PCR/qPCR (Vazyme 
Biotech Co., Ltd., China) was employed to 
assess the abundance of H3K27ac in the pro-
moter region of MAL2 using 105 input cells, 
anti-H3K27ac antibody (ABclonal, Shanghai, 
China), and the primers for qPCR (F-5’-TGA- 
GCCAAGACCACACTATTGC-3’ and R-5’-GCCAT- 
CTTTGCTTTGCCTCTCC-3’). The antibody anti-
IgG (ABclonal) was used for the negative con-
trol. The kit contained a total of 15 ng of spike-
in DNA, along with its corresponding primer 
pairs. The relative enrichment fold was deter-
mined by the 2-ΔΔCt method as follows:

CT CT CTPutrescine Putrescine Spike in DNA in Putrescine= -3 -

CT CT CTNC NC Spike in DNA in NC= -3 -

CT CT CTIgG IgG Spike in DNA in IgG= -3 -

Then,

2REFPutrescine CT CTPutrescine IgG= - -3 3^ h

2REFNC CT CTNC IgG= - -3 3^ h

Where REF is the abbreviation of relative enrich-
ment fold.

Tumor-bearing mouse model establishment

The male BABL/c nude mice (5-week-old) 
(Ji’nan Pengyue Laboratory Animal Breeding 
Co., LTD., China) were divided into NC, Pu- 
trescine, and Putrescine+C646 groups (n = 5). 
All animal experiments were performed as 
approved by the ethics committee of Binzhou 
Medical University (20240130-45). A total of 1 
× 107 cells of AGS or MKN-28 in 100 μL were 
inoculated into the back of BABL/c nude mice. 
The tumor growth was monitored by using a 
ruler every day. Around three days later, when 
the tumor size was almost 60 mm3, 20 ng 
putrescine in 100 μL PBS and 10 μM C646 
(Absin, Shanghai, China) were injected into the 
xenograft tumors daily. After seven days, the 
mice were euthanized to collect tumors for sub-
sequent analyses. The total protein for Western 
Blot was extracted as described above.

Statistical analysis

Statistical analysis was performed using 
GraphPad Prism 9.5. All the data were ex- 
pressed as mean ± standard deviation (SD). 
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Comparisons between two groups were 
assessed by t-test, and a two-way ANOVA was 
used to analyze the significance of multiple 
comparisons between the groups. P < 0.05 
was considered statistically significant.

Results

Extracellular putrescine augmented the malig-
nant behavior of GC cells

The schematic diagram of the experimental 
plan in this study is shown in Figure 1. HPLC 
was employed to quantify the putrescine con-
centration in the supernatant after incubation 
to estimate the uptake of extracellular putres-
cine by GC cells. The peak retention time of 
standard putrescine was 15.467 min (Figure 

2A). The standard curve based on the gradient 
concentration of standard putrescine (0, 10, 
25, 50, 75, and 100 ng/mL) was generated to 
determine the putrescine concentrations in 
samples (Figure 2B). AGS and MKN-28 were 
treated with 500 and 1000 ng/mL of putres-
cine. The putrescine concentration in the 
supernatant of MKN-28 continuously decreas- 
ed for three days, while the supernatant putres-
cine in AGS was reduced to and then stabilized 
at around 50% after one day of incubation 
(Figure 2C), demonstrating the consumption of 
extracellular putrescine by the proliferating 
AGS and MKN-28 cells.

The effects of extracellular putrescine on the 
malignant behavior of AGS and MKN-28 cells 

Figure 1. The schematic diagram of experimental plan.
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Figure 2. The effect of putrescine on malignant behavior of gastric cancer cells. A. Chromatogram of the eluted 
peaks for putrescine standards; B. Linearity curves for putrescine; C. HPLC showing extracellular putrescine uptake 
in gastric cancer AGS and MKN-28 cells; D. CCK-8 assay showed the viability of AGS and MKN-28 cells with increas-
ing concentrations of exogenous putrescine; E, F. The migration and invasion of AGS and MKN-28 cells was inves-
tigated by transwell assay; G. Wound healing assay showed the ability of migration in AGS and MKN-28 cells; H, I. 
E-cadherin and N-cadherin protein levels were testified with western blot. Experiments were conducted in triplicate. 
Data are shown as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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were subsequently investigated. The CCK-8 
analysis showed that the cell proliferation, as 
measured by the OD values at 450 nm, of the 
AGS and MKN-28 cells increased significantly 
with the addition of extracellular putrescine. 
This indicates that putrescine promotes the 
proliferation of GC cells (Figure 2D). Transwell 
Matrigel invasion and scratch assays were con-
ducted to study the effects of putrescine on the 
invasion and migration of GC cells. Figure 2E-G 
demonstrates that AGS cells, but not MKN-28 
cells, exhibited notably higher migration and 
invasion in response to 1 μg/mL extracellular 
putrescine (Putrescine group) compared to NC. 
Western blot was employed to study the effect 
of putrescine on the expression of N-cadherin 
and E-cadherin in AGS and MKN-28 cells. 
Significantly upregulated N-cadherin with in- 
creased concentration of extracellular putres-
cine was observed in both AGS and MKN-28 
cells (P < 0.05, Figure 2H and 2I).

Transcriptomic variations in AGS and MKN-28 
in extracellular putrescine administration

Next, we investigated the effects of extracellu-
lar putrescine on AGS and MKN-28 cells at the 
transcriptomic level. Using variance stabilizing 
transformation to normalize the data, princi- 
pal component analysis (PCA) revealed 47.91% 
and 44.53% variance in the first three axes of 
AGS and MKN-28 cells, respectively. This sug-
gests that the Put500 and Put1000 in AGS 
cells were separate clusters (Figure 3A; Table 
1). The types of currently known 1184 EMT-
related genes, including “Dual roles genes”, 
“Oncogenic genes”, and “Suppressive genes”, 
were referred from dbEMT2 [34]. Following 
that, pairwise differential comparisons were 
conducted to elucidate the EMT genes that 
were either upregulated or downregulated (Fig- 
ure 3B), demonstrating a gradual increase in 
differentially expressed genes (DEGs) with the 
rise in extracellular putrescine concentration 
compared to the NC group in AGS. However, the 
number of DEGs in MKN-28 was much lower 
than in AGS. We simultaneously observed 
upregulated and downregulated oncogenic and 
suppressive genes in both cell lines. Moreover, 
GSEA indicated that the DEGs of Put1000  
vs NC in AGS could be enriched into upregulat-
ed cellular respiration-related pathways (such 
as “Oxidative Phosphorylation”) (Figure 3C). 

Based on the investigation, it was reasonable 
to hypothesize that some unknown genes in  
GC cells are promoted by putrescine, in addi-
tion to the already verified EMT gene, dbEMT2. 
Therefore, the Mfuzz package was employed to 
characterize the dynamic changes at the gene 
expression level with an increasing extracellu-
lar putrescine concentration. Nine tendency 
patterns were observed in both AGS and MKN-
28 cells (Figure 3D). However, the Venn dia-
gram illustrated that the number of genes 
shared between an AGS cell and an MKN-28 
cell in each category was significantly smaller 
than the number of unique genes in each cell 
line. 

Genome-wide alteration of H3K27ac caused 
by extracellular putrescine

Then, we investigated the effect of putrescine 
on the genome-wide alteration of H3K27ac and 
H3K27me3. There was no notable disparity in 
the levels of H3K27me3 between MKN-28  
and AGS cells. However, the presence of pu- 
trescine significantly promoted the expression 
of H3K27ac in MKN-28 cells but not in AGS 
cells (Figure 4A). H3K27ac can be inhibited by 
histone acetylation inhibitor C646 [35]. To 
determine the roles of H3K27ac and put- 
rescine in GC, the mice bearing AGS and MKN-
28 cells were treated with putrescine and 
putrescine+C646. The tumor size of mice in the 
Putrescine group was significantly larger than 
the NC and Putrescine+C646 groups (Figure 
4B). In both AGS-bearing and MKN-28-bearing 
mice, the expression of N-cadherin was elevat-
ed in the Putrescine group compared to the NC, 
but C646 impaired such increment in the 
Putrescine+C646 group (Figure 4C), suggest-
ing that putrescine might promote EMT of GC 
by elevating H3K27ac.

CUT&Tag was then employed to study the alter-
ation of H3K27ac levels across the global 
genome when different concentrations of 
extracellular putrescine were administered (0, 
500, and 1000 ng/mL). The concentration 
maps of CUT&Tag illustrated that the peak-out 
enrichment regions of H3K27ac were concen-
trated in the TSS region, and the H3K27ac 
peaks increased with increasing putrescine 
concentrations (Figure 4D). Additional gene 
annotation revealed that most H3K27ac-
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modified reads are highly concentrated in the 
promoter region. However, the percentage of 
promoter regions bonded with H3K27ac de- 
creased gradually in AGS cells and increased 
gradually in MKN-28 cells as the concentra-
tions of putrescine increased (Figure 4E). 

mainly concentrated in the promoter regions of 
the genome. 

To determine the dynamics of H3K27ac in pro-
moter regions after extracellular putrescine 
administration, Mfuzz was employed and as- 

Figure 3. The RNA-seq analysis of exogenous putrescine (0, 500, and 1000 ng/mL) on AGS and MKN-28 cells. 
A. Principal component analysis was performed on all groups of AGS and MKN-28 cells. Each dot represents one 
biological replicate; B. A Volcano plot depicting the different gene expressions at three concentrations of putrescine 
in AGS and MKN-28 cells. EMT genes that have a significant relationship are highlighted in red, while EMT genes 
that are significant but not relevant are highlighted in blue; C. A Lolly plot illustrating the significantly enriched 
pathways using DEGs in Put1000 vs Control in AGS, and GSEA against GOBP database. No significant enrichment 
was observed in MKN-28 cells; D. The diagrams illustrate the patterns of dynamic-changed genes and the different 
concentrations of exogenous putrescine in AGS and MKN-28 cells, using Mfuzz. The Nshared means the number of 
genes shared between AGS and MKN-28 cells with the same tendency.

Table 1. The data from PCA analysis for transcriptome
Group 1 Group 2 Mean SD p value

AGS 1000 500 49.91652 9.969248 0.032
1000 NC 54.08015 15.925340 0.438
500 NC 46.70879 6.768881 0.408

MKN-28 1000 500 44.10973 9.934635 0.552
1000 NC 48.68518 10.350567 0.532
500 NC 43.15742 5.387995 0.148

PCA based on total and promoter fea-
tures showed that putrescine concen-
tration was responsible for most of the 
variance (Figure 4F; Table 2). In addi-
tion, the PCA analysis using promoter 
features showed a similar pattern to the 
PCA analysis using total features. How- 
ever, it exhibited a slightly higher total 
variance in the first three axes. This sug-
gests that the impact of putrescine on 
the overall changes in H3K27ac was 
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signed all the promoters into nine tendency 
patterns (Figure 5A). As observed in transcrip-
tomes, the Venn diagram comparing AGS and 
MKN-28 cells showed a smaller overlap of 
shared genes than cell-specific genes. This 
suggests significant differences between AGS 
and MKN-28 cells. In tendency 3, there was  
significantly decreased in Put1000 compared 
to Put500. Most of the genes involved in this 
tendency were enriched in pathways related  
to protein-folding, assisted explicitly by the 
eukaryotic chaperonin TRiC/CCT and the Rho 
family (Figure 5B).

Subsequently, we examined if any common 
essential genes were involved in the increas- 
ed EMT caused by putrescine by enhancing 
H3K27ac in the promoter regions in both AGS 
and MKN-28 cells. Genes from clusters that 
tended toward increase were isolated and clas-
sified into the following groups: RNA-AGS (tran-
scriptomic genes in Cluster 1 and 8 of AGS 
cells), Promoter-AGS (promoters in Cluster 4 
and 8 of AGS cells), RNA-MKN-28 (transcrip-
tomic genes in Cluster 2 and 7 of MKN-28 
cells), and Promoter-MKN-28 (promoters in 
Cluster 7 and 9 of MKN-28 cells). The Venn  

diagram within the four groups identified three 
genes they shared: GPI, TRPS1, and MAL2 
(Figure 5C). Considering the opposing roles  
of GPI and TRPS1 in several studies [36-39]. 
We prioritized MAL2 in further exploration. 
H3K27ac peaks were validated at the MAL2 
promoter region, marking increasing H3K27ac 
peaks with increasing concentrations of pu- 
trescine (Figure 5D), which was verified by 
CUT&RUN-qPCR using a primer of the MAL2 
promoter region (Figure 5E). Therefore, we  
further speculated that putrescine may pro-
mote EMT in GC cells by elevating MAL2 via 
H3K27ac.

The effect of putrescine on GC cells via MAL2

To assess the influence of putrescine in MAL2 
expression, a western blot was employed to 
compare MAL2 expression in GC cells with/
without extracellular putrescine. We found that 
MAL2 expression was significantly increased 
by extracellular putrescine in both AGS and 
MKN-28 cells (Figure 6A, 6B). Subsequently, 
the roles of MAL2 on EMT in GC cells were 
investigated. The Western blot analysis show- 
ed that introducing MAL2-specific shRNA into 

Figure 4. CUT&Tag capturing genome-wide alteration of H3K27ac in AGS and MKN-28 cells under the administra-
tion of different concentrations of extracellular putrescine (0, 500, and 1000 ng/mL). A. H3K27ac and H3K27me3 
protein levels were determined by Western blot. Experiments were conducted in triplicate; B. Tumors were removed 
and photographed five days after injection; C. The protein expression levels of E-cadherin and N-cadherin were 
detected by Western blot in tumors; D. Heatmaps showing the genomic occupancy of input and H3K27ac ± 3 kb 
flanking TSSs and TESs in AGS and MKN-28 cells treated with different concentrations of exogenous putrescine; E. 
The genome-wide distribution of H3K27ac binding regions under the influence of putrescine; F. PCA was performed 
on all groups of total H3K27ac and promoter H3K27ac in AGS and MKN-28 cells. Each dot represents one biologi-
cal replicate. Experiments were conducted in triplicate. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, and 
***P < 0.001.

Table 2. The data from PCA analysis for CUT&Tag
Group 1 Group 2 Mean SD p value

AGS-Promoter 1000 500 7.557216 0.5119962 0.164
1000 NC 7.280633 0.4753735 0.030
500 NC 7.564662 0.8629471 0.032

MKN-28-Promoter 1000 500 30.10324 2.9207460 0.034
1000 NC 28.00522 0.8652562 0.070
500 NC 18.05172 1.3972331 0.402

AGS-Total 1000 500 10.15873 0.6282401 0.178
1000 NC 10.01170 0.5819764 0.020
500 NC 10.06187 1.0379790 0.052

MKN-28-Total 1000 500 40.95501 3.5213860 0.028
1000 NC 37.95548 0.9048678 0.068
500 NC 24.81161 1.8144831 0.258
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AGS and MKN-28 cells, specifically MAL2-
shRNAs-2# for AGS cells and MAL2-shRNAs-3# 

for MKN-28 cells, effectively reduced the 
expression of MAL2 in both cell lines (Figure 

Figure 5. The combination analysis of transcriptome and CUT&Tag data. A. The diagrams illustrate the patterns of 
dynamic changes in promoter abundance along with the different concentrations of exogenous putrescine in AGS 
and MKN-28 cells, using Mfuzz. Venn diagram depicts the number of AGS and MKN-28 genes and the number of 
identical genes in the same trend; B. Pathway analysis showing the pathways enriched by shared genes within the 
same trend in Venn diagram; C. A Venn diagram illustrating the shared genes among the genes tending to increase 
in AGS and MKN-28 cells at RNA and promoter level; D. Normalized read densities for H3K27ac at the MAL2 on 
AGS and MKN-28 cells; E. The relative enrichment fold of H3K27ac level at the MAL2 promoter region in AGS and 
MKN-28 cells. Experiments were conducted in triplicate. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, 
and ***P < 0.001.
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6C, 6D). In addition, transfecting AGS and  
MKN-28 cells with MAL2 Lentiviral Vector sig-

nificantly overexpressed MAL2 in both AGS and 
MKN-28 cells (Figure 6E, 6F). 

Figure 6. The roles of MAL2 in EMT of GC cells. A, B. MAL2 protein levels were compared between the Putrescine 
and Control groups through Western blot; C, D. AGS and MKN-28 cells were transfected with sh-MAL2-1#, sh-
MAL2-2#, or sh-MAL2-3#, then the expression of MAL2 was assessed by western blot; E, F. AGS and MKN-28 cells 
were transfected with vector or flag-MAL2, and the expression of MAL2 was assessed by western blot; G. The protein 
expression levels of E-cadherin and N-cadherin were detected by western blot in AGS and MKN-28 cells after MAL2 
knockdown; H. The protein expression levels of E-cadherin and N-cadherin were detected by western blot in AGS and 
MKN-28 cells after overexpression of MAL2. Experiments were conducted in triplicate. Data are shown as mean ± 
SD. *P < 0.05, **P < 0.01, and ***P < 0.001.
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The Western blot analysis demonstrated that 
MAL2 knockdown significantly reduced N-cad- 
herin expression (P < 0.05, AGS cells; P < 0.05, 
MKN-28 cell) and significantly increased the 
expression of E-cadherin (P < 0.05, AGS cells; P 
< 0.05, MKN-28 cells) compared to NC (Figure 
6G). Moreover, overexpression of MAL2 in AGS 
and MKN-28 cells led to a remarkable down-
regulation of E-cadherin (P < 0.05, AGS cells;  
P < 0.05, MKN-28 cells) and upregulation of 
N-cadherin (P < 0.05, AGS cells; P < 0.05, MKN-
28 cells) in MKN-28 and AGS cells lines (Figure 
6H). The transwell assays also showed that sh-
MAL2 remarkably weakened the invasion and 
migration of AGS and MKN-28 cells compared 
to NC, and overexpressing MAL2 enhanced the 
invasion and migration of AGS and MKN-28 
cells (Figure 7A, 7B). Together, these results 

indicated that the expression of MAL2 pro-
motes EMT in GC cells. 

Discussion

Studies have shown that polyamines play a 
complex role in tumor development [13]. The 
recent research on the regulatory effects of 
polyamines on gene expression in macro-
phages through histone modifications [40, 41] 
suggests that polyamines may also regulate 
gene expression in tumor cells by globally or 
selectively modifying histones. Previous re- 
search has extensively examined the connec-
tions between tumor growth and H3K27AC, as 
well as the metabolic processes involving poly-
amines in GC [22, 42]. However, no study has 
investigated whether putrescine can influence 

Figure 7. The roles of MAL2 in the migration and invasion of GC cells. A, B. The migration and invasion of AGS and 
MKN-28 cells were investigated by transwell assay under the effect of MAL2. Data are shown as mean ± SD. *P < 
0.05, **P < 0.01, and ***P < 0.001.
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the malignant characteristics of GC by modify-
ing H3K27ac on a global scale or in specific 
regions. In this study, our findings demonstrat-
ed that extracellular putrescine could promote 
malignant behavior of MKN-28 and AGS cells 
and elevate H3K27ac levels in the promoter 
region of MAL2, and upregulated MAL2 could 
promote EMT in the two cell lines, validating 
that putrescine can upregulate MAL2 expres-
sion by increasing H3K27ac level in its promot-
er region and subsequently promoting EMT in 
GC cells (Figure 8).

Previous studies have reported that colon can-
cer cells can uptake and release putrescine 
[43]. In this study, the decreased concentration 
of extracellular putrescine demonstrated its 
uptake by AGS and MKN-28 cells (Figure 2C), 
laying a foundation for further exploration. 
Previous studies have shown the necessary 
roles of polyamines in the proliferation of can-
cer cells, such as breast cancer and hepatoma 
cells [44-46]. In the colon, polyamines and 
their metabolizing enzymes could be reliable 
markers of neoplastic proliferation [47]. In this 
study, proliferation assays demonstrated the 
promotive effect of putrescine on GC cells 
(Figure 2D). ODC is a crucial enzyme in the  

polyamine biosynthetic pathway [48]. ODC pro-
motes the invasiveness of colorectal cancer 
[48, 49], which is consistent with the finding in 
this study (Figure 2E, 2F) that extracellular 
putrescine promoted invasion and migration of 
AGS. Furthermore, the results demonstrated 
that N1, N11-diethylnorspermine, an inducer of 
polyamine catabolism, could initiate EMT for-
mation in hepaRG cells [50]. Moreover, the in- 
hibition of AOC1, which catalyzes the deamina-
tion of polyamines, inhibited the EMT process 
[51]. These findings unveiled strong connec-
tions between EMT and polyamine metabolism. 
In this study, the MKN-28 representing the epi-
thelial phenotype with high E-cadherin and low 
N-cadherin levels, and AGS representing the 
mesenchymal properties with low E-cadherin 
and high N-cadherin levels [23] were used to 
explore the influence of putrescine on the EMT 
of GC cells in vitro. The elevated N-cadherin 
and impaired E-cadherin levels in both cell lines 
strongly demonstrated the promotive roles of 
extracellular putrescine on the EMT of GC cells. 
Nevertheless, the oncogenic EMT and EMT-
suppressive genes were present simultaneous-
ly in both the upregulated and downregulated 
genes in both cell lines, complicating further 
investigation into the underlying mechanisms.

Figure 8. Diagram depicting the mechanism of extracellular putrescine on EMT in gastric cancer.
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In our initial hypothesis, putrescine could pro-
mote GC EMT by affecting H3K27ac. The exper-
iments in vivo confirm that putrescine could 
promote EMT progression of GC by elevating 
H3K27ac (Figure 4B, 4C). The elevated aerobic 
respiration relevant pathways (such as oxida-
tive phosphorylation and ATP synthesis-cou-
pled electron transport) might promote the pro-
tein acetylation [52], offering potential mecha-
nisms on how extracellular putrescine upregu-
lated H3K27ac expression in GC cells (Figure 
4A). Extracellular putrescine has increased the 
expression of N-cadherin in both AGS and 
MKN-28 cells. However, it has only raised the 
expression of the global H3K27ac level in  
MKN-28 cells. This suggests that putrescine 
may influence the EMT of GC cells by affecting 
H3K27ac in specific regions. H3K27ac is cor-
related with the active enhancer modulatory 
elements to activate gene expression [4, 53], 
and the positive roles of H3K27ac in EMT have 
been widely recognized [11, 12]. Therefore, we 
investigated whether any shared downstream 
genes could be augmented by H3K27ac and 
promote EMT of GC cells. The CUT&Tag com-
bined with RNA-seq can simultaneously profile 
histone post-translational modifications and 
gene expression in single cells [54, 55]. In this 
investigation, RNA-seq profiling of cellular tran-
scriptomes was conducted on CUT&Tag cap- 
turing regions bound with H3K27ac to identify 
new putative EMT marker genes stimulated by 
extracellular putrescine and augmented by 
H3K27ac. Among all upregulated genes, there 
were three common genes - GPI, TRPS1, and 
MAL2. Glycosylphosphatidylinositol is a glyco-
lipid anchor that can attach to the extracellular 
leaflet of the plasma membrane through a 
post-translational modification [36]. Previous 
studies have suggested that GPI-anchored pro-
teins are involved in multiple cancers [37]. 
Trichorhinophalangeal syndrome type 1 is a 
marker for triple-negative breast cancer, which 
can suppress the EMT of breast cancer as a 
negative regulator [38, 39]. MAL2 is a member 
of the MAL family of proteins with four trans-
membrane areas [56]. MAL2 has been identi-
fied to be associated with the progression of 
multiple cancers. For example, high expression 
of MAL2 promotes the proliferation of lung  
and ovarian cancer cells [57, 58] and encour-
ages the development of pancreatic, colorec-
tal, breast, and cervical cancers [57-60]. Fur- 

thermore, the overexpression of the MAL2 pro-
tein was anti-oncogenic and led to decreased 
cell migration, invasion, and viability in hepatic 
cells [61]. In addition, the predictive role of 
MAL2 for distant metastasis in pancreatic  
cancer has been recognized [57]. However, lit-
tle is known about the function of MAL2 in  
GC. Our study found upregulation of E-cadherin 
and downregulation of N-cadherin after MAL2 
knockdown (Figure 6G). In contrast, the upreg-
ulation of N-cadherin and downregulation of 
E-cadherin were found after MAL2 overexpres-
sion (Figure 6H), suggesting that MAL2 could 
promote EMT in GC cells. Given that putrescine 
can enhance MAL2 expression and increase 
H3K27ac levels in the promoter region of  
MAL2 in GC cells, it is reasonable to conclude 
that putrescine can promote MAL2 expression 
by elevating H3K27ac in its promoter region, 
leading to an increased occurrence of EMT in 
GC cells. However, our findings were observed 
mainly based on the cell lines and mice mod-
els, while the human relevance was unclear.  
In addition, more efforts should be made  
to extrapolate in vitro results to in vivo condi-
tions and thoroughly investigate the molecular 
mechanisms and pathways. 

Conclusions

We found that extracellular putrescine could 
promote malignant behavior and EMT of GC 
cells. The underlying mechanism was that ex- 
tracellular putrescine could elevate H3K27ac 
in the promoter region of MAL2, which has 
been demonstrated to promote EMT of GC 
cells. Our study might provide new insights into 
the association between dietary polyamines 
and GC progression. 
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