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Abstract

Introduction: Nasopharyngeal carcinoma (NPC) is a serious cancer with
a poor prognosis and a significant risk of metastasis. Although its epigene-
tic control mechanisms are still unknown, epigallocatechin-3-gallate (EGCG)
exhibits strong anticancer properties. Promoter methylation in malignancies
often silences PACRG, a putative tumor suppressor gene. This study aimed
to determine whether EGCG suppresses cancer by altering PACRG gene ex-
pression in NPC cells.

Material and methods: NPC cells were subjected to EGCG or 5-aza-dC. Cellu-
lar functions were assessed by CCK-8, Transwell, and flow cytometry assays.
Methylation-specific PCR (MSP) was used to identify PACRG promoter meth-
ylation, and gene expression was measured using quantitative real-time
PCR (gRT-PCR) and Western blot (WB). The expression of DNA methyltrans-
ferase-related genes was evaluated. siRNA targeting PACRG was used to as-
sess its functional involvement in the effects mediated by EGCG.

Results: EGCG exerted dose- and time-dependent effects on NPC cells by
reducing proliferation and migration while inducing apoptosis and G2 phase
cell cycle arrest. Mechanistically, EGCG significantly reduced the mRNA ex-
pression and enzymatic activity of DNMT1, DNMT3A, and DNMT3B, resulting
in decreased PACRG promoter methylation and restored PACRG expression.
Functional assays revealed that knockdown of PACRG diminished the inhib-
itory effect of EGCG on NPC cells, indicating that the epigenetic reactivation
of PACRG partially mediates the tumor-suppressive function of EGCG.
Conclusions: Our results revealed that EGCG inhibits NPC progression by
reducing PACRG promoter methylation, highlighting that PACRG demethyla-
tion and reactivation are a promising therapeutic strategy.

Key words: epigallocatechin-3-gallate, nasopharyngeal carcinoma, PACRG,
methylation.

Introduction

A malignant tumor that develops from the nasopharyngeal mucosa’s
epithelial cells, nasopharyngeal carcinoma (NPC) has a specific geographic
distribution and is most common in Southeast Asia and southern China
[1]. Numerous variables, including genetic predisposition, environmental
toxins, dietary practices, and Epstein-Barr virus infection, all contribute to
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its etiology [2, 3]. Despite advances in radiotherapy,
chemotherapy, and immunotherapy, NPC remains
associated with high morbidity and mortality, main-
ly due to late diagnosis and treatment resistance
[4-6]. Recent efforts have focused on exploring nov-
el treatment strategies and molecular targets.

Epigallocatechin-3-gallate (EGCG), a primary
polyphenol in green tea, has shown anticancer
effects by modulating oxidative stress, apoptosis,
and autophagy pathways [7-9]. In NPC, EGCG has
been reported to suppress proliferation, migra-
tion, and stemness via mechanisms that include
the inactivation of NF-kB and modulation of ad-
hesion molecules [10-12]. Notably, EGCG can in-
fluence DNA methylation, thereby restoring the
expression of tumor suppressor genes and en-
hancing the efficacy of chemotherapeutic agents
[13-16]. However, its epigenetic mechanisms in
NPC remain incompletely understood.

PACRG (Parkin co-regulated gene) has been
identified as a tumor suppressor in various can-
cers and is subject to epigenetic silencing through
promoter hypermethylation [17-20]. In NPC, ab-
errant methylation of PACRG has been observed
[18], yet its functional relevance remains largely
unexplored. Given the emerging role of EGCG in
modulating gene methylation, it is plausible that
EGCG may exert its antitumor effects by epige-
netically reactivating the PACRG gene.

In this study, we investigated whether EGCG sup-
presses NPC progression by demethylating and up-
regulating PACRG, thereby inhibiting tumor cell prolif-
eration and invasion. This work provides insights into
the epigenetic mechanisms of EGCG and highlights
PACRG as a potential therapeutic target in NPC.

Material and methods
Microarray data analysis

The GSE12452 and GSE64634 datasets origi-
nated from the Gene Expression Omnibus (GEQ,
https://www.ncbi.nlm.nih.gov/gds/). GSE12452
comprises 31 NPC samples and 10 matching con-
trols, while GSE64634 comprises 12 NPC samples
and 4 matching controls. Up-regulated differentially
expressed GEO2R defined genes (DEGs) with a fold
change (FC) threshold > 2, and down-regulated DEGs
as those with an FC < 0.5, and the p-value threshold
was < 0.05. These cutoff values were selected based
on previously published studies of nasopharyngeal
carcinoma using GEO datasets, such as Zhang et al,,
which employed the same thresholds to identify ro-
bust and biologically relevant DEGs [21].

Identification and enrichment analysis of
overlapping DEGs

The Venn diagram (https://bioinformatics.psb.
ugent.be/webtools/Venn/) web tool was applied to

conduct an intersection analysis of downregulat-
ed and upregulated DEGs from the GSE12452 and
GSE64634 datasets, identifying overlapping DEGs.
Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses
were then conducted on these overlapping DEGs
using DAVID (https://david.ncifcrf.gov/).

Identification and expression analysis of
key genes

Protein-protein interaction (PPI) network anal-
ysis among the overlapping DEGs was conducted
using the Search Tool for Interacting Genes/Pro-
teins (STRING, https://string-db.org/). The con-
structed PPl network was further analyzed using
Molecular Complex Detection (MCODE) and Max-
imal Clique Centrality (MCC) algorithms by Cyto-
scape (version 3.7.1). Key genes were identified
by intersecting the results of both algorithms. To
evaluate the expression levels of the identified
key genes, boxplot visualization and data process-
ing were performed with R. The GSE12452 and
GSE64634 datasets were used to compare the ex-
pression levels of these genes between the tumor
and normal groups.

Cell culture

The nasopharyngeal epithelial NP69 cell line
and the human nasopharyngeal carcinoma (NPC)
cell lines HK-1 and C666-1 were purchased from
Yaji Biological Technology Co., Ltd. (Shanghai, Chi-
na). Under standard culture conditions, NP69 cells
were cultured in KM medium (2101; Yaji Biological
Technology Co., Ltd., Shanghai, China), a specifi-
cally formulated medium for epithelial cell growth.
The HK-1 and C666-1 cells were kept in RPMI-
1640 medium (C22400500BT; Gibco, USA) with
1% penicillin-streptomycin  (15140122; Gibco,
USA) and 10% FBS (10091148; Gibco, USA) added
as supplements. At 37°C, the cells were cultured in
a humidified environment with 5% CO..

Cell treatment

HK-1 and C666-1 cells were planted in 6-well
plates at the appropriate density and exposed to
EGCG (E4143; Sigma-Aldrich, USA), which was
dissolved in distilled water at a stock concentra-
tion of 100 uM and stored at —20°C until use. Fi-
nal concentrations of 0, 10, 20, and 40 uM EGCG
were applied for 24, 48, and 72 h. A distilled water
vehicle control was included to match the solvent
volume used in the EGCG-treated groups. This
time window is based on two studies by Wang
et al. [10] and He et al. [13], which demonstrated
that a 24-72-hour period is sufficient to induce
EGCG-mediated epigenetic changes. In parallel,
the cells were treated with 5 pM 5-aza-2'-deox-
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ycytidine (5-aza-dC; A3656; Sigma-Aldrich, USA),
a DNA methyltransferase inhibitor, for 48 h.

Cell transfection

For transient transfection, NPC cells were cul-
tivated until confluence was approximately 70-
80%. SsiRNA targeting PACRG (si-PACRG-1 and si-
PACRG-2) was used to inhibit PACRG expression
at a final concentration of 50 nM. Non-targeting
siRNA (si-NC) was used as a negative control. The
reagent Lipofectamine 3000 (L3000015; Thermo
Fisher Scientific, USA) was used according to the
manufacturer’s guidelines.

Quantitative real-time PCR (gRT-PCR)

According to the manufacturer’s instructions, 1
pg of RNA was reverse-transcribed into cDNA us-
ing the PrimeScript RT reagent Kit (RRO47A; Taka-
ra, Japan). SYBR Green PCR Master Mix (RR420Q;
Takara, Japan) was employed to conduct gRT-PCR
via the StepOnePlus Real-Time PCR System (Ap-
plied Biosystems, USA). Gene expression levels
were analyzed via the 274" method with GAPDH
normalization. Table | presents the primer se-
quences used for qRT-PCR.

Western blot (WB) assay

RIPA lysis buffer (R0020; Solarbio, Beijing, China)
containing phosphatase and protease inhibitors
(P1046; Beyotime, China) was employed to obtain
NPC cell protein lysates. The protein concentra-
tion was detected using the BCA Protein Assay Kit
(PO012; Beyotime, China). After being separated by
10% SDS-PAGE, proteins in comparable amounts
were transferred onto PVDF membranes (FFP28; Be-
yotime, China). Primary antibodies used in this re-
search included anti-PACRG (SAB1410229, 1 : 1000;
Sigma-Aldrich, USA) and anti-GAPDH (ab181602,
1:10000; Abcam, China), the latter serving as an
internal loading control. A ChemiDoc imaging sys-
tem (Bio-Rad, Shanghai, China) was used to capture

Table I. Primer sequences for gRT-PCR

the protein bands, and a Genomic DNA Extraction
kit (DP304; Tiangen, Beijing, China) was employed
to visualize the bands. Image J software (NIH, USA)
was used to assess the intensity of each band.

Dot blot assay

Genomic DNA was extracted from HK-1 and
C666-1 cells using the TIANamp Genomic DNA Kit
(TIANGEN, China), quantified using a NanoDrop
spectrophotometer, and denatured at 95°C for
10 min. DNA samples (50, 100, and 200 ng) were
spotted onto a positively charged nylon membrane
(41105339; Sigma-Aldrich, USA), air-dried, and
cross-linked by UV irradiation. After blocking with
5% non-fat milk in TBST for 1 h at room tempera-
ture, the membrane was incubated overnight at
4°C with anti-5hmC antibody (39769, 1 : 10,000;
Active Motif, USA) or anti-5mC antibody (28692,
1 : 10,000; Cell Signaling Technology, USA). After
TBST washing, the membrane was incubated with
HRP-conjugated secondary antibody (SA00001-2,
1 : 10000; Proteintech, USA) for 1 h at room tem-
perature. Signal detection was performed using
an ECL system (Millipore), and dot intensity was
analyzed with Image) software.

Cell Counting Kit-8 (CCK-8) assay

Cell viability was assessed using the CCK-8
(KGA9310; KeyGEN, Nanjing, China) according
to the manufacturer’s guidelines. NPC cells were
seeded at a density of 5 x 103 cells per well in 96-
well plates. After treatment with various concen-
trations of EGCG, 5-aza-dC, or siRNA as indicated,
10 pl of CCK-8 reagent was applied to every well at
the specified time points (24, 48, 72 h or days 1,
3, 5, 7). Absorbance was measured using a micro-
plate reader (Kehua, Shanghai, China) at 450 nm.

Flow cytometry

For apoptosis analysis, NPC cells were sepa-
rated by trypsin-EDTA (15400054; Thermo Fisher

Target Direction Sequence (5'-3')
PACRG Forward GGAGGAGTTTCTGTGGAGCC
PACRG Reverse TACGGATGTGAGCAGGAGGT
DNMT1 Forward AGGAGGGCTACCTGGCTAAA
DNMT1 Reverse GCATCTGCCATTCCCACTCT
DNMT3a Forward CGAGTTCTGGAGATGCTGACTT
DNMT3a Reverse TTCTTCTCAGCCACTGCCCG
DNMT3b Forward CCGCTTCCTCGCAGCAG
DNMT3b Reverse CGATCGCCGAGCTAGGTTTA
GAPDH Forward AATGGGCAGCCGTTAGGAAA
GAPDH Reverse GCGCCCAATACGACCAAATC
Arch Med Sci 3
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Scientific, USA) and stained with propidium iodide
(P1) and Annexin V using a commercial apoptosis
detection kit (88-8007-74; Thermo Fisher Scientif-
ic, USA), following the manufacturer’s directions.
Flow cytometry was performed using a flow cy-
tometer (Jiyuan, Guangzhou, China), and the data
were analyzed with FlowJo software (FlowJo, Hang-
zhou, China). We calculated the proportions of ne-
crotic, late apoptotic, and early apoptotic cells.
For cell cycle analysis, NPC cells were fixed in
5 mlof cold 70-80% ethanol and stored overnight in
the dark at 4°C. The cells were washed with PBS and
then exposed to 0.5 ml of propidium iodide/RNase
buffer for 15 min at 25°C under light-protected con-
ditions. Flow cytometry was used to examine cell
distribution in the G1, S, and G2 phases, including
calculation of the percentage of cells in each phase.

Cell migration assays

Cell migration was assessed using a Transwell
assay. Transfected NPC cells were seeded in se-
rum-free medium in the upper chamber, while the
lower chamber contained 10% FBS as a chemoat-
tractant. After incubation, migrated cells were fixed
with 4% paraformaldehyde, stained with DAPI, and
quantified under an inverted microscope.

Methylation-specific PCR (MSP)

Genomic DNA was extracted using the TIANa-
mp Genomic DNA Kit (Tiangen, China), and its
purity was assessed with a NanoDrop microspec-
trophotometer (Thermo, China) according to the
manufacturer’s instructions. Bisulfite modification
of the purified DNA was conducted with the EZ
DNA Methylation-Gold Kit (D5005; Zymo Re-
search, USA). The methylated specific upstream
primer of PACRG was 5'-GTATAGTTTCGTTTTTC-
GTGGAC-3'; the methylated specific downstream
primer of PACRG was 5'-CTAAAAAATCGTAATTCTA-
ACGCGTA-3'; the unmethylated specific upstream
primer of PACRG was 5'-GTATAGTTTTGTTTTTTGT-
GATGT-3"; and the unmethylated specific down-
stream primer of PACRG was 5'-CTAAAAAATCATA-
ATTCTAACACATA-3". ABL1 was used as an internal
control for DNA integrity. The forward primer was
5'-AGCATCTGACTTTGAGCC-3', and the reverse
primer was 5'-CCCATTGTGATTATAGCCTAAGAC-3'.

DNMT activity assay

The DNMT enzyme activity was measured us-
ing the EpiQuik DNA Methyltransferase Activity/
Inhibition Assay Kit (P-3001; EpigenTek, NY, USA).
In brief, nuclear proteins were extracted from
NPC cells treated with EGCG or 5-aza-dC, and
the methyltransferase reaction was performed in
a microplate with pre-coated substrate DNA, fol-
lowing the kit instructions. The catalytic products

were measured by absorbance at 450 nm, which
reflects the enzyme activity level of DNMT.

Statistical analysis

Statistical analyses were performed using R
software. All experiments were conducted with
biological replicates, and each experiment was in-
dependently repeated on at least three separate
days to ensure reproducibility. Data are expressed
as mean * standard deviation (SD). For compari-
sons among multiple groups, one-way ANOVA was
used, followed by Tukey’s post hoc test to correct for
multiple comparisons. When data did not meet the
assumptions of normality or homogeneity of vari-
ance (assessed by Shapiro-Wilk and Levene’s tests),
non-parametric alternatives such as the Krus-
kal-Wallis test with Dunn’s post hoc correction were
applied. For two-group comparisons, unpaired two-
tailed Student’s t-tests were used, or Mann-Whit-
ney U tests if normality was not assumed. A p-value
< 0.05 was considered statistically significant.

Results

EGCG inhibits the cell function of NPC cells
in a dose- and time-dependent manner

The cell viability of NPC cell lines was assessed
using the CCK-8 assay after being subjected to dif-
ferent levels of EGCG (0, 10, 20, 40 uM). The results
demonstrated a dose-dependent decline in cell via-
bility with increasing EGCG concentrations (Figures
1 A, B). The impact of different treatment durations
(0, 24, 48, and 72 h) with 40 uM EGCG was evaluat-
ed. A time-dependent decrease in cell viability was
observed in both NPC cell lines (Figures 1 C, D). Fur-
thermore, the impact of EGCG on cell proliferation
was assessed over a range of concentrations (0, 10,
20, 40 pM) for various periods (1, 3, 5, and 7 days).
The outcomes showed that the proliferation of NPC
cells decreased with increasing EGCG concentra-
tions at each time point. Additionally, cell prolifera-
tion decreased at the same EGCG concentration as
the treatment duration increased (Figures 1 E, F). In
the cell migration assay, EGCG treatment was asso-
ciated with a significant, dose-dependent decrease
in the number of migratory cells in NPC cell lines
at each time point. Quantitative analysis revealed
that 20 uM and 40 pM EGCG significantly inhibited
cell migration compared to the untreated control
group (Figures 2 A, B). These outcomes imply that
EGCG can efficiently and dose-dependently inhibit
NPC cell migration.

EGCG induces apoptosis and G2 arrest in
NPC cells

NPC cells were subjected to varying concen-
trations of EGCG (0, 10, 20, and 40 uM) for 48
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Figure 1. Effect of epigallocatechin-3-gallate (EGCG) on proliferation of nasopharyngeal carcinoma (NPC) cell lines.
A, B — CCK-8 assay measuring cell viability of NPC cell lines (HK-1, C666-1) following treatment with increasing
concentrations of EGCG (0, 10, 20, 40 pM) for 48 hours. *P < 0.05, **P < 0.01 vs. EGCG (0 pM). C, D — CCK-8 assay
assessing cell viability of NPC cell lines (HK-1, C666-1) after exposure to 40 uM EGCG for varying durations (0, 24,
48,72 h). *P < 0.05, **P < 0.01 vs. EGCG (0 h). E, F — Cell Counting Kit-8 (CCK-8) assay evaluating the long-term
effects of EGCG on NPC cell proliferation, with HK-1 and C666-1 cells treated with different concentrations of EGCG
(0, 10, 20, 40 pM) for extended periods (1, 3, 5, 7 days). *P < 0.05, **P < 0.01 vs. EGCG (0 pM)
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h to investigate the effects on the cell cycle and
cell apoptosis. Flow cytometry showed that EGCG
induced apoptosis in C666-1 and HK-1 cells in
a dose-dependent manner (significant; Figures
3 A, B). In comparison with the control group,
a significant elevation in apoptosis rates was ob-
served at concentrations of 20 pM and 40 pM. In
addition, cell cycle distribution analysis revealed
that EGCG treatment resulted in G2 phase arrest
in both cell lines, particularly at 40 puM, while the
cells in the G1 phase declined accordingly (Fig-
ures 3 C, D). These results indicate that EGCG
not only promotes apoptosis but also inhibits cell
cycle progression by inducing G2 phase arrest in
NPC cells.

A (24 h)

DEGs identification and enrichment
analysis of nasopharyngeal carcinoma-
related datasets

263 upregulated DEGs and 445 downregulated
DEGs were identified from the GSE12452 data-
set, while 198 up-DEGs and 695 down-DEGs were
obtained from the GSE64634 dataset (Figures 4
A, B). Cross-analysis of up-DEGs and down-DEGs
from both datasets revealed 49 overlapping up-
regulated DEGs and 287 overlapping downreg-
ulated DEGs (Figure 4 C). The overlapping DEGs’
enrichment study revealed a correlation with
pathways such as the IL-17 signaling pathway,
glycolysis/gluconeogenesis, and ferroptosis (Fig-
ure 4 D). Further investigation demonstrated that
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Figure 2. Effect of epigallocatechin-3-gallate
(EGCG) on migration of nasopharyngeal carcinoma
(NPC) cell lines. A — Transwell assay evaluating the
migration ability of NPC cell lines (HK-1, C666-1)
following treatment with EGCG at varying concen-
trations (0, 10, 20, 40 pM) for different durations
(24, 48, 72 h). Representative images illustrate
a concentration- and time-dependent decrease in
cell migration, with higher EGCG concentrations
and prolonged treatment durations leading to re-
duced migratory capacity. The right panel presents
a bar graph quantifying relative cell migration.
Scale bar: 50 um. *P < 0.05, **P < 0.01, ***P < 0.001
vs. EGCG (0 uM)
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DEGs were also significantly enriched in biological
terms, including axoneme assembly, vesicle-relat-
ed processes, and tubulin binding (Figure 4 E).

Identification and expression analysis of
key genes

PPI network analysis was performed on the over-
lapping DEGs using the MCC and MCODE algorithms.
The MCC algorithm identified a network comprising
10 nodes and 45 edges, whereas the MCODE algo-
rithm revealed a network with 21 nodes and 207
edges (Figures 5 A, B). Cross-analysis of these two al-
gorithms revealed 10 key genes: C50RF49, CFAP126,
CFAP45, CFAP52, EFHCI1, EFHC2, ENKUR, PACRG,

EGCG_20 pm EGCG_40 um

Figure 2. Cont. B — Transwell assay evaluating the
migration ability of NPC cell lines (HK-1, C666-1)
following treatment with EGCG at varying concen-
trations (0, 10, 20, 40 uM) for different durations
(24, 48, 72 h). Representative images illustrate
a concentration- and time-dependent decrease in
cell migration, with higher EGCG concentrations
and prolonged treatment durations leading to re-
duced migratory capacity. The right panel presents
a bar graph quantifying relative cell migration.
Scale bar: 50 um. *P < 0.05, **P < 0.01, ***P < 0.001
vs. EGCG (0 pM)

TEKTI1, and TEKT2 (Figure 5 C). Expression analysis
revealed that all ten key genes were downregulat-
ed in tumor samples from both the GSE12452 and
GSE64634 datasets (Figures 5 D, E).

EGCG upregulates PACRG expression in
NPC cells

PACRG expression in NPC cell lines (HK-1 and
C666-1) and NP69 cells was evaluated by gRT-
PCR and WB analyses. The outcomes demonstrat-
ed significantly lower PACRG expression in HK-1
and C666-1 cells compared to NP69 cells (Figures
6 A-C). Next, we explored whether EGCG affects
the level of PACRG in NPC cells. Treatment with
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increasing EGCG concentrations (0, 10, 20, and  analysis also revealed that the PACRG protein ex-
40 pM) significantly increased the PACRG mRNA  pression was upregulated after EGCG treatment
levels in C666-1 cells and HK-1 cells in a concen-  (Figures 6 F-I), confirming the regulation of PACRG
tration-dependent manner (Figures 6 D, E). WB  expression by EGCG.

HK-1
EGCG_O um EGCG_10 pm EGCG_20 pm EGCG_40 pm
10° {ay @ 10° {o a2 10% {on o 10% {a @
058 o087 oM 1) ore 182 08 am
107 107 107 107
108 it el g 10° R 10° 10°
a5 — a5 a5 a5
10* 10* 104 104
04 @ 0 a3 0 a 04cs @
73 145 K 119 L . 115 "3 : 1.4
0 10* 10° 10° 107 10® 0 10* 10° 10° 107 10® 0 10* 10° 10° 107 10® 0 10* 10° 10° 107 10®
Annexin V-FITC Annexin V-FITC Annexin V-FITC Annexin V-FITC
HK-1
8
64 *¥
5
£
o 4 =
3
a
[=]
Q.
< 5,
0 T T
0 10 20 40 [pm]
EGCG (48 h)
C666-1
EGCG_O pym EGCG_10 pm EGCG_20 pm EGCG_40 pm
108 -1] ar 108 =1} az 10° o a2 108 o ar
145 o 044 105 108 30z 085 408
107 107 107 107
10¢ 10° 108 10°
Elos Elos Elos ElOS
10* 10* 10* 10*
Ot ' o Odos » 0 o Odos @
%7 . 108 e 156 112 us i
0 10* 10° 10° 107 10® 0 10* 10° 10° 107 10® 0 10* 10° 10° 107 10® 0 10* 10° 10° 107 10®
Annexin V-FITC Annexin V-FITC Annexin V-FITC Annexin V-FITC
C666-1
8
—_ 6-
S
2
[ _*_ Figure 3. Effects of epigallocatechin-3-gallate
2 41 (EGCG) on apoptosis and cell cycle distribution
£ in nasopharyngeal carcinoma (NPC) cell lines.
?.? A, B — Flow cytometry analysis of apoptosis in NPC
24 —_ cell lines (HK-1, C666-1) following treatment with
EGCG at different concentrations (0, 10, 20, 40
uM) for 48 h. Representative flow cytometry plots
0 T T illustrate apoptotic cell populations under vary-
0 10 20 40  [um] ing treatment conditions. *P < 0.05, **P < 0.01 vs.
EGCG (48 h) EGCG (0 uM)

Arch Med Sci



EGCG suppresses nasopharyngeal carcinoma progression by reducing PACRG methylation via inhibition of DNA methyltransferases

C 1
EGCG_0 um (48 h)
Algorithm yMichasl H. Fax
200 A -
WDiploid : 100
WG 0.7 at 12005

. 150 1 %5983
@ WG2: 64T at 25718
<]
E 100 | OV 1042
é GG 20

All Evemnts : 8520

0 100 200 300 400 500 600 700 800 900 1000
PE-A
as aaG2

Ha1

EGCG_20 um (48 h)

200 %Diploid : 100
- WOLTET At 13126
+ 150 %S:3.27
-g WG2: 20004 at 228
E 100 wOV: 119
2 G2/G1:1.74
] All Evonts : 9452
50
0 e ———————————r
0 100 200 300 400 500 600 700 800 900 1000
PE-A
WGl Os @62
HK-1
100
T
¥ 807 -
<
S
3 60
Z
@ 40- iy
=]
z
& 201 v T
LN 1
G1 s G2
OEGCG Opm  MEGCG_10 pum
CEGCG 20pm  MEGCG_40 pum

EGCG_10 um (48 h)

{ Algorithm gichael H. Fox
200 %Digloid : 100
%G1 779 8t 13081
. 1501 6S: 6.88
ﬂJ WG 1521 ot 24374
Qa
S 100 WOV 198
é G2/G1:1.86
All Events : 8959
0 100 200 300 400 500 600 700 800 900 1000
PE-A
Ea1 as OaG2
EGCG_40 um (48 h)
b Algorithm jMicheel H. Fox
200 WDiploid : 100
WG1: 60.03 at 130.39
. 150 %5215
@ WG2: 378 A 219
Q
£ ] OV : 529
s 100 G261 :1.7
=2
All Events : 8414
50 ]
O B

0 100 200 300 400 500 600 700 800 900 1000
PE-A
HGt Os OG2

Figure 3. Cont. C — Flow cytometry analysis of cell
cycle distribution in NPC cell lines (HK-1, C666-1)
after 48 h of EGCG treatment at different concen-
trations (0, 10, 20, 40 pM). Changes in cell cycle
phases were assessed to determine the impact of
EGCG on cell cycle progression. *P < 0.05, **P < 0.01
vs. EGCG (0 pM)
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PACRG silencing reverses the inhibitory
effect of EGCG on NPC cell function

gRT-PCR and WB analyses verified the effec-
tive PACRG knockdown in HK-1 and C666-1 cells,
with si-PACRG-2 exhibiting the highest silencing
efficiency. Therefore, si-PACRG-2 was selected for
subsequent experiments (Figures 7 A-C). Func-
tionally, PACRG knockdown significantly reversed
the EGCG-induced attenuation in cell viability (Fig-
ures 7 D, E). Similarly, EGCG-mediated inhibition
of cell proliferation was rescued considerably by
PACRG knockdown (Figures 7 F G). In addition,
Transwell migration assays showed that PACRG
knockdown restored the migration ability of NPC
cells treated with EGCG (Figure 7 H). Quantitative
analysis data showed that there were more mi-
gratory cells in the EGCG + si-PACRG-2 group than
in the EGCG + si-NC group. These outcomes imply
that PACRG is functionally involved in mediating
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Figure 3. Cont. D — Flow cytometry analysis of
cell cycle distribution in NPC cell lines (HK-1,
C666-1) after 48 h of EGCG treatment at different
concentrations (0, 10, 20, 40 uM). Changes in cell
cycle phases were assessed to determine the im-
pact of EGCG on cell cycle progression. *P < 0.05,
**P < 0.01 vs. EGCG (0 pM)

the antiproliferative and antimigratory effects of
EGCG in NPC cells.

PACRG silencing partially reverses EGCG-
induced apoptosis and cell cycle G2 arrest
in NPC cells

Flow cytometry analysis was used to assess
apoptosis and cell cycle distribution in NPC cells
treated with 40 pM EGCG and si-PACRG-2 for 48
h. The results indicated that PACRG knockdown
significantly reduced EGCG-induced apoptosis
(Figures 8 A, B). Furthermore, EGCG treatment re-
sulted in G2 phase arrest, thereby increasing the
number of cells in the G2 phase. PACRG knock-
down partially reversed this effect, reducing the
percentage of G2-arrested cells (Figures 8 C, D).
These findings suggest that EGCG promotes NPC
cell apoptosis and G2 arrest, at least in part, by
upregulating PACRG.
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Figure 6. Epigallocatechin-3-gallate (EGCG) promotes expression of PACRG in nasopharyngeal carcinoma (NPC)
cell lines. A — Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of PACRG mRNA xpression in
the human nasopharyngeal epithelial cell line NP69 and the NPC cell lines HK-1 and C666-1. *P < 0.05 vs. NP69.
B, C — Western blot (WB) analysis of PACRG protein expression in NP69, HK-1, and C666-1 cell lines. C — Grayscale
quantification of WB results. **P < 0.01 vs. NP69. D, E — gRT-PCR analysis of PACRG mRNA expression in HK-1 and
C666-1 cell lines treated with different concentrations of EGCG (0, 10, 20, 40 uM) for 48 h. *P < 0.05, **P < 0.01 vs.
EGCG (0 uM). F— WB analysis of PACRG protein expression in HK-1 and C666-1 cell lines following treatment with
increasing EGCG concentrations (0, 10, 20, 40 pM) for 48 h. *P < 0.05 vs. EGCG (0 uM)
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EGCG affects the methylation level of
the PACRG promoter by reducing DNA
methyltransferase in NPC cell lines

To investigate whether PACRG is regulated by
epigenetic silencing in NPC cells, we first used
MSP to detect the methylation status of its pro-
moter region. As shown in Figure 9 A, NPC cell
lines HK-1 and C666-1 both exhibited signifi-
cant PACRG methylation bands, indicating that
their promoter region is highly methylated. Sub-
sequently, RT-PCR analysis revealed that PACRG
MRNA expression was significantly downregulat-
ed in NPC cells (Figure 9 B), suggesting that its si-
lencing may be closely related to high methylation
of the promoter. To assess whether EGCG could
reverse this methylation state, HK-1 and C666-1
cells were treated with 40 pM EGCG or 5 uM DNA
methyltransferase inhibitor 5-aza-dC for 48 h.
The MSP results (Figures 9 C, D) showed that the
methylation bands of PACRG weakened while
the unmethylated bands were enhanced, indicat-

H C666-1

PACRG

GAPDH

0 10 20 40
EGCG (48 h)

[um]

Figure 6. Cont. G-l — WB analysis of PACRG protein
expression in HK-1 and C666-1 cell lines following
treatment with increasing EGCG concentrations (O,
10, 20, 40 puM) for 48 h. G and | — Grayscale quan-
tification of WB results. *P < 0.05 vs. EGCG (0 uM)

ing that EGCG can induce demethylation of the
PACRG promoter. Further analysis showed that
treatment with both EGCG and 5-aza-dC led to an
increase in 5-hydroxymethylcytosine (5hmC) lev-
els and a decrease in 5-methylcytosine (5mC) lev-
els (Figure 9 E), suggesting that these treatments
reduce overall DNA methylation. RT-PCR results
also showed that both EGCG and 5-aza-dC sig-
nificantly restored PACRG mRNA expression (Fig-
ure 9 F), further supporting that they relieve the
epigenetic silencing of PACRG through demethyl-
ation mechanisms. Additionally, gRT-PCR analysis
indicated that EGCG significantly downregulated
the mRNA expression of DNMT1, DNMT3A, and
DNMT3B (Figures 9 G, H). Further enzyme ac-
tivity assays (Figures 9 |1, J) revealed that EGCG
also inhibited the enzyme activity of these three
DNMTs, showing effects similar to those of 5-aza-
dC. In summary, EGCG may restore PACRG expres-
sion and exert its anti-cancer effects by inhibiting
the expression and activity of DNMTs, thereby re-
ducing DNA methylation levels.
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EGCG inhibits NPC progression by reducing
the methylation level of PACRG

To determine whether the demethylation and
reactivation of PACRG contribute to the anti-tu-

mor impacts of EGCG, functional assays were con-
ducted in NPC cell lines. As illustrated in Figures
10 A and B, CCK-8 assays revealed that treatment
with 40 uM EGCG suppressed the proliferation of
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Figure 7. Epigallocatechin-3-gallate (EGCG) inhib-
its proliferation and migration of nasopharyngeal
10 - T carcinoma (NPC) cell lines by promoting expression
- of PACRG. A — Quantitative real-time polymerase
% # chain reaction (gRT-PCR) analysis of PACRG mRNA
2 expression in human NPC cell lines (HK-1, C666-1)
= after transfection with PACRG-specific small in-
v terfering RNAs (si-PACRG-1 and si-PACRG-2). *P <
0.5 1 ** — 0.05, **P < 0.01 vs. si-NC. B, C — Western blot (WB)
analysis of PACRG protein expression in HK-1 and
C666-1 cells following transfection with si-PACRG-1
and si-PACRG-2. C — Grayscale quantification of WB
results. *P < 0.05, **P < 0.01 vs. si-NC. D, E — Cell
0 Counting Kit-8 (CCK-8) assay measuring the viabil-
Control EGCG EGCG EGCG ity of HK-1 .and C666-1 cells treated with 40 pM
(40 pm) (40 pm) (40 pm) EGCG and si-PACRG-2 for 48 h. **P < 0.01 vs. con-
+5i-NC  + si-PACRG-2 trol. *P < 0.05 vs. EGCG (40 uM)
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HK-1 and C666-1 cells compared to the untreat- cell growth by EGCG. Transwell migration assays
ed control. Similar effects were observed with demonstrated that both EGCG and 5-aza-dC re-
5 WM 5-aza-dC, suggesting that demethylation duced the migratory capacity of NPC cells (Figure
mechanisms may mediate the suppression of NPC 10 C). Furthermore, flow cytometry analysis indi-
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cated that EGCG and 5-aza-dC both induced sig-
nificant apoptosis in C666-1 and HK-1 cells after
48 h of treatment (Figure 10 D). Together with
our previous findings that EGCG reduces PACRG

promoter methylation and restores its expression,
these functional results suggest that EGCG sup-
presses NPC progression, at least in part, by epi-
genetically reactivating PACRG.
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Figure 8. Cont. C — Flow cytometry analysis of cell
cycle distribution in HK-1 and C666-1 cells follow-
ing 48 h of treatment with 40 uM EGCG and si-
PACRG-2. The proportions of cells in the G1, S, and
G2 phases were determined and compared among
treatment conditions. Representative histograms
are presented, along with statistical quantification
of cell cycle phase distribution. ***P < 0.001 vs.
control. *P < 0.05 vs. EGCG (40 pM)
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Discussion

EGCG, the most abundant catechin in green
tea, has been widely reported to exert anticancer
effects by modulating apoptosis, cell cycle progres-
sion, and metastatic potential across various ma-
lignancies [7-9]. Consistent with previous findings
in NPC, our study demonstrated that EGCG inhib-
its NPC cell viability, proliferation, and migration in
a dose- and time-dependent manner [10-12]. In
addition to reducing cell viability, EGCG impaired
colony formation and significantly suppressed cell
motility. Importantly, EGCG induced apoptosis and
G2 cell cycle arrest, highlighting its potential to
disrupt tumor growth through multiple biological
processes [11, 16].

To further explore EGCG’s mechanism of ac-
tion, transcriptomic analyses were performed
on two independent GEO datasets (GSE12452
and GSE64634). PACRG was identified among

control. *P < 0.05 vs. EGCG (40 pM)

the downregulated genes in NPC tissues. While
PACRG has been previously implicated in renal cell
carcinoma and hematologic malignancies [19, 20],
its role in NPC has not been reported. In our study,
EGCG significantly upregulated PACRG expression
in a concentration-dependent manner. Function-
al assays revealed that PACRG knockdown par-
tially reversed the inhibitory effects of EGCG on
proliferation and migration. They attenuated its
pro-apoptotic and cell cycle-arresting effects, sup-
porting PACRG’s functional involvement in EGCG’s
antitumor action.

Epigenetic silencing via promoter hypermeth-
ylation is a common mechanism underlying the
inactivation of tumor suppressor genes. DNA
methylation is mediated by DNA methyltransfer-
ases (DNMTs), with DNMT1 responsible for main-
tenance methylation and DNMT3A/3B for de novo
methylation [22, 23]. Prior studies have shown that
EGCG modulates gene expression epigenetically by
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inhibiting DNMTs and restoring the expression of
silenced tumor suppressors [14, 15]. Consistently,
we found that the PACRG promoter is hypermethyl-
ated in NPC cells, contributing to its transcriptional
silencing. Treatment with EGCG significantly re-

A

CN M HK-1  C666-1

MSP-PACRG
methylated

MSP-PACRG
unmethylated

MSP-PACRG
methylated

MSP-PACRG
unmethylated

IB:5hmC IB:5mC

duced promoter methylation and restored PACRG
expression, a finding similar to that of the DNA
methylation inhibitor 5-aza-dC [24].

Notably, EGCG treatment resulted in the down-
regulation of DNMT1, DNMT3A, and DNMT3B, indi-

B

HK-1 C666-1

PACRG

ABL1

MSP-PACRG
methylated

MSP-PACRG
unmethylated

IB:5hmC

Figure 9. Epigallocatechin-3-gallate (EGCG) reduces PACRG promoter methylation and restores its expression in
nasopharyngeal carcinoma (NPC) cells. A — Methylation-specific PCR (MSP) analysis of PACRG promoter methyla-
tion in HK-1 and C666-1 cells. CN (completely unmethylated control DNA) and CM (completely methylated control
DNA) were used as positive controls for unmethylated and methylated PCR products, respectively. B — Semi-quan-
titative quantitative real-time polymerase chain reaction (RT-PCR) showing PACRG mRNA expression in HK-1 and
C666-1 cells. ABL1 was used as an internal control. C, D — MSP analysis of PACRG promoter in HK-1 cells treated
with 40 pM EGCG or 5 uM 5-aza-2'-deoxycytidine (5-aza-dC) for 48 h. EGCG and 5-aza-dC both reduced methylat-
ed bands and increased unmethylated bands, indicating demethylation. E— Dot blot analysis was performed to as-
sess global 5ShmC and 5mC levels in HK-1 and C666-1 cells following treatment with 40 uM EGCG or 5 uM 5-aza-dC
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Figure 9. Cont. F - RT-PCR analysis of PACRG mRNA
o levels in HK-1 and C666-1 cells following treatment
= with 40 uM EGCG or 5 uM 5-aza-dC. ABLI was
"g 1.04 used as a loading control. G, H — gRT-PCR analysis
= of mRNA expression levels of DNA methyltransfer-
z ases (DNMT1, DNMT3A, and DNMT3B) in NPC cell
@ . lines (HK-1, C666-1) after treatment with 40 pM
£ 0.5 * EGCG and 5 pM 5-aza-dC for 48 h. Relative mRNA
2 expression levels were normalized to an internal
control and compared between treatment groups.
*P < 0.05, **P < 0.01 vs. control. I, J — Analysis of
0 : ‘ DNMT activity in HK-1 and C666-1 cells following
Control 40 pm EGCG 5 um 5-aza-dC treatment with 40 uM EGCG or 5 puM 5-aza-dC.

cating that EGCG facilitates PACRG demethylation
by inhibiting DNMTs. These findings are consistent
with studies demonstrating that EGCG reduces
methylation at specific promoter regions without
altering global methylation, and reactivates si-
lenced genes such as RXRa and PLAGLI in other
cancer types [13-15]. Functionally, both EGCG and
5-aza-dC similarly inhibited NPC cell proliferation
and migration, and promoted apoptosis, reinforc-
ing a demethylation-dependent mechanism under-
lying EGCG’s anticancer activity in NPC.

*P < 0.05 vs. control

While PACRG knockdown partially attenuated
EGCG’s effects, the incomplete reversal suggests
that EGCG may target additional signaling mole-
cules or pathways. Indeed, EGCG has been shown
to regulate multiple cellular processes through
different mechanisms, including SIRT1-p53 sig-
naling, NF-kB inactivation, and modulation of
miRNAs in NPC cells [10, 12, 25]. Our findings ex-
pand this mechanistic spectrum by implicating
epigenetic reactivation of PACRG as a novel path-
way by which EGCG suppresses NPC progression.
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0

was evaluated using the Transwell assay in NPC

HK-1 (48 h) C666-1 (48 h) cell lines (HK-1, C666-1) treated with 40 uM EGCG
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Although the concentrations used (10-40 pM)
exceed typical oral plasma levels, they are achiev-
able via intravenous administration or nanoparti-
cle-based delivery [26]. Importantly, EGCG exhibits
selective cytotoxicity against NPC cells (TWO01/NA)
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Figure 10. Cont. D —Flow cytometry was used to an-
alyze cell apoptosis in NPC cell lines (HK-1, C666-1)
treated with 40 uM EGCG and 5 uM 5-aza-dC for

compared to normal NP460hTert epithelial cells [11],
indicating a favorable therapeutic index. Future stud-
ies will optimize dosing regimens to bridge this gap.

This study has several limitations. First, al-
though PACRG was identified as a key mediator of
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EGCG’s antitumor effect, its downstream signal-
ing pathways were not investigated and should be
explored in future work. Second, while PACRG was
the primary focus, EGCG is likely to affect addition-
al methylation-regulated targets. Genome-wide
methylation or transcriptomic profiling would help
identify these. Third, methylation detection relied
on MSPR which is semi-quantitative and may miss
low-abundance events. Future studies employing
targeted bisulfite next-generation sequencing
(NGS) or digital PCR will enhance sensitivity and
capture methylation heterogeneity, particularly in
rare tumor subclones. Fourth, functional assays
were limited to in vitro models. In vivo validation
(e.g., xenografts, clinical samples) is necessary to
confirm the therapeutic relevance and epigenetic
role of PACRG in NPC. Fifth, we only performed
a knockdown of PACRG. Overexpression studies
are required to determine whether PACRG alone
can suppress NPC growth. Lastly, PACRG knock-
down only partially reversed the effects of EGCG,
indicating that other targets or pathways may
also contribute.

In conclusion, this investigation highlights the
potential therapeutic effects of EGCG on NPC
cells, demonstrating its ability to reduce cell via-
bility, proliferation, and migration in a time- and
dose-dependent manner. EGCG treatment also
induced G2 phase cell cycle arrest and apopto-
sis, underscoring its role in inhibiting the growth
of NPC cells. Furthermore, the upregulation of
PACRG expression following EGCG treatment sug-
gests its involvement in mediating these effects.
Notably, PACRG knockdown partially reversed the
EGCG-induced inhibition of proliferation, migra-
tion, and apoptosis, indicating its crucial role in
EGCG’s action. Additionally, EGCG was found to
modulate the methylation status of the PACRG
promoter by downregulating DNA methyltrans-
ferases, thereby contributing to the suppression
of NPC progression. These outcomes highlight
EGCG’s potential as a novel therapeutic strategy
for NPC treatment.
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