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INTRODUCTION

Gastric cancer (GC) is a major global health concern due to its high incidence, fatality, and 
mortality rates in many countries.[1,2] Although recent advances have been made in the early 
screening and treatment of GC, its high recurrence rate and metastasis continue to pose a 

ABSTRACT
Objective: Immune response is crucial in the development of gastric cancer (GC), and Jumonji domain-
containing protein 6 (JMJD6) plays an important role in mediating GC cell behavior. This study aims to elucidate 
the mechanisms through which JMJD6 affects autophagy and immune evasion in GC cells.

Material and Methods: Immunocytochemistry was employed to assess JMJD6 and programmed death-ligand 
1 (PD-L1) levels in gastric cancer cell line (MKN-45) and gastric epithelial cell line cells. MKN-45  cells with 
JMJD6 knockdown and overexpression were generated. The effect of JMJD6 on MKN-45  cells was evaluated 
using cell counting kit-8 assay, cellular fluorescence staining, and Transwell assays. Western blot analysis 
and immunofluorescence techniques were employed to investigate the regulation of autophagy by JMJD6. 
Reactive oxygen species (ROS) levels were evaluated by applying ROS fluorescence staining. Meanwhile, the 
protein and gene expression levels of molecules related to antioxidant stress responses were assessed through 
immunofluorescence assays and quantitative real-time polymerase chain reactions, respectively.

Results: The expression levels of JMJD6 and PD-L1 were elevated in GC cells (P < 0.001). JMJD6 overexpression 
enhanced MKN-45 cell migration, invasion, and colony formation in vitro (P < 0.001). In MKN-45  cells, the 
epithelial-mesenchymal transition was promoted by JMJD6 upregulation but was notably inhibited by JMJD6 
knockdown (P < 0.001). JMJD6 overexpression increased the expression levels of Sequestosome 1, Microtubule-
associated protein 1A/1B-light chain 3 (LC3)II/LC3I, and PD-L1 in MKN-45  cells, and autophagy activation 
further elevated PD-L1 levels (P < 0.001). In addition, JMJD6 overexpression reduced ROS production and 
increased the expression of molecules related to antioxidant stress response, with the reverse effects observed on 
JMJD6 knockdown (P < 0.001).

Conclusion: JMJD6 notably facilitates GC progression and immune evasion by modulating autophagy and 
oxidative stress pathways.
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serious threat to patient prognosis.[3] Therefore, exploring 
the molecular mechanisms of GC and identifying new 
therapeutic targets remain current research priorities.

Jumonji domain-containing 6 (JMJD6) is a demethylase 
containing a Jumonji C domain and plays an important 
role in various cancers.[4,5] It regulates multiple biological 
processes, including transcription and the cell cycle, through 
its demethylation activity.[6,7] Although the role of JMJD6 in 
GC is particularly critical, its specific mechanisms remain 
incompletely understood.

Programmed death-ligand 1 (PD-L1) is a key immune 
system-related checkpoint compound that is widely expressed 
on the surfaces of various cancer cells.[8,9] By binding to the 
programmed death-1 (PD-1) receptor, PD-L1 inhibits T-cell 
responses, promoting the evasion of immune surveillance 
by tumor cells.[10,11] In recent years, the immune evasion 
mechanism of PD-L1 has become a major research focus 
in cancer immunotherapy.[12,13] Evidence has pointed to the 
importance of PD-L1 in GC and its potential as a target for 
therapy.[14] Given its central role in modulating the immune 
response, PD-L1 has gained attention as a promising target 
for immunotherapy in GC. Inhibiting tumor immunity with 
PD-1/PD-L1 inhibitors has shown potential in enhancing 
T-cell-mediated antitumor immunity, improving clinical 
outcomes, and offering a new therapeutic strategy for patients 
with advanced or refractory GC. Consequently, PD-L1 is not 
only a biomarker for predicting response to immunotherapy, 
but it is also an emerging target for developing novel treatment 
strategies aimed at overcoming immune resistance in GC.

Autophagy is a crucial mechanism by which cells respond to 
internal and external environmental stressors, allowing for 
the removal of damaged organelles and proteins to maintain 
cellular homeostasis.[15,16] In cancer, autophagy can either 
promote tumor cell survival or lead to tumor cell death.[17] 
Recent studies have highlighted its involvement in cancer cell 
survival and invasiveness, with emerging evidence suggesting 
that JMJD6 influences these processes through the regulation 
of autophagy, a cellular process essential for maintaining 
cellular homeostasis by degrading and recycling damaged 
organelles, proteins, and other cellular components.[18,19] 
However, the specific approach by which JMJD6 regulates 
autophagy and its effect on GC development remains to be 
fully elucidated.

We focus on exploring the involvement and underlying 
mechanisms of JMJD6 in GC to address the above 
knowledge gaps. We systematically examine the function 
of JMJD6 in GC cell reproduction, migration, and invasion 
using cell experiments. In addition, we explore how JMJD6 
regulates PD-L1 expression through autophagy and the 
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway. 
Our studies will contribute to understanding the oncogenic 
role of JMJD6 in GC.

MATERIAL AND METHODS

Cell cultures

The human gastric adenocarcinoma cell line gastric cancer 
cell line (MKN-45) (iCell-h345) and gastric epithelial tissue 
cell line (GES-1) (iCell-h062) were sourced from Cellverse 
Co., Ltd. (Shanghai, China). MKN-45 cells were cultured in 
their designated medium (iCell-h345-001b, Cellverse Co., 
Ltd., Shanghai, China), whereas GES-1  cells were cultured 
in medium (iCell-h062-001b, Cellverse Co., Ltd., Shanghai, 
China) specific for GES-1. All cells were maintained in 
a 37°C incubator (CB160, Binder, Tuttlingen, Baden-
Württemberg, Germany) with 5% carbon dioxide (CO2). The 
cell lines used in this study were authenticated through Short 
Tandem Repeat profiling and were negative for mycoplasma 
contamination.

Cell transfection

First, MKN-45  cells were cultured in a six-well plate until 
they reached 60% confluence. Next, the short hairpin RNA 
(shRNA) negative control and ShRNA (JMJD6) (5  µg for 
a six-well plate) were mixed with Optimized Minimum 
Essential Medium and added with a transfection reagent 
(Lipofectamine 3000) (L3000150, Invitrogen, Waltham, 
Massachusetts, the USA). The mixture was incubated at 25°C 
for 15 min to form transfection complexes. The transfection 
complexes for the JMJDA overexpression plasmid were 
prepared in a similar manner. Each complex was added to 
the cells separately, gently swirled to mix, and incubated in an 
incubator (CB160, Binder, Tuttlingen, Baden-Württemberg, 
Germany) at 37°C and 5% CO2 for 4  h. Afterward, the 
medium was replaced with fresh culture medium. Incubation 
was continued for 48 h. Subsequently, transfection efficiency 
was assessed using quantitative reverse transcription 
polymerase chain reaction (qRT-PCR).
•	 ShRNA-negative control (NC) interference 

sequences: TTCTCCGAACGTGTCACGT; ShRNA-
JMJD6 (Sh-JMJD6)-1 NC interference sequences: 
GCACAACTACTACGAGAGCTT; Sh-JMJD6-2 NC 
interference sequences: CGAAGCTATTACCTGGTTTAA;

•	 Sh-JMJD6-3 NC interference sequences: ATGGACTCT 
GGAGCGCCTAAA; JMJDA overexpression interference 
sequences: GGAGCGGTATGAAAGACCTT 
A C A A G C C C G T G G T T T T G T T G A A T G C G 
C A A G A G G G C T G G T C T G C G C A G G A G A A 
AT G G A C T C T G G A G C G C C TA A A A A G G A A 
ATAT C G G A A C C A G A A G T T C A A G T G T G G T 
G AG G ATA AC G ATG G C TAC TC AG TG A AG AT 
G A AG AT G A A ATAC TAC AT C G AG TAC AT G G 
AGAGCACTCGAGATGATAGTCCCCT T TACA 
TC T T TG AC AG C AG C TATG G TG A AC AC C C T 
AAAAGAAGGAAACT T T TGGAAGACTACAA 
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G G TG C C A A AG T T T T TC AC TG ATG AC C T T T 
T C C AG TAT G C T G G G G AG A AG C G C AG G C C 
CCCTTACAGGTGGTTTGTGATGGGGCCACC 
AC GCTC C GGAACTGGGAT TCACATC GAC C 
CTCTGGGAACCAGTGCCTGGAATGCCTTAGT 
TCAGGGCCACAAGCGCTGGTGCCTGTTTCCTAC 
CAGCACT.

Immunocytochemistry

First, MKN-45 cells were cultured to the logarithmic phase, 
fixed for 10 min, and then washed with phosphate-buffered 
saline (PBS). Next, the cells were permeabilized for 10 min 
and washed with PBS. Subsequently, non-specific binding 
was blocked through incubation with 5% Bovine Serum 
Albumin (BSA) for 1  h. Following this procedure, the 
cells were incubated with the specific primary antibodies 
JMJD6 (YP-Ab-12949, UpingBio, Hangzhou, China), 
PD-L1 (ab205921), Epithelial cadherin (E-cadherin) 
(ab314063), and Nrf2 (ab62352) at 4°C overnight; washed 
with PBS; incubated with a SAlexa Fluor 568–labeled 
secondary antibody (goat anti-rabbit Immunoglobulin 
G [IgG]) (K1034G-AF568, Solarbio, Beijing, China) or 
Alexa Fluor® 488–labeled secondary antibody (goat anti-
mouse IgG) (ab150113) for 1  h; and washed again with 
PBS. SAlexa Fluor 568 and Alexa Fluor® were presenting 
red fluorescence. Stain the cell nuclei with 4’,6-diamidino-
2-phenylindole (DAPI) (C1002, Beyotime, Shanghai, 
China) for 10 min. Next, the cells were washed with PBS. 
Finally, the cells were mounted in an antifade mounting 
medium, and images were observed and captured with 
a fluorescence microscope (Axio Observer 7, Zeiss, 
Heidenheim, Germany). ImageJ software (version  1.5f, 
NIH, Bethesda, Maryland, the USA) was employed for 
the quantitative analysis of the images. The primary 
antibodies (PD-L1, E-cadherin, and Nrf2) and Alexa 
Fluor® 488–labeled secondary antibody were purchased 
from Abcam Biotechnology Inc. (Abcam) (Cambridge, the 
UK). The antibody dilution ratio was 1:1000.

qRT-PCR

First, total RNA was extracted from cell samples using a kit 
(R0017S, Beyotime, Shanghai, China), and quantification 
and quality assessment were performed. Next, the extracted 
RNA was reverse-transcribed into cDNA by employing a 
kit (D7168S, Beyotime, Shanghai, China). Subsequently, 
the quantitative polymerase chain reaction (qPCR) mixture 
was prepared by combining the cDNA with qPCR reagents, 
primers, and fluorescent probes. The mixture was distributed 
into a 96-well plate, and amplification was performed with 
a reverse transcription polymerase chain reaction machine 
(LightCycler 96, Roche, Basel, Switzerland). Fluorescence 
detection was conducted to obtain Ct values (threshold cycle 

numbers), which were analyzed using the 2−ΔΔCt method 
for quantification. GAPDH served as the reference gene. 
The primer sequences utilized in this study are provided in 
Table 1.

Western blot analysis

First, cell samples were processed with lysis buffer (P0013B, 
Beyotime, Shanghai, China) to release proteins, and 
centrifugation was performed to remove cell debris. The 
resulting supernatant was collected for protein quantification 
by a BCA kit (P0009, Beyotime, Shanghai, China). Next, 
proteins were separated through sodium dodecyl sulfate 
polyacrylamide gel electrophoresis. The proteins were 
then transferred from the gel to a polyvinylidene fluoride 
membrane (FFP19, Beyotime, Shanghai, China). The 
membrane was blocked with 5% BSA (P0007, Beyotime, 
Shanghai, China) to prevent nonspecific binding. After 
this step, the membrane was incubated with the specific 
primary antibodies E-cadherin (ab314063), Neural cadherin 
(N-cadherin) (ab76011), Snail family transcriptional 
repressor 1 (Snail) (ab216347), Twist family BHLH 
transcription factor 1 (Twist) (ab175430), Sequestosome 1 
(p62) (ab207305), Microtubule-associated protein 1A/1B-
light chain 3 (LC3) (ab51520), PD-L1 (ab213524), and 
GAPDH (ab9485) overnight at 4°C; washed with PBS; 
incubated with a secondary antibody (ab6721 and ab6728) 
conjugated with Horseradish Peroxidase (HRP); and 
washed again. Signals were developed using Enhanced 
Chemiluminescence (P0018S, Abcam, Cambridge, the 
UK) with HRP and detected with a gel imaging system 
(Alliance 9.7, Uvitec, Cambridge, the UK). ImageJ software 
(version  1.5f, NIH, Bethesda, Maryland, the USA) was 
utilized for quantitative image evaluation. All primary 
antibodies and the secondary antibody were purchased from 
Abcam (Cambridge, the UK). The antibody dilution ratio 
was 1:1000.

Table 1: Primer sequences.

Primer name Primer sequences (5ʹ–3ʹ)
JMJD6‑F TCCACAGGGATAGCTTCCGA
JMJD6‑R AGCTTACGCTGAAAGCACCT
NQO1‑F TGCTTACACTTACGCTGCCAT
NQO1‑R CCAGTGGTGATGGAAAGCAC
HO1‑F GTGCCACCAAGTTCAAGCAG 
HO1‑R CACGCATGGCTCAAAAACCA
GAPDH‑F GTGGATATTGTTGCCATCAATGACC
GAPDH‑R GCCCCAGCCTTCTTCATGGTGGT
JMJD6: Jumonji domain‑containing protein 6, NQO1: NAD (P) 
H quinone dehydrogenase 1, HO1: Heme oxygenase 1, 
GAPDH: Glyceraldehyde‑3‑phosphate dehydrogenase, A: Adenine, 
C: Cytosine, G: Guanine, T: Thymine
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Cell counting kit-8 (CCK-8) assay

The transfected MKN-45  cells were seeded into a 96-well 
plate, and 100 μL of a cell solution (1 × 106  cells/mL) was 
added per well. Incubation was continued for an additional 
48 h. After treatment, 10 μL of CCK-8 reagent (C0037) was 
added to each well, allowing the CCK-8 reagent to react 
with the dehydrogenases in the cells and produce an orange-
yellow formazan product. Absorbance was measured at 
450 nm using a microplate reader (EnVision™, PerkinElmer, 
Waltham, Massachusetts, the USA). The CCK-8 reagent 
was bought from Beyotime (Shanghai, China). Cell viability 
(%)  = (OD [treated group] − OD [blank group])/(OD 
[control group] − OD [blank group]) × 100%.

5-ethynyl-2ʹ-deoxyuridine (EdU) staining

First, MKN-45  cells were seeded into a six-well plate for 
24 h, added with 10 µM EdU (C0071L, Beyotime, Shanghai, 
China), and incubated for another 1  h. Afterward, the cells 
were fixed for 10 min and washed with PBS. Next, the cells 
were permeabilized for 10 min and washed again with PBS. 
Subsequently, the cells were incubated with Click-iT reaction 
mixture and incubated in the dark for 30 min to allow EdU to 
bind to fluorescently labeled azide (green) cells. The cells were 
then washed with PBS. Subsequently, cell nuclei were stained 
with DAPI, and the cells were washed again. Finally, images 
of EdU-stained cells were recorded under a fluorescence 
microscope (Axio Observer 7, Zeiss, Heidenheim, Germany), 
and EdU-positive cells were quantified by employing ImageJ 
software (version 1.5 f, National Institutes of Health, Bethesda, 
Maryland, the USA) to assess cell proliferation.

Transwell assay

Cell migration

MKN-45 cells were cultured in a serum-free medium for 24 h 
using Transwell chambers (FTW001, Beyotime, Shanghai, 
China) without Matrigel coating. A total of 1 × 105 MKN-45 cells 
were suspended and seeded in the upper chamber. Medium 
containing 10% fetal bovine serum (FBS) was added to the 
lower chamber as a chemoattractant. The cells were incubated 
for 1 day. Once incubation was completed, non-migrated cells 
were gently removed from the upper chamber, rinsed, and fixed 
for 10 min. The migrated cells were stained with 0.1% crystal 
violet (A1251, Sigma, Merck, Darmstadt, Germany) for 10 min 
then washed. The cells were assessed and counted using a light 
microscope (BX43, Olympus, Tokyo, Japan).

Cell invasion

Matrigel (C0376, Beyotime, Shanghai, China) was applied 
onto the upper chambers of a Transwell plate (FTW001, 
Beyotime, Shanghai, China) and incubated for 30  min to 

1 h to allow solidification. A  total of 1 × 105 MKN-45 cells 
were suspended in a serum-free medium and seeded in the 
upper chamber containing Matrigel. Medium containing 
10% FBS was added to the lower chamber. Non-invading 
cells were removed and washed with PBS, then fixed with 4% 
paraformaldehyde for 10 min. The invading cells were fixed 
with 0.1% crystal violet (A1251, Sigma, Merck, Darmstadt, 
Germany) for 10  min, then washed with PBS. The cells 
were assessed and counted using a light microscope (BX43, 
Olympus, Tokyo, Japan).

Fluorescence staining of reactive oxygen species (ROS)

Transfected MKN-45  cells were seeded and incubated 
until they reached 70% confluence. Depending on the 
experimental design, the cells were treated with specific 
reagents or conditions to induce ROS production and 
incubated for 30 min to 2 h. Next, the cells were added with 
10 µM fluorescent dichloro-dihydro-fluorescein diacetate 
(S0035S, Beyotime, Shanghai, China) and incubated in the 
dark for 30  min. After incubation, the cells were washed 
twice with PBS to remove excess dye. If needed, the cells were 
fixed for 10  min then washed. DAPI was used to stain the 
cell nuclei for visualization during imaging. Finally, the ROS-
stained cells were observed under a fluorescence microscope 
(Axio Observer 7, Zeiss, Heidenheim, Germany). ImageJ 
software (version 1.5f, NIH, Bethesda, Maryland, the USA) 
was employed for quantitative image analysis

Statistical analysis

Statistical analysis was performed on the experimental 
results using GraphPad Prism software (version  9.0, 
GraphPad Software, Inc., San Diego, California, the USA). 
Data were presented as mean ± standard deviation. The t-test 
was employed for comparisons between groups. One-way 
ANOVA was applied to compare data among multiple groups 
and was followed by Tukey’s post hoc test. Herein, P < 0.05 
was considered statistically significant.

RESULTS

High expression of JMJD6 and PD-L1 in GC

We validated the upregulation of JMJD6 and PD-L1 in 
GC cells through immunohistochemistry. The results in 
Figures 1a-d demonstrate that the expression levels of JMJD6 
and PD-L1 were significantly elevated in MKN-45  cells 
relative to GES-1 cells (P < 0.001).

JMJD6 promotes the growth, migration, and invasion of 
GC cells

Next, we investigated the effects of JMJD6 on GC cells. 
ShRNA (JMJD6) and JMJD6 overexpression plasmids 
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were transfected into MKN-45  cells, and the transfection 
efficiency of JMJD6 knockdown or overexpression was 
verified using qRT-PCR [Figure  2a]. On the basis of the 
results shown in Figure 2a, we selected Sh-JMJD6-1 as the 
transfection sequence for JMJD6 knockdown. We found 
that in the CCK-8 assay and EdU staining experiments, 
JMJD6 overexpression notably promoted MKN-45 cell 
proliferation (P < 0.001), whereas JMJD6 knockdown 
markedly inhibited GC cell proliferation (P < 0.001) 
[Figure  2b-d]. The Transwell assay further demonstrated 
that the number of migrated and invaded cells was notably 
higher in the JMJD6 overexpression group than in the 
negative control group (P < 0.001), whereas migration and 
invasion abilities notably reduced after JMJD6 knockdown 
(P < 0.001) [Figure 2e-h].

JMJD6 promotes epithelial-mesenchymal transition 
(EMT) in GC cells

We next assessed the changes in the expression levels 
of EMT-related markers following alterations in JMJD6 
expression. Western blot analysis showed significant increases 
in N-cadherin, Snail, and Twist expression levels after JMJD6 
overexpression (P < 0.001) [Figure 3a-e]. Conversely, JMJD6 
knockdown led to a significant increase in E-cadherin 

protein levels (P < 0.001) [Figure  3a-e]. In addition, the 
immunofluorescence analysis of E-cadherin expression 
revealed that JMJD6 downregulation resulted in a significant 
increase in E-cadherin expression (P < 0.001) [Figure 3f and g], 
whereas JMJD6 upregulation led to a significant reduction in 
E-cadherin expression (P < 0.001) [Figure 3f and g].

JMJD6 increases PD-L1 expression in GC cells by 
activating autophagy

We hypothesized that JMJD6 and PD-L1 expression levels 
are positively correlated in GC. Immunofluorescence 
analysis revealed that PD-L1 expression in MKN-45  cells 
significantly increased on JMJD6 overexpression but 
significantly decreased following JMJD6 knockdown 
(P < 0.001) [Figure 4a and b]. We assessed the expression 
levels of autophagy-related proteins in MKN-45  cells 
after JMJD6 overexpression or knockdown to explore 
the relationship between JMJD6 and autophagy. The 
results shown in Figure  4c-f indicate that in JMJD6-
overexpressing MKN-45 cells, LC3II/LC3I and p62 protein 
levels significantly elevated, paralleling the increase in 
PD-L1 protein expression (P < 0.001). Conversely, JMJD6 
knockdown resulted in a significant reduction in LC3II/
LC3I, p62, and PD-L1 protein levels (P < 0.001). This 

Figure  1: High Expression of JMJD6 and PD-L1 in GC. (a and b) Immunohistochemistry 
staining results of JMJD6 in gastric epithelial cells (GES-1) and GC cells (MKN-45). 
(c  and  d)  Immunohistochemistry staining results of PD-L1 in GES-1 and MKN-45  cells. n = 6. 
***P  <  0.001. JMJD6: Jumonji domain–containing protein 6, GES-1: Gastric epithelial cell line, 
MKN-45: Gastric cancer cell line, GC: Gastric cancer, PD-L1: programmed death-ligand 1.
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Figure 2: JMJD6 promotes the proliferation, migration, and invasion of GC cells. (a) qRT-PCR 
validation of expression efficiency after JMJD6 knockdown and overexpression. (b) CCK-8 
assay was used to assess the proliferation ability of MKN-45 cells after JMJD6 knockdown or 
overexpression. (c and d) EdU staining analysis of the number of EdU-positive cells following 
JMJD6 knockdown or overexpression. (e and f) Transwell assay was conducted to measure 
the migration capability of MKN-45 cells with different levels of JMJD6 expression. (g and h) 
Transwell assay was performed to assess the invasion ability of MKN-45  cells with different 
levels of JMJD6 expression. n = 6. ***P < 0.001. JMJD6: Jumonji domain–containing protein 6, 
MKN-45: GC cell line, EdU: 5-ethynyl-2ʹ-deoxyuridine, Sh-NC: ShRNA-negative control, Sh-
JMJD6: ShRNA-JMJD6, Ov-NC: Overexpression-negative control, Ov-JMJD6: Overexpression-
JMJD6, qRT-PCR: Quantitative reverse transcription polymerase chain reaction, CCK-8: Cell 
counting kit-8, GC: Gastric cancer, DAPI: 4’,6-diamidino-2-phenylindole
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finding suggests that JMJD6 overexpression activates 
autophagy in MKN-45 cells.

We used starvation and rapamycin to activate autophagy 
and 3-methyladenine (3-MA) and bafilomycin A1 to block 
autophagy to confirm whether the increase in PD-L1 is due 
to autophagy activation. The results presented in Figure 4g-j 
demonstrate that autophagy activation led to significant 
increases in LC3II/LC3I, p62, and PD-L1 protein levels 
(P  <  0.001), whereas autophagy inhibition resulted in 
significant reductions in these proteins (P < 0.001).

JMJD6 activates the Nrf2 signaling pathway during 
autophagy in GC cells

Next, we used immunofluorescence to assess the fluorescence 
intensity of ROS in GC cells with JMJD6 knockdown or 
overexpression. Figure 5a and b show that ROS fluorescence 
intensity significantly increased in GC cells with JMJD6 
knockdown but significantly reduced with JMJD6 
overexpression (P < 0.001). We also examined the effect 
of JMJD6 on Nrf2 expression levels in MKN-45  cells. We 
found that Nrf2 expression levels significantly increased in 

Figure  3: JMJD6 Promotes EMT in GC Cells. (a-e) Western blot analysis of the EMT-related 
proteins E-cadherin, N-cadherin, Snail, and Twist following JMJD6 knockdown or overexpression. 
(f and  g) Immunofluorescence analysis of E-cadherin expression in MKN-45  cells with different 
levels of JMJD6 expression. n = 6. ***P < 0.001. JMJD6: Jumonji domain–containing protein 6, 
Sh-NC:  ShRNA-negative control, Sh-JMJD6: ShRNA-JMJD6, Ov-NC: Overexpression-negative 
control, Ov-JMJD6: Overexpression-JMJD6, E-cadherin: Epithelial cadherin, N-cadherin: Neural 
cadherin, Snail: Snail family transcriptional repressor 1, Twist: Twist family BHLH transcription factor 
1, GAPDH: glyceraldehyde-3-phosphate dehydrogenase, DAPI: 4ʹ,6-diamidino-2-phenylindole, 
GC: Gastric cancer, EMT: Epithelial–mesenchymal transition, MKN-45: Gastric cancer cell line.
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cells overexpressing JMJD6, whereas JMJD6 knockdown 
markedly reduced Nrf2 levels (P < 0.001) [Figure 5c and d]. 
In addition, the qRT-PCR analysis of NAD(P)H quinone 
dehydrogenase 1 (NQO1) and Heme oxygenase 1 (HO1) 
expression levels revealed that the mRNA levels of NQO1 
and HO1 notably reduced in MKN-45  cells with JMJD6 
knockdown, whereas they significantly increased with JMJD6 
overexpression (P < 0.001) [Figure 5e and f].

DISCUSSION

In this study, we investigated the expression of JMJD6 in GC 
and its regulatory effects on PD-L1, EMT, and autophagy. 
We discovered that JMJD6 promotes the expression of 
PD-L1 through autophagy activation, thereby enhancing 
cancer cell growth, migration, infiltration, and EMT. In 
addition, JMJD6 may activate autophagy by activating the 

Figure  4: JMJD6 increases PD-L1 expression in GC cells by activating autophagy. 
(a and b)  Immunofluorescence analysis of PD-L1 expression in MKN-45 cells with different levels 
of JMJD6 expression. (c-f) Western blot analysis of PD-L1 and the autophagy-related proteins 
LC3II, LC3I, and p62. (g-j) Western blot analysis of PD-L1 and the autophagy-related proteins 
LC3II, LC3I, and p62 in MKN-45 cells treated with starvation, rapamycin, and 3-MA for 24 h. n = 6. 
***P < 0.001. JMJD6: Jumonji domain–containing protein 6, PD-L1: Programmed death-ligand 1, 
Sh-NC:  ShRNA-negative control, Sh-JMJD6: ShRNA-JMJD6, Ov-NC: Overexpression-negative 
control, Ov-JMJD6: Overexpression-JMJD6, p62: Sequestosome 1, LC3: Microtubule-associated 
protein 1A/1B-light chain 3, 3-MA: 3-methyladenine, GC: Gastric cancer, MKN-45: Gastric cancer 
cell line, GAPDH: glyceraldehyde-3-phosphate dehydrogenase
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Figure  5: JMJD6 activates the Nrf2 signaling pathway during autophagy in GC 
cells. (a and  b)  Immunofluorescence measurement of ROS levels in MKN-45  cells. 
(cand d) Immunofluorescence measurement of Nrf2 expression in MKN-45 cells. (e and f) qRT-PCR 
analysis of NQO1 and HO1 mRNA expression levels. n = 6. ***P < 0.001. JMJD6:  Jumonji 
domain–containing protein 6, Sh-NC: ShRNA-negative control, Sh-JMJD6: ShRNA-JMJD6, 
Ov-NC:  Overexpression-negative control, Ov-JMJD6: Overexpression-JMJD6, ROS: Reactive 
oxygen species, DAPI: 4ʹ,6-diamidino-2-phenylindole, Nrf2: Nuclear factor erythroid 2–related factor 
2, NQO1: NAD(p)H: quinone oxidoreductase 1, HO1: heme oxygenase-1, qRT-PCR: Quantitative 
reverse transcription polymerase chain reaction, GC: Gastric cancer, MKN-45: Gastric cancer cell line.

Nrf2 pathway, presenting new insights into the molecular 
mechanisms of GC. Comparative analysis with other 
research further strengthens the importance of JMJD6 in 
cancer progression.

The data from this study suggest that JMJD6 expression is 
considerably higher in GC cells than in normal cells. This 
finding is consistent with the results of studies on other 
cancer types, such as renal cell carcinoma and breast cancers, 
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wherein JMJD6 has been reported to be overexpressed and 
promote cancer progression.[20,21] Yu et al. demonstrated 
that Long Intergenic Non-Protein Coding RNA 839 
overexpression upregulates JMJD6 mRNA and protein 
expression, thereby promoting the growth, migration, 
and invasion of lung cancer cells.[22] Similarly, Zhang et  al. 
found that JMJD6 promotes tumor cell proliferation in 
osteosarcoma by regulating the cell cycle.[23] In line with 
these findings, our results show that JMJD6 overexpression 
notably enhances GC cell growth, migration, and invasion, as 
demonstrated by CCK-8, EdU, and Transwell assays, whereas 
JMJD6 knockdown suppresses these oncogenic processes.

We also found that JMJD6 promotes EMT in GC cells by 
regulating EMT-related markers. JMJD6 overexpression 
notably increased the levels of the mesenchymal markers 
N-cadherin, Snail, and Twist while reducing that of the 
epithelial marker E-cadherin. This finding is consistent 
with previously reported results, which have shown that in 
various cancers, JMJD6 promotes metastasis by regulating 
EMT.[24,25] For example, Liu et al. found that JMJD6 can 
reverse the effects of CCNB2 downregulation, leading to 
increased nasopharyngeal carcinoma cell activity in vitro 
and enhanced tumorigenicity and metastasis in vivo.[24] Our 
study further confirms that JMJD6 promotes the metastatic 
potential of GC cells by modulating EMT, indicating that 
the role of JMJD6 as an EMT regulator is consistent across 
multiple tumors.

A key finding of this study is the positive correlation 
between JMJD6 and PD-L1. We found that JMJD6 
overexpression considerably increased PD-L1 levels, 
whereas JMJD6 knockdown reduced PD-L1 expression. 
PD-L1 is widely recognized as a crucial molecule in cancer 
immune evasion.[26-28] This study is the first to reveal a novel 
mechanism by which JMJD6 regulates PD-L1 through 
autophagy. This finding is a groundbreaking discovery.

Autophagy in cancer plays a dual role: Promoting cell 
survival and inducing cell death.[29,30] We found that JMJD6 
overexpression activated autophagy in GC cells by boosting 
the levels of LC3II/LC3I and p62, whereas the implementation 
of autophagy inhibitors, such as 3-MA and Bafilomycin 
A1, notably reduced PD-L1 expression. This finding 
suggests that JMJD6 regulates PD-L1 expression through 
autophagy activation. Moreover, Zhang et al. demonstrated 
that autophagy regulates PD-L1 expression in lung cancer, 
promoting the immune evasion of tumor cells.[31] Our study 
furnishes new evidence for the autophagic regulation of PD-
L1, further indicating that targeting autophagy to regulate 
PD-L1 could be a promising therapeutic approach for cancer 
immunotherapy.

Our study also suggests that JMJD6 may regulate autophagy 
through the Nrf2 pathway. Nrf2 is a key regulator of oxidative 
stress, and earlier studies have indicated that Nrf2 activation 

is closely linked to autophagy activation.[32,33] Consistent 
with our work, the study of Deng et al. discovered that Nrf2 
promotes cancer cell survival in lung cancer by activating 
autophagy.[34] Similarly, Lu et al. found that in lung cancer, 
Nrf2 activation protects against oxidative stress-induced 
cell damage through autophagy.[35] We observed that JMJD6 
may promote autophagy by reducing ROS levels through the 
activation of the Nrf2 pathway. This result further supports 
the critical role of Nrf2 as a regulator of oxidative stress 
and autophagy and reveals, for the 1st  time, the connection 
between JMJD6 and Nrf2.

These outcomes contribute new proof for JMJD6 as a 
possible medical target in GC, particularly with potential 
applications in combination with autophagy inhibitors or 
immune checkpoint inhibitors. Future research should 
further explore the specific molecular mechanisms by which 
JMJD6 regulates PD-L1 through autophagy and evaluate 
the therapeutic potential of targeting JMJD6 in preclinical 
models. In addition, studying the clinical coexpression 
patterns of JMJD6 and PD-L1 in samples from patients with 
GC may offer important perspectives on their potential as 
biomarkers for predicting prognosis and treatment outcomes 
in GC.

While this study provides valuable insights into the 
carcinogenic role of JMJD6 in GC, several limitations 
must be considered. First, the underlying mechanisms 
through which JMJD6 regulates PD-L1 expression and 
autophagy activation in GC cells require further validation 
in clinical samples. The experimental models used in this 
study, although informative, may not fully replicate the 
complex tumor microenvironment in vivo. Second, while 
we observed the involvement of the Nrf2 signaling pathway, 
additional studies are needed to explore its direct interaction 
with JMJD6 and its precise role in modulating autophagy 
in GC. Furthermore, the long-term effects of JMJD6-
mediated autophagy activation on tumor progression and 
treatment resistance remain unclear. Finally, the potential 
therapeutic implications of targeting JMJD6 in GC require 
further investigation to assess its effectiveness and safety 
in preclinical and clinical settings. These limitations 
highlight the need for future research to elucidate fully the 
multifaceted role of JMJD6 in GC and its potential as a 
therapeutic target.

SUMMARY

This study reveals the critical carcinogenic effect of 
JMJD6 in GC. JMJD6 upregulates PD-L1 expression 
through autophagy activation, thereby promoting GC cell 
proliferation, migration, invasion, and EMT. In addition, 
JMJD6 activates the Nrf2 signaling pathway, which may be 
related to the regulation of autophagy, further enhancing its 
carcinogenic potential.
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ABBREVIATIONS

3-MA:  3-methyladenine
DAPI:  4ʹ,6-diamidino-2-phenylindole
E-cadherin:  Epithelial cadherin
EdU:  5-ethynyl-2ʹ-deoxyuridine
GAPDH:  Glyceraldehyde-3-phosphate dehydrogenase
GC:  Gastric cancer
GES-1:  Gastric epithelial cell line
HO1:  Heme oxygenase 1
JMJD6:  Jumonji domain–containing protein 6
LC3:  Microtubule-associated protein 1A/1B-light chain 3
MKN-45:  Gastric cancer cell line
N-cadherin:  Neural cadherin
NQO1:  NAD(P)H quinone dehydrogenase 1
Nrf2:  Nuclear factor erythroid 2-related factor 2
Ov-JMJD6:  Overexpression-JMJD6
Ov-NC:  Overexpression-negative control
p62:  Sequestosome 1
PD-L1:  Programmed death-ligand 1
ROS:  Reactive oxygen species
Sh-JMJD6:  ShRNA-JMJD6
Sh-NC:  ShRNA-negative control
Snail:  Snail family transcriptional repressor 1
Twist:  Twist family BHLH transcription factor 1
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