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JMJD6, a Jumonji C domain-containing protein located in the cancer-amplified region 17q25, has 
emerged as a putative oncogene in several malignancies. Only a few reports identified its function 
in GC (gastric cancer). In this study, we analyzed the detail oncogenic and immunosuppressive 
roles of JMJD6 and clinical relevance in GC. We analyzed six GC cell lines and 174 primary tumors. 
Overexpression of JMJD6 was frequently detected in GC cell lines (4/6 cell lines, 66.7%) and 69 primary 
GC specimens. Overexpression of JMJD6 was significantly associated with advanced tumor stage 
and was an independent poor prognostic factor (P < 0.001, Hazard ratio 4.15). Knockdown of JMJD6 
suppressed GC cell proliferation, migration and invasion in a TP53 mutation-independent manner, 
and reduced PD-L1 (Programmed cell death ligand 1) expression via BRD4 (Bromodomain-containing 
protein 4) and IRF1 (Interferon regulatory factor 1) down-regulation. Ectopic overexpression of JMJD6 
induced PD-L1 expression via BRD4 and IRF1 upregulation in low-PD-L1-expressing cells. In co-culture 
assays with activated T cells, JMJD6 knockdown enhanced tumor immunogenicity and T cell-mediated 
cytotoxicity. In primary GC samples, JMJD6 expression correlated positively with PD-L1 expression. 
These findings suggest that JMJD6 functions as a dual regulator of tumor aggressiveness and immune 
escape, highlighting its utility as a prognostic factor and a promising therapeutic target in GC.
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Gastric cancer (GC) remains a major contributor to cancer mortality worldwide, despite continual improvements 
in diagnostic methods, surgical interventions, perioperative chemotherapy, and patient management strategies1–3. 
Numerous studies have elucidated the molecular mechanisms underlying gastric tumorigenesis4,5, highlighting 
genetic alterations such as amplifications of MET and ERBB2, mutations in E-cadherin, Allophycocyanin 
(APC), and TP536–8, hypermethylation of p169,10, and oncogenic activation of K-ras and β-catenin11. 
Additionally, microsatellite instability resulting from inactivation of mismatch repair genes like hMLH1 has 
been implicated12. Moreover, considerable attention has been directed toward cancer immunotherapy in recent 
years. Immune checkpoint blockade (ICB), especially PD-1/PD-L1 targeting, has become a promising therapy 
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for GC13–20. However, ICB efficacy remains limited because of low response rates and adverse events in over 50% 
of patients21. Therefore, identifying novel molecular drivers contributing to tumor progression and immune 
evasion is crucial for improving therapeutic strategies in GC.

Jumonji domain-containing protein 6 (JMJD6), a member of the Jumonji C (JmjC) domain-containing 
family, is an epigenetic regulator involved in histone demethylation and protein hydroxylation. Located in the 
cancer-amplified region 17q25, JMJD6 has crucial roles in diverse biological processes, including embryonic 
development, cell differentiation, and transcriptional regulation22–24, and recent evidence highlights its significant 
involvement in cancer progression as an oncogene. Overexpression of JMJD6 occurs in various malignancies, 
such as breast cancer25, colorectal cancer26, lung cancer27, and hepatocellular carcinoma28, and correlates with 
advanced tumor stage and poor prognosis. Additionally, JMJD6 contributes to tumor progression by promoting 
epithelial-mesenchymal transition (EMT)29, enhancing cell proliferation, invasion, and metastasis26,28,30. Notably, 
in vitro analyses found that JMJD6 also regulates PD-L1 expression31, thus facilitating tumor immune evasion 
mechanisms and implicating it as a novel potential therapeutic target for cancer immunotherapy. However, the 
detailed molecular mechanisms of JMJD6 in gastric carcinogenesis, cancer immunosuppression, and its clinical 
and prognostic significance in patients with GC remain to be fully elucidated.

In this study, we investigated the clinical relevance and molecular function of JMJD6 in GC. We evaluated 
JMJD6 expression in GC cell lines and primary tumor samples, assessed its impact on malignant phenotypes 
and PD-L1 regulation via BRD4 and IRF1, and explored its effects on tumor immune evasion using co-culture 
systems with activated T cells (Fig. 1). These findings suggest a hypothetical model of the JMJD6–BRD4–IRF1–
PD-L1 regulatory mechanism. Our findings not only reveal JMJD6 as a key regulator of GC malignancy but also 
suggest its potential as a dual biomarker for prognosis and immunotherapeutic targeting.

Results
Therapeutic target gene selection
Among the group of 245 genes, possessing oncogenic functions and located in gene-amplified regions of various 
human cancers (listed in the NCBI database), we identified 33 genes not previously reported in GC. Following 
the application of exclusion criteria, we selected 11 genes associated with poor prognosis that have high mRNA 
expression; these were identified in a publicly available database (KM-plotter)28. Finally, we focused on JMJD6, 
selected from the pool of 11 candidate genes. JMJD6 has been extensively investigated in various cancers and is 
gaining attention in non-cancer contexts. We plan to extend our research to other related genes in future studies 
(Supplementary Figure S1).

Overexpression of JMJD6 in GC cell lines
We assessed JMJD6 mRNA and protein abundance in GC cell lines and in the fibroblast strain WI-38 by 
conducting quantitative RT–PCR and western blotting with JMJD6-specific antibodies. JMJD6 protein 
expression was shown with mRNA expression in GC cell lines (Fig. 2a). Four of the six GC cell lines (66.7%) —
KATOIII, NUGC4, MKN45, and MKN74—displayed elevated JMJD6 expression, suggesting that this molecule 

Fig. 1.  Graphical abstract. Graphical abstract illustrating the hypothetical mechanism by which JMJD6 
promotes tumor progression and immune evasion in GC. JMJD6 is overexpressed in gastric cancer cells and 
promotes BRD4 expression, which upregulates IRF1 and consequently increases PD-L1 expression. Elevated 
PD-L1 expression on tumor cells inhibits T cell–mediated antitumor immunity, thereby facilitating immune 
escape.
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may act as an activation target in these cells. In addition, quantitative RT–PCR analysis comparing GC cell lines 
with normal gastric mucosal tissues obtained from non-cancer patients (Normal-1–3) and a commercial normal 
gastric sample (Normal-C) demonstrated markedly higher JMJD6 mRNA expression in the cancer cell lines 
(Supplementary Figure S2), further supporting the overexpression of JMJD6 in GC.

Immunohistochemical analysis of JMJD6 expression in primary tumors of GC
We investigated the clinicopathological significance of JMJD6 expression in primary tumor samples of GC 
based on its immunohistochemical staining pattern. A total of 174 GC cases were categorized into JMJD6-
positive (n = 69, 40%) and JMJD6-negative (n = 105, 60%) groups based on staining intensity and the proportion 
of tumor cells exhibiting JMJD6 positivity. In primary cases, JMJD6 protein expression was negative in most 
of the non-tumorous gastric mucosal cell population (Fig. 2b). Kaplan–Meier analysis revealed that increased 
JMJD6 staining intensity (Fig. 2c) and proportion (Fig. 2d) were both linked to poorer cancer-specific survival 
outcomes. JMJD6 expression was scored and categorized as described in Methods (Fig.  2e). Patients in the 
high JMJD6 expression group exhibited a significantly worse prognosis for cancer-specific survival than those 
in the low-expression group (P = 0.0027, log-rank test; Fig. 2f). These data suggest that high JMJD6 expression 
contributes to aggressive tumor behavior and poor prognosis in GC.

Clinicopathological significance of JMJD6 expression in GC
To further evaluate its clinicopathological relevance, we next examined whether JMJD6 protein expression 
was linked to malignant clinicopathological features in GC by evaluating primary tumor samples via 
immunohistochemistry. The relationship between JMJD6 status and clinicopathological variables is shown in 
Table  1. Elevated JMJD6 expression was correlated significantly with higher pT classification. Furthermore, 
multivariate Cox proportional hazards analysis (Table  2) demonstrated that JMJD6 positivity in tumor cells 
was an independent factor predicting worse cancer-specific survival rates (P < 0.001, Hazard ratio 4.15; 95% 
confidence interval: 2.14–8.07), alongside advanced pT and pN stages.

Suppression of cell proliferation by JMJD6 knockdown and its effect according to TP53 
mutation status in GC cell lines
Cell proliferation assays were conducted to determine whether elevated JMJD6 expression plays a role in 
promoting GC development. Silencing JMJD6 with specific siRNAs, we examined whether JMJD6 knockdown 
suppresses the proliferation of GC cells that overexpress JMJD6. In both the TP53 wild-type MKN45 and TP53 
mutant MKN74 cell lines, JMJD6 protein levels were efficiently reduced by transfection with a JMJD6-targeting 
siRNA (siRNA-JMJD6), compared with a luciferase-specific siRNA (siRNA-Luc) as a negative control. The 
proliferation of these cell lines was notably suppressed in these cell lines after silencing endogenous JMJD6 
(Fig. 3a).

Cell cycle analyses by JMJD6 knockdown using fluorescence-activated cell sorting
To explore the molecular basis underlying the suppression of cell proliferation by JMJD6 knockdown, we 
conducted a cell cycle analysis. FACS analysis revealed that introducing siRNA-JMJD6 into TP53 wild-type 
MKN45 and TP53 mutant MKN74 cells led to cell cycle arrest at G1 when compared with control siRNA-treated 
cells (Fig. 3b).

JMJD6 knockdown suppresses proliferation, migration, and invasion of GC cells
To verify the association between JMJD6 and cell migration and invasion in vitro, we performed trans-well 
migration and invasion assays. We assessed the motility of MKN45 and MKN74 cells transfected with siRNA-
JMJD6 by testing their ability to traverse membrane pores under varying conditions. Migration assays employed 
uncoated membranes, while invasion assays utilized membranes coated with Matrigel. As shown in Fig.  3c, 
under both experimental conditions, siRNA-JMJD6–transfected MKN45 and MKN74 cells exhibited a markedly 
reduced number of migrated cells into the lower chamber compared with those transfected with siRNA-Luc. 
These findings suggest that JMJD6 overexpression contributes to the enhanced migration and invasion of GC 
cells, regardless of TP53 mutation status.

JMJD6 regulates PD-L1 expression via BRD4 and IRF1
Based on previous reports32–34, we focused on the relationship between JMJD6 and BRD4. In MKN74 cells, 
which have overexpression of both JMJD6 and BRD4, JMJD6 knockdown downregulated both BRD4 and 
PD-L1 at the protein level, whereas BRD4 knockdown suppressed PD-L1 without affecting JMJD6 expression 
(Fig. 4a). Immunofluorescence also confirmed that JMJD6 suppression reduced BRD4 and PD-L1 localization 
(Fig. 4b). Additionally, knockdown of JMJD6 or BRD4 decreased IRF1 protein levels, suggesting that IRF1 acts 
downstream of the JMJD6–BRD4 axis (Fig. 4a). These results suggest that JMJD6 functions upstream of BRD4 
in this axis.

JMJD6 modulates T cell–mediated cytotoxicity by regulating PD-L1
To evaluate the impact of JMJD6 knockdown on T cell–mediated immunity, we co-cultured GC cells with 
activated T cells isolated from a healthy volunteer and stimulated using anti-CD3/CD28 beads, as previously 
reported35. An in vitro tumor-cell killing assay using counting beads and flow cytometry revealed that JMJD6 
knockdown enhanced T cell cytotoxicity and reduced GC cell proliferation (Fig. 4c). We further assessed the 
effect of JMJD6 silencing on the real-time cytotoxic activity of T cells using the xCELLigence system, which 
monitors the impedance generated by viable cells attached to the well surface. To account for potential effects 
of T cell adhesion to GC cells in the xCELLigence assay, we evaluated tumor-only and co-culture conditions 

Scientific Reports |         (2026) 16:1069 3| https://doi.org/10.1038/s41598-025-30705-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


independently. This analysis demonstrated that JMJD6 knockdown enhanced T cell–mediated anti-tumor 
activity and suppressed the growth of GC tumor cells (Fig. 4d).

Ectopic JMJD6 expression induces PD-L1
To examine whether overexpression of JMJD6 promotes the expression of PD-L1 in GC cells, transient expression 
assays were performed by transfection of JMJD6 expression constructs into MKN45 cells, a weakly expressing 
PD-L1 cell line. Expression of HaloTag-JMJD6 was verified by western blotting. Moreover, western blotting 
showed that overexpression of JMJD6 induced the expression of BRD4 and PD-L1. Consistently, overexpression 
of JMJD6 also upregulated IRF1 expression (Fig. 4e).
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A hypothetical model of the overexpression or activation of JMJD6 in GC cells
Overexpression of JMJD6 upregulates BRD4 expression, which subsequently enhances IRF1 and PD-L1 
expression. This signaling cascade is proposed to contribute to the development of adaptive immune resistance 
in the tumor microenvironment. Additionally, JMJD6 may regulate other unidentified substrates that promote 
tumor cell proliferation, migration, and invasion.

In this model, solid arrows represent pathways experimentally supported in this study, including the JMJD6–
BRD4–IRF1–PD-L1 axis, whereas dashed arrows indicate other hypothetical or unverified mechanisms. 
However, as this figure represents an overall hypothetical framework, both solid and dashed arrows should be 
interpreted as part of a hypothetical model rather than definitive evidence (Fig. 4f).

JMJD6 expression positively correlates with PD-L1 in GC tissues
Among 40 selected cases (20 high-JMJD6 and 20 low-JMJD6), immunohistochemistry demonstrated a 
significant association between JMJD6 and PD-L1 positivity using CPS scoring (P = 0.0281; Fig. 5), reinforcing a 
potential biomarker role for JMJD6 in predicting immune checkpoint ligand expression in vivo.

Discussion
In the present study, we provided novel evidence that JMJD6 is not only a molecular driver of GC progression but 
also a key modulator of immune evasion through the BRD4-IRF1-PD-L1 signaling axis. JMJD6 knockdown led 
to marked inhibition of GC cell proliferation, migration, and invasion independent of TP53 status. Additionally, 
JMJD6 regulated PD-L1 expression through BRD4 and IRF1, and JMJD6 suppression downregulated PD-L1 and 
significantly enhanced T cell–mediated cytotoxicity in vitro. These dual effects highlight JMJD6 as both a driver 
of tumor aggressiveness and a suppressor of anti-tumor immunity. While prior studies have implicated JMJD6 
in the oncogenesis of various cancers25,27,28,36, our findings uniquely establish JMJD6 as an upstream regulator 
of PD-L1 via BRD4 and IRF1 in GC. Our hypothesis that IRF1 mediates BRD4-driven PD-L1 expression is 
supported by several previous reports demonstrating the interplay between BRD4 and IRF1 in the regulation 
of PD-L1 expression37–40. Although a recent study showed that JMJD6 enhances PD-L1 expression31, our study 
is the first report demonstrating that JMJD6 positively regulates BRD4 and IRF1 expression and consequently 
enhances PD-L1 expression in GC, validating its impact on T cell anti-tumor activity in vitro and clinical 
specimens.

Regarding the molecular mechanisms by which JMJD6 regulates PD-L1, previous studies have shown that 
JMJD6 and BRD4 form transcriptional complexes that facilitate pause-release of RNA polymerase II32,34. Our 
results extend this understanding by establishing a causative relationship whereby JMJD6 drives BRD4 and IRF1 
upregulation. BRD4 functions as a co-activator of these transcription factors, contributing to PD-L1 expression41. 
BRD4 also regulates MYC expression in various cancers42. In contrast, JMJD6 deficiency suppresses M2-like 
macrophage polarization and enhances the efficacy of ICB therapy, potentially through modulation of the STAT3/
IL-10 signaling pathway43. Although MYC, STAT3 and PI3K/Akt have been implicated in PD-L1 regulation44–48, 
in our study, JMJD6 or BRD4 knockdown did not significantly affect MYC, STAT3 and PI3K/Akt levels in 
GC cells (Supplementary Figure S3b). This suggests that the JMJD6–BRD4–IRF1–PD-L1 axis may operate 
independently of canonical oncogenic pathways in GC. Given that IRF1 directly regulates PD-L1 transcription 
and is modulated by both JMJD6 and BRD4, our findings position IRF1 as a key functional mediator in this axis. 
This notion is further supported by findings demonstrating that JAK2/STAT1/IRF-1 signaling regulates PD-L1 
expression in GC49. Notably, Ebine et al. have also reported that BRD4 enhances PD-L1 expression through IRF1 
independently of the MYC pathway40, further supporting the results of the present study.

Collectively, this study highlights JMJD6 as a key regulator of the tumor immune landscape in GC. While 
ICB using anti-PD-1/PD-L1 antibodies has revolutionized cancer therapy, its clinical efficacy in GC remains 
limited18,19,50–52. Recently, some reports have highlighted the relationship between oncogenes and PD-L1 
expression53,54. Our findings also bridge a critical knowledge gap in the immune-oncology field, suggesting 
that JMJD6 is a key molecular link between oncogenic signaling and immune checkpoint regulation. JMJD6 
expression may explain variability in PD-L1 levels and ICB responses among GC patients, offering a new 
stratification biomarker and combinatorial target.

Fig. 2.  Overexpression of JMJD6 in gastric cancer. (a) The expression of JMJD6 in six GC cell lines compared 
with the fibroblast cell strain WI-38. The level of JMJD6 mRNA was determined by quantitative RT-PCR 
in a panel of GC cell lines. The results shown are means ± SD (bars). Black bars represent cell lines where 
up-regulation of JMJD6 mRNA expression was observed, compared with that in WI-38. The status of a TP53 
mutation was the reported status of a TP53 mutation in the database (http://p53.free.fr/index.html, W: ​w​i​l​d​-​t​
y​p​e TP53, M: mutant TP53). Note that among TP53-mutated GC cell lines, KATO-III had a p53 gene deletion 
and a frameshift mutation. (b) Specific JMJD6 immunostaining in a representative primary tumor sample. 
Based on this result, the intensity scores for JMJD6 staining were determined as follows: 0 = negative, 1 = weak, 
2 = moderate, 3 = strong. Kaplan–Meier plots depending on the intensity (c and proportion (d) scores of 
specific immunostainings of JMJD6. The log-rank test was used for statistical analysis; P < 0.05 was considered 
to be statistically significant. e. For scoring JMJD6 expression by immunohistochemistry (IHC), the intensity 
and the percentage of the total cell population (0% ≤ 0 ≤ 20%, 20% < 1 ≤ 40%, 40% < 2 ≤ 60%, 60% < 3 ≤ 100%) 
that expressed JMJD6 were evaluated for each case. Expression of JMJD6 was graded as high expression 
(intensity plus proportion scores ≥ 4 for tumor cells showing immunopositivity) or low expression (intensity 
plus proportion scores ≤ 3 for tumor cells showing immunopositivity). f. Cancer-specific survival rates of 
patients with GC (as determined by Kaplan–Meier plots), depending on JMJD6 expression.

◂
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Our immunohistochemical data demonstrated a significant correlation between JMJD6 and PD-L1 
expression in primary GC specimens, validating our in vitro findings and suggesting that JMJD6 may serve as 
a surrogate biomarker for immune checkpoint molecule expression. Given the growing interest in epigenetic 
modulation to enhance immunotherapy55, JMJD6 inhibition—alone or combined with ICB—may represent a 
rational therapeutic approach in GC. Notably, JMJD6 regulation of PD-L1 in GC31 supports JMJD6 or BET 
inhibition as promising future combinatorial strategies with ICB. While our study includes comprehensive 
clinicopathological data (Table 1), molecular subtypes such as MSI and EBV status were not assessed, which 
may influence PD-L1 expression and immune contexture. These subtypes should be considered in future patient 
stratification.

In conclusion, JMJD6 promotes tumor progression and immune evasion via BRD4-mediated PD-L1 
induction. Our findings advocate for further exploration of JMJD6-targeted therapies and suggest that JMJD6 
may serve as both a prognostic biomarker and a predictive marker of the response to immunotherapy. In vivo 

Table 1.  Associations between JMJD6 expression and clinicopathological characteristics.
Statistically significant values are in boldface type.
aP-values are from Chi-squared test or Fisher’s exact test.
bBMI: body mass index.
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models and clinical cohorts are needed to assess whether pharmacological JMJD6 inhibition can synergize with 
ICB and improve outcomes in refractory GC.

Methods
Cell lines and primary tissue samples
Six GC cell lines (KATO-III, NUGC4, MKN7, HGC27, MKN45, and MKN74) and the fibroblast strain WI-38 
were employed in this study. All cell lines and the cell strain were obtained from RIKEN BioResource Center Cell 
Bank (Tsukuba, Japan) and were authenticated by short tandem repeat profiling before distribution. The HGC27 
cells were cultured in Dulbecco’s Modified Eagle Medium; all other cells were cultured in Roswell Park Memorial 
Institute 1640 medium. All media were purchased from Nacalai Tesque (Japan) and added to 100 mL/L fetal 
bovine serum (Corning, USA). Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO2.

Formalin-fixed, paraffin-embedded primary GC tissue specimens were obtained from 174 consecutive 
patients who underwent curative gastrectomy at the Division of Digestive Surgery, Kyoto Prefectural University 
of Medicine (Kyoto, Japan) between January 2012 and December 2019. Paraffin blocks were stored at room 
temperature in the dark, and the sliced specimens were stained within two weeks. Relevant clinical and 
survival data were obtained for all patients. All experiments complied with relevant institutional and national 
regulations, and written informed consent was obtained from each patient. The study protocol conformed to the 
Declaration of Helsinki and was approved by the institutional review board of Kyoto Prefectural University of 
Medicine. All enrolled patients had no history of endoscopic mucosal resection, palliative surgery, neoadjuvant 
chemotherapy, or radiotherapy. In addition, there were no cases with other organ malignancies occurring either 
simultaneously or at a different time point. Tumor staging and nodal/metastatic status were assessed based on 
the TNM classification of the International Union Against Cancer (UICC)56.

Quantitative RT–PCR
Quantitative RT–PCR was performed as previously described57–60 with minor modifications. Total RNA was 
isolated from the cell lines using a RNeasy Mini Kit (Qiagen, Valencia, CA, USA). For normal gastric tissues, 
frozen specimens were homogenized using a Power Masher II homogenizer (Nippi, Tokyo, Japan) before RNA 
extraction, and commercial total RNA from human stomach tissue (Invitrogen, CA, USA) was also used as a 
non-malignant gastric control. The reverse transcription reaction was performed using a TaqMan MicroRNA 
Reverse Transcription Kit (Applied Biosystems). Quantification of mRNA levels was performed by qPCR on a 
StepOnePlus PCR System (Applied Biosystems), and Ct (cycle threshold) values were determined via StepOne 
Software v2.0 (Applied Biosystems) employing TaqMan Gene Expression Assays (Hs00397095_m1 for JMJD6; 
Hs00204257_m1 for PD-L1; Applied Biosystems) in accordance with the manufacturer’s instructions. The gene 
expression results were calculated as the ratio between JMJD6 and an internal reference gene (Hs01060665_g1 

Table 2.  Univariate and multivariate analyses of GC patients’ survival using a Cox proportional hazards 
model.
aKaplan–Meier method; statistical significance was determined by log-rank test.
bMultivariate survival analysis was performed using Cox’s proportional hazards model.
cHR: hazard ratio, dCI: confidence interval, eBMI: body mass index, fIHC: Immunohistchemical.
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for β-actin; Applied Biosystems) which served as a normalization factor for RNA isolated from a specimen. All 
reactions were conducted in triplicate for every sample.

Western blotting
Anti-JMJD6 mouse monoclonal antibody (sc-28348; Santa Cruz Biotechnology, TX, USA), anti-PD-L1 rabbit 
monoclonal antibody (13684; Cell Signaling Technology, MA, USA), anti-ACTB rabbit monoclonal antibody 
(3700; Cell Signaling Technology), anti-BRD4 rabbit polyclonal antibody (A301-985A50; Bethyl Laboratories, 
TX, USA), and anti-IRF1 rabbit monoclonal antibody (8478; Cell Signaling Technology) were used. Cells 

Fig. 3.  Suppression of malignant activities in GC cells by JMJD6 knockdown. (a) The effects of JMJD6 
knockdown on cell proliferation at the indicated times by siRNA (siRNA-JMJD6) compared with control 
siRNA in MKN45 (wild-type TP53) and MKN74 (mutant TP53) cell lines. (b) Representative population 
results in each phase of the cell cycle in each cell, as assessed by FACS at 72 h post-treatment with siRNA. (c) 
Suppression of migration, invasion, and epithelial-mesenchymal transition in GC cells by JMJD6 knockdown. 
Knocking down JMJD6 by siRNA-JMJD6 suppressed migration and invasion in MKN45 (wild-type TP53) (A) 
and MKN74 (mutant TP53) cell lines. The bar graphs show the means ± SD (n = 4). The Mann–Whitney U-test 
was used for statistical analysis. P < 0.05 was considered statistically significant.
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Fig. 4.  JMJD6 regulates BRD4, IRF1 and PD-L1 expression. (a) The knockdown of JMJD6 by transfection 
with siRNA-JMJD6 suppressed BRD4, IRF1 and PD-L1 in MKN74. In addition, the knockdown of BRD4 by 
transfection with siRNA-BRD4 suppressed IRF1 and PD-L1 in MKN74. In contrast, the knockdown of BRD4 
did not suppress JMJD6 in MKN74. (b) Knockdown of JMJD6 suppressed PD-L1 and BRD4 expression in 
MKN74 gastric cancer (GC) cells. White dotted lines indicate nuclear boundaries. (c) Co-culture assay of 
GC cells and T cells. Under JMJD6 knockdown, T cells had more potent anti-tumor activity against GC cells 
compared with NC, and the proliferation ratio of GC cells was significantly decreased (mean ± SD, n = 3; error 
bars indicate SD, n = 3). (d) An impedance-based tumor-cell killing assay. The knockdown of JMJD6 increased 
the anti-tumor activity of T cells and inhibited the proliferation of GC cells. (e) JMJD6 overexpression 
using plasmid transfection promotes BRD4, IRF1 and PD-L1 expression. (f) A hypothetical model of the 
overexpression or activation of JMJD6 in GC cells.
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were lysed, and their proteins were extracted using M-PER® Mammalian Protein Extraction Reagent (Thermo 
Scientific, USA).

Immunofluorescence staining
Immunofluorescence staining was conducted based on the method reported by Takashima et al.58, with slight 
modifications. For immunofluorescence staining, cells were treated with 4% paraformaldehyde for fixation 
at room temperature for 20 min, then permeabilized using 0.25% Triton X-100 in phosphate-buffered saline 

Fig. 5.  JMJD6 expression is positively correlated with PD-L1 in GC tissues. Immunohistochemical staining 
of JMJD6 and PD-L1 was performed on GC tissues from 174 patients. Twenty high JMJD6-expressing cases 
and twenty low JMJD6-expressing cases were selected for PD-L1 staining and CPS evaluation. Representative 
images from four cases are shown. High JMJD6 expression was significantly associated with CPS ≥ 1 
(P = 0.0281, Fisher’s exact test).
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(PBS), and subsequently incubated in a blocking solution containing 1% bovine serum albumin. The cells 
were next exposed to anti-JMJD6 and anti-PD-L1 antibodies (ab3373) and kept overnight at 4 °C. Following 
three washes with PBS, cells were incubated for 1 h at room temperature with Alexa Fluor 488–labeled goat 
anti-mouse and Alexa Fluor 594–labeled goat anti-rabbit secondary antibodies. After another set of three PBS 
washes, the samples were treated with rhodamine phalloidin and 4′,6-diamidino-2-phenylindole for 30 min. 
Subsequently, DAPI staining was completed, and slides were mounted using Vectashield Mounting Medium 
(Vector Laboratories, Burlingame, CA, USA). The subcellular distribution of JMJD6 and PD-L1 was visualized 
with a BZ-X700 microscope (Keyence, Tokyo, Japan). The nuclear regions were manually outlined with white 
dotted lines in the merged images to indicate nuclear boundaries.

Knockdown by SiRNA and cell growth analysis
For analyzing loss-of-function because of the knockdown of endogenous gene expression, the siRNA #1 targeting 
JMJD6 (siRNA, 5’- ​C​A​G​G​A​G​G​C​T​G​G​T​G​G​C​A​T​G​T​T​G​T​C​C​T − 3’ for siRNA-JMJD6; Invitrogen, CA, USA) or 
Luciferase (Luc) (5’ -​C​G​U​A​C​G​C​G​G​A​A​U​A​C​U​U​C​G​A- 3’; Sigma) were transfected into cells (10 nmol/L) using 
Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer’s instructions. Knockdown of the target 
gene was confirmed by western blot analysis. We also investigated the knockdown effects using the other siRNA 
#2 targeting JMJD6 (siRNA,5’- ​C​A​G​C​A​G​C​T​A​T​G​G​T​G​A​A​C​A​C​C​C​T​A​A​A − 3’ for siRNA- JMJD6; Invitrogen) 
and siRNA #3 targeting JMJD6 (siRNA, 5’-​C​C​A​G​T​G​C​C​T​G​G​A​A​T​G​C​C​T​T​A​G​T​T​C​A − 3’ for siRNA- JMJD6; 
Invitrogen) to mitigate the potential for off-target effects. A predesigned siRNA targeting BRD4 (Silencer Select 
siRNA, s23901; Thermo Fisher Scientific) was also used for mechanistic analysis by western blotting.

Proliferation assays and cell cycle analysis
For cell growth measurements, the number of viable cells at various post-transfection time points was assessed by 
a colorimetric water-soluble tetrazolium salt assay (Cell Count Reagent SF; Nacalai Tesque). Cell cycle position 
was evaluated 72 h post-transfection by FACS, following previously reported procedures57–59,61.

Transwell migration and invasion assays
Transwell migration and invasion assays were performed following the protocol reported in previous studies62–65. 
Assays were set up in a 24-well Transwell chamber containing cell culture inserts with 8-µm pore membranes. 
The upper surface of the 6.4-mm-diameter membranes was either coated with Matrigel (Corning BioCoat 
Matrigel Invasion Chamber, CORNING, USA) or left uncoated (Falcon Cell Culture Inserts, CORNING, USA). 
siRNA-transfected cells (1.0 × 10⁶ per well) were plated in the upper chamber with serum-free medium, while 
complete medium was placed in the lower compartment. After 22 h incubation, cells that migrated or invaded to 
the underside of the membranes were fixed and stained using Diff-Quik (Sysmex, Kobe, Japan). Nuclei of stained 
cells were enumerated in triplicate.

Plasmid construction and overexpression
For transient overexpression experiments, we followed the method described previously with slight 
modifications58. A Halo-tagged JMJD6 construct (FHC00568 / pFN21ASDA0585) was obtained from 
PROMEGA KK (Tokyo, Japan). Overexpression assays were performed using MKN45 cells, which were 
transfected with either an empty vector (pCI-neo Mammalian Expression Vector; E1841; PROMEGA KK) or 
the HaloTag-JMJD6 plasmid via Lipofectamine 3000 (Invitrogen). JMJD6 protein expression in transfected cells 
was validated by western blotting.

Immunohistochemistry
A primary anti-JMJD6 mouse monoclonal antibody (sc-28348; Santa Cruz Biotechnology) and an anti-
PD-L1 rabbit monoclonal antibody (Cell Signaling Technology) were used. Tumor specimens were fixed in 
10% formaldehyde prepared in PBS, paraffin-embedded, and stored at room temperature in the dark. Sections 
were cut and stained within two weeks using a horseradish peroxidase method. After deparaffinization, antigen 
retrieval was achieved by heating in 10 mmol/L citrate buffer (pH 9.0) at 95  °C for 60  min. Endogenous 
peroxidase activity was blocked by incubation in 3% H₂O₂ for 20 min. Sections were then treated with Block Ace 
(Dainippon Sumitomo Pharmaceutical, Osaka, Japan) for 30 min at room temperature, followed by a 60-min 
incubation with anti-JMJD6 antibodies (1:2000) at the same temperature. All washing and dilution steps were 
carried out in PBS. Bound antibodies were visualized with the EnVision™+ HRP System (EnVision + Dual Link 
System-HRP; Dako North America, Inc., Carpinteria, CA, USA), and color development was performed using 
diaminobenzidine tetrahydrochloride. Slides were finally counterstained with Mayer’s hematoxylin.

For the evaluation of JMJD6 expression, both the staining intensity (0 = negative, 1 = weak, 2 = moderate, 
3 = strong) and the proportion of the total cell population positive for JMJD6 (0% ≤ 0 ≤ 20%, 20% < 1 ≤ 40%, 
40% < 2 ≤ 60%, 60% < 3 ≤ 100%) were assessed in each case. JMJD6 expression was categorized as high (sum of 
intensity score and proportion score ≥ 4 in tumor cells exhibiting immunopositivity) or low (sum ≤ 3 in tumor 
cells exhibiting immunopositivity) under high-power (×200) microscopy66. In addition, PD-L1 expression was 
evaluated using a combined positive score (CPS). Cases with CPS < 1 were classified as low expression, and cases 
with CPS ≥ 1 were classified as high expression.

Statistical analysis
Categorical clinicopathological variables were analyzed between the high and low JMJD6 expression groups 
using a Chi-squared or Fisher’s exact test. Comparisons of non-categorical variables between subgroups were 
performed using the non–parametric Mann–Whitney U test. For the survival analysis, Kaplan–Meier curves 
were generated for each group according to univariate variables, and differences between groups were evaluated 
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using the log-rank method. Both univariate and multivariate survival analyses were carried out via the likelihood 
ratio approach within a stratified Cox proportional hazards model. All comparisons were conducted using two-
tailed statistical tests, and P-values less than 0.05 were regarded as statistically significant.

Flow cytometry
To evaluate PD-L1 expression in GC cells, we used a PE-conjugated anti-human PD-L1 antibody (BioLegend) 
for staining. EpCAM surface expression on GC cells was determined by PE-conjugated anti-human EpCAM 
antibody (BioLegend). For detecting CD3 on T cells, an APC-conjugated anti-human CD3 antibody (BioLegend) 
was employed. Flow cytometric measurements were performed as described previously35, using a BD FACS 
Accuri C6 Plus system (BD Biosciences), and the acquired data were analyzed with FlowJo software (Tree Star).

In vitro tumor-cell killing assay
The tumor-cell killing assay was conducted following the protocol of Kamiya et al.35. GC cells (6 × 10⁴ cells/
well) were plated in six-well dishes and cultured for 24 h, followed by transfection with negative control (Luc) 
or JMJD6-targeting siRNA. After an additional 24 h, activated T cells—stimulated via anti-CD3/anti-CD28-
coated beads—were added to each well at a density of 9 × 10⁴ cells/well. Following 72 h of co-culture, cells were 
harvested, stained with PE-conjugated anti-EpCAM and APC-conjugated anti-CD3 antibodies to distinguish 
GC cells from T cells, and mixed with 10,000 Count Bright Absolute Counting Beads (Thermo Fisher Scientific). 
The population of viable tumor cells (EpCAM⁺/CD3⁻ fraction) was quantified by flow cytometry until 1,000 
counting beads were recorded. Relative proliferation was calculated by setting the value to 1.0 for tumor cells 
cultured alone.

Impedance-based tumor-cell killing assay
The influence of JMJD6 knockdown on tumor immunity was further examined using an impedance-based 
cytotoxicity assay with xCELLigence Real-Time Cell Analysis (RTCA; ACEA Biosciences). GC cells (7 × 10³ 
cells/well) were seeded into an E-Plate 16 (ACEA Biosciences) after background impedance measurement. 
Twenty-four hours later, cells were transfected with either NC (Luc) or siRNA-JMJD6 (final concentration 12 
nM). After another 24 h, activated T cells stimulated with anti-CD3/anti-CD28 beads were introduced at 1.4 × 
10⁴ cells/well. Once tumor growth reached a plateau, impedance was continuously recorded as a cell index using 
the xCELLigence RTCA DP system, and data were processed with RTCA Software v2.0 (ACEA Biosciences) 
according to the previously described protocol35.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to the personal 
information protection law in Japan, but are available after the permission from the institutional review board 
and the corresponding author on reasonable request.
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