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PURPOSE. The purpose of this study was to investigate the antitumor effects of GSK-J4 on
retinoblastoma, as well as its related biological functions and molecular mechanisms.

METHODS. The antitumor effect of GSK-J4 on retinoblastoma was evaluated by in vitro
and in vivo assays. CCK-8, EdU incorporation, and soft agar colony formation assays
were performed to examine the effect of GSK-J4 on cell proliferation. Flow cytometry
was used to evaluate the effect of GSK-J4 on the cell cycle and apoptosis. RNA-seq and
Western blotting were conducted to explore the molecular mechanisms of GSK-J4. An
orthotopic xenograft model was established to determine the effect of GSK-J4 on tumor
growth.

RESULTS. GSK-J4 significantly inhibited retinoblastoma cell proliferation both in vitro and
in vivo, arrested the cell cycle at G2/M phase, and induced apoptosis. Mechanistically,
GSK-J4 may suppress retinoblastoma cell growth by regulating the PI3K/AKT/NF-κB
signaling pathway.

CONCLUSIONS. The antitumor effects of GSK-J4 were noticeable in retinoblastoma and were
at least partially mediated by PI3K/AKT/NF-κB pathway suppression. Our study provides
a novel strategy for the treatment of retinoblastoma.
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Retinoblastoma, typically caused by the biallelic muta-
tion of the retinoblastoma gene (RB1), is considered

the most prevalent intraocular tumor in childhood world-
wide, occurring in approximately 1 out of every 16,000
to 18,000 live births.1–3 In recent decades, retinoblastoma
management has drastically improved, and its goals have
evolved from saving life to preserving the globe and
currently optimizing vision. Consequently, the survival rates
of patients with retinoblastoma have improved in recent
years.4,5 However, children with high-risk clinical features
still exhibit poor responses to treatment. This treatment
inefficacy can lead to an increase in tumor growth, result-
ing in impaired vision, globe damage, and even death if
metastasis occurs.6–8 Currently, chemotherapy is the stan-
dard retinoblastoma treatment for children with high-risk
clinical features, but cases of chemotherapy-induced toxic-
ity have been recently reported.9–11 Therefore, there is an
urgent need to explore novel strategies for the treatment of
retinoblastoma.

Histone modification plays a crucial role in the occur-
rence and progression of cancer, especially histone lysine
methylation, which is one of the most characterized histone
modifications.12,13 Tri-methylation of the 27th lysine residue
on histone H3 (H3K27me3), one such histone modifica-
tion, is closely linked to developmentally driven gene silenc-
ing and cancer initiation and progression.14 H3K27me3

demethylation and trimethylation are primarily catalyzed by
the 2 members of the KDM6 family of lysine demethylases
(UTX, also known as KDM6A, and JMJD3, also known as
KDM6B), and the polycomb complex 2 (PRC2) of lysine
methyltransferases.15–17 Notably, the methylation regulation
of H3K27me3 (both demethylation and trimethylation) is
involved in cellular transformation and cancer cell plas-
ticity,14,18 and several reports have indicated that PRC2,
KDM6A, and KDM6B participate in tumor growth.19–21 Thus,
strategies targeting the regulation of H3K27me3 are espe-
cially important for cancer treatment. The utilization of
PRC2 inhibitors has been extensively investigated in vari-
ous cancer models, and several of these inhibitors are
currently under clinical evaluation.22–25 In contrast, research
on KDM6 inhibitors has only recently been conducted
in some cancers, such as prostate tumors, neuroblastoma,
head and neck cancer, and colorectal cancer,26–29 and most
of these inhibitors have shown promising prospects for
cancer treatment. However, the effect of KDM6 inhibition on
retinoblastoma is still unclear, and the biological functions
and molecular mechanisms of KDM6 inhibitors in retinoblas-
toma remain to be elucidated.

GSK-J4, a selective small-molecule KDM6A/B inhibitor,
inhibited H3K27me3 demethylation, and suppressed the
abnormal growth of multiple cancers both in vitro and in
vivo, including acute myeloid leukemia, glioma, and breast
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cancer.30–36 Nevertheless, it has not yet entered clinical trials,
and further expansion of preclinical data is needed. In this
study, the therapeutic potential of GSK-J4 in retinoblastoma
was explored. We evaluated the effect of GSK-J4 on the
biological functions of retinoblastoma cells in vitro and the
tumorigenicity of Y79 cells in vivo. Furthermore, the poten-
tial molecular mechanisms participating in this process were
also explored.

MATERIALS AND METHODS

Cell Lines and Chemical Reagents

The retinoblastoma cell lines (Y79 and WERI-Rb1) were
purchased from the Institute of Biochemistry and Cell
Biology (Shanghai, China) and maintained in RPMI 1640
medium (Solarbio, Beijing, China) containing 10% fetal
bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1%
penicillin/streptomycin (P/S) in an incubator at 37°C with 5%
CO2. GSK-J4 purchased fromMedChemExpress of China was
dissolved in dimethyl sulfoxide (DMSO; Solarbio, Beijing,
China), and 10 mM was used as the initial concentration.
Y79 cells were tested with 0.2, 0.4, 0.6, and 0.8 μM GSK-J4,
and 0.0001% DMSO (equal amount of DMSO at the highest
concentration) was used as a control. WERI-Rb1 cells were
tested with 0.6, 1.2, 1.8, and 2.4 μM GSK-J4, and 0.0003%
DMSO (equal amount of DMSO at the highest concentra-
tion) was used as a control.

Cell Counting Kit-8 Assay

Cell viability was indirectly assessed by CCK-8 assay.
Approximately 8000 cells were plated into each well of
96-well plates, and 10 μL CCK-8 reagent (Yeasen, Shanghai,
China) was then added after the cells were treated with the
drug for 24, 48, or 72 hours. After incubation for 2 hours in
the dark, the optical density (OD) value was measured at a
wavelength of 450 nm.

5-Ethynyl-2′-Deoxyuridine Cell Proliferation Assay

EdU incorporation was carried out using a Click-iT EdU
Alexa Fluor 488 Flow Cytometry Assay Kit (KeyGEN
BioTECH, Nanjing, China) according to the manufacturer’s
instructions. Briefly, the cells were treated with the drug
for 72 hours and then incubated with 5 μM EdU for
1 hour. Samples were then fixed and permeabilized with 4%
paraformaldehyde and 0.5% Triton X-100, respectively. Next,
1 mL of reaction cocktail was added to each sample and
incubated at room temperature for 30 minutes in the dark.
Finally, analysis by flow cytometry was performed using the
488 nm excitation green emission filter, and the data were
analyzed using FlowJo (version 10; BD FACSCalibur; Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

Soft Agar Colony Formation Assay

This assay was performed using low melting agarose
(Biofroxx, Einhausen, Germany) in 6-well plates. Prior to
the experiment, 1.2% agarose and 0.7% agarose were kept
at 40°C to maintain their liquid state after high-temperature
and high-pressure sterilization. For the lower layer, 1 mL of
liquid 1.2% agarose was mixed with 1 mL of complete cell
culture medium and added to the bottom of a well, and then
waiting for 30 minutes at room temperature for the gel to

solidify. After the lower layer solidified, the middle layer was
prepared. Approximately 2000 cells were added to 1 mL of
prewarmed complete cell culture medium and gently mixed
to obtain a single-cell suspension. Next, 1 mL of complete
cell culture medium (containing cells) and 1 mL of liquid
0.7% agarose were mixed and poured rapidly into a well of
the plate. The plate was then left at room temperature for
approximately 30 minutes to allow the gel to solidify, form-
ing the middle layer containing cells. After the middle layer
solidified, 2 mL of complete culture medium was added, and
the medium was changed every 5 days. The cells were incu-
bated at 37°C with 5% CO2. Two weeks later, the formed
colonies were stained with 0.01% crystal violet. Photographs
were taken for colony counting.

Cell Cycle and Apoptosis Assays

Cell cycle and apoptosis assays were conducted using a
flow cytometry-based approach. For the cell cycle assay,
the cells were fixed in 70% ethanol at 4°C for 1 hour
after washing with PBS and then suspended in 300 μL PBS
containing 3 μL propidium iodide (PI; Sigma–Aldrich, St.
Louis, MO, USA) and 3 μL RNase (TIANGEN BIOTECH,
Beijing, China). The cells were incubated at room temper-
ature for 20 minutes before flow cytometry analysis, and
the results were analyzed using FlowJo software (version 10;
BD FACSCalibur; Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). For the apoptosis assay, an Annexin V-
FITC/PI apoptosis detection kit (KeyGEN BioTECH, Nanjing,
China) was used according to the manufacturer’s instruc-
tions. Briefly, the cells were suspended in binding buffer
(300 μL) supplemented with Annexin V-FITC (3 μL) and PI
(3 μL) after washing with PBS and then incubated in the
dark at room temperature for 10 minutes. Finally, the cells
were detected by flow cytometry, and the data were analyzed
using FlowJo software (version 10; BD FACSCalibur; Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

Protein Extraction and Western Blotting

The cells were lysed with RIPA buffer containing 1%
protease inhibitor (Sigma–Aldrich, St. Louis, MO, USA) on
ice for 20 minutes, and the total protein in the lysate was
separated by approximately 8% to 12% SDS–polyacrylamide
gel electrophoresis (PAGE) and subsequently transferred
to polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). Next, the membranes were blocked with
5% skim milk at room temperature for 2 hours, followed
by incubation with primary antibodies at 4°C overnight.
The membranes were then incubated with 3% skim milk
containing secondary antibodies at room temperature for
1 hour. Finally, the proteins were visualized using an ECL
system (KeyGEN, Nanjing, China), and the protein density
was analyzed using ImageJ (National Institutes of Health,
Bethesda, MD, USA). The primary antibodies used were as
follows: Cyclin B1 (Cell Signaling Technology, Danvers, MA,
USA), phospho-cdc2 (Cell Signaling Technology, Danvers,
MA, USA), cleaved PARP (Cell Signaling Technology,
Danvers, MA, USA), cleaved caspase-9 (Cell Signaling Tech-
nology, Danvers, MA, USA), PI3K (Cell Signaling Technol-
ogy, Danvers, MA, USA), phospho-PI3K (Cell Signaling Tech-
nology, Danvers, MA, USA), AKT (Abcam, Cambridge, UK),
phospho-AKT (Abcam, Cambridge, UK), NF-κB (Service-
bio, Wuhan, Hubei), phospho-NF-κB (Servicebio, Wuhan,
Hubei), and actin (Proteintech, Beijing, China).
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TABLE. Primers for qPCR

Gene Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′)

NSG1 AGTTGGGGAACAATTTCGCAG GTCTTAGTTTTCACGACCACCTT
TRIB3 AAGCGGTTGGAGTTGGATGAC CACGATCTGGAGCAGTAGGTG
HMGB3 CCAAAGGGCAAGATGTCCG TTGACAGGGACCTCTGGGTTT
SRGN AGGTTATCCTACGCGGAGAG GTCTTTGGAAAAAGGTCAGTCCT
NFKBIA CTCCGAGACTTTCGAGGAAATAC GCCATTGTAGTTGGTAGCCTTCA
PGK1 TGGACGTTAAAGGGAAGCGG GCTCATAAGGACTACCGACTTGG
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

RNA Sequencing Analysis

Y79 cells treated with DMSO or 0.8 μM GSK-J4 for
48 hours were lysed using TRIzol reagent (TIANGEN
BIOTECH, Beijing, China) and then transported to the
Beijing Genomics Institute (BGI) on dry ice for construc-
tion of a sequencing library using the BGISEQ-500 platform.
Each sample was prepared in triplicate. The BGI Bioinfor-
matics Service Systemwas used to analyze the significance of
differentially expressed genes (DEGs) between DMSO- and
GSK-J4-treated cells. Genes with a fold change ≥ 2 and Q
values < 0.01 were considered significant DEGs. The DEGs
were visualized using heatmaps. Moreover, functional anno-
tation of the DEGs was carried out by Kyoto Encyclopedia
of Genes and Genomes (KEGG), Gene Ontology (GO), and
Gene Set Enrichment Analysis (GSEA).

Quantitative Real-Time PCR

Total RNA was extracted from the cells using TRIzol reagent
and reverse transcribed to cDNA using the PrimeScript RT kit
with genomic DNA eraser (Takara, Beijing, China) according
to the manufacturer’s instructions. Quantitative PCR (qPCR)
was performed with SYBR Green reagents (Takara, Beijing,
China) on a CFX96 Real-Time System. The human GAPDH
gene was used as a control. All reactions were conducted
in triplicate. The 2-��Ct method was used to calculate the
relative mRNA expression. The primer sequences used for
qPCR are described in the Table.

Orthotopic Xenograft Experiment

Orthotopic xenografts of retinoblastoma were established
in 4- to 5-week-old BALB/c female nude mice (SiPeiFu
Biotechnology, Beijing, China) by modifying the proce-
dure described previously.37–39 Briefly, 2 × 105 Y79 human
retinoblastoma cells in 2 microliters of sterile phosphate
buffered saline were injected into the vitreous of the left
eye through the sclera using a Hamilton syringe with a
33-gauge cannula, which allowed for a small incision and
potentially reduced the risk of infection. Special care was
taken to prevent lens damage or posterior retinal punctures.
Following the injection, the eyes were treated with antibi-
otic eye drops. Three days after intravitreal transplantation,
a fundus image of each mouse was taken using a Retinal
Imaging System (Optoprobe, Pontypridd, UK) to confirm
the successful transplantation of the injected Y79 cells. A
total of 28 mice were used in this study to establish ortho-
topic xenograft models of retinoblastoma. Five mice without
detectable tumors were excluded. Among the remaining 23
mice, 3 mice were kept for observation without any treat-
ment, whereas the other 20 mice were randomly divided
into 2 treatment groups, with each treatment group consist-

ing of 10 mice. Treatment in the GSK-J4 group (25 mg/kg)
or DMSO group (equal volume of vehicle) was performed
via intraperitoneal injection every day for 10 consecutive
days. During this period, the body weights of the mice
were measured every other day to monitor drug tolerability.
After 10 consecutive days of treatment, tumor-burdened eyes
were obtained and analyzed for the average tumor area per
eye using hematoxylin and eosin (H&E) staining, following
the previously described procedure.38,39 Briefly, representa-
tive sections spanning the whole eye globe were selected
for H&E staining per eye by taking every 50th section
(4-μm-thick each) from one end of the eyeball to the other
end. The image of each section was then used to quantify the
tumor area in pixels using ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA). The tumor burden per
mouse was calculated by taking the average tumor area per
section from the sections representing different levels of the
whole eyeball. Additionally, some of the xenograft sections
underwent immunohistochemical staining with a Ki-67 anti-
body (MedChemExpress, Shanghai, China). All animal exper-
iments were performed according to protocols approved by
Nanchang University (KY2023035) and adhered to the stan-
dards set forth in the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research, including ensuring all
efforts to minimize suffering.

Hematoxylin and Eosin and
Immunohistochemistry Staining

The whole eye globe, fixed with 4% paraformaldehyde
(Servicebio, Wuhan, Hubei) for more than 24 hours, was
embedded in paraffin and processed into 4-μm sections.
The sections were then stained with H&E. For immuno-
histochemistry (IHC) staining, the sections were deparaf-
finized in xylene, rinsed in ethanol, and rehydrated. Next,
antigen retrieval and endogenous peroxidase blocking were
performed with Tris-EDTA buffer and 3% H2O2 solution as
described in the manufacturer’s protocols. The appropriate
primary antibody was added and incubated at 4°C overnight,
followed by incubation with the corresponding secondary
antibody (ZSGB-BIO, Beijing, China) at 37°C for 30 minutes.
Subsequently, the sections were stained with DAB (3,3′-
diaminobenzidine) and counterstained with hematoxylin.
The sections were then sealed and observed under a micro-
scope.

Statistical Analysis

Statistical analyzes were performed by GraphPad Prism
(version 5.0; GraphPad Software, La Jolla, CA, USA) using
unpaired Student’s t-test and 2-way ANOVA. Each experi-
ment was independently repeated at least three times, and
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the data are shown as the mean ± standard deviation (SD).
Differences were considered significant at P < 0.05.

RESULTS

GSK-J4 Effectively Reduces the Proliferation of
Retinoblastoma Cells

To evaluate the effect of GSK-J4 on the growth of retinoblas-
toma cells, a CCK-8 assay was performed after the cells
were treated with different concentrations of GSK-J4 for
24 to 72 hours. The results showed that the viability of
Y79 and WERI-Rb1 cells was effectively reduced by GSK-
J4 in a concentration-dependent manner (Supplementary
Figs. S1A, S1B, Figs. 1A, 1B). The IC50 value of GSK-J4
for Y79 cells was 0.68 μM, whereas that for WERI-Rb1
cells was 2.15 μM at 48 hours. Furthermore, GSK-J4 inhib-
ited retinoblastoma cell proliferation in a time-dependent
manner (Figs. 1C, 1D). The EdU incorporation assay also
confirmed that the proliferation of retinoblastoma cells was
suppressed by GSK-J4 (Figs. 1E–1G). Compared with that

in the DMSO-treated group, the proportion of EdU-positive
cells in the GSK-J4-treated group significantly decreased,
indicating that there were fewer newly generated cells.
Consistently, the colony formation ability of retinoblas-
toma cells was strongly reduced after GSK-J4 treatment.
The colony numbers of retinoblastoma cells treated with
different concentrations of GSK-J4 were apparently reduced
compared to those treated with DMSO (Figs. 1H, 1I, Supple-
mentary Fig. S1C). These results indicated that GSK-J4 effi-
caciously suppressed retinoblastoma cell proliferation.

GSK-J4 Induced G2/M Cycle Arrest in
Retinoblastoma Cells

After the inhibition of retinoblastoma cell proliferation by
GSK-J4 was determined, we hypothesized that it corre-
lated with the cell cycle. Retinoblastoma cells were treated
with DMSO or different concentrations of GSK-J4 for 48
hours and were then subjected to flow cytometry and
Western blotting. The results are shown in Figure 2. The
percentage of retinoblastoma cells in the G2/M phase grad-

FIGURE 1. Treatment with GSK-J4 reduced the proliferation of retinoblastoma cells. (A–D) Cell viability of Y79 and WERI-Rb1 cells treated
with DMSO or GSK-J4 for 24 to 72 hours assessed by the CCK-8 assay. (E–G) Flow cytometric analysis of EdU incorporation in Y79 cells
and WERI-Rb1 cells treated with DMSO or GSK-J4 for 72 hours. The data were analyzed using FlowJo and GraphPad Prism. (H, I) Colony
numbers from the soft agar colony formation assay on Y79 and WERI-Rb1 cells treated with DMSO or GSK-J4 for 2 weeks (*P < 0.05,
**P < 0.01, ***P < 0.001).
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FIGURE 2. GSK-J4 induced cell cycle arrest at the G2/M phase in retinoblastoma cells. (A, B, E) Flow cytometric analysis of the cell
cycle in Y79 and WERI-Rb1 cells treated with DMSO or GSK-J4 for 48 hours. The data were analyzed using FlowJo and GraphPad Prism.
(C, D, F, G) The expression of G2/M checkpoint proteins (phospho-cdc2 and Cyclin B1) examined by Western blotting after DMSO or GSK-J4
treatment for 48 hours in Y79 and WERI-Rb1 cells. The protein densities were analyzed with ImageJ (*P < 0.05, **P < 0.01, ***P < 0.001).

ually increased as the GSK-J4 dose increased, and the
percentage of cells in the G1 phase decreased accordingly
(see Figs. 2A, 2B, 2E). Thus, GSK-J4 caused cell cycle arrest
in the G2/M phase in retinoblastoma cells. Moreover, the
expression levels of G2/M checkpoint proteins (phospho-
cdc2 and Cyclin B1) were obviously decreased after GSK-J4
treatment (Figs. 2C, 2D, 2F, 2G), further confirming that GSK-
J4 arrested the cell cycle at the G2/M phase in retinoblastoma
cells. Altogether, the results indicate that GSK-J4 suppressed

retinoblastoma cell growth partly through G2/M cycle
arrest.

GSK-J4 Promoted the Apoptosis of
Retinoblastoma Cells

To further explore the mechanism by which GSK-J4 reduces
the viability of retinoblastoma cells, the cell apoptosis was
examined by flow cytometry following DMSO or GSK-J4
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FIGURE 3. The apoptosis of retinoblastoma cells was promoted by GSK-J4. (A, B, E) Flow cytometric analysis of apoptosis in Y79 and
WERI-Rb1 cells treated with DMSO or GSK-J4 for 48 hours. The data were analyzed using FlowJo and GraphPad Prism. (C, D, F, G) Western
blot analysis of apoptosis-related protein (cleaved PARP and cleaved caspase-9) expression in retinoblastoma cells treated with DMSO or
GSK-J4 for 48 hours (*P < 0.05, **P < 0.01, ***P < 0.001).

treatment for 48 hours. Compared with DMSO treatment,
GSK-J4 treatment significantly increased the proportion of
apoptotic cells (Figs. 3A, 3B, 3E). Moreover, apoptosis-
related protein expression in retinoblastoma cells treated
with DMSO or different concentrations of GSK-J4 for
48 hours was examined by Western blotting. As expected,

cleaved PARP and cleaved caspase-9 expression was upreg-
ulated (Figs. 3C, 3D, 3F, 3G), indicating that apoptosis
was promoted, which was consistent with the flow cytom-
etry results. All of these results suggested that GSK-J4
promoted the apoptosis, thereby inhibiting the proliferation
of retinoblastoma cells.
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FIGURE 4. Differentially expressed genes (DEGs) in Y79 cells treated with 0.8 μM GSK-J4 for 48 hours. (A) The numbers of upregulated
and downregulated genes in GSK-J4-treated Y79 cells compared to DMSO-treated cells. (B) A volcano plot showing the DEGs identified
from the RNA-seq analysis of Y79 cells treated with DMSO or GSK-J4. (C) Heatmap showing the expression levels of the DEGs described in
(A). (D, E, F) Results of KEGG, GSEA (FDR ≤ 0.25 was considered as statistically significant. NES, normalized enrichment score) and
GO analysis of the DEGs described in (A). (G) RT–qPCR analysis of four upregulated genes (NSG1, TRIB3, SRGN, and NFKBIA) and two
downregulated genes (HMGB3 and PGK1) (**P < 0.01, ***P < 0.001).

Gene Expression Changes Induced by GSK-J4

To evaluate the global transcriptional changes associated
with GSK-J4 exposure and further explore the molecu-
lar mechanism underlying GSK-J4-induced tumor suppres-
sion, Y79 cells were treated with 0.8 μM GSK-J4 for 48
hours and then subjected to RNA-seq. Transcriptome analy-
sis results showed that GSK-J4 treatment upregulated 1483
genes and downregulated 1501 genes (Log2 fold-change
≥ 1 and Q values < 0.01; Figs. 4A–4C). KEGG pathway
analysis revealed that the DEGs were mostly enriched in
cancer-related pathways, such as the NF-kappa B (NF-
κB) signaling pathway, cell growth and death, replica-
tion and repair, and energy metabolism (Fig. 4D). This
result was further supported by GSEA and GO analysis
(Figs. 4E, 4F). RT–qPCR was performed to confirm four
upregulated genes (NSG1, TRIB3, SRGN, and NFKBIA)
and two downregulated genes (HMGB3 and PGK1), and

the results were consistent with the RNA-seq results
(Fig. 4G).

GSK-J4 Suppressed the PI3K/AKT/NF-κB
Signaling Pathway in Retinoblastoma Cells

Based on the results of RNA-seq analysis, the PI3K/AKT/
NF-κB signaling pathway, which plays an important role
in the occurrence and development of cancer, was investi-
gated to better understand the mechanism by which GSK-J4
exert an antitumor effect on retinoblastoma cells. A Western
blot analysis was performed to evaluate the expression of
PI3K/AKT/NF-κB signaling pathway markers after treating
retinoblastoma cells with different concentrations of GSK-
J4 for 48 hours. As shown in Figures 5A–5C, with increas-
ing GSK-J4 concentration, the protein levels of phospho-
PI3K, phospho-AKT, and phospho-NF-κB in retinoblas-
toma cells were concomitantly decreased, meaning that
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FIGURE 5. GSK-J4 inhibited the PI3K/AKT/NF-κB signaling path-
way in retinoblastoma cells. (A) Western blot analysis of
PI3K/AKT/NF-κB signaling pathway-related protein expression in
Y79 and WERI-Rb1 cells treated with DMSO or GSK-J4 for 48 hours.
(B, C) Density analysis of proteins in (A) (*P < 0.05, **P < 0.01,
***P < 0.001).

the PI3K/AKT/NF-κB signaling pathway was suppressed by
GSK-J4. Collectively, these results suggested that GSK-J4
might exert its antitumor effects on retinoblastoma cells by
regulating the PI3K/AKT/NF-κB signaling pathway.

GSK-J4 Decelerated Tumor Growth in Orthotopic
Xenografts of Retinoblastoma

To confirm the effect of GSK-J4 on tumor growth in vivo, an
orthotopic xenograft model was established using Y79 cells
(Figs. 6A, 6B). Three days after transplantation, tumor estab-
lishment in the xenografted mice was examined through reti-
nal imaging (Fig. 6C). Only the mice with detectable tumors
were included in the study. The untreated xenografts devel-
oped conspicuous tumors over 2 to 3 weeks after transplan-
tation, as shown in Figure 6D. The tumor-burdened eyes
after 10 consecutive days of treatment were collected and
sliced, followed by H&E staining to analyze the average
tumor areas. As shown in Figures 6E and 6F, the average

xenograft tumor areas in the GSK-J4 group were significantly
smaller than those in the DMSO group,whereas there was no
obvious difference in the average body weight of nude mice
between the DMSO and GSK-J4 groups during the treatment
period (Fig. 6H). Moreover, the expression of Ki-67, which
was determined by immunohistochemistry, in the GSK-J4
group was downregulated compared to that in the DMSO
group (Fig. 6G). These findings demonstrated that GSK-J4
significantly suppressed retinoblastoma growth in vivo with-
out being particularly toxic to mice at the curative dose.

DISCUSSION

Histone modification plays important and specific roles in
cancer development and may provide a new direction for
cancer treatment.40 H3K27me3, the trimethylation of H3
on lysine 27, is one such modification and is controlled
by histone methyltransferases (PRC2) and demethylases
(KDM6A/B). It has been reported that the dysregulation
of H3K27me3 (whether methylated or demethylated) is
closely associated with cancer development and progres-
sion,41 thus strategies that keep the H3K27me3 level balance
may be a novel strategy for cancer treatment. GSK-J4, a selec-
tive inhibitor of KDM6A/B, which are usually aberrantly
expressed in cancers, has been found to have significant anti-
tumor efficacy in several cancers.26,30,42,43 However, the roles
of GSK-J4 in retinoblastoma remain unclear. In the present
study, we performed CCK-8, EdU incorporation and colony
formation assays and found that GSK-J4 obviously inhibited
the proliferation of retinoblastoma cells in a concentration-
and time-dependent manner. Similarly, tumor growth in the
orthotopic xenograft model was also limited after GSK-J4
treatment without affecting the body weight of the animals.
This finding supports the potential of GSK-J4 as a novel regi-
men for the treatment of retinoblastoma.

In our orthotopic xenograft experiment, 2 × 105 numbers
of Y79 cells were used for intra-vitreous injection, as refer-
enced in the studies by Mao Y. et al.38 and Kim J. K. et al.,39

where our experimental technique conditions and design
were similar with theirs. However, we observed that the
tumors were formed on the third day after injection, which
differed from the results of Kim J. K. et al. and Mao Y.
et al. This discrepancy may be attributed to differences in
cell culture conditions, the derivation and age of mice, and
variations in the injection operation technicians. Therefore,
we made an adjustment to the experimental protocol, initi-
ating tumor detection and treatment at the early stage. It
allowed to short the entire experimental period, prevent-
ing the excessive tumor burden that causes unnecessary
suffering and negative impacts on the mice. In addition,
due to limitations in experimental technology, we did not
have access to accurate monitoring of tumor progression
in vivo using techniques such as bioluminescence moni-
toring with the In Vivo Imaging System (IVIS).44,45 Conse-
quently, we had to rely on postmortem histopathology to
evaluate tumor progression, which may not be the most opti-
mal approach. Specifically, tumor burden per mouse was
calculated by taking the average tumor area per section
from the H&E staining sections representing different levels
of the whole eyeball. However, it is important to note
that this method may have certain limitations in terms of
accuracy.

As a potential anticancer agent, GSK-J4 has been reported
to significantly affect cell growth by influencing the cell
cycle.46 Notably, in different types of cancer (even within
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FIGURE 6. The antitumor efficacy of GSK-J4 in the Y79 orthotopic xenograft model. (A, B) Schematic of the orthotopic xenograft study.
(C) Retinal imaging conducted on day 3 after the transplantation of Y79 cells to examine tumor formation. Xenografted eyes displayed
cloud-like tumors, outlined by dotted lines, whereas uninjected eyes showed a clear retinal view. ON, optic nerve. (D) Conspicuous tumors
in xenografted eyes indicated by an arrowhead. (E) Hematoxylin and eosin staining of tumor-burdened eyes from the DMSO group and
the GSK-J4 group. Scale bars = 500 μm and 50 μm, respectively. AC, anterior chamber; L, lens; ON, optic nerve. (F) Plot of tumor areas in
the DMSO group and the GSK-J4 group. Data points on the plot represent the average tumor area per mouse. (G) Immunohistochemical
staining for Ki-67 in xenograft tumor sections from the DMSO group and the GSK-J4 group. Scale bars = 200 μm and 50 μm, respectively.
(H) Body weight of the mice during treatment (*P < 0.05).

different cell lines of the same cancer), the cell cycle phases
arrested by GSK-J4 vary. In acute myeloid leukemia, GSK-J4
significantly arrested the cell cycle at the G0/G1 phase in the
Kasumi-1 cell line, whereas it arrested the cell cycle at the S
phase in the KG-1a cell line.30,43 In KRAS-mutant anaplastic
thyroid cancer, GSK-J4 treatment resulted in the blocking of
Cal-62 cells at the G2/M and S phases.33 In prostate cancer,
GSK-J4 arrested both PC3 and C42B cells at the sub-G0-G1
phase.47 In the present study, the cell cycle of retinoblas-
toma cells (both Y79 and WERI-Rb1) treated with GSK-J4

was significantly arrested at the G2/M phase, inhibiting cell
entry into mitosis, which prevented cell growth. This finding
was further supported by the downregulation of Cyclin B1
and the suppression of cdc2 phosphorylation (the critical
components of the G2/M checkpoint).48 Previous research
noted that cell cycle arrest always emerges along with
cell apoptosis in cancer therapeutic strategies.49–51 Accord-
ingly, GSK-J4 has been reported to induce cell apoptosis in
multiple cancers, partially through the activation of cleaved
caspase-3, cleaved caspase-9, and cleaved PARP (the action-
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ers of programmed cell death52,53).31,34,36,43,47,54 As expected,
retinoblastoma cell apoptosis was triggered by GSK-J4 in a
concentration-dependent manner. Moreover, caspase-9 and
PARP, the critical participants in the process of apoptosis
as previously mentioned,52,53 were proteolytically activated.
These results were consistent with previous findings. Alto-
gether, these data suggested that GSK-J4 reduced the prolif-
eration of retinoblastoma cells via cell cycle arrest and apop-
tosis promotion.

Several mechanisms of the antiproliferative effects of
GSK-J4 have been elucidated in other cancers, including the
inhibition of the PKC-a/p-Bcl2 pathway and the suppression
of epithelial-mesenchymal transition (EMT) induced by TGF-
β.43,55 In our study, KEGG pathway enrichment analysis and
Western blot analysis results revealed that the activation of
the NF-κB signaling pathway was inhibited by GSK-J4 in
retinoblastoma. Furthermore, PI3K/AKT signaling, a major
upstream element of the NF-κB signaling pathway,56,57 was
also suppressed under GSK-J4 treatment. GSK-J4 may exert
its antitumor effect on retinoblastoma cells, at least partially,
via the PI3K/AKT/NF-κB signaling pathway. It offers new
insight into the understanding of the antitumor mechanism
of GSK-J4.

Our results, coupled with previous research findings,
suggested that GSK-J4 effectively inhibits cancer growth
and progression both in vitro and in vivo.46 In addition, in
vivo studies also showed the suitable tolerance of GSK-J4
in mice.26,29,30 Moreover, some studies have indicated that
GSK-J4 could enhance the effectiveness of known anticancer
drugs when used in combination.33,43,58 Although promis-
ing, these results are still preliminary, and further investi-
gations involving more extensive research and clinical trials
will be considered soon, similar to other strategies target-
ing the regulation of H3K27me3, such as PRC2 inhibitors,
which have been well studied and entered multiple clinical
trials.22–25

In conclusion, our findings showed that GSK-J4 effec-
tively reduced retinoblastoma cell growth, which was prob-
ably mediated by the inhibition of the PI3K/AKT/NF-
κB signaling pathway. Moreover, GSK-J4 may serve as a
potential chemotherapeutic strategy for the treatment of
retinoblastoma in the future.
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