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Methods
Cell Culture: Glioblastoma (GBM10) cells are a patient-derived cell line gifted by Dr. Jann N. Sarkaria, M.D. from Mayo Clinic, 

and they are MGMT positive. Cells were grown in DMEM + 10% FBS and cultured at 37 degrees Celcius and 5% CO2.

Cell Proliferation: GBM10 cell lines were seeded in 96-well plates at 10,000 cells per well. They were treated with EPZ-6438 or 

GSK-J4 either singly at 2 µM, 4 µM, 6 µM, 8 µM, or 10 µM concentrations, or they were treated with varying concentrations of 

EPZ-6438 (2 µM, 4 µM, 6 µM, 8 µM, or 10 µM) and 6 µM GSK-J4, or varying concentrations of GSK-J4 (2 µM, 4 µM, 6 µM, 8 µM, 

or 10 µM) and 6 µM EPZ-6438. The non-irradiated plates were counted 24-, 48-, or 72- hours after treatment. Irradiated plates 

were pre-treated with the above concentrations for three days and irradiated at 4Gy for 3.8 minutes per plate. Cells were counted 

24-, 48-, and 72- hours after radiation. Each count was conducted twice.

Western Blot: GBM10 cell lines were seeded at 1,000,000 cells per 10-cm dishes. Two dishes were treated with 6 µM EPZ-6438, 

two dishes were treated with µM GSK-J4, and two dishes were treated with combination 6 µM EPZ-6438 and 6 µM GSK-J4. 

Non-irradiated plates were treated for a total of six days. Irradiated plates were pre-treated for three days, irradiated at 4Gy for 

3.8 minutes per dish, and then harvested three days later. Cells were washed three times with PBS buffer and homogenized in 

RIPA buffer with a Complete Protease Inhibitor Cocktail tablet (Roche) and 100 µL Phosphatase Inhibitor Cocktail (Sigma). 

Protein lysate concentrations were quantitated with BioRad DC Protein Assay. 30 µg of each protein sample was loaded onto 4-

20% acrylamide SDS-PAGE gel and ran at 85V for 120 minutes. Proteins were transferred to a PVDF membrane and probed 

overnight with the following primary antibodies: y-H2AX (1:1000, Abcam, Shanghai, China), H3, ySTAT3 (1:2000, Cell Signaling 

Technology, Cell Signaling Technology, Danvers, MA), H3K27me3 (1:500, Cell Signaling Technology), p53 , EZH2 , JMJD3, y-

STAT3, and STAT3 (1:1000, Cell Signaling Technology). Membranes were then incubated at room temperature for 1 hour with 

goat anti-rabbit antibody (1:4000 Cell Signaling Technology) and goat anti-mouse antibody (1:4000 Promega, Madison, WI). 

Membranes were imaged with SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher, Waltham, MA) and a Biorad

Chemiluminescence Imager.

Abstract

Glioblastoma (GBM) is a deadly primary brain cancer that affects 12,000 patients in the US annually with a median survival time 

of 15 months. Temozolomide is the standard-of-care chemotherapy for GBM; however, many tumors are resistant, necessitating 

the expansion of therapeutic options. EZH2 and JMJD3 are two proteins responsible for epigenetic regulation of the genome via

histone methylation, with EZH2 also affecting non-histone targets. Prior studies showed that inhibition of these proteins 

decreased cell counts and induced radiosensitivity in GBM cells. Thus, we investigated combined use of EZH2 inhibitor, EPZ-

6438, and JMJD3 inhibitor, GSK-J4, in the treatment of temozolomide-resistant GBM10 cells. Non-irradiated cells were treated 

with both drugs singly and combined, and counted at 24-, 48-, and 72-hour intervals. Irradiated cells were pre-treated with each

drug and combination therapy for three days, irradiated, and then counted at 24-, 48-, and 72-hour intervals. Western blot was 

used to investigate dsDNA damage biomarker y-H2AX, gene-silencing modification H3K27me3, tumor suppressor p53, EZH2, 

and JMJD3 expression in non-irradiated and irradiated cells following drug treatment. Single EPZ-6438 and GSK-J4 treatments 

reduced cell counts with increasing concentration and time. GSK-J4 appears to reduce cell counts more than EPZ-6438 alone, 

and combinatorial use reduces this further. Western blot reveals increased H3K27me3 expression with GSK-J4 treatment 

following radiation, but not with EPZ-6438. y-H2AX expression is increased after EPZ-6438 treatment but is not further increased

with radiation. Meanwhile, GSK-J4 increased y-H2AX, but only after irradiation. Reduced cell counts following treatment with 

GSK-J4 may be due to its effects on gene silencing from inhibition of H3K27 demethylation. Additionally, increased dsDNA 

breaks seen in EPZ-6438 and GSK-J4 supports their roles in radiosensitizing GBM cells. This study highlights the importance of 

further investigation into GSK-J4 and EPZ-6438 combination therapy in temozolomide-resistant GBM tumors.

Discussion
TMZ treatment for GBM has yielded mixed effects, primarily due to the heterogeneity of these tumors. This has warranted further 

exploration of different treatment modalities in order to curb the dismal progression of GBM. Recently, there has been increasing 

focus on the epigenome of these tumors and potential targets for treatment. In this study, we trialed the use of GSK-J4 and EPZ-

6438, a JMJD3 and EZH2 inhibitor, respectively. Our treatments decreased cell counts; however, further mechanistic insight is

needed.

Effects of treatment on cell count can be seen in Figure 3. Combination therapy was more effective than single treatment with

either drug. Cell counts in the non-irradiated group 24-hours after treatment were elevated. This is likely due to the drug having 

delayed effects on cell proliferation and survival, as 48-hours after treatment, all drugs were shown to reduce cell counts. Further, 

combination therapy appeared to increase radiosensitivity. These effects increased in a dose- and time-dependent manner. EPZ-

6438 single-drug treatment also seemed to increase radiosensitivity, but not to the extent of the other treatments. EPZ-6438 and

other EZH2 inhibitors have demonstrated mixed effects in GBM and other gliomas.

This could be due to the involvement of EZH2 in a wide array of biological mechanisms. In contrast, GSK-J4 has exhibited 

effectiveness in many cell lines, increasing its potential as a GBM treatment. These results highlight that targeting oncogenic 

H3K27 hypomethylation may indeed have cytotoxic effects, the extent of which needs to be further investigated in the GBM10 

cell line.

Western blot was used to analyze the effects of EPZ-6438 and GSK-J4 on protein expression in irradiated and non-irradiated cell 

populations treated with single and combination therapies (Figure 4). JMJD3 expression was reduced in irradiated cells. Given

JMJD3 decreases H3K27me3, this under-expression may serve a preventative function, decreasing chromatin accessibility such 

that damaged DNA would not be replicated. To this end, previous studies have noted increased H3K27 methylation near DNA 

lesions caused by radiation and oxidative stress. EZH2 maintained expression across all treatment modalities; however, a 

decrease of EZH2 expression was observed in the non-irradiated cells following treatment with GSK-J4 singly and in 

combination. This suggests that inhibiting JMJD3 decreases cellular dependency on EZH2, as each results in H3K27 

hypomethylation. Interestingly, total STAT3 and y-STAT3 expression was also decreased following GSK-J4 treatment in non-

irradiated cells, which could be tied to the decrease in EZH2, as STAT3 activity is known to be at least partially EZH2-dependent 

(Figure 2). Another possibility is that the polycomb repressive complex 2 (PRC2; the chromatin modifying protein in which EZH2 

is a component of) might be involved in the STAT3 pathway, and a reduction in EZH2 could affect the formation of this complex. 

Nonetheless, a decrease in STAT3 may partially explain why GSK-J4 single treatment was more effective at lowering cell count 

when compared to EPZ-6438. Total H3 was reduced in the non-irradiated GSK-J4 single and GSK-J4/EPZ-6438 combination 

treatment, and it was highly expressed in the irradiated groups. This was an unsuspected finding, as total H3 content was 

expected to be relatively constant for each treatment group. Given that p53 and vinculin were consistent in each well, this 

suggests the existence of an unknown mechanism which requires further investigation. Single treatment EPZ-6438 decreased 

expression of H3K27me3, which is in accordance with EPZ-6438 as an inhibitor of EZH2, thereby preventing methylation of 

H3K27. It is advisable to mitigate this result in the management of GBM, as an increase in H3K27me3 is associated with 

increased radiosensitivity. With y-H2AX being a marker for double-stranded (ds) DNA breaks, we would expect to see an 

increase after irradiation; yet this was not observed in the control. This may indicate that GBM10 cells are more resistant to 

radiation than other gliomas, but more research is needed. Importantly, GSK-J4 appears to induce radiosensitivity in GBM10 

cells, as y-H2AX increased substantially following radiation treatment, supporting an increase in DNA damage. Although further 

work is needed, a potential explanation is that JMJD3 inhibition-mediated increases in H3K27me3 causes the formation of 

heterochromatin, leading to a decrease in gene expression. Specifically, it may cause a decrease in DNA repair genes, 

potentiating the radiation damage. EPZ-6438 treatment increased expression of y-H2AX without radiation, but a further increase 

was not observed after irradiating the cells. Contrary to the mechanism that was described for GSK-J4-induced radiosensitivity, 

EPZ-6438 treatment may result in increased gene expression, possibly of DNA repair genes, in response to harmful stimuli, like 

radiation. The increase seen in the non-irradiated group may be due to EZH2 inhibition of PCNA dimethylation. Given that PCNA 

mediates both DNA replication and repair, this may induce dsDNA breaks independent of radiation

Together, our results show that EPZ-6438/GSK-J4 combination therapy is effective in decreasing cell counts and inducing 

radiosensitivity. Exact mechanisms of both processes need to be investigated; however, these results are positive and support

continued research into this treatment. A limitation of the current study is a need for further replicates of the present experiments, 

which are warranted based on these preliminary data and could address issues with protein loading and normalization preceding

Western blot using techniques such as Total Protein Quantification. Future work should include RNAseq to provide insight into 

transcript expression changes following treatment, as well as expanding this treatment regimen to other GBM cell lines to see its 

utility in tumors with similar expression profiles to GBM10. Finally, as noted, EZH2 is part of the PRC2 complex. PRC2  also 

includes the proteins SUZ12 and EED. Both SUZ12 and EED deserve closer examination in the context of GBM and EPZ-

6438/GSK-J4 treatment, as they may be involved in some of the unknown mechanisms discussed earlier.

The current standard-of-care for GBM includes maximal surgical resection of the tumor followed by radiation and temozolomide 

(TMZ) and then six cycles of adjuvant TMZ. Many chemotherapeutics have been trialed, but none have been as effective as 

TMZ. However, even this effect is minimal, increasing median overall survival from 7.7-17.1 months to 13.4-19.0 months. TMZ is 

an alkylating agent that imposes its cytotoxic effect by transferring a methyl group to DNA. In turn, this causes base pair 

mismatching to occur and leads to apoptosis. Unfortunately, nearly half of GBM tumors harbor an unmethylated MGMT promoter, 

which allows the cells to remove the methyl group, repairing the DNA. TMZ-resistance has pushed many researchers to pursue 

alternative pathways in treating GBM. One potential route that has been explored is targeting the epigenome, as aberrant 

epigenetic mechanisms are often be observed in cancer. Epigenetics mediates gene expression via DNA and histone 

modifications, which includes acetylation, phosphorylation, methylation, and other modifications.

Methylation of histones often silences genes; however, for certain histones, methylation results in activation. Over the past ten 

years, histone methylation patterns have been increasingly studied, with histone 3 (H3) being identified as a key regulator of 

tumorigenesis. More specifically, the methylation pattern on lysine 27 (K27) of H3 has been implicated in several cancers, 

including GBM and other gliomas. Two proteins, EZH2 and JMJD3, have been found to be responsible for regulating methylation 

on H3K27. They work in opposition, with EZH2 suppressing genes by adding methyl groups, and JMJD3 activating genes by 

removing them. In healthy cells, these proteins allow the cell to control cellular replication, metabolism, repair, and apoptosis. 

However, improper expression of either protein can lead to tumorigenesis and metastasis.

Besides methylating H3K27, EZH2 also targets other non-histone proteins to methylate, resulting in additional activation of genes 

and other downstream effects. One of these proteins is STAT3, a transcription factor that is found in every cell and has been

implicated in regulating oncogenes in various cancers throughout the body. In the brain, it has been discovered that two factors

are required for neural stem cells to properly differentiate into mature astrocytes: LIFRβ and STAT3. Yet, STAT3 has also been 

found to induce self-renewal capacity of neural progenitor cells, allowing it to take on an oncogenic effect. EZH2 methylation of 

STAT3 stabilizes activation of the transcription factor, encouraging DNA binding and gene expression. In fact, genes that are

downstream from STAT3 have been observed as being highly expressed in certain GBM subtypes. EZH2 also activates another 

protein, PCNA, which mediates DNA polymerase binding. Methylation of each PCNA component stabilizes the formation of the 

PCNA trimer complex, facilitating DNA replication. If EZH2 is overexpressed, this allows for more activation of the PCNA 

complex. Altogether, EZH2 overexpression drives proliferative and metastatic associated gene expression, as well as promotes 

DNA replication, leading to tumorigenesis.

Both EZH2 and JMJD3 have been found to be overexpressed in GBM, presenting unique targets for therapy. Treatment with 

EPZ-6438, an EZH2 inhibitor, decreases proliferation of glioma cells. Similarly, GSK-J4, a JMJD3 inhibitor, increases H3K27me3 

and inhibits proliferation across several GBM cell lines. To date, there has not been a study investigating the efficacy of combined 

EPZ-6438 and GSK-J4 treatment in GBM cells. Although single EZH2 treatment could lead to decreased levels of H3K27me3, 

we predict that using JMJD3 in combination will negate this effect. The goal of this treatment is therefore to preserve H3K27me3

patterns while also inhibiting STAT3 and PCNA methylation. We predict that the effects will suppress gene expression global 

while also inhibiting PCNA and STAT3 pathways that lead to tumorigenesis, resulting in reduced cell proliferation. Furthermore, 

inhibition of the PCNA pathway may induce radiosensitivity due to inhibition of DNA replication. Together, these effects may be 

synergistic in treating GBM, especially in the context of TMZ-resistant tumors.
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Figure 1: Diagram of JMJD3 and EZH2 epigenetic control over histone H3 

methylation. JMJD3 demethylates and EZH2 methylates the K27 on histone H3. The 

modification causes gene suppression and activation, respectively. EPZ-6438 is an 

inhibitor of EZH2, while GSK-J4 is an inhibitor of JMJD3

Figure 2: Diagram of non-histone targets of EZH2. (A) EZH2 is responsible for 

methylating K49 of STAT3. This modification is currently thought to stabilize its active 

state, allowing for increased tyrosine phosphorylation of STAT3. (B) PCNA requires 

methylation of its K110 in order to stabilize formation of its homotrimer. The formation 

of this complex allows DNA polymerase to join and for DNA replication to occur.
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Conclusions
• EPZ-6438/GSK-J4 combination therapy decreases cell counts more than single drug therapy.

• GSK-J4 induces radiosensitivity through a mechanism that requires elucidation.

• EPZ-6438 induces dsDNA breaks, likely through disruption of the interaction between EZH2 and PCNA.

• EPZ-6438/GSK-J4 combination therapy must be investigated in additional TMZ-resistant GBM cell lines for confirmation of 

effect.

• Future efforts include analysis of gene expression and investigation of other PRC2 components following EPZ-6438 and 

GSK-J4 combination therapy .
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Figure 4: Western blot examining expression of y-H2AX, H3K27me3, total H3, y-STAT3, total STAT3, p53, EZH2, and 

JMJD3 in GBM. (C) Control, radiation-; (E) 6µM EPZ-6438, radiation-; (G) 6µM GSK-J4, radiation-; (E+G) 6µM EPZ-6438 and 

6µM GSK-J4, radiation-; (C+R) Control, radiation+; (E+R) 6µM EPZ-6438, radiation+; (G+R) 6µM GSK-J4, radiation+; (E+G+R) 

6µM EPZ-6438 and 6µM GSK-J4, radiation+.
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Figure 3: EZH2 and GSK combination therapy is more effective in decreasing cell proliferation compared to single drug 

treatment. Non-irradiated cells were treated with increasing concentrations of the different drugs singly and in combination for 

24- (A), 48- (B), and 72-hours (C). Irradiated cells were treated with increasing concentrations of the different drugs singly and in 

combination for 24- (D), 48- (E), and 72-hours (F). In combination therapies, one drug was held at a constant concentration of 6

µM, while the other was increased. Combination therapy also markedly decreases cell count when used as pretreatment before 

radiation.


