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Abstract

Glioblastoma (GBM) is the most aggressive malignant glioma and most lethal 

form of human brain cancer. GBM is also one of the most expensive and difficult 

cancers to treat by the surgical resection, local radiotherapy and temozolomide (TMZ) 

and still remains an incurable disease. Oncomine platform analysis and Gene 

Expression Profiling Interactive Analysis (GEPIA) show that the expression of 

transcription factor EB (TFEB) was significantly increased in GBMs and in GBM 

patients above stage IV. TFEB requires the oligomerization and localization to 

regulate transcription in the nucleus. Also, the expression and oligomerization of 

TFEB proteins contribute to the resistance of GBM cells to conventional 

chemotherapeutic agents such as TMZ. Thus, we investigated whether the 

combination of vorinostat and melatonin could overcome the effects of TFEB and 

induce apoptosis in GBM cells and glioma cancer stem cells (GSCs). The 

downregulation of TFEB and oligomerization by vorinostat and melatonin increased 

the expression of apoptosis-related genes and activated the apoptotic cell death 

process. Significantly, inhibition of TFEB expression dramatically decreased GSC 

tumor-sphere formation and size. The inhibitory effect of co-treatment resulted in 

decreased proliferation of GSCs, and induced the expression of cleaved-PARP and p-

γH2AX. Taken together, our results definitely demonstrate that TFEB expression 

contributes to enhanced resistance of GBMs to chemotherapy and that vorinostat and 

melatonin activated apoptosis signaling in GBM cells by inhibiting TFEB expression 

and oligomerization, suggesting that co-treatment of vorinostat and melatonin may be 

an effective therapeutic strategy for human brain cancers.

Key words: TFEB, Oligomerization, Localization, Glioblastoma, Vorinostat, Melatonin
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Introduction

Glioblastoma (GBM) is the most frequent and most lethal type of malignant 

human brain tumor1). Current treatment for GBM consists of chemotherapy with the 

oral alkylating agent temozolomide and the antiangiogenic agent bevacizumab, a 

humanized monoclonal antibody that binds to vascular endothelial growth factor 

(VEGF) with high affinity2),3). Treatment failure is frequent, however, and is likely 

due to the survival of refractory cancer cells, which have the stemness properties of 

GBM-derived tumor spheres or glioma cancer stem cells (GSCs). Most GBMs are 

characterized by gene alterations, which affect the genes that control tumorigenicity 

via a process of epigenetic modification. Chromatin alterations due to histone 

modifications have also been associated with the molecular pathology of GBM. 

According to the Cancer Genome Atlas research network, GBM recurrence is directly 

linked to epigenetic mechanisms for histone remodeling. Because these epigenetic 

changes have been associated with the enzyme histone deacetylase (HDAC), HDAC 

inhibitors have been developed for clinical trials in patients with GBM4),5).

Preclinical studies have shown that HDAC inhibitors, such as vorinostat, 

panobinostat, and romidepsin, act as radiosensitizers in brain cancer patients, including 

those with GBM. These findings suggested that HDAC inhibitors may also act as a 

chemosensitizer in GBMs. Because vorinostat monotherapy is insufficient to cure 

GBMs, clinical trials are testing combinations of vorinostat with other drugs. A 

clinical trial of another HDAC inhibitor, panobinostat, was terminated, whereas 

romidepsin was the second HDAC inhibitor approved by the U.S. Food and Drug 

Administration (FDA) for the treatment of patients with refractory cutaneous T-cell 

lymphoma (CTCL) and peripheral T-cell lymphoma (PTCL). Moreover, romidepsin 

was found to induce apoptosis in GBM cells6),7).

Melatonin is an antioxidant produced in various organs, including the pineal gland, 

peripheral reproductive tissues, placenta, and ovaries. Melatonin was found to have 

synergistic apoptotic effects, suggesting that it may be a potential adjuvant in 

chemotherapy due to its synergistic apoptotic effects8-18). Moreover, melatonin was 
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observed to synergize with chemotherapeutic drugs in human Ewing sarcoma cells 

and with HDAC inhibition to induce apoptotic cell death. These findings strongly 

suggested that melatonin and a HDAC inhibitor might have synergistic therapeutic 

effects in GBMs and GSCs16),19).

GBM cells have been reported to be resistant to apoptosis during chemotherapy of 

GBM patients. Efforts to identify tumor resistance-related genes in GBM have 

suggested the involvement of transcription factor EB (TFEB), a master regulator of 

autophagy that contains helix-loop-helix (HLH) and leucine zipper (LZ) domains. 

Structural analysis has shown that TFEB undergoes oligomerization, forming tetramers 

in the presence of DNA and dimers in its absence20). Although misfolded proteins 

have normal catalytic domains, their activity may be lost. TFEB affects the 

degradation of misfolded proteins for proteostasis via trafficking21) and, following 

translocation to the nucleus, transcriptionally regulates most lysosomal genes. TFEB 

overexpression also induces lysosomal biogenesis and degradation via autophagy. For 

example, TFEB overexpression induces the degradation of glycosaminoglycans and 

pathogenic proteins that cause neurodegenerative diseases22). Moreover, transcriptome 

analysis showed an association between TFEB and drug resistance of ovarian 

cancers23),24). TFEB has been reported to be activated in renal cell carcinoma and 

non-small cell lung cancer (NSCLC), and to cause renal cell carcinoma via single 

point mutations. Moreover, increased expression of TFEB was associated with poor 

prognosis in patients with NSCLC. These findings suggested that TFEB may also be 

overexpressed and oligomerized in GBMs25-27).

As with most cancers, the prevention of recurrence is important in the treatment 

of GBMs. GSCs, which possess some of the properties of tumor cells, were recently 

shown to be important for GBM recurrence. Using current therapies, it is very 

difficult to eliminate GSC subpopulations, including in GBMs28-31). Vorinostat and 

melatonin may inhibit the proliferation of GSCs by inhibiting the expression and 

oligomerization of TFEB. Recently, melatonin was reported to reduce the 

tumorigenicity of GSCs by blocking the AKT-EZH2-STAT3 signaling axis. In 

addition, melatonin-induced ABCG2/BCRP promoter methylation reduced multidrug 
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resistance in brain tumor stem cells, and melatonin overcame clofarabine resistance in 

leukemic cell lines32-35).

This study found that TFEB is overexpressed and oligomerized in GBMs and 

GSCs, enhancing their tumorigenicity and proliferation. TFEB oligomerization reduced 

apoptotic cell death induced by cancer therapeutic agents. Co-treatment with 

vorinostat and melatonin inhibited the expression and oligomerization of TFEB. 

Therefore, the goals of this study were to investigate the effects of co-treatment with 

vorinostat and melatonin on cell apoptosis, and to describe a mechanism that 

regulates TFEB in heterogeneous and malignant GBMs and GSCs.
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Material and Method

1. Gene cloning and mapping

The original TFEB clone (hMU004799) was provided from Korea Human Gene 

Bank,   Medical Genomics Research center, KRIBB, Korea. Constructs HA tagged 

TFEB, mapping constructs were subcloned into the eukaryotic expression vector, 

pSG5, by using EcoRI(R0101S, NEB) and BamHI(R0136S, NEB). Amino acid 

substitutions in TFEB were made using the Takara LA taq (RR002A) via PCR. Their 

sequences were 5’-CGCGAATTCATGGCGTCACGCATAGGG-3’(Full Forward), 

5’-CGCGGATCCTCACAGCACATCGCCCTC-3’(Full Reverse), 5’-CAACAGTGCTC 

CCAATGCCCCCATGGCCATGCTG-3’(Serine 142 point mutation to Alanine), 

5’-TGTCATGCATTACATGCTCGGAGGGCCGCCCA-3’(Poly Q deletion), 

5’-CGCGAATTCACCCCGGCCATCAATACC-3’(50~476 Amino Acids Forward), 

5’-CGCGAATTCGTCACAGCCTCCCTGGT-3’(200~476 Amino Acids Forward), 

5’-CGCGAATTCAGCTCCTGCCCTGCGG-3’(210~476 Amino Acids Forward), 

5’-CGCGAATTCCGAGAGCTCACAGATGCTG-3’(220~476 Amino Acids Forward), 

5’-CGCGAATTCCTGGCCAAGGAGCGGC-3’(230~476 Amino Acids Forward), 

5’-CGCGAATTCCACAACTTAATTGAAAGGAGAC-3’(240~476 Amino Acids 

Forward), 5’-CGCGAATTCAACATCAATGACCGCATCAAG-3’(250~476 Amino Acids 

Forward), 5’-CGCGAATTCATGCTGATCCCCAAGGCC-3’(260~476 Amino Acids 

Forward), 5’-CGCGAATTCGTGCGCTGGAACAAGGG-3’(270~476 Amino Acids 

Forward), 5’-CGCGAATTCGCCTCTGTGGATTACATCC-3’(280~476 Amino Acids 

Forward), 5’-CGCGAATTCAAGGACCTGCAAAAGTCCAG-3’(290~476 Amino Acids 

Forward), 5’-CGCGAATTCAACCACTCTCGCCGCCT-3’(300~476 Amino Acids 

Forward).
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2. Cells and reagents

Human 293T, A172, and U87MG cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM, Hyclone), supplemented with 10% fetal bovine serum 

(FBS, Hyclone) and 1% antibiotics (Hyclone) at 37⁰C under 5% CO2. These cells 

were seeded in 60 mm dishes at 60–70% confluence, with fresh medium added 2 h 

before transfection with 3 ug DNA, according to the manufacturer’s protocol for 

TransIT-2020 Transfection (Mirus Bio LLC). After incubation for 36 h, the cells 

were harvested. MES 267 and GSC23 cell lines, provided by The University of 

Texas M. D. Anderson Cancer Center, were cultured in GSC complete medium, 

consisting of DMEM/F12/Glutamax (Invitrogen) containing B27 supplements (Gibco), 

heparin (2.5 mg/ml), 20 ng/ml basic fibroblast growth factor (bFGF; Prospec), and 20 

ng/ml epidermal growth factor (EGF; Procpec). Growth factors (bFGF and EGF) 

were added twice a week. After incubation for 72 h, the cells were harvested. 

Vorinostat, temozolomide, and everolimus were purchased from Selleckchem, and 

melatonin was purchased from Sigma Aldrich.

3. Nuclear extract and Oligomerization

Cells were washed twice with PBS, trypsinized, and centrifuged at 3000 rpm for 

3 min at 4⁰C. After decanting the supernatant, the cells were resuspended in 1 ml 

Sol A buffer [10 mM Tris (pH 7.4), 10 mM KCl, 3 mM MgCl2, 0.5% NP-40, 

containing protease inhibitor cocktail], incubated for 20 min on ice, and centrifuged 

at 4000 rpm for 5 min at 4⁰C. The supernatant was transferred into another tube 

(cytosol proteins), and the pellet was resuspended in 200 µl Sol B buffer [20 mM 

Tris (pH 7.9), 0.42 M NaCl, 0.2 mM EDTA, 10% glycerol, 2 mM DTT, containing 

protease inhibitor cocktail] using five strokes of a syringe. The suspension was 

incubated for 20 min on ice and centrifuged at 13,000 rpm for 20 min, and the 

supernatant (nuclear extract protein) was transferred to another tube. For 

oligomerization, 50 µg proteins were prepared in RIPA buffer. Aggregation of the 

molecules was induced by the addition of 0.004% glutaraldehyde (Sigma Aldrich), 

with gentle stirring at 4 °C for 2 h. Dye was added, and the proteins were separated 
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by SDS-PAGE.

4. Immunoprecipitation and western blot analysis

Cell extracts were prepared using lysis buffer and incubated with 1 µg HA 

(MBL) or Flag (Sigma Aldrich) tagged antibody and 20 μL Protein A/G agarose 

beads (Santa Cruz) overnight at 4°C. Immunoprecipitated proteins were separated on 

8% SDS-PAGE gels and transferred to nitrocellulose membranes. The membranes 

were blocked by incubation for 2 h in 5% (w/v) non-fat Difco™ skim milk (BD) in 

blocking buffer (1X PBST), washed in 1X PBST, and incubated overnight at 4° C 

with primary antibody against HA (MBL), Flag (Sigma Aldrich), actin (Sigma 

Aldrich), tubulin (Calbiochem), TFEB (Bethyl), LC3B (Cell Signaling), or PARP 

(Cell Signaling). After washing with 1X PBST, the membranes were incubated for 2 

h with secondary HRP-conjugated antibody (Thermo Scientific; Marietta, OH, USA). 

5. OncomineTM platform analysis

The expression of TFEB gene in glioblastoma was analyzed and visualized using 

the OncomineTM Platform (Thermo Fisher, Ann Arbor, MI; http://www.oncomine.org). 

TFEB mRNA from clinical specimens of cancer patients was matched with normal 

patient datasets, consisting of more than 557 samples. Genes with a threshold p 

value < 0.0001, a 2-fold change, and ranking in the top 10% were selected because 

these values are analytical and statistically significant. Parameters evaluated included 

p-values, fold changes, and cancer subtypes.

6. Histone deacetylase (HDAC) activity

HDAC activity was measured using a commercially available kit (Biovision) 

according to the manufacturer’s instructions. Briefly, whole cell lysates were diluted 

to the same concentration in assay buffer before the addition of a fluorogenic 

substrate. The reaction mixtures were incubated for 30 min at 37°C. The reaction 

was halted by adding lysine developer and incubated for 30 min at 37°C. 

Fluorescence, as a measure of HDAC activity, was determined using a Tristar2 
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Multimode Reader (Berthold) with an excitation wavelength of 360 nm and an 

emission wavelength of 460 nm. In each experiment, triplicate samples of all 

conditions and treatments were analyzed.

7. Confocal microscopy

Cells grown on confocal dishes (SPL) were fixed in 4% paraformaldehyde for 10 

min, permeabilized with 0.3% Triton X-100 for 5 min, and blocked with 10% goat 

serum albumin for 1 h at room temperature. The cells were incubated overnight at 

4°C with anti-TFEB antibody (Bethyl), washed three times with PBS, and incubated 

for 45 min at room temperature with FITC-labeled goat anti-rabbit IgG (Santa Cruz) 

secondary antibody. Nuclei were labeled with DAPI (Sigma Aldrich), and the samples 

were examined by fluorescence microscopy (LSM710, Zeiss).

8. Proliferation assay

Cell proliferation was determined using the CyQuant Direct Cell Proliferation 

Assay Kit, following the manufacturer’s protocol (Life Technologies). Briefly, 

CyQUANT direct nucleic acid stain and CyQUANT® direct background suppressor I 

were mixed together, and the same volume was added to each aliquot of cells. The 

cells were incubated for 60 min at 37°C, and cell proliferation was determined using 

the Tristar2 Multimode Reader with excitation and emission wavelengths of 480 nm 

and 535 nm, respectively. In each experiment, triplicate samples of all conditions and 

treatments were analyzed.

9. Immunohistochemistry

TMAs were purchased from US Biomax, and mouse and rabbit specific HRP/DAB 

IHC detection kits were purchased from Abcam, with assays performed according to 

the manufacturer’s instructions. Briefly, TMAs were deparaffinized and treated with 

3% hydrogen peroxide to inactivate endogenous peroxidases. The TMAs were 

subsequently incubated with a protein block, followed by TFEB (Bethyl) or Ki67 

(Abcam), dilution 1:250, for 4 hours at 37°C. After washing, the TMAs were 



8

incubated with biotinylated secondary antibody, washed with buffer, and incubated 

with streptavidin-peroxidase conjugate. Results were visualized with 

3,3’-diaminobenzidine tetrahydrochloride (DAB), and images were analyzed using NIH 

ImageJ 1.45q software (National Institutes of Health) and a compatible specialized 

plug-in, IHC profiler. IHC profiler is a software module designed for the quantitative 

evaluation and automated scoring of digital immunohistochemistry images in imageJ.

10. Cell viability assay

Cell viability was determined by the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltertrazolium bromide) (Sigma Aldrich) assay. 

Briefly cells were seeded in 96-well plates at a density of 3 x 104 cells/well. 

Melatonin (Sigma Aldrich) Temozolomide (Selleckchem), SAHA (Selleckchem), or 

Everolimus (Selleckchem) was added, and the cells were incubated at 37˚C for 24 

h in a CO2 incubator. To each well was added a 20 μL aliquot of MTT reagent 

(Biovision), followed by incubation for 90 min at 37˚C in a CO2 incubator. The 

absorption of each well was measured at 490 nm with a microplate reader 

(Berthold). All MTT assay results were presented as the mean (±SD) of three 

independent experiments.

11. Detection of apoptosis

The extent of apoptosis was assessed using FITC Annexin V Apoptosis Detection 

Kits (Becton Dickinson), according to the manufacturer’s protocol. Briefly, cells were 

detached with trypsin (Hyclone), followed by FITC annexin V staining and analyzed 

using a FACScanto II cell cytometer (Becton Dickinson).

12. Animal studies

To examine the therapeutic efficacy, we used 6-8 weeks old female nude mice. 

The MES 267 cells were injected at a concentration of 1 X 105cells in 10 ul PBS 

into the right hemisphere. Melatonin (15 mg/kg/day), Vorinostat (25 mg/kg/day) and 

vehicle were injected intraperitoneally at 6 pm daily. All treatments continued for 
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100days. All procedures were performed in accordance with IACUC-approved animal 

protocol at the University of Ulsan College of Medicine (2017-13-029).

13. Statistical analysis

Statistical analyses were performed using Excel. Cell proliferation, MTT assay 

results, HDAC activity, quantification of FACS, and quantification of TFEBs in TMA 

were analyzed by unpaired Student’s t-tests, as appropriate.  The p value <0.05 was 

considered statistically significant.
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Result

1. TFEB expression is increased in glioblastoma patients.

Firstly, we analyzed TFEB gene expression in human GBMs using the Oncomine 

database36)(available at http://www.oncomine.org). TFEB gene expression was higher 

in GBM samples than in normal brain tissue samples (Fig. 1A and 1B), suggesting 

that TFEB enhances GBM tumor growth. Additionally, TFEB gene expression was 

validated using the GEPIA database (available at http://gepia.cancer-pku.cn/), and was 

observed to present a higher expression in 163 GBM tissues than in 207 normal 

tissues (Fig. 1C).  
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Figure 1. TFEB is expressed in aggressive glioblastoma patients.

(A) Box plots derived from gene expression data in Oncomine comparing 

expression of a specific TFEB gene in normal brain tissue (left plot) and 

glioblastoma (right plot). (B) TFEB gene expression levels in normal (left plot) and 

glioblastoma (right plot) evaluated with the Oncomine database. (C) Expression of 

TFEB gene was detected in 163 GBM tissues (T) and 207 normal tissues (N) from 

GEPIA. TFEB was overexpressed in GBM tissues than in normal tissues. Axis units 

are Log2 (TPM+1).
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2. Differences in expression levels of TFEB protein in cancer cells and normal cells 

via IHC.

IHC staining analysis of TFEB proteins in tissue microarrays (TMA) of human 

GBM and normal brain tissues showed that the level of TFEB protein expression 

was significantly higher in TMAs of patients with stages III and IV GBM than in 

TMAs of normal brain tissue, but did not differ significantly in TMAs of patients 

with early stage GBM and TMAs of normal brain tissues. The tumor proliferation 

marker Ki67 showed similar patterns (Fig. 2A and 2B). 
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Figure 2. Differences in expression levels of TFEB protein in cancer cells and 

normal cells via IHC.

(A, B) Immunohistochemical (IHC) analysis of tissue microarrays (TMAs) for 

human normal brain and glioblastoma tissue samples using anti-TFEB and Ki67 

antibodies. Data were analyzed using an IHC profiler. Each group consisted of 6 

samples and statistical processing was performed through excel. *P < 0.005. 
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3. Expression of TFEB protein in glioblastoma cell lines.

Immunoblotting assay with anti-TFEB antibody showed that TFEB was expressed 

and formed homo-oligomers in the human GBM cell lines, including A172, LN18, 

LN229, T98G, U87MG, U118, U343 and U373 cells, with the highest levels of 

expression observed in A172 and U87MG cells (Fig. 3). Moreover, the higher 

molecular weight bands observed in A172 and U87MG cells likely represent TFEB 

oligomers. These findings suggested that TFEB is highly expressed in aggressive 

GBMs.
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Figure 3. Expression of TFEB protein in glioblastoma cell lines.

Levels of TFEB protein expression in lysates of human glioblastoma cells. Whole 

cell lysates were immunoblotted by anti-Actin and anti-TFEB antibodies.



19

4. Vorinostat induces apoptosis of human GBM cells which had resistant about anti-cancer 

drug.

Next, we tested the effects of the chemotherapy reagents, temozolomide (TMZ) 

and everolimus (EVM), on the viability of GBM cells expressing various levels of 

TFEB. We found that the treatment of these cells with 100 μM TMZ or 4 μM 

EVM for 24 h had little effect on cell viability (Fig. 4A and 4B), indicating that 

GBM cells are resistant to apoptosis-inducing agents. This lack of effect may be due 

to the overexpression of O-6-methylguanine methyltransferase (MGMT) or the loss of 

a DNA repair system in GBM cells.

Epigenetic regulation in human cancers, including GBM, may be a treatment 

target. HDAC inhibitors may be effective in treating aggressive cancers, including 

GBM. Phase II clinical trials are currently testing combinations of the HDAC 

inhibitor vorinostat (SAHA) with targeted agents, TMZ and radiotherapy, in various 

types of cancer, including GBM. To assess the effects of HDAC inhibitors on the 

proliferation of GBM cells, cells were treated with a HDAC inhibitor (vorinostat, 

panobinostat and mocetinostat), TMZ or EVM. We found that the HDAC inhibitors 

vorinostat and mocetinostat effectively reduced the cell survival of U89MG and A172 

cells, whereas another HDAC inhibitor, panobinostat, did not (Fig. 4C and 4D). 
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Figure 4. Vorinostat induces apoptosis of human GBM cells which had resistant about 

anti-cancer drug.

(A) and (B) Human glioblastoma cells were treated with (A) 100 µM 

temozolomide or (B) 4 µM everolimus for 24 hr. Each column was normalized 

relative to vehicle. Cell viability was determined by MTT assays. Each experiment 

was repeated at least three times, and the data were expressed as mean±SE of the 

mean. (C) U87MG and (D) A172 cells were treated with various drugs as indicated 

(concentration of TMZ is X10, as indicated), and cell viability was determined by 

MTT assays. Each experiment was repeated at least three times, and the data were 

expressed as mean±SE of the mean. 
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5. Vorinostat decreases the TFEB expression and TFEB oligomerization.

Treatment with vorinostat resulted in the cleavage of PARP and reduced TFEB 

proteins in both U87MG and A172 cells (Fig. 5A). HDAC activity also measured 

that vorinostat significantly reduced HDAC activity in U87MG cells by using HDAC 

assay kits (Biovision) (Fig. 5B), suggesting that vorinostat may have therapeutic 

activity in GBM cells.

To demonstrate the biological functions that TFEB undergoes oligomerization, 

forming tetramers for the role of transcription factor20), we firstly assessed the 

oligomerization of TFEB in U87MG cells and inhibition by vorinostat (Fig. 5C). 

Glutaraldehyde is a well-known reagent in the study of structural and 

chemical-related functions of proteins and cross-linking reagents.
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Figure 5. Vorinostat decreases the TFEB expression and TFEB oligomerization.

(A) U87MG and A172 cells were treated with 8 µM vorinostat or vehicle for 24 

hr, and the levels of TFEB, PARP, and β-actin proteins were assayed by western 

blotting. (B) U87MG cells were treated with 8 µM vorinostat or vehicle for 24 hr, 

and HDAC activity was measured using a fluorometric assay kit. *P < 0.005. (C) 

U87MG cells were treated with 8 µM vorinostat or vehicle for 24 hr. Whole cell 

lysates were incubated in the presence or absence of glutaraldehyde, and the levels 

of TFEB and β-actin proteins were assayed by western blotting. 
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6. TFEB depletion promotes vorinostat mediated apoptosis and TFEB oligomerization.

Also, to determine whether inhibition of TFEB oligomerization increased vorinostat 

sensitivity and induced apoptosis in GBM cells, we generated TFEB-depleted U87MG 

cells using lentiviral TFEB shRNA (Fig. 6A). Thus, we also found that 

TFEB-depletion inhibited TFEB oligomerization in U87MG cells (Fig. 6B), and 

vorinostat induced PARP cleavage in these TFEB-depleted U87MG cells. In addition, 

vorinostat enhanced the phosphorylation of H2AX, an indicator of DNA double-strand 

breaks and subsequent apoptosis (Fig. 6C). Vorinostat suppressed TFEB 

oligomerization in parent U89MG cells, with no evidence of oligomerization in 

TFEB-depleted U89MG cells (Fig. 6D). These results suggest that the oligomerization 

of TFEB leads to increased GBM cell proliferation and tumorigenicity, ultimately 

overcoming the inhibition of apoptosis by vorinostat.
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Figure 6. TFEB depletion promotes vorinostat mediated apoptosis and TFEB 

oligomerization.

(A) U87MG cells infected with pLK0.1 or pLK0.1-TFEB. Whole cell lysates were 

used for immunoblotted by anti-TFEB and anti-Actin antibodies. (B) Whole cell 

lysates of U87MG cells infected with pLK0.1 or pLK0.1-TFEB were incubated in the 

presence or absence of glutaraldehyde, and the levels of TFEB and β-actin proteins 

were assayed by western blotting. (C) U87MG cells infected with pLK0.1 and 

pLK0.1-TFEB were treated with 8 µM vorinostat or vehicle for 24 hr, and the levels 

of TFEB, PARP, p-H2AX, and β-actin were determined by western blotting. (D) 

Whole cell lysates of U87MG cells infected with pLK0.1 and pLK0.1-TFEB treated 

with 8 µM vorinostat or vehicle for 24 hr were incubated with glutaraldehyde, and 

the levels of TFEB and β-actin were determined by western blotting.
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7. Overexpression of TFEB inhibits vorinostat-induced apoptosis.

To better understand the physiological role of TFEB expression in GBM cells, we 

examined vorinostat control of apoptosis in TFEB overexpressing U87MG and A172 

cells. Vorinostat treatment of TFEB overexpressing U87MG cells showed a lack of 

PAPR cleavage and an inhibition of caspase-3 activity (Fig. 7A). Vorinostat-treated 

U87MG cells displayed changes in morphology associated with apoptosis, whereas 

vorinostat-treated TFEB overexpressing U87MG cells did not (Fig. 7B). In assessing 

whether vorinostat-induced apoptosis of GBM cells is dependent on TFEB expression, 

we found that overexpression of TFEB in vorinostat-treated U87MG cells significantly 

reduced the number of annexin V-positive cells compared with parent U87MG cells 

(Fig. 7C). Western blot analysis with anti-TFEB and anti-PARP antibodies showed 

similar results in vorinostat-treated TFEB overexpressing A172 cells (Fig. 7D). 
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Figure 7. Overexpression of TFEB inhibits vorinostat-induced apoptosis.

(A) U87MG cells infected with pCDH or pCDH-TFEB were treated with the 

indicated concentrations of vorinostat for 24 hr. Protein levels of TFEB, PARP, 

caspase3, and β-actin were determined by western blotting. (B) U87MG cells 

infected with pCDH or pCDH-TFEB were treated with the indicated concentrations of 

vorinostat for 24 hr. Cell morphology was determined by phase contrast microscopy. 

(C) U87MG cells infected with pCDH and pCDH-TFEB were treated with 8 µM 

vorinostat or vehicle for 24 hr, and apoptosis was assayed by FACS. Each 

experiment was repeated at least three times, and data were expressed as mean±SE 

of the mean. *P < 0.005. (D) U87MG (upper panel) and A172 (lower panel) cells 

infected with pCDH and pCDH-TFEB were treated with 8 µM vorinostat or vehicle 

for 24 hr. Western blotting was performed to determine the protein levels of TFEB, 

PARP, and β-actin. 
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8. TFEB mediated transcriptional change of apoptotic genes.

To examine the transcriptional activity of pro-apoptosis target genes, NOXA and 

PUMA, we performed qPCR analysis in parent U87MG and TFEB overexpressing 

U87MG cells. The transcriptional activities of NOXA and PUMA were increased by 

vorinostat-mediated apoptosis in parent, but not in TFEB overexpressing, U87MG 

cells, suggesting that TFEB overexpression significantly inhibited the transcription of 

these genes (Fig. 8A). Taken together, these results demonstrate that TFEB 

overexpression attenuated the effects of vorinostat-induced apoptosis signaling, 

resulting in the transcriptional repression of pro-apoptotic target genes, including . 

Concomitantly, we observed that vorinostat altered the nuclear translocation of TFEB, 

as shown by fractionation analysis of both U87MG and TFEB overexpressing 

U87MG cells. Vorinostat had little effect on the levels of TFEB in the cytoplasm 

and nucleus of U87MG cells (Fig. 8B).
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Figure 8. TFEB mediated transcriptional change of apoptotic genes.

(A) U87MG cells infected with pCDH and pCDH-TFEB were treated with 

vorinostat or vehicle for 24 hr. Real-time RT-PCR was performed to analyze NOXA 

and PUMA mRNAs expression. The data were expressed as mean±SE of the mean. 

Three independent experiments were performed. *P < 0.005. (B) U87MG cells 

infected with pCDH and pCDH-TFEB were treated with vorinostat or vehicle for 24 

hr. Their nuclei were extracted and subjected to western blotting to determine the 

protein levels of TFEB, PARP, tubulin, and HDAC1.



34

9. Oligomerization and nuclear translocation of TFEB in human glioblastoma cells.

TFEB contains HLH and LZ domains, both of which facilitate protein homo- or 

hetero-oligomerization with proteins containing these domains. Although TFEB 

efficiently oligomerizes37), its oligomerization and translocation into the nucleus of 

GBM cells are incompletely understood. To investigate the TFEB domains critical for 

oligomerization, we cloned the TFEBD210, TFEBD240, and TFEBD290 fragments,  

And we examined whether nuclear translocation of TFEB occurs in U87MG and 

A172 human GBM cells (Fig. 4A and 4B). As expected, TFEB amino acids 210–476 

translocated into the nucleus, whereas amino acids 240–476 did not. To confirm the 

translocation of TFEB domains in GBM cells, we performed immunofluorescence (IF) 

assays using confocal microscopy. We found that wild-type TFEB and TFEB amino 

acids 210–476 were present in the nuclei of U87MG cells (Fig. 4C). To support the 

function of the oligomerized-TFEB domains by vorinostat, PARP cleavage was 

measured by immunoblotting assay. The indicated TFEB domains were overexpressed 

in U87MG cells. As expected, TFEB amino acids 290-476 didn’t inhibit the 

vorinostat-induced apoptosis (Fig. 4D). Taken together, these results confirmed that 

amino acids 230–239 were required for nuclear translocation of TFEB and that 

nuclear translocation and oligomerization of TFEB is necessary for its activity as a 

transcription factor.
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Figure 9. Nuclear translocation of oligomerized-TFEB in human glioblastoma cells.

Nuclear extracts were obtained from (A) U87MG and (B) A172 cells transfected 

with the indicated vectors, and protein levels of TFEB, tubulin, and HDAC1 were 

determined by western blotting. (C) U87MG cells transfected with the indicated 

vectors and subjected to immunofluorescence staining for TFEB (red) were visualized 

by confocal microscopy. Nuclei were stained with DAPI. (D) U87MG cells infected 

with as indicated were treated with Vorinostat 8um for 24hr, and protein levels of 

PARP and β-actin were determined by western blotting.
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10. Melatonin specifically inhibits proliferation and survival in glioblastoma.

In addition to being a major pineal secretory product, melatonin is produced in 

extrapineal organs, including the retina, skin, lymphocytes, bone marrow, thymus, and 

ovary38-41). Recently, melatonin has been reported to inhibit tumor proliferation and 

tumorigenicity33). To assess the roles of melatonin in GSC and GBM cells, we 

analyzed TFEB expression in GBM cells, finding that melatonin dose-dependently 

reduced TFEB protein levels in U87MG cells, but not in SVGp12 cells, a line of 

control normal brain-human fetal glial cells (Fig. 10A). Low concentrations (0–0.5 

mM) of melatonin, however, had little effect on the expression of TFEB proteins in 

U87MG cells (Fig. 10B). Melatonin also reduced the proliferation (Fig. 10C) and 

viability (Fig. 10D) of U87MG, but not of SVGp12, cells. These results suggest that 

melatonin attenuates GBM cell proliferation and TFEB expression. 
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Figure 10. Melatonin specifically inhibits proliferation and survival in glioblastoma.

(A) U87MG and SVGp12 cells were treated with the indicated concentrations of 

melatonin for 48 hr and subjected to western blotting to determine the protein levels 

of TFEB and β-actin. (B) U87MG cells were treated with the indicated 

concentrations of melatonin for 48 hr and subjected to western blotting to determine 

the protein levels of TFEB and β-actin. (C) U87MG and SVG p12 cells were 

treated with the indicated concentrations of melatonin for 48 hr and subjected to cell 

proliferation assays. Each condition was repeated at least three times, and the data 

were expressed as mean±SE of the mean. (D) U87MG cells were treated with the 

indicated concentrations of melatonin for 48 hr, and cell viability was determined by 

MTT assays. Each condition was repeated at least three times, and the data were 

expressed as mean±SE of the mean. *P < 0.05 
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11. Co-treatment of melatonin and vorinostat effectively induced apoptosis of human 

glioblastoma cells.

We therefore examined whether co-treatment with melatonin and vorinostat could 

efficiently induce GBM cell apoptosis by reducing TFEB proteins. As expected, 

treatment with both vorinostat and melatonin reduced TFEB expression, while 

synergistically increasing cleaved PARP and active (cleaved) caspase-3 and p-γ

H2AX (Fig. 11A), reducing GBM cell viability (Fig. 11B). Although treatment with 

either melatonin or vorinostat alone partially inhibited the oligomerization of TFEB 

proteins, their combination completely inhibited the oligomerization and expression of 

TFEB proteins (Fig. 11C). These findings indicate that co-treatment with vorinostat 

and melatonin efficiently enhanced cell death by inhibiting TFEB expression in GBM 

cells.
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Figure 11. Co-treatment of melatonin and vorinostat effectively induced apoptosis of 

human glioblastoma cells.

(A) U87MG cells were treated with 1 mM melatonin and 8 µM vorinostat for 48 

hr. Western blotting was performed to determine the protein levels of TFEB, PARP, 

caspase-3, p-H2AX, and β-actin. (B) U87MG cells were treated with 1 mM 

melatonin and 8 µM vorinostat for 48 hr, and cell viability was determined by MTT 

assays. Each condition was repeated at least three times, and data were expressed as 

mean±SE of the mean. *P < 0.005  (C) Whole cell lysates of U87MG cells treated 

with 1 mM melatonin and 8 µM vorinostat for 48 hr were incubated in the presence 

or absence of glutaraldehyde. Western blotting was performed to determine the 

protein levels of TFEB and β-actin. 
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12. Melatonin synergistically enhances vorinostat-mediated apoptosis in human glioma stem 

cells (GSCs).

Most human GBMs are characterized by heterogeneous tumor cell populations, 

which include GSCs. GSC heterogeneity has been reported to contribute to treatment 

resistance42-44). The effects of vorinostat and melatonin on the proliferation and 

apoptosis of GSCs were therefore tested using the primary human GSC cell lines  

MES 267 and GSC23 (Fig. 12A and Fig. 12E). We found that treatment with 

vorinostat and melatonin dramatically reduced sphere formation by MES 267 and 

GSC23 cells compared with untreated control GSCs. Sphere counting and 

proliferation analysis also showed that treatment with vorinostat and melatonin 

reduced the number and proliferation of tumor spheres (Fig. 12B and 12C, and Fig. 

12F and 2G). Co-treatment of MES 267 cells with vorinostat and melatonin reduced 

the expression of TFEB, while increasing the expression of cleaved PARP and 

phosphorylated γH2AX (Fig. 12D and Fig. 12H). These results suggest that 

melatonin synergizes with vorinostat to enhance apoptosis in GSCs by inhibiting 

tumor-sphere formation (Fig. 12).
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Figure 12. Melatonin synergistically enhances vorinostat-mediated apoptosis in human 

glioma stem cells (GSCs).

(A, E) GSC 267 cells and GSC23 cells were treated with 1 mM melatonin and 4 

µM vorinostat for 72 hr, and cell morphology was determined by phase contrast 

imaging. (B, F) Tumor-sphere-forming ability of GSC 267 cells and GSC23 cells was 

determined by counting spheres. *P < 0.005 (C, G) Proliferation assays were 

performed to determine cell proliferation. *P < 0.005 (K, H) Whole cell lysates of 

GSC 267 cells and GSC23 cells treated with 1 mM melatonin and 4 µM vorinostat 

for 72 hr were incubated in the presence or absence of glutaraldehyde. Western 

blotting was performed to determine the protein levels of TFEB, PARP, p-H2AX, 

and β-actin.



46

13. Co-treatment of melatonin and vorinostat effectively overcome drug resistance by 

TFEB and induces apoptosis.

To determine whether the effect of co-treatment overcome the TFEB mediated drug 

resistance, we established TFEB overexpressing GSC 267. And we performed the 

melatonin and vorinostat co-treatment at GSC 267 pCDH or pCDH-TFEB infected. As we 

expected, co-treatment of melatonin and vorinostat can induce total PARP cleavage at the 

both groups (Fig. 13).
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Figure 13. Co-treatment of melatonin and vorinostat effectively overcome drug resistance 

by TFEB and induces apoptosis.

GSC 267 cells infect with pCDH or pCDH-TFEB were treated with 1mM 

melatonin and 4uM vorinostat for 72hr as indicated. Protein levels of TFEB, PARP, 

β-actin were determined by western blotting.
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14. Effect of melatonin and vorinostat treatment on orthotopic xenograft tumor growth and 

survival.

Next, we investigated whether the co-treatment of melatonin and vorinostat affects 

in vivo tumorigenic potential using the orthotopic xenograft models. Median survival 

times of controls and mice treated with melatonin, vorinostat and melatonin+vorinostat 

(n=6 per each group) were 63, 74, 91 and 106 days (Fig. 13A). After sacrificing 

mice, mouse brains were sectioned and stained with H&E (Fig. 13B). Combined 

treatment of melatonin and vorinostat in GSC 267-injected mice brains significantly 

decreased in vivo tumor growth, thereby prolonging the median survival of the 

tumor-bearing mice. In contrast, melatonin or vorinostat treatment did not decrease in 

vivo tumor growth and survival. These results indicate that co-treatment of melatonin 

and vorinostat significantly sufficient to inhibit tumorigenicity in GSCs.
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Figure 14. Effect of melatonin and vorinostat treatment on orthotopic xenograft tumor 

growth and survival.

(A and B) Kaplan-Meier survival curves (A) and representative H&E staining 

images (B) of mice intracranially injected GSC 267 glioma stem cells. Survival rate 

significantly increased in the combination treatment group. Tumor margins 

dramatically inhibited in mice treated with melatonin and vorinostat compared to the 

control group. Notably, combination treatment decreased tumor volume. 
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15. Schematic diagram of the mechanism by which vorinostat and melatonin induce 

TFEB-mediated apoptosis in glioblastoma cells.

We identify the key domain of TFEB mediated tumor survival. Oligomerized 

TFEB contributes to drug resistance about temozolomide in GBM cell lines. 

Co-treatment of vorinostat and melatonin inhibits both TFEB expression and TFEB 

oligomerization. Thereby GBM cell lines were induced apoptosis.
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Figure 15. Schematic diagram of the mechanism by which vorinostat and melatonin 

induce TFEB-mediated apoptosis in glioblastoma cells.

Vorinostat is not sufficient to induce apoptosis of GBM cell lines. With the melatonin, 

vorinostat promotes therapeutic sensitivity to induce apoptosis in GBM and GSCs.
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Discussion

Despite various treatments, including surgical resection, chemotherapy, and 

radiation therapy, GBM remains an aggressive and incurable brain tumor, with very 

low 5-year survival rates. Novel therapeutic strategies are therefore needed to treat 

patients with GBM.

Although TMZ is used to treat patients with GBM and astrocytoma, patients 

develop resistance to this agent. Combinations of TMZ with other therapeutic agents 

may overcome TMZ resistance. TMZ-resistant GBM cells are frequently used to 

investigate drug resistance mechanisms and the efficacy of combination therapy. 

Efforts have been made to identify target genes that promote GBM tumorigenesis, 

and patients with GBM have been classified by gene profiling data, allowing the 

selection of the most effective agents. However, the roles of drug resistance-related 

target molecules in GBMs remain incompletely understood. We therefore investigated 

the effect of TFEB, a master regulator of autophagy, on GBM tumorigenesis and 

drug resistance.

Assessments of the most effective treatments for GBM patients have included 

studies of TMZ resistance and the regulation of glioma-initiating cell or GSC 

proliferation. GBMs are a heterogeneous mixture of tumor cells and cancer stem 

cells, which contribute to tumor initiation and resistance to treatment45. GSCs were 

shown to be more resistant to classical cancer therapy than glioblastoma non-CSCs46). 

For example, CD133+/GSCs showed little response to chemotherapy and radiotherapy. 

Therefore, treatment of GBMs should include therapeutic strategies targeting 

GSCs47-49). Our results provide evidence that the combination of vorinostat and 

melatonin is a novel strategy to inhibit GBM tumorigenesis and the CSC properties 

of GSCs and GBMs.

Melatonin is a therapeutic agent recently found to reduce cisplatin-induced loss of 

ovarian follicles by regulating the PI3K signaling pathway17). Although melatonin 

alone has little effect on GBMs or GSCs, melatonin may upregulate the therapeutic 
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efficacy of chemotherapy agents. We therefore assessed the ability of melatonin to 

enhance the efficacy of the HDAC inhibitor vorinostat in GBMs and GSCs.

Vorinostat is a linear hydroxamic acid that inhibits HDAC classes I/II, causing the 

deacetylation of histones H2A, H2B, H3, and H4 and non-histone proteins49-51). 

Deacetylation of these proteins alters chromatin structure, ultimately altering the 

transcription activity of target genes. Vorinostat also increases the acetylation state of 

certain proteins, including p53 and hsp9052). Therefore, vorinostat changes the 

expression of about 10% of disease-related genes and may be effective in a broad 

range of solid tumors and hematological malignancies. Vorinostat has been reported 

to affect cells derived from several types of cancer, including head and neck 

squamous cell carcinoma, CTCL, hepatoma, multiple myeloma, and glioblastoma53-57).

We found that the combination of vorinostat-melatonin had a synergistic cytotoxic 

effect in GBM cells through the inhibition of TFEB translocation to and 

oligomerization in the nucleus, followed by the induction of apoptotic cell death. The 

combination of vorinostat and melatonin in patients with GBM may have therapeutic 

efficacy and overcome drug resistance by regulating TFEB expression, translocation, 

and oligomerization.

TFEB is a master regulator of autophagy and lysosome function, regulating both 

the expression of lysosomal proteins and lysosomal acidification. TFEB is also 

involved in diseases such as cancer and inflammatory diseases58). TFEB is 

overexpressed in lung cancers, inducing cell migration and poor prognosis. TFEB 

overexpression also promotes tumorigenesis, angiogenesis, and metastasis by increasing 

lysosomal enzyme activity and the secretion of hydrolases into the extracellular space. 

By contrast, TFEB depletion reduces the migration of cancer cells59). We showed that 

co-treatment with vorinostat and melatonin reduced both nuclear localization and 

oligomerization of TFEB, thereby inhibiting GBM tumorigenesis and tumor-sphere 

formation by GSCs. 

TFEB binds to gene promoters, regulating the expression of lysosomal genes and 

of target genes involved in apoptosis and tumorigenesis. Moreover, the interplay of 

TFEB with various transcription factors and histone modulators results in the 
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epigenetic regulation of target genes in GBM cells. These findings strongly suggest 

that GBM cell apoptosis is mediated by the direct association between TFEB 

expression and the activation of specific epigenetic modulators such as HDACs58). 
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Conclusion

In conclusion, our results demonstrate a novel therapeutic strategy and regulatory 

mechanisms in GBMs. The combination of vorinostat and melatonin induces apoptosis 

signaling by promoting the oligomerization of TFEB proteins in GBMs. Moreover, 

co-treatment with vorinostat and melatonin inhibited CSC properties and the 

proliferation of GSCs by downregulating TFEB expression. This study also provides 

clinical evidence that the expression of TFEB is critical for GBM tumorigenesis, and 

that the aggressiveness of human GBM is dependent on TFEB expression. Therefore, 

the expression and oligomerization of TFEB may be an available therapeutic target 

for human GBMs and GSCs.
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국문 요약

교모세포종은 가장 공격적이며 가장 치명적인 뇌종양의 형태입니다. 또한 수

많은 암중에서도 가장 치료비가 비싼 종류이며 수술, 방사선 치료, 항암치료를 

통한 처치역시 힘든 암입니다. Oncomine platform analysis와 Gene Expression 

Profiling Interactive Analysis (GEPIA)에 따르면 4기 교모세포종 환자들에게서 

TFEB 단백질이 확연하게 증가합니다. TFEB는 전사인자로써 기능하기 위하여 중

합체 형성과 핵으로의 이동을 필요로 합니다. TFEB 단백질의 발현과 중합체형성

은 교모세포종의 TMZ와 같은 전통적인 약물에 대한 저항성에 기여합니다. 그래

서 교모세포종과 뇌종양줄기세포에서 멜라토닌과 보리노스탯의 병용 투여를 통

해 TFEB의 효과를 극복하고 세포예정사를 유도하고자 하였습니다. 보리노스탯과 

멜라토닌에 의해 TFEB의 발현과 중합체 형성이 억제되자 세포예정사 연관 단백

질들의 발현양이 증가하였으며 세포예정사가 활성화 되었습니다. 특히 TFEB의 

발현을 억제하자 뇌종양줄기세포의 종양구 형성과 크기가 확연하게 감소하였습

니다. 병용투여의 결과 뇌종양줄기세포의 증식이 감소하였을 뿐만 아니라 

cleaved-PARP와 p-γH2AX를 유도하였습니다. 정리하자면, TFEB 발현은 교모세포

종의 항암제저항성 형성에 기여하며 보리노스탯과 멜라토닌의 병용투여를 통해 

TFEB의 발현과 중합체형성을 억제함으로써 교모세포종의 사멸을 유도할 수 있

습니다. 그러므로 보리노스탯과 멜라토닌은 교모세포종의 치료에 있어서 효율적

인 치료 전략으로 사용 될 수 있습니다. 

중심단어: TFEB, 중합체 형성, 분포, 교모세포종, 뇌종양줄기세포, 항암제저항성
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