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Abstract

The mechanism of anticancer effect
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glioblastoma
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The Graduate School

Seoul National University

Introduction: Mucin 1 (MUC1) is a transmembrane glycoprotein 

that is involved in tumorigenesis and the progression of diverse 

cancers. However, the role of MUC1 in glioblastoma (GBM) has 

not yet been fully explored. In this study, the anticancer 

mechanism of MUC1 suppression in GBM was investigated.

Methods: The expression level of MUC1 was analysed in human 

glioma and paired normal brain tissues. Lentiviral vectors 

expressing shRNA were used to knockdown the expression of 

MUC1 in GBM cell lines, and cell viability, cell proliferation, cell 

cycle progression, RNA-seq, and telomere-related studies were 

performed to evaluate its mechanistic process in GBM cells. 

Results: MUC1 was overexpressed in GBM compared to normal 

controls and was negatively associated with overall survival. 

Knockdown of MUC1 inhibited cell proliferation and resulted in 
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cell cycle arrest at the G1 phase. MUC1 silencing decreased the 

phosphorylation of RB1 and increased the expression of 

CDKN1B. Gene set enrichment analysis showed that a series of 

genes related to the cell cycle, telomere maintenance and 

transforming growth factor beta (TGF-β) signalling in 

epithelial-mesenchymal transition (EMT) were influenced by 

MUC1 knockdown in GBM cells. Notably, reduced TERT 

expression levels combined with impaired telomerase activity 

(TA) and switching of the telomere maintenance mechanism to 

alternative lengthening of telomeres (ALT) were observed after 

MUC1 knockdown in GBM cells.

Conclusion: Our results indicate that MUC1 plays a role in the 

oncological process in GBM and can be developed as a 

therapeutic target for cell cycle control and telomere 

maintenance.

-------------------------------------------------------------------------------------------

keywords: Mucin 1, glioblastoma, cell cycle, telomerase, 
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INTRODUCTION

Glioblastoma (GBM) is the most common primary malignant 

brain tumor in adults(1). Despite standard treatments, including 

surgery, radiotherapy and chemotherapy, the outcome of this 

malignant tumor remains dismal(1-3). To date, several 

prognostic genetic/epigenetic biomarkers, such as isocitrate 

dehydrogenase (IDH) mutation, human telomerase reverse 

transcriptase (hTERT) promoter mutation, and 

O6-methylguanine DNA methyltransferase(MGMT) promoter 

methylation, have been identified through extensive molecular 

and genetic studies for glioblastoma(4). Among those 

biomarkers, hTERT promoter mutation is associated with the 

expression of hTERT and elevation of telomerase activity (TA), 

which is one of the poor prognostic factors recently identified in 

gliomas(5).

Mucin 1 (MUC1) is a single pass type I transmembrane protein 

with a heavily glycosylated extracellular domain(6,7). 

Full-length MUC1 is composed of two subunits, the N-terminal 

subunit (MUC1-N) and the C-terminal subunit (MUC1-C). 

MUC1-C again consists of the extracellular cellular domain 

(ECD), transmembrane domain (TMD), and cytoplasmic tail 

(CT)(7). MUC1 is normally expressed at low levels on 

glandular or luminal epithelial cells in the breast, lung, 

gastrointestinal tract, pancreas, uterus and prostate and to a 

lesser extent in hematopoietic cells(7,8). However, aberrant 

glycosylation and overexpression of MUC1 has been described 

in most human epithelial cancers and even in hematological 
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malignancies(7,8). Evidence has shown that MUC1 may act as 

an oncogene related to tumor formation and progression in 

many cancers(9-11). Moreover, MUC1 is reported to be 

associated with cancer invasiveness and metastasis, 

neoangiogenesis, drug resistance, and poor prognosis(12-15). 

Thus, MUC1 is thought to be a universal player that acts in 

various steps of oncogenesis.

Epithelial-mesenchymal transition (EMT) is a well-known 

oncogenic process that accelerates the invasion and metastasis 

of cancer cells(16). MUC1 CT upregulates EMT inducers 

directly and indirectly by modulating the expression of miRNAs 

that control the expression of genes related to EMT(11,17). 

Transforming growth factor beta (TGF-β) is a cytokine with a 

dichotomous role in tumorigenesis(18). TGF-β plays a role as 

a tumor suppressor that induces apoptosis or cell suicide via 

the SMAD signaling pathway in the early stage of 

oncogenesis(19,20). However, in the late stage of aggressive 

and invasive tumors, TGF-β signaling stimulates tumor 

progression via its pleiotropic activities on cancer cells, which 

include the induction of EMT, migration, invasion, and tumor 

metastasis(18,21,22). MUC1 is reported as a key inducer of 

EMT and is partially responsible for the functional switch of 

TGF-β from a tumor suppressor to a tumor promoter during 

EMT in multiple cancers(23). More recently, Karacosta et al. 

reported a single-cell EMT-mesenchymal epithelial transition 

(MET) time-course analysis of cells undergoing EMT and MET 

through TGF-β treatment and withdrawal, including dynamic 

changes in additional markers, such as E-cadherin, vimentin, 

CD44, CD24, and MUC1, in lung cancer cell lines(24). They 
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reported that cells in the MET state significantly differ from 

mesenchymal cells, which were characterized by loss of MUC1, 

and suggested that these molecular changes in each stage can 

be used to make new targetable markers in lung cancer 

therapy(24).

As mentioned above, the influence of several biomarkers on 

GBM is still related to individual patient effects. In this 

situation, the need for discovery of new molecular biomarkers 

and therapeutic targets has emerged. Although the role of 

MUC1 has been investigated in various cancers, the role of 

MUC1 has not been fully elucidated in GBM, although only 

sporadic reports have mentioned MUC1 in relation to the 

maintenance of aggressive gliomas(25).

In this study, we examined the anticancer effect of MUC1 

suppression in GBM. MUC1 is overexpressed in GBM, as in 

other carcinomas and is also related to the patient's poor 

prognosis. In MUC1 knockdown cells, cell proliferation was 

inhibited by hypophosphorylation of retinoblastoma 1 (RB1) and 

upregulated CDKN1B. Then, to identify genes under the 

regulation of MUC1, the microarray expression profiling data of 

control cell lines and MUC1 knockdown cells were analyzed. 

Strikingly, the switch from telomerase-positive (Tel+) to 

alternative lengthening of telomeres (ALT)-positive (ALT+) 

was identified in MUC1 knockdown GBM cells. Finally, radiation 

and in vivo small animal studies were also performed. In 

summary, our work reveals the roles of MUC1 in GBM 

oncogenesis, which involves cell cycle control and telomere 

maintenance mechanisms, and indicates that MUC1 can be 
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developed as a potential prognostic marker and therapeutic 

target in GBM.
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MATERIALS AND　METHODS

Cell culture

Human GBM cell lines T98G, U373 and A172 were from the 

Korean Cell Line Bank (Seoul, Republic of Korea), and the 

human embryonic kidney cell line 293T was from the American 

Type Culture Collection (ATCC). Cells were maintained in 

DMEM supplemented with 10% fetal bovine serum (J R 

Scientific), 100 U/ml penicillin and 100 μg/ml streptomycin 

sulfate (Welgene).

Tumor specimens

We used prospectively collected samples from 30 histologically 

verified GBM patients who had undergone surgical resection. 

This study was performed under the approval of the 

Institutional Review Board of Seoul National University Hospital 

(IRB approval No., H-1608-139-787), and all experiments 

were performed in accordance with relevant guidelines and 

regulations. Written informed consent was obtained from all 

patients for the usage of samples.

Gene knockdown

For gene silencing, shLuc and shMUC1 targeting 

CTTCGAAATGTCCGTTCGGTT of the firefly luciferase gene 

and GACACAGTTCAATCAGTATA of human MUC1, 

respectively, were cloned into the pLB lentiviral vector 

(generous gift from Dr. H. Y. Chung of Hanyang University). 

Lentivirus was produced by cotransfection of shLuc or shMUC1 
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with pMD2.G and psPAX2 into 293T cells (ATCC) by the 

calcium-phosphate method as described by the RNAi 

Consortium (2007). T98G and U373 cells were infected with 

lentiviral supernatant with 8 μg/ml protamine sulfate for 10 h. 

Gene knockdown was examined 48 h post-infection(26).

RNA sequencing and analysis 

Total RNA was isolated from GBM tissues using the RNeasy 

Lipid Tissue Mini Kit (Qiagen), and the compatible library was 

prepared using the TruSeq Stranded Total RNA LT Sample 

Prep Kit (Illumina, San Diego, CA, USA) according to the 

instructions specified by the manufacturer. Sequencing was 

performed using a NovaSeq 6000 system (Illumina). RNA 

expression levels were estimated using HISAT2 (version 2.1.0). 

The reference genome sequence (hg19, Genome Reference 

Consortium GRCh37) and annotation data were downloaded from 

the University of California, Santa Cruz (UCSC) website 

(http://genome.uscs.edu). The transcript counts at the gene 

level and the relative transcript abundances in fragments per 

kilobase of exon per million fragments mapped (FPKM) were 

calculated using StringTie (version 1.3.4d).

Gene set enrichment analysis (GSEA) and 

pathway network construction

GSEA was carried out using the standard GSEA tool 

(https://www.gsea-msigdb.org/gsea/index.jsp) for Windows 

version 4.0.3 with 1,000 gene set permutations. Normalized 

counts of the genes were inputted. Gene sets used for the 

analysis were the hallmark, canonical pathways and gene 

https://www.gsea-msigdb.org/gsea/index.jsp
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ontology (GO) gene sets. The upregulated and downregulated 

pathways were then filtered by normalized enrichment score 

(NES) ≥2 or ≤-2, nominal p value <0.05, false discovery rate 

(FDR) q value ≤0.25. The results obtained from the GSEA 

were then used to create a network map of the pathways. The 

enrichment map app from the Cytoscape program (version 

3.8.0) was used to create the pathway network(27).

 

Cell proliferation assay

Cell proliferation assays were performed with EZ-Cytox 

(Daeillab Service) on cells initially plated at 1 × 103cells/well 

in 96-well plates and cultured for the indicated times. The 

absorbance was measured using a microplate reader (Molecular 

Devices) at a wavelength of 450 nm.

Colony forming assay 

The cells were seeded in 6-well plates at a density of 1000 

cells/well and incubated at 37°C under an atmosphere of 5% 

CO2 for 14 days to grow colonies. After 14 days, the cell 

colonies were fixed and stained with 0.05% crystal 

violet-methanol-acetic acid solution. Plates with stained 

colonies were scanned and scored.

Cell cycle analysis

Cells were stained with propidium iodide and analysed by flow 

cytometry as previously described(28). The distribution of the 

cell cycle was determined by flow cytometry with a FACSCanto 

II flow cytometer and FACSDiva software (BD Biosciences).
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Annexin V apoptosis assay

Cells were stained with - and 7-aminoactinomycin D (-) (BD 

Biosciences) according to the manufacturer’s protocol. The 

apoptosis rate was then analyzed using a FACSCalibur flow 

cytometer (BD Biosciences) and Cell Quest Pro software (BD 

Biosciences).

RT-PCR and Quantitative PCR (qPCR)

Total RNA was isolated from the tissues using the RNeasy 

Lipid Tissue Mini Kit (Qiagen), and cDNA was synthesized 

using RNA to cDNA EcoDry Premix Oligo dT (Takara) 

according to the manufacturer's protocol. Real-time quantitative 

PCR (qPCR) was performed using PowerSYBR Green PCR 

Master Mix (Applied Biosystems). The primers used for 

RT-PCRs were as follows: 

TERT (forward, 5'-GGAGCAAGTTGCAAAGCATTG-3'; reverse, 

5'-TCCCACGACGTAGTCCATGTT-3'), 

MUC1 (forward, 5'-TACCGATCGTAGCCCCTATG-3'; reverse, 

5'-CTCACCAGCCCAAACAGG-3'), and 

GAPDH (forward, 5'-TGGTCACCAGGGCTGCTT-3'; reverse, 

5'-AGCTTCCCGTTCTCAGCCTT-3')

Western blot analysis

Western blot analysis was performed as described(29). 

Antibodies against CDKN1B(sc-528) and RB1 (sc-50) were 

from Santa Cruz Biotechnology; GAPDH (2118), phosphorylated 

RB1 at S780 (p-S780, 9307A), MUC1 (4538) and ACTB 

(4967) were from Cell Signalling Technology; and 

HRP-conjugated IgGs (111-035-003 and 115-035-003) were 
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from Jackson Immune Research. Immunoblots were visualized 

with a ChemiDoc XRS system (Bio-Rad). The densities of 

bands were measured using free image analyser software 

(ImageJ V1.8x; National Institutes of Health, USA, 

http://rsb.info.nih.gov/ij/).

Telomere repeat amplification protocol (TRAP) 

assay with ELISA

The enzymatic activity of telomerase was measured using a 

TeloTAGGG Telomerase PCR ELISA PLUS kit (Roche) 

according to the manufacturer’s protocol. GBM tissues and 

cells were homogenized in ice-cold lysis buffer using an 

automill (Tokken). Briefly, after BCA protein quantification of 

the lysates, 10 proteins were incubated in a total volume of 50  

reaction mixture at 25°C for 30 min to allow telomerase to 

add telomeric repeats to the end of the biotin-labelled primer. 

Consequently, PCR was conducted for 33 cycles of 94℃ for 30 

sec, 50℃ for 30 sec, and 72℃ for 90 sec, followed by an 

additional extension time of 10 min at 72℃ and holding at 4℃. 

The TA was measured at 450 nm and a reference wavelength 

of 690 nm. The relative TA (RTA) of each sample was 

calculated according to the instructions of the TeloTAGGG 

Telomerase PCR ELISA PLUS Kit.

C-circle assay

Detection of C-circles was performed as previously 

described(30). Briefly, 30 ng DNA was combined with 10  2X 

Φ29 buffer, 7.5 U Φ29 DNA polymerase (NEB), 0.2 mg/ml 

BSA, 0.1% (v/v) Tween 20, 1 mM each dATP, dGTP and dTTP 
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and incubated at 30°C for 4 h and 8 h followed by 20 min at 

70°C. Amplification products were deposited on a Hybond N+ 

nylon membrane (Bio-Rad) and developed using the 

TeloTAGGG Telomere Length Assay Kit (Roche). 

Chemiluminescent signals were visualized with a ChemiDoc XRS 

system (Bio-Rad), and the intensity of the spots was quantified 

with ImageQuant TL software (Bio-Rad).

Telomere length fragmentation assay

Telomere length was determined by southern blot using a 

TeloTAGGG Telomere Length Assay Kit (Roche) according to 

the manufacturer’s protocol. Briefly, 1 of each DNA sample 

was digested with Rsa I and Hinf I for O/N at 37℃, 

electrophoresed on a 0.8% agarose gel at 50 V for 4 h and 

then transferred to a nylon membrane by southern blotting. The 

blotting membrane was blocked and  to a digoxigenin 

()-labelled  specific for telomeric repeats for O/N. The washed 

blot was incubated with anti-DIG-alkaline phosphatase (1:10,00 

dilution) for 30 min and developed using the substrate in the 

TeloTAGGG Telomere Length Assay kit (Roche). After 

chemiluminescence signals were visualized with a ChemiDoc 

XRS system (Bio-Rad), terminal restriction fragment analysis 

was performed with Telo Tool version 1.3.

Cell viability analysis after radiation treatment

Control and transfected cells were grown on 96-well plates at 

a density of 4 × 103cells per well for 24h. Subsequently, cells 

were irradiated with 4 MV X-rays from a linear accelerator 

(Clinac 4/100, Varian Medical Systems, Palo Alto, CA,USA) at 
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dose rates of 0, 2, 4, 6, and/or 8 Gy/min. The MTT assay was 

performed for 5 days to assess cell viability. Colony-forming 

assays irradiated with radiation were also performed as 

mentioned above.

In vivo small animal study

All animal studies were conducted at the Genome Engineering 

Laboratory (from Dr. K.M. Kim). BALB/c nude mice (4-6 

weeks old) were used in the animal study. Animal experiments 

were carried out in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. 

Control and transfected cells (5x106)were subcutaneously 

injected into both flanks of each mouse. After 8 weeks, all the 

mice were sacrificed, and tumor lesions were excised. The 

tumor volume (mm3)was calculated as length×width2/2. 

Statistical analysis

The results were analysed by using IBM SPSS Statistics 

software (version 20.0; SPSS, Armonk, NY, USA). Data are 

expressed as the mean ± SE. Statistical significance was 

determined using Student’s t-test. Kaplan-Meier curve 

analysis was used to analyse patient survival time. Differences 

with P values < 0.05 were considered statistically significant.



12

RESULTS

MUC1 is significantly overexpressed in GBM 

tissue. 

To study the mechanisms of differential gene expression in 

glioma tumorigenesis, we performed gene expression profiling 

by assessing RNA sequencing data of paired normal brain and 

glioma tissue from 30 glioma patients. Among the differentially 

expressed genes identified, MUC1 was one of the significantly 

upregulated genes (p value<0.05, log2FC≥2) in glioma tissue 

(Figure 1A). However, the role of MUC1 in glioma cells has 

rarely been studied. The upregulation of MUC1 was a universal 

phenomenon in gliomas regardless of their WHO grades, 

although only high-grade gliomas, including GBM, showed a 

statistically significant upregulation of expression compared to 

that in normal brain tissues (Figure 1B).

Using GBM and low grade glioma (LGG) data from The Cancer 

Genome Atlas (TCGA) and normal brain data from 

Genotype-Tissue Expression (GTEx), we confirmed that MUC1 

was overexpressed in glioma tissue compared with normal brain 

tissue (Figure 2A). Moreover, there was a significant difference 

in overall survival between the groups with low and high 

expression levels of MUC1 in the TCGA GBM dataset (Figure 

2B).
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Knockdown of MUC1 inhibits the proliferation of 

GBM cells 

To verify the role of MUC1 in GBM cell growth, U373 and 

T98G cells were transduced with shLuc and shMUC1 lentivirus 

for 48 h, and MUC1 repression was confirmed with RT-PCR 

analysis and western blot analysis (Figure 3A). 

The cell viability test using the MTT assay showed that MUC1 

knockdown decreased cell proliferation in U373 and T98G cells 

(Figure 4A). Furthermore, colony formation assays also 

demonstrated the reduced size of the single colonies and the 

reduced number of colonies in MUC1 knockdown U373 and 

T98G cells compared to control cells (Figure 4B). These 

results indicate that MUC1 has a crucial role in GBM cell 

proliferation.

MUC1 knockdown attenuates cell cycle 

progression at the G1 phase

To explore the underlying mechanism of decreased cell viability 

by MUC1 knockdown, cell cycle analysis was performed. Flow 

cytometry showed that the cell cycle was arrested in the G0/G1 

phase after MUC1 knockdown (Figure 5A and 5B). Among the 

G1 cell cycle regulators, CDKN1B protein expression was 

upregulated and retinoblastoma 1 (RB1) phosphorylation was 

decreased upon MUC1 knockdown (Figure 5C). Control cells 

and MUC1 knockdown cells were stained with annexin V and 

7-aminoactinomycin D (7-AAD) to determine whether G1 
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arrest is related to apoptosis. However, no significant difference 

in the apoptotic population was noted between control cells and 

MUC1 knockdown cells (Figure 6).

Gene expression profiling reveals MUC1-related 

pathways other than the cell cycle 

To investigate the role of MUC1 in the molecular mechanism 

underlying the tumorigenesis of GBM cells, we profiled the 

transcriptomes of both naive- and shMUC1-treated GBM cells 

(U373, T98G, and A172) by RNA-seq. We performed gene set 

enrichment analysis (GSEA) of the differentially expressed 

genes. After filtering based on significant nominal p values (p 

<0.05) and  NES values of ≥ 2 or ≤ -2, we found that gene 

sets that were downregulated by MUC1 knockdown were 

enriched in processes related to the EMT pathway, cell 

cycle-related pathway and telomere-related pathway (Figure 

7A and 7B). On the other hand, the gene sets that were 

upregulated by MUC1 knockdown were enriched in processes 

related to TGF-β signalling in the EMT pathway (Figure 7A 

and 7B). Pathway network analysis using GSEA results showed 

that telomere-related and cell cycle-related pathway gene sets 

associated with MUC1 knockdown were indirectly interconnected 

with each other (Figure 7C). In MUC1 knockdown GBM cells, 

the significantly downregulated genes that regulate the G1 phase 

of the cell cycle, telomere maintenance and EMT pathway are 

shown in the heatmap and hierarchical clustering analysis 

(Figure 7D). Taken together, these results suggest that MUC1 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.297077.117/-/DC1
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promotes glioma tumorigenesis through cell cycle regulation, 

telomere maintenance mechanisms and EMT. 

MUC1 knockdown induces changes in the telomere 

maintenance mechanism

The perpetual maintenance of telomere length, which is 

achieved either by activation of telomerase or by alternative 

lengthening of telomeres (ALT), is an essential characteristic of 

tumorigenesis. ALT is characterized by the presence of 

ALT-associated promyelocytic leukaemia bodies (APB), 

extrachromosomal telomeric circular DNA (C-circles), 

heterogeneity in telomere length, and increased telomeric 

recombination. Here, we used a c-circle assay and telomere 

length measurement to detect ALT activity (31). 

To validate the association of MUC1 and the telomere 

maintenance pathway, we assessed hTERT expression and TA 

in GBM cells after MUC1 knockdown and observed a significant 

reduction in hTERT expression as well as TA (Figure 8A and 

8B). We also performed a c-circle assay to elucidate whether 

MUC1 knockdown affects the switch of the telomere 

maintenance mechanism. MUC1 knockdown induced a 

significantly increased c-circle formation (Figure 9A). 

Additionally, telomere restriction fragment (TRF) analysis 

revealed that telomere lengths were slightly increased in the 

MUC1 knockdown GBM cells compared to the control cells, 

although there was no significant difference (Figure 9B). Data 

are representative results from at least 3 independent 
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experiments. Taken together, these results suggested that 

MUC1 depletion contributes to the switching of the telomere 

maintenance mechanism from classic telomerase activation to 

ALT in GBM cells.

The role of MUC1 in the radiation resistance of 

GBM was not determined. 

To estimate the role of MUC1 in the sensitivity of GBM cells to 

radiation, control and transfected T98G and U373 cells with 

knockdown of MUC1 were irradiated with 0 Gy, 2 Gy, 4 Gy, 6 

Gy and/or 8 Gy (Figure 10). The cell viability test using the 

MTT assay showed that there was no difference in cell survival 

between the control and transfected GBM cell lines regardless 

of radiation dose (Figure 10A). Furthermore, colony formation 

assays also demonstrated no specific differences in MUC1 

knockdown U373 and T98G cells compared to control cells 

(Figure 10B). Although the data are insufficient, these results 

indicate that MUC1 knockdown did not affect the radiosensitivity 

of GBM cell lines.

MUC1 knockdown suppressed tumor growth in 

vivo. 

To evaluate the effects of MUC1 on tumorigenesis in vivo, 

control and transfected cells were inoculated subcutaneously 

into BALB/c nude mice. Eight weeks after tumor implantation, 
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the mice were sacrificed, and the tumors were dissected 

(Figure 11A and 11B). As shown in Figure 11C, tumor growth 

was observed in the U373 and mock groups but not in the 

MUC1 knockdown U373 cell group. There were no significant 

differences in tumor volume between the U373 and mock cell 

groups (Figure 11C). Although the data are insufficient, these 

results indicate that MUC1 knockdown suppresses GBM growth 

in vivo.
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DISCUSSION

The characteristics of MUC1 in cancer cells

Mucin 1 (MUC1) is a single pass type I transmembrane protein 

consisting of MUC1-N (a heavily glycosylated extracellular 

domain) and MUC1-C (7). However, the structural 

characteristics and distribution of MUC1 are changed in various 

cancers. In cancer, MUC1 is overexpressed and redistributed 

over the cell surface and within the cytoplasm, which may be 

related to hypoglycosylation of MUC1 (8,32). Moreover, a 

significant amount of MUC1-C is identified intracellularly, 

especially within the mitochondria and nucleus(7,33). MUC1-C 

is also known to associate with the expression of various 

transcription factors, such as STAT3, NF-kB, p53, and β

-catenin(34-37). In cancer cells, MUC1-N release induces 

structural changes in the MUC1-C subunit and subsequently 

induces several downstream cell signaling pathways, such as the 

mitogen-activated protein kinase (MAPK), phosphatidylinositol 

3-kinase (P13K/Akt), and wingless type (Wnt) pathways(7,38). 

These critical signaling pathways have also been known to be 

related to GBM(39,40). Therefore, the relationship between 

MUC1 in cancer and transcription factors and the cell signaling 

pathway has indicated that MUC1 plays a critical role in cancer 

progression.
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The role of MUC1 in tumorigenesis of GBM

In this study, we explored the functional role of MUC1 in the 

tumorigenesis of GBM based on results from both in vitro 

experiments and genomic data from human samples. In fact, the 

role of MUC1 as a cell cycle regulator and poor prognostic 

marker has been studied in various human cancers, including 

breast cancer, pancreatic cancer and lung cancer, and these 

roles are exerted through various mechanisms, including the β

-catenin, NF-κB, platelet-derived growth factor (PDGF), 

epidermal growth factor receptor (EGFR), and MAPK and 

PI3K/Akt pathways(11,15,41,42). However, the functional role 

of MUC1 in GBM has not been clarified thus far. 

As mentioned above, we observed that MUC1 knockdown 

attenuated cell proliferation and impaired cell cycle progression 

to S-phase. The inhibition of cell proliferation and cell cycle 

arrest induced by MUC1 knockdown, as detected by in vitro 

experiments in this study, suggests an oncogenic role of MUC1 

in GBM. More specifically, our work shows that the cell cycle 

was arrested in the G0/G1 phase after MUC1 knockdown, 

involving CDKN1B upregulation and decreased RB1 

phosphorylation. The CDKN1B gene encodes the p27Kip1 

protein, which was first described as an inhibitor of G1 cycle 

progression by binding a broad range of cyclin/cyclin-dependent 

kinase (CDK) complexes(43). Moreover, RB1 plays a central 

role in G1-S checkpoint control, and phosphorylation of RB1 is 

the most common mechanism of inactivation of this gene(44). 

We found that MUC1 knockdown led to increased CDKN1B 

expression and decreased phosphorylation of RB1 in GBM cell 
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lines. Taken together, these results illustrate the effects of 

MUC1 on cell cycle regulation, especially at the G1 phase in 

GBM.

To confirm the effects of MUC1 on the tumorigenesis of GBM 

in vivo, a small animal study was performed. Tumor growth was 

observed in the U373 and mock groups but not in the MUC1 

knockdown U373 cell group. Although statistical analysis could 

not be performed because of insufficient data, including the lack 

of tumor growth in the MUC1 knockdown U373 cell group and 

the relatively small numbers of animals analyzed, these results 

indicate that MUC1 knockdown suppresses GBM growth in vivo. 

Additional studies with larger numbers of animals are needed to 

confirm the role of MUC1 in the tumorigenesis of GBM in vivo.

The role of MUC1 in the molecular mechanism 

underlying the tumorigenesis of GBM

Transcriptome profiling revealed a large number of gene sets 

that were up- or downregulated by MUC1 knockdown. GSEA of 

the biological function of the genes upregulated by MUC1 

knockdown identified functions related to TGF-β signaling in 

the EMT pathway. A previous study showed that TGF-β 

induces G1 growth arrest and the accumulation of 

unphosphorylated Rb(45). These reports support our finding 

that MUC1 acts as a G1 phase regulator of the cell cycle, as 

shown in Fig. 3. The mechanism by which MUC1 gene silencing 

induces TGF-β signaling requires further study. On the other 

hand, GSEA of genes downregulated by MUC1 knockdown 
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identified cell cycle-related pathways, EMT pathways, and 

telomere-related pathways. This finding supports the 

experimental result showing cell cycle arrest after decreased 

MUC1 expression. Recently, Karacosta et al. defined a 

landscape of MET and MET states with single-cell resolution 

using EMT markers in lung cancer cells(24). They identified 

three epithelial states, three partial EMT states, one 

mesenchymal state, and one MET state and showed expression 

differences of markers, including E-cadherin, vimentin, CD44, 

C24, twist, and MUC1, in each state(24). Interestingly, they 

showed that cells in the MET state significantly differ from 

those in the M state in MUC1 expression(24). The 

heterogeneity of transient cell subpopulations undergoing 

EMT/MET will help a more comprehensive understanding of the 

relationship between EMT and MUC1 in cancer. 

On the other hand, the telomere-related pathway, another 

suppressed pathway after MUC1 knockdown, is one of the core 

elements in tumorigenesis. It has been proposed that up to 90% 

of human cancers utilize telomerase activation for the 

maintenance of their telomere length, while the other 10% of 

tumors utilize ALT(46). As has been reported in other cancers, 

including gliomas, there is a correlation between TA and the 

grade of malignancy and prognosis in glial tumors(47-49). 

However, others have suggested that telomerase-associated 

parameters might have limited value as independent prognostic 

markers in younger GBM patients(49). A recent study by Hu et 

al. showed that telomerase maintenance mechanism switching 

can occur in cancer cells with telomeric DNA damage and 

ATRX/DAXX complex knockdown(50). Interestingly, we 



22

observed a similar switching phenomenon from 

telomerase-positive to ALT-positive cells after MUC1 

knockdown. The identification of the role of MUC1 as a 

regulator of the telomere maintenance mechanism is a novel 

discovery. Further study is needed to develop a detailed 

understanding of this switching mechanism of telomerase 

maintenance associated with MUC1.

Relationship of MUC1 and radiosensitivity in GBM 

cells

In this study, we investigated the role of MUC1 in the 

radiosensitivity of the GBM cell lines T98G and U373, which 

are known to be relatively radioresistant at lower doses of 

radiation (51). Although the data are insufficient, there was no 

specific relationship between MUC1 knockdown and the 

radiosensitivity of GBM cells. A few studies have reported the 

relationship between MUC1 and radiosensitivity in other cancer 

cells(52,53).  Gunda et al. also reported that MUC1-mediated 

nucleotide metabolism plays a key role in radioresistance in 

pancreatic cancer cells(52). Yi et al. reported that MUC1 

promotes radioresistance in hepatocellular carcinoma cells 

through activation of the Janus kinase 2 (JAK2)/signal 

transducer and activator of transcription 3 (STAT3) signaling 

pathway(53). On the other hand, our study demonstrated that 

MUC1 knockdown in GBM cell lines was correlated with G1 

phase arrest, involving CDKN1B upregulation and decreased 

RB1 phosphorylation. The cell cycle phase is known to 
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determine the radiosensitivity of cells, with cells in the G2-M 

phases being most radiosensitive and cells in the G1 phase 

being less sensitive(54). The effects of the G1 arrest induced 

by MUC1 knockdown on radiosensitivity cannot be fully 

explained by this study. However the role of MUC1 in 

radioresistance in other cancer cells can be identified, further 

study is also needed to confirm the role of MUC1 in 

radiosensitivity in GBM cells.

MUC1 as a therapeutic target in GBM

We demonstrated that MUC1 plays an important role in the 

tumorigenesis of GBM. These results indicate the possibility of 

MUC1 as a therapeutic target in GBM. Most approaches to 

MUC1 as a therapeutic target have been immunotherapy. 

MUC1-based immunotherapies are conducted in various stages 

of development, including the MUC1 vaccine for advanced 

adenoma of the colon(55,56). Although MUC1-based 

immunotherapy was focused on MCU1-N in the past, MUC1-C 

has recently been considered an attractive target in cancer 

(7,57). The MUC1-C cytoplasmic domain contains a CQC motif, 

which is responsible for oncogenic signaling(58). Currently, a 

cell penetrating peptide-based inhibitor, GO-203, that targets 

the CQC motif of MUC1-C is in phase II clinical trials for 

patients with acute myeloid leukemia 

(https://clinicaltrials.gov/ct2/show/NCT02204085). Additionally, 

further study is needed to evaluate the effects of these 

inhibitors in GBM cells and normal cells for clinical application.
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Selection of appropriate GBM cell lines to identify 

the role of MUC1

Established GBM cell lines play an important role in vitro 

studies. In this study, we analyzed the role of MUC1 in GBM 

tumorigenesis using the T98G and U373 cell lines. Through this 

study, we identified that MUC1 knockdown affects cell 

proliferation via mechanisms related to cell cycle regulation and 

telomere maintenance. However, the results of the radiation and 

animal studies using the T98G and U373 cell lines were 

inconsistent. A comprehensive understanding of the genetic 

alteration of GBM cell lines is important to choose specific cell 

lines for particular study. Patil et al. reported the 

cancer-specific genetic alteration of commonly used GBM cell 

lines (U87, T98G, LN229, U343, U373 and LN18) from whole 

exome and RNA sequencing (59). They reported that 5 cell 

lines showed hTERT promoter activating mutations(59). A 

review article by Lee(60) summarizes the characteristics of 

intrinsic temozolomide-resistant GBM cell lines. Considering 

these genetic and pharmacogenomic alterations in each GBM cell 

line, an appropriate selection of GBM cell lines is also important 

for further study to evaluate the functional role of MUC1 in 

GBM cells.
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CONCLUSIONS

We investigated the role of MUC1, a gene that has been widely 

studied in cancers but not in GBM, with a focus on its 

anticancer mechanism by inhibition. Our research suggested the 

role of MUC1 as a regulator of the cell cycle and telomere 

maintenance mechanism in GBM. It is expected that abrogating 

MUC1 can be considered one of the therapeutic strategies for 

GBM.
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Figures

Fig. 1. MUC1 is significantly overexpressed in gliomas 

compared to normal brain tissues. (A) Identification of 

differentially expressed genes from the RNA-seq data of paired 

normal brain and glioma tissue of 30 glioma patients. Volcano 

plot showing MUC1 as one of the significantly upregulated 

genes. (B) Comparison of MUC1 mRNA expression in normal 

brain tissue and glioma (WHO grade II, III, and IV) tissues. 

MUC1 is significantly overexpressed in all glioma samples 

compared to normal brain samples. 
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Fig. 2. Comparison of MUC1 RNA expression in glioblastoma 

(GBM) and low grade glioma (LGG) data from The Cancer 

Genome Atlas (TCGA) with normal brain data. (A) Comparison 

of MUC1 RNA expression in GBM and LGG data from The 

Cancer Genome Atlas (TCGA) with normal brain data from the 

Genotype-Tissue Expression (GTEx) database. MUC1 is highly 

expressed in both GBM and LGG. (B) Overall survival in GBM 

patients in the TCGA dataset classified by MUC1 expression. 

The prognosis is significantly poorer in patients with high 

MUC1 expression than in those with low expression.
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Fig. 3. Result of MUC1 expression analyzed by RT-PCR and 

western blot (WB). (A) GFP fluorescence images (magnification, 

×100), RT-PCR and western blot (WB) analysis to confirm 

MUC1 depletion in U373 and T98G cells with shLuc or shMUC1 

lentivirus infection. GAPDH and ACTB were used as internal 

controls in RT-PCR and WB, respectively. The blots were 

cropped, and full-length blots are presented in Supplementary 

Figure 1.  
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Fig 4. MUC1 knockdown inhibits the proliferation of glioblastoma 

cells. (A) Cell proliferation assay for 4 days and (B) colony 

formation assays with T98G and U373 cells transduced with 

shLuc or shMUC1 lentivirus. After 14 days, the cultured cells 

were fixed with methanol and stained simultaneously with 

staining solution (0.5% crystal violet in acetic acid/methanol 

1:7), and colonies were counted manually. (A) and (B) 
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Representative results from at least 3 independent experiments 

and are plotted as the average of 3 independent experiments. 

Error bars, SEM. Student’s t-test. *: P < 0.05, **: P < 0.01, 

***: P < 0.001.
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Fig. 5. MUC1 knockdown attenuates cell cycle progression at 

the G1 phase. (A), (B) Cell cycle distribution of T98G and 
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U373 cells infected with shLuc or shMUC1 lentivirus. In MUC1 

knockdown cells, cell cycle arrest in G0/G1 phase and reduction 

in S and G2/M phases were observed. Student’s t-test. *: P < 

0.05, **: P < 0.01, ***: P < 0.001. (C) Western blot analysis of 

Rb and CDKN1B in control and MUC1 knockdown cells. The 

expression of GAPDH was used as an internal control. Target 

protein expression levels were quantified with free image 

analyser software. The blots were cropped, and full-length 

blots are presented in Supplementary Figure 2.
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Fig. 6. Annexin V apoptosis assay. Control cells and MUC1 

knockdown cells were stained by APC Annexin V Apoptosis 

Detection Kit with 7-AAD, and apoptosis was analyzed by flow 

cytometry. Cells were divided into four sections (Q1-Q4): Q1 

(AnnexinV-APC-/7AAD+) is representative of mechanical 

error; Q2 (AnnexinV-APC+/7AAD+) is representative of late 

apoptotic or necrotic cells; Q3 (AnnexinV-APC-/7AAD−) is 

representative of living cells; Q4 ((AnnexinV-APC+/7AAD‐) is 

representative of early apoptotic cells. No statistical difference 

was noted between control cells and MUC1 knockdown cells.
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Fig. 7. MUC1 knockdown is associated with the cell cycle and 

telomere maintenance pathway. (A) Gene set enrichment 

analysis (GSEA) of control and MUC1 knockdown glioblastoma 

(GBM) cell lines (T98G, U373, A172). TGF-β receptor 

signalling in epithelial-mesenchymal transition (EMT) was 
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positively enriched in MUC1 knockdown cells, whereas gene 

sets associated with the cell cycle and telomere maintenance 

pathways were negatively enriched. “N” indicates gene counts 

in the enriched gene set. The asterisks indicate FDR q-values 

(*<0.25; **<0.1; ***<0.05; ****<0.005; ***** < 0.0005). 

Pathways with p value <0.05 and normalized enrichment score 

(NES) >2 or <-2 are shown. (B) Examples of GSEA charts 

revealing the role of MUC1 in GBM. Enrichment plot showing 

negative enrichment of cell cycle and telomere maintenance 

pathways and positive enrichment of TGF-β signalling in the 

EMT pathway between control and MUC1 knockdown cell lines. 

(C) An enrichment map was drawn using Cytoscape with the 

GSEA result (C5 gene set from the Molecular Signatures 

Database (MSigDb)); FDR cut off value 0.01, edge cut off value 

0.5. Cell cycle pathways and telomere-related pathways are 

interconnected together by common genes, and these pathways 

are negatively enriched in the MUC1 knockdown cell lines. (D) 

Heatmap comparison of the cell cycle, telomere maintenance and 

EMT-related gene lists in control vs MUC1 knockdown GBM 

cell lines.



36

Fig. 8. MUC1 knockdown induces a significant reduction in 

hTERT expression as well as telomerase activity (TA). (A) 

qRT-PCR results showing significantly lower TERT mRNA 

expression in MUC1 knockdown cells compared to control cells. 

Representative data from at least 3 independent experiments 

are plotted with the average of 3 independent experiments. (B) 

MUC1 knockdown cells showing significantly reduced TA. TAs 

were analysed using a telomerase PCR ELISA kit, quantified as 

ΔA (A450-A690) and then calculated as RTA (%). Data are 

plotted as the average of 3 independent experiments. Error 

bars, SEM. Student’s t-test. *: P < 0.05, **: P < 0.01, ***: P 

< 0.001. 
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Fig. 9. Results of C-circles assay and telomere restriction 

fragment (TRF) analysis. (A) Blot showing positive formation of 

C-circles in MUC1 knockdown glioblastoma (GBM) cells. 

Genomic DNA isolated from control (CTR) and MUC1 

knockdown T98G and U373 cells was used for the C-circle 

assay. U2OS and WI-38 VA13 cells were used as the positive 

controls, and 293T cells were used as the negative control. The 

blots were cropped, and full-length blots are presented in 

Supplementary Figure 3. (B) TRF analysis using T98G and 

U373 cells infected with shLuc or shMUC1 lentivirus. Mean 

TRF detected by southern blot analysis. Data are representative 

results from at least 3 independent experiments.
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Fig. 10. MUC1 knockdown did not affect the radiosensitivity of 

GBM cell lines. To estimate the role of MUC1 in the sensitivity 

of GBM cells to radiation, control and transfected T98G and 

U373 cells with knockdown of MUC1 were irradiated with 0 Gy, 
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2 Gy, 4 Gy, 6 Gy and 8 Gy. Each cell line was seeded in 

96-well plates. (A) The MTT assay was performed for 5 days 

to assess cell viability. (B) After irradiation treatment, MUC1 

knockdown T98G and U373 cells were seeded in 6-well plates, 

followed by incubation for 14 days, and colony formation assays 

were performed. The cultured cells were fixed with methanol 

and stained simultaneously with staining solution (0.5% crystal 

violet in acetic acid/methanol 1:7), and colonies were counted 

manually. 
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Fig. 11. Tumor volumes were decreased in the MUC1 

knockdown group. (A) To evaluate the effects of MUC1 on 

tumorigenesis in vivo, control and transfected cells were 

inoculated subcutaneously into BALB/c nude mice. Eight weeks 

after tumor implantation, the mice were sacrificed, and the 
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tumors were dissected. (B) Representative images of xenograft 

tumors for each cell line. (C) Relative changes in tumor volume. 

The tumor volume (mm3) was calculated as length×width2/2.
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Fig. S1-3. Full-length images of blots presented in Figures 3A, 

5C, and 9B. Chemiluminescent signals were detected by 

exposure of the membranes in a Bio-Ras ChemiDoc system, 

and the protein bands shown in Figures 3A, 5C and 9B are 

indicated by dotted boxes.
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국문초록

서론: MUC1은 다양한 암종에서 종양의 발생 및 진행에 관여하는 막 

관통성 단백질이다. 그러나, 교모세포종에서 MUC1의 역할은 아직 완

전히 연구되지 않았다. 이번 연구에서는 교모세포종에서 MUC1의 억제

에 의한 항암 기전을 조사하였다.

방법: MUC1의 발현 정도를 비교하기 위해 사람의 교종 세포 및 쌍을 

이룬 정상 뇌조직을 분석하였다. 렌티바이러스 운반체 (Lentiviral 

vector)를 사용하여 MUC1의 발현을 억제하였다. 교모세포종에서 

MUC1 억제에 의한 작용기전을 조사하기 위해 세포 생존력, 세포 증

식, 세포 주기 진행, RNA 염기서열분석 및 텔로미어(telomere) 관련 

연구를 수행하였다.

결과: MUC1은 정상 대조군에 비해 교모세포종에서 과발현되었으며 전

체 생존기간과 음의 상관관계가 있었다. MUC1의 억제는 세포 증식을 

억제하고 세포주기의 G1 단계에서 세포 주기 정지를 초래하였다. 또한, 

MUC1의 억제는 RB1의 인산화를 감소시키고 CDKN1B의 발현을 증가

시켰다. 유전자세트증폭분석 (Gene Set Enrichment Analysis)에서는 

세포주기, 텔로미어 유지 및 상피간엽이행 (epithelial mesenchymal 

transition)과 관련된 유전자세트가 MUC1의 억제에 의해 영향을 받는

다는 결과를 보여주었다. 특히, TERT 발현감소와 텔로미어 

(telomere) 활동성 저하 및 대안적 텔로미어 유지기작 (alternative 

lengthening of telomere)으로의 전환이 MUC1을 억제한 교모세포종 

세포에서 관찰되었다.

결론:  이 연구에서 MUC1은 교모세포종에서 암발생과정에서 역할을 

수행한다는 사실이 확인되었고, 향후 세포 주기 및 텔로미어

(telomere) 유지에 대한 치료표적으로써 개발될 수 있을 것이다. 

---------------------------------------

주요어: MUC1, 교모세포종, 세포 주기, 텔로미어, 텔로미어 유지 기작

학  번: 2017-32284
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