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Abstract
With short survival time, glioblastoma (GBM) is the most malignant tumor in the 
central nervous system. Recently, epigenetic enzymes play essential roles in the regu-
lation of tumorigenesis and cancer development of GBM. However, little is known 
about MYST1/KAT8/MOF, a histone acetylation enzyme, in GBM. The present study 
shows that MYST1 promotes GBM progression through activating epidermal growth 
factor receptor (EGFR) signaling. MYST1 expression was increased in GBM and was 
negatively correlated with prognosis in patients with glioma and GBM. Knockdown 
of MYST1 reduced cell proliferation and BrdU incorporation in LN229, U87, and 
A172 GBM cells. Besides, MYST1 downregulation also induced cell cycle arrest at 
G2M phase, as well as the reduced expression of CDK1, Cyclin A, Cyclin B1, and 
increased expression of p21CIP1/Waf1. Meanwhile, Self‐renewal capability in vitro and 
tumorigenecity in vivo were also impaired after MYST1 knockdown. Importantly, 
MYST1 expression was lowly expressed in mesenchymal subtype of GBM and was 
positively correlated with EGFR expression in a cohort from The Cancer Genome 
Atlas. Western blot subsequently confirmed that phosphorylation and activation of 
p‐Try1068 of EGFR, p‐Ser473 of AKT and p‐Thr202/Tyr204 of Erk1/2 were also 
decreased by MYST1 knockdown. Consistent with the results above, overexpres-
sion of MYST1 promoted GBM growth and activated EGFR signaling in vitro and 
in vivo. In addition, erlotinib, a US Food and Drug Administration approved cancer 
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1  |   INTRODUCTION

Glioblastoma (GBM) is the most common and lethal ma-
lignant tumors in the central nervous system. It features 
strong aggressiveness, which makes the cells easily invade 
into the surrounding normal brain tissue.1 However, surgi-
cal clinical treatment can not completely remove the tumor 
tissue after surgery, because the remaining tumor cells may 
be stimulated to proliferate and invade into normal brain tis-
sue to form a metastasized tumor.2 Although neurosurgery 
technology has greatly improved as well as chemotherapy, 
radiotherapy, and combined therapy with the application of 
biological treatment, the survival time of GBM patients is 
only 12‐15 months.3,4 Therefore, it is urgent to explore the 
nature of GBM and the molecular mechanisms underlying 
for a better understanding of its malignancy, so as to develop 
a new method to cure GBM.

Epigenetic regulator plays important roles in GBM pro-
gression.5-7 MYST1, also termed as KAT8, MOZ, YBF2, 
SAS2, MOF, or TIP60 protein 1, is a kind of histone acetyl-
ation enzyme belonging to the MYST family and contains a 
chromodomain, a zinc finger motif, and a HAT domain.8,9 
As a catalytic subunit, MYST1 forms two distinct multipro-
tein complexes, MSL and NSL, which acetylates H4K16 as 
well as H4K5 and H4K8.10 MYST1 has been demonstrated 
to play important roles in embryonic formation and devel-
opment, chromatin assembly, transcription activation, cellu-
lar apoptosis, double‐strand break repair, and cellular stress 
response.11-16

Interestingly, MYST1 also showed capacities in the 
development of tumors.10 MYST1 is downregulated in 
medulloblastoma,17 primary breast carcinoma,17 ovarian 
epithelial cancer,18 colorectal carcinoma, gastric cancer, 
and renal cell carcinoma,19,20 while upregulated in non‐
small cell lung cancer (NSCLC).21 MYST1 acetylates Nrf2 
at K588 and retains it in the nucleus, thereby regulating 
genes associate with anti‐oxidative and regulates anti‐drug 
responses in human NSCLC.21 MYST1 acetylates the his-
tone demethylase LSD1 to impede its binding to epithelial 
gene promoters and histone demethylation, thus suppresses 
epithelial‐mesenchymal transition and tumor invasion.22 

Besides, MYST1 is recruited by G9a‐dimethylated 
ERαK235 to the ERα target gene promoters to acetylate 
H4K16, thus promotes gene transcription in breast can-
cer.16 However, the correlation of MYST1 with the GBM 
has never been explored.

In this study, we showed that MYST1 is overexpressed 
in GBM and predicts a poor prognosis. Besides, we found 
that inhibition of MYST1 impedes epidermal growth factor 
receptor (EGFR) signaling and induces cell cycle arrest at 
G2M phase.

2  |   MATERIALS AND METHODS

2.1  |  Cell culture
Human GBM cell lines were maintained in Dulbecco's 
modified Eagle's medium (DMEM, Life Technologies; 
LN229, A172 cell line, ATCC) or Dulbecco's modified 
Eagle's medium: Nutrient Mixture F‐12 (DMEM/F‐12, Life 
Technologies; U87, U251 and U118 cell lines, ATCC) sup-
plemented with 10% fetal bovine serum (FBS; Invitrogen) 
and 1% Penicillin‐Streptomycin (P/S, Invitrogen). HEB glio-
cytes (the Type Culture Collection of the Chinese Academy 
of Sciences) was also cultured in DMEM with 10% FBS and 
1% P/S. Primary glioma cells was obtained using the glioma 
tissues provided by the Department of Neurosurgery, Daping 
Hospital, the Third Affiliated Hospital of Army Medical 
University. These cells were also cultured in DMEM with 
10% FBS and 1% P/S. 293FT cell line (ATCC) were main-
tained in DMEM (DMEM, Life Technologies) supple-
mented with 10% FBS, 1% P/S, 1% MEM Non‐Essential 
Amino Acids Solution (Invitrogen), 2 mmol/L l‐Glutamine 
(Invitrogen) and 1 mmol/L Sodium Pyruvate (Invitrogen).

2.2  |  Reagents
Thymidine analog 5‐bromo‐2‐deoxyuridine (BrdU, B5002), 
Dimethyl sulfoxide (DMSO, D2650), and 3‐(4)‐2,5‐diphenyl‐
2‐H‐tetrazolium bromide (MTT, M2128) were all obtained 
from Sigma‐Aldrich. Erlotinib (HY‐50896) was purchased 
from MedChemExpress.

drug which targets EGFR, was able to rescue MYST1‐promoted cell proliferation and 
EGFR signaling pathway. Furthermore, the transcription of EGF, an EFGR ligand, 
was shown to be positively regulated by MYST1 possibly via H4K16 acetylation. 
Our findings elucidate MYST1 as a tumor promoter in GBM and an EGFR activator, 
and may be a potential drug target for GBM treatment.
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2.3  |  Vector construction, 
transfection and infection
The RNAi target sites were designed and synthesized (the 
Beijing Genomics Institute, BGI) and were cloned into a len-
tiviral pLKO.1 vector. The sequences were listed as below: 
shMTST1‐F: CCGGGCAAGATCACTCGCAACCAAACT 
CGAGTTTGGTTGCGAGTGATCTTGCTTTTTG; 
shMYST1‐R: AATTCAAAAAGCAAGATCACTCGCAAC 
CAAACTCGAGTTTGGTTGCGAGTGATCTTGC. 
Human full‐length MYST1 (NCBI Reference Sequence:  
NM_032188) cDNA was obtained using PCR and was  
cloned into lentiviral pCDH‐CMV‐MCS‐EF1‐copGFP  
vector. The primers used as below: MYST1‐F‐XbaI‐Flag:  
T G C T C T A G A A T G G A T T A C A A G G A T G A C G A C 
G A T A A G G C G G C A C A G G G A G C T G C T G C G G ;  
MYST1‐R‐BamHI‐Flag: CGCGGATCCTCACTTATCGTC 
GTCATCCTTGTAATCCTTCTTGGAGAGCTTGACTTGC. 
Letivirural vector construction, transfection, and infection 
were employed as described previously.23

2.4  |  Quantitative RT‐PCR

Total RNA was extracted using RNAiso Plus (Takara, 
Dalian, China) according to manufacturer's protocols and 
real‐time qPCR was conducted as reported previously.24 
Expression analysis was performed by virtue of the ΔΔCt 
method with glyceraldehyde‐3‐phosphate dehydrogenase 
(GAPDH) as a control. The primers were listed as below: 
GAPDH‐F: AACGGATTTGGTCGTATTGGG, GAPDH‐R:  
CCTGGAAGATGGTGATGGGAT, MYST1‐F: GGTGGA 
GATCGGAGAAACGTA, MYST1‐R: CAGCATCCTTCAC 
TGTCTTGGT, EGFR‐F: AAAGTTAAAATTCCCGTCGC 
TATCAAG, EGFR‐R: TCACGTAGGCTTCATCGAGGAT 
TTC. EGF‐F: TGGTGATGGGAGGATGACTTG, EGF‐R: 
GGCCAGTGACTCAGCAGAAA. Primers were designed 
according to a previous study.25

2.5  |  Western blot
Western blot was performed as described previously.24 
The antibodies used were listed as below: MYST1 (Rabbit 
mAb #46862, Cell Signaling Technology, CST), CDK1 
(Cdc2, Rabbit mAb #77055, CST), Cyclin A (Mouse IgG2a 
#sc‐271682, Santa Cruz Biotechnology, SCB), Cyclin 
B1 (Mouse IgG1 # sc‐70898, SCB), p21 (Mouse IgG2a 
#sc‐71811), p‐Tyr1068‐EGFR (Rabbit mAb #3777, CST), 
EGFR (Rabbit mAb #E021073‐1, EnoGene), pSer473‐AKT 
(Rabbit mAb #4060, CST), AKT (Rabbit IgG #sc‐8312, SCB), 
pThr202/Tyr204‐Erk1/2 (Rabbit mAb #4370, CST), Erk1/2 
(Rabbit mAb #9102, CST), H4K16ac (Rabbit IgG #ab109463, 
Abcam), Histone H4 (Rabbit IgG #16047‐1‐AP, Proteintech) 
and GAPDH (Mouse mAb # AF0006, Beyotime).

2.6  |  BrdU assay
The BrdU assay was performed according to previous de-
scription.26 BrdU antibody (Rat mAb # ab6326, Abcam, 
Shanghai, China) and Goat anti‐Rabbit IgG (H+L) Cross‐
Adsorbed ReadyProbes™ Secondary Antibody, Alexa Fluor 
594 (#R37117 Invitrogen, Thermo Fisher Scientific) were 
used in this experiment.

2.7  |  MTT assay and trypan blue assay
MTT assay were conducted as described previously.27 Typan 
blue assay was described briefly as below: 2 × 105 Cells were 
seeded on six‐well plates and after indicated time cells were 
trypsinized and responded adequately with an equal volume 
of trypan blue (0.4%), then living cells without blue staining 
was calculated under a microscope.

2.8  |  Cell cycle
Detection of cell cycle was performed according to previous 
report.24

2.9  |  Soft agar assay

Colony formation ability was determined by soft agar assay 
on LN229 and U87 cells by virtue of the method provided 
previously.28

2.10  |  Tumor xenografts
The female mice (BALA/c‐nu, Beijing Huafukang Bioscience 
Co. Inc, China) with 4‐weeks‐old were purchased and housed 
in a specific‐pathogen‐free room. LN229 and U87 cells 
(1 × 106) with gene alterations in 100 μL DMEM without 
FBS were subcutaneously injected into both flanks of the 
mice. Every group contains 4‐6 mice. Tumor growth was 
measured by caliper measurement every four days after tumor 
plumped, and tumor volume was calculated with the formula 
(volume = tumor length × width2 × π/6). After 48‐52 days, 
tumors were removed and weighed. All animal experiments 
were conducted according to the Declaration of Helsinki and 
was pre‐approved and supervised by the Institutional Animal 
Care and Use Committees of the Southwest University and 
Experimental Animal Care and Use Committees of the 
Institute of Sericulture and Systems Biology.

2.11  |  Immunocytochemistry

Immunocytochemistry was performed as described pre-
viously.26 MYST1 (Rabbit mAb # ab200660, Abcam) 
and Ki67 (#550609, BD pharmingen) antibodies, 
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Histostain™—SP Kits (#SPN‐9002, ZSGB‐BIO) were 
used in this experiment.

2.12  |  Enzyme‐linked immuno sorbent assay
Cells (2 × 104 per well) was plated in a 96‐well plate and Enzyme‐
linked immuno sorbent assay (ELISA) was performed to de-
tected the EGF levels in the medium after cultured for 48 hours 
using the Human EGF Quantikine ELISA Kit (#DEG00, R&D 
Systems) according to manufacture's protocols.

2.13  |  Clinical data, ChIP‐seq data, and 
Statistical analysis
All data analysis was performed using a software GraphPad 
Prism 8 (https​://www.graph​pad.com/). Unpaired two‐tailed 
Student's t test was used for statistical analysis between two 
groups. P < .05 was considered statistically significant and 
was marked with * in the figures. P < .01 was marked with 
**. P <  .001 was marked with ***. The Cancer Genome 
Atlas (TCGA) data of MYST1 mRNA expression in GBM 
and normal tissues were obtained and analyzed in the 
Gene Expressing Profiling Interactive Analysis (GEPIA, 
http://gepia.cancer-pku.cn/index.html).29 MYST1 mRNA 
expression data from the database termed Tumor Glioma 
(CIC mutation status) Gleize‐30‐MAS5.0‐u133p2, progno-
sis data from databases termed Tumor Glioma‐IGS (Core‐
Transcript) French‐95‐rma_sketch‐huex10t and Tumor 
Glioma‐IGS (Core‐Exon) French‐95‐rma_sketch‐huex10p, 
MYST1 expression data in different subtypes and data of 
MYST1 coexpression with EGFR, AKT1, and MAPK3 
from Tumor GBM TCGA‐540‐MAS5.0‐u133a were down-
loaded from the R2 platform (https​://hgser​ver1.amc.nl/). 
Log‐rank (Mentel‐Cox) test was conducted for the signifi-
cance in survival analysis. Scan cutoff modus was used to 
get the most significant expression cutoff in the Kaplan 
Meier module for survival analysis. The data of MYST1 
expression data in different subtypes from TCGA—GBM 

Affymetrix HT HG U133A were obtained from Betastasis 
(http://www.betas​tasis.com/). The data of MYST1 mRNA 
expression in the primary and recurrent GBM and survival, 
as well as the data of correlations of MYST1 mRNA level 
and EGF (epidermal growth factor), TGFA (transforming 
growth factor alpha), AREG (amphiregulin), and EREG 
(epiregulin) mRNA levels were acquired from GlioVis, 
data visualization tools for brain tumor datasets (http://
gliov​is.bioin​fo.cnio.es/).30 The data of MYST1 gene meth-
ylation level and its correlation with prognosis in differ-
ent WHO grades of glioma was obtained from the Chinese 
Glioma Genome Atlas (CGGA, http://www.cgga.org.cn/). 
One‐way analysis of variance (ANOVA) multiple compar-
ison was performed for MYST1 gene expression pattern 
in different glioma subgroups. ChIP‐seq data of H4K16ac 
in human fibroblast IMR90 cells using chip antibodies 
H4K16ac (Millipore 07‐329, GSM1358821_H4K16ac.
Prolif.R1) or H4K16ac (Abcam ab109463, GSM1358822_
H4K16ac.Prolif.R2)31 were downloaded from GEO (https​
://www.ncbi.nlm.nih.gov/geo/) and analyzed using the 
software Integrative genomics viewer version 2.6.3.32-34

3  |   RESULTS

3.1  |  MYST1 is correlated with the 
prognosis of patients with glioma
To reveal the function of MYST1, we firstly explored its 
expression in GBM and normal tissues in the TCGA da-
tabase downloaded from the GEPIA. The result showed 
MYST1 mRNA expression was highly expressed in GBM, 
compared with that of normal brain tissues (Figure 1A). 
Since CIC mutation predicted poor outcome of glioma pa-
tients,35,36 we analyzed MYST1 expression in gliomas with 
CIC wildtype or mutation in the database termed Tumor 
Glioma (CIC mutation status) Gleize‐30‐MAS5.0‐u133p2. 
The result showed that MYST1 expression was higher in 
gliomas with CIC mutation than that of gliomas with CIC 

F I G U R E  1   MYST1 is correlated with the prognosis of patients with glioma. A, The analysis of TCGA data of MYST1 mRNA expression in 
GBM and normal tissues were obtained and analyzed in the GEPIA. B, The analysis of MYST1 mRNA expression in gliomas with CIC mutation 
from the database termed Tumor Glioma (CIC mutation status) Gleize‐30‐MAS5.0‐u133p2. C, The analysis of MYST1 mRNA expression in 
the primary and recurrent GBM in the data acquired from the GlioVis. D, The relative mRNA level and protein level of MYST1 in normal HEB 
gliocytes (N) and primary cells derived from different grades of gliomas. G1T, grade I gliomas; G3T, grade III gliomas; G4T, grade IV gliomas. 
E, MYST1 gene methylation levels of different WHO grades of gliomas in the CGGA methyl‐159 datasheet. F and G, Kaplan‐Meier (KM) analysis 
and Log‐rank test demonstrated that the elevated MYST1 protein expression in glioma is correlated with shorter overall survival in two connected 
databases titled with Tumor Glioma‐IGS (Core‐Transcript) French‐95‐rma_sketch‐huex10t and Tumor Glioma‐IGS (Core‐Exon) French‐95‐
rma_sketch‐huex10p from the R2 microarray analysis and visualization platform. H, KM analysis and Log‐rank test of MYST1 expression data 
in different subtypes from Vital GBM datasheet downloaded from GlioVis. I, KM analysis and Log‐rank test of MYST1 expression data in 
WHO grade II gliomas in the datasheet downloaded from the CGGA. J, KM analysis and Log‐rank test of MYST1 methylation level in gliomas 
in the datasheet downloaded from the CGGA. Experimental data were used as mean ± SD, n ≥ 3, significant difference was tested by Student's 
t test. *P < .05, **P < .01, ***P < .001, ****P < .0001. P < .05 was considered as statistically significant. GBM, glioblastoma; GEPIA, Gene 
Expressing Profiling Interactive Analysis
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https://www.ncbi.nlm.nih.gov/geo/
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wildtype (Figure 1B). Besides, MYST1 also increased its 
expression in recurrent GBM (Figure 1C). Importantly, 
qRT‐PCR and Western blot showed that MYST1 mRNA 
and protein expression were increased in higher grades of 
gliomas (Figure 1D). Since methylation of DNA affects the 
expression of genes, we further found that MYST1 meth-
ylation level were lower in WHO higher grade of gliomas 
than that of the lower grade in the CGGA datasheet (Figure 
1E). Then we analyzed the relationship of MYST1 expres-
sion and the prognosis of glioma patients in two databases 
titled Tumor Glioma‐IGS (Core‐Transcript) French‐95‐
rma_sketch‐huex10t and Tumor Glioma‐IGS (Core‐Exon) 
French‐95‐rma_sketch‐huex10p by virtue of Kaplan‐Meier 
(KM) analysis. The result showed that MYST1 expres-
sion was negatively correlated with the overall survival 
(OS) rate in 95 patients with glioma in two databases 
(P‐value = 1.2e‐4 and 1.8e‐4, respectively, Figure 1F,G). 
Besides, 3 or 5‐year OS rate is also higher in patients with 
elevated MYST1 expression than that with low MYST1 
expression (Figure 1F,G). In the database of GBM termed 
Vital GBM datasheet from GlioVis, MYST1 high expres-
sion also predicts poor prognosis (Figure 1H). In a WHO 
grade II cohort in the CGGA database, we also found that 
MYST1 expression was negatively associated with the 
prognosis (Figure 1I). Besides which, MYST1 gene meth-
ylation level was positively correlated with prognosis of 
patients with gliomas, according to the data from a gene 
methylation database of gliomas in the CGGA (Figure 1J). 
These results showed that MYST1 is highly expressed in 
GBM and predicts poor prognosis of GBM patients.

3.2  |  MYST1 silencing inhibits cell 
proliferation in GBM cells
Next, we analyzed MYST1 mRNA and protein expression 
in several GBM cell lines including U87, A172, LN229, 
U251, and U118. The results showed that MYST1 was 
commonly expressed in these cell lines (Figure 2A). Since 
MYST1 expression was high in LN229, U87, and A172 
cells, we used them in our subsequent studies. To further 
elucidate the function of MYST1 in GBM cells, we silenced 
MYST1 mRNA and protein expression in LN229, U87, 
and A172 cells using lentivirus‐mediated shRNA stable 

transfection (Figure 2B). Significantly, MYST1 silenc-
ing decreased cell viability and cell number in three cell 
lines, compared with an inactive green fluorescent protein 
(GFP) silencing (Figure 2C,D). Besides, MYST1 silencing 
also reduced BrdU incorporation in these cells (Figure 2E). 
These results indicated that MYST1 silencing inhibits cell 
proliferation in GBM cells.

3.3  |  MYST1 silencing induces cell cycle 
arrest at G2/M phase
To further explain these results, we analyzed genes correlated 
with MYST1 expression in a cohort titled Tumor Glioma‐
IGS (Core‐Exon) French‐95‐rma_sketch‐huex10p. The 
mini ontology analysis showed that genes participated into 
biological process including cell cycle (P‐value  =  2.6e‐6), 
membrane (P‐value = 5.4e‐3), DNA repair (P‐value = .01), 
and kinase (P‐value  =  0.02) have significant correlations 
with the expression of MYST1 in glioma (Figure 3A). Since 
cell cycle is the most significant biological process, we focus 
our subsequent study on this topic. Flow cytometry analysis 
of propidium iodide staining showed that MYST1 silencing 
induced cell cycle arrest at G2M phase in LN229, U87 and 
A172 cells, compared with an inactive GFP silencing (Figure 
3B,C). Besides, we found that the expression of cell cycle‐re-
lated proteins such as CDK1, Cyclin A, and CyclinB1 were 
significantly reduced after MYST1 knockdown, while the ex-
pression of CDK inhibitor p21 was significantly upregulated 
after MYST1 knockdown (Figure 3D). These results showed 
that MYST1 silencing probably inhibits cell proliferation via 
regulation of cell cycle progression.

3.4  |  MYST1 silencing suppresses 
tumorigenecity of GBM cells
Furthermore, we confirmed the effect of MYST1 silenc-
ing in GBM cells in vivo. Before that, we firstly tested 
the self‐renewal capacity of cells after MYST1 silencing 
by virtue of soft agar experiment. Significantly, MYST1 
silencing reduced the size and number of colony forma-
tion in LN229 and U87 cells, compared with GFP silenc-
ing (Figure 4A). Based on the results obtained above, we 
tried to explore the role of MYST1 in tumor progression 

F I G U R E  2   MYST1 silencing inhibits cell proliferation in GBM cells. A, Quantitative real‐time PCR (qRT‐PCR) and western blot analysis 
of MYST1 mRNA and protein expression in several GBM cell lines. B, qRT‐PCR and Western blot analysis of MYST1 mRNA and protein 
expression in LN229, U87 and A172 cells after MYST1/GFP silencing. C, MTT assay reveals significant cell proliferation inhibition induced by 
MYST1 silencing in LN229, U87 and A172 cells, compared to that of the GFP silencing group (n = 3). D, Cell counting by trypan blue assay 
reveals significant cell proliferation inhibition induced by MYST1 silencing in LN229, U87 and A172 cells, compared to that of the GFP silencing 
group (n = 3). E, BrdU‐positive cells in LN229, U87 and A172 after MYST1/GFP silencing. All data were used as mean ± SD, n ≥ 3, significant 
difference was tested by Student's t test. *P < .05, **P < .01, ***P < .001. P < .05 was considered as statistically significant. GBM, glioblastoma; 
GFP, green fluorescent protein
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in vivo by injecting LN229‐shGFP, LN229‐shMYST1, 
U87‐shGFP, and U87‐shMYST1  cells subcutaneously 
in the flanks of the BALB/c‐nu mice. We observed that 
the tumor volumes and weights of all MYST1‐silenced 
tumors in the nude mice were significantly smaller than 
the control groups after 48‐52 days, respectively (Figure 
4B‐D). Hematoxylin‐eosin staining revealed that tumor 
malignancy  (nucleocytoplasmic ratio) was decreased 
after MYST1 knockdown (Figure 4D). Immunostaining 
(IHC) analysis further confirmed the downregulation 
of MYST1 and Ki67 protein in MYST1‐silenced cells 
(Figure 4F,G). Taken together, these results suggested 
that MTST1 is essential for the tumorigenecity of GBM 
cells in vivo.

3.5  |  MYST1 silencing downregulates EGFR 
signaling pathway
Genetic alterations in GBM have been previously identi-
fied, with frequent amplification of some receptor‐tyrosine 
kinases such as EGFR, platelet‐derived growth factor recep-
tor alpha  (PDGFRA), and Met Proto‐Oncogene (MET).37-39 
Among them, EGFR is found to be amplificated in about 57% 
GBM and is a clinical target for GBM harboring EGFR activa-
tion.38 Besides, EGFR amplification is lower in mesenchymal 
subtype of GBM cases than other three types, such as classical, 
neural, and proneural subtypes.40 Interestingly, we found that 
MYST1 expression was also lower in mesenchymal subtype of 
GBM cases than other three types (Figure 5A,B). Importantly, 

F I G U R E  3   MYST1 silencing induces 
cell cycle arrest at G2/M phase. A, Mini 
ontology analysis of genes correlated 
with MYST1 expression in a database 
titled Tumor Glioma‐IGS (Core‐Exon) 
French‐95‐rma_sketch‐huex10p from the 
R2 microarray analysis and visualization 
platform. B and C, Cell cycle analysis 
of the propidium iodide (PI) staining in 
LN229, U87 and A172 cells after MYST1/
GFP silencing. D, Western blots of cell 
cycle‐related proteins expression in LN229, 
U87 and A172 cells after MYST1/GFP 
silencing. All data were used as mean ± SD, 
n ≥ 3, significant difference was tested by 
Student's t test. **P < .01. P < .05 was 
considered as statistically significant. GFP, 
green fluorescent protein
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we found that MYST1 expression was significantly correlated 
with the expression of EGFR and its downstream target, such 
as AKT1 and MAPK3 (ERK1) in a TCGA cohort titled Tumor 
GBM TCGA‐540‐MAS5.0‐u133a (Figure 5C‐E). Besides, the 
phosphorylation of Tyr1068 in EGFR, Ser473 in AKT and 
Thr202/Tyr204 in Erk1/2 were declined in three GBM cell 
lines after MYST1 silencing, compared with GFP silencing, 
indicating EGFR‐AKT‐ERK1/2 signaling pathway was down-
regulated by MYST1 knockdown (Figure 5F). Consistently, 
EGFR‐AKT‐ERK1/2 signaling pathway was downregulated in 
xenografts obtained above after MYST1 silencing, compared 
with GFP silencing (Figure 5G). However, EGFR mRNA ex-
pression remained unchanged after MYST1 silencing (Figure 
5H). These results indicated that MYST1 might promote 
EGFR signaling pathway in GBM.

3.6  |  MYST1 overexpression promotes 
GBM progression and upregulates EGFR 
signaling pathway
To further confirm the results above, we overexpressed MYST1 
in LN229 and U87 cells (Figure 6A). The results showed that 
MYST1 overexpression promoted EGFR signaling pathway 
and cell proliferation in vitro using the MTT method, compared 
with GFP‐overexpressed groups (Figure 6A,C). However, 

EGFR mRNA expression remained unchanged after MYST1 
overexpression (Figure 6B). Moreover, MYST1 overexpres-
sion also promoted tumor growth and EGFR activation in vivo 
(Figure 6D‐F). Taken together, these results confirmed the role 
of MYST1 in the progression of GBM.

3.7  |  Inhibition of EGFR by erlotinib 
recovered GBM progression induced by 
MYST1 overexpression
To further confirm that MYST1 promoted cell proliferation 
through EGFR activation, we used an EGFR inhibitor, erlo-
tinib, which was used to treat NSCLC, pancreatic cancer and 
several other types of cancer. The results showed that MYST1‐
promoted cell proliferation was blocked, at least partly, by 
erlotinib treatment (Figure 7A). Besides, MYST1‐promoted 
EGFR signaling activation was also diminished by erlotinib 
treatment (Figure 7B). These results indicated that MYST1 
promoted cell proliferation through EGFR activation in GBM.

3.8  |  MYST1 regulates EGF expression 
possibly via H4K16 acetylation
Subsequently, we explored the mechanism of EGFR sign-
aling activated by MYST1 in GBM. Since EGFR signaling 

F I G U R E  4   MYST1 silencing suppresses tumorigenecity of GBM cells. A, Soft agar assay was performed to test the colony‐formation 
ability of LN229, U87 and A172 cells after MYST1/GFP silencing. B‐D, The effect of MYST1/GFP silencing on tumorigenicity in BALB/c‐nu 
nude mice. LN229 and U87 cells with MYST1/GFP silencing were injected subcutaneously into the nude mice (n = 6 or 5). Tumor burden 
was monitored every 4 d by a digital caliper. Tumor size was calculated as the formula: length × width2 × π/6. After the experiment, mice were 
sacrificed and the tumor was taken out and weighted. E, H&E staining and IHC of Ki67 and MYST1 in indicated tumors obtained from the nude 
mice. All data were used as mean ± SD, n ≥ 3, significant difference was tested by Student's t test. **P < .01, ***P < .001, P < .05 was considered 
as statistically significant. GBM, glioblastoma; GFP, green fluorescent protein; H&E, Hematoxylin‐eosin
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can be activated by its ligands, such as EGF, TGFA, 
AREG, and EREG, we firstly analyzed the correlations of 
MYST1 mRNA level with the levels of these ligands in the 

datasheet from the GlioVis. The results showed that only 
EGF expression was positively correlated with MYST1 
expression (Figure 8A). Then we performed ELISA assay 

F I G U R E  5   MYST1 silencing downregulates EGFR signaling pathway. A, The analysis of MYST1 expression in different subtypes of 
GBM from a TCGA cohort titled Tumor Glioblastoma TCGA‐540‐MAS5.0‐u133a in the R2 microarray analysis and visualization platform. B, 
The analysis of MYST1 expression in different subtypes of GBM from TCGA—Glioblastoma Affymetrix HT HG U133A were obtained from 
Betastasis (http://www.betas​tasis.com/). C‐E, The correlations of two genes analysis in in a TCGA cohort titled Tumor Glioblastoma TCGA‐540‐
MAS5.0‐u133a from the R2 microarray analysis and visualization platform. F, Western blots of proteins expression in EGFR signaling pathways in 
LN229, U87 and A172 cells after MYST1/GFP silencing. G, Western blots of proteins expression in EGFR signaling pathways in indicated tumors 
obtained from the nude mice. H, qRT‐PCR analysis of EGFR expression after MYST1 knockdown. Experimental data were used as mean ± SD, 
n ≥ 3, significant difference was tested by Student's t test. n.s.= no sense. P < .05 was considered as statistically significant. EGFR, epidermal 
growth factor receptor; GBM, glioblastoma; GFP, green fluorescent protein

http://www.betastasis.com/
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to detect the EGF protein levels in the medium of LN229 
and U87 cells after MYST1 silencing or overexpression. 
The results revealed that EGF protein level was decreased 
after MYST1 silencing, while was increased after MYST1 
overexpression (Figure 8B,C). In consistent with the re-
sults above, mRNA levels of EGF in LN229 and U87 cells 
was also downregulated after MYST1 silencing and up-
regulated after MYST1 overexpression (Figure 8D). We 
suspected that H4K16 acetylation controlled by MYST1 
might play a role in the expression of EGF. Western blot 

showed that levels of H4K16 acetylation in LN229 and 
U87 cells was decreased after MYST1 silencing and in-
creased after MYST1 overexpression (Figure 8E,F). 
Importantly, ChIP‐seq data of H4K16ac in human fibro-
blast IMR90 cells using ChIP‐grade H4K16ac antibodies 
downloaded from GEO also showed that H4K16ac was 
enriched in the DNA sequence of EGF genes (Figure 8G). 
These results implied that MYST1 activates EGFR signal-
ing possibly via epigenetically promoting the transcription 
of EGF.

F I G U R E  6   MYST1 overexpression promotes GBM progression and upregulates EGFR signaling pathway. A, Western blots of proteins 
expression in EGFR signaling pathways in LN229 and U87 cells after MYST1/GFP overexpression. B, qRT‐PCR analysis of EGFR mRNA 
expression after MYST1 overexpression. C, MTT assay reveals significant cell proliferation promotion induced by MYST1/GFP overexpression 
in LN229 and U87 cells (n = 3). D and E, The effect of MYST1/GFP silencing on tumorigenicity in BALB/c‐nu nude mice. LN229 and U87 cells 
with MYST1/GFP overexpression were injected subcutaneously into the nude mice (n = 4). Tumor burden was monitored every 4 d by a digital 
caliper. Tumor size was calculated as the formula: length × width2 × π/6. After the experiment, mice were sacrificed and the tumor was taken out 
and weighted. F, Western blots of proteins expression in EGFR signaling pathways in indicated tumors obtained from the nude mice. All data were 
used as mean ± SD, n ≥ 3, significant difference was tested by STUDENT's t test. **P < .01, ***P < .001. P < .05 was considered as statistically 
significant. EGFR, epidermal growth factor receptor; GBM, glioblastoma; GFP, green fluorescent protein
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4  |   DISCUSSION

Accumulating evidence demonstrated that MYST1 was 
correlated with the progression of various cancer cell types 
including medulloblastoma, breast cancer, ovarian cancer, 
colorectal carcinoma, gastric cancer, renal cell carcinoma, 
and NSCLC.17-21 Here we described the functional signifi-
cance of MYST1 expression in GBM.

Glioblastoma is the most malignant tumor in the brain 
and has a very poor prognosis. Despite many efforts has been 
made to treat GBM, little effect is achieved  on curing it.41 
Therefore, it is urgent to make a better understanding about 
this disease and to develop a more effect therapeutic regimen. 
As a tyrosine kinase receptor of the ErbB family, EGFR is 
a 170 kDa glycoprotein with intracellular, extracellular, and 
transmembrane domains. Molecular analysis has revealed that 
about half of the GBMs have EGFR amplification, overex-
pression and/or EGFRvIII mutations.42,43 EGFR confers a 
variety of malignant effects in GBM, including promotion of 
tumor growth, cell motility, and invasion, resistance to radia-
tion and chemotherapy, maintenance of heterogeneity, etc.44,45 
EGFR can be activated through autophosphorylation of their 
intracellular domains, which subsequently activate46 the 
PI3K/Akt46 and MEK (MAPK‐ERK kinase) signaling path-
ways.47 Especially, the phosphorylation of Tyr1068 of EGFR 
stimulated by Ras‐mediated MAPK activation.48 It is taken for 
granted that EGFR‐targeted therapy is theoretically a promis-
ing anti‐GBM therapy. However, the clinical efficacy of this 

therapy has been only modest in GBM patients.49,50 Therefore, 
a better understanding in the mechanism of EGFR activation 
might provide clues for EGFR‐targeted GBM treatment.

In this study, we found that expression of EGFR and its 
downstream effectors Akt and Erk1/2 were positively cor-
related with MYST1 expression in a TGGA clinical cohort 
(N = 538, Figure 5C‐E). Besides, MYST1 silencing inacti-
vated EGFR signaling pathways while MYST1 overexpres-
sion activated EGFR signaling both in vitro and in vivo 
(Figures 5F,G, 6A,F). These results predicted the potential 
role of MYST1 in GBM. KM analysis showed that  high 
MYST1 expression was significantly correlated with poorer 
prognosis in patients with glioma and GBM (Figure 1F‐I). 
Besides, MYST1 silencing in several GBM cell lines signifi-
cantly impedes cell proliferation while MYST1 overexpres-
sion promotes cell proliferation in vitro (Figure 2C‐E, 6C). 
MYST1 downregulation or upregulation also played import-
ant roles in tumorigenecity in nude mice (Figures 4, 6D,E). 
All these data showed that MYST1 played important role in 
the development of GBM.

Erlotinib (Tarceva), a specific inhibitor of EGFR, has 
approved by the US Food and Drug Administration (FDA) 
for the treatment of NSCLC. Erlotinib in combination with 
chemotherapy has improved OS in patients with NSCLC by 
19%, and has improved progression‐free survival by 29%, 
when compared to chemotherapy alone.51 In addition, the 
FDA has approved erlotinib in combination with gemcit-
abine for  the treatment of pancreatic cancer in November 
2005. In lung cancer, erlotinib has been shown to be 

F I G U R E  7   Inhibition of EGFR by erlotinib recovered GBM progression induced by MYST1 overexpression. A, MTT assay to detect cell 
proliferation in LN229 and U87 cells with MYST1/GFP overexpression after erlotinib (200 ng/mL)/DMSO treatment (n = 3). B, Western blots of 
proteins expression in EGFR signaling pathways in LN229 and U87 cells with MYST1/GFP overexpression after erlotinib (200 ng/mL)/DMSO 
treatment. All data were used as mean ± SD, n ≥ 3, significant difference was tested by Student's t test. **P < .01, ***P < .001. P < .05 was 
considered as statistically significant. EGFR, epidermal growth factor receptor; GBM, glioblastoma; GFP, green fluorescent protein
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F I G U R E  8   MYST1 regulates EGF expression possibly via H4K16 acetylation. A, The correlations of MYST1 mRNA level with the levels 
of several EGFR ligands including EGF, TGFA, AREG, and EREG in the datasheet from the GlioVis. B and C, ELISA assay was performed 
to detect the EGF protein levels in the medium of LN229 and U87 cells after MYST1 silencing or overexpression and cultured for 48 h within 
10 mL medium. D, Relative mRNA levels of EGF in LN229 and U87 cells after MYST1 silencing or overexpression. E and F, Western blot was 
performed to detect the protein levels of H4K16 acetylation in LN229 and U87 cells after MYST1 silencing or overexpression. Histone H4 and 
GAPDH was used as controls. G, ChIP‐seq data of H4K16ac in human fibroblast IMR90 cells using chip antibodies H4K16ac (Millipore 07‐329, 
GSM1358821_H4K16ac.Prolif.R1) or H4K16ac (Abcam ab109463, GSM1358822_H4K16ac.Prolif.R2) was downloaded from GEO and analyzed 
by using the IGV 2.6.3 software. All data were used as mean ± SD, n ≥ 3, significant difference was tested by Student's t test. *P < .05, **P < .01, 
***P < .001. P < .05 were considered as statistically significant. EGFR, epidermal growth factor receptor; ELISA, Enzyme‐linked immuno sorbent 
assay
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effective in patients with or without EGFR mutations, but 
appears to be more effective in patients with EGFR muta-
tions.52,53 However, erlotinib alone or in combination with 
conventional adjuvant therapies has not shown to represent 
a major success for GBM treatment.54 Besides, Try1068‐
phosphrylated EGFR is also shown to be a target of er-
lotinib.55 In this study, we used erlotinib to block EGFR 
and the result showed that MYST1 overexpression‐pro-
moted cell proliferation and EGFR activation were rescued 
after EGFR blockade (Figure 7). These results showed 
that MYST1 promoted tumor progression via activation of 
EGFR in GBM. The understanding of function of MYST1 
might provide clues for EGFR‐target therapy in GBM. 
However, EGFR  mRNA expression remained unchanged 
after MYST1 silence or overexpression (Figures 5H, 6B). 
Then we showed that MYST1 might epigenetically control 
the transcription of EGFR ligand EGF (Figure 8). These re-
sults mean that MYST1 controls the EGFR signalling prob-
ably though promoting the expression of EGF.

In addition, we analyzed the genes related to MYST1 
expression in a cohort of glioma and the mini ontology 
analysis revealed that cell cycle was the most correlated 
biological process that MYST1 might involve (Figure 3A). 
Furthermore, we found that MYST1 silencing induced 
cell cycle arrest at G2/M phase as well as decrease in 
cell cycle‐related proteins such as CDK1, Cyclin A, and 
Cyclin B1, and upregulation of p21 in GBM cells (Figure 
3B‐D). In consistent with our reports, in androgen recep-
tor‐transformed PC3 prostate cancer, MYST1 depletion 
also induces p21 upregulation, which results in G2M ar-
rest.56 Other study also showed that MYST1/MOF directly 
binds and maintains the expression of genes required for 
cell cycle progression in proliferating cells.15 Besides, in 
the mini ontology analysis, DNA repair, which might be 
a reason for G2M phase arrest, was the third most related 
biological process (Figure 3A). Many studies also showed 
that MYST1/MOF played pivotal roles in responding 
to DNA damage.16,57,58 In addition, It was reported that 
EGFR‐AKT/ERK signaling pathway was a major regula-
tor of G2M phase in GBM.59 Downregulated EGFR‐AKT/
ERK signaling pathway by MYST1 silencing might also be 
a reason for G2/M phase arrest. However, much more work 
should be done to further explain the function of MYST1 
in GBM.

In summary, we reported that MYST1 expression was 
negatively correlated with 3‐ or 5‐year survival rate in pa-
tients with glioma. Our results demonstrated that MYST1 
silencing in GBM cells impeded cell proliferation and cell 
cycle procession in vitro, as well as inhibited tumor for-
mation in in vivo. Besides, MYST1 overexpression pro-
moted tumor progression in vitro and in vivo. Importantly, 
EGFR signaling pathway was activated by MYST1 while 
inhibited by MYST1 silencing. EGFR inhibitor erlotinib 

recovered MYST1 overexpression‐induced cell prolifera-
tion. MYST1 controlled EGFR signaling possibly through 
epigenetically promoting the expression of EGFR ligand, 
EGF. Our data showed the pivotal roles of MYST1 in the 
regulation of tumor progression in GBM and might provide 
clues for GBM treatment.
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