
STUB1-SMYD2 Axis Regulated Drug Resistance in
Glioma cells
Kailing Pan  (  pankailingpan@126.com )

Jinhua Hospital of Zhejiang University: Jinhua Municipal Central Hospital
Bin Hu 

Jinhua Hospital of Zhejiang University: Jinhua Municipal Central Hospital
Lude Wang 

Jinhua Hospital of Zhejiang University: Jinhua Municipal Central Hospital
Jinyong Fang 

Jinhua Guangfu Oncology Hospital
Jianlie Yuan 

Jinhua Hospital of Zhejiang University: Jinhua Municipal Central Hospital
Wenxia Xu 

Jinhua Hospital of Zhejiang University: Jinhua Municipal Central Hospital

Research Article

Keywords: SMYD2, gliomas, drug resistance, STUB1

Posted Date: October 22nd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-968469/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-968469/v1
mailto:pankailingpan@126.com
https://doi.org/10.21203/rs.3.rs-968469/v1
https://creativecommons.org/licenses/by/4.0/


STUB1-SMYD2 Axis regulated Drug Resistance in Glioma cells 1 

Kailing Pan1†, Bin Hu2†, Lude Wang1, Jinyong Fang3, Jianlie Yuan4*, Wenxia Xu1* 2 

1. Central Laboratory, Affiliated Jinhua Hospital, Zhejiang University School of Medicine, 3 

Jinhua 321000, Zhejiang Province, China 4 

2. Department of Pathology, Affiliated Jinhua Hospital, Zhejiang University School of 5 

Medicine, Jinhua 321000, Zhejiang Province, China. 6 

3.  Department of science and education, Jinhua Guangfu Oncology Hospital, Jinhua 7 

321000, Zhejiang Province, China 8 

4. Department of Neurosurgery, Affiliated Jinhua Hospital, Zhejiang University School of 9 

Medicine, Jinhua 321000, Zhejiang Province, China. 10 

*Correspondence: 11 

Corresponding Author 12 

Xuwenxia@zju.edu.cn, yuanjianlie@zju.edu.cn 13 

 14 

†These authors contributed equally to this work. 15 

 16 

Author Declarations 17 

Ethics approval and consent to participate: This study was carried out in accordance 18 

with the recommendations in the Guide for the Care and Use of Laboratory Animals of the 19 

National Institutes of Health, and the corresponding protocol was approved by the Medical 20 

Ethics Committee of Jinhua Central Hospital (Jinhua, Zhejiang Province, China). 21 

 22 

Consent for publication: The authors agree for publication. 23 

 24 

Availability of data and materials: The data and materials are available. 25 

 26 

Competing Interests: The authors declare that the research was conducted in the 27 

absence of any commercial or financial relationships that could be construed as a 28 

potential conflict of interest. 29 

 30 

Funding: This work was supported by Key Research and Development Program of 31 

Zhejiang Province (2019C03044), Jinhua Science and Technology Research Program 32 

(2017-3-006, 2020-3-046, 2020-3-049), Natural Science Foundation of Zhejiang province 33 



(LY21H160014), Foundation of Jinhua hospital (JY2019-3-001, JY2020-6-04).  34 

 35 

Author Contributions: KP: carried out the experiments and wrote the manuscript. BH: 36 

tissue microarray. LW: assisted with the experiments. JF: assisted with analyzed the 37 

experimental results. JY and WX: designed the experiments and modified the manuscript. 38 

All authors contributed to the article and approved the submitted version. 39 

 40 

Acknowledgements: Not applicable 41 

 42 

Compliance with Ethical Standards 43 

Disclosure of potential conflicts of interest: The authors declare that the research was 44 

conducted in the absence of any commercial or financial relationships that could be 45 

construed as a potential conflict of interest. 46 

Research involving Human Participants and/or Animals: This study was carried out in 47 

accordance with the recommendations in the Guide for the Care and Use of Laboratory 48 

Animals of the National Institutes of Health, and the corresponding protocol was approved 49 

by the Medical Ethics Committee of Jinhua Central Hospital (Jinhua, Zhejiang Province, 50 

China). 51 

Informed consent: The informed consent has been uploaded as an attachment. 52 

 53 

Abstract 54 

Aim: SMYD2 is an important epigenetic regulator that methylates histone and non-histone 55 

proteins. This study aims to investigate SMYD2 as an oncogene of gliomas and explore 56 

its degradation mechanism induced by cisplatin. 57 

Methods: Tumor tissue microarray of 441 glioma patients was collected for SMYD2 58 

immunohistochemistry staining. Kaplan-Meier survival curves were constructed by using 59 

the overall survival. mRNA-sequencing analysis was detected for understanding the 60 

downstream mechanisms mediated by SMYD2. The half-inhibitory concentrations (IC50) 61 

of temozolomide and cisplatin in AZ505-treated and control cells were calculated. The 62 

potential E3 ubiquitin ligase of SMYD2 was predicted in UbiBrowser and confirmed by 63 



knockdown test. The effect of SMYD2 and its E3 ligase on gliomas apoptosis and 64 

migration were determined via cell-function assays.  65 

Results: High SMYD2 expression correlated with a high WHO stage (P=0.004) and a low 66 

survival probability (P=0.012). The inhibition of SMYD2 suppressed the process of EMT 67 

by downregulating the expression of COL1A1. AZ505 treatment significantly increased 68 

drug sensitivity of glioma cells. And the expression of SMYD2 was markedly reduced by 69 

cisplatin treatment via STUB1 mediated degradation. The knockdown of STUB1 could 70 

partly reverse the cell function impairment induced by cisplatin. 71 

Conclusion: These findings suggested that SMYD2 could be a potential drug target for 72 

the treatment of gliomas, and STUB1-mediated degradation of SMYD2 plays an important 73 

role in reversing chemotherapy resistance in gliomas.  74 

 75 
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 77 

Introduction 78 

Gliomas are the most common form of malignant primary brain tumors in 79 

adults(Ostrom et al., 2016). Due to its aggressive nature and evasiveness to standard first 80 

line treatment with combinations of radiation and chemotherapy, gliomas display a poor 81 

prognosis with median survival less than 2 years in patients after treatment(Tan et al., 82 

2020). Therefore, understanding the molecular mechanisms that control glioma 83 

progression and drug resistance is imperative and important for the establishment of new 84 

strategies in its clinical treatment. 85 

SET and MYND domain-containing protein 2 (SMYD2) is a member of the 86 

SMYD-methyltransferase protein family that methylates histone at lysine 36 (H3K36) and 87 

nonhistone proteins such as P53, RB1 and PTEN (Brown et al., 2006; Huang et al., 2006; 88 

Saddic et al., 2010; Nakakido et al., 2015). SMYD2 is most highly expressed in heart 89 

tissue, acting as an important role in cardiomyocyte survival and cardiac function(Brown 90 

et al., 2006; Sun et al., 2020). And as an oncogene, SMYD2 overexpressed in a wide 91 

range of cancer including breast, ovarian and renal, and knockdown or inhibition of 92 

SMYD2 suppresses tumor cell growth by methylating different substrates(Kukita et al., 93 



2019; Song et al., 2019; Yan et al., 2019). For example, SMYD2 promotes breast cancer 94 

cell growth by methylating ERα and PTEN, resulting in AKT activation, and in bladder 95 

cancer, RB is methylated by SMYD2 (Cho et al., 2012; Zhang et al., 2013; Nakakido et al., 96 

2015). In addition, previous studies also reported that SMYD2 affects the drug resistance 97 

in non-small cell lung cancer and esophageal squamous cell carcinoma. AZ505 is an 98 

effective and highly selective, competitive inhibitor of SMYD2 that binds in the 99 

peptide-binding groove of SMYD2(Ferguson et al., 2011). 100 

E3 ligases are a class of enzymes that can transfer ubiquitin to substrates for their 101 

degradation, which are of importance in cellular homeostasis. Intriguingly, many 102 

oncogenic proteins were reported to be regulated by the E3 ligase, attracting more and 103 

more attentions as promising anticancer targets(Wang et al., 2017). However, the E3 104 

ligases modulating SMYD2 degradation remain unknown. 105 

Till date, little is known about the role of SMYD2 in glioma. In this study, we showed 106 

that SMYD2 expression levels were significantly increased in high-grade serious gliomas, 107 

and high SMYD2 expression is correlated with a poor prognosis. Further study indicated 108 

that the inhibition of SMYD2 promoted sensitivity of glioma to chemotherapy drugs. And 109 

the expression of SMYD2 was significantly reduced following cisplatin treatment which 110 

was mediated by STUB1. Additionally, the knockdown of STUB1 attenuates the 111 

anticancer effect of cisplatin in glioma. Our results provide a potential target for the 112 

therapeutic strategies of glioma. 113 

 114 

Materials and methods 115 

 116 

Patients and tissue samples 117 

Tumor tissue microarray was afforded by the Affiliated Hospital of Xuzhou Medical 118 

University. All patients involved in this study provided written informed consent. According 119 

to the WHO, the tumors were divided according to the pathological grade as follows: 237 120 

cases with grades I-II and 195 cases with grades III-IV.  121 

 122 

Immunohistochemistry (IHC) and histopathological assessments 123 

IHC was uniformly performed to evaluate the SMYD2 protein expression in the glioma 124 



samples. Samples using the Bond Polymer Refine Detection System (Leica Biosystems, 125 

Wetzlar, Germany). The immune-reactive score (IRS), which represents the intensity and 126 

quantity the stained cells, was implemented to quantify the staining level of SMYD2. The 127 

SMYD2 staining intensity was scored as follows: 1, negative; 2, weak; 3, moderate; and 4, 128 

strong. The proportion of the positively stained cells was defined as follows: 1, 0%-25%; 2, 129 

26%-50%; 3, 51%-75%; 4, 76%-100%. The immunoreactive score (IRS) was calculated 130 

by multiplying the score of the staining intensity and the proportion of positive cells. 131 

Samples with an IRS score of <=4 was considered as those with low SMYD2 expression 132 

and samples with an IRS score of >5 was considered as those with high SMYD2 133 

expression.   134 

 135 

Cell Lines and Cell Culture 136 

U251 and U87 human glioma cell lines were purchased from the Cell Bank of the Type 137 

Culture Collection Committee of the Chinese Academy of Sciences. These glioma cells 138 

were cultured in DMEM medium supplemented with 10% fetal bovine serum and were 139 

maintained at 37℃ in a humidified incubator with 5% CO2. 140 

 141 

Antibodies, reagents and plasmid 142 

Antibodies against the following proteins were used: γ-H2AX (ab81299) from Abcam 143 

(Cambridge, UK); Histone H3 (4499) and Di-Methyl-Histone H3 (Lys 36) (2901) from Cell 144 

Signaling Technology (Danvers, MA, USA); SMYD2 (21290-1-AP) from Proteintech 145 

(Rosemont, IL, USA); Methyl P53 (Lys 370) from Immunoway Biotechnology (Plano, TX, 146 

USA); GAPDH (AG019), Bax (AF1270), Bcl2 (AF6285), CyclinD1 (AF1183), P53 147 

(AF1162), COL1A1 (AF6524), N-Cadherin (AF5237) and E-Cadherin (AF6759) from 148 

Beyotime Biotechnology (Shanghai, China). The following reagents were used in this 149 

research: AZ505 (HY-15226), Cisplatin (HY-17394) and Temozolomide (HY-17364) from 150 

MedChemExpress (Monmouth Junction, NJ, USA).  Plasmid of SMYD2 (HG11093-NF) 151 

was purchased from SinoBiological (Beijing, China). 152 

 153 

Quantitative reverse transcription PCR (RT-qPCR) 154 



To evaluate the differentially expressed mRNAs in AZ505-treated cells relative to control 155 

cells, total cellular RNA was extracted using TRIzon reagent (CW0580, Cwbio, Beijing, 156 

China) and cDNAs were synthesized using PrimeScript™ RT Master Mix (RR036A, 157 

Takara). Realtime PCR was performed using SYBR Green Realtime PCR Master Mix 158 

(RR430, Takara) and Cobas z 480 (Roche, Basel, Switzerland). The primers for SMYD2, 159 

BAX, GADD45, P21, COL1A1, MMP7 and β-actin were synthesized by TSINGKE 160 

Biological Technology (Beijing, China). β-actin was served as an internal reference of RNA 161 

integrity. The sequences are as follows: 162 

SMYD2-F 5’-CTCCAAGCATCTCGGATTCCC-3’ 163 

SMYD2-R 5’-TGCAACATCAGGAAATATCGCTG-3’ 164 

BAX-F 5’-TTTGCTTCAGGGTTTCATCC-3’ 165 

BAX-R 5’-CAGTTGAAGTTGCCGTCAGA-3’ 166 

GADD45-F 5’-GGATGCCCTGGAGGAAGTGCT-3’ 167 

GADD45-R 5’-GGCAGGATCCTTCCATTGAGATGAATGTG-3’ 168 

P21-F 5’-TGTACCCTTGTGCCTCGCTC-3’ 169 

P21-R 5’-TGGAGAAGATCAGCCGGCGT-3’ 170 

COL1A1-F 5’-GAAGACATCCCACCAATCACC-3’ 171 

COL1A1-R 5’-TCGTCACAGATCACGTCATCG-3’ 172 

MMP7-F 5’-ACAGGCTCAGGACTATCTCAAG-3’ 173 

MMP7-R 5’-ACATTCCAGTTATAGGTAGGCC-3’ 174 

β-actin-F 5’-ACTCTTCCAGCCTTCCTTCC-3’ 175 

β-actin-R 5’-CGTCATACTCCTGCTTGCTG-3’ 176 

 177 

Western blot 178 

The cells were harvested and rinsed twice with PBS. All protein samples were denatured 179 

and separated on 8-12% SDS-polyacrylamide gels and transferred to polyvinylidene 180 

fluoride membranes. Membranes were blocked with 5% milk in T-BST at room 181 

temperature for 1 h and incubated with primary antibody overnight at 4 ℃. After washing 3 182 

times with T-BST, membranes were incubated with secondary antibodies for 1 h at room 183 



temperature. Proteins visualized using the Electrochemiluminescence (ECL) and detected 184 

in The ChemiDoc MP system (Bio-Rad, Hercules, USA). 185 

 186 

Migration assays 187 

This assay was conducted using a transwell chamber (3422, Costar) with a pore size of 8 188 

μm. The upper chamber was filled with 5x104 cells in a serum-free medium. After 189 

incubation for 24 h for migration, the cells in the upper chamber were carefully removed 190 

with a cotton swab, the cells that traversed in the membrane were fixed in methanol and 191 

stained with crystal violet, and the permeating cells were calculated and photographed 192 

under light microscopy. 193 

 194 

Cell proliferation assay 195 

Cells were plated onto 96-well plates at a density of 2000 cells per well. After 24 h, cells 196 

were treated with DMSO or AZ505 and then cultured for 24, 48, 72 and 96 h, respectively. 197 

At the same time point on these 4 days, CCK-8 solution (C0042, Beyotime Biotechnology, 198 

China) was added to the wells needed to be measured. After incubation for 1 h at 37 ˚C, 199 

the proliferation rate was evaluated based on the increase in the absorbances at 450 nm. 200 

 201 

Wound healing assay 202 

Cells were plated onto 6-well plates at 100% density and cultured for 24 h. Then a 203 

rectangular lesion was created using a plastic pipette tip, and the monolayer was irrigated 204 

twice with PBS and incubated in serum-free media with AZ505 or DMSO. At the 205 

designated time, nine randomly selected fields at the lesion border were determined for 206 

shooting under an inverted microscope. 207 

 208 

Cell apoptosis assay 209 

Cells were plated onto 6-well plates at a density of 70-80% for 24 h. For analyzing the 210 

apoptosis induced by AZ505, cells were treated with DMSO or AZ505. For analyzing drug 211 

sensitivity induced by AZ505, cells were treated with DMSO, cisplatin or the combination 212 

of AZ505 and cisplatin. For analyzing drug resistance induced by the knockdown of 213 

STUB1, cells were treated with si-NC or si-STUB1 for 24 h, then cells were treated with 214 



DMSO or cisplatin. After 24 h, cells were collected and were marked using 300 μL 215 

Annexin V-FITC binding reagent containing 6 μL propidium iodide (PI) and 3 μL Annexin 216 

V-FITC (C1062L, Beyotime Biotechnology, China) for 15 min at room temperature. The 217 

apoptosis rate was measured using a Flow cytometer (EasyCell 204A1/206A1, Wellgrow, 218 

China). 219 

 220 

Active oxygen detection assay 221 

Cells were plated onto 6-well plates at a density of 70-80% for 24 h. For analyzing the 222 

apoptosis induced by AZ505, cells were treated with DMSO or AZ505. For analyzing drug 223 

sensitivity induced by AZ505, cells were treated with DMSO, cisplatin or the combination 224 

of AZ505 and cisplatin. After 24 h, cells were collected and washed for 3 times using PBS. 225 

500 μL DMEM containing 10 μM DCFH-DA was added to cells. The mixture was 226 

incubated at 37 ˚C for 20 min and then washed using PBS for 3 times to fully remove the 227 

DCFH-DA that has not entered the cells. Cells were resuspended using 300 μL PBS. And 228 

the active oxygen level was detected using a Flow cytometer (EasyCell 204A1/206A1, 229 

Wellgrow, China). 230 

 231 

Bioinformatics analyses 232 

AZ505-treated and control U251 cells were collected for RNA sequencing conducted by 233 

CapitalBio corporation (Beijing, China). Limma package in the R software was used for 234 

the differential mRNA expression analysis. Significantly dysregulated mRNAs were 235 

defined using a cutoff |log2fold-change| value of >1 and P value of <0.05. The identified 236 

differential expressed genes (DEGs) were subjected to both Gene Ontology (GO) and 237 

Kyoto Encyclopedia of Gene (KEGG) pathway analyses using ClusterProfiler package. 238 

And the Gene Set Enrichment Analysis (GSEA) were analyzed using all detected genes 239 

on the GSEA software (version 4.1.0). The protein-protein interaction (PPI) analysis was 240 

produced in STRING website (https://string-db.org/), and the results were then imported 241 

into Cytoscape software (https://www.cytoscape.org). ClueGo app was used to GO and 242 

KEGG pathway analyses. Then, hub genes were predicted using degree algorithm of 243 

cytoHubba app. The prognostic values of these hub genes were assessed in GEPIA2 244 



website (http://gepia2.cancer-pku.cn/#index).  245 

The prognostic analysis of SMYD2, COL1A1 and STUB1 were assessed in GEPIA2 and 246 

CGGA website (http://cgga.org.cn/index.jsp). The expression level in different stage of 247 

glioma of SMYD2, COL1A1 and STUB1 were analyzed in CGGA website. 248 

 249 

Statistical analysis 250 

Statistical analyses were performed using the GraphPad Prism 9 for Mac (GraphPad 251 

Prism Software Inc., San Diego, CA, USA). Comparisons between two groups were 252 

performed using an unpaired Student’s t test. One-way analysis of variance (ANOVA) 253 

followed by post-hoc test was used for multiple comparisons. These data are presented 254 

as the means + standard deviations (SDs), and P < 0.05 was considered to reflect a 255 

statistically significant difference. 256 

 257 

Results 258 

 259 

SMYD2 expression was correlated with survival in glioma 260 

 To determine whether or not the SMYD2 expression is associated with survival in 261 

glioma, we performed the Keplan-Meier survival analysis based on the expression of 262 

SMYD2 in GEPIA2 and CGGA databases. The result in GEPIA2 database 263 

(http://gepia2.cancer-pku.cn) showed that SMYD2 expression levels in glioma were 264 

significantly associated with a worse overall survival (OS, p<0.0001, Fig. 1A) and 265 

disease-free survival (DFS, p<0.0001, Fig.1B). Similarly, the results in CGGA database 266 

(http://www.cgga.org.cn) showed that the high expression of SMYD2 is not only related to 267 

a worse overall survival in primary glioma patients (p<0.0001, Fig. 1C), but also has a 268 

significant correlation in recurrent glioma patients (p=0.0059, Fig. 1D). In addition, the 269 

SMYD2 expression levels for the glioma samples in the CGGA database were compared, 270 

the results indicated that the SMYD2 expression was significantly positively associated 271 

with the WHO grade (Fig. 1E). 272 

 To further confirm these findings in protein level, we performed immunohistochemical 273 

staining in 441 pathologically confirmed glioma tissues. SMYD2 was widely distributed in 274 



the nucleus and cytoplasm of the glioma cells. According to the intensity and quantity 275 

scores of the staining, glioma samples were divided into the high SMYD2 expression 276 

(n=214) and low SMYD2 expression (n=227) groups. The specific and representative 277 

IHC-staining intensity patterns for the SMYD2 protein in the glioma samples are shown in 278 

Figure 1F. The Kaplan-Meier survival curves were constructed by using the overall 279 

survival; the result showed that the high expression group had a shorter survival time than 280 

the low expression group (p=0.012, Fig. 1G). In addition, we also analyzed the 281 

associations between the SMYD2 expression levels and clinicopathological parameters. 282 

Table 1 showed that high SMYD2 expression was significantly correlated with a higher 283 

WHO grade (p=0.004) but not with patient’s age, gender, and histological type. Together, 284 

these results suggested that SMYD2 may act as an oncogene and high SMYD2 285 

expression predicted poor survival in patients with glioma. 286 

 287 

SMYD2 inhibition suppressed cell proliferation and promoted cell apoptosis 288 

 To explore and verify the function of SMYD2 as a potential oncogene in glioma, we 289 

first estimated the IC50 values of AZ505 for U251 and U87 cells. The estimated IC50 value 290 

for U251 was about 8 μM while U87 was about 10 μM (Fig. 2A). We further investigated 291 

whether the inhibition of SMYD2 could induce cell apoptosis. After 24 h of AZ505 or 292 

vehicle treatment, cells were collected for cell apoptosis assay. The flow cytometer data 293 

showed that compared with the corresponding controls, SMYD2 inhibition significantly 294 

increased the apoptosis rate by 50% in U251 and U87 cells (Fig. 2B-C). 295 

We then investigated the role of SMYD2 in glioma migration by wound healing and 296 

transwell assays in U251 and U87 cells. The results of wound-healing assays showed that 297 

the capabilities of migration were significantly reduced in two cell lines with SMYD2 298 

inhibition compared to the corresponding controls (Fig. 2D-E). And the transwell assays 299 

were continue validated the finding in wound-healing assays. After 24 h, the number of 300 

AZ505-treated cells detected on lower layer were decreased by 50-70% compared to 301 

control cells (Fig. 2F-G). Given that cell apoptosis and migration were controlled by the 302 

activity of SMYD2, we performed cell proliferation assays in glioma cells. The results 303 

demonstrated that the growth rate was significantly decreased after the inhibition of 304 



SMYD2 via AZ505 treatment in both U251 and U87 cells (Fig. 2H-I). In addition, active 305 

oxygen detection assay showed that the inhibition of SMYD2 slightly increased the level of 306 

active oxygen (Fig. S1). Altogether, these results indicated that SMYD2 plays an important 307 

role in controlling cells proliferation, migration and the inhibition of SMYD2 wound leads to 308 

cell apoptosis. 309 

 310 

The downstream mechanisms induced by SMYD2 inhibition 311 

To gain insight into the molecular events underlying SMYD2 inhibition, we first verified 312 

the methylation levels of the downstream molecules, P53 and H3K36, which identified in 313 

previous studies(Brown et al., 2006; Huang et al., 2006). Western blot analysis showed 314 

that AZ505 treatment significantly reduced the methylation levels of P53 and H3K36 (Fig. 315 

3A). The mRNA levels of P21, GADD45 and Bax were upregulated after the inhibition of 316 

SMYD2 (Fig. 3B). In addition, CyclinD1 protein level was significantly downregulated, the 317 

ratio of Bax/Bcl2 and the level of γH2AX were upregulated (Fig. 3A), indicating that 318 

SMYD2 inhibition activated P53 pathway leading to DNA damage, cell cycle arrest and 319 

cell apoptosis.  320 

Then mRNA-sequencing analysis was used to identify the specific mechanisms 321 

induced by SMYD2 inhibition in glioma cells. The DEGs showing statistical significance 322 

between control and AZ505 treated cells was screened according to the criteria of P<0.05 323 

and |log FC|>1. The integral gene expression variation was visualized by volcano plots. 324 

As shown in Fig. 3C, a total of 105 genes displayed differential expression, including 58 325 

upregulated genes and 47 downregulated genes. Heatmap was used to demonstrate the 326 

profiles of the identified DEGs using hierarchical clustering analysis to reflect the state of 327 

the cells (Fig. S2. A). Functional classification of identified DEGs was conducted using GO, 328 

KEGG and GSEA enrichment analysis. The biological process (BP) analysis showed that 329 

genes related to steroid metabolic process were upregulated while genes associated with 330 

epithelial to mesenchymal transition (EMT) were downregulated (Fig. 3D). The KEGG 331 

analysis showed that the inhibition of SMYD2 disturbed the gene expressions of several 332 

pathways including Steroid biosynthesis, IL-17 signaling pathway and Transcriptional 333 



misregulation in cancer (Fig. 3E). And GSEA analysis showed that changes of the gene 334 

set of Steroid biosynthesis is the most significant (Fig. 3F).  335 

Proteins often function by protein-protein interactions (PPI), which is essential for 336 

almost all biochemical activities. For deeply understanding the regulatory mechanisms in 337 

SMYD2 inhibition, we performed PPI analysis based on the identified DEGs. The 338 

identified DEGs were mapped to STRING for PPI analysis. The PPI network, which 339 

contains 123 edges for a total of 55 nodes, was imported into Cytoscape for further 340 

analysis (Fig. S2. B). The GO-BP and KEGG analysis were conducted using ClueGo. As 341 

shown in Fig. 3G, the PPI network predominantly involved Regulation of Steroid metabolic 342 

process, ER-nucleus signaling pathway and Regulation of epithelial to mesenchymal 343 

transition. And Steroid biosynthesis, IL-17 signaling pathway and Transcriptional 344 

misregulation in cancer pathways had also been identified in KEGG analysis (Fig. 3H). 345 

Hub genes were selected using the degree algorithm of cytoHubba (Fig. 3I) and 346 

performed the Keplan-Meier survival analysis in GEPIA2 database (Table 2). H3K36 347 

methylation of SMYD2 is an activating modification; thus, we focused on genes that were 348 

downregulated after SMYD2 inhibition. Two genes, COL1A1 and MMP7, were expressed 349 

lower than normal cells in AZ505 treated cells. And the high expression levels of these two 350 

genes both associated with a worse overall survival (Table 2). To confirm these results, we 351 

performed qPCR in both U251 and U87 cells treated with AZ505. The results showed that 352 

the expression of COL1A1 significantly reduced in U251 and U87 cells whereas MMP7 353 

increased in U87 (Fig. 3J). COL1A1 is the major component of the process of EMT(Wang 354 

et al., 2020b), which was the process identified in GO enrichment analysis after the 355 

treatment of AZ505 in U251 cells. To confirm the role of SMYD2 in modulating the EMT 356 

process, we examined the expression of EMT related proteins after inhibiting SMYD2 in 357 

glioma cells. The results showed that the inhibition of SMYD2 decrease the expression of 358 

COL1A1 and N-Cadherin (Fig. 3K). Together, our results indicated that SMYD2 inhibition 359 

suppressed the process of gliomas through various pathways including the activation of 360 

P53 signaling pathway and Steroid biosynthesis and the inhibition of EMT process. 361 

 362 

Inhibition of SMYD2 enhanced drug sensitivity in glioma 363 



 The reason that glioma is difficult to treat relates not only a restriction in the total 364 

amount of tumor mass that can be safely removed, but also to resistance against adjuvant 365 

therapy after surgical resection. Temozolomide and Cisplatin are commonly used in the 366 

treatment of glioma. To verify whether SMYD2 inhibitor enhanced sensitivity of glioma 367 

cells to drugs, the IC50 values of temozolomide and cisplatin for AZ505-treated cells and 368 

control cells were estimated. The estimated IC50 values of both temozolomide and 369 

cisplatin for AZ505-treated glioma cells were significantly lower than those for the control 370 

cells (Fig. 4A). Next, the flow cytometer analysis, wound healing analysis and active 371 

oxygen detection assay were used to evaluate the synergistic effects of AZ505 and 372 

Cisplatin. Following the combination treatment with AZ505 and Cisplatin, the apoptosis 373 

rate and the level of active oxygen were significantly increased while the migration rate 374 

were reduced (Fig. 4B-G). These results indicated that the SMYD2 inhibition enhanced 375 

the drug sensitivity in glioma. 376 

 To identify whether the antitumor efficacy of Cisplatin effect partly through SMYD2, 377 

we examined the expression of SMYD2 in cisplatin treated cells. The expression level of 378 

SMYD2 in cisplatin-treated cells significantly lower than control cells and this 379 

downregulation was associated with higher concentrations of cisplatin (Fig. 4H). And after 380 

cisplatin treatment, the expression of SMYD2 first increased and then decreased, 381 

indicating that SMYD2 first participated in the regulation of the stress process to cisplatin 382 

and then the degradation of SMYD2 may induced cell apoptosis (Fig. 4I). 383 

 384 

STUB1 modulated SMYD2 degradation 385 

 To identify the mechanisms of the downregulation of SMYD2 induced by cisplatin in 386 

glioma cells, we detected the mRNA level after cisplatin treatment. The mRNA showed a 387 

slightly decrease after cisplatin treatment, indicating that the transcription of SMYD2 was 388 

not modulated by cisplatin (Fig. S3. A). Then the degradation rate of SMYD2 was 389 

examined. Following CHX treatment, the expressions of SMYD2 at different time in 390 

cisplatin-treated cells and control cells were detected. The degradation of SMYD2 was 391 

observed at 2 h in cisplatin-treated cells whereas 4 h in control cells (Fig. 5A-B). 392 

Furthermore, the decrease of SMYD2 induced by cisplatin was reversed by MG132 (Fig. 393 



5C). The potential E3 ubiquitin ligases of SMYD2 was predicted using UbiBrowser 394 

(http://ubibrowser.ncpsb.org/）, of which FZR1 and STUB1 were showed higher scores 395 

(Fig. 5D). FZR1 and STUB1 were knocked down using siRNAs in U251 cells. As shown in 396 

Fig. 5E and Fig. S3. B, the mRNA levels of FZR1 and STUB1 were significantly reduced 397 

by siRNAs. And the expression of SMYD2 was significantly upregulated after the 398 

knockdown of STUB1 rather than FZR1 (Fig. 5F, Fig. S3. C). In addition, 399 

co-immunoprecipitation analysis revealed that SMYD2 and STUB1 could interact with 400 

each other in glioma cells (Fig. 5G). And the knockdown of SMYD2 could virtually reverse 401 

the downregulation of SMYD2 induced by cisplatin (Fig. 5H). Altogether, our results 402 

indicated that cisplatin promoted the degradation of SMYD2 via STUB1. 403 

 404 

STUB1 knockdown reverse the effect of cisplatin 405 

 To elucidate the association of STUB1 with the survival of glioma, the Keplan-Meier 406 

survival analysis was performed in GEPIA2 and CGGA databases. Contrary to SMYD2, 407 

STUB1 expression levels in glioma were positively correlated with the survival prognosis 408 

of patients in glioma, and it decreased with a higher WHO grade (Fig. 6A-B). The 409 

biological phenotypes analysis showed that the knockdown of STUB1 could slightly 410 

protect cells from being killed by cisplatin and significantly promoted the migration rate of 411 

glioma cells (Fig. 6C-F). What’s more, the knockdown of STUB1 also reversed the 412 

mis-regulation of the EMT-related proteins including COL1A1 and N-Cadherin (Fig. 6G). 413 

Therefore, STUB1 may act as a tumor suppressor partially restored the damage induced 414 

by cisplatin in glioma. 415 

 Altogether, as shown in Fig. 6H, our results indicated that SMYD2 could promote the 416 

progress of gliomas through several downstream pathways including P53 signaling 417 

pathway, Steroid biosynthesis and EMT. After the treatment of Cisplatin, SMYD2 was 418 

degraded via STUB1-mediated ubiquitin proteasome pathway, which led to cell death in 419 

gliomas. 420 

 421 

Discussion 422 

SMYD2 is a putative oncogene that affects the proliferation, migration, apoptosis and 423 



chemosensitivity of tumor cells. Previous studies showed that SMYD2, as a prognostic 424 

marker, was overexpressed in various cancers including renal cell carcinoma, lung cancer, 425 

gastric cancer and bladder cancer(Komatsu et al., 2015; Xu et al., 2018; Shang and Wei, 426 

2019; Yan et al., 2019). And accumulating evidence indicated that SMYD2 was associated 427 

with drug resistance of human cancers(Xu et al., 2018; Shang and Wei, 2019). In this 428 

study, SMYD2 was found to be a risk factor in gliomas, patients with higher SMYD2 429 

expression showed a poor prognosis in the database of GEPIA and CGGA and our cohort 430 

of 441 gliomas cases. And the SMYD2 expression in glioma tissues is significantly 431 

positively associated with the WHO grade. 432 

P53 plays a prominent role in controlling the cell cycle and apoptotic demise of 433 

gnomically compromised cells through activating its downstream molecules such as P21, 434 

GADD45 and BAX (Tomiyama and Ichimura, 2019). The activity of P53 was regulated by 435 

methylation. Previous studies reported that Set7/9 stabilized and activated P53 by 436 

dimethylating Lys372 of P53 whereas SMYD2 suppressed the activity of P53 by 437 

monomethylating P53 at ‘Lys-370’(P53K370me1)(Huang et al., 2006; Ivanov et al., 2007; 438 

Chen et al., 2019). Here, we reported that the inhibition of SMYD2 activated P53 signaling 439 

pathway in glioma cells, which were confirmed by the upregulation of P21, GADD45, BAX 440 

and H2AX and the downregulation of CyclinD1.  441 

Steroids, including cholesterol and steroid hormones, are involved in numerous cell 442 

biological processes, among which cholesterol is an essential lipid component of cell 443 

membrane, maintaining membrane integrity and fluidity(Espinosa et al., 2011). 444 

Cholesterol can be synthesized from acetyl-CoA through nearly 30 enzymatic reactions, in 445 

which 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase (HMGCR) and squalene 446 

epoxidase (SQLE) are the two-key rate-limiting enzymes(Göbel et al., 2020). In addition, 447 

cholesterol can be acquired by the LDL hydrolyzation, which absorbed from blood 448 

circulation through LDL receptors (LDLR)(Wijers et al., 2015). In recent years, increasing 449 

evidence showed that cholesterol metabolism act as signal pathways promoting tumor 450 

development(Xu et al., 2020). For example, studies showed that the augmented level of 451 

HMGCR are associated with the growth and migration of gliomas and the upregulation of 452 

LDLR could promote cell survival(Guo et al., 2011; Qiu et al., 2016). Here, our results 453 



showed the enhanced expression of LDLR, HMGCR and SQLE in U251 cells after AZ505 454 

treatment. And the functional enrichment analysis, including GO, KEGG and GSEA 455 

enrichment analysis, also displayed the enhancement of Steroid biosynthesis. Combined 456 

with the restraint of cell function in AZ505 treated cells, we speculated that the up 457 

regulation of genes related to Steroid biosynthesis may be a negative feedback effect of 458 

cells in response to cholesterol degradation. However, the specific regulation mechanisms 459 

needed to be further studied.  460 

EMT is the process that epithelial cells lose the apical-basal polarity and cell-cell 461 

adhesion, and transit to invasive mesenchymal cells. Cells undergoing EMT displayed 462 

decreased expression level of epithelial genes (such as E-cadherin and ZO-1), and 463 

increased expression level of mesenchymal genes (such as N-cadherin and vimentin), 464 

leading to numerous phenotypic changes (such as loss of adhesion and gain of stem 465 

cell-like features)(Du and Shim, 2016). Several signaling pathways, including TGFβ, Wnt 466 

and Notch, are participated in the modulation of EMT, of which the activation of TGFβ 467 

pathway can induce the expression of the mesenchymal genes (such as 468 

vimentin)(Gonzalez and Medici, 2014; Wei et al., 2019; Su et al., 2020; Wang et al., 469 

2020a). In this study, mRNA-Seq results showed that the inhibition of SMYD2 significantly 470 

diminished TGFβ3 expression and GO-BP enrichment analysis showed a restraint of EMT. 471 

COL1A1, a member of the collagen family, was identified as a hub gene in the PPI 472 

network, whose dysregulation is thought to be associated with changes in the extracellular 473 

matrix and the subsequent metastasis of cancer cells(Theocharis et al., 2016). Studies 474 

also showed that the depression of COL1A1 could abrogate EMT and HCC stemness 475 

gene-signature(Ma et al., 2019). Besides mRNA-Seq analysis, qPCR and Western blot 476 

analysis also confirmed the down regulation of COL1A1 and N-Cadherin in AZ505-treated 477 

cells. Our findings suggest that SMYD2 inhibition accounted for TGFβ3 and COL1A1 478 

downregulation and led to a restraint of EMT, which could partly explain the suppression 479 

of cell migration in AZ505-treated cells. 480 

Accumulating evidence has indicated that SMYD2 is associated with the drug 481 

resistance in several cancers, including non-small cell lung cancer, renal cell carcinoma 482 

and colon cancer(Ren et al., 2019; Shang and Wei, 2019; Yan et al., 2019). Our results 483 



showed that the inhibition of SMYD2 could significantly increase the sensitivity of chemo 484 

drugs in glioma cells. And the treatment of cisplatin could markedly reduce the expression 485 

SMYD2. The expression of proteins in cell is modulated by multiple regulatory 486 

mechanisms such as transcription, post-transcription, translation, and post-translational 487 

modification. Here, we found that the reduction of SMYD2 induced by cisplatin was 488 

modulated by STUB1. STUB1 was first discovered as a negative regulator of HSP70 and 489 

subsequent studies showed that STUB1 act as an E3 ubiquitin ligase participated the 490 

degradation of large number of proteins such as glucocorticoid receptor, polymerase β 491 

and DNA repair protein XRCC1(Connell et al., 2001; Parsons et al., 2008; Seo et al., 492 

2019). STUB1 has been found to play inconsistent roles through different substrates. For 493 

example, STUB1 has been found to promote tumor via modulating the degradation of 494 

tumor suppressors including PTEN and MAPK(Ahmed et al., 2012; Kim et al., 2016), but 495 

attenuate malignancy of cancer through the degradation of oncogenes such as c-Myc, 496 

EGFR and ERBB2(Luan et al., 2018; Shi et al., 2020; Lin et al., 2021). Our results showed 497 

that higher STUB1 expression was associated with a better prognosis, and the 498 

knockdown of STUB1 could reverse the function of cisplatin. Thus, STUB1 may act as a 499 

tumor suppressor in glioma cells promoted drug sensitivity through the degradation of 500 

SMYD2.  501 

In summary, our findings demonstrate that SMYD2 acted as a tumor promotor in 502 

gliomas and was a potential biomarker for the poor prognosis of glioma patients. Inhibition 503 

of SMYD2 suppressed the progression of glioma and improve drug sensitivity. Additionally, 504 

the treatment of cisplatin could significantly reduce the expression level of SMYD2 which 505 

was modulated by STUB1. On contrary to SMYD2, high expression of STUB1 was found 506 

to associated with a better prognosis in gliomas. And the suppression of STUB1 could 507 

reverse the function of cisplatin. Altogether, SMYD2 may serve as a new molecular 508 

diagnostic marker and therapeutic target for treating gliomas, and STUB1-SMYD2 509 

pathway may be a putative target for reversing drug resistance in gliomas. 510 
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 534 

Fig1. SMYD2 expression was correlated with survival in glioma. 535 

(A, B) Kaplan-Meier overall survival and disease-free survival curves based on the 536 

expression of SMYD2 from GEPIA database (P<0.0001 and P<0.0001, respectively). (C, 537 

D) Survival analysis in primary or recurrent glioma base on the mRNA level of SMYD2 538 

from CGGA database (P<0.0001 and P=0.0059, respectively). (E) The expression of 539 

SMYD2 in different grade of glioma from CGGA database (P <0.0001). (F) Representative 540 

images SMYD2 immunohistochemical staining. From left to right they are: Negative, 541 

Weak, Moderate and Strong SMYD2 staining in glioma tissue. (G) Survival analysis of 542 

glioma patients according to the expression level of SMYD2 in 441 patients (P=0.012). 543 



 544 

Fig2. SMYD2 inhibition suppressed cell proliferation and promoted cell apoptosis 545 

(A) The IC50 of AZ505 in U251 and U87 cells. (B) Flow cytometric analysis following 546 

Annexin FITC and PI staining in AZ505-treated and control cells. (C) The apoptosis rate 547 

was quantified from three independent experiments. (D) Representative pictures of 548 

wound-healing assays in U251 and U87 cells with AZ505 treatment and controls. (E) 549 

Percentages of wound healing were calculated. (F) Representative pictures of migration in 550 

AZ505-treated and control cells. (G) Number of cell migration per field were counted in 551 

five random fields. (H-I) CCK-8 assays were performed to construct the growth curves of 552 

indicated cells. Data are shown as mean ± SD. *Compared to control group. P < 0.05. 553 



 554 

Fig. 3 The downstream mechanisms induced by SMYD2 inhibition. 555 

(A) The expression levels of P53K370me, H3K36me2, CyclinD1, γH2AX, Bax and Bcl2 in 556 

AZ505-treated glioma cells. (B) The mRNA levels of P21, GADD45, Bax in AZ505-treated 557 

glioma cells. (C) Volcano plot of the differential expressed genes (DEGs) detected by 558 

mRNA sequencing. (D) GO annotations of DEGs with the top 10 enrichment scores of 559 

biological processes. Red dots represent upregulated genes; blue dots represent 560 

downregulated genes. The gradual size and color of rectangles in the middle represents 561 

the value of adjust P value and the regulation of genes in the enriched biological process, 562 

respectively. (E) KEGG enrichment analysis of DEGs. (F) GSEA analysis of detected 563 



genes (FDR_qvalue<0.0001). (G-H) GO and KEGG enrichment analysis based on 564 

protein-protein interactions by ClueGo app of Cytoscape. (I)The top 10 hub genes of 565 

DEGs identified by degree algorithm of cytoHubba app. (J) Validation of the expression 566 

levels of COL1A1 and MMP7 using qPCR. (K) The expression levels of COL1A1 and 567 

N-Cadherin in AZ505-treated glioma cells. Data are shown as mean ± SD. * Compared 568 

to control group. P < 0.05. 569 

 570 

Fig. 4 Inhibition of SMYD2 enhanced drug sensitivity in glioma. 571 

(A) The IC50 of TMZ and DDP in AZ505-treated and control cells. (B) Flow cytometric 572 

analysis in DDP, DDP combined AZ505 and control cells (C). Wound-healing assays in 573 

U251 and U87 cells with DDP, DDP combined AZ505 and control treatment. (D)The 574 

apoptosis rate was quantified. (E) Percentages of wound healing were calculated. (F) The 575 

reactive oxygen species assay in DDP, DDP combined AZ505-treated and control cells. 576 



(G) The ROS rate was quantified. (H-I) The expression of SMYD2 in cells with different 577 

concentration and time of DDP treatment. Data are shown as mean ± SD. * Compared to 578 

control group. P < 0.05. # Compared to cisplatin-treated group. P<0.05. 579 

 580 

Fig. 5 STUB1 modulated SMYD2 degradation. 581 

(A) SMYD2 protein levels at different time after DDP treatment in CHX-treated cells. (B) 582 

The degradation rate of SMYD2 was qualified. (C) SMYD2 protein levels in DDP, DDP 583 

combined MG132 and control cells. (D) The potential E3 ubiquitin ligases predicted in 584 

UbiBrowser. (E) STUB1 mRNA levels in si-RNA treated cells. (F) The expression of 585 

SMYD2 after the knockdown of STUB1. (G) Co-immunoprecipitation of SMYD2 and 586 

STUB1. (H)SMYD2 protein levels in DDP-treated and control cells after the knockdown of 587 

STUB1 or NC. Data are shown as mean ± SD. *P < 0.05. 588 



 589 

Fig. 6 STUB1 knockdown reverse the effect of cisplatin. 590 

(A) Kaplan-Meier overall survival and disease-free survival curves based on the 591 

expression of STUB1 from GEPIA database (P<0.0001 and P<0.0001, respectively). (B) 592 

The expression of STUB1 in different grade of glioma from CGGA database (P <0.0001). 593 

(C) Flow cytometric analysis in DDP-treated and control cells after the knockdown of 594 

STUB1. (D) The apoptosis rate was quantified. (E) Would-healing assays in U251 and 595 

U87 cells with DDP-treated and control cells after STUB1 knockdown. (F) Percentages of 596 

wound healing were calculated. (G) The expression levels of COL1A1 and N-Cadherin in 597 



different groups. (H) Hypothesis diagram. Data are shown as mean ± SD. * Compared to 598 

control group. P < 0.05. # Compared to cisplatin-treated group. P<0.05. 599 

 600 

 601 

Fig. S1. The reactive oxygen species (ROS) assay in glioma cells.  602 

(A) Flow cytometric analysis following DCFH-DA reaction in AZ505-treated U251 and U87 603 

cells. (B)The ROS rate was qualified. Data are shown as mean ± SD. *P < 0.05. 604 

 605 

Fig. S2. The downstream mechanisms of SMYD2. 606 

(A) Heat maps of significantly differentially expressed genes. (B) The PPI network of 607 

DEGs. 608 



 609 

Fig. S3. The modulation of SMYD2 protein level. 610 

(A) SMYD2 mRNA level in DDP-treated and control cells. (B) FZR1 mRNA levels in 611 

si-RNA treated cells. (C) The expression of SMYD2 after the knockdown of FZR1. 612 

 613 

 614 

 615 

  616 



 617 

Table 1 SMYD2 staining and clinicopathological characteristics of 441 glioma patients. 618 

 

variables 

SMYD2 staining 

Low (%) High (%) Total P* 

All cases 227(51.5) 214(48.5) 441 

 

Age 

   

0.095 

 <=42 years 128(55.7) 102(44.3) 230 

 

 >42 years 99(46.9) 112(53.1) 211 

 

Gender 

   

0.66 

 Male 139(52.7) 125(47.3) 264 

 

 Female 88(49.7) 89(50.3) 177 

 

WHO grade 

   

0.004 

I 25(67.6) 12(32.4) 37 

 

II 113(56.5) 87(43.5) 200 

 

III 57(47.1) 64(52.9) 121 

 

IV 27(36.5) 47(63.5) 74 

 

Histological type 

   

0.168 

 Astrocytoma 178(55.5) 143(44.5) 321 

 

 Glioblastoma 19(35.8) 34(64.2) 53 

 

 Oligodendroglioma 13(44.8) 16(55.2) 29 

 

 Ependymoma 2(40.0) 3(60.0) 5 

 

 Medulloblastoma 5(31.3) 11(68.8) 16 

 

*Two-sided Fisher's exact tests 

Some cases were not available for the information 

 619 



 620 

Table 2 The Keplan-Meier survival analysis of hub genes in GEPIA2 database. 621 

Top 10 ranked by Degree method 

Rank Name Score HR(OS) P(OS) HR(PFS) P(PFS) logFC adj.P.Val change 

1 LDLR 10 0.91 0.46 0.85 0.18 1.377235879 0.00047918 up 

2 HMGCR 9 0.48 3.40E-08 0.59 2.90E-05 1.118128314 0.000626303 up 

2 INSIG1 9 0.53 2.10E-06 0.76 0.029 1.835558542 0.00047918 up 

2 EGR1 9 2.2 3.30E-09 1.9 3.90E-07 1.079054844 0.002010849 up 

5 FDFT1 8 0.46 3.10E-09 0.61 0.00011 1.028121871 0.00047918 up 

5 MSMO1 8 0.57 2.20E-05 0.75 0.026 1.382276847 0.000981583 up 

5 SQLE 8 0.77 0.044 0.81 0.089 1.18327639 0.000755102 up 

5 HMGCS1 8 0.4 1.20E-11 0.48 1.20E-08 1.775466478 0.00047918 up 

5 COL1A1 8 3.5 0 2.5 1.50E-12 -1.439526888 0.002285464 down 

5 MMP7 8 3 1.10E-15 2.4 1.90E-11 -1.127173975 0.003321909 down 

 622 

  623 
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