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Targeting MYHO represses USP14- =
mediated NAP1L1 deubiquitination and cell
proliferation in glioma
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Abstract

Myosin heavy chain 9 (MYH9) plays an important role in a number of diseases. Nevertheless, the function of
MYH9 in glioma is unclear. The present research aimed to investigate the role of MYH9 in glioma and determine
whether MYH9 is involved in the temozolomide chemoresistance of glioma cells. Our results showed that MYH9
increased the proliferation and temozolomide resistance of glioma cells. The mechanistic experiments showed
that the binding of MYH9 to NAP1L1, a potential promoter of tumor proliferation, inhibited the ubiquitination
and degradation of NAP1L1 by recruiting USP14. Upregulation of NAP1L1 increased its binding with c-Myc and
activated c-Myc, which induced the expression of CCND1/CDK4, promoting glioma cell temozolomide resistance
and proliferation. Additionally, we found that MYH9 upregulation was strongly related to patient survival and is
therefore a negative factor for patients with glioma. Altogether, our results show that MYH9 plays a role in glioma
progression by regulating NAP1L1 deubiquitination. Thus, targeting MYH9 is a potential therapeutic strategy for the
clinical treatment of glioma in the future.

Keywords MYH9, NAP1L1, Glioma, Proliferation, Chemoresistance, Ubiquitination

fCo-first author: Zigui Chen, Xin Yan, Changfeng Miao ’Department of Neurosurgery, Affiliated Haikou Hospital of Xiangya
Medical School, Central South University, Haikou 570208, China
*Correspondence: 3Department of neurosurgery, Affiliated Hospital of Youjiang Medical
Ying Xia University for Nationalities, Baise, Guangxi 53300, China
xiaying008@163.com “Department of Laboratory Medicine, Neurosurgery Second Branche,
Weiyi Fang Hunan Provincial People ‘s Hospital, The First affiliated Hospital of Hunan
1z1980@i.smu.edu.cn Normal University), Changsha, Hunan 410005, China
Dandan Zheng °Department of encephalopathy, Liuyang Hospital of Traditional Chinese
zhengdd1993@hotmail.com Medicine, Liuyang, Hunan 410300, China
Qisheng Luo ®Department of Radiation Oncology, The First Affiliated Hospital Zhejiang
1917@ymcn.edu.cn University, Hangzhou 310009, China

'Cancer Center, Integrated Hospital of Traditional Chinese Medicine,
Southern Medical University, 13 Shiliugang ST, Guangzhou 510315, China

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-023-03050-1&domain=pdf&date_stamp=2023-9-28

Chen et al. Cancer Cell International (2023) 23:220

Introduction

Glioma is a primary malignant tumor most commonly
found in the brain. Chemotherapy is one of the more
common approaches for glioma treatment because it
may be used before or after surgery and is appropriate
for people who are not eligible for surgery [1]. Since the
high proliferative capacity and chemoresistance of gli-
oma cells limits the effectiveness of conventional thera-
pies, the mortality rate of glioma has been consistently
increasing, and the 5-year survival prognosis for patients
with glioma remains low. While the mechanisms of drug
resistance at the molecular, cellular, and pathological
levels in glioma have been extensively investigated, drug
resistance continues to pose a major challenge to the
treatment of patients with glioma [2, 3]. Therefore, it is
extremely urgent to identify biomarkers and drug targets
that are effective in improving the prognosis of patients
with glioma.

Myosin heavy chain 9 (MYH9), a member of the myo-
sin family of proteins, participates in cell adhesion, polar-
ity, motility, and migration [4]. MYHO is a skeletal protein
that plays a critical role in many human diseases [5-9].
Over the past several years, an increasing number of
studies have shown that MYH9 is upregulated in many
cancers, such as non-small cell lung cancer [10], colorec-
tal cancer [11], prostate cancer [12], diffuse large B-cell
lymphoma [13], renal cell carcinoma [14], glioma [15],
and hepatocellular carcinoma [16]. It is a potential tumor
promoter that has been reported to enhance tumor pro-
liferation, invasion and migration. Previous research has
demonstrated that MYH9-promoted CTNNBI1 tran-
scription results in anoikis resistance in gastric cancer
[17]. A further study showed that MYH9 overexpression
leads to epithelial-to-mesenchymal transition and stem-
ness in hepatocellular cancer [16]. Recently, it was con-
firmed that overexpression of MYH9 could downregulate
tumor suppressor genes to induce the recurrence of pan-
creatic cancer [18]. In contrast, MYH9 was identified as
a tumor suppressor in squamous cell cancers of the head
and neck [19]. Nevertheless, the function of MYH9 in
glioma is unclear.

In the present research, the molecular function of
MYHO9 in glioma cells was investigated. MYH9 bound to
NAPI1L1 and inhibited the ubiquitination and degrada-
tion of NAP1L1 by recruiting USP14. The upregulation
of NAP1L1 increased its binding with c-Myc and thereby
activated c-Myc, inducing the expression of CCND1/
CDK4 and thereby promoting glioma cell temozolomide
resistance and proliferation. The findings of the present
research suggest that MYHO is involved in the patho-
genesis of glioma and is a potential target for its clinical
treatment.
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Results

Upregulation of MYH9 was associated with poor prognosis
in patients with glioma

To determine the possible role of MYHO in glioma, the
transcriptional level of MYH9 in glioma tissue was com-
pared with that in normal tissues using GEPIA. We found
that MYH9 mRNA expression was significantly upregu-
lated in patients with glioma in the TCGA/GTEx data-
set (Fig. 1A). Using the CPTAC portal, we found that the
protein expression of MYH9 was upregulated in glioma
patients (Fig. 1B). The results of the OS and DFS analy-
ses indicated that the upregulation of MYH9 was nega-
tively correlated with the overall survival of patients with
glioma (Fig. 1C, D). The western blotting (WB) results
showed higher MYH9 expression levels in three fresh
glioma tissues than in three adjacent normal tissues
(Fig. 1E). To further determine the expression of MYH9
in glioma tissues, a tissue microarray (TMA) contain-
ing 168 glioma tissue samples and 15 peritumoral tissue
samples was subjected to immunohistochemical (IHC)
staining for MYH9 expression (Fig. 1F). The expres-
sion of MYHY in glioma tissue was also found to be sig-
nificantly correlated with the pathological grade of the
tumor (WHO II vs. WHO III vs. WHO 1V) (Fig. 1G). In
summary, these findings showed that MYH9 expression
in glioma tissues was higher than that in adjacent tis-
sues and that MYHO acts as an oncogene that can predict
poor prognosis in patients with glioma.

MYH9 enhanced glioma cell proliferation and resistance to
temozolomide

To explore the role of MYH9 in glioma, glioma cells
were transfected using a lentivirus carrying the MYH9-
shRNA vector (shMYH9) and a lentivirus carrying a neg-
ative control vector (shNC). MYH9 expression was then
assessed using qRT-PCR analysis (Fig. 2A) and western
blotting (WB) (Fig. 2B). We found that shMYH9-2 had
the highest knockdown efficiency, and we also verified
the knockdown efficiency of si-2 siRNA (small interfer-
ing RNA-2) (Fig. 2C). The CCKS8 assay demonstrated that
MYH9 knockdown obviously suppressed the prolifera-
tion of U87 and LN229 cells (Fig. 2D). Moreover, MYH9
overexpression significantly promoted glioma cell pro-
liferation. In addition, the EdU assay (Fig. 2E) and clone
formation assay (Fig. 2F) confirmed that downregulation
of MYHY decreased the viability of glioma cells.

In addition, U87 and LN229 cells containing shMYH9
showed enhanced sensitivity to TMZ-induced cell death.
Glioma cells were treated with different TMZ con-
centrations after 48 h, and the inhibition of cell viabil-
ity was calculated after MYH9 knockdown. The TMZ
dose—response curves showed that the IC50 value was
401.39 pM in the control (shNC) group, but it dimin-
ished dramatically to 183.00 uM in U87 cells with MYH9
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Fig. 1 MYH9 is increased in glioma and correlates with poor prognosis of glioma. (A) MYH9 mRNA expression in glioma tissues and para-tumor tissues
among the glioma patients obtained from the TCGA database. (B) MYH9 protein level in glioma tissues and para-tumor tissues among the glioma pa-
tients obtained from the CPTAC database. (C, D) Kaplan—Meier survival analysis for overall survival (C) and Disease Free survival (D) based on the MYH9
expression data. (E) Western blot of MYH9 protein level in 3 glioma tissues and 3 para-tumor tissues. (F) The expression of MYH9 in tumor and adjacent
samples were monitored by immunohistochemistry. (G) Representative images of MYH9 staining in (grade I-IV) glioma tissues (scale bar: 50 um). Data are
presented as the mean +SD for three independent experiments. *P < 0.05, **P<0.01, ***P <0.001

knockdown (Fig. 2G, left); similarly, the IC50 value was
reduced from 505.20 uM to 250.05 uM in LN229 cells
with MYH9 knockdown (Fig. 2G, right). Interestingly,
WB showed that the expression of y-H2AX, a bio-
marker for DNA double-strand breaks, was upregulated
in glioma cells with MYH9 knockdown (Supplemental
Fig. 1A). Moreover, a subcutaneous transplantation ani-
mal model was constructed in nude mice using shMYH9-
transfected glioma cells. We observed that the shMYH9
group of mice had smaller tumors than the control group,
which carried shNC-transfected glioma cells (Fig. 3A, B,
C). Furthermore, the results of the IHC analysis showed
that in mice carrying shMYH9-U87 and shMYH9-LN229
cells, PCNA and MYH9 expression levels were signifi-
cantly decreased (Fig. 3D). These results suggest that
MYH9 expression increases glioma cell proliferation and
resistance to TMZ-induced apoptosis.

MYH9 may increase glioma cell proliferation and resistance
to temozolomide via the c-Myc signaling pathway

To identify the mechanism through which MYH9 pro-
motes cell proliferation and resistance to temozolomide,
we first used the CPTAC database to analyze proteins
related to MYH9 expression. We found that the c-Myc
signaling pathway was significantly correlated with
MYH?9 expression (Supplementary Fig. 1B). As the c-Myc
signaling pathway plays a major role in regulating tumor
growth [20, 21], we analyzed the relationship between
MYHY expression and the c-Myc signaling pathway.
Next, we performed western blotting to identify down-
stream pathways of MYH9. We found that siMYH? sig-
nificantly inhibited the expression of c-Myc (Fig. 3E). In
addition, we found that MYH9 knockdown downregu-
lated CCND1 and CDK4 (Fig. 3E). These findings sug-
gested that MYH9 may promote glioma cell proliferation
and resistance to temozolomide by regulating the c-Myc
pathway.
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Fig.2 MYH9 enhances cell proliferation and resistance to temozolomide. (A, B) MYH9 expression was measured by RT-PCR assays and western blot in U87
and LN229 cells transfected with shNC ,shMYH9-1 and shMYH9-2. GAPDH was used as a loading control. (C) MYH9 protein level was measured by western
blot in U87 and LN229 cells transfected with siNC or siMYH9. GAPDH was used as a loading control. CCK8 assay (D), EAU incorporation assay (E), clone
formation assay (F) after MYH9 knockdown. (G) Dose-response curves of U87 and LN229 treated with siMYH9 and siNC respectively following treatment
with temazolamide for 48 h. Data are presented as the mean +SD for three independent experiments. *P<0.05, **P <0.01, ***P<0.001

B c 400

- shNC
200 = shMYH9

I Us7 I LN229

= %

Volume (mm3)

2
N

0

0 10 20 30 40Days

0.1 200

-shNC

Tumor weight (g)

Volume (mm3)

0
0 10 20 30 40Days

c-Myc a - i o
CCND1 smmm s iy we

CDK4 i s S s
GAPDH a “ g

us7 LN229

SINC  shMYH9  ShNC  shMYH9
us7 LN229

Fig.3 MYH9 increases glioma proliferation and resistance to temozolomide via the c-Myc signaling pathway. Gross morphology of tumors (A) and tumor
weight statistics (B) from the indicated groups (n=5 per group). (C) Tumor volume statistics for each mouse group (n=5 per group). (D) MYH9 and PCNA
was evaluated by immunohistochemical staining. Compared with shMYH9 cells, the shNC cell tumor tissues were high expression. (E) Western blotting
analysis of the protein levels of MYH9, c-Myc, CCND1 and CDK4 after transfecting siNC or siMYH9 into U87 and LN229 cells. Data are presented as the
mean =+ SD for three independent experiments. *P<0.05, **P < 0.01, ***P<0.001
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MYH?9 interacts with NAP1L1 to promote glioma cell
proliferation and resistance to temozolomide

The BIOGRID database, combined with Co-IP, was used
to explore the molecular mechanisms through which
MYH9 regulates the c-Myc pathway in glioma. The
interaction between MYH9 and NAPIL1 was investi-
gated using the BIOGRID database. Many studies have
found that NAPIL1 is strongly expressed in tumors
[22-25], highlighting its potential role in human cancer.
A previous study conducted by our group revealed that
NAPI1L1 enhanced glioma progression by activating the
c-Jun signaling pathway. Subsequently, we examined
whether MYH9 indeed has relevant binding partners
with NAP1L1. The endogenous Co-IP assay showed that
MYHO9 interacted with NAP1L1 in glioma cells (Fig. 4A,
B). Moreover, the immunofluorescence assay revealed
that MYH9 and NAP1L1 were primarily present in the
cytoplasm of glioma cells (Fig. 4 C). Together, these find-
ings suggest that MYH9 affects glioma progression by
interacting with NAP1L1.

MYH?9 inhibited NAP1L1 degradation by stabilizing the
USP14-NAP1L1 complex

In our previous study, we examined an interaction
between MYH9 and NAPI1L1. To further clarify the
role of MYH9 and NAP1L1 in glioma, we attempted to
determine whether MYH9 participates in regulating the
expression of NAPIL1. Interestingly, our WB results
demonstrated that NAP1L1 was markedly downregu-
lated after MYH9 knockdown, while the NAP1L1 mRNA
level was unaffected (Fig. 5A). Therefore, it is unlikely
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that NAP1L1 is regulated by MYHO at the transcriptional
level. Next, whether NAP1L1 is regulated by MYHO at the
posttranscriptional level was evaluated using the cyclo-
heximide (CHX) chasing assay and MG132 treatment.
The half-life of NAP1L1 was significantly reduced, and a
notable accumulation of NAP1L1 protein was observed
in MYH9-silenced cells treated with MG132 and CHX
(Fig. 5B). These findings suggested that MYH9 regulates
NAP1L1 protein stability. Since proteins can be degraded
via the ubiquitin-proteasome pathway [26], we attempted
to determine whether MYHO regulates NAP1L1 degrada-
tion by inhibiting its ubiquitination in glioma cells. Spe-
cific anti-NAP1L1 and anti-ubiquitin antibodies were
used to perform a co-IP assay. The results of this assay
demonstrated that MYH9 greatly decreased the ubiquiti-
nation level of NAP1L1 in glioma cells (Fig. 5C).

To study the mechanism through which MYH9 inhibits
the degradation of NAP1L1 in more detail, we used the
BIOGRID database to predict the interaction between
the deubiquitinating enzyme USP14 and NAPILI. It is
interesting to note that no prior studies have shown that
USP14 affects the deubiquitination level of NAPILI.
Therefore, we attempted to determine whether USP14 is
involved in the MYH9-mediated degradation of NAP1L1.
Through endogenous Co-IP, we found that MYH9 and
NAPI1L1 interacted with USP14 in LN229 and U87 cells
(Fig. 5D). In addition, the Co-IP results showed that
USP14 silencing enhanced the impact of MYH9 on the
ubiquitination and degradation of NAP1L1 (Fig. 5E).
These data suggest that MYH9 recruits USP14 to pro-
mote NAP1L1 protein stability.

B
input  1gG MYH9
NAPILT —
LN229
DAPI Merge

N . . .

Fig.4 MYH9 interacts with NAP1L1. Co-IP experiments detected the interaction of endogenous MYH9 and NAP1L1 in U87 and LN229 cells. (
tative immunofluorescence staining and intensity of MYH9 and NAP1L1 protein in U87 and LN229 cells. Scale bar, 5 um
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To explore in more detail whether NAP1L1 participates
in the promotion of MYH9 in glioma, we transfected
MYH?9-silenced glioma cells with an NAP1L1 plasmid.
The CCK8 assay results showed that NAP1L1 overex-
pression enhanced cell proliferation in MYH9-silenced
glioma cells (Supplementary Fig. 1C). The knockdown
of NAP1L1 significantly inhibited the MYH9-mediated
activation of the c-Myc pathway and CDK4 and CCND1
expression (Supplementary Fig. 1D). These results indi-
cate that NAP1L1 is involved in MYH9-mediated regu-
lation of the c-Myc pathway in glioma. Altogether, these
findings indicate that the MYH9-USP14-NAP1L1 com-
plex plays an important role in glioma progression.

MYH9 promoted the NAP1L1-cMyc interaction
In our prior study, we observed that MYH9 can promote
c-Myc pathway activation and upregulate the expression

of NAPI1L1. Therefore, we attempted to determine
whether there is a direct relationship between NAP1L1
and c-Myc. We used the BIOGRID database to predict
the interaction between c-Myc and NAPI1L1. Subse-
quently, we performed an endogenous Co-IP assay, which
showed that NAPIL1 interacted with c-Myc in glioma
cells (Fig. 6A). The immunofluorescence assay demon-
strated that NAP1L1 and c-Myc mainly colocalized in
the glioma cell cytoplasm, with minor nuclear distribu-
tion (Fig. 6B, C). Moreover, we found that the interac-
tion between NAP1L1 and c-myc weakened when MYH9
expression levels were reduced (Fig. 6D). These find-
ings suggest for the first time that NAP1L1 activates the
c-Myc pathway in glioma cells and that MYH9 promotes
the NAP1L1-cMyc interaction.
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MYH?9 is an unfavorable factor for glioma

To verify the functions of MYH9 in glioma cells, we
first determined the mRNA levels of MYH9 expression
using RT-qPCR in 15 glioma tissues and 15 paratu-
moral tissues. The results showed that the MYH9 mRNA
expression level was higher in glioma tissues than in para-
tumoural tissues (Fig. 7A). Using immunohistochemistry
(IHC) scores, the MYH9 expression levels in 168 glioma
samples were determined (Fig. 7B). Next, we assessed
the relationship between glioma patient prognosis and
MYH9 expression. We found that elevated MYH9 levels
were negatively correlated with the OS and progression-
free survival (PFS) of patients with glioma (Fig. 7C, D). It
can be seen from Table 1 that the expression of MYH9 in
glioma tissues was significantly positively correlated with
the Ki-67 index, WHO grades and recurrence. The uni-
variate and multivariate Cox regression analysis results
also suggested that MYH9 expression was negatively
correlated with the overall survival of glioma patients
(Tables 2 and 3).

Discussion

Myosin heavy chain 9 (MYH9), a member of the myosin
family of proteins, participates in cell adhesion, polarity,
motility, and migration [4]. MYHO is a skeletal protein

that plays a critical role in multiple human diseases [5—
9]. Over the past several years, an increasing number of
studies have shown that MYH9 is upregulated in vari-
ous cancers. Nevertheless, the function of MYH9 in gli-
oma has remained unclear. In the present study, using
the CPTAC and TCGA datasets, we demonstrated that
MYH? is overexpressed in glioma cells. We used immu-
nohistochemistry to assess MYH9 expression in 168 gli-
oma tissues compared with 15 paratumoral tissues. The
expression of MYH9 was positively correlated with the
Ki-67 index, recurrence, and WHO grade, indicating that
MYH9 contributes to the progression of glioma. Addi-
tionally, the upregulated expression of MYH9 was found
to be correlated with a poor prognosis for patients with
glioma. Next, we found that the knockdown of MYH9
reduced glioma cell proliferation and temozolomide
resistance in vitro. Thus, our data indicated that MYH9 is
a potential oncogene in glioma.

The BIOGRID database combined with co-IP analy-
sis was used to investigate the molecular mechanisms
by which MYH9 promotes the c-Myc pathway in gli-
oma. The BIOGRID database was used to predict the
interaction of NAP1L1 with MYH9. NAP1L1 is a fam-
ily of nucleosome assembly proteins located at 12 q21.2.
NAPI1L1 can be detected in most tissues and cell lines in
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Fig.7 MYH9 as an unfavorable factor in gliomas. RT-gPCR analysis of MYH9 mRNA expression in 15 glioma tissues and 15 para-tumor tissues. (B) IHC score
of MYH9 in (gradel-IV) glioma tissues. (C, D) Kaplan-Meier survival analysis for overall survival (C) and Progression Free survival (D) in TMA showing MYH9
expression. Data are presented as the mean + SD for three independent experiments. *P < 0.05, **P<0.01, ***P < 0.001

Table 1 Correlation between MYH9 expression and
clinicopathological parameters in 168 glioma patients

Characteristics N MYH?9 expression P
Low High value
Age (years)
<60 140 73 (43.4%) 67 (39.9%) 0.112
>60 28 10 (6.0%) 18 (10.7%)
Gender
Male 106 51(30.4%) 55(32.7%) 0.662
Female 62 32 (19.0%) 30 (17.9%)
WHO grade
-1l 108 60 (35.7%) 48 (28.6%) 0.032
-V 60  23(13.7%) 37 (22.0%)
Recurrence
No 76 45(26.8%) 31 (18.5%) 0.021
Yes 92 38 (22.6%) 54 (32.1%)
Ki-67 index
<20% 87 52(31.0%) 35(20.8%) 0.005
>20% 81 31(18.4%) 50(29.8%)

humans, but NAP1L1 expression levels are usually higher
in rapidly proliferating cells [27, 28]. Many studies have
found that NAP1L1 is strongly expressed in tumors [22—
25], which has highlighted its potential role in this kind of
human disease. A previous study conducted by our group

revealed that NAPIL1 enhances glioma progression by
activating the c-Jun signaling pathway [29]. Subsequently,
we examined whether MYH9 indeed has relevant bind-
ing partners with NAP1L1. An endogenous co-IP assay
was performed to indicate that MYH9 interacted with
NAPIL1 in glioma cells. The immunofluorescence assay
demonstrated that MYH9 and NAP1L1 mainly colocal-
ized in the glioma cell cytoplasm. Moreover, the ubiqui-
tination and degradation of NAP1L1 were promoted by
MYHO. In this work, we found that the deubiquitination
of NAP1L1 was affected by USP14. Importantly, we also
found that MYH9 forms a complex with NAP1L1 and
USP14, greatly improving their interaction and promot-
ing the USP14-mediated deubiquitination of NAP1L1. In
addition, NAP1L1 was found to affect MYH9-mediated
regulation of the c-Myc pathway in glioma cells. These
findings indicate that MYH9-USP14-NAP1L1 make up a
triple complex that is important for the proliferation and
temozolomide resistance of glioma cells.

Additionally, to clarify how NAP1L1 promotes the
proliferation of glioma cells, we attempted to deter-
mine whether there is a direct relationship between
NAPI1L1 and c-Myc. The BIOGRID database was used
to predict the interaction between c-Myc and NAP1L1.
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Table 2 Univariate analysis of factors associated with OS and PFS in 168 glioma patients
Factors () PFS

HR (95% Cl) P value HR (95% Cl) Pvalue
Age (<60 vs. 260) 2.217 (1.229-3.998) 0.008 2.281(1.409-3.692) 0.001
Gender (Male vs. female) 0.669 (0.379-1.181) 0.166 0.719 (0.465-1.113) 0.139
WHO grade (I-11 vs. llI-1V) 10.095 (5481-18.582) 0.000 5.806 (3.784-8.908) 0.000
Ki-67 index (< 20% vs. >20%) 2.262 (1.312-3.900) 0.003 2.061 (1.353-3.137) 0.001
MYH9 expression (Low vs. high) 2.265 (1.304-3.933) 0.004 1.621 (1.069-2.458) 0.023
Table 3 Multivariate analysis of factors associated with OS and PFS in 168 glioma patients
Factors (O PFS

HR (95% Cl) p value HR (95% Cl) p value
Age (<60 vs. 260) 2.141 (1.143-4.012) 0.017 2241 (1.350-3.721) 0.002
WHO grade (I-ll vs. llI-IV) 9.723 (5.179-18.253) 0.000 5.559 (3.538-8.734) 0.000
Ki-67 index (< 20% vs.>20%) 8(0.563-1.841) 0.954 1.076 (0.675-1.715) 0.757
MYH9 expression (Low vs. high) 1.865 (1.065-3.266) 0.029 1.203 (0.786-1 842) 0.394

Subsequently, the endogenous Co-IP assay indicated that
NAPIL1 interacted with c-Myc in glioma cells. Immu-
nofluorescence assay results demonstrated that NAP1L1
and c-Myc mainly colocalized in the glioma cell cyto-
plasm, with minor nuclear distribution. Furthermore,
NAPIL1 silencing severely inhibited the protein expres-
sion of c-Myc/CCND1/CDK4. c-Myc is an oncogenic
transcription factor in tumors. In prior studies, c-Myc
has been shown to regulate CCND1 to induce the cell
proliferation of NSCLC [30]. CCND1 is a transcrip-
tional product of c-Myc [31], which is a promoter of the
cell cycle leading to cell growth in tumors. [32]. CCND1
forms complexes with CDK4 or CDK6 as a regulator of
CDK kinases [33], and its tumor-promoting role has been
intensively investigated in human cancers [34]. Alto-
gether, these results demonstrated that c-Myc regulated
by NAP1L1 promoted glioma cell proliferation by induc-
ing CCND1/CDK4. Moreover, MYH9 was found to influ-
ence the binding between NAP1L1 and c-Myc. These
results suggested that MYH9 promotes c-Myc path-
way activation via USP14-mediated deubiquitination of
NAP1L1, providing a novel mechanism by which MYH9
regulates protein expression related to the proliferation
and temozolomide resistance of glioma cells.

A regulatory model is shown in Fig. 8 as a summary.
MYH9 bound to NAPIL1 to inhibit its ubiquitination
and degradation by recruiting USP14. The upregulation
of NAPI1L1 increased its binding with c-Myc and, fur-
ther, activated c-Myc, which induced the expression of
CCND1/CDK4 and thereby promoted the resistance to
temozolomide and proliferation of glioma cells. Higher
expression levels of MYH9 indicated shorter survival
times in patients with glioma. Overall, these findings sug-
gest that MYHO has prognostic and therapeutic value for
the evaluation and clinical treatment of glioma. The role
of MYHO in glioma should be explored further in future
research.

Materials and methods

Cells and patients

The U87 and LN229 human glioma cell lines were
obtained from the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China). The cell
lines were maintained in DMEM (Gibco) supplemented
with 10% fetal bovine serum (FBS, HyClone) at 37 °C and
5% CO,. Glioma and paratumoral tissue samples were
obtained from the Affiliated Hospital of Southern Medi-
cal University. Patients signed an informed consent form
before participating in the research. The ethics commit-
tee of the Southern Hospital of Southern Medical Uni-
versity approved the research.

Lentivirus production and infection

Both, a lentivirus carrying the MYH9-shRNA vector
(shMYH9) and a lentivirus carrying the negative control
vector (shNC), were established by GeneChem (Shang-
hai, China). Glioma cells was transfected with shMYH9
or shNC, as described in a previous study. The shRNA
sequence of MYHY is presented in Supplementary
Table 1. The expression of MYH9 was assessed using
qRT-PCR analysis and western blotting.

Plasmids and small interfering RNAs

USP14 plasmids were obtained from GeneChem (Shang-
hai, China). siRNAs against MYH9 and NAP1L1 were
designed and generated by IGE BIOTECHNOLOGY
LTD. (Guangzhou, China). When the cells grew to 70%
confluence, the plasmids and siRNAs were transfected
into LN229 and U87 cells using lipofactamine °3000
according to the manufacturer’s instructions (Invitrogen;
Thermo Fisher Scientific). The cell culture medium was
refreshed after 8 h, and the cells were collected at 36 and
60 h after transfection for use in the next experiment.
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CCND1 /CDK4

Glioma proliferation

Temozolomide resistance

Fig. 8 Schematic of MYH9 promoting glioma development. MYH9 bound to NAP1L1, and further inhibited ubiquitination and degradation of NAP1L1
by recruiting USP14. The upregulated NAP1L1 increased the binding with c-Myc and further activated c-Myc, which Induce CCND1/CDK4 expression, and

thus promotes the cell proliferation and temozolomide resistance

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Cells were lysed and RNA was extracted from them 36 h
after transfection using the QIAZOL reagent (Qiagen,
Shanghai, China). Complementary DNA (cDNA) was
then synthesized from 1 pg extracted RNA using random
primers and the Maxima First Strand cDNA Synthesis
Kit (Takara Bio, Inc., Otsu, Japan) in the eBio-Rad CFX
96 system. The SYBR°Green Master Mix was used to
perform quantitative real-time PCR in the Bio-Rad T100
detection system. All primer sequences are presented in
Supplementary Table 2.

Cell counting kit-8 (CCK8) assay

In order to detect the effect of MYH9 expression on gli-
oma cell viability, the CCK8 assay was used. When cell
growth and condition were good, 10% CCK8 reagent was
added to each well in a 96-well plate at different time
points after siNAP transfection, and the cells were incu-
bated. After 2 h, a Universal Microplate Reader (Bio-Tek
instruments, Inc, Winooski, VT, USA) was used to mea-
sure cell absorbance (OD) at 450 nm.

EdU assay

After seeding U87 and LN229 glioma cells in a 96-well
plate, their proliferation was examined using a cell-light
EDU APOLLO 488 or 567 in vitro imaging kit (Guang-
zhou Ribobio Co., Ltd). First, we added 50 uM of reagent
according to the manufacturer’s instructions. After dis-
carding the waste water, incubate the liquid in the incu-
bation tank for 2 h before washing with PBS. Then, the
cells were fixed with 4% polymethylene formaldehyde at
room temperature and permeabilized with 0.5% Triton
X-100 before being stained for 30 min with a 1x Apol-
loR staining solution. The F fluid was diluted with deion-
ized water to 1x HOECHEST33342 reaction solution
and used to stain cell nuclei for 30 min in a 96-well plate.
The number of EDU-positive cells was counted in five
random viewing fields using a fluorescence microscope.
All tests were performed three times. The Edu assay was
carried out in the same manner as described in previous
studies.
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Clone formation assay

In order to detect the ability of cells to form clones, we
selected 100 cells in good growth condition and plated
them in a 6-hole plate per hole. Cross shaking was used
to evenly distribute cells. The cells were then incubated
for 2~3 weeks, until clones were visible to the naked eye.
Then, the cells were fixed for 10 min with 4% polymeth-
ylene and stained with crystalline purple for 30 min. After
rinsing off the stain, the number of clones was counted.

The cycloheximide (CHX) chase assay

First, cycloheximide (Selleck, Cambridge, United King-
dom) was resuspended in DMSO (200 mm) and stored at
20 °C. Then, cells were seeded into a 6-well plate, contain-
ing 2 mL of culture medium in each well. Once fixed, the
cells were incubated with 50 pug/mL CHX at 37 °C and 5%
CO, for various durations. The cells were then collected
and analyzed in great detail through western blotting.

Co-immunoprecipitation (co-IP) assay

After the LN229 and U87 cells reached complete conflu-
ence in the culture dishes, 200 uL Pierce IP Lysis buffer
(Thermo Scientific) containing protease and phosphatase
inhibitor cocktails (Thermo Scientific) in a 100:1:1 pro-
portion was added to the dishes in order to lyse the cells.
The cell supernatants were collected 30 min later. The
antibodies used in the co-IP assay are presented in Sup-
plementary Table 3. Magnetic beads used for the assay
were obtained from Thermo Fisher Scientific. The co-IP
assay was conducted according to the manufacturer’s
instruction, as previously described [35].

Western blotting

After 72 h of transfection, cells were washed with a pre-
chilled PBS solution three times; then, the were mixed
with RIPA lysis buffer (Beyotime Institute of Biotech-
nology) containing PMSF (Bio-Rad Laboratories, Inc.)
and phosphatase inhibitors (Bio-Rad Laboratories, Inc.)
(100:1:1) to the cracks for 30 min. The bicinchoninic
acid protein assay kit (Beyotime Institute of Biotechnol-
ogy) was used to detect the total protein content in the
cell supernatant, and the upper liquid was further allo-
cated to the ready liquid containing 3 ng/ul protein. Pro-
teins were separated by SDS-PAGE and then transferred
onto PVDF membranes (Institute of Biotechnology). The
membranes were then blocked with Tween-20 (TBST) in
TBS at 37 °C for 1 h. Next, the PVDF membranes were
incubated with the appropriate primary antibodies and
incubated overnight at 4 °C. Then, the PVDF membranes
were incubated with anti-rabbit or anti-mouse IgG sec-
ondary antibodies at 37 °C for 1 h. An electrochemilumi-
nescence kit was used to visualize proteins on the PVDF
membranes in a dark room, and images of the stained
proteins were captured using a ChemiDoc™ Molecular
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Imager. Each experiment was repeated at least three
times.

Animal studies

Week-old male nude mice purchased from the Experimen-
tal Animal Center of Southern Medical University (Guang-
zhou, China) were used for the animal experiments. The
nude mice were placed in a conventional experimental envi-
ronment, involving alternation between day and night con-
ditions every 12 h and access to sufficient and balanced food
and water. Stable LN229 and U87 cells, around 2.0x10° in
100 pL PBS, were injected into the bart groin of the nude
mice. All nude mice were euthanized after 4 weeks of study.
In the euthanasia of nude mice, pentobarbital sodium
injection, that is, intraperitoneal injection of the drug 150-
200 mg /kg, can stop the animal’s breathing, and if neces-
sary, check whether the animal’s heart is beating. All studies
were conducted in accordance with the principles and pro-
cedures outlined in the Southern Medical University Guide
for the Care and Use of Animals.

Immunohistochemical (IHC) analysis

Sections of paraffin-embedded mouse tissues obtained
for in vivo mouse experiments were used to perform the
IHC analysis for evaluating the protein expression levels of
MYH9 and PCNA. The indirect streptavidin-peroxidase
method was used in accordance with the manufacturer’s
recommendations for this analysis, based on a previous
study [35]. Supplementary Table 3 lists the antibodies used.

Statistical analysis

All experimental data is obtained from at least three inde-
pendent experiments. GraphPad Prism 7.0 (GraphPad
Software, Inc., La Jolla, CA, USA) and IBM SPSS 21.0 (IBM
Corporation, Armonk, NY, USA) software were used to
analysis statistical significant diffference. image processing
and calculation of colony intensity were analysed by Image].
Data are shown as the means+SD. Each graph is statistically
significant (n s, P>0.05; *, P<0.05; **, P<0.01; ***, P<0.001).
Each trial was performed separately and yielded similar
results.

Abbreviations

MYH9 Myosin heavy chain 9

NAP1L1 Nucleosome assembly protein 1 Like 1
TCGA The cancer genome atlas

IHC Immunohistochemical

PFS Progression-free survival

(o) Overall survival

NSCLC Non-small cell lung cancer

PCNA Proliferating cell nuclear antigen

CHX Cycloheximide

RT-gPCR  Real time quantitative polymerase chain reaction
CPTAC Clinical Proteomic Tumor Analysis Consortium
DFS Disease Free survival

TMA Tissue microarray



Chen et al. Cancer Cell International (2023) 23:220

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512935-023-03050-1.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We express our sincere thanks to all authors of this study.

Author contributions

Z.G.Cand XY designed the study and overseen and co-ordinated all aspects
of the work; ZG.C, CEM, LY.L and S.L performed experiments, interpreted
data; D.D.Z, YX and QS.L designed the research, interpreted data, and
contributed analytical tools; and W.Y.F and QS.L prepared figures and tables.
All writers have read the manuscript and endorse it.

Funding

This work was supported by the President Foundation of Integrated Hospital
of Traditional Chinese Medicine, Southern Medical University (grant no.
1202103005); Haikou People’s Hospital to introduce high-level talent project
in 2022 (grant no. 20220812); Natural Science Foundation of Guangxi Province
(grant no. 2019GXNSFDA245034); The First Batch of High-level Talent Scientific
Research Projects of the Affiliated Hospital of Youjiang Medical University for
Nationalities in 2019 (R20196310) and Natural Science Foundation of Guangxi
Zhuang Autonomous Region (2020GXNSFAA297108).

Data Availability
Data used and/or analyzed in the course of the current study are available
from the respective authors upon appropriate request.

Declarations

Conflict of interest
The authors declare no conflict of interest between them.

Ethics approval and consent to participate

The experiments and experimental protocols in this paper were approved

by the Ethics Committee of The Integrated Hospital of Traditional Chinese
Medicine, Southern Medical University. All patients signed their names

before sampling. Animal experiments were carried out in this study in strict
accordance with the “Guidelines for the Care and Use of Laboratory Animals of
Southern Medical University".

Received: 18 December 2022 / Accepted: 3 September 2023
Published online: 28 September 2023

References

1. Weller M, Wick W, Aldape K, Brada M, Berger M, Pfister SM, Nishikawa R,
Rosenthal M, Wen PY, Stupp R, Reifenberger G, Glioma. Nat Rev Dis Primers.
2015,07:161.

2. Stupp R, Hegi ME, Gilbert MR, Chakravarti A. Chemoradiotherapy in malig-
nant glioma: standard of care and future directions. J Clin Oncol 2007;25(26).

3. Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw M. Manage-
ment of glioblastoma: state of the art and future directions. CA Cancer J Clin
2020 07,70(4).

4. Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. Non-muscle myosin
Il takes centre stage in cell adhesion and migration. Nat Rev Mol Cell Biol.
2009;10:778-90.

5. Pecci A, Ma X, Savoia A, Adelstein RS. MYHO: structure, functions and role of
nonmuscle myosin 1A in human disease. Gene. 2018;664:152-67.

6. BaumannJ, Sachs L, Otto O, Schoen |, Nestler P, Zaninetti C, Kenny M, Kranz
R, von Eysmondt H, Rodriguez J, Schéffer TE, Nagy Z, Greinacher A, Palankar
R, Bender M. MYH9 reduced platelet forces underlie impaired hemostasis in
mouse models of -related disease. Sci Adv 2022;8(20).

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 12 of 13

Sadaf A, Ware RE. Microscope diagnosis of MYH9-related thrombocytopenia.
Blood 2021 09 16;138(11).

Pal K, Nowak R, Billington N, Liu R, Ghosh A, Sellers JR, Fowler VM. Megakaryo-
cyte migration defects due to nonmuscle myosin IIA mutations underlie
thrombocytopenia in MYH9-related disease. Blood 2020 05 21;135(21).

An Q,Dong Y, Cao, Pan X, Xue Y, Zhou Y, Zhang Y, Ma F. Myh9 plays an essen-
tial role in the survival and maintenance of hematopoietic Stem/Progenitor
cells. Cells 2022 06 07;11(12).

Chen M, Sun LX, Yu L, Liu J, Sun LC, Yang ZH, Shu X, Ran YL. MYH9 is crucial
for stem cell-like properties in non-small cell lung cancer by activating mTOR
signaling. Cell Death Discov 2021;7(1).

Zhong Y, Long T, Gu CS, Tang JY, Gao LF, Zhu JX, Hu ZY, Wang X, Ma YD, Ding
YQ, Li ZG, Wang XY. MYH9-dependent polarization of ATG9B promotes
colorectal cancer metastasis by accelerating focal adhesion assembly. Cell
Death Differ 2021 12;28(12).

Gao S,Wang S, Zhao Z, Zhang C, Liu Z, Ye P, Xu Z, Yi B, Jiao K, Naik GA, Wei S,
Rais-Bahrami S, Bae S, Yang WH, Sonpavde G, Liu R, Wang L. TUBB4A interacts
with MYH9 to protect the nucleus during cell migration and promotes
prostate cancer via GSK33/B-catenin signalling. Nat Commun 2022;13(1).

Hu S, Ren S, CaiY, Liu J,Han Y, Zhao Y, Yang J, Zhou X, Wang X. Glycoprotein
PTGDS promotes tumorigenesis of diffuse large B-cell lymphoma by MYH9-
mediated regulation of Wnt-B-catenin-STAT3 signaling. Cell Death Differ
2022;29(3).

Xu Z, Liu M, Wang J, Liu K, Xu L, Fan D, Zhang H, Hu W, Wei D, Wang J. Single-
cell RNA-sequencing analysis reveals MYH9 promotes renal cell carcinoma
development and sunitinib resistance via AKT signaling pathway. Cell Death
Discov 2022;8(1).

QueT, Zheng H, Zeng Y, Liu X, Qi G, La Q Liang T, Li Z, Yi G, Zhang S, Li J, Nie
J,Tan JE, Huang G. HMGAT stimulates MYH9-dependent ubiquitination of
GSK-3p via PI3K/Akt/c-Jun signaling to promote malignant progression and
chemoresistance in gliomas. Cell Death Dis 2021 12 10;12(12).

Lin X, Li AM, Li YH, Luo RC, Zou YJ, Liu YY, Liu C, Xie YY, Zuo S, Liu Z, Liu Z, Fang
WY. Silencing MYH9 blocks HBx-induced GSK3 ubiquitination and degrada-
tion to inhibit tumor stemness in hepatocellular carcinoma. Signal Transduct
Target Ther. 2020;5:13.

Ye G,Yang Q Lei X, Zhu X, Li F, He J, et al. Nuclear MYH9-induced CTNNB1
transcription, targeted by staurosporin, promotes gastric cancer cell anoikis
resistance and metastasis. Theranostics. 2020;10:7545-60.

Surcel A, Schiffhauer ES, Thomas DG, Zhu QF, DiNapoli KT, Herbig M, et al.
Targeting mechanoresponsive proteins in pancreatic cancer: 4-Hydroxyace-
tophenone blocks dissemination and invasion by activating MYH14. Cancer
Res. 2019;79:4665-78.

Schramek D, Sendoel A, Segal JP, Slobodan Beronja S, Evan Heller E, Oristian
D, et al. Direct in vivo RNAI screen unveils myosin lla as a tumor suppressor of
squamous cell carcinomas. Science. 2014;343:309-13.

Yu X, Xiao F, WeiY, Miao L, Zhang W, Zhang X, Wang D. Elevated B-catenin
and C-myc promote malignancy, relapse, and indicate poor prognosis in
patients with relapsed glioma. J Cancer Res Ther 2022;18(2).

Pei Y, Moore CE, Wang J, Tewari AK, Eroshkin A, Cho YJ, Witt H, Korshunov A,
Read TA, Sun JL, Schmitt EM, Miller CR, Buckley AF, McLendon RE, Westbrook
TF, Northcott PA, Taylor MD, Pfister SM, Febbo PG, Wechsler-Reya RJ. An
animal model of MYC-driven medulloblastoma. Cancer Cell 2012;21(2).
Aydin MA, Gul G, Kiziltan R, Algul S, Kemik O. Nucleosome assembly protein
1-like 1 (NAP1L1) in colon cancer patients: a potential biomarker with diag-
nostic and prognostic utility. Eur Rev Med Pharmacol Sci 2020 10;24(20).
Nagashio R, KuchitsuY, Igawa S, Kusuhara S, Naoki K, Satoh Y, Ichinoe M,
Murakumo'Y, Saegusa M, Sato Y. Prognostic significance of NAP1L1 expres-
sion in patients with early lung adenocarcinoma. Biomed Res 2020;41(3).
LeY, Kan A, Li QJ, He MK, Chen HL, Shi M. NAP1LT is a prognostic biomarker
and contribute to doxorubicin chemotherapy resistance in human hepato-
cellular carcinoma. Cancer Cell Int 2019;19.

Queiroz C, Song F, Reed KR, et al. NAP1L1: a Novel Human Colorectal Cancer
Biomarker Derived from Animal Models of apc inactivation. Front Oncol.
2020;10:1565.

Nagashio R, Kuchitsu'Y, Igawa S, et al. Prognostic signijcance of NAPTL1
expression in patients with early lung adenocarcinoma. Biomed Res.
2020;41(3):149-59.

Qiao H, LiY,Feng C, Duo S, Ji F, Jiao J. Nap1l1 controls embryonic neural
progenitor cell proliferation and differentiation in the developing brain. Cell
Rep 2018 02 27;22(9).

Schimmack S, Taylor A, Lawrence B, Alaimo D, Schmitz-Winnenthal H, Blchler
MW, Modlin IM, Kidd M. A mechanistic role for the chromatin modulator,


https://doi.org/10.1186/s12935-023-03050-1
https://doi.org/10.1186/s12935-023-03050-1

Chen et al. Cancer Cell International

29.

30.

31.

32.

(2023) 23:220

NAPTLT, in pancreatic neuroendocrine neoplasm proliferation and metasta-
ses. Epigenetics Chromatin 2014;7.

Chen Z, XieY,Luo H, Song Y, Que T, Hu R, Huang H, Luo K, Li C, Qin C, Zheng
C,Fang W, Liu L, Long H, Luo Q. NAP1L1 promotes proliferation and chemore-
sistance in glioma by inducing CCND1/CDK4/CDK6 expression through its
interaction with HDGF and activation of c-Jun. Aging 2021 12 27;13(24).
YuW,Tang L, Lin F, Yao Y, Shen Z. DGKZ Acts as a potential Oncogene in
Osteosarcoma Proliferation through its possible Interaction with ERK1/2 and
MYC pathway. Front Oncol 2018;8.

Yang Z, XuT, XieT,Yang L, Wang G, Gao Y, Xi G, Zhang X. CDC42EP3 promotes
glioma progression via regulation of CCND1. Cell Death Dis 2022;13(4).

Valla M, Klaestad E, Ytterhus B, Bofin AM. CCND1 amplification in breast
Cancer -associations with proliferation, histopathological Grade, Molecular
Subtype and Prognosis. J Mammary Gland Biol Neoplasia 2022 03;27(1).

Page 13 of 13

33. Tchakarska G, Sola B. The double dealing of cyclin D1. Cell Cycle.
2020;19:163-78.

34. Qie S, Diehl JA. Cyclin D1, cancer progression, and opportunities in cancer
treatment. J Mol Med (Berl Ger). 2016;94:1313-26.

35. HouR, LiY,Luo X, Zhang W, Yang H, Zhang Y, Liu J, Liu S, Han S, Liu C, Huang
Y, Liu Z, Li A, Fang W. ENKUR expression induced by chemically synthesized
cinobufotalin suppresses malignant activities of hepatocellular carcinoma by
modulating 3-catenin/c-Jun/MYH9/USP7/c Myc axis. Int J Biol Sci 2022;18(6).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Targeting MYH9 represses USP14-mediated NAP1L1 deubiquitination and cell proliferation in glioma
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Upregulation of MYH9 was associated with poor prognosis in patients with glioma
	﻿MYH9 enhanced glioma cell proliferation and resistance to temozolomide
	﻿MYH9 may increase glioma cell proliferation and resistance to temozolomide via the c-Myc signaling pathway
	﻿MYH9 interacts with NAP1L1 to promote glioma cell proliferation and resistance to temozolomide
	﻿MYH9 inhibited NAP1L1 degradation by stabilizing the USP14-NAP1L1 complex
	﻿MYH9 promoted the NAP1L1-cMyc interaction

	﻿MYH9 is an unfavorable factor for glioma
	﻿Discussion
	﻿Materials and methods
	﻿Cells and patients
	﻿Lentivirus production and infection
	﻿Plasmids and small interfering RNAs
	﻿Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
	﻿Cell counting kit-8 (CCK8) assay
	﻿EdU assay
	﻿Clone formation assay
	﻿The cycloheximide (CHX) chase assay
	﻿Co-immunoprecipitation (co-IP) assay
	﻿Western blotting
	﻿Animal studies
	﻿Immunohistochemical (IHC) analysis
	﻿Statistical analysis

	﻿References


