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Abstract
Calcyphosine (CAPS) was initially identified from the canine thyroid. It also exists in many types of tumor, but its
expression and function in glioma remain unknown. Here we explored the clinical significance and the functional
mechanisms of CAPS in glioma. We found that CAPS was highly expressed in glioma and high expression of CAPS
was correlated with poor survival, in glioma patients and public databases. Cox regression analysis showed that CAPS
was an independent prognostic factor for glioma patients. Knockdown of CAPS suppressed the proliferation, whereas
overexpression of CAPS promoted the proliferation of glioma both in vitro and in vivo. CAPS regulated the G2/M
phase transition of the cell cycle, but had no obvious effect on apoptosis. CAPS affected PLK1 phosphorylation
through interaction with MYPT1. CAPS knockdown decreased p-MYPT1 at S507 and p-PLK1 at S210. Expression
of MYPT1 S507 phosphomimic rescued PLK1 phosphorylation and the phenotype caused by CAPS knockdown. The
PLK1 inhibitor volasertib enhanced the therapeutic effect of temozolomide in glioma. Our data suggest that CAPS
promotes the proliferation of glioma by regulating the cell cycle and the PLK1 inhibitor volasertib might be a chemo-
sensitizer of glioma.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Glioma is the most common tumor in the central nervous
system. Glioblastoma (GBM) is the most malignant type
of glioma, resulting in a median overall survival of
14–17 months [1]. Rapid proliferation, invasion and
drug resistance are important features of GBM [2].
Temozolomide (TMZ) is a DNA-methylating agent used
to treat GBM [3,4]. TMZ resistance occurs in some
patients and may be one of the reasons for treatment
failure [5,6]. Therefore, new targets should be identi-
fied for anti-tumor therapy.
Calcyphosine (CAPS) was initially identified in the

canine thyroid but has also been detected in humans
and other mammals [7–9]. However, CAPS is not
expressed in mice or other rodents [10]. CAPS synthesis
is increased by thyroid-stimulating hormone and cAMP
analogs that promote cell proliferation and maintain cell

differentiation [11]. Furthermore, CAPS contains four
EF-hand domains for calcium binding [12]. Although
the exact function of CAPS is unknown, the characteris-
tics of CAPS suggest that it may participate in both
cAMP and calcium-phosphatidylinositol pathways
[11]. Recently, CAPS was found to be involved in many
kinds of tumor. For example, CAPS is expressed at high
levels in ependymoma [13], endometrial cancer [14,15],
lung cancer [16], colorectal cancer [17], and esophageal
cancer [18]. CAPS may also be a potential predictive
marker of tamoxifen resistance in breast cancer [19].
However, the expression and roles of CAPS in glioma
remain unknown.

In this study, we used human samples and public data-
bases to analyze the expression and the clinicopatho-
logic relevance of CAPS in glioma. We also
investigated the function of CAPS both in vitro and
in vivo. We found that CAPS may be a potential target
for anti-glioma therapy.
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Materials and methods

Patient samples and public databases
Glioma samples were collected from 172 patients at
Southwest Hospital (Chongqing, PR China). All patients
underwent surgical excision between 2015 and 2017.
Each sample was independently diagnosed by two expe-
rienced pathologists. This study was performed accord-
ing to the principles of the Declaration of Helsinki and
approved by the Ethics Committee of Southwest Hospi-
tal. The information for glioma samples in the TCGA
database was downloaded from http://xena.ucsc.edu/.
Data from Rembrandt and GSE16011 databases were
downloaded from http://gliovis.bioinfo.cnio.es [20–22].

Antibodies
The following antibodies were used in this study: anti-
CAPS antibody (HPA043520, Sigma-Aldrich, St. Louis,
MO, USA), anti-GAPDH antibody (5174S, Cell Signal-
ing Technology, Danvers, MA, USA), anti-HA-Tag
(C29F4) rabbit antibody (3724S, Cell Signaling Technol-
ogy), anti-DYKDDDDK Tag (D6W5B) rabbit antibody
(14793S, Cell Signaling Technology), Cell Cycle Phase
Determination Antibody Sampler Kit (17497T, Cell Sig-
naling Technology), MYPT1 Antibody Sampler Kit
(5143T, Cell Signaling Technology), anti-RPS27A anti-
body (ab172293, Abcam, Cambridge, UK), anti-PLK1
antibody (4513S, Cell Signaling Technology), and anti-
p-PLK1 (Thr210) antibody (9062S, Cell Signaling Tech-
nology). All primary antibodies were diluted at 1:1,000
for western blotting.

Immunohistochemistry
Formalin-fixed samples were embedded in paraffin wax
and sectioned at a thickness of 3 μm. Sections were
deparaffinized and rehydrated using a graded series of
ethanol solutions. After antigen retrieval and blocking,
the sections were incubated overnight with an anti-
CAPS antibody (HPA043520, 1:200, Sigma-Aldrich)
at 4 �C. After washing, a secondary antibody
(K500711-2, Dako, Glostrup, Denmark) was added
and incubated for 30 min at 37 �C. All sections were
counterstained with hematoxylin. Five random images
of each sample were captured, and the integrated optical
density (IOD) was measured using Image-Pro Plus 6.0
software (MEDIA Cybernetics, Rockville, MD, USA).

Cells and cell culture
The normal human glial cell line HEB was provided by
Dr Guang-Mei Yan (Department of Pharmacology,
Sun Yat-Sen University, Guangzhou, PR China;
[23–25]). LN229, U87, and 293T cell lines were pur-
chased from the American Type Culture Collection
(Manassas, VI, USA). The primary glioma cell lines
(GBM1, GBM2, and GBM3) were generated in our lab-
oratory [23]. Cells were cultured in DMEM supplemen-
ted with 10% FBS (Gibco; Thermo Fisher Scientific,

Waltham, MA, USA) at 37 �C in the presence of 5%
CO2. All cells were tested and found to be negative for
mycoplasma and were authenticated by short tandem
repeat profiling.

Overexpression and silencing of CAPS
Lentiviral plasmids expressing shRNAs for CAPS,
CAPS-Flag, and a negative control were synthesized
by Invitrogen (Thermo Fisher Scientific). The sequ-
ences of shRNAs are listed in supplementary material,
Table S1. ShRNAs and the negative control were
inserted into pLKO.1-Puro vectors, whereas Flag-
tagged CAPS, HA-tagged MYPT1, and H2B-GFP
were inserted into pCDH-CMV-MCS-EF1-Puro vec-
tors. pCDNA3.1 vector expressing MYPT1 S507E
was constructed by Hanbio Biotechnology (Shanghai,
PR China).

Cell Counting Kit-8 assay
Cells were seeded in 96-well plates at a density of 1,000–
2,000 cells per well, with five replicate wells per group.
Cell Counting Kit-8 reagent (C0037, Beyotime Biotech-
nology, Shanghai, PR China) was added to the cells and
incubated for 2 h at 37 �C. The color produced was mea-
sured using a microplate reader (Thermo Fisher Scien-
tific) at a wavelength of 450 nm. Cell viability was
recorded for six continuous days.

5-ethynyl-2’-deoxyuridine assay
A 5-ethynyl-2’-deoxyuridine (EdU) kit (C0071L) was
purchased from Beyotime Biotechnology. The EdU
assay was carried out according to the manufacturer’s
protocol. Cells were seeded in 24-well plates at a density
of 5,000 cells per well. EdU was added to the culture
medium. After 2 h, the cells were washed and fixed with
4% paraformaldehyde for 15 min. Then, the cells were
incubated with Click Additive Solution for 30 min.
After three washes, the nuclei were stained with DAPI
for 10 min. Ten random images of each sample were
captured using a confocal microscope (SP5, Leica,
Wetzlar, Germany).

Orthotopic transplantation tumor model and drug
treatment
Six-week-old NOD-SCID mice (Laboratory Animal
Center, Southwest Hospital) were randomly assigned
to each group and anesthetized. GBM cells were trans-
duced with luciferase using lentiviruses. GBM cells
(2 � 105) were injected into the right frontal lobe. Xeno-
grafts were monitored by detecting bioluminescent
activity using an in vivo imaging system (IVIS, Zeiss,
Jena, Germany). The mice in each group received one
of the following treatments from the 15th day after tumor
implantation: vehicle control (i.p.), volasertib (20 mg/
kg, i.p., S2235, Selleck, TX, USA), TMZ (20 mg/kg,
i.p., S1237, Selleck), or a combination of volasertib
and TMZ. TMZ was only administered for 5 days
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(one cycle). Volasertib was administered twice a week
for 3 weeks. The mice were sacrificed when neurologic
symptoms were apparent and were considered deceased
in the survival analysis. Animal experiments were car-
ried out according to the Guide for the Use of Laboratory
Animals.

Cell cycle and apoptosis analysis
The cell cycle was analyzed using propidium iodide
(PI) staining. Cells were collected and washed with
PBS. The cell pellets were fixed overnight with 75% eth-
anol at 4 �C. The fixed cells were centrifuged at 1,000 � g
for 5 min and washed two times with cold PBS. Then, the
cells were resuspended in an RNase A and PI solution and
incubated for 30 min at 37 �C. Cell apoptosis was ana-
lyzed using Annexin V/PI double staining. The cells were
collected and resuspended in FACS buffer. Annexin V
and PI were added to the cell suspension and the cells
incubated for 20 min at 4 �C. The cell cycle and apoptosis
were analyzed using a flow cytometer (FACSCalibur,
BD, Franklin Lakes, NJ, USA).

Reverse transcription-quantitative real-time PCR
(RT-qPCR)
Total RNAwas extracted using RNAiso (TaKaRa, Otsu,
Japan) and was reverse transcribed. SYBR Premix
(RR820A, TaKaRa) was used for qPCR performed
using a Bio-Rad CFX96 Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA). The experiment
was repeated three times and the results were normalized
to GAPDH. The sequences of the primers are listed in
supplementary material, Table S2.

Cell synchronization
GBM cells were synchronized at the G1/S boundary by
double-thymidine block. First, GBM cells were treated
with 2 mM thymidine (Solarbio, Beijing, PR China) for
24 h. Then, the cells were released into thymidine-free
medium for 10 h. Cells were treated with 2 mM thymi-
dine again for 14 h after release.

Co-immunoprecipitation (co-IP) and western blot
analyses
Co-IP was carried out using a Pierce co-IP kit (26149,
Thermo Scientific) according to the manufacturer’s
protocol; 10 μg of the specific antibody and IgG were
used in each co-IP reaction. Proteins were separated
through SDS-PAGE gels and transferred onto PVDF
membranes (HPA043520, Bio-Rad). After blocking,
the membranes were incubated overnight with the pri-
mary antibody at 4 �C. After washing with PBST, the
membranes were incubated with HRP-conjugated sec-
ondary antibodies (Beyotime Biotechnology) for 1 h.
Then proteins were visualized using Super Signal West
Femto Maximum Sensitivity Substrate (ECL, Thermo
Fisher Scientific) and recorded using a ChemiDocXRS
system (Bio-Rad).

Liquid chromatography–mass spectroscopy
Proteins from GBM cells were obtained by IP as
described above. Liquid chromatography–mass spec-
troscopy was carried out and the data were analyzed by
the Biomedical Analysis and Testing Center of Third
Military Medical University (Army Medical Univer-
sity). Detailed methods may be found in previously pub-
lished papers [26,27].

Expression of MYPT1 S507E
A plasmid expressing a point mutation of MYPT1
(MYPT1 S507E) was purchased from Hanbio Bio-
technology (Shanghai, PR China) and was verified
by sequencing. Plasmids were transfected into GBM
cells using Lipofectamine 3000 transfection reagent
(L3000015, Thermo Fisher Scientific) according to
the manufacturer’s protocol.

Time-lapse imaging
Glioma cells were transduced with the H2B-GFP fusion
protein using the lentivirus vector pCDH-CMV-MCS-
EF1-Puro, and positive cells were sorted using flow
cytometry. Then, the cells were plated in six-well plates
and incubated overnight. The plates were incubated in a
live cell imaging system (Zeiss) with normal culture con-
ditions. Images were captured every 5 min for 48 h and
were processed and analyzed by AxioVision software
(Zeiss).

Clonogenic assay
A clonogenic assay was carried out using a previously
described method [28]. Colonies were fixed with 4%
paraformaldehyde and stained with 0.1% crystal violet
(C0121, Beyotime Biotechnology). The colonies were
counted using Image-Pro Plus 6.0 software (MEDIA
Cybernetics).

Statistical analyses
Student’s t-test was used to compare data from two dif-
ferent groups. One-way ANOVA was used to compare
data from three or more different groups. The optimal
cut-off values for CAPS staining were calculated by per-
forming a receiver operator characteristic curve analysis.
A chi-squared analysis was carried out to evaluate the
relationship between CAPS expression and clinicopath-
ologic features. A log-rank test was used to compare the
survival of different groups. The Cox proportional haz-
ard model was used for univariate and multivariate sur-
vival analyses. The combination index was calculated
by CompuSyn software using the Chou-Talalay method
[29]. All experiments were performed at least three
times. All analyses were performed with SPSS version
16.0 (IBM, Armonk, NY, USA). p < 0.05 was con-
sidered to be statistically significant (*p < 0.05,
**p < 0.01, ***p < 0.001). The data reported in this
study are presented as means � SD.
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Results

CAPS is highly expressed in glioma and predicts poor
survival
To evaluate the clinical relevance of CAPS expression in
glioma, we used immunohistochemistry (IHC) to examine

CAPSprotein in 172 glioma samples (Figure 1A). The IOD
of CAPS staining was calculated and was found to increase
from grade II to grade IV in glioma patients (Figure 1B).
CAPS expression was significantly correlated with age,
grade, IDH1 status, and 1p/19q codeletion, but not with
gender (Table 1). Both univariate and multivariate analyses
suggested that CAPSwas an independent prognostic factor

Figure 1. The clinicopathologic relevance of CAPS in glioma. (A) Representative images of CAPS IHC staining in glioma samples. Scale
bar = 100 μm. (B) The IOD of CAPS staining in different glioma tissues from patients. (C,D) Survival curves of patients with glioma or GBM pre-
senting high CAPS or low CAPS expression. (E) Analysis of CAPS protein levels in six fresh glioma tissues (diagnosed as GBM, WHO grade IV)
(T) paired with adjacent normal tissues (N). (F) Heatmap showing the distribution and association of CAPS expression and clinicopathologic char-
acteristics of patients based on data in the GBM_LGG TCGA database, n = 667. One-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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for patients with glioma (Table 2). The survival analyses
showed that high CAPS expression was significantly corre-
lated to poor survival of both glioma and GBM patients
(Figure 1C,D). We next detected CAPS expression in six
freshly resected glioma samples that were diagnosed as
GBM and adjacent normal tissues using immunoblot. Data
showed that glioma tissues expressed higher level of CAPS
than normal tissues (Figure 1E).We further validatedCAPS
expression with information from public databases and
found that the mRNA level of CAPS in GBM was higher
than that in lower grade glioma (LGG) among TCGA,
Rembrandt, and GSE16011 datasets (see supplementary
material, Figure S1A). High CAPS expression was corre-
lated with poor survival of the glioma patients in public
databases (see supplementary material, Figure S1B,C).
The heatmap shows the relationships between CAPS
expression and clinicopathologic characteristics obtained
from the TCGA database. CAPS expression was signifi-
cantly correlated with age, IDH1 status, MGMT promoter
methylation status, 1p/19q codeletion, and ATRX status
(Figure 1F). These results suggest that CAPS is highly
expressed in glioma and is correlated to the poor survival
of patients with glioma.

CAPS promotes the proliferation of GBM cells both
in vitro and in vivo
High CAPS expression in glioma indicated that CAPS
might play an important role in GBM cells. First, we

examined the expression of CAPS in GBM cells. CAPS
expression was markedly increased in two GBM cell
lines (LN229 and U87) and three primary GBM
cell lines (GBM-1, GBM-2, and GBM-3) compared with
a normal glial cell line (HEB) (see supplementary mate-
rial, Figure S2A–C). To investigate the function of
CAPS, we used short hairpin RNAs to knockdown
CAPS expression and vectors to overexpress CAPS
expression in the LN229 and GBM1 cells (see supple-
mentary material, Figure S2D–G). We found that
knocking down CAPS significantly suppressed the pro-
liferation of LN229 and GBM1 cells, as measured by
the Cell Counting Kit-8 assay (Figure 2A). The percent-
age of EdU-positive cells was also decreased after CAPS
knockdown (Figure 2B,C). By contrast, the overexpres-
sion of CAPS promoted the proliferation of GBM cells
(see supplementary material, Figure S3A). To verify
the function of CAPS in vivo, we transduced luciferase
into LN229 and GBM1 cells; these cells were then intra-
cranially injected into NOD-SCID mice. Xenografts
were detected by in vivo bioluminescent imaging
(Figure 2D). The results showed that knocking down
CAPS significantly suppressed the proliferation of
GBM and prolonged the survival of tumor-bearing mice
(Figure 2E,F). By contrast, the overexpression of CAPS
promoted tumor proliferation and shortened the survival
time of tumor-bearingmice (see supplementary material,
Figure S3B–D). Taken together, these data suggest that
CAPS promotes the proliferation of GBM cells.

CAPS regulates the G2/M transition of GBM cells
To understand how CAPS regulates the proliferation of
GBM, we used flow cytometry to analyze the apoptosis
of GBM cells. We did not observe a significant differ-
ence in the apoptosis rate between the control cells and
CAPS-knockdown cells (see supplementary material,
Figure S4A,B). Next, we evaluated the cell cycle of the
GBM cells and found that knocking down CAPS led to
G2/M arrest in the GBM cells (Figure 3A,B). Then, we
examined the expression of genes involved in regula-
ting the G2/M phase transition. CCNB1 expression
decreased significantly after CAPS knockdown at both
the mRNA and protein levels (Figure 3C,D), whereas
the levels of other cyclins did not change obviously
(see supplementary material, Figure S4C). To confirm
the effect of CAPS on cell cycle progression, the GBM
cells were synchronized by double thymidine block.

Table 1. The correlation between CAPS expression and
clinicopathologic features of glioma patients.
Factors CAPS low CAPS high P value

Age (years) 0.005
<50 67 (57.3) 50 (42.7)
≥50 19 (34.5) 36 (65.5)

Gender 0.439
Male 48 (47.5) 53 (52.5)
Female 38 (53.5) 33 (46.5)

Grade 0.000
II 52 (82.5) 11 (17.5)
III 19 (42.2) 26 (57.8)
IV 15 (23.4) 49 (76.5)

IDH1 status 0.004
Wildtype 46 (41.8) 64 (58.2)
Mutation 40 (64.5) 22 (35.5)

1p/19q 0.000
Non-codeletion 58 (43.0) 77 (57.0)
Codeletion 28 (75.7) 9 (24.3)

IDH1, isocitrate dehydrogenase 1.

Table 2. Cox regression analysis of prognostic factor analysis for overall survival in glioma patients.
Factors Univariate Cox regression Multivariate Cox regression

HR 95% CI p HR 95% CI p

CAPS expression 1.394 1.289–1.504 0.000 1.262 1.144–1.391 0.000
Gender 0.963 0.617–1.504 0.870
Age 1.033 1.017–1.049 0.000 1.017 1.002–1.031 0.022
Grade 3.351 2.418–4.463 0.000 1.849 1.252–2.732 0.002
Ki67 1.046 1.033–1.059 0.000 1.028 1.011–1.045 0.001
IDH1 status 0.216 0.114–0.408 0.000 0.433 0.219–0.857 0.016
1p19q codeletion 0.177 0.072–0.438 0.000 0.230 0.092–0.576 0.002

CI, confidence interval; HR, hazard ratio; IDH1, isocitrate dehydrogenase 1.
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Then, the cells were released in fresh medium, and the
expression of CCNB1, CCNA2, and CCNE1 was ana-
lyzed. The data demonstrated that the cell cycle progres-
sion was delayed after CAPS knockdown (Figure 3E).
Collectively, these data suggest that CAPS regulates
the G2/M phase transition of GBM cells and that CAPS
silencing may inhibit tumor proliferation by inducing
G2/M phase arrest.

CAPS knockdown delays the mitotic entry of
GBM cells
A key event in the G2/M phase is mitosis. To investigate
the effects of CAPS on the mitosis phenotypically, we
used an H2B-GFP fusion protein to label the nucleus
of GBM cells. The mitotic transit times (MTTs) of
GBM cells were measured by a live cell imaging system
(Figure 4A). The results showed that the average MTTs

Figure 2. Knockdown of CAPS suppresses the proliferation of GBM cells in vitro and in vivo. (A) Growth curves of LN229 and GBM1 cells
expressing the control shRNA, shCAPS-1, or shCAPS-2. (B) Representative fluorescence images of EdU staining in LN229 and GBM1 cells
expressing control shRNA, shCAPS-1, or shCAPS-2. Scale bar = 50 μm. (C) Quantification of the EdU-positive cells shown in (B), n = 10.
(D,E) Bioluminescence images (D) and quantification (E) of xenografts derived from LN229 and GBM1 cells expressing control shRNA,
shCAPS-1, or shCAPS-2. Images were taken on the 21st day. Data are shown as mean � SD, n= 5. (F) Kaplan–Meier survival analysis of mice
(n = 8) bearing xenografts derived from LN229 and GBM1 cells expressing control shRNA, shCAPS-1, or shCAPS-2. *p < 0.05, **p < 0.01,
***p < 0.001.
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in the control cells were 96.0 and 76.7 min in the LN229
and GBM1 cells, respectively. The MTTs increased to
130–150 min as a result of CAPS knockdown
(Figure 4B). These results indicate that CAPS regulates
mitosis in GBM cells.

CAPS regulates the phosphorylation of PLK1 by
interacting with MYPT1
To understand molecular mechanisms of CAPS in GBM,
proteins potentially interactingwith CAPS in both LN229
and GBM1 cells were obtained by IP and analyzed by
mass spectrometry. Twenty-seven proteins were identi-
fied in both LN229 and GBM1 cells (Figure 5A and sup-
plementary material, Table S3). We found that two
proteins, MYPT1 (also known as PPP1R12A) and
RPS27A, were involved in the regulation of the G2/M
phase transition (Figure 5A). The co-IP assay confirmed
that MYPT1, but not RPS27A, interacted with CAPS in

both the LN229 and GBM1 cells (Figure 5B,C). MYPT1
is one of the subunits of myosin phosphatase that can be
phosphorylated at different sites during mitosis [30]. We
found that knocking down CAPS mainly affected the
phosphorylation of S507 in MYPT1 (Figure 5D). PLK1
is a downstream factor of MYPT1 that participates in
G2/M phase regulation [31,32]. GBM cells were synchro-
nized and p-PLK1 (T210) levels were detected at different
time points after release. The data showed that knocking
down CAPS suppressed the phosphorylation of PLK1 at
T210 during mitosis (Figure 5E). To explore the connec-
tion between CAPS and p-PLK1, we used IHC to exam-
ine p-PLK1 protein level in 172 glioma samples. It was
found that the expression of p-PLK1 was significantly
positively correlated to the expression of CAPS
(Figure 5F, supplementary material, Figure S5A). To fur-
ther analyze the regulatory mechanisms, glutamic acid
was substituted for serine at site 507 of MYPT1 to mimic
the phosphorylation of S507 in MYPT1. We found that

Figure 3. The effects of CAPS on the cell cycle of GBM cells. (A) Cell cycle analysis of LN229 and GBM1 cells expressing control shRNA,
shCAPS-1, or shCAPS-2. (B) The quantification of the percentage of cells in the G0/G1, S, and G2/M phases. Data are shown as mean � SD,
n= 3. (C) RT-qPCR analysis of genes involved in the G2/M phase transition in LN229 and GBM1 cells expressing control shRNA, shCAPS-1, or
shCAPS-2. Data are shown as mean � SD, n= 3. (D) Western blot analysis for the CCNB1 protein in LN229 and GBM1 cells expressing con-
trol shRNA, shCAPS-1, or shCAPS-2. (E) LN229 and GBM1 cells were transduced with control shRNA or shCAPS-1. The cells were synchronized
through a double thymidine block and collected at different time points after release. The levels of CCNB1, CCNA2, and CCNE1 were analyzed
by western blotting. **p < 0.01.
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expression of MYPT1 S507 phosphomimic rescued the
PLK1 phosphorylation caused by CAPS knockdown
(Figure 5G).We also carried out cell proliferation and cell
cycle analyses. The results showed that expression of
MYPT1 S507E could partially rescue the inhibition of

proliferation and cell cycle arrest induced by CAPS
knockdown (Figure 5H,I and supplementary material,
Figure S5B). These results suggest that CAPS may regu-
late the phosphorylation of PLK1 by interacting with
MYPT1 in GBM cells.

Figure 4. CAPS regulates the mitosis of GBM cells. (A) Representative images obtained with a live cell imaging system. LN229 and GBM1 cells
were transduced with H2B-GFP plasmid. GFP-positive cells were sorted and transduced with control shRNA or shCAPS-1. Then, the cells were
cultured in a live cell imaging system and photographs were taken every 5 min. Scale bar = 20 μm. (B) Quantification of the MTTs of the GBM
cells shown in (A). ***p < 0.001.
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Figure 5. CAPS affects the phosphorylation of PLK1 by interacting with MYPT1. (A) Venn diagram showing 27 genes found to interact
with CAPS, among which two genes were involved in the G2/M phase transition. (B,C) Co-IP assay showing the interaction of CAPS
with MYPT1, but not with RPS27A. (D) Phosphorylation at different sites of MYPT1 in LN229 and GBM1 cells expressing control
shRNA, shCAPS-1, or shCAPS-2, as detected by western blotting. (E) LN229 and GBM1 cells expressing control shRNA or
shCAPS-1 were synchronized by a double thymidine block. The levels of p-PLK1 and t-PLK1 were analyzed at different time points
after release. (F) Pearson correlation analysis of CAPS and p-PLK1 in 172 glioma samples. (G) Total and phosphorylated PLK1 and
MYPT1 were detected by western blotting in LN229 and GBM1 cells expressing control shRNA, shCAPS, or shCAPS+MYPT1
S507E. (H) Proliferation and (I) cell cycle analysis of LN229 and GBM1 cells expressing control shRNA, shCAPS, or shCAPS+MYPT1
S507E. ***p < 0.001.
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Volasertib enhances the anti-glioma effect of TMZ
TMZ is the most common drug used to treat glioma. It
causes G2/M arrest of glioma cells by inducing DNA
methylation [33]. PLK1 is a downstream molecule of
CAPS and an important regulator of the G2/M phase
transition. We examined the inhibitory effect of TMZ
in control cells and CAPS silencing cells. It was found
that CAPS silencing significantly increased the anti-
GBM effects of TMZ (see supplementary material,
Figure S5C). We hypothesized that the inhibition of
PLK1 would be an effective treatment for glioma.
Thus, we evaluated the cytotoxicity of eight PLK1
inhibitors and observed that three inhibitors effec-
tively suppressed the proliferation of LN229 cells
(Figure 6A) as the three inhibitors had similar IC50
values (see supplementary material, Figure S6A–D).
The combination indexes of these three inhibitors

and TMZ were calculated using the Chou-Talalay
method [29], and only volasertib and TMZ were found
to exert a synergistic effect (Figure 6B). A colony for-
mation assay also showed that volasertib had a chemo-
sensitizing effect on TMZ (Figure 6C,D). To confirm
the combination effect of TMZ and volasertib
in vivo, we performed studies using an orthotropic
transplant glioma model. After tumorigenesis, the
mice without significantly different tumor sizes were
randomly assigned to four groups and received dif-
ferent treatments (Figure 6E). Consequently, we
observed that volasertib treatment in combination
with TMZ significantly decreased tumor size and
increased survival time compared with TMZ alone
(Figure 6E–G). Taken together, these data indicate
that volasertib, a PLK1 inhibitor, in combination with
TMZ enhances the therapeutic efficacy.

Figure 6. Volasertib enhances the anti-tumor effect of TMZ. (A) Inhibition rate of eight PLK1 inhibitors (20 nM) in LN229 cells. Data are shown
as mean � SD, n = 3. (B) The combination indexes of three PLK1 inhibitors and TMZ in LN229 cells. Data are shown as mean � SD, n = 3.
(C,D) Colony formation assays using LN229 cells treated with vehicle, volasertib, TMZ, or volasertib in combination with TMZ. Data are shown
as mean � SD, n = 3. (E) Bioluminescence images of LN229-derived xenografts in mice before treatment (14 days) and after treatment
(35 days). (F) Quantification of the images shown in (E). Data are shown as mean � SD, n= 5. (G) Survival analysis of the mice (n= 8) bear-
ing LN229-derived xenografts treated with vehicle, volasertib, TMZ, or volasertib in combination with TMZ. *p < 0.05, **p < 0.01, ***p < 0.001.
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Discussion

CAPS has been reported to be expressed in many kinds
of tumor [14–19], but its role in glioma remains unclear.
In the present study, by analyzing our glioma patients’
data and public databases, we found that CAPS was
upregulated in GBM compared with LGG. High CAPS
expression was correlated to poor survival of patents
with glioma. Inter- and intratumoral heterogeneity lim-
ited the application of bulk tumor gene expression profil-
ing. Therefore, we used our patient sample and three
public databases to make the results more credible.
Rapid proliferation contributes to the malignancy of
GBM [2]. Our results showed that CAPS knockdown
significantly suppressed the proliferation of LN229 and
GBM1 cells (Figure 2A–C). The efficiency of inhibition
was slightly different in the two cell lines. This result
reflected the intertumoral heterogeneity of GBM. Our
data also showed that CAPS promoted GBM cell prolif-
eration by regulating the cell cycle. These results indi-
cate that CAPS plays an oncogenic role in glioma.
Previous studies reported that CAPS was involved in

both calcium-phosphatidylinositol and cAMP signal-
ing cascades in the canine thyroid [11]. However, the
mechanisms by which CAPS regulates the biologic fea-
tures of tumors remain unclear. Notably, our study
revealed an interaction between CAPS and MYPT1.
MYPT1 is one of five mammalian MYPT family genes
[30]. It is a key regulator of protein phosphatase 1C and
plays important roles in smooth muscle contraction,
development, and the cell cycle [34–38]. The binding
of PLK1 to the MYPT1-PP1c complex dephosphory-
lates T210 in PLK1 [31]. Our data indicated that knock-
down of CAPS might attenuate the phosphorylation
of MYPT1 at S507. Subsequently, the activity of
PLK1, a key regulator of the G2/M phase transition,
was reduced. Furthermore, expression of MYPT1
S507 phosphomimic rescued PLK1 phosphorylation
and the phenotype caused by CAPS knockdown. These
results further elucidate the mechanism of CAPS in reg-
ulating mitosis.
Based on our findings, strategies targeting CAPS may

block the cell cycle and exert a therapeutic effect on
GBM. Inhibitors of CAPS are not available; therefore,
we searched for downstream CAPS-regulated targets.
Volasertib, a selective inhibitor of PLK1, markedly sup-
pressed the proliferation of GBM cells and exerted a syn-
ergistic effect with TMZ. Using an orthotropic xenograft
model, we found that volasertib treatment in combina-
tion with TMZ significantly inhibited GBMproliferation
and increased the survival of tumor-bearing mice. These
results are consistent with previous studies [39–43]. We
noticed that the prolongation of survival time was not as
obvious as the reduction of tumor volume. These find-
ings may be related to the intraheterogeneity of tumor
and tumor stem cells [44–46]. Volasertib has emerged
successfully from phase 2 trials with acceptable side-
effects and has entered a phase 3 trial (NCT01721876)
for the treatment of acute myeloid leukemia [47]. In the

present study, we expanded the potential application of
volasertib as a treatment for GBM in combination with
TMZ. However, tumor heterogeneity is indeed an
important challenge for targeted therapy. It is important
to find suitable biomarkers to identify the patients who
can benefit from cell cycle kinase inhibitor treatment
with fewer side-effects. Further investigations are
required to determine whether volasertib is suitable for
clinical use.

In summary, our data demonstrate that high expres-
sion of CAPS promotes the proliferation of GBM cells
and results in poor survival of patients with GBM.
CAPS regulates G2/M phase transition of GBM cells
through interaction with MYPT1. Our preclinical stud-
ies provide evidence for the use of volasertib as a treat-
ment for GBM.
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