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Abstract. Adenylate cyclase-associated protein 1 (CAP1), 
a protein related to the regulation of actin filaments and 
the Ras/cAMP pathway, is associated with tumor progres-
sion. Nevertheless, the expression level and effects of CAP1 
in regards to glioma have not been reported. In the present 
study, we examined the expression of CAP1 in glioma and 
tumor adjacent normal brain tissues by tissue microarray 
and immunohistochemistry. Our results showed that CAP1 
was overexpressed in glioma tissues in comparison with that 
noted in the tumor adjacent normal brain tissues and increased 
staining of CAP1 was found to be correlated with WHO 
stage. In addition, we discovered that knockdown of CAP1 by 
specific RNA interference markedly inhibited cell growth and 
caused downregulation of the proliferation markers, PCNA 
and cyclin A. We further demonstrated that knockdown of 
CAP1 inhibited cell metastatic abilities by downregulating 
N-cadherin and vimentin and upregulating E-cadherin. These 
findings revealed that CAP1 expression is markedly increased 
in human glioma and that downregulation of CAP1 in tumors 
may serve as a treatment for glioma patients.

Introduction

Glioma is the most common primary intracranial tumor that 
arises from the neuroectoderm, and thereby is also known as 
neuroectodermal or neuroepithelial tumor, and accounts for 
50% of primary intracranial tumors (1,2). As the most aggressive 
type of glioma, glioblastoma multiform (GBM) is a grade IV 

histological malignancy according to the WHO classification, 
with a median patient survival period of 12-14 months (3). 
The poor prognosis of glioblastomas is largely attributed to 
their rapid growth, high invasive and migratory abilities and 
high rate of recurrence (4). Therefore, a comprehensive under-
standing of the molecular mechanisms which expedite glioma 
tumor proliferation, migration and invasion is urgently needed 
in order to develop more effective therapies against glioma.

It is known in cell physiology that suppression of tumor cell 
metastasis includes regulation of cell-cell junctions, cytoskel-
etal structure and cell morphology. The actin cytoskeleton is 
pivotal in tumor cell motility and transition, as its remodeling 
regulates important cellular processes, such as cell adhesion, 
metastasis and morphological transformation (5-8). Cyclase-
associated protein 1 (CAP1) was initially cloned from budding 
yeast and is located in the downstream of the ras gene (9). The 
N-terminal region of CAP binds to Cyr1 and is associated with 
Ras responsiveness in yeast (10-12). The C-terminal region of 
this protein binds monomeric actin with high affinity, and 
is necessary for normal cellular morphology (13) Previous 
research has shown that CAP1 is overexpressed in hepatocel-
lular carcinoma (14), breast (15) and lung cancer (16), and 
esophageal squamous cell carcinoma (17). Yet, there is sparse 
research on the influence of CAP1 in gliomas.

In the present study, to evaluate the relationship between 
the expression of CAP1 and clinicopathological features of 
glioma, we used a tissue microarray (TMA) of human glioma 
patient tissues and immunohistochemistry. We discovered that 
CAP1 expression was obviously upregulated in the glioma 
tissues when compared with that noted in the tumor adjacent 
normal brain tissues and this increased expression was corre-
lated with WHO stage. We found that CAP1 was markedly 
upregulated in glioma tissues when compared to that in normal 
brain tissues. We then demonstrated that knockdown of CAP1 
suppressed glioma cell proliferation, migratory and invasive 
abilities in glioma cells. We also investigated the molecular 
mechanisms of CAP1 in glioma cells.

Materials and methods

Patients and samples. We purchased a glioma TMA kit 
from Shanxi Alenabio Biotechnology (Xi'an, Shanxi, China) 
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(no.  GL2083a). Based on WHO criteria, the tumors were 
divided according to the pathological grade as follows: 
134 cases with grades I-II and 58 cases with grades III-IV. 
Furthermore, it included 8 cases of normal brain tissue and 
8 cases of tumor adjacent normal brain tissue. The array dot 
diameter was 1.0 mm, and each dot represented a tissue spot 
from one individual specimen that was selected and pathologi-
cally confirmed.

Immunohistochemistry of TMA. TMA slices were dewaxed at 
62˚C for 2 h, followed by two 30-min washes with xylene. The 
sections were blended by 5-min washes in 100, 95 and 80% 
ethanol and sequentially distilled water. Using a microwave 
the citrate buffer (pH 6.0) was heated to 95˚C, and then the 
sections were placed in the buffer for 15 min. The citrate 
buffer was cooled to room temperature after the restoration. 
Phosphate-buffered saline (PBS) was washed out by three 
5-min washings, and then hydrogen peroxide was added to 
the slices for 30 min in order to block endogenous peroxidase 
activity. After incubating the sections for 30 min with 10% 
goat serum, the sections were incubated with monoclonal 
rabbit anti-CAP1 antibody (1:500) (Abcam, Cambridge, MA, 
USA) at 4˚C overnight. On the following day, the slices were 
removed at 4˚C and rewarmed at room temperature for 30 min, 
and PBS was washed out by three washings for  5 min. Then, 
the sections were incubated with a biotinylated secondary 
antibody at room temperature for 30 min, followed by incu-
bation with streptavidin-peroxidase (both from Zhongshan 
Biotech, Beijing, China) for an additional 30  min. After 
rinsing with PBS 3 times for 5 min, the sections were stained 
using DAB (Zhongshan Biotech), rinsed in distilled water 
and counterstained with hematoxylin. Dehydration was then 
performed in 80, 95, 95 and 100% ethanol and distilled water 
sequentially. Then, the sections were sealed with coverslips. 
Negative controls were stained with non-immune serum to 
replace primary antibodies.

Evaluation of immunohistochemical staining. The evaluation 
of CAP1 staining was blindly and independently examined 
by the intensity of staining and the proportion of tumor cells 
showing an unequivocal positive reaction. The CAP1 staining 
intensity was scored as 0-3 (0, negative; 1, weak; 2, moderate; 
and 3,  strong). The proportion of CAP1-positive stained 
cells was also scored according to 4 categories: 1 (0-25%), 2 
(26-50%), 3 (51-75%) and 4 (76-100%). For statistical analyses, 
the level of CAP1 staining was evaluated by the immunore-
active score (IRS), which was calculated by multiplying the 
score of the staining intensity and the proportion of positive 
cells. According to the IRS, the CAP1 staining pattern was 
categorized as negative (IRS, 0), weak (IRS, 1-3), moderate 
(IRS, 4-6) and strong (IRS, 8-12).

Cell culture and transfection. U251 and U87 human 
glioblastoma cell lines were originally obtained from 
the Shanghai Institute of Biochemistry and Cell Biology, 
Chinese Academy of Sciences (Shanghai, China). The cells 
were cultivated in high glucose Dulbecco's modified Eagle's 
medium (DMEM) with 10% fetal bovine serum (FBS) 
(Invitrogen, Shanghai, China) in a 5% CO2 humidified 
atmosphere at 37˚C. When cells grew to 50% confluency, they 

were then transfected. Non-specific control siRNA or CAP1 
siRNA (both from Qiagen, Mississauga, ON, Canada) were 
transfected with siLentFect lipid reagent (Bio-Rad, Hercules, 
CA, USA) according to the manufacturer's instructions. The 
medium embodying the transfection reagents was replaced 
after 24 h. Then, the cells were irrigated twice with PBS 
and maintained in fresh medium. Forty-eight hours after 
transfection, the cells were lysed for western blot assay and 
were used for CCK-8 cell proliferation, cell migration and 
Matrigel invasion assays.

Western blot analysis. Treated and untreated cells were lysed 
in radioimmunoprecipitation assay buffer with a freshly 
added protease inhibitor cocktail (Roche Applied Science, 
Indianapolis, IN, USA). The protein density was determined 
using the bicinchoninic acid (BCA) assay (Pierce, Rockford, 
IL, USA). All protein samples were formulated and denatured. 
Protein was separated by SDS-PAGE on 8-12% gradient poly-
acrylamide gel and transferred onto polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA). The membranes 
were blocked in 5% non-fat milk for 3 h at room temperature, 
and then incubated with the primary antibody overnight at 
4˚C. The following antibodies were applied: rabbit anti-CAP1 
(Abcam), rabbit anti-N-cadherin, rabbit anti-vimentin, rabbit 
anti-E-cadherin (all from Cell Signaling Technology, Beverly, 
MA, USA), rabbit anti-PCNA and rabbit anti-cyclin  A 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and 
rabbit anti-β‑actin (Cell Signaling Technology). The membranes 
were then incubated with peroxidase‑conjugated Affinipure 
goat anti‑rabbit IgG secondary antibody (Zhongshan Biotech, 
Beijing, China) for 2 h at room temperature. Detection was 
performed using an enhanced chemiluminescence method 
(Pierce).

Cell growth assay. Cell growth was analyzed using the Cell 
Counting Kit-8 (CCK-8; Beyotime, Nantong, China). U87 and 
U251 cells were cultured at a density of 5x103 cells/well and 
suspended in 100 µl high glucose DMEM containing 10% 
FBS in 96-well plates and incubated for 1, 2, 3 and 4 days, 
respectively. Then, 10 µl CCK-8 solution was added to each 
well and incubated at 37˚C for 1 h. The optical density was 
measured at 450 nm on an ELX-800 spectrometer reader 
(Bio‑Tek Instruments, Winooski, VT, USA).

Wound-healing assay. Cells were seeded into 6-well plates at 
a density of 5x105 cells/well in culture medium and transfected 
with siRNA. Twenty-four hours after transfection, the cells 
were scratched on the monolayer with a 10-µl pipette tip and 
washed twice with PBS. Then, the cells were maintained in 
high glucose DMEM for an additional 24 h. Images were 
captured using an inverted Leica phase-contrast microscope 
(Leica DFC300 FX) at 0 and 48 h time points. The percentage 
of wound healing of the cells was determined by the ratio of 
the healing width at each time point to the wound width at 0 h.

Migration assay. Cell migration was determined using a 
modified two-chamber plate with pore size of 8-µm. For the 
cell migration assay, 1x105 U251 and U87 cells were seeded in 
serum-free medium in the upper chamber. To stimulate migra-
tion, 10% of serum containing culture medium was added 
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to the bottom wells. After the cell was incubated for 24 h 
at 37˚C, cells on the top surface of the insert were carefully 
removed with a cotton swab and the cells that had traversed the 
membrane were fixed in methanol, stained with crystal violet 
to visualize nuclei and the number of migrating cells was 
counted under a magnification of x200 in 5 fields (up, down, 
median, left and right), and the means for each chamber were 
determined.

Invasion assay. The invasion assay was performed using 
a modified two-chamber plate with a pore size of 8-µm. 
The Transwell filter inserts were coated with Matrigel, and 
1x105 U251 and U87 cells were seeded in serum-free medium 
in the upper chamber. To stimulate invasion, 10% of serum 
containing culture medium was added to the bottom wells. 
After 24 h of incubation at 37˚C, the cells in the upper chamber 
were carefully removed with a cotton swab and the cells that 
had traversed the membrane were fixed in methanol, stained 
with Giemsa and counted. For counting, the cells in 5 fields 

(up, down, median, left and right; magnification, x200) per 
filter were counted under a microscope.

Statistical analysis. Statistical analysis was carried out using 
SPSS 19.0 software (SPSS, Inc., Chicago, IL, USA). Values are 
expressed as the means ± SD. The relationship between CAP1 
staining and the clinicopathological parameters of the glioma 
patients, such as age, gender, WHO grade and histological type 
was assessed by χ2 test. For CCK-8 cell growth assays, the 
Student's t-test was used. For migration and invasion assays, 
the results are expressed as the means ± SD. Each experiment 
was performed at least 3 times. Differences were considered 
significant at a P-value <0.05.

Results

CAP1 expression is upregulated in glioma tissues. To 
investigate whether differential expression of CAP1 exists 
in glioma tissues, we applied a TMA to detect the CAP1 

Figure 1. Representative images showing CAP1 immunohistochemical staining. (A) Negative CAP1 staining in normal brain tissue (NB). (B) Negative CAP1 
staining in tumor adjacent normal brain tissue (AB). (C) Positive CAP1 staining in benign tumor (BT). (D) Positive CAP1 staining in malignant tumor (MT). 
(E) A significant difference in CAP1 staining was observed between normal brain tissue and glioma tissue (GT) (P<0.05; χ2 test) and between tumor adjacent 
normal brain tissue and glioma tumor (P<0.05; χ2 test). (F) CAP1 staining was markedly increased in malignant tumor compared with benign tumor (P<0.05). 
All experiments were carried out in triplicate. Data are shown as mean ± SE; (A-D) Original magnification, x40.
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expression in normal brain and tumor adjacent normal brain 
tissues, benign tumors (grade I and II) and malignant tumors 
(grade III and IV). We found that CAP1 was mainly localized in 
the cytoplasm, yet it was occasionally observed in the nucleus. 
Representative images are presented in Fig. 1A-D. CAP1-
positive staining was detected in 2 of 8 (25.00%) normal brain 
tissues, 3 of 8 (37.50%) tumor adjacent normal brain tissues 
and 147 of 192 (76.56%) glioma tissues (Fig. 1E). A significant 
difference in CAP1 staining was noted between the normal 
brain and glioma tissues (P<0.05; χ2 test) and between tumor 
adjacent normal brain and glioma tissues (P<0.05; χ2 test).

Correlation of CAP1 expression with clinicopathological 
parameters. Investigation of the relationship between CAP1 
expression and clinicopathological parameters of the glioma 
cases are summarized in Table I. WHO grade and histological 
type are known as vital prognostic markers for glioma patients. 
Samples with IRS 0-3 and IRS 4-12 were classified as having 
low and high expression of CAP1. We discovered CAP1-
positive staining in 97 of 134 (72.39%) benign tumor tissues 
and in 50 of 58 (86.21%) malignant tumor tissues. Moreover 
CAP1 staining was significantly increased in malignant 
(grade III and IV) compared with benign tumors (grade I and 
II) (P<0.05; χ2 test; Fig. 1F). However, no obvious correlations 
were noted between CAP1 expression and other clinicopatho-
logical parameters, including patient age (P=0.683), gender 
(P=0.562) and histological type (P=0.802) (Table I).

Knockdown of CAP1 inhibits glioma cell proliferation 
in vitro. Owing to the fact that CAP1 expression is signifi-

cantly increased in glioma tissues compared with tumor 
adjacent normal brain tissues, CAP1 may play vital roles in 
tumor progression. U251 and U87 cells were transfected with 
siRNA targeting CAP1 to knock down CAP1 expression. 
The results of the CCK-8 cell proliferation assays revealed 
decreased growth rates in the U251 and U87 cells depleted of 
CAP1 (Fig. 2A and B). To determine whether the decreased 
proliferative ability after CAP1 knockdown was due to altera-
tions in the proliferation markers, PCNA and cyclin A, we 
performed western blot analysis. Western blot results showed 
downregulated levels of PCNA and cyclin A in the glioma 
cells with silenced CAP1 (Fig. 2C).

Knockdown of CAP1 inhibits glioma cell migration in vitro. 
Since actin organization plays a significant role in cell motility 
and migration, we speculated that CAP1 may exert a crucial 
function in the regulation of cell motility. To examine this 
hypothesis, we knocked down the expression of CAP1 in 
U251 and U87 cell lines and analyzed the role of CAP1 on 
cell migration by wound healing and Transwell assays. We 
observed that wound recovery was significantly reduced by 
26.58 and 38.75% after CAP1 knockdown (Fig. 3A and B), and 
the percentage of cells that transversed through the micropore 
membrane in the Transwell assay was significantly decreased 
by 44.44 and 36.21% (Fig. 3C and D) in the U251 and U87 
cells lines as compared with the non-transfected cells. In 
summary, these results indicated that interference of CAP1 
had an evident inhibitory effect on glioma cell motility.

Figure  2. Knockdown of CAP1 inhibits glioma cell proliferation. 
(A and B) CCK-8 cell proliferation assay was performed after CAP1 knock-
down in U251 and U87 cells. (C) Western blot analysis of the relative protein 
levels of PCNA and cyclin A in CAP1-knockdown and control U251 and 
U87 cells. All experiments were carried out in triplicate. Data are shown as 
mean ± SE; **P<0.01, ***P<0.001.

Table I. CAP1 staining and clinicopathological characteristics 
of the 192 glioma patients.

	 CAP1 staining
	 ------------------------------------------
	 Negative	 Positive
	 No. (%)	 No. (%)	 Total	 P-valuea

Age (years)
  <46	 22 (24.7)	 67 (75.3)	 89	 0.320
  ≥46	 23 (22.3)	 80 (77.7)	 103
Gender
  Male	 27 (23.1)	 90 (76.9)	 117	 0.883
  Female	 18 (24.0)	 57 (76.0)	 75
WHO grade
  Benign (I-II)	 37 (27.6)	 97 (72.4)	 134	 0.038
  Malignant (III-IV)	 8 (13.8)	 50 (86.2)	 58
Histological type
  Astrocytoma	 32 (24.2)	 100 (75.8)	 132	 0.951
  Glioblastoma	 6 (18.2)	 27 (71.8)	 33
  Oligoastrocytoma	 2 (28.6)	 5 (71.4)	 7
  Ependymoma	 3 (27.3)	 8 (72.7)	 11
  Oligodendroglioma	 2 (22.2)	 7 (77.8)	 9

aχ2 test. CAP1, cyclase-associated protein 1.
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Knockdown of CAP1 inhibits glioma cell invasion in vitro. For 
the cell invasion assay, downregulation of CAP1 inhibited the 
cell invasive ability of the U251 and U87 cells by 31.43 and 
70.00%, respectively (Fig. 4A and B). To investigate the mech-
anisms of the regulation of metastasis by CAP1, we utilized 
western blotting to detect alterations in the protein levels. A 
decrease in CAP1 resulted in the upregulation of epithelial 
marker E-cadherin and downregulation of N-cadherin and 
vimentin (Fig. 4C). Our results indicated that CAP1 expres-
sion may expedite migration and invasion by increasing the 
expression of N-cadherin and vimentin and downregulation 
of E-cadherin.

Discussion

Cyclase-associated protein 1 (CAP1) was initially cloned by 
budding yeast and is located in the downstream of the ras 

gene (9). CAP consists of 4 domains which are involved in actin 
binding, adenylyl cyclase association in yeast, SH3 binding 
and oligomerization, respectively (18). As a monomeric actin 
binding protein, CAP takes part in cell polarization, the alloca-
tion of actin filaments and mRNA in Dictyostelium (19). The 
expression of CAP has a relationship with an anomalous large 
cell size, random budding pattern and an anomalous actin allo-
cation in yeast (10,20). The human homologue of CAP1 was 
initially detected in the early 1990's (21). Both mammal and 
yeast CAPs interplay with actin (13) and play a part in actin 
turnover (22). Given the vital role of actin filament restruc-
turing in cell metastasis and the regulatory role of CAP1 in 
actin filament reorganization (18,23), we hypothesized that 
CAP1 may function in tumor metastasis. In addition, the 
functions of CAPs in mammals and other vertebrates are not 
well known. Although a previous study demonstrated that 
CAP1 is overexpressed in pancreatic cancers and revealed an 

Figure 3. Knockdown of CAP1 inhibits glioma cell motility. (A and B) Wound-healing assay was performed after CAP1 knockdown in U251 and U87 cells. 
There was significant delay in wound closure after CAP1 knockdown compared with the control cells. (C and D) Cell migration assay was performed after 
CAP1 knockdown in U251 and U87 cells. U251-siCAP1 cells and U87-siCAP1 cells exhibited decreased ability to migrate through the Boyden chamber when 
compared to the control cells. All experiments were carried out in triplicate. Data are shown as mean ± SE; **P<0.01, ***P<0.001.
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involvement of CAP1 in the aggressive behavior of pancreatic 
cancer cells (24), the role and molecular mechanism of CAP1 
in glioma remain virtually unknown. In the present study, 
our data demonstrated that CAP1 was obviously increased 
in glioma tissues compared to tumor adjacent normal brain 
tissues by immunohistochemical (Fig. 1A-D). Furthermore, 
CAP1 expression was upregulated in malignant (grade III 
and IV) compared with benign tumor tissues (grade I and 
II) (Fig. 1F). This demonstrated that CAP1 may play a vital 
role in glioma development and progression.

Cyclin  A, a major member of the cyclin family, is a 
component of the machinery required for progression through 

S phase (25,26). Fundamental expression of cyclin A has a 
relationship with tumorigenesis in diverse studies (27,28). Our 
results identified a significant decrease in cyclin A expres-
sion after silencing of CAP1. However, we found an obvious 
decrease in the expression of proliferating cell nuclear antigen 
(PCNA) after silencing of CAP1, an associated protein of 
DNA polymerase δ. Cyclin A and PCNA were simultaneously 
downregulated after silencing of CAP1 in the glioma cells. 
While speculative, these results warrant further study.

Epithelial to mesenchymal transition (EMT) is a step that 
is conducive to an aggressive cell phenotype which is accom-
panied by the loss of intercellular adhesion in tumors, leading 
to the formation of migratory mesenchymal cells with invasive 
characteristics (29,30). Therefore, EMT is crucial in tumor 
progression and metastasis (31). In epithelial cells, adhesion 
molecule, E-cadherin, regulates the interactions between cell-
cell and tissue framework of organization. The fundamental 
mechanism involved in the process of EMT is upregulation 
of the mesenchymal marker vimentin and downregulation of 
the epithelial marker E-cadherin (32). In the present study, 
we discovered that downregulation of CAP1 in glioma cells 
inhibited cell metastatic abilities, which were caused by the 
downregulation of N-cadherin and vimentin and the upregu-
lation of E-cadherin. However, a more detailed molecular 
mechanism of how CAP1 regulates the progression of glioma 
requires further investigation.

In summary, our results demonstrated that CAP1 plays 
a vital role in human glioma pathogenesis. Overexpression 
of CAP1 influenced tumor progression by enhancing cell 
proliferation, migration and invasion. Our results imply that 
CAP1 may be an important marker and a therapeutic target 
for gliomas. Thus, the present study may provide a valuable 
therapeutic strategy to help control the progression of gliomas.
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