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ABSTRACT
Glioblastoma(GBM) is one of the most common and aggressive malignant 

primary tumors of the central nervous system and mitochondria have been 
proposed to participate in GBM tumorigenesis. Previous studies have identified a 
potential role of Disrupted in Schizophrenia 1 (DISC1), a multi-compartmentalized 
protein, in mitochondria. But whether DISC1 could regulate GBM tumorigenesis 
via mitochondria is still unknown. We determined the expression level of DISC1 by 
both bioinformatics analysis and tissue analysis, and found that DISC1 was highly 
expressed in GBM. Knocking down of DISC1 by shRNA in GBM cells significantly 
inhibited cell proliferation both in vitro and in vivo. In addition, down-regulation of 
DISC1 decreased cell migration and invasion of GBM and self renewal capacity of 
glioblastoma stem-like cells. Furthermore, multiple independent rings or spheres could 
be observed in mitochondria in GBM depleted of DISC1, while normal filamentous 
morphology was observed in control cells, demonstrating that DISC1 affected the 
mitochondrial dynamic. Dynamin-related protein 1 (Drp1) was reported to contribute 
to mitochondrial dynamic regulation and influence glioma cells proliferation and 
invasion by RHOA/ ROCK1 pathway. Our data showed a significant decrease of Drp1 
both in mRNA and protein level  in GBM lack of DISC1, indicating that DISC1 maybe  
affect the mitochondrial dynamic by regulating Drp1. Taken together, our findings 
reveal that DISC1 affects glioblastoma cell development via mitochondria dynamics 
partly by down regulation of Drp1.

INTRODUCTION

Glioblastoma is one of the most common primary 
tumors of the central nervous system. Comprehensive 
treatment including operation combined with radiotherapy 
and/or chemotherapy is always used in order to delay the 
recurrence and prolong survival. However, the estimated 
median survival of glioma patients is still very short, 
which is approximately 1–2 years [1]. Previous studies 
have identified many factors influencing the effectiveness 

of glioma therapies, in which the rapid and aggressive 
tumor growth might be the most important. Therefore, 
suppressing glioblastoma cell proliferation and inhibiting 
cell migration would be the foremost therapeutic strategy.

Mitochondria are dynamic organelles  whose size 
and subcellular distribution are constantly changing, and  
this feature is essential for maintaining mitochondria 
related biological activityies, such as cell growth, 
division, death, aging and diseases [2–4]. Mitochondrial 
dynamics are under the regulation of two opposing 

                  Research Paper



Oncotarget85964www.impactjournals.com/oncotarget

processes: fusion and fission. Fusion is regulated by 
the Mitofusion1/2 and Optic Atrophy 1(OPA1). Fission 
is regulated by dynamin-related protein 1 (Drp1). 
Unbalanced mitochondrial fusion and fission has been 
proposed to contribute to tumorigenesis by influencing 
mitochondrial functions and following synthesis of 
DNA and protein, apoptosis, autophagy, ROS production  
[3, 5–7]. In HCC cells, increased mitochondrial fission 
was observed and proved to be essential in cell growth6. 
The imbalance of mitochondrial fusion and fission in 
glioma U251MG cells treated with anticancer drug of 
4EGI-1, resulted in mitochondrial dysfunction with 
mitochondrial fragmentation [8]. In addition, Xie et al. 
showed that mitochondrial morphology was a regulatory 
switch for differentiation of glioma stem cells [9]. All the 
data showed a critical role of mitochondrial dynamics in 
tumorigenesis. 

The Disrupted in Schizophrenia 1 (DISC1) gene, was 
originally identified to be linked to schizophrenia, and the 
(1; 11) (q42; q14.3) translocation allele of the DISC1 gene 
cosegregated with symptoms related to schizophrenia, 
bipolar in a large Scottish pedigree [10]. More recently, 
functional studies revealed that DISC1 exerted other 
roles in the process of neurodevelopment, including 
neurite outgrowth, neuronal migration, neurogenesis and 
cAMP signaling [11, 12]. But there is no report about 
that whether DISC1 plays a role in tumorigenesis. It had 
been reported that DISC1 was localized in mitochondria 
of cultured cortical neurons [13], and over expression 
of DISC1 produced ring-like structures of mitochondria 
in some cells, suggesting that DISC1 might be involved 
in the regulation of mitochondrial dynamics and further 
contribute to tumorigenesis [14].

In the present study, we found notable increase of 
DISC1 protein level in human glioblastoma cells and 
inhibition of DISC1 by shRNAs reduced glioblastoma 
cell proliferation, migration, invasion and stem cell self-
renewal. Furthermore, we characterized the molecular 
basis of DISC1 in glioblastoma carcinogenesis. In all, 
our data suggested that DISC1 could affect mitochondria 
dynamics of glioblastoma cell via promoting Drp1 
expression. Thus, our research may provide a novel 
direaction for the anticancer therapies.

RESULTS

Up-regulation of DISC1 expression in human 
glioblastoma

In order to test whether DISC1 is crucial for human 
glioblastoma tumorigenesis, we examined the publicly 
available data at www.oncomine.org revealing 3 studies 
in which glioblastoma gene expression was examined. All 
studies showed statistically significant up-regulation of 
DISC1 expression in glioblastoma compared to the normal 
tissues (Figure 1A). Furthermore, the higher expression of 

DISC1 was detected in glioblastoma tissues than normal 
tissues (Figure 1B). It has been reported that endogenously 
expressed DISC1 localizes in several subcellular 
structures, such as mitochondria, nuclear and actin 
cytoskeleton [14]. Consistent with these observations, 
immunofluorescence analysis of U251MG and U87MG 
cells showed that DISC1 localized in mitochondria and 
nuclear (Figure 1C).

DISC1 inhibition by shRNAs reduces 
glioblastoma cell proliferation in vitro and in vivo

To gain further insight into the function of DISC1 
in tumor cells, DISC1 was knocked down in U87MG and 
U251MG cells. The knockdown effect of shRNA was 
tested by qRT-PCR and western blotting analysis in U87 
MG cells (Figure 2A and 2B) and U251 MG cells (Figure 
2D and 2E). The results showed that both two shRNAs 
could suppress the DISC1 expression, but the effect of 
DISC1-shRNA-2# was better than DISC1-shRNA-1#. 
WST-1 cell viability assays showed that down-regulation 
of DISC1 inhibited cell proliferation in both U87MG 
and U251MG cells (Figure 2C and 2F), and consistently, 
the inhibit effect of DISC1-shRNA-2# was better than 
DISC1-shRNA-1#. Furthermore, colony formation assay 
showed that the number of colonies was significantly 
decreased and the size of colony was smaller in U251MG 
cells depleted of DISC1 compared with the control   
(Figure 2G and 2H).

To analyze the role of DISC1 in glioblastma 
carcinogenesis, we further assessed the effects of DISC1 
on tumor growth in vivo. DISC1-shRNA-2#-U87MG 
cells and their respective control cells were implanted into 
the right and left flanks of nude mice by subcutaneous 
injection. At a postmortem examination conducted after 
46 days, we found that tumors derived from DISC1-
shRNA-2#-U87MG cells were significantly smaller 
than those originating from miR-control-U87MG cells 
(n = 6, animals per group) (Figure 3A and 3B). H&E 
staining showed decreased cell density in DISC1-shRNA-
2#-U87MG xenografts (Figure 3C). Thus, knockdown 
of DISC1 significantly inhibited the proliferation of 
glioblastoma cells both in vitro and in vivo.

shRNA-mediated knockdown of DISC1 inhibits 
U251MG cell migration and invasion

To further investigate that whether DISC1 influences 
glioblastoma cell migration and invasion,  wound-healing 
assay and transwell migration assay were performed. As 
shown in Figure 4A and 4B, compared with control cells, 
shRNA-U251MG cells, DISC1-shRNA-U251MG cells 
showed considerably slower migration. Furthermore, 
Transwell migration assays revealed that knockdown 
of DISC1 significantly restrained glioblastoma cell 
invasion (Figure 4C and 4D).
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shRNA-mediated knockdown of DISC1 inhibits 
the self-renewal capacity of glioblastoma stem-
like cells

The effect of DISC1 on glioblastoma cell self-
renewal was further examined. U251MG cells were 
cultured in serum free medium (SFM) and tumor sphere 
formation was observed. As shown in Figure 5A and 5B, 
we found a significant decrease in the diameter of U251MG 

neurospheres in DISC1 knockdown groups (318.9 ± 53.5 µm 
of DISC1 shRNA-1#-U251MG spheres and 261.6 ± 52.8 µm 
of DISC1 shRNA-2#-U251MG spheres), compared to that 
of controls (362.9 ± 68.0 µm of control-shRNA-U251MG 
spheres).  Next, We examined stem cell markers CD133 
and nestin in these neurospheres by immunofluorescence 
staining, and found that DISC1 shRNA U251MG derived 
neurospheres showed decreased CD133 and nestin compared 
to control shRNA U251MG neurospheres (Figure 5C).

Figure 1: DISC1 expression in human glioblastoma. (A) DISC1 expression in human glioblastoma in 3 independent studies 
culled from the Oncomine database (www.oncomine.org). Number of samples in each group and statistical significance of differences in 
expression levels are shown. (B) DISC1 expression in human glioblastoma and normal tissues. Con was adjacent normal tissue. (C) DISC1 
localized in mitochondria and nuclear by immunofluorescence analysis. 
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The self-renewal capacity of cancer stem-like cells 
in the U251MG cells was detected with a limiting dilution 
assay. The number of cells required to generate at least 
one tumor sphere/well was calculated as 67.6 in DISC1 
shRNA-1#-U251MG cells, 136.6 in DISC1 shRNA-
2#-U251MG and 38.9 in control-shRNA-U25MG cells 
(Figure 5D). All the data proposed the hypothesis that 
down-expression of DISC1 reduced the glioma stem-like 
cell stemness.

Knockdown of DISC1 alters the mitochondrial 
dynamic by regulating Drp1

We further investigated whether the reduction of 
DISC1 would affect the mitochondrial morphology of 
glioblastoma cells. Mitochondria morphology in U251MG 

cells infected by lentivirus mediated DISC1 shRNA 
became abnormal compared to control shRNA (Figure 
5E). In DISC1-shRNA U251MG cells, the mitochondria 
formed multiple independent rings or spheres in 
comparison to the normal filamentous morphology in 
control shRNA cells (Figure 5Ee, 5Ef and 5Ej). In DISC1-
shRNA-2#-U251MG cells, ring or lariat-like structures or 
mitochondria with a hole were also observed (Figure 5Ej). 

Mitochondria are highly dynamic structure, 
undergoing constant fission and fusion which are 
essential for maintaining cell functions. Dynaminrelated 
protein 1 (Drp1) was reported to be important in the 
regulation of mitochondrial dynamics. We observed 
a significant down-regulation of Drp1 after DISC1 
inhibition in U251 MG cells by both qt-PCR and western 
blotting (Figure 6A–6B). 

Figure 2: Reduced DISC1 inhibits glioblastoma cell proliferation in vitro and in vivo. (A) qRT-PCR analysis detected the 
DISC1 expresssion in U87MG cells with endogenous DISC1 suppressed with shRNAs. (B) Western blotting analysis of DISC1 expression 
level in U87MG cells with endogenous DISC1 suppressed with shRNAs. The number showed the relative protein expression. (C) Effects of 
DISC1 knockdown with two independent lentiviral shRNA constructs on cell proliferation in U87MG. (D) qRT-PCR analysis detected the 
DISC1 expresssion in U251MG cells with endogenous DISC1 suppressed with shRNAs. (E) Western blotting analysis of DISC1 expression 
level in U251MG cells with endogenous DISC1 suppressed with shRNAs. (F) Effects of DISC1 knockdown with two independent lentiviral 
shRNA constructs on cell proliferation in U251MG. (G) Quantitation of colony number in each groups. (H) Representative images of 
colony formation for U251MG. Error bars represent SEM.*P < 0.05, **P < 0.01, ***P < 0.001.
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DISCUSSION

Glioblastoma is one of the most lethal brain cancers, 
and DISC1 is found to be up-regulated in glioblastoma 
through systematic bioinformatic analyses, suggesting that 
DISC1 may play a role in GBM tumorigenesis. Indeed, 
our results showed that reduced DISC1 by shRNA could 
suppress glioblastoma cell proliferation in vitro and 
in vivo, inhibit glioblastoma migration, invasion and 
glioblastoma stem-like cells self-renewal. Furthermore, we 
found that knockdown of DISC1 led to ring or lariat-like 
mitochondria and reduced the Drp1 expression, indicating 
a role of DISC1 in mitochondrial fusion and/or fission. 

Mitochondria play important roles in central 
nervous system and cancer development. For a long time, 
defects in mitochondrial function have been suspected to 
contribute to the development and progression of cancer 
and detrimental consequences for brain development and 
function. It has been reported that DISC1 localizes in 
mitochondria and plays essential role for mitochondrial 
function in collaboration with Mitofilin [14, 15]. DISC1 
also associates with Miro1 and TRAK1 to modulate 
anterograde axonal mitochondrial trafficking, since that 
DISC1 point mutations cause disrupted mitochondrial 
trafficking[16]. Recently, Norkett (2016) demonstrates 
that DISC1 couples to Miro1, Miro2, TRAK1 and 
TRAK2 to affect mitochondrial trafficking in axons and 
dendrites, and shows that DISC1 is a part of a native 

complex with Mitofusin1 and DISC1-Boymaw. Fusion 
protein decreases mitochondrial fusion, proving that  
DISC1 controls the morphogenesis of complex neuronal 
dendrites by regulating mitochondrial dynamics [17]. 
Our results showed DISC1 regulated the mitochondrial 
dynamics by regulating Drp1 expression. Thus, DISC1 
is an important regulator of mitochondrial function in 
neuronal development. However, the mechanism of 
DISC1 regulating mitochondrial functions in tumor need 
to be clarified.

Mitochondrial dynamic is dependent on the balance 
of fission and fusion, aberrant mitochondrial dynamics are 
associated with major mental illness and tumorigenesis 
[18–28]. It has been reported that over expression of 
truncated DISC1 in the C-terminus caused formation 
of ring-like structures. We also proved this event in 
glioblastoma cells, that knockdown of DISC1 by shRNA 
produced ring or lariat-like mitochondria (Figure 5E), 
indicating that DISC1 participated in mitochondrial 
fusion and/or fission. Mitochondrial fusion is regulated by 
Mitofusion1/2 at the outer membrane of mitochondria, and 
OPA1 at the inner membrane [29]. Fission is coordinated 
by Drp1 and anchors such as Fis1 (mitochondrial fission 
protein 1), Mff (mitochondrial fission factor). It has been 
reported that Drp1 is upregulated in human invasive breast 
carcinoma and metastases to lymph nodes, and silencing 
Drp1 or overexpression of Mfn1 inhibit lamellipodia 
formation, a key step for cancer metastasis, suggesting that 

Figure 3: Significantly decreased tumor growth by DISC1 shRNAs in a xenograft model. (A) Photographs of tumorigenesis 
in U87MG cells in xenograft mice and excised tumors. (B) Volume of xenograft tumors was measured at the indicated time points. (C) H&E 
staining of xenograft tumor tissues. Data are expressed as mean ± s.d. (n = 6). (C) H&E staining of xenograft tumor tissues. Magnification 
× 40. 
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Figure 4: Knockdown of DISC1 inhibits the glioblastoma cell migration and invasion. (A–B) The wound healing assay 
showed different cell migration in control-shRNA-U251MG, DISC1-shRNA-1#-U251MG and DISC1-shRNA-2#-U251MG. (A) 
Representative images were taken at different time points. (B) Quantification of cell motility by measuring the wound width. The amount 
of motility was expressed as a percent of migration at the zero time point. (C and D) Transwell assay of U251MG cells transfected with 
DISC1shRNA or negative control. (C) representative fields of invasive cells and migratory cells on the membrane. (D) quantitative analysis 
of the invasive and migratory cells from three independent experiments. Error bars represent SEM.*P < 0.05, **P < 0.01, ***P < 0.001.

Figure 5: Targeting DISC1 by shRNA decreases glioblastoma stem-like cells self-renewal and alters the mitochondrial 
dynamic. (A) The morphology of tumor spheres formed by the cancer stem cells from control-shRNA-U251MG (a) DISC1-shRNA-1#-
U251MG(b) and DISC1-shRNA-2#-U251MG cells(c). (B) Glioblastoma neurosphere diameters decreased in DISC1-shRNAs U251MG 
cancer stem cells. (C) immunofluorescence images showing expression levels of nestin(red) and CD133(red) in neurospheres derived 
from control-shRNA-U251MG, DISC1-shRNA-1#-U251MG and DISC1 shRNA-2#-U251MG. cells. DAPI (blue) was used to stain 
nuclei. Scale bar, 200 µm. (D) In vitro extreme limiting dilution assays to single cells demonstrate that knockdown of DISC1 in U251MG 
cells decreases the frequency of tumorsphere formation (P = 8.48 × 10−6 by ANOVA). (E) Immunofluorescent imaging of DISC1 within 
U251MG cells. Inserts shows enlarged section for clarity. a lariat-like structure or ring mitochondria marked with stars (*).
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mitochondrial dynamics regulates migration and invasion 
of breast cancer cells [25]. In human glioblastoma 
U251 cells, Drp1 has been reported to be involved in 
hypoxia-induced migra tion [30]. We also reported here 
that shRNA-mediated knockdown of DISC1 inhibited 
glioblastoma cell migration and invasion (Figure 4), 
indicating that mitochondrial dynamics had an important 
role in gliomblastoma migration and invasion, and DISC1 
regulated the mitochondria dynamics in part by blocking 
Drp1 (Figure 6C). Recently, yin et al. reports that Drp1 
is highly expressed in glioma tissues, and silencing Drp1 

inhibits glioma cells proliferation and invasion by RHOA/
ROCK1 pathway. Thus it confirms that DISC1 -facilitates 
glioma developement by up-regulation of Drp1.

As known, DISC1 regulates multiple critical 
pathways in the developing and adult brain, and we 
proved that DISC1 could regulate gliomblastoma, which 
suggesting that DISC1 had dual effect of regulating 
neurodevelopment and gliomblastoma tumorigenesis. In 
2007, Camargo and colleagues disclose of the ‘DISC1 
interactome’, a complex protein-protein interaction 
network based off yeast-two hybrid screens using 

Figure 6: DISC1 down-regulation inhibits Drp1 expression and The ‘DISC1 interactome’ points towards the multiple 
functions of DISC1 during neuronal and glioblastoma development. (A) qRT-PCR analysis detected the Drp1 expresssion in 
U251MG cells with endogenous DISC1 suppressed with shRNAs. (B) Western blotting analysis of Drp1 expression level in U251MG cells 
with endogenous DISC1 suppressed with shRNAs. The number showed the relative protein expression. (C) The illustration depicts the 
DISC1 inhibits glioblastoma development by regulating mitochondrial dynamics through promoting Drp1 expression. (D) The important 
DISC1 interactions both regulate neuronal and gliomblastoma development are highlighted in this figure. The solid line represents the 
interactions have been proved in neuron, the dotted line represents the interactions haven’t been proved in gliomblastoma, these were inferred 
from the neuron interactions. DISC1, Disrupted-in-schizophrenia-1; GSK3β, Glycogen synthase kinase 3β; NDEL1, Nucleardistribution 
protein nudE-like 1; LIS1, Lissencephaly protein 1; PDE4; Phosphodiesterase type 4; MAP1A, Microtubule-associated protein 1A.



Oncotarget85970www.impactjournals.com/oncotarget

DISC1 and a set of DISC1 interactors as baits [31]. 
Understanding the biology of DISC1-interacting proteins 
and the functions of these protein complexes will help 
us understanding DISC1’s biological function; we 
summarized the interacting proteins which played a role 
in neuronal development and tumor glioma development 
in Figure 6D. It has been reported that GSK3β, NDEL1, 
LIS1, 14-3-3, MAP1A, Girdin and PDE4 interact with 
DISC1 to regulate the neural progenitor proliferation 
[32], neuronal migration [33, 34] and neuronal signaling 
[35, 36]. All these proteins have been reported to play 
an important role in glioma development. GSK3β 
regulates glioblastoma cell invasion, apoptosis and stem 
cell stemness [37, 38]; LIS1 and NDEL1 play a role in 
glioma migration and proliferation analogous to their role 
during brain development [39];14-3-3 regulates glioma 
cell proliferation and apoptosis [40, 41]; MAP1A is 
strongly expressed in high grade glioma and may play an 
important role in cell proliferation [42]; Girdin is reported 
to be involved in glioblastoma cell migration, adhesion, 
invasion and stem cell stemness [43–45]; PDE4 inhibitors 
have been reported to suppress glioblastoma growth in 
vitro and in vivo [46]. Until now, there is no research on 
DISC1 and gliomblastoma, since the DISC1-interacting 
proteins play important roles in gliomblastoma, and 
our results prove that DISC1 regulates gliomblastoma 
development, so we propose that DISC1 may be as an 
interactome in regulating gliomblastoma tumorigenesis.

  Finally, we have reported evidence of interplay 
between DISC1 and tumorigenesis. For the first time, 
our data show that DISC1 have an important role in 
glioblastoma cell proliferation, migration, invasion 
and cancer stem-like cell self-renewal by regulating 
mitochondrial dynamics via Drp1. DISC1 has been proved 
to be a key regulatory molecule in diverse processes of 
neurodevelopment, and pediatric gliomas as reported as 
a neurodevelopmental disorders [47] so we think that 
DISC1, a gene which has already proved to be involved in 
regulating neurodevelopment, but also might be involved 
in regulating GBM tumorigenesis.

MATERIALS AND METHODS  

Cell lines and cancer stem-like cell culture 

Human U87MG and U251MG glioblastoma cell 
lines were purchased from the Chinese Academy of 
Sciences Cell Bank in 2015. The authenticity of cancer 
cell lines was tested by short tandem repeat profiling 
(STR). All cell lines were grown in DMEM medium 
supplemented with 10% FBS (GIBCO) and 1% NEAA 
(GIBCO). The serum free medium (SFM) was composed 
of DMEM/F12, 20 ng/mL basic fibroblast growth factor 
(bFGF; peprotech), 20 µL/mL B27 supplement (Life 
Technologies), and 20 ng/mL EGF (peprotech).Glioma 
stem-like cells (GSC) were isolated from U251 MG 

glioblastoma cell lines by using SFM. These cells can form 
neurosphere-like cell aggregates in less than 7 days (17).

Oncomine analysis and tumor specimens

Oncomine (Compendia Bioscience, Ann Arbor, MI) 
was used for analysis and visualization of the glioblastoma 
(http://www.oncomine.org). DISC1 RNA expression 
levels were displayed using log2 median centered ratio 
boxplots for GBM vs brain. 2 samples of glioblastoma 
(grade IV) and 2 adjacent normal tissues were collceted 
from affiliated hospital of Xi’an Medical University, 
the local Ethical Committee approved our study, and all 
patients provided informed consent.

Proliferation and colony formation assay

Cells were seeded at a density of 5000 cells per 
well in 96-well plates and and incubated for 24 h, 48 h, 
72 h, respectively. An aliquot of 10 µL of CCK-8 was 
added to the wells and incubated for 1 h (Beyotime, 
Shanghai, China). The absorbance was measured at 450 
nm to calculate the numbers of viable cells in each well. 
Each measurement was performed in triplicate and the 
experiments were repeated twice.

For colony formation assays, cells were seeded 
in six-well plates at a density of 200 cells per well 
and cultured at 37°C for two weeks. At the end of the 
incubation, the cells were fixed with 100% methanol 
and stained with 0.1% (w/v) Crystal Violet. Megascopic 
cell colonies were counted using Image-Pro Plus 5.0 
software (Media Cybernetics, Bethesda, MD, USA). 
Each measurement was performed in triplicate and the 
experiments were each conducted at least three times.

Animal studies

U87MG cells stably expressing DISC1-shRNA-2# 
or empty vector controls were implanted in the flanks 
of athymic mice (3.0×106/200 µl per mice, total 6 
mice). Tumor volumes were determined by measuring 
the length (a) and the width(b). The tumor volume (V) 
was calculated according to the formula V = (ab)2/2. All 
mouse experiments were performed in accordance with 
institutional guidelines and regulations of the government.

Wound healing assays

U251MG cells were seeded in 6-well plates and 
cultured until confluence. A wound was then created by 
manually scraping the cell monolayer with a 200 mL 
pipette tip. The floating cells were removed by washing 
twice by PBS. Then cells were incubated in DMEM 
supplemented without FBS. Cell migration into the wound 
was observed at three preselected time points (0, 12, and 
24 hours) in six randomly selected microscopic fields for 
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each condition and time point. Images were acquired with 
a Nikon DS-5M Camera System mounted on a phase-
contrast Leitz microscope and were processed using 
Adobe Photoshop 7.0. The distance traveled by the cells 
was determined by measuring the wound width at different 
time points and then subtracting it from the wound width 
at time 0. The values obtained were expressed as a 
migration percentage, setting the gap width at 0 hour as 
0% [48, 49].

In vitro migration and invasion assays

Cells (5×105) were planted on the top side of 
polycarbonate Transwell filters (without Matrigel for 
Transwell assay) or plated on the top side of polycarbonate 
Transwell filter coated with Matrigel(for Transwell matrix 
penetration assay) in the upper chamber of the QCM™ 
24-Well Cell Invasion Assay (Cell Biolabs, INC, USA 
& Canada). For transwell migration assays, cells were 
suspended in medium without serum, and medium without 
serum was used in the lower chamber. For the invasion 
assay, cells were suspended in medium without serum, 
and medium supplemented with serum was used as a 
chemoattractant in the lower chamber. The cells were 
incubated at 37°C  for 8 hours (transwell assay) or 48 
hours (invasion assay). The non-migratory or non-invasive 
cells in the top chambers were removed with cotton swabs. 
The migrated and invaded cells on the lower membrane 
surface were fixed in 100% methanol for 10 min, air-dried, 
then stained with DAPI and counted under a microscope. 
Three independent experiments were performed and the 
data were presented as the means±standard error of mean 
(SEM).

Quantitative RT-PCR

Total RNA was isolated using Trizol reagent 
(Invitrogen) and reverse-transcribed into cDNA using 
BcaBest RNA PCR kit from TaKaRa according to the 
manufacturer’s instructions. Quantitative real-time PCR 
was performed using a Peltier Thermal Cycler (BioRad) 
plus Realtime PCR Master Mix (SYBR Green, Toyobo, 
Osaka, Japan). The specific primers used for PCR are 
listed in Supplementary Table S1. GAPDH was chosen as 
the endogenous control in the assay.

Western blotting

Cells were collected and lysed in high KCl lysis 
buffer with complete protease inhibitor cocktail (Roche)
[48]. The protein concentration was determined using 
a BCA protein assay kit (Pierce). The samples were 
separated by SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (Roche). The membranes were treated 
with 5% nonfat dry milk in TBS, followed by incubation 
with primary antibodies and then POD-labeled secondary 

antibodies (Roche). The immunolabeled proteins were 
detected using ECL detection system (Boster, Wuhan, 
China). Densitometry quantification was acquired 
with Gel Doc 1000 system and was analyzed using the 
Quantity One software. The following primary antibodies 
were used: DISC1 (abcam; 1:5000), β-tubulin (Santa 
Cruz；1:2000), Drp1 (abcam，1:2000).

Immunofluorescence and hematoxylin and eosin 
staining

Cells on poly-L-lysine-coated glass cover slips 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature and then permeabilized by treatment with 
ice-cold methanol for 10 min. Cancer spheres were fixed 
in 4% paraformaldehyde, embedded in optimal cutting 
temperature (OCT) compound for freezing, and then 
cryosectioned (15 µm sections). After being blocked by 
15% normal donkey serum for 30 min, the cells were 
incubated at room temperature for 1 h with primary 
antibody diluted in antibody buffer (50 mM Tris-HCl, 
pH 7.4, 150 mM NaCl, 100 mM L-Lysine, 1% BSA 
and 0.04% azide). The following antibodies were used: 
CD133 (Elabscience, 1:100) and nestin (abcam, 1:100). 
After incubation with the primary antibodies, the cells 
were rinsed and incubated for 1 h at room temperature 
with Alexa Fluor-labeled secondary antibodies (Molecular 
Probes, Leiden, The Netherlands; 1:800). The cells were 
washed with PBS and the cover slips were mounted 
with glycerine/PBS containing 5 mg/ml DAPI for nuclei 
staining. 

To determine subcellular distribution of 
mitochondria, cells were loaded with 50nm MitoTracker 
Red (Life Technologies Corporation, Grand Island, NY, 
USA) for 30 min to stain mitochondria. Images were taken 
using a Leica confocal.

For H&E staining, we embedded the fixed tumor 
in paraffin, cut them into 6-µm sections and stained with 
H&E. Slides were photographed using an optical or 
confocal microscope (OLYMPUS).

Limiting dilution assay

For limiting dilution assays, cells after puromycin 
selection were counted and with decreasing numbers of 
cells per well (160, 140, 120, 100, 80, 60, 40, 20) plated 
in 96-well plates. Fourteen days after plating, the presence 
and number of tumorspheres in each well was quantified. 
Extreme limiting dilution analysis was performed using 
software available at http://bioinf.wehi.edu.au/software/
elda/, as previously described [50].

Statistics  

Data were analyzed using the two-tailed Student’s 
t-test. P < 0.05 was considered statistically significant.



Oncotarget85972www.impactjournals.com/oncotarget

ACKNOWLEDGMENTS

This work is supported by the National Natural 
Science Foundation of China (Nos. 81402063, 81272801, 
81271290 and 31400913), University's key disciplines 
of molecular immunology, Doctoral research start-up 
fund project of Xi’an Medical University (Program No. 
2015DOC07 and 2015DOC08) and Scientific Research 
Program Funded by Shaanxi Provincial Education 
Department (15JK1636, 16JK1655), The Leading 
Disciplines Development Government Foundation of 
Shaanxi, China.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

REFERENCES

 1. Davis FG, McCarthy BJ. Current epidemiological trends 
and surveillance issues in brain tumors. Expert Rev 
Anticancer Ther. 2001; 1:395–401.

 2. Westermann B. Mitochondrial fusion and fission in cell life 
and death. Nat Rev Mol Cell Biol. 2010; 11:872–884.

 3. Chan DC. Mitochondria: dynamic organelles in disease, 
aging, and development. Cell. 2006; 125:1241–1252.

 4. Knowlton AA, Liu TT. Mitochondrial Dynamics and Heart 
Failure. Compr Physiol. 2015; 6:507–526.

 5. Liesa M, Palacin M, Zorzano A. Mitochondrial dynamics in 
mammalian health and disease. Physiol Rev. 2009; 89:799–
845.

 6. Huang Q, Zhan L, Cao H, Li J, Lyu Y, Guo X, Zhang J, Ji L, 
Ren T, An J, Liu B, Nie Y, Xing J. Increased mitochondrial 
fission promotes autophagy and hepatocellular carcinoma 
cell survival through the ROS-modulated coordinated 
regulation of the NFKB and TP53 pathways. Autophagy. 
2016:1–16.

 7. Inoue-Yamauchi A, Oda H. Depletion of mitochondrial 
fission factor DRP1 causes increased apoptosis in human 
colon cancer cells. Biochem Biophys Res Commun. 2012; 
421:81–85.

 8. Yang X, Dong QF, Li LW, Huo JL, Li PQ, Fei Z, Zhen HN. 
The cap-translation inhibitor 4EGI-1 induces mitochondrial 
dysfunction via regulation of mitochondrial dynamic 
proteins in human glioma U251 cells. Neurochem Int. 2015; 
90:98–106.

 9. Xie Q, Wu Q, Horbinski CM, Flavahan WA, Yang K, 
Zhou W, Dombrowski SM, Huang Z, Fang X, Shi Y, 
Ferguson AN, Kashatus DF, Bao S, et al. Mitochondrial 
control by DRP1 in brain tumor initiating cells. Nat 
Neurosci. 2015; 18:501–510.

10. Blackwood DH, Fordyce A, Walker MT, St Clair DM, 
Porteous DJ, Muir WJ. Schizophrenia and affective 
disorders--cosegregation with a translocation at 

chromosome 1q42 that directly disrupts brain-expressed 
genes: clinical and P300 findings in a family. Am J Hum 
Genet. 2001; 69:428–433.

11. Meng X, Zhu S, Shevelkin A, Ross CA, Pletnikov M. 
DISC1, astrocytes and neuronal maturation: a possible 
mechanistic link with implications for mental disorders. 
J Neurochem. 2016.

12. Chubb JE, Bradshaw NJ, Soares DC, Porteous DJ, 
Millar JK. The DISC locus in psychiatric illness. Mol 
Psychiatry. 2008; 13:36–64.

13. Brandon NJ, Schurov I, Camargo LM, Handford EJ, Duran-
Jimeniz B, Hunt P, Millar JK, Porteous DJ, Shearman MS, 
Whiting PJ. Subcellular targeting of DISC1 is dependent 
on a domain independent from the Nudel binding site. Mol 
Cell Neurosci. 2005; 28:613–624.

14. Millar JK, James R, Christie S, Porteous DJ. Disrupted 
in schizophrenia 1 (DISC1): subcellular targeting and 
induction of ring mitochondria. Mol Cell Neurosci. 2005; 
30:477–484.

15. Park YU, Jeong J, Lee H, Mun JY, Kim JH, Lee JS, Nguyen 
MD, Han SS, Suh PG, Park SK. Disrupted-in-schizophrenia 
1 (DISC1) plays essential roles in mitochondria in 
collaboration with Mitofilin. Proc Natl Acad Sci U S A. 
2010; 107:17785–17790.

16. Ogawa F, Malavasi EL, Crummie DK, Eykelenboom JE, 
Soares DC, Mackie S, Porteous DJ, Millar JK. DISC1 
complexes with TRAK1 and Miro1 to modulate anterograde 
axonal mitochondrial trafficking. Hum Mol Genet. 2014; 
23:906–919.

17. Norkett R, Modi S, Birsa N, Atkin TA, Ivankovic D, 
Pathania M, Trossbach SV, Korth C, Hirst WD, Kittler JT. 
DISC1-dependent Regulation of Mitochondrial Dynamics 
Controls the Morphogenesis of Complex Neuronal 
Dendrites. J Biol Chem. 2016; 291:613–629.

18. von Eyss B, Jaenicke LA, Kortlever RM, Royla N, 
Wiese KE, Letschert S, McDuffus LA, Sauer M, 
Rosenwald A, Evan GI, Kempa S, Eilers M. A MYC-Driven 
Change in Mitochondrial Dynamics Limits YAP/TAZ 
Function in Mammary Epithelial Cells and Breast Cancer. 
Cancer cell. 2015; 28:743–757.

19. Caino MC, Altieri DC. Cancer cells exploit adaptive 
mitochondrial dynamics to increase tumor cell invasion. 
Cell Cycle. 2015; 14:3242–3247.

20. Ferreira-da-Silva A, Valacca C, Rios E, Populo H, Soares P, 
Sobrinho-Simoes M, Scorrano L, Maximo V, Campello S. 
Mitochondrial dynamics protein Drp1 is overexpressed 
in oncocytic thyroid tumors and regulates cancer cell 
migration. PloS one. 2015; 10:e0122308.

21. Han XJ, Yang ZJ, Jiang LP, Wei YF, Liao MF, Qian Y, 
Li Y, Huang X, Wang JB, Xin HB, Wan YY. Mitochondrial 
dynamics regulates hypoxia-induced migration and 
antineoplastic activity of cisplatin in breast cancer cells. Int 
J Oncol. 2015; 46:691–700.

22. Lennon FE, Salgia R. Mitochondrial dynamics: biology and 
therapy in lung cancer. Expert Opin Investig Drugs. 2014; 
23:675–692.



Oncotarget85973www.impactjournals.com/oncotarget

23. Kawada I, Hasina R, Lennon FE, Bindokas VP, Usatyuk P, 
Tan YH, Krishnaswamy S, Arif Q, Carey G, Hseu RD, 
Robinson M, Tretiakova M, Brand TM, et al. Paxillin 
mutations affect focal adhesions and lead to altered 
mitochondrial dynamics: relevance to lung cancer. Cancer 
Biol Ther. 2013; 14:679–691.

24. Sastre-Serra J, Nadal-Serrano M, Pons DG, Roca P, 
Oliver J. The over-expression of ERbeta modifies estradiol 
effects on mitochondrial dynamics in breast cancer cell line. 
Int J Biochem Cell Biol. 2013; 45:1509–1515.

25. Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, 
Abel PW, Tu Y. Mitochondrial dynamics regulates 
migration and invasion of breast cancer cells. Oncogene. 
2013; 32:4814–4824.

26. Sastre-Serra J, Nadal-Serrano M, Pons DG, Roca P, 
Oliver J. Mitochondrial dynamics is affected by 17beta-
estradiol in the MCF-7 breast cancer cell line. Effects on 
fusion and fission related genes. Int J Biochem Cell Biol. 
2012; 44:1901–1905.

27. Corrado M, Scorrano L, Campello S. Mitochondrial 
dynamics in cancer and neurodegenerative and 
neuroinflammatory diseases. Int J Cell Biol. 2012; 
2012:729290.

28. Grandemange S, Herzig S, Martinou JC. Mitochondrial 
dynamics and cancer. Semin Cancer Biol. 2009; 19:50–56.

29. MacAskill AF, Kittler JT. Control of mitochondrial transport 
and localization in neurons. Trends Cell Biol. 2010; 20:102–
112.

30. Wan YY, Zhang JF, Yang ZJ, Jiang LP, Wei YF, Lai QN, 
Wang JB, Xin HB, Han XJ. Involvement of Drp1 in 
hypoxia-induced migration of human glioblastoma U251 
cells. Oncol Rep. 2014; 32:619–626.

31. Camargo LM, Collura V, Rain JC, Mizuguchi K, 
Hermjakob H, Kerrien S, Bonnert TP, Whiting PJ, 
Brandon NJ. Disrupted in Schizophrenia 1 Interactome: 
evidence for the close connectivity of risk genes and a 
potential synaptic basis for schizophrenia. Mol Psychiatry. 
2007; 12:74–86.

32. Mao Y, Ge X, Frank CL, Madison JM, Koehler AN, 
Doud MK, Tassa C, Berry EM, Soda T, Singh KK, 
Biechele T, Petryshen TL, Moon RT, et al. Disrupted in 
schizophrenia 1 regulates neuronal progenitor proliferation 
via modulation of GSK3beta/beta-catenin signaling. Cell. 
2009; 136:1017–1031.

33. Kamiya A, Tomoda T, Chang J, Takaki M, Zhan C, MoritaM, 
Cascio MB, Elashvili S, Koizumi H, Takanezawa Y, 
Dickerson F, Yolken R, Arai H, et al. DISC1-NDEL1/
NUDEL protein interaction, an essential component for 
neurite outgrowth, is modulated by genetic variations of 
DISC1. Hum Mol Genet. 2006; 15:3313–3323.

34. Enomoto A, Asai N, Namba T, Wang Y, Kato T, Tanaka M, 
Tatsumi H, Taya S, Tsuboi D, Kuroda K, Kaneko N, 
Sawamoto K, Miyamoto R, et al. Roles of disrupted-in-
schizophrenia 1-interacting protein girdin in postnatal 
development of the dentate gyrus. Neuron. 2009; 63:774–787.

35. Soda T, Frank C, Ishizuka K, Baccarella A, Park YU, 
Flood Z, Park SK, Sawa A, Tsai LH. DISC1-ATF4 
transcriptional repression complex: dual regulation of the 
cAMP-PDE4 cascade by DISC1. Mol Psychiatry. 2013; 
18:898–908.

36. Zhang X, Li X, Li M, Ren J, Yun K, An Y, Lin L, Zhang H. 
Venlafaxine increases cell proliferation and regulates 
DISC1, PDE4B and NMDA receptor 2B expression in the 
hippocampus in chronic mild stress mice. Eur J Pharmacol. 
2015; 755:58–65.

37. Chikano Y, Domoto T, Furuta T, Sabit H, Kitano-Tamura A, 
Pyko IV, Takino T, Sai Y, Hayashi Y, Sato H, Miyamoto K, 
Nakada M, Minamoto T. Glycogen synthase kinase 3beta 
sustains invasion of glioblastoma via the focal adhesion 
kinase, Rac1, and c-Jun N-terminal kinase-mediated 
pathway. Mol Cancer Ther. 2015; 14:564–574.

38. Atkins RJ, Stylli SS, Luwor RB, Kaye AH, Hovens CM. 
Glycogen synthase kinase-3beta (GSK-3beta) and its 
dysregulation in glioblastoma multiforme. J Clin Neurosci. 
2013; 20:1185–1192.

39. Suzuki SO, McKenney RJ, Mawatari SY, Mizuguchi M, 
Mikami A, Iwaki T, Goldman JE, Canoll P, Vallee RB. 
Expression patterns of LIS1, dynein and their interaction 
partners dynactin, NudE, NudEL and NudC in human 
gliomas suggest roles in invasion and proliferation. Acta 
Neuropathol. 2007; 113:591–599.

40. Cao L, Lei H, Chang MZ, Liu ZQ, Bie XH. Down-
regulation of 14–3-3beta exerts anti-cancer effects through 
inducing ER stress in human glioma U87 cells: Involvement 
of CHOP-Wnt pathway. Biochem Biophys Res Commun. 
2015; 462:389–395.

41. Gong F, Wang G, Ye J, Li T, Bai H, Wang W. 14–3-3beta 
regulates the proliferation of glioma cells through the 
GSK3beta/beta-catenin signaling pathway. Oncol Rep. 
2013; 30:2976–2982.

42. Meyer MA. Highly expressed genes in human high grade 
gliomas: immunohistochemical analysis of data from the 
human protein atlas. Neurol Int. 2014; 6:5348.

43. Natsume A, Kato T, Kinjo S, Enomoto A, Toda H, 
Shimato S, Ohka F, Motomura K, Kondo Y, Miyata T, 
Takahashi M, Wakabayashi T. Girdin maintains the 
stemness of glioblastoma stem cells. Oncogene. 2012; 
31:2715–2724.

44. Gu F, Wang L, He J, Liu X, Zhang H, Li W, Fu L, Ma Y. 
Girdin, an actin-binding protein, is critical for migration, 
adhesion, and invasion of human glioblastoma cells. 
J Neurochem. 2014; 131:457–469.

45. Ni W, Fang Y, Tong L, Tong Z, Yi F, Qiu J, Wang R, Tong X. 
Girdin regulates the migration and invasion of glioma cells 
via the PI3K-Akt signaling pathway. Mol Med Rep. 2015; 
12:5086–5092.

46. Sugimoto N, Miwa S, Tsuchiya H, Hitomi Y, Nakamura H, 
Yachie A, Koizumi S. Targeted activation of PKA and Epac 
promotes glioblastoma regression. Mol Clin Oncol. 2013; 
1:281–285.



Oncotarget85974www.impactjournals.com/oncotarget

47. Baker SJ, Ellison DW, Gutmann DH. Pediatric gliomas as 
neurodevelopmental disorders. Glia. 2016; 64:879–895.

48. Tu Y, Gao X, Li G, Fu H, Cui D, Liu H, Jin W, Zhang Y. 
MicroRNA-218 inhibits glioma invasion, migration, 
proliferation, and cancer stem-like cell self-renewal by 
targeting the polycomb group gene Bmi1. Cancer Res. 
2013; 73:6046–6055.

49. Gao X, Mi Y, Ma Y, Jin W. LEF1 regulates glioblastoma cell 
proliferation, migration, invasion, and cancer stem-like cell 
self-renewal. Tumour Biol. 2014; 35:11505–11511.

50. Hu Y, Smyth GK. ELDA: extreme limiting dilution analysis 
for comparing depleted and enriched populations in stem cell 
and other assays. J Immunol Methods. 2009; 347:70–78.


