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Abstract
Background : Dynamin-related protein 1 (DRP1) is a GTPase involved in mitochondrial �ssion,
mitochondrial protein import, and drug sensitivity, suggesting an association with cancer progression.
This study was conducted to evaluate the prognostic signi�cance of DRP1 in glioblastoma multiforme
(GBM).

Methods : DRP1 expression was measured by immunohistochemistry and Western blotting. Correlations
between DRP1 expression and clinicopathological parameters were determined by statistical analysis.
Differences in survival were compared using the log-rank test.

Results : DRP1 expression was detected in 87.2% (41/47) of the investigated patients with GBM. The
patients with higher DRP1 levels had worse survival ( p = 0.0398). In vitro , the silencing of DRP1 reduced
cell proliferation, invasive potential, and radiation resistance. The addition of shikonin inhibited DRP1
expression and increased drug uptake. Moreover, shikonin reduced the nuclear entry of DNA repair-
associated enzymes and increased radiation sensitivity, suggesting that reducing DRP1 expression could
inhibit DNA repair and increase the radiation sensitivity of GBM cells.

Conclusions : Our results indicate that DRP1 overexpression is a prospective radio-resistant phenotype in
GBM. Therefore, DRP1 could be a potential target for improving the effectiveness of radiation therapy.

Background
Glioblastoma multiforme (GBM, Word Health Organization grade IV glioma) is the most aggressive adult
brain tumor and thus has the worst prognosis. Most GBM patients (~70%) die within two years of being
diagnosed [1]. Upon initial diagnosis of GBM, standard treatment consists of maximal surgical resection,
radiotherapy, and adjuvant chemotherapy with temozolomide (TMZ) [2]. Proper radiation therapy for
GBM consists of fractionated conformal three-dimensional radiotherapy to a total dose of 60 Gy in 30
daily fractions of 2 Gy each was delivered. Such therapy, with the pre-radiation intake of an alkylating
agent, TMZ, has improved treatment e�cacy. However, the effects remain limited [3].

Recent research in the �eld of molecular biology have strongly suggested that GBM is associated with the
gain of oncogene function (e.g., N-ras, human epidermal growth factor receptor [EGFR]-1 [HER-1, also
known as v-ErbB-2 avian erythroblastic leukaemia viral oncogene homolog 1, erbB-1] and isoforms 1 and
2 of citrate dehydrogenase [IDH1/2]) [4, 5]; as well as the loss or inactivation of the function of tumor
suppressor genes (e.g., p53, RB1, O6-methylguanine-DNA-methyltransferase [MGMT], and phosphatase
and tensin homolog [pTEN]) [6-9]. Although their oncogenic consequences have yet to be fully
determined, lifestyle-related risk factors (e.g., smoking, drinking habits and compulsive use of wireless
phones) and environmental risk factors (e.g., exposure to ionizing radiation and chemicals) have been
implicated in cumulative multigene alterations, which can then activate oncogene expression, induce
aberrant cell growth and accelerate carcinogenic changes [10-14]. EGFR expression in GBM has been
investigated in several provisional clinical trials that examined the EGFR-phosphatidylinositol 3-kinase
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(PI3K)-Akt/protein kinase B (PKB) and mammalian targets of rapamycin (mTOR) signaling pathways [15-
17]. Although the �rst set of preliminary results were promising; however, improvements in clinical
treatment e�cacy and patient survival were not as evident in the �nal results.

Hypoxia is an important factor in the increased GBM resistance simply through its induction of
autophagy [18]. Biochemically, hypoxia not only activates the nuclear translocation of an apoptosis-
related mitochondrial protein, BCL-2 nineteen kilodalton interacting protein 3 (BNIP3) [19, 20], but also
elevates the synthesis of a-ketoglutarate and 2-hydroxyglutarate by IDH to increase chromatin epigenetic
modi�cation [21, 22], as well as resistance to treatment with TMZ and radiation [3, 9, 23]. Hypoxia also
induces the nuclear translocation of dynamin-related protein 1 (DRP1), which is associated with a DNA
repair-related protein, human homolog of yeast Rad23 protein A (hHR23A), through which DRP1 can, on
one hand, protect nucleoli and, on the other hand, increase the DNA repair as well as cisplatin resistance
of cancer cells [24, 25]. In addition, HIF-1alpha also modulated mitochondrial dynamics under hypoxia by
directly regulating the expression of Drp1 [26]. Treatment with mitochondrial division inhibitor-1 (Mdivi-1),
a speci�c inhibitor of DRP1-mediated mitochondrial �ssion, signi�cantly suppressed hypoxia-mediated
pancreatic beta-cell death in vitro [27]. Therefore, abnormal mitochondrial dynamics could be a marker
for the early diagnosis of molecular and monitoring disease progression [26].

DRP1 is an 80-kDa GTPase, that mediates the budding and scission of a variety of transport vesicles and
organelles [24, 28, 29], including mitochondria [30]. A number of anticancer drugs, e.g.,
epipodophyllotoxins and cisplatin, induce mitochondrial fragmentation, a phenomenon that is closely
associated with apoptosis and chemotherapeutic cytotoxicity [31]. A reduction in the levels of DRP1
protein/ transcript causes ATM-dependent G2/M arrest and aneuploidy [32]. Disturbance in mitochondrial
dynamics is due to an increased expression of Drp1 �ssion protein in vitro and in vivo [33]. A better
understanding of DRP1 on drug activity could, therefore, provide more valuable information to improve
disease management. In addition, the aforementioned chemotherapeutic agents might become vital
probes for studying the essential function as well as the regulation mechanisms of DRP1 and other
fusion/�ssion-related proteins in intracellular material transport and organelle damage [24, 25, 28, 29].
However, the role of DRP1 in GBM has not previously been studied.

In this study, therefore, we used immunohistochemistry and Western blotting to determine DRP1
expression in GBM. We then evaluated the prognostic signi�cance of DRP1 expression in GBM patients.
Moreover, we investigated the effect of shikonin and suberoylanilide hydroxamic acid (SAHA, vorinostat),
a histone deacetylase (HDAC) inhibitor, on DRP1 expression as well as radiation sensitivity in vitro.

Methods
The protocols of this study were approved by the Medical Ethics Committee of Taichung Veterans
General Hospital (Approval number: CF12026B#2).

1. Tissue specimens and immunohistochemical detection of DRP1 expression.
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The validation cohort consisted of 47 cases selected from the primary cohort based on the following
criteria: (1) available follow-up data and samples and (2) a post-operative survival time of more than 1
month. From January 2008 to August 2012, tissue specimens were collected from 47 patients with newly
diagnosed GBM. Exclusion criteria: 1. GBM patients with uncon�rmed pathology, 2. GBM patients with
spinal involvement, 3. GBM patients with incomplete data records. The obtained samples were frozen
immediately after surgery with prior consent from the patients. Tissue microarrays of 35 American GBM
samples (GL806, US Biomax, Inc., Rockville, MD, USA) were used to compare DRP1 expression between
Taiwanese and American patients. Immunohistological staining was performed on formalin-�xed
sections using an LSAB method (DAKO, Carpenteria, CA). The chromogenic reaction was visualized by
peroxidase-conjugated streptavidin and aminoethyl carbazole (Sigma, St. Louis, MO) [24, 28, 29, 34, 35].
Slides were evaluated by at least two independent pathologists without knowledge of the given patient’s
clinicopathological background. An immune-reaction of the histological scoring system was used for
scoring [36]. DRP1 expression was assessed in the non-necrotic tumor areas of �ve separate microscopic
�elds of view under a magni�cation of 40X and was classi�ed as the mean of the percentage of DRP1
immunohistochemical positive tumor cells. DRP1 expression was ranked according to the following
percentage ranges: <25, 25-50, 51-75, and >75% DRP1-positive tumor cells. The associated kappa
statistics revealed a good interobserver agreement of k = 0.81. A specimen was considered to have strong
signals when more than 50% of the cancer cells were positively stained; intermediate signals, if 25-50% of
the cells were positively stained; weak signals if the percentage of positively stained cells was between
10 and 25%; and negative signals if less than 10% of the cells were positively stained. Cases with strong
and intermediate signals (≥ 25% cells positive) were classi�ed as DRP1+, while those with weak or
negative DRP1 signals were classi�ed as DRP1–.

2. Cell culture and alteration of DRP1 expression using lentivirus-carrying shRNA or ectopic plasmid.

The human GBM cell lines, H4, U87MG, and T98G were obtained from ATCC (Manassas, VA, USA) and
grown in Dulbecco modi�ed Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 4
mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. The cells were routinely tested and
authenticated using a PromegaGenePrint® 10 system for human cell line DNA typing (Mission Biotech,
Taipei, Taiwan). Among these three cell lines (H4, T98G, and U87 cells), the U87MG and T98G cells have
been proven have lineages consistent with those of human glioblastoma U87MG and T98G cells treated
with short tandem repeat (STR) assay performed by a third-party research institution, while such testing
was not performed for the H4 cells (Supplementary Figs. S6 & S7). The cells were grown to 80%
con�uence on the day of infection. Lentivirus carrying DRP1 shRNA was prepared using a three-plasmid
transfection method [37]. The product lentivirus was used to infect U87MG and T98G cells, and cells with
DRP1 gene knockdown (DRP1KD) were selected using 1 μg/ml puromycin. After lentivirus infection
including infection with sh-Luc and DRP-1KD, the attached cells were detached by treatment with trypsin
and reseeded at 100, 500, 2,000, and 5,000 cells/well of culture plate, respectively. The cells were
incubated at 37°C for 10 days, visible colonies that contained more than 50 cells were counted and the
plating e�ciency was determined. A semi-log graph of the cell survival fractions (that is, the ratio of
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colonies formed by lentivirus-infected cells to colonies formed by control cells) against radiation dosage
was plotted (Fig. 2C).

3. Western blotting analysis.

The protocols for western blotting analysis have been described previously [24, 28, 29, 34, 35]. Brie�y, 30
μg of total cell lysate was separated on a 10% polyacrylamide gel with a 4.5% stacking gel. After
electrophoresis, proteins were transferred to a nitrocellulose membrane. The membrane was probed with
speci�c antibodies. The proteins were visualized by exposing the membrane to an X-Omat �lm with
enhanced chemiluminescence reagent (Merck, Darmstadt, Germany). The respective primary antibodies
were mouse anti-DRP1 and mouse anti-b-actin. These mouse monoclonal antibodies to DRP1 were home-
made and have previously been characterized [24]. The digital images on X-Omat �lm were processed in
Adobe Photoshop 7.0 (http://www.adobe.com/). The results were analyzed and quanti�ed by the Image J
software program (NIH, Bethesda, MD).

4. Confocal immuno�uorescence microscopy.

Puri�ed shikonin (>98%, HPLC) was purchased from Sigma-Aldrich (Saint Louis, Mo). The method for
immuno�uorescence confocal microscopy has been described previously [24, 28, 29]. Brie�y, the cells on
slides were �xed with 4% paraformaldehyde for 15 min at room temperature and permeabilized with 0.1%
Triton X-100 prior to staining with mouse anti-DRP1. After washing off of the primary antibodies, the
slides were incubated with Alexa 488-conjugated goat anti-rabbit IgG (Invitrogen, Grand Island, NY). The
nuclei were stained with 4', 6-Diamidino-2-phenylindole (DAPI), and the slides were examined under a
laser confocal microscope (Olympus FV-1000, Tokyo, Japan). Images of the cells were analyzed using
the FV10-ASW 3.0 software (Tokyo, Japan).

5. Colony formation assay and the culture of GBM stem cells.

T98G-shLuc and T98G-DRP1KD cells, U87-shLuc and U87-DRP1KD cells, and GSC-shLuc and GSC-DRP1KD

cells, were separately treated with 3, 6, or 12 Greys (Gy) of radiation (Varian 21EX linear accelerator,
Varian Oncology Systems, Palo Alto, CA). For colony formation assays, after radiation or infection with a
lentivirus, the attached cells were detached by treatment with trypsin and reseeded at 100, 500, 2,000, and
5,000 cells/well of culture plate, respectively. The cells were incubated at 37°C for 10 days, visible
colonies that contained more than 50 cells were counted and the plating e�ciency was determined. Semi-
log graphs of the cell survival fractions (that is, the ratio of colonies formed by irradiated cells to colonies
formed by control cells) against radiation dosage was plotted. The GSCs were prepared according to the
previously described protocol [38]. In brief, the obtained tissues were washed and enzymatically
dissociated into individual cells. The dissociated cells were cultured in neurosphere-conditioned medium
using Neurobasal media (Invitrogen, 21103-049) containing N2 and B27 supplements (Invitrogen, 17502-
048; 0080085SA), plus human recombinant bFGF and EGF (50 ng/ml each; R&D Systems, 233-FB; 236-
EG). After 2 to 4 weeks incubation, serial dilution was performed on the surviving GSCs to select a single

http://www.adobe.com/
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cell that was able to grow a new sphere. The glioblastoma stem cells (GSCs), spheroid type, were cultured
in neurosphere-conditioned medium (NSC medium).

�. The cell mobility of cells across Matrigel assay.

The cell mobility of infected lentiviruses including both shLuc and DRP-1KD in U87MG and T98G cells
was measured with at the modi�ed Boyden chamber containing Matrigel gel (BD Biosciences, USA) [39],
with the well of the chamber containing a membrane with 8 μm pores. The Matrigel assay was performed
according to the protocol suggested by BD Biosciences. Brie�y, a vial of BD MatrigelTM Basement
Membrane Matrix (BD-MBM, 356234) was thawed on ice overnight, and then diluted to ½ and ¼ with ice-
cold serum-free Dulbecco’s modi�ed Eagle’s medium (DMEM). Five ml of the diluted BD-MBM was spread
in a petri dish on ice, before a piece of polycarbonate membrane (with 5.0 µm pore size) was submerged
into the suspension mixture. Membrane coating was performed at room temperature for one hour. The
membrane was rinsed with serum-free DMEM once and then placed into the Boyden chamber.

The lower chamber contained the 4% FBS medium. 1 ×105 cells were pipetted into the well of the upper
chamber at intervals of one hr for 8 hr and then incubated at 37°C for 24 hr in a humidi�ed incubator with
5% CO2. Following complete removal of the non-invading cells, the membrane was lifted from the
chamber, and �xed in 100% methanol for 2 min. The cells on the membrane were stained with 1%
toluidine blue for 2 min and washed twice with distilled water. After counting the cells, the percent
invasion on the membrane was calculated by comparing the experimental group to the control group.

To count the cells in the lower chamber, the medium was carefully removed, and replaced with 100 µl of
PBS with WST-1 (BioVision, Mountain View, CA) solution. The reaction was incubated at 37°C for 1-4 hr in
a humidi�ed incubator with 5% CO2. Each experiment was done in triplicate, and the optical absorbance
(450/620, in a SunriseTM, Tecan, microplate absorbance reader) was measured by coloration of the
reacted substrate, which was catalyzed by mitochondrial dehydrogenases. The percent invasion and
invasion index in the chamber were calculated by comparing the experimental group to the control group.

A polycarbonate membrane without Matrigel coating was used to conduct the cell transfer study.

7. Drug sensitivity assay.

Drug-sensitivity was measured by a WST-1 assay [40]. Cells were seeded at 100, 1,000, and 5,000
cells/96-well plates 18 hr prior to drug challenge. Cells were pulse-treated with 4 μM of daunorubicin for 2
hr. The negative control cells were treated with the solvent for the drug. Total survival of the cells was
determined at 72 hr after the drug challenge, and percent survival was estimated by dividing the optical
absorbance resulting from each experimental group with that of the control group. Each experiment was
done in triplicate, and the optical absorbance was measured by the coloration of the reacted substrate,
WST-1 (BioVision, Mountain View, CA), which was catalyzed by mitochondrial dehydrogenases.

�. Statistical analysis.
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Overall survival (OS) was de�ned as the time from the date of diagnosis to the date of death. Survival
curves were plotted using the Kaplan-Meier estimator [41] and the statistical difference in survival
between the different groups was compared by a log-rank test [42]. Statistical tests were two-sided, and p
< 0.05 was considered signi�cant. The t-test was utilized to compare the numerical differences in clinical
parameters. Differences in patients’ performance status, tumor location, and surgical resection status
were assessed by c-square or Fisher’s exact test. Analyses of the data were performed using SPSS 10.3
software (Chicago, IL).

Results
1. GBM specimens show higher levels of DRP-1

From January 2008 to August 2012, 47 GBM patients who had undergone standard surgery and palliative
radiation therapy with daily TMZ (75 mg/m2) adjuvant to monthly TMZ (150-200 mg/m2) were
retrospectively enrolled in the study. The demographic characteristics and treatment parameters of these
patients are listed in Table 1. The identi�cation and classi�cation of tissue staining are described in detail
in the Methods section. Using immunohistochemical staining, the expression of DRP1 was detected in 41
(87.2%) of the collected Taiwanese GBM tumor specimens (Fig 1A, where DRP1 is shown as crimson
precipitates in the cytoplasm), and some DRP1 was identi�ed in the nuclei of tumor cells (Fig. 1B, where
DRP1-positive nuclei are shown as brown precipitates in the nuclei, compared to DRP1-negative blue
nuclei) in 33 (80.5%) of the 41 samples. The positive and negative staining controls are shown in
Supplementary Figs. S4A-S4C DRP1 signal was detected in 32 (91.4%) of 35 American GBM patients, and
nuclear DRP1 (DRP1nuc+) was detected in 27 (84.4%) of the corresponding 32 specimens. No difference
was found in DRP1 expression between the American and Taiwanese GBM patients (p = 0.609). The
expression of the 80-kDa DRP1 in Taiwanese patients was con�rmed by Western blotting (Fig 1C). In
addition, we speculated that the protein of DRP1 in the DRP1-positive nuclei was likely to consist of the
phosphorylated state of DRP1 (Supplementary Fig. S2C). Interestingly, the molecular weights of the DRP1
in 7 of 12 surgical specimens were higher than the anticipated 80-kDa and three samples clearly had two
protein bands, indicating that the DRP1 in biopsies could be post-translationally modi�ed [24]. It is worth
mentioning that the anti-DRP1 monoclonal antibody has been proved and characterized, and is a highly
speci�c antibody [24].

2. The impact of DRP1 overexpression on GBM patient prognosis

The survival of patients with low DRP1 levels was signi�cantly better than that of patients with high
DRP1 levels, and the difference in cumulative overall survival (OS) [p = 0.0398, 95% con�dencel interval
(CI), 1.051-8.151; Hazard ratio (HR) between DRP1+ and DRP1- patients was 5.71] was signi�cant
(Supplementary Figs. S1A & S1B). The actual 18-month OS rate of DRP1+ patients was 40.0%, while that
of DRP1- patients was 80.0%. When nuclear DRP1 was used as a perspective parameter, the survival of
patients with nuclear DRP1 was signi�cantly worse than that of the other two groups (Fig 1D, p = 0.0183,
log-rank test for trend; or Supplementary Figs. S1C & S1D, OS, p = 0.0039, and PFS, p < 0.0001), indicating
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that the expression of DRP1, including nuclear DRP1, could act as a prognostic phenotype of GBM.
Subgroup analyses revealed that GBM patients with DRP1 overexpression and unmethylated MGMT
promoter had the worst radiation responses and survival (Supplementary Figs. S1E & S1F). At the time of
data analysis (patients had been routinely followed for up to 24 months), 5 (83.3%) of 6 DRP1- patients
were alive. Among those 5 patients, four were progression-free.

3. Silencing of DRP1 expression in GBM cells decreases cell growth and mobility, but increases
radiation sensitivity

In vitro, the protein levels of DRP1 were examined by Western blotting analysis in three human glioma cell
lines (H4, U87MG, and T98G). All three cell lines expressed both 80- and 85-kDa proteins (Fig. 2A). Both
the 80-kDa and 85-kDa proteins were DRP1 proteins and that the 85-kDa protein could be post-
translationally modi�ed (Supplementary Figs. S2A-2D). Furthermore, in the presence of calf intestinal
phosphatase (CIP), the 85-kDa protein band gradually disappeared, but the levels of the 80-kDa protein
band increased, suggesting that the 85-kDa protein could be a phosphorylated form of 80-kDa DRP1
(Supplementary Fig. S2).

As noted above, both pathological and clinical studies have shown that higher DRP1 expression is
correlated with worse prognosis in patients concurrently treated with TMZ and irradiation [43, 44].
Therefore, we examined the effect of DRP1 on cell proliferation and migration. In vitro, the inhibition of
DRP1 expression caused by using shRNA to knockdown DRP1 expression (DRP1KD) (Fig. 2B) reduced the
cell growth (Fig. 2C) and mobility of tumor cells across Matrigel (Fig. 2D). Meanwhile, the decrease of cell
mobility after lentivirus infection was not associated with cell viability. This was because the cell mobility
assay used stable clones of lentivirus-infected cells, while the colony formation assay used cells
following their infection with shLuc or DRP-1KD lentivirus.

Recent studies have shown that CD-133+ GBM stem cells retain more resistance than cancer cells to
ionizing radiation [45, 46]. The silencing of DRP1, on the other hand, increased the radiation sensitivity of
both T98G (Fig. 3A) and U87 cells (Fig. 3B). The addition of TMZ only increased the radiation sensitivity
of DRP1KD T98G cells. The decrease in radiation resistance was by about 5-10 fold. Interestingly, CD-133+

GBM stem cells (GSC) also highly expressed DRP1, in particular the 85-kDa protein (Fig 3C). The silencing
of DRP1 expression inhibited the cell growth of GSCs, including the number of cells and the spheroid
formation (Fig 3D). These results con�rmed our previous �ndings that DRP1, which is essential for
mitochondrial protein import, is involved in cell growth and genotoxic resistance [24, 28, 29], suggesting
that reducing the total intracellular DRP1 expression or nuclear DRP1 levels could enhance the anticancer
e�cacy of radiation and anticancer drug therapies.

4. The respective effects of shikonin and SAHA on DRP1 expression and cell survival

Our previous studies showed that DRP1 is involved in an alternative mitochondrial import route, and the
disruption of this route induces autophagy [28, 29]. Using DRP1 as a target, we found that several
Chinese medicinal herbal extracts (CMHEs) inhibit DRP1 expression, including Astragalus, propinquus,
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Koelreuteria elegans, Lithospermum erythrorhizon, and Polygala tenuifolia [47]. Using a search engine
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664208/) to search for the major ingredients of the
plants, we found that shikonin from L. erythrorhizon is one of the most promising pure compounds [48].
To evaluate the effects of shikonin and DRP1 protein on the process of autophagy and apoptosis, we
analyzed the related protein expression.

As shown in Fig. 4A, shikonin decreased the levels of both 80- and 85-kDa DRP1 and increased that of an
autophagic marker, LC3B-II. Using �uorescence microscopy, we found that shikonin clearly induced the
formation of autophagosomes (Fig. 4B). Although SAHA did not affect DRP1 expression (Fig. 4C), it
clearly increased levels of poly [ADP-ribose] polymerase 1 (PARP-1), a marker of apoptosis (Fig. 4D, upper
panel), but did not induce cleavage of PARP-1.

In DRP1KD T98G cells, SAHA increased PARP-1 cleavage (Fig. 4D, right-hand side) as well as cell death
(Fig. 4E right panel) and mitochondria depolarization [Fig. 4E left panel, as shown by changes of
mitochondrial membrane potential (MMP)]. After SAHA treatment, T98G cells were harvested and
respectively analyzed by Western blotting and �ow cytometry. The expression of b-actin was used as a
monitoring standard for relative protein expression in the Western blotting analysis. Results are the
means ± S.D. of three independent experiments, where ** indicated p <0.001.

5. Shikonin increases nuclear levels of anticancer drugs and arrest of DNA repair-related proteins in the
perinuclear MAM

Our previous studies showed that inhibiting intracellular cargo transportation-related enzymes could
result in a reduction of nuclear levels of DNA repair-related proteins, such as ataxia-telangiectasia-
mutated (ATM) kinase, and an increase in the cytotoxic effects of anticancer drugs and irradiation [24, 28,
29, 49]. Interestingly, using an Operatta® high content imaging system (PerkinElmer, Waltham, MA) to
examine the effect of shikonin on the nuclear levels of 4',6-diamidino-2-phenylindole (DAPI) and
daunorubicin levels, in T98G cells, we found that shikonin not only markedly increased nuclear DAPI and
daunorubicin, but also signi�cantly increased cell sensitivity to daunorubicin (Figs. 5A-5C). We further
found that glioblastoma cells are sensitive to daunorubicin even through it is not used for brain tumors.
Moreover, shikonin treatment reduced the nuclear accumulation of ATM (Fig. 5D, left panel), supporting
our previous results indicating that the inhibition of DRP1 expression restricted the nuclear import of DNA
repair-related enzymes and induced bulging of the MAM (Fig. 5D, right panel). Using a transmission
electron microscope, we further showed that shikonin treatment increased nuclear envelope damage
(Figs. 5E1 & 5E2). Shikonin causes nuclear envelope breaks (Fig. 5e2, arrow), and leads to the disruption
of the inner and outer nuclear membrane in T98G cells, which implies that membrane disintegration
starts after the addition of shikonin.

Discussion

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5664208/
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Our results showed that DRP1 was highly expressed in the investigated newly diagnosed GBM patients
(87.2%, 41/47). Moreover, nuclear DRP1 was identi�ed in 33 (80.5%) of the DRP1-positive (DRP1+)
pathological specimens. Using Western blotting to analyze DRP1 expression, we found that the molecular
weights of DRP1 in 10 of 12 surgical samples were around 85-kDa. In spite of the number of analyzed
patients being less, these results still moderately indicated that the DRP1 found in GBM biopsy tissues
could be post-translationally modi�ed [18, 24]. Statistical analyses showed that patients with DRP1
overexpression or nuclear DRP1 (DRP1nuc+) were more resistant to radiation and hence had a higher
frequency of disease relapse and worse prognosis. Subgroup statistical analyses further revealed that
GBM patients with DRP1 overexpression and unmethylated MGMT promoter had the worst radiation
responses and survival (Supplementary Figs. S1E & S1F).

In vitro, DRP1 expression correlates with resistant phenotype to radiation and TMZ (T98G cells were more
resistant than U87MG cells). Nonetheless, the silencing of the DRP1 gene increases the sensitivity of both
U87MG cells (with a methylated MGMT promoter) and T98G cells (with an unmethylated MGMT
promoter) to radiation and TMZ, suggesting that the expression of DRP1, as well as that of Aldo-keto
reductase (AKR) 1C1 and 1C2 [49, 50], increases their resistance to radiation to yield the radiation-
resistant phenotype of GBM cells [24, 28, 29, 34, 35]. The binding of DRP1 to the nucleoli could further
protect the rRNA-encoding region to maintain genome stability [24], and these events together could
regulate cellular activity against cytotoxic agents and radiation. On the other hand, nuclear
phosphorylated DRP-1 is likely to exhibit increased protein expression under hypoxia (Supplementary Fig.
S2C), as well as increased drug resistance [24].

Interestingly, a previous study reported that long-term exposure of GBM cells to TMZ decreases drug
sensitivity by up-regulating the expression of AKR enzymes and glucose transporter [51]. The elevation of
glucose transport altered mitochondrial metabolism, while the increase of AKR enzymes deactivated TMZ
and cisplatin, supporting our �nding that some AKR enzymes were localized on the mitochondria-
associated membrane (MAM), the essential organelle that regulates material transport to the
mitochondria and nucleus [47, 49]. Both transportation passages require DRP1, ATAD3A, and mitofusin 2
(Mfn2) [28, 29]. Since shikonin inhibits DRP1 expression in T98G cells, it is reasonable to believe that
intracellular materials, such as proteins and lipids which are synthesized in the endoplasmic reticulum
(ER) and then scheduled to be transported to the mitochondria and nucleus [24, 29], will be accumulated
in the MAM. The lack of a timely supply of such materials would make it di�cult to maintain
mitochondrial integrity, which could severely diminish the mitochondrial function and change the
organelle morphology (Supplementary Figs. S3A-S3D).

It is worth noting that mitochondria do not synthesize phosphatidylserine (PS) per se. Rather PS is mainly
synthesized in the ER and MAM, and then imported to the mitochondria. In contrast
phosphatidylethanolamine (PE), the unique phospholipid that is conjugated to autophagy-related gene 3
(Atg3) during the initiation of autophagy, is converted from the PS in the mitochondria and transported
back to the ER. Interestingly, the ER also constitutes the outer part of the nuclear envelope. It is, therefore,
reasonable to anticipate that a decrease of cytoplasmic DRP1 may concurrently damage the
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mitochondrial membrane and the nuclear envelope, which would not only decrease the general ATP
supply but also reduce nuclear imports of DNA repair-related enzymes [49]. Moreover, elevated nuclear
import of DRP1 could consume massive amounts of intracellular hHR23A, which would competitively
diminish the nuclear import of xeroderma pigmentosum complementation group C (XPC) to delay the
nucleotide excision repair (NER) that is essential for maintaining genome integrity following the challenge
of TMZ or cisplatin [24, 49, 51, 52].

Both TMZ and radiation induce nuclear and mitochondrial genome DNA breakage. TMZ affects both
mitochondrial electron transport and oxidative phosphorylation [53]. Radiation, on the other hand,
induces the translocation of ATM, which is important for the repair of DNA breaks, to the nucleus and
mitochondria [54]. An ATM de�ciency, whether induced by a genetic or a biochemical method, reduces
genomic DNA repair functions as well as mitochondrial biogenesis and oxidative respiratory functions
[55]. By demonstrating that extranuclear ATM is bound to ER-associated peroxisome targeting signal type
1 (PTS1) receptor (also named peroxisomal biogenesis factor 5, Pex5), Watters et al suggested that
besides the nucleus, ATM could be targeted to the MAM [56]. In a gene knockout study, Baumgart et al
further showed that a defect in the Pex5 gene reduced peroxisomal metabolism, as well as the expression
and activities of the mitochondrial respiration system [57]. Their results strongly suggested that MAM
and its associated enzymes, in particular, DRP1, a GTPase, play a pivotal role in allocating materials, that
are essential for maintaining organelle morphology, as well as the DNA integrity of the genome and the
mitochondria. Our data supported their results and showed that reducing cytoplasmic DRP1 expression,
either through the addition of shikonin or exposure to hypoxia (Supplementary Figs. S4A-S4D), might
inhibit the import of DNA repair-associated enzymes [49, 52] such as ATM and gamma-H2AX, as well as
that of mitochondrial biogenesis- and oxidative respiration-related proteins to decrease genomic and
mitochondrial DNA stability, which is ultimately re�ected in an increased sensitivity to drugs and
radiation.

Autophagy is generally regarded as a rescue response in both normal cells and tumor cells confronted
with various forms of danger, such as starvation and irradiation exposure. We found that the inhibition of
DRP1 signi�cantly increased the radiation sensitivity and repressed the autophagy response of cells
subjected to chemo-treatment (Figs. 3AB, 4C), while at the same time, DRP1-KD led to an increase in the
apoptosis response of glioblastoma cells (Fig. 4D). Obviously, the lack of DRP1 similar to the inhibition of
autophagy, contributed to the sensitivity of cells to both chemo- and radiotherapy [58]. In spite of the fact
that this study could not clearly explain the role played by DRP1 in the autophagy process, it revealed
evidence indicating that DRP1 is likely to play a role in mitochondrial DNA stability (Fig. 4E) [58].

Conclusions
In conclusion, our results showed that DRP1 is overexpressed in GBM, while the inhibition of DRP1
expression induces autophagy and enhances radiation sensitivity. This effect is speci�c to cancer cells,
which overexpress not only DRP1 but also ATAD3A, AKR1C1, eukaryotic elongation factor (eEF2), and
optic atrophy 1 (OPA1), phenomena which are not detected in their non-tumor counterparts [34, 59, 60]. In
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fact, this is the �rst report on the DRP1 expression and clinical characteristics of a large series of high-
grade glioma patients. In addition to inducing autophagy, the silencing of DRP1 was found to reduce cell
growth and invasion potentials, and such features were also found in GBM stem cells. Reducing DRP1
expression augmented the cytotoxicity of SAHA (acetylation and apoptosis-inducing agent) and
daunorubicin as well. Although the population size of this study was small, our data shed some light on
the radio-resistant phenotype of GBM, of which DRP1 could be a potential marker, even though DRP1
alone might not be an independent prognostic factor.
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Supporting Information
Supplementary Figure S1 Comparison of Kaplan-Meier product limit estimates of survival analysis in
patients with GBM. Patients were divided into two groups based on DRP1 expression. Statistical
differences in (A) overall and (B) progression-free survival between the two groups were compared using
the log-rank test. Patients with higher DRP1 expression had signi�cantly shorter overall survival (OS) (p =
0.0398, 95% con�dence interval (CI), 1.051-8.151) and progression-free survival (PFS) (p = 0.0067; 95%
CI, 1.438-9.517; HR, 3.699). When patients were grouped based on nuclear DRP1, the overall and
progression-free survivals were respectively shown as (C) OS, p = 0.0039, 95% CI, 1.448-6.93, HR, 3.167;
and (D) PFS, p < 0.0001; 95% CI, 2.466-12.37; HR, 5.523. After MGMT status was listed as a perspective
parameter, patients were divided into four groups. Statistical differences in the (E) overall and (F)
progression-free survival among the four groups were compared using the log-rank test for trend. Patients
with higher DRP1 expression and no MGMT promoter methylation had signi�cantly shorter OS (p =
0.0141) and PFS (p = 0.0035).

 

Supplementary Figure S2 Characterization of 80- and 85-kDa DRP1-positive cells. (A) Western blotting
analysis of T98G cell lysate with antibodies speci�c to DRP1. Molecular weights of both DRP1-positive
protein bands were located between 70-kDa (red) and 100-kDa protein markers. (B) In the presence of calf
intestinal phosphatase (CIP), the 85-kDa protein band gradually disappeared, but the levels of 80-kDa
protein band increased, suggesting that the 85-kDa protein could be a phosphorylated form of 80-kDa
DRP1. β-actin was used as an internal control to ensure that equal amounts of protein were added in
each respective well. To validate the supposition that hypoxia could drive nuclear translocation of DRP1,
cytoplasm and nuclei were separated by centrifugation prior to Western blotting. (C) Hypoxia increased
cytoplasmic levels of 85-kDa DRP1. Moreover, hypoxia increased levels of both 80- and 85-kDa DRP1 in
the nucleus. β-tubulin was used as cytoplasmic marker, and histone H3 was used as a nuclear marker to
ensure that equal amounts of protein were added in each respective well. (D) Using reverse transcription-
polymerase chain reaction (RT-PCR) to detect the expression of DRP1 mRNA in GBM cell lines and
pathological specimens, we ampli�ed a unique 678 base-pair (bp) band of ampli�ed cDNA. The DNA
fragments were excised from the gel and the sequences were veri�ed to be DRP1 by DNA sequencing.
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Supplementary Figure S3 The effect of DRP1 expression on mitochondrial morphology of T98G cells. (A)
The shape of mitochondria in untreated T98G cells (control). (B) In DRP1 gene-silenced cells (identi�ed
as DRP1- ), most of the mitochondria became condensed, and some assumed an elongated shape.
Vacuoles (arrow) and lysosome-like vesicles (white arrow) appeared in the cytoplasm, indicating a
progression of autophagy. (C) In hypoxia-exposed T98G cells (with hypoxia exposure lasting for 48 hr,
representing cells with nuclear DRP1, DRP1nuc), the mitochondria were elongated, but with a certain
degree of swelling. However, some of the mitochondrial outer membranes were disintegrated and some
of the internal contents were starting to leak out. (D) In shikonin-treated cells (24 hr), the mitochondria
were highly condensed, and some of the vacuoles appeared right next to the mitochondria, suggesting an
expansion of the mitochondria-associated membrane (MAM) and the initiation of autophagy.

 

Supplementary Figure S4 Shikonin and SAHA had different effects on the expression and intracellular
localization of DRP1 as well as the radio-resistance of T98G cells. (A) Distribution of DRP1 as determined
by immuno�uorescence confocal microscopy. (A1) T98G cells were fed with MitoTracker green FM
(mitochondria-speci�c dye, green �uorescence) before being stained with DRP1-speci�c monoclonal
antibodies labeled with rhodamine (red �uorescence) and with DAPI (nuclear stain, blue �uorescence).
(A2) Exposure to hypoxia for 48 hrs increased both cytoplasmic and nuclear DRP1 expression, in
particular nucleolar DRP1 expression (red �uorescence), in T98G cells when compared to the control
group. There results corresponded well with our previous study of lung adenocarcinomas (Chiang et al.,
2009) and indicated that DRP1 was located on mitochondria. In the merged images, the yellow
�uorescence showed the overlaps of red and green �uorescence at the same location. The purple nuclei
re�ected the overlaps of red and blue �uorescence. (A3) SAHA treatment for 48 hrs reduced some of the
nuclear DRP1 expression and increased apoptosis (as shown by the appearance of micronucleated cells,
with white arrow heads pointed at the fragmented nuclei). (A4) Addition of shikonin for 24 hrs, on the
other hand, reduced both cytoplasmic and nuclear levels of DRP1, but increased autophagic vacuoles
(white arrows). (B) Pre-treatment with different concentrations of shikonin for 24 hrs increased radiation
sensitivity of T98G cells. , control; , 0.5 µM shikonin; , 2 µM shikonin; , 5 µM shikonin. (C) Pre-
treatment with 5 µM of SAHA for various periods of time (from 24-72 hrs) also decreased radiation
resistance of T98G cells. , control; , pre-treatment for 24 hrs; , pre-treatment for 48 hrs; , pre-treatment
for 72 hrs

 

Supplementary Figure S5 Controls of the immunohistochemical staining. (A) Pathological sections of
lung adenocarcinoma tissue that had been stained positive for DRP1. (B) T98G cells that, were stained
positive for DRP1 by immunocytochemistry. The cells were grown on slides and then �xed with
acetone/methanol (50%:50%) at 4°C for 15 min before staining. Methyl green was used for
counterstaining. (C) The negative control of immunohistochemical staining, in which antibodies speci�c
to DRP1 were not added to the GBM sections.
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Table
Table 1. The correlations among DRP-1 expression and various patient characteristics.
  Patients

(n=47)
  DRP-1nuc+

(n=33)
  DRP-1cyt+

(n=8)
  DRP-1-

(n=6)

p
value

n %  n %  n % n %  
Age                       0.534  

≦60 25 (53.2%)   18 (54.5%)   3 (37.5%)   4 (66.7%)    
>60 22 (46.8%)   15 (45.5%)   5 (62.5%)   2 (33.3%)    

Gender                       0.221  
Male 22 (46.8%)   16 (48.5%)   5 (62.5%)   1 (16.7%)    
Female 25 (53.2%)   17 (51.5%)   3 (37.5%)   5 (83.3%)    

Tumor number                       0.101  
Solitary 43 (91.5%)   32 (97.0%)   6 (75.0%)   5 (83.3%)    
Multiple 4 (8.5%)   1 (3.0%)   2 (25.0%)   1 (16.7%)    

Tumor size                       0.305  
≦3cm 5 (10.6%)   5 (15.2%)   0 (0.0%)   0 (0.0%)    
>3cm 42 (89.4%)   28 (84.8%)   8 (100.0%)   6 (100.0%)    

Tumor
occurrence

                      0.177  

Primary 41 (87.2%)   29 (87.9%)   8 (100.0%)   4 (66.7%)    
Recurrence 6 (12.8%)   4 (12.1%)   0 (0.0%)   2 (33.3%)    

Chi-square test. *p<0.05, **p<0.01
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Figure 1

Immunohistochemical staining for the detection of DRP1 expression in GBM pathological specimens. In
Taiwanese patients, (A) GBM tumor tissues highly expressed DRP1 (shown as crimson precipitates in the
cytoplasm, denoted as DRP1cyt+) and (B) highly expressed nuclear DRP1 (shown as brown precipitates
in the nuclei, denoted as DRP1nuc+) (original magni�cation  400). The slides were counterstained with
hematoxylin. (The positive and negative controls are shown in the Supplementary Figs. S5A-S5C) The
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black arrows indicate DRP1 staining in tumor cells. The white arrowheads indicate the in�ltration of
immune cells. Scale bars are 100 m. (C) Expression levels of DRP1 in surgically resected GBM
specimens as determined by Western blotting. The calculated molecular weight of DRP1 was 80-kDa, and
the 85-kDa protein bands were probably the phosphorylated DRP1. (D) Comparison of Kaplan-Meier
product limit estimates of survival analysis in patients with GBM. Patients were divided into three groups,
DRP1nuc+ DRP1cyt+ and DRP1-, according to the expression and location of DRP1. The statistical
differences in survival among the three groups were compared using the log-rank test for trend.
DRP1nuc+ patients (higher nuclear DRP1 expression) had signi�cantly shorter OS (p = 0.0183). (For other
survival comparisons, please check Supplementary Figs. S1A S1E).
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Figure 2

Correlation of DRP1 expression with cell growth and invasion potential of GBM cells. (A) DRP1 was
highly expressed in human H4 and T98G glioblastoma cells. DRP1 level in U87MG cells was lower than
that in T98G cells. (B) The silencing of DRP1 expression (DRP1KD) reduced the DRP1 protein levels (as
detected by Western blotting) of the T98G cells and U87MG cells. (C) The silencing of DRP1 expression
decreased proliferation capacity (as measured by colony formation). T98G cells are used as a
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representative. (D) DRP1KD T98G cells and DRP1KD U87MG cells had lower invasion potential (as
measured by Matrigel penetration assay). T98G cells are used as a representative. Scale bars are 250 m.
The results are presented as the means ± S.D. of three independent experiments. **, p <0.001

Figure 3

Correlation of DRP1 expression with radiation sensitivity of GBM and proliferation e�ciency of GBM
stem cells. (A) The silencing of DRP1 (DRP1KD) increased radiation-induced cell death (as measured by
colony formation assay) in T98G cells. The addition of 50 M TMZ did not affect the radiation resistance
of wild-type ( ), but increased the radiosensitivity of DRP1KD ( ) T98G cells. , wild-type; , DRP1KD cells.
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(B) The silencing of DRP1 (DRP1KD) also increased the radiosensitivity of U87MG cells. , wild-type; ,
DRP1KD. TMZ reduced the radiation resistance of wild-type U87MG cells ( ), but not of DRP1KD ( ) cells.
MGMT promoter in U87 cells is methylated, and that in T98G cells is unmethylated. Results are the
means ± S.D. of three independent experiments. *, p <0.005 (C) GBM stem cells highly expressed DRP1.
The silencing of DRP1 expression (DRP1KD) reduced the DRP1 protein level (as detected by Western
blotting). (D) DRP1KD GBM stem cells had lower proliferation ability (as measured by the formation of
spheres). Scale bars are 250 m. The results were repeated over three independent experiments in each
case.

Figure 4

Shikonin and SAHA had different effects on gene expression of DRP1 in T98G cells. (A) The addition of
shikonin inhibited expression of DRP1, and induced autophagy (as shown by increased levels of LC3B-II
determined by Western blotting). (B) Treatment with shikonin for 24 hr induced autophagy, as con�rmed
by the formation of autophagosomes, which was visualized by using �uorescence microscopy to detect
the colour change of acridine orange (change from colorless to yellow or orange under low pH). Scale
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bars are 100 m. (C) The addition of SAHA did not clearly affect DRP1 expression or induce autophagy
(no obvious change of autophagy markers, ATg5-Atg12 conjugates and LC3B II, was detected by Western
blotting). (D) Treatment with SAHA for 24 hr did not readily induce cleavage of poly [ADP-ribose]
polymerase 1 (PARP-1), a marker of apoptosis, but clearly increase PARP-1 levels (left side). In DRP1KD
T98G cells, SAHA increased PARP-1 cleavage (right side). Expression of -actin was used as a monitoring
standard for relative protein expression in the Western blotting analysis. (E) Cell death, which was
measured by colony formation assay, is presented in the right panel. Changes of mitochondrial
membrane potential (MMP), an indication of mitochondria depolarization, is shown in the left panel.
Brie�y, following SAHA treatment, T98G cells were incubated with hydrophobic �uorescent dye 3,3’-
dihexyloxacarbocyanine iodide (DiOC6) at 37°C for 20 min prior to harvest. The collected cells were
analyzed by the FACS Calibur (BD, CA, USA). Results are the means ± S.D. of three independent
experiments. **, p <0.001
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Figure 5

Shikonin increases nuclear levels of DAPI stain and an anticancer drug, daunorubicin, but inhibits nuclear
transportation of a DNA repair-related protein, ATM. (A) 18-hr post-shikonin treatment, nuclear
�uorescence of DAPI stain was increased by about 4 folds when T98G cells were scanned by an
Operatta® imaging system. Scale bars are 250 m. (B) Shikonin increased expression of LC3, an
autophagy marker, in T98G cells. The LC3 signals were overlapped with the �uorescence of the
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anticancer drug daunorubicin when the cells were scanned by the Operatta® imaging system. Scale bars
are 250 m. (C) A schematic composite of shikonin-treated cells. White column, cells stained with DAPI
(as �uorescence control); black column, nuclear levels of daunorubicin; grey column, cytotoxicity of
shikonin alone; slash-line column, cytotoxicity of shikonin and 0.5 M daunorubicin, as measured by a
WST-1 assay. The results were repeated over three independent experiments in each case. **, p <0.001 (D)
Shikonin inhibited the nuclear transportation of ATM (red �uorescence), and the proteins were
accumulated in the enlarged MAM (green �uorescence), indicating that the decreasing expression of
DRP1 also reduced the nuclear import of DNA repair-related proteins (You et al, 2013). Scale bars are 20
m. The above results were repeated over three independent experiments in each case. (E) Compared to

the control T98G cells (E1), shikonin induced damage of the nuclear envelopes (E2, arrow) when the cells
were examined using a transmission electron microscope. Scale bars are 2.5 m.
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