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Abstract Glioblastoma (GBM) is the most common

primary malignant brain tumor. Microvascular prolifera-

tion is one of the characteristic pathologic features of

GBM. Mitochondrial dysfunction plays an important role

in the pathogenesis of GBM. In this study, microvascular

proliferation from GBM and normal brain blood vessels

were laser microdissected and total RNA was isolated from

these microvasculatures. The difference of mRNA

expression profiles among GBM microvasculature, normal

brain blood vessels and GBM tumor cells was evaluated by

mitochondria and metabolism PCR gene arrays. It was

found that the mRNA levels of ATP5A1 and ATP5B in

GBM tumor cells as well as microvascular proliferation

were significantly higher compared with normal brain

blood vessels. Immunohistochemical stains with anti-

ATP5A1 antibody or anti-ATP5B antibody were per-

formed on tissue microarray, which demonstrated strongly

positive expression of ATP5A1 and ATP5B in GBM tumor

cells and GBM microvascular proliferation while normal

blood vessels were negative. By analyzing The Cancer

Genome Atlas data sets for GBM and other cancers,

genomic DNA alterations (mutation, amplification or

deletion) were less likely the reason for the high expression

of ATP5A1 and ATP5B in GBM. Our miRNA microarray

data showed that miRNAs that target ATP5A1 or ATP5B

were down-regulated, which might be the most likely

reason for the high expression of ATP5A1 and ATP5B in

GBM tumor cells and microvascular proliferation. These

findings help us better understand the pathogenesis of

GBM, and agents against ATP5A1 and/or ATP5B might

effectively kill both tumor cells and microvascular prolif-

eration in GBM. MiRNAs, such as Let-7f, miR-16, miR-

23, miR-100 and miR-101, that target ATP5A1 or ATP5B,

might be potential therapeutic agents for GBM.
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Introduction

Glioblastoma (GBM) (WHO grade IV) is the most com-

mon and highly malignant primary brain tumor. GBM

comprises 50–60 % of all gliomas. The median survival

time for GBM patients is about 15 months despite

aggressive multimodality therapy. Pseudopalisading

necrosis and microvascular proliferation are characteristic

pathologic features for GBM that distinguish GBM from

lower grade astrocytomas [1]. During last few decades,

almost all chemotherapeutic agents are only targeted on

GBM tumor cells but not on tumor microenvironments.

Targeted anti-angiogenic therapy with Avastin, a mono-

clonal antibody against vascular endothelial growth factor,

induces temporary tumor remission on MRI, but does not

significantly prolong the overall survival time [2]. In

combined therapy with temozolomide and anti-angiogenic

agent for gliomas, it is found that Avastin can restore the

blood–brain barrier in the GBM microvasculature which

reduces the permeability of temozolomide [3]. Thorough
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investigation of the nature of endothelial cells in

microvascular proliferation is essential to develop more

effective targeted therapy.

Mitochondria are essential cellular organelles in normal

cells and neoplastic cells, which are involved in numerous

complicated physiological processes such as energy gen-

eration, cell proliferation and apoptosis [4]. Each of the

oxidative phosphorylation enzymes in mitochondria,

Complexes I–V, is a multi-subunit enzyme coded by

mtDNA and/or nDNA [5]. Although GBM, like other

cancer cells, favor abnormal energy production via aerobic

glycolysis [6, 7], it becomes more and more evident that

mitochondrial dysfunction plays an important role in the

pathogenesis of GBM [8–10].

In this study, we investigated the difference of mRNA

expression profiles among GBM microvasculature, normal

brain blood vessels and GBM tumor cells using Human

Mitochondrial Energy Metabolism PCR Arrays. The

mRNA array results were validated by immunohisto-

chemistry on tissue microarray. We also explored the

reason that cause the high expression of ATP5A1 and

ATP5B in GBM microvasculature and tumor cells by

genomic DNA analysis using The Cancer Genome Atlas

data and microRNA (miRNA) analysis.

Materials and methods

Laser-capture microdissection

IRB approval for this study was obtained from the North

Shore and Long Island Jewish Health System Institutional

Review Board. All formalin-fixed, paraffin-embedded

(FFPE) tissue specimens used in this study were collected

as part of standard clinical care and were considered to be

leftover and unnecessary for patient treatment. To obtain

microvascular proliferation in GBM (7 cases) and normal

blood vessels in normal brain (4 cases), laser-capture

microdissection (LCM) (Leica LMD7000) was performed

on FFPE samples. Five lm sections of human tissue were

cut at room temperature and transferred to PEN-membrane,

4.0 lm slides (Leica) for LCM. About 10,000 cells were

laser microdissected from microvascular proliferation in

GBM and normal blood vessels in normal brain.

Total RNA isolation

Total RNA was extracted from the microdissected samples

and the GBM tissue sections after microvascular prolifer-

ation microdissection using miRNeasy FFPE Kit (Qiagen)

as per the manufacturer’s instructions. RNA was quantified

using a Nanodrop 1000 spectrophotometer v3.3 (Thermo

Scientific).

Mitochondrial energy metabolism plus PCR Arrays

cDNA synthesis was performed with 160 ng RNA in a final

volume of 10 ll using First-Strand cDNA synthesis kit

(Qiagen), following the manufacturer’s instructions. cDNA

was preamplified using RT2 PreAMP cDNA Synthesis Kit

(Qiagen), and Human Mitochondrial Energy Metabolism

Plus Primer Mix (Qiagen) as primers. Preamplified cDNA

was applied to Human Mitochondrial Energy Metabolism

Plus 384-well format RT2 Profiler PCR Arrays (Qiagen).

qPCR was performed as per the manufacturer’s instructions

using RT2 SYBR� Green qPCR Mastermix (Qiagen) on a

LightCycler� 480 Instrument II (Roche), and Ct values

were obtained by performing data analysis using

LightCycler�480 Software (Roche). DDCt-based fold-

change and statistical significance analysis was performed

using the Integrated Web-based Software Package for the

PCR Array System at the GeneGlobe Data Analysis Center

on the Qiagen website.

Construction of glioma tissue microarray

Glioma samples were obtained from patients who had

undergone surgery at our institution from 2004 through

2015. The formalin-fixed paraffin-embedded archival tis-

sue blocks were retrieved and matching hematoxylin and

eosin stained slides were screened for representative tumor

regions by a neuropathologist. For GBM cases, areas with

microvascular proliferation were selected. The tissue

microarrays (TMA) were constructed from selected glio-

mas using a microarrayer (Beecher Instruments) as

described previously [11]. The TMA included 42 GBM, 10

low-grade astrocytomas, 8 oligodendrogliomas and 6 nor-

mal brain tissues. Each specimen was sampled in duplicate

from representative areas of either one or two donor blocks

using a 1.5-mm punch.

Immunohistochemistry

A standard indirect immunoperoxidase procedure (Pier-

ceTM Peroxidase IHC Detection Kit, Thermo Scientific

Pierce) was followed as per the manufacturer’s instruc-

tions. Antigen retrieval was performed. Antibodies against

ATP5A1 (Rabbit monocolonal anti-ATP5A1 antibody,

ABCAM) (1:50 dilution) or ATP5B (Rabbit monocolonal

anti-ATPB antibody, ABCAM) (1:100 dilution) were

overlaid on tissue microarray sections and incubated

overnight at 4 �C. Slides were incubated with HRP-con-

jugated goat anti-Rabbit secondary antibody (1:500 dilu-

tion) at room temperature for 30 min. The Metal Enhanced

DAB Substrate Working Solution (Thermo Scientific) was

added to the tissue and incubated until the desired staining

was achieved. Immunohistochemical stains for ATP5A1 or
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ATPB were blindedly evaluated by a neuropathologist and

placed into one of two categories: positive or negative.

Negative was defined as very weak-to-absent staining, or

less than 25 % strongly reacting tumor cells. Positive was

defined as strong reaction in C25 % of tumor cells.

Genomic DNA mutation and amplification analysis

using The Cancer Genome Atlas (TCGA) data

In order to see whether the high expression of ATP5A1 or

ATP5B in gliobastoma was due to gene mutation or

amplification, we went to Memorial Sloan-Kettering Cancer

Center cBioPortal for Cancer Genomics web site (http://

www.cbioportal.org/index.do). We searched the genetic

alterations for both ATP5A1 and ATP5B genes in 14 TCGA

databases including two GBM databases [12, 13].

Human Cancer Pathway Finder 384HC microRNA

arrays

For GBM samples, 500 ng total RNA were converted to

cNDA using miScript II RT Kit (Qiagen) with its HiSpec

Buffer. For blood vessels, 100 ng total RNA were con-

verted to cDNA using HiSpec Buffer, then the cDNA was

preamplified using miScript PreAMP PCR Kit (Qiagen)

and miScript PreAMP Premer Mixes for Human Cancer

Pathway Finder 384HC (MBHS-3102Z, Qiagen). Real-

Time PCR was done with miScript SYBR� Green PCR Kit

(Qiagen) and miScript miRNA PCR Array for Human

Cancer Pathway Finder 384HC (Qiagen) on a LightCy-

cler� 480 Instrument II. Ct values were obtained by per-

forming data analysis using LightCycler�480 Software.

DDCt-based fold-change and statistical significance anal-

ysis were performed using the Integrated Web-based

Software Package for the PCR Array System at the Gen-

eGlobe Data Analysis Center on the Qiagen website. A list

of miRNAs that target ATP5A1 or ATP5B was generated

by searching from miRTarBase (http://mirtarbase.mbc.

nctu.edu.tw/), the experimentally validated microRNA-

target interactions database [14], and then the expression

levels of these miRNA from our miRNA array data were

evaluated.

Result

High mRNA levels of ATP5A1 and ATP5B in tumor

cells and microvascaular proliferation in GBM

Total RNA was extracted from brain blood vessels, GBM

microvascular proliferation and GBM tissue sections after

microvascular proliferation microdissection. Total RNA

was used for Human Mitochondrial Energy Metabolism

Plus RT2 Profiler PCR Array, which profiled the expression

of 84 key genes involved in mitochondrial respiration,

including genes encoding components of the electron

transport chain and oxidative phosphorylation complexes.

After data analysis, the volcano plots of the signal inten-

sities between GBM microvasculature and normal brain

blood vessels, and between GBM and normal brain blood

vessels were generated (Fig. 1a, b). The mRNA levels of

ATP5A1 (Fold change = 14.35, p \ 0.01) and ATP5B

(Fold change = 10.56, p\0.01) were significantly higher

in GBM microvasculature than normal brain blood vessels.

The mRNA levels of ATP5A1 (Fold change = 22.45, p\
0.01) and ATP5B (Fold change = 11.17, p\ 0.01) were

also significantly higher in GBM than normal brain blood

vessels. NDUFS6 was also statistically significantly up-

regulated in both GBM tumor cells and microvascular

proliferation compared to normal blood vessels (Fold

change [3.00, p \ 0.05). ATP5H, ATP5I, ATP5J,

COX6B1, COX7A2L, COX7B, NDUFA3, NDUFAB1,

NDUFB5, NDUFS4, SDHA, UQCRC2 and HSPA1A were

statistically significantly down-regulated in both GBM

tumor cells and microvascular proliferation compared to

normal blood vessels (Fold change\-3.00, p\ 0.05).

High expression of ATP5A1 and ATP5B proteins

in tumor cells and endothelial cells

of microvascaular proliferation in GBM

Immunohistochemical stains by anti-ATP5A1 and anti-

ATP5B antibodies were performed on tissue microarrays.

It was found that 39 out of 42 GBM cases were positive for

ATP5A1 with strong and diffuse cytoplasmic staining, and

41 out of 42 GBM cases were positive for ATP5B with

strong and diffuse cytoplasmic staining (Fig. 2). Endothe-

lial cells of microvascular proliferation in all GBM cases

were strongly positive for ATP5A1 and ATP5B while

normal brain blood vessels were negative for both ATP5A1

and ATP5B (Fig. 3). In low-grade astrocytoma cases, 6 out

of 10 cases were positive for ATP5A1, and 9 out of 10

cases were positive for ATP5B. In low-grade oligoden-

droglioma cases, 4 out of 8 cases were positive for

ATP5A1, and 5 out of 8 cases were positive for ATP5B

(Fig. 3).

Genomic DNA mutation or amplification less likely

was the reason for the high expression of ATP5A1

and ATP5B in GBM

We searched the genetic alterations for both ATP5A1 and

ATP5B genes in 14 TCGA data sets including two GBM

databases from The Memorial Sloan-Kettering Cancer

Center cBioPortal for Cancer Genomics web site [12, 13].
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Ten out of 14 data sets showed genetics alteration for

ATP5A1 gene (Fig. 4a). ATP5A1 mutation occurred in a

small percentage of breast invasive carcinoma, GBM, renal

clear cell carcinoma, stomach adenocarcinoma, bladder

urothelial carcinoma, lung adenocarcinoma, lung squamous

cell carcinoma (SCC), uterine endometrioid carcinoma and

colorectal adenocarcinoma (0.2–2.4 %) (Fig. 4a). ATP5A1

gene was amplified in a small percentage of breast invasive

carcinoma, colorectal adenocarcinoma, endometrioid car-

cinoma, urothelial carcinoma, lung SCC and ovarian serous

carcinoma (0.2–1.9 %) (Fig. 4a). One out of 281 GBM

cases (0.4 %) had ATP5A1 A282S mutation with low

ATP5A1 mRNA expression in the data sets. Twelve out of

14 data sets demonstrated genetics alteration for ATP5B

gene (Fig. 4b). ATP5B mutation was noted in a small

percentage of breast invasive carcinoma, GBM, lung

adenocarcinoma, renal clear cell carcinoma, lung SCC,

endometrioid carcinoma, colorectal adenocarcinoma,

urothelial carcinoma and stomach adenocarcinoma

(0.2–1.7 %) (Fig. 4b). There was ATP5B gene amplifica-

tion in a small percentage of breast invasive carcinoma,

papillary thyroid carcinoma, stomach adenocarcinoma,

GBM (1/91 in TCGA 2008, 4/281 in TCGA 2013), ovarian

serous carcinoma and lung adenocarcinoma (0.2–3.5 %)

(Fig. 4b). One out of 281 GBM cases (0.4 %) had ATP5B

S386L mutation and exhibited average ATP5B mRNA

expression in the data sets. Those GBM cases with ATP5B

gene amplification in the data sets did show a moderate to

marked increase in ATP5B mRNA expression. Since very

small percentage of GBM cases in these large data sets had

ATP5A1 and ATP5B mutation or amplification, and no

case had deletion of these two genes, genomic DNA

Fig. 1 The volcano plots of PCR mRNA arrays and microRNA

arrays. a The volcano plot of the signal intensities between GBM

microvascular proliferation and normal brain blood vessels in the

Human Mitochondrial Energy Metabolism plus PCR mRNA arrays.

b The volcano plot of the signal intensities between GBM and normal

brain blood vessels in the Human Mitochondrial Energy Metabolism

plus PCR mRNA arrays. c The volcano plot of the signal intensities

between GBM microvascular proliferation and normal brain blood

vessels in Human Cancer Pathway Finder 384HC MicroRNA arrays.

d The volcano plot of the signal intensities between GBM and normal

brain blood vessels in Human Cancer Pathway Finder 384HC

MicroRNA arrays. Statistical significance and fold-changes are

displayed on the y- and x-axes, respectively. Red dots and green

dots represent outliers beyond the ±3 fold changes for mRNA arrays.

Yellow dots and blue dots represent outliers beyond the ±2 fold

changes for microRNA arrays
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alterations less likely were the reason for the high

expression of ATP5A1 and ATP5B in GBM.

Multiple miRNAs targeting ATP5A1 or ATP5B

in tumor cells and microvascular proliferation

in GBM were significantly decreased

In order to evaluate miRNAs that target ATP5A1 or

ATP5B, total RNA from the same specimens used for

mRNA array was used for Human Cancer Pathway Finder

384HC MicroRNA Array analysis, which profiled the

expression of 372 miRNAs differentially expressed in

tumors versus normal tissue. After data analysis, the vol-

cano plots of the signal intensities of different miRNAs

between GBM microvasculature and normal brain blood

vessels, and between GBM and normal brain blood vessels

were generated (Fig. 1c, d). A list of miRNAs that target

ATP5A1 or ATP5B was produced by searching from

miRTarBase [14], and then the expression levels of these

miRNA from our Human Cancer Pathway Finder 384HC

MicroRNA array data were evaluated. Five miRNAs (miR-

16-5p, miR-23a-3p, miR-23b-3p, miR-26a-5p and miR-

100-5p) targeting ATP5A1 mRNA were significantly

down-regulated in GBM microvascular proliferation

(ranging from -2.38 to -32.51) and GBM tumor cells

(ranging from -2.85 to -25.69) compared to normal brain

blood vessels (p\0.01) (Table 1). Six miRNAs (let-7f-5p,

miR-24-3p, miR-101-3p, miR-125b-5p, miR-193b-3p and

miR-331-3p) that target ATP5B mRNA were significantly

down-regulated in GBM microvascular proliferation

(ranging from -2.93 to -40.63) compared to normal blood

vessels in brain (p\0.01); 6 miRNAs (let-7f-5p, miR-24-

3p, miR-125b-5p, miR-320a, miR-423-5p and miR-744-

5p) that target ATP5B mRNA were significantly down-

regulated in GBM tumor cells (ranging from -1.63 to

-7.07) compared to normal brain blood vessels (p\ 0.01

or p\ 0.05) (Table 1).

Discussion

Glioblasotma (GBM) and other cancers are primarily

considered as a disease of energy metabolism [15]. More

and more researchers are becoming interested in functional

Fig. 2 ATP5A1 and ATP5B immunohistochemical stains in glioblas-

tomas. a, b Hematoxylin and eosin stain (H&E stain) shows GBM

with hypercellularity, nuclear pleomorphism and microvascular

proliferation (4009). c ATP5A1 immunohistochemical stain demon-

strates that GBM tumor cells and microvascular proliferation are

strongly and diffusely positive for ATP5A1 (4009). d ATP5B

immunohistochemical stain reveals that GBM tumor cells and

microvascular proliferation are strongly and diffusely positive for

ATP5B (4009)
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processes linked to mitochondrial regulation in GBM [16].

By mitochondrial proteomics assay, Deighton, RF et al.

[10] find 117 mitochondrial proteins are increased in GBM,

which are associated with oxidative damage, such as

catalase, superoxide dismutase 2, peroxiredoxin 1 and

peroxiredoxin 4. There is a decrease in many proteins

(especially respiratory chain proteins, including 23 com-

plex-I proteins) involved in energy metabolism. Mito-

chondrial ATP synthase consists of 5 different subunits

(alpha, beta, gamma, delta, and epsilon). ATP5A1 and

ATP5B genes encode the 553 amino acid a-subunit and the

529 amino acid b-subunit respectively. Using RT-PCR,

ATP5B gene expressions are found significantly higher in

colorectal cancer tissues [17]. In in vitro study, the

deficiency of D-(?)-glucose can induce the expression of

ATP5A1 in human MDA-MB-231 breast cancer cells [18].

So far, there is no publication regarding the expression of

ATP5A1 and ATP5B in glioma. Our study shows that there

is a statistically significant increase in the expression of

ATP5A1 or ATP5B in GBM tumor cells and GBM

microvascular proliferation at mRNA and protein levels

compared to normal brain blood vessels. The elevation of

ATP5A1 and ATP5B in GBM is most likely due to an

attempt to meet the high demand for ATP in this highly

proliferative tumor. Since ATP5A1 and ATP5B proteins

are highly expressed in more than half of low-grade glio-

mas, they cannot be used as markers to separate high-grade

gliomas from low-grade gliomas.

Fig. 3 ATP5A1 and ATP5B immunohistochemical stains in low

grade gliomas and normal brain blood vessels. a Hematoxylin and

eosin stain (H&E stain) shows a low-grade astrocytoma with mildly

cellularity, and hyperchromatic and irregular nuclei (4009). b H&E

stain demonstrates a low-grade oligodendroglioma with mildly

cellularity, round and uniform nuclei and perinuclear halos (4009).

c ATP5A1 immunohistochemical stain shows that astrocytoma tumor

cells are strongly and diffusely positive for ATP5A1 (4009).

d ATP5A1 immunohistochemical stain demonstrates that

oligodendroglioma tumor cells are negative for ATP5A1 (4009).

e ATP5B immunohistochemical stain reveals that astrocytoma tumor

cells are strongly and diffusely positive for ATP5B (4009). f ATP5B
immunohistochemical stain demonstrates that oligodendroglioma

tumor cells are negative for ATP5B (4009). g ATP5A1 immunohis-

tochemical stain shows that normal brain blood vessels are negative

for ATP5A1. 4009. h ATP5B immunohistochemical stain demon-

strates that normal brain blood vessels are negative for ATP5B

(4009)
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It is very common that gene mutation and/or amplifi-

cation of genomic DNA can cause the high expression of

certain oncogenes in several different cancer cells includ-

ing GBM. However, 14 TCGA data sets including two

GBM databases from The Memorial Sloan-Kettering

Cancer Center cBioPortal for Cancer Genomics web site

show that only very small percentage of cases have

ATP5A1 mutation (0.2–2.4 %), APT5A1 amplification

(0.2–1.9 %), ATP5B mutation (0.2–1.7 %) or APT5B

amplification (0.2–3.5 %) (Fig. 4a, b) [12, 13]. In the data

sets, 1 out of 281 GBM cases (0.4 %) has ATP5A1 A282S

mutation with decreased ATP5A1 mRNA expression. One

Fig. 4 Cross-cancer alteration summary for ATP5A1 and ATP5B1.

a Cross-cancer alteration summary for ATP5A1 in The Cancer

Genome Atlas (TCGA) data at cBioPortal for Cancer Genomics.

b Cross-cancer alteration summary for ATP5B in The Cancer

Genome Atlas (TCGA) data at cBioPortal for Cancer Genomics.

AML-Acute myeloid leukemia, Bladder- Bladder urothelial

carcinoma, Colorectal- Colorectal adenocarcinoma, chRCC- Chro-

mophobe renal cell carcinoma, ccRCC- Clear cell renal cell

carcinoma, Lung adeno-Lung adenocarcinoma, Ovarian-Ovarian

serous carcinoma, Thyroid–Thyroid papillary carcinoma, Stomach–

Stomach-adenocarcinoma, Uterine–Uterine endometrioid carcinoma

Table 1 MiRNAs targeting ATP5A1 or ATP5B are down regulated in GBM and microvascular proliferation in GBM (GBM-MVP) compared to

normal brain blood vessels (BV)

miRNA Up-down regulation

GBM/BV

p-value Up-down regulation

GBM-MVP/BV

p-value

miRNAs targeting ATP5A1 miR-16-5p -17.22 \0.01 -32.51 \0.01

miR-23a-3p -2.85 \0.01 -2.38 \0.01

miR-23b-3p -25.69 \0.01 -17.12 \0.01

miR-26a-5p -7.65 \0.01 -60.81 \0.01

miR-100-5p -9.67 \0.01 -5.51 \0.01

miRNAs targeting ATP5B let-7f-5p -1.63 \0.05 -7.04 \0.01

miR-24-3p -7.07 \0.01 -3.89 \0.01

miR-101-3p -5.69 [0.05 -20.06 \0.01

miR-125b-5p -2.72 \0.01 -40.63 \0.01

miR-193b-3p -1.13 [0.05 -2.93 \0.01

miR-320a -2.1 \0.05 -1.3 [0.05

miR-331-3p -1.64 [0.05 -2.94 \0.01

miR-423-5p -3.2 \0.01 -1.6 [0.05

miR-744-5p -4.5 \0.01 -1.6 [0.05
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out of 281 GBM cases (0.4 %) has ATP5B S386L mutation

with average ATP5B mRNA expression demonstrated in

the data sets. Five out of 372 GBM cases with ATP5B gene

amplification do show a moderate to marked increase in

ATP5B mRNA expression demonstrated in the data sets.

Based on the results from these large data sets for GBM

and other cancers, genomic DNA alterations (mutation,

amplification or deletion) are less likely the reason for the

high expression of ATP5A1 and ATP5B in almost all cases

of GBM as shown in the present study.

It is well known that miRNAs can function as potential

oncogenes or tumor suppressor genes during the initiation

and progression of cancer [19]. It is recently found that

miR-7-5p is down-regulated in GBM microvasculature and

inhibits vascular endothelial cell proliferation by targeting

RAF1 [20]. Human Cancer Pathway Finder 384HC

MicroRNA Array analysis for evaluating these miRNAs

targeting ATP5A1 or ATP5B is performed. The expression

level of miR-16-5p, miR-23a-3p, miR-23b-3p, miR-26a-5p

and miR-100-5p that target ATP5A1 mRNA are signifi-

cantly decreased in GBM microvascular proliferation and

GBM tumor cells compared to normal brain blood vessels

(p \ 0.01) (Table 1). The expression levels of let-7f-5p,

miR-24-3p, hsa-miR-101-3p, hsa-miR-125b-5p, miR-

193b-3p and miR-331-3p that target ATP5B mRNA are

significantly reduced in GBM microvascular proliferation

compared to normal brain blood vessels (p\0.01); let-7f-

5p, miR-24-3p, miR-125b-5p, miR-320a, miR-423-5p and

miR-744-5p that target ATP5B mRNA are also signifi-

cantly down-regulated in GBM tumor cells compared to

normal blood vessels in brain (p \ 0.01 or p \ 0.05)

(Table 1). The findings indicate that the down-regulation of

these miRNAs that target ATP5A1 or ATP5B is the most

likely reason for the high expression of ATP5A1 and

ATP5B in almost all cases of GBM tumor cells and

microvascular proliferation as shown in the present study.

Some of these miRNAs are found to be involved in the

proliferation, invasion, or other aspects of glioma. By tar-

geting periostin, let-7f inhibits glioma cell proliferation and

migration [21]. MiR-16 significantly inhibits the growth of

U87MG glioma in vivo probably by slowing down the cell

proliferation and suppressing angiogenesis [22]. MiR-16

inhibits glioma cell growth and invasion by suppressing

epithelial-mesenchymal transition-related gene (vimentin,

beta-catenin and E-cadherin), BCL2, and the nuclear fac-

tor-kappaB1/MMP9 signaling pathway in human glioma

[23, 24]. MiR-23b significantly inhibits the proliferation

and invasion of glioma cells by targeting Pyk2, HIF-1a, b-
catenin, MMP2, MMP9, VEGF and ZEB1 [25, 26]. The

up-regulation of miR-100 reduces GBM tumorigenicity by

inhibiting silencing mediator of retinoid or thyroid hor-

mone receptor-2 gene [27]. The high expression of miR-

100 in M059K cells and other cancer cells decreases ATM

expression and sensitizes cancer cells to ionizing radiation

[28]. The mRNA translation-related gene cytoplasmic

polyadenylation element-binding protein 1, overexpressed

in glioma cells and tissues, is directly targeted and inhib-

ited by miR-101 [29]. MiR-320 inhibits glioma cell pro-

liferation and metastasis via targeting E2F1 [30]. It is

confirmed by previous publications that let-7f -5p, miR-

101, miR-320a, miR-423-5p and miR-744-5p can directly

bind to ATP5B 30UTR; miR-16-5p, miR-23a-3p, miR-

23b-3p, miR-26a-5p and miR-100-5 can directly bind to

ATP5A1 30UTR [31, 32]. It is very clear that let-7f, miR-

16, miR-23, miR-100, miR-101 and miR-320a act as tumor

suppressors in glioma by negatively regulating different

genes in the published literature while they can target

either ATP5A1 or ATP5B.

Citreoviridin, an ATP synthase inhibitor, can suppress

the proliferation and growth of breast and lung cancers.

[33, 34] Mitochondria-targeting rosamines can inhibit

Complex II and ATP synthase activities of the mitochon-

drial oxidative phosphorylation pathway in 4T1 murine

breast cancer [35]. Because both tumor cells and

microvascular proliferation in GBM have substantial

expression of ATP5A1 and ATP5B, agents against

ATP5A1 and/or ATP5B at RNA and protein levels might

effectively destroy both tumor cells and microvascular

proliferation in GBM. MiRNAs targeting ATP5A1 or

ATP5B, especially Let-7f, miR-16, miR-23, miR-100 and

miR-101, might be potential therapeutic agents for GBM.
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