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Abstract Heterogeneous nuclear ribonucleoprotein A2/B1
(hnRNP A2/B1) plays an important role in influence of pre-
messenger RNA (pre-mRNA) processing and mRNA metab-
olism and transportation in cells. Increasing evidence indicates
that hnRNP A2/B1 played an important role in development
and progression of various human cancers. Forty cases of
normal and human glioma tissue samples were analyzed using
immunohistochemistry to reveal the expression of hnRNP A2/
B1 protein in the samples. Then, knockdown of hnRNP A2/
B1 expression induced by RNA interference (RNAi) method
was used to analyze the role of hnRNP A2/B1 in glioblastoma
cell viability, adhesion, migration, invasion, and
chemoresistance for temozolomide (TMZ). The data showed
that hnRNP A2/B1 protein was overexpressed in glioma tissue
specimens and associated with advanced glioma grades.
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Knockdown of hnRNP A2/B1 could reduce glioblastoma cell
viability, adhesion, migration, invasion, and chemoresistance
for TMZ capacity, but induced tumor cells to apoptosis and
reactive oxygen species (ROS) generation in glioma U251
and SHG44 cells. Molecularly, hnRNP A2/B1 knockdown
reduced expression of phospho-STAT3 and MMP-2. Detec-
tion of hnRNP A2/B1 expression may be useful as a biomark-
er for prediction of glioma progression and knockdown of
hnRNP A2/B1 expression as a novel strategy in future control
of glioblastoma in clinic.

Keywords Glioblastoma - hnRNP A2/B1 - Cell growth - Cell
invasion - ShRNA

Introduction

Brain tumors are the most common malignancy and one of the
leading cancer-related deaths in children and young adults, as
showed by the American Brain Tumor Association (ABTA).
Brain tumors can be benign or malignant and occur in differ-
ent parts of the brain, which significantly affect quality of life
because of their invasive and infiltrative character in the lim-
ited space of the intracranial cavity. Glioma, accounting for
almost half of all primary brain tumors, is a lethal intracranial
tumor arisen from glial cells. Gliomas are classified by cell
type, by grade, and by location and further categorized accord-
ing to their pathology grade [1, 2]. Despite recent advance-
ment in aggressive surgery, radiation, and chemotherapies, the
life expectancy of patients with glioblastoma multiform
(GBM), the most frequently diagnosed malignant glioma
(World Health Organization [WHO] grade 1V), is approxi-
mately 14 months under the current standard of care [3]. Their
diffuse invasion is regarded as one of the main barriers for
treatment failure and tumor recurrence [4, 5].
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To date, the major treatment strategies for glioblastoma
typically consist of a gross total resection of the lesion, when
feasible, followed by focal radiotherapy and systematical che-
motherapy. Such therapies have been developed to improve
surgical resection of completely surgical lesion removal, opti-
mize radiotherapy with the beam to suit the irregular profiles,
and use of temozolomide chemotherapy instead of carmustine
for decrease in toxicity [6]. However, due to specific glioblas-
toma characteristics, these treatment advancements remain in-
sufficient to reduce the morbidity and mortality of glioma.
Thus, novel approaches are needed to improve the clinical
outcome by increasing our understanding of the basic molec-
ular pathogenesis of this lethal disease, which may include a
more comprehensive view and study of the altered genes and
pathways in glioma cells, the underlying molecular mecha-
nisms responsible for alterations of the hallmark
pathobiological features of this disease, the identification
and evaluation of novel biomarkers for early detection and
prediction of disease progression for glioma patients, and the
novel therapeutic strategies for targeting keystone genetic le-
sions and their pathways in control of gliomas [2, 7].

Toward this end, heterogeneous nuclear ribonucleoproteins
(hnRNPs) are a family of RNA-binding proteins that consist
of approximately 20 major hnRNP proteins. They were in-
volved in various aspects of messenger RNA (mRNA) key
biogenesis [8, 9]. As a key member of the hnRNP family,
hnRNP A2/B1 is a complex formed by protein B1 and A2 at
a rational proportion [10]. hnRNP A/B regulates the splicing
and transportation of mRNA in cells and plays a role in reg-
ulation of cell growth and carcinogenesis [11]. Previous stud-
ies have showed that hnRNP A2/B1 were overexpressed in
lung cancer, which may be as a biomarker for early detection
of lung cancer [12], while up-regulation of hnRNP A2/B1
protein may be a candidate gene for screening of early pan-
creatic cancer and gastric adenocarcinoma [13]. Knockdown
of hnRNPA1 and A2/B1 expression induced apoptosis of
breast cancer cells [14]. hnRNP A2/B1 may play an important
role in regulation of hypoxia, the common feature inherent to
the biologic processes of embryogenesis and carcinogenesis
[15]. hnRNP A2/B1 overexpression may probably save as a
biomarker for prediction of survival of glioblastoma patients
[16]. Thus, in this study, we first detected hnRNP A2/B1 ex-
pression in glioma tissue specimens and then knocked down
its expression in two glioma cell lines to assess the changed
cell phenotypes and events.

Materials and Methods
Human Tissue Samples

This study was approved by the medical review board of
Chongqing Medical University (Chongqing, China). The data
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Table 1 Clinical
characteristics of 40 N %
patients
Gender
Male 21 52.5
Female 19 47.5
Age (years)
>45 23 57.5
=45 2 5
<45 15 375
WHO grade
Normal 8 20
I 8 20
I 8 20
I 8 20
v 8 20

on clinical characteristics of patients were presented in Table 1.
Thirty-two cases of human brain tissue samples were obtained
from glioma patients who underwent surgical resection of
glioma lesions and signed an informed consent form in the
Department of Neurosurgery of The Second Affiliated Hospi-
tal of Chongqing Medical University. Eight cases of normal
human brain tissues were also taken from the area of the pe-
ripheral tissues away from the tumor lesions or from
nonneoplastic brain resected due to hemorrhage. Tissues were
then snap-frozen in liquid nitrogen immediately and stored in
liquid nitrogen until use.

Immunohistochemistry

The tissue sections were subjected to the standard SP immu-
nohistochemistry procedures using the Histostain™-Plus kit
(#SP-9002 from Zymed, CA, USA) according to the manu-
facturer’s instructions. The color development was followed
as previously described [17], and the sections were then cov-
ered with cover slips in a neutral resin. The stained sections
were then reviewed and scored by two pathologists. Images
were acquired with a digital camera attached to a microscope
(DM6000 B, Leica Microsystems Ltd. Germany), and the
photographs were analyzed using the Image-Pro Plus 6.0
computer program provided by the Leica. In this research,
all the lighting conditions were held constant across all imag-
ing studies and the individual collecting and analyzing the
photomicrographs was blinded to treatment condition.

Cell Lines and Culture

Human malignant glioma U251 and SHG44 cell lines were
obtained from KeyGen Biotech (glioblastoma multiforme,
WHO grade IV; NanJing KeyGen Biotech Co., Ltd., Nanjing,
China.). They were cultured in the recommended medium
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supplemented with 10 % fetal bovine serum (FBS) ina 5 %
CO, incubator at 37 °C. The medium was replaced every 2—
3 days with a complete medium, and subcultures were per-
formed when cells in monolayer reached confluence. Cell
morphology was examined using an inverted microscope
(NIKON TE2000-U, Tokyo, Japan). All culture media and
supplements above were obtained from Hyclone (Thermo
Fisher Scientific (China) Co., Ltd., Beijing, China). Normal
human astrocytes (NHAs) were maintained in astrocyte
growth medium (AGM). The NHAs and AGM were obtained
from Lonza Group Ltd. (Basel, Switzerland).

Immunofluorescence

Cells were seeded on cover slips precoated with polylysine in a
6-well plate. The cells were fixed in 4 % paraformaldehyde
prepared in PBS for 30 min, permeabilized in 0.5 % Triton
X-100 prepared in PBS for 5 min and incubated in blocking
buffer (5 % goat serum prepared in PBS) at 37 °C for 30 min.
Then, they were incubated in blocking buffer containing
mouse anti-hnRNP A2/B1 antibody (Santa Cruz, CA, USA;
1:100) at 4 °C overnight followed by incubation in blocking
buffer containing Cy3-conjugated goat anti-mouse antibody
(Beyotime Institute of Biotechnology; 1:100), FITC-
conjugated goat anti-mouse antibody (Beyotime Institute of
Biotechnology; 1:100), and DAPI (Santa Cruz, CA, USA;
50 ng/ml) at 37 °C for 1 h. All the wash buffer used before
every step was PBS. Then all the results were detected by a
fluorescence microscope (Nikon TE2000-U, Tokyo, Japan).

Stable Gene Transfection

To knockdown of hnRNP A2/B1 expression, tumor cells were
grown overnight and then transfected with an hnRNP A2/B1
small hairpin RNA (shRNA) vector using a FUGENE® HD
transfection reagent (Hoffmann-La Roche Ltd., Germany) ac-
cording to the manufacturer’s instructions. Forty-eight hours
after that, the cells were maintained in a complete medium
containing puromycin dihydrochloride from Sigma-Aldrich
Co. (St Louis, MO, USA; 2 pg/ml for U251 cell lines and
4 ng/ml for SHG44) for 2 weeks and then subcloned the
individual puromycin-resistant cells to 96-well plates and ex-
panded the cells into puromycin-resistant sublines. The stable
sublines transfected with hnRNP A2/B1-specific pLKO.1-
shRNA vector (H1 sense primer: 5'-CCGGCAGAAATACC
ATACCATCAATCTCGAGATTGATGGTATGGTATTTC
TGTTTTTG-3', H1 antisense primer: 5~ AATTCAAAAACA
GAAATACCATACCATCAATCTCGAGATTGATGGTAT
GGTATTTCTG-3'; H2 sense primer: 5'-CCGGAGAAGCTG
TTTGTTGGCGGAACTCGAGTTCCGCCAACAAACA
GCTTCTTTTTTG-3', H2 antisense primer: 5'-AATTCAAA
AAAGAAGCTGTTTGTTGGCGGAACTCGAGTTCCG
CCAACAAACAGCTTCT-3"; H3 sense primer: 5'-CCGGTG
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ACAACTATGGAGGAGGAAACTCGAGTTTCCTCCT
CCATAGTTGTCATTTTTG-3', H3 antisense primer: 5'-
AATTCAAAAATGACAACTATGGAGGAGGAAACTC
GAGTTTCCTCCTCCATAGTTGTCA-3") were identified as
U251-H1, U251-H2, U251-H3, SHG44-H1, SHG44-H2, and
SHG44-H3, respectively.

RNA Isolation and Quantitative Reverse Transcription-PCR

Total RNA was isolated from cell lines using a TRIzol reagent
(TaKaRa, Dalian, China) according to the instructions. The
concentration of these RNA samples was then measured using
a spectrophotometer at 260 and 280 nm (A260/280), and the
RNA samples were reverse-transcribed into cDNA using a
PrimeScript™ RT reagent Kit (TaKaRa). qPCR amplification
was performed in a Roche-480 with a SYBR Green RT-PCR
kit (TaKaRa), and qPCR conditions were an initial 95 °C for
3 min and then 40 cycles 0f 95 °C for 15 s and 60 °C for 1 min.
The primers for hnRNP A2B1 were 5'-AGCGACTGAGTC
CGCGATGGA-3" and 5'-GCAGGATCCCTCATTACCAC
ACAGT-3' and primers for 18 s RNA as an internal control.
The experiments were performed in triplicate and repeated at least
twice. The amount of target was calculated by the 2-AACT
method using and Light Cycle 480 SW1.5 software (Roche).

Protein Extraction and Western Blot

The tissue and cultured cells were lysed in a RIPA Lysis Buffer
(P0013B, Beyotime Institute of Biotechnology, Beijing, China)
containing phenylmethanesulfonyl fluoride (PMSF, ST506,
Beyotime Institute of Biotechnology) according to the manu-
facturer’s instructions. The protein samples were quantified
using a Pierce® BCA Protein Assay Kit (Thermo Scientific,
USA). The equal amount protein samples (50 pg) were sepa-
rated by SDS-PAGE and transferred onto polyvinylidene
difluoride (PVDF) membranes, then probed with individual
antibodies according to the instruction book. After that, the
protein bands were revealed by a developing reagent (P0019,
Beyotime Institute of Biotechnology) and photographed by a
chemiluminescence imaging system (ChemiDoc XRS+,
Bio-Rad, USA). The amount of protein in each band was then
quantified using the Quantity One 4.6 computer software. The
results were normalized as a ratio of hnRNP A2/B1 to internal
reference using the Gaussian Model Trace.

The primary antibodies used were rabbit monoclonal anti-
STAT3 (Epitomics, Inc. CA, USA; at a dilution of 1:1000),
rabbit anti-phospho-STAT3 (Epitomics; 1:1000), mouse anti-
hnRNP A2/B1 (Santa Cruz, CA, USA; 1:200), mouse anti-
MMP-2 (Santa Cruz Biotechnology; 1:200), mouse anti-
MMP-9 (Santa Cruz Biotechnology; 1:200), rabbit anti-{3-
actin (Epitomics; 1:1000), and rabbit anti-GAPDH (Epi-
tomics; 1:1000). The secondary antibodies used were goat
anti-rabbit IgG (MultiSciences, 1:10,000) and goat anti-
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mouse IgG (MultiSciences, 1:10,000). The wash buffers were
PBS and PBS-T (Tween-20, 1:2000).

Cell Viability Assay

The cell viability was determined by the water-soluble tetra-
zolium-1 (WST-1, Hoffmann-La Roche Ltd., Germany). In
brief, cells were seeded at a density of 1x10* cells/well and
cultured in 96-well plates containing 0.2 ml culture medium
and 10 % FBS for up to 96 h. At the experiments, WST (10 pl/
well) was added and incubated for 4 h. The cell viability was
then determined by measuring the absorbance at 450 nm in a
Tecan F039300 Sunrise Microplate Reader (Tecan (Shanghai)
Trading Co., Ltd. Shanghai, China). Cell growth curves were
drawn from the mean value of three wells with repeated ex-
periments. And for anticancer agent sensitivity assay, cells
(1x10* cells/well) were plated in 96-well plates and cultured
overnight. After 24-h treatment with an anticancer agent TMZ
(Sigma), cell viability was determined as described above.

Tumor Cell Colony Formation Assay

For colony formation assays, cells (500/well) were seeded in
triplicate on 6-well plates containing culture medium (2 ml/
well) supplemented with 10 % FBS and puromycin
dihydrochloride (2 pg/ml for stable transfected U251 cell lines
and 4 pg/ml for stable transfected SHG44 cell lines). After
30 days, the colonies were washed with phosphate-buffered
saline (PBS) for three times, fixed with 4 % paraformaldehyde
for half an hour, stained with crystal violet for half an hour,
and then washed by distilled water. Cell colonies with more
than 50 cells in size were counted.

For colony formation assay in soft agar, the 6-well plates
were first poured with 5 % base agar (1 ml/well) and solidified
for 2 h. Next, 1 ml of 0.3 % agar containing with a complete
medium and stable cell sublines (500/ml) was layered onto the
surface of the bottom agar. After incubated for 30 days with
refed medium every 3 days, the cell colonies (>50 um) were
photographed and counted. The experiments were repeated
twice.

Flow Cytometric Assay to Detect Cell Cycle and Apoptosis
and Reactive Oxygen Species

The stable sublines were seeded and grown in a 6-well plate.
When the cell reached approximately 85 % confluency, the
cells were harvested and then washed twice with PBS, fixed in
precooled 70 % ethanol overnight at 4 °C. In the next day, the
cells were washed twice in PBS, and suspended in 500 pl PBS
containing RNase A (50 pg/ml) and propidium iodide (PI;
50 pg/ml) and incubated for 30 min at 37 °C water bath.
The cell cycle distribution was analyzed by using a FCM
(FACSVantage SE, Becton Dickinson, USA).

To determine cell apoptosis, the same-treated cells were
harvested and incubated with reagents from the Annexin V-
FITC apoptosis kit (BioVision, Inc., CA, USA) according to
the manufacturer’s protocol.

To quantitate reactive oxygen species (ROS) generation,
cells were incubated in the dark with 10 uM DCFH-DA (Cel-
lular Reactive Oxygen Species Detection Assay Kit,
Applygen Technologies Inc., Beijing, China) for 60 min. After
washing three times with PBS, cells were suspended and ex-
amined with flow cytometry.

All of the experiments were assayed in triplicate and re-
peated at least twice.

Tumor Cell Adhesion Assay

The 96-wells plates were first coated with 100 nl Matrigel and
kept in a CO, incubator for 1 h. Cells (2% 10*/well) were then
seeded in these 96-well plates and incubated for 2 h at 37 °Cin
a CO, incubator with 5 % CO,. After that, the unattached cells
were washed away three times with PBS and WST (10 pl/
well) was added into the cell culture and incubated for 4 h, and
the absorbance was measured at 450 nm with a microplate
reader.

Transwell Tumor Cell Invasion and Migration Assay

Transwell chambers (with 8 pm pore membranes, BD Biosci-
ences, CA, USA) were used to analyze tumor cell invasion
capacity in 24-wells plates. The chambers were coated with
Matrigel (BD Biosciences, CA, USA) and reconstituted with
serum-free medium for 24 h before the experiment. The sta-
bled sublines containing 200 pl serum-free medium were plat-
ed in the upper chamber and the 600 pl medium supplemented
with 10 % FBS was added to the lower chamber. Sixteen
hours after incubation, cells on the top chambers of the
Transwell were removed; cells on the lower surface of the
membranes were fixed with 4 % paraformaldehyde for half
an hour, stained with crystal violet for half an hour, and then
washed by distilled water. The invaded cells were
photographed under a light inverted microscope (Nikon
TE2000-U, Tokyo, Japan). Thirty-three percent acetic acid
was added to the 24-wells plate to destain the dyed invasive

Fig. 1 Immunohistochemistry detection of hnRNP A2/B1 expression in P>
glioma tissue specimens. a hnRNP A2/B1 expression in normal brain
samples (x400); b—e hnRNP A2/B1 expression in grade 1-4 clinic
glioma samples (x400); f summarized data of all 40 cases in triplicate
were analyzed in this study. g HnRNP A2/B1 protein expression in
NHAs, glioma U251, and SHG44 cell lines. h Immunofluorescent
staining of glioma cells for hnRNP A2/B1 (red in U251 and green in
SHG44) and nuclei (blue). Error bars represent the standard error of
the mean of quadruplicates. Compared with normal brain samples,
*p<0.01
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cells, and the quantitative value was measured by the absor-
bance at 570 nm on a microplate reader.

The membranes without Matrigel coating were used as
tumor cell migration assay, and the cells were incubated for
12 h.

Statistical Analysis

The two-tailed unpaired Student’s ¢ test was used to evaluate
differences between two groups. For experiments involving
multiple comparisons, one-way ANOVA and Tukey’s post
hoc test were used to evaluate differences. The SPSS software
was used in the statistical analysis. Data were considered to be
statistically significant if »p<0.05 or p<0.01 as appropriate.

Results
Overexpression of hnRNP A2/B1 Protein in Human Glioma

In this study, we first assessed the expression of hnRNP A2/B1
protein in human glioma tissue samples. As shown in Fig. la—
f, expression of hnRNP A2/B1 protein in grade II-1V of glio-
ma tissues was much higher than that of the normal brain
tissues. Expression of hnRNP A2/B1 protein was associated
with advanced tumor grade of gliomas. Next, we determined
hnRNP A2/B1 expression in two glioma U251 and SHG44
cell lines and found that hnRNP A2/B1 was highly expressed
in these two cell lines (Fig. 1g). And it is found that hnRNP
A2/B1 hnRNP A2/B1 were located in the cellular nucleus
from the immunofluorescence images (Fig. 1h). Thus, we sta-
bly transfected hnRNP A2/B1 shRNA into these two glioma
U251 and SHG44 cell lines.

RNA1 on U251 and SHG44 Cells

Compared to the hnRNP A2/B1 expressions in the U251
and SHG44 cells, respectively, the hnRNP A2/B1 mRNA
and protein expressions were significantly reduced in the
stably hnRNP A2/B1 shRNA transfected glioma U251 and
SHG44 cell sublines (U251-H1, U251-H2, U251-H3,
SHG44-H1, and SHG44-H2) (Fig. 2). Because of plasmids
transfection efficiency were different, the U251-H1 and
SHG44-H1 transfected cells (hnRNP A2/B1 mRNA ex-
pression decreased >80 % and protein expression de-
creased >40 %) were finally selected as the target cells to
research the effect of hnRNP A2/B1 knockdown on glio-
blastoma cells. The U251-H3 and SHG44-H3 transfected
cells (hnRNP A2/B1 mRNA expression decreased <25 %,
the protein expression decreased 13 % in U251-H3 cells,
and the protein expression had no significant changes in
SHG44-H3 cells) were excluded from this research. The

U251-H2 and SHG44-H2 transfected cells (hnnRNP A2/
B1 mRNA expression decreased 50-65 % and protein ex-
pression decreased approximately 15-25 %) were used as
the supplementary research cells of U251-H1 and SHG44-
H1, respectively. There were no significant differences be-
tween U251 and U251-NC or SHG44 and SHG44-NC. The
empty vector control cells U251-NC and SHG44-NC were
used as the negative control groups.

Effects of hnRNP A2/B1 Knockdown on Regulation
of Glioma Cell Viability, Colony Formation

Next, we assessed the effects of hnRNP A2/B1 knockdown on
regulation of tumor cell viability and found that knockdown of
hnRNP A2/B1 expression inhibited tumor cell viability. Spe-
cifically, compared to U251-NC and SHG44-NC cells, the
growth rate of U251-H1 was reduced to 46 % (p<0.05,
Fig. 3) and SHG44-H1 to 38 % (p<0.05, Fig. 3a) after 96-h
incubation. Cell cycle analysis showed that hnRNP A2/B1
knockdown obviously increased percentage of tumor cells at
G2/M phase (12.27+1.397 % for U251-NC, 28.03£8.794 %
for U251-H1, 24.26+7.244 % for SHG44-NC, and 63.71+
6.958 % for SHG44-H1; Fig. 3b). Flow cytometric apoptosis
assay showed that apoptosis of U251-H1 (9.312£2.705 %)
and SHG44-H1 (9.67+3.716 %) significantly increased com-
pared to U251-NC (0.904+0.3679 %) and SHG44-NC (0.942
+0.3710 %; Fig. 3c). Furthermore, the ROS generation was
increased most significantly in U251-H1 and SHG44-H1
(Fig. 3d).

After that, we performed anchorage-dependent and -
independent colony formation assays. The results of plate
anchorage-dependent colony formation showed that there
were much less colonies in U251-H1 and SHG44-H1 than
in relevant negative contrast cells (Fig. 4a). The size of colo-
nies was also smaller. Soft agar assay data showed that hnRNP
A2/B1 knockdown exhibited a significant decrease in the
number and size of colonies compared to control U251-NC
and SHG44-NC cells (Fig. 4b).

Effects of hnRNP A2/B1 Knockdown on Regulation
of Glioma Cell Adhesion, Migration, and Invasion Capacity

We next determined the effects of HnRNP A2/B1 knockdown
on regulation of glioma cell adhesion, migration, and invasion
capacity. From the quantitative data shown in Fig. 5a, we can
conclude that U251-H1 and SHG44-H1 cell adhesive capacity
was weaker than that of U251-NC and SHG44-NC cells. The
number of cells that migrated across the polycarbonate mem-
brane was also reduced after hnRNP A2/B1 knockdown
(Fig. 5b), while tumor cell invasion was significantly inhibited
in U251 and SHG44 infected cells (Fig. 5c¢).
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Fig. 2 Knockdown of hnRNP A
A2/B1 expression in glioma

U251 and SHG44 cell lines. a

qRT-PCR. The stable hnRNP A2/

B1 knockdown U251 and SHG44

sublines were grown in cell

culture dishes and subjected to

qRT-PCR of hnRNP A2/B1

mRNA expression. Results are
representative of five independent
experiments. Compared with B
untransfected cell groups, U231
*p<0.01. b Western blot. The hnRNP A2/B1 L
same cells were subjected to
Western blot. Results are
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Effects of hnRNP A2/B1 Knockdown on the TMZ Sensitivity
of Glioma Cells

We investigated the cell survival rates of U251 and SHG44
cells after treatment with TMZ. The cell survival rates were
evaluated at 24 h after treatment with 100 to 800 pmol/l TMZ.
The survival rate of U251-NC was higher than the survival
rate of U251-H1 cells after treatment with 100 to 400 pmol/l
TMZ (Fig. 6a). We also evaluated apoptosis of hnRNP A2/B1
in U251 cells at 24 h after the treatment with 400 1mol/l TMZ
and found that the decrease in hnRNP A2/B1 expression in-
creased the number of apoptotic cells (Fig. 6b). Moreover, the
survival rate of SHG44-H1 was lower than that of SHG44-NC
cells after treatment with 100 to 400 pumol/l TMZ (Fig. 6c¢).

Effect of hnRNP A2/B1 Knockdown in Regulation of STAT3
and MMP Expression

To explore the molecular events after hnRNP A2/B1 knock-
down, we determined the expression of cell growth and adhe-
sion molecules STAT3 and matrix metalloproteinase (MMP).
The data showed that phospho-STAT3 expression was signif-
icantly decreased in hnRNP A2/B1 knockdown cells, espe-
cially in U251-H1 and SHG44-H1 cells, whereas the total
STAT3 did not have much changes in these cell lines
(Fig. 7a). Expression of MMP-2 protein was decreased in
hnRNP A2/B1 knocked down cells, especially in U251-H1
and SHG44-H1 cells, whereas MMP-9 expressed rarely in
all these cell lines, and the results were not listed (Fig. 7b).
Molecularly, hnRNP A2/B1 knockdown reduced expression
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of phospho-STAT3 and MMP-2, but had no effects on the total
STAT3 and MMP-9.

Discussion

The hnRNP proteins A2 and B1 share many characteristics
with the basic group of hnRNP protein family and have a
similar overall structure consisting of two conserved amino
terminal RN A-binding motifs (RBDs) linked to Gly-rich do-
mains that contain an RGG box [18, 19] and a nuclear import/
export signal termed M9 [20, 21]. A2 and B1 are produced by
alternative splicing from a single copy gene and differ from
each other only by a 12-amino-acid insertion in the N-terminal
RBD of Bl [10]. hnRNP A2 and B1 proteins can form
the core of the ribonucleoprotein complex and be named
to hnRNP A2/B1 proteins [22]. They were among the
most abundant pre-mRNA binding proteins of vertebrates
in eukaryotic cells [23].

Recently, increasing evidence indicates that hnRNP A2/B1
played an important role in development and progression of
various human cancers. For example, increased expression of
hnRNP A2/B1 protein was observed in pancreatic cancer cells
and lung cancer, which may be useful in detection of early
stages of human cancers [12, 13]. In this current study, we
found that hnRNP A2/B1 protein was overexpressed glioma
tissue specimens and associated with advanced glioma grades.
These data are consistent with the results published in a pre-
vious study [16], which demonstrated that hnRNP A2/B1 was
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Fig. 3 Effects of hnRNP A2/B1
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upregulated in brain tumors, and expression and gene copy
number of hnRNP A2/B1 were inversely correlated with sur-
vival of glioma patient, indicating that hnRNPA2B is a novel
oncogene in glioblastoma and a potential new target for glio-
blastoma therapy.

Short hairpin RNA (shRNA) is one of the methods that can
mediate the RNA interference (RNAI) effect. The knockdown
approaches can be able to identify relevant biomolecular tu-
mor network hubs as potential key targets [24, 25]. Thus,
based on our ex vivo data on hnRNP A2/B1 overexpression
in glioma tissue specimens, we use the sSiRNA approaches to
knock down hnRNP A2/B1 expression in two glioma cell
lines. Our data clearly demonstrated that knockdown of
hnRNP A2/B1 mRNA and protein expressions inhibited

U251 and SHG44 cell growth. More tumor cells were in-
creased at G2/M phase of cell cycle, while apoptosis rate
and ROS levels were also induced in hnRNP A2/B1-
transfected glioma cell lines. Our current data support a pre-
vious study, in which hnRNP A2/B1 expression was required
for glioblastoma cell transformation and tumorigenicity
in vitro and in vivo [16].

Indeed, our current study revealed that hnRNP A2/B1
knockdown suppressed the anchor-dependent and -
independent colony formation in glioma cells. All of our re-
sults supported the hypothesis that hnRNP A2/B1 expression
is required for maintenance and proliferation of glioblastoma
cells. Our further investigation showed that hnRNP A2/B1
knockdown inhibited cell adhesion, migration, and invasion
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Fig. 4 Effects of hnRNP A2/B1
knockdown on regulation of
glioma cell subline colony
formation. a Anchorage-
dependent colony formation
assay. b Anchorage-independent
soft agar colony formation assay.
Results are representative of three
independent experiments in
duplicate. Error bars represent
the standard error of the mean of
quadruplicates. Compared with
the negative control groups,
*p<0.01
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capacity of glioma cells. These phenotypes are a multistep
process of tumor metastasis in vivo. For example, tumor cell
metastasis involves cell detachment from its original site, ad-
hesion to extracellular matrix (ECM) proteins, proteolysis of
the ECM, and migration through the disrupted matrix [26].
Thus, the cell adhesion to the ECM is critical for migration
and invasion, especially in glioma cells [27]. Cell migration is
the next step for glioma cell invasion, which is modulated
sequentially by many factors, including actin-rich protrusions
in the leading edge, cell adhesion, cell body translocation, and
lagging edge detachment [28]. Our current data showed that
hnRNP A2/B1 knockdown was able to suppress these steps,
indicating that inhibition of hnRNP A2/B1 expression or ac-
tivity could effectively inhibit glioma metastasis. Current
standard-of-care therapy for GBM consists of surgical resec-
tion, followed by treatment with radiation therapy and the
chemotherapeutic alkylating agent TMZ, the combination of
which confers a median survival period of only 14.6 months
[6]. Although most of the patients who benefit from TMZ
have epigenetic silencing of the O6-methylguanine-DNA
methyl-transferase (MGMT) DNA-repair gene by promoter
methylation, tumors from approximately 55 % of GBM pa-
tients do not have methylation of the MGMT promoter and are
relatively insensitive to TMZ [29]. Our current study finds that
hnRNP A2/B1 suppression by shRNA increased cell death
triggered by TMZ. Although further studies are needed to
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reveal the molecular mechanisms involved in these events,
these results indicate that hnRNP A2/B1 knockdown increases
the TMZ sensitivity of glioma cells.

The invasion of glioma cells into normal brain tissue is a
key aspect of brain tumor pathology and the main cause of
mortality in glioblastoma patients [29, 30]. Matrix metallopro-
teinases (MMPs), the zinc-dependent endopeptidases, can di-
gest various components of the brain extracellular matrix and
are essential mediators of glioblastoma tumor invasion [31].
Specifically, the main proteins MMP2 and MMP9 are crucial
for glioma invasion, and their expression levels correlate di-
rectly with the pathologic grade of glioma [30, 32, 33]. In
addition, our current study showed that hnRNP A2/B1 knock-
down definitely inhibited high expression of MMP-2 protein
in the two cell lines (MMP-9 rarely expressed in this study).
These data was in accordance with other group’s [34], show-
ing that expression of MMP-2 and, to a lesser extent, MMP-9
is associated with invasiveness, proliferation, and prognosis of
astrocytoma cells. Thus, incorporation with previous studies
of regulated cell phenotypes, hnRNP A2/B1, could mediate
cell migration, invasion, and proliferation by regulation of
MMP-2 protein expression in glioblastoma cells.

As an oncogenic transcription factor, STAT3 is a conver-
gent point of many signaling pathways and has a major role in
oncogenesis and tumor metastasis [35]. In contrast to normal
cells, in which STAT3 tyrosine phosphorylation occurs
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Fig.5 Effects of hnRNP A2/B1 knockdown on regulation of glioma cell
subline adhesion, migration, and invasion capacity. a Tumor cell adhesion
assay. b Tumor cell migration assay. ¢ Tumor cell invasion assay. Results

transiently, it has been determined that STAT3 are persistently
tyrosine phosphorylated (expression of pSTAT3, an indication
for active STAT3 as a transcription factor) in most human
malignancies [36, 37]. Numerous studies have revealed
STAT3 to be required in many aspects of tumorigenesis and
regulate the transcription of several genes that are involved in
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are representative of five independent experiments. Error bars represent
the standard error of the mean of quadruplicates. Compared with the
negative control groups, *p<0.01

cell cycle progression, antiapoptosis, cell survival, and angio-
genesis, such as cyclin D1, c-fos, c-Myc, pim-1, Bel-XL,
VEGF, and MMP-2 [38]. Based on these views, point efforts
targeting it in anticancer drug development are proceeding
[39, 40]. The presence of pSTAT3 in head and neck tumors
can enhance tumor growth and invasion and may contribute to
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Fig. 6 Effects of hnRNP A2/B1
knockdown on glioma cell
chemoresistance. a Survival rate
of U251-NC cells was higher than
that of the U251-H1 cells after
treatment with 100 to 400 pmol/l
TMZ. b Apoptosis assay was
done by flow cytometry using
Annexin V and PI after 24 h the
treatment of 400 umol/l TMZ.
U251-H1 cells increased the
number of apoptotic cells
compared with U251-NC cell. ¢
Survival rate of SHG44-H1 cells
was lower than that of SHG44-
NC cells after treatment 100 to
400 wmol/l TMZ. Results are
representative of five independent
experiments

resistance to chemotherapy [37, 41]. STAT3 has also been
shown to be constitutively activated in gliomas, and the find-
ing that its constitutive activation as pSTAT3 is positively
associated with glioma grade further suggests the potential
pathologic significance of STAT3 activation in the

Fig. 7 Effects of hnRNP A2/B1
knockdown on regulation of
STAT3 and MMP-2 expression in
glioma cell sublines. a Western
blot analysis of STAT3 expression
in stable hnRNP A2/B1
knockdown U251 and SHG44
sublines. b Western blot analysis
of MMP-2 expression in stable
hnRNP A2/B1 knockdown U251
and SHG44 sublines. Results are
representative of three
independent experiments in
duplicate. Error bars represent
the standard error of the mean of
quadruplicates. Compared with
the negative control groups,
*p<0.05
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aggressiveness of human gliomas [38, 42]. In this study, we
found that the STAT3 activity was consistently activated in
high expression of hnRNP A2/B1 protein cells. Knockdown
of hnRNP A2/B1 expression was able to significantly de-
crease STAT3 protein phosphorylation, indicating that hnRNP
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A2/B1 protein most probably has an important role of activat-
ing STAT3 to promote cell proliferation, migration, and inva-
sion in glioblastomas.

Not only that, Xie et al. [43] demonstrated that STAT3
regulates MMP-2 expression through direct interaction with
the MMP-2 promoter via a STAT3-binding element or ele-
ments on the MMP-2 promoter. STAT3 signaling directly reg-
ulates MMP-2 expression, tumor invasion, and metastasis,
and that STAT3 activation might be a crucial event in the
development of metastasis [43].

Thus far, our current data and published data all support
that hnRNP A2/B1 plays an important role in glioma devel-
opment and progression, indicating that hnRNP A2/B1 is an
oncogene in glioma [12, 16, 44]. A previous study demon-
strated that oncogenic activity of hnRNP A2/B1 protein was to
regulate several tumor suppressors and oncogenes [16]. In the
present study, it is showed that knockdown of hnRNP A2/B1
could reduce glioblastoma cell viability, adhesion, migration,
invasion, and chemoresistance for TMZ capacity, but induced
tumor cells to apoptosis and ROS generation in highly inva-
sive and metastatic glioblastoma cells. Blockade of hnRNP
A2/B1 inhibited the activation of STAT3 and overexpression
of MMP-2, and contributed to inhibit migration and invasion
capacity and development and progression of glioblastoma
cells. Other underlying molecular events by which hnRNP
A2/B1 regulates glioblastoma cell phenotypes need to be in-
vestigated further. HnRNP A2/B1 was especially highly
expressed in human glioma tissues and cell lines. Knockdown
of hnRNP A2/B1 could reduce glioblastoma cell typical func-
tions and phenotypes and regulate tumor-related signaling
events. In conclusion, this study showed that hnRNP A2/B1
could be useful as a biomarker for prediction of glioma pro-
gression and target of hnRNP A2/B1 as a novel strategy for
glioblastoma therapy.
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