AMCB

Journals.ASM.org

Heterogeneous Nuclear Ribonucleoprotein C1/C2 Controls the
Metastatic Potential of Glioblastoma by Regulating PDCD4
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MicroRNAs (miRNAs) have been implicated in the pathogenesis and progression of brain tumors. miR-21 is one of the most
highly overexpressed miRNAs in glioblastoma multiforme (GBM), and its level of expression correlates with the tumor grade.
Programmed cell death 4 (PDCD4) is a well-known miR-21 target and is frequently downregulated in glioblastomas in accor-
dance with increased miR-21 expression. Downregulation of miR-21 or overexpression of PDCD4 can inhibit metastasis. Here,
we investigate the role of heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNPC) in the metastatic potential of the glioblas-
toma cell line T98G. hnRNPC bound directly to primary miR-21 (pri-miR-21) and promoted miR-21 expression in T98G cells.
Silencing of hnRNPC lowered miR-21 levels, in turn increasing the expression of PDCD4, suppressing Akt and p70S6K activa-
tion, and inhibiting migratory and invasive activities. Silencing of hnRNPC reduced cell proliferation and enhanced etoposide-
induced apoptosis. In support of a role for hnRNPC in the invasiveness of GBM, highly aggressive U87MG cells showed higher
hnRNPC expression levels and hnRNPC abundance in tissue arrays and also showed elevated levels as a function of brain tumor
grade. Taken together, our data indicate that hnRNPC controls the aggressiveness of GBM cells through the regulation of
PDCD4, underscoring the potential usefulness of hnRNPC as a prognostic and therapeutic marker of GBM.

lioblastoma multiforme (GBM) is the most aggressive type of
primary brain tumor, associated with high mortality and
morbidity. Gliomas are classified into four grades: grades I and II
are less aggressive astrocytomas, and grades IITand IV are gliomas,
malignant tumors with high proliferation rates. Despite advanced
therapeutics for GBM, including surgery, radiation, and chemo-
therapy, the prognosis of GBM patients has not improved (31).
MicroRNAs (miRNAs) are short RNAs of about 22 nucleotides
in length and play critical roles in various cellular processes, in-
cluding proliferation, differentiation, tumorigenesis, and metas-
tasis. They typically function as negative posttranscriptional reg-
ulators of gene expression by binding to target mRNAs (often at
their 3’ untranslated regions [3'UTRs]) and triggering target
mRNA cleavage and translational suppression (7). Based on
bioinformatic analysis, 30% of all human genes may be regulated
by miRNAs (4). A number of miRNAs have been closely associ-
ated with different aspects of tumorigenesis, including metastasis,
raising the possibility that miRNAs could serve as diagnostic and
prognostic markers (12, 17). Among the cancer-associated
miRNAs, miR-21 is frequently overexpressed in diverse types of
cancer, including breast cancer (21), liver cancer (43), pancreatic
cancer (38), and glioblastoma (5), and plays a critical role in pro-
liferation, differentiation, and apoptosis. Recently, it was reported
that downregulation of miR-21 inhibits tumorigenicity (15), in-
vasion (1, 20, 49), and metastasis (49). Aberrant expression of
miR-21 contributes to the malignancy of cancer cells through the
regulation of apoptosis- and metastasis-related genes, and it in-
creases drug resistance, a major cause of cancer recurrence (30). A
number of miR-21 target transcripts have been reported, includ-
ing those that encode programmed cell death 4 (PDCD4), PTEN,
TPMI, maspin, SPRY, and RECK.
PDCD4 was first identified as a protein that was upregulated
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during apoptosis and suppressed tumorigenesis (10, 26). Loss of
PDCD4 expression was closely associated with the progression
and prognosis of various tumors, including glioblastomas (16)
and cancers of the lung, ovary, and kidney (6, 30, 45). Through its
MA-3 domain, PDCD4 interacts with the translation factors
eIF4A and sIF4G and functions as a translational suppressor, po-
tently influencing protein expression patterns. In addition, high
expression of PDCD4 inhibits AP-1 activity by suppressing Jun
N-terminal protein kinase (JNK)-mediated c-Jun phosphoryla-
tion (2). Conversely, silencing of PDCD4 induces the expression
of p21 and other p53 target genes and inhibits UV-induced apop-
tosis (3). Diminished expression of PDCD4 is further implicated
in the metastatic potential of tumor cells by increasing the levels of
urokinase-type plasminogen activator receptor (uPAR), which
degrades extracellular matrix proteins (29). PDCD4 expression is
regulated via two main mechanisms: miR-21 binds the PDCD4
3’UTR and suppresses PDCD4 translation, and PDCD4 is phos-
phorylated by Akt and p70S6K at serine 67 and 457 (35), leading to
ubiquitinylation of PDCD4 via the ubiquitin ligase 3-TRCP and
degradation by the proteasome (13).
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Heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNPC)
is a ubiquitously expressed RNA-binding protein (RBP) that con-
sists of two isoforms, hnRNPC1 and hnRNPC2, with hnRNPC1
being the more abundant form and hnRNPC2 being the larger
splice variant, with an additional 13 amino acids (9). hnRNPC
influences various aspects of mRNA metabolism, including pre-
mRNA processing, mRNA transport, and stabilization (8, 36, 39).
hnRNPC can also enhance translation via internal ribosome entry
sites (IRESs) (24) and promote amyloid precursor protein (APP)
translation by competing with the RBP fragile X mental retarda-
tion protein (FMRP) for recruitment of APP mRNA to processing
(P) bodies (28).

Here, we investigated the role of hnRNPC in the progression of
GBM. We found that hnRNPC was capable of binding to primary
miR-21 (pri-miR-21) and induced miR-21 expression; the ensu-
ing inhibition of Akt and p70S6K pathways led to increased
PDCD4 expression in the glioblastoma cell line T98G. We further
discovered that hnRNPC silencing enhanced apoptosis of T98G
cells, particularly after treatment with etoposide. Importantly, the
hnRNPC levels correlated with the metastatic activity of T98G and
hnRNPC was overexpressed in the highly invasive cell line
U87MG (U87R4) and in high-grade (grades III and IV) gliomas.

MATERIALS AND METHODS

Reagents and antibodies. Actinomycin D, cycloheximide, and MG-132
were from Sigma-Aldrich and etoposide was from Calbiochem. Antibod-
ies recognizing PDCD4 and hnRNPC1C2 were from Santa Cruz Biotech-
nology; the antibody recognizing Flag was from Sigma-Aldrich; the anti-
bodies recognizing cleaved PARP, PTEN, p-Akt, p-p70, and p-p6 were
from Cell Signaling; and the antibody recognizing the loading control
protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was from
Abcam.

Cell culture and transfection. T98G, US7MG, U87L4, and U87R4
cells were maintained at 37°C, 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM; HyClone) supplemented with 10% fetal bovine serum
(GIBCO-BRL) and 1% antibiotic-antimycotic solution (GIBCO-BRL);
U87L4 and U87R4 cells were kindly supplied by Do-Hyun Nam (Samsung
Medical Center, Seoul, Republic of Korea). For transfection, cells were
plated at a density of 2 X 10> cells/dish and transfected using Lipo-
fectamine 2000 (Invitrogen) following the manufacturer’s protocol. Small
interfering RNAs (siRNAs) directed to hnRNPC and PDCD4 were from
Santa Cruz Biotechnology, and control siRNA was synthesized by Geno-
lution (Seoul, Republic of Korea). Precursor miR-21 (pre-miR-21) and
antisense miR-21 (anti-miR-21) were from Ambion.

RNP analysis: RNP IP and biotin pulldown experiment. To check the
interaction between pri-miR-21 and hnRNPC, RNP immunoprecipita-
tion (IP) was used as previously described (23). Briefly, transfected cells
were lysed with polysome lysis buffer, and lysates were divided into two
parts that were incubated with protein A-Sepharose beads coated with 10
g each of mouse IgG or mouse hnRNPC antibody for 1 h at 4°C. The
beads were then washed three times with NT2 buffer (23), the RNA was
isolated after incubation with 20 U RNase-free DNase I (15 min, 30°C)
and 0.5 mg/ml proteinase K (15 min, 55°C) to eliminate contaminating
DNA and to degrade protein, respectively. For biotin pull down analysis,
c¢DNA from T98G was used as the template for synthesizing biotinylated
transcripts spanning pri-miR-21. Each forward primer contained the T7
RNA polymerase promoter sequence as described previously (23).
Whole-cell lysates prepared from T98G cells were incubated with purified
biotinylated transcripts, and the complex of hnRNPC-biotin RNA was
isolated by binding with streptavidin-coupled Dynabeads (Invitrogen).
The level of hnRNPC in IP materials was determined by Western blot
analysis.
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Western blot and quantitative real-time PCR. For Western blot anal-
ysis, cells were rinsed with ice-cold phosphate-buffered saline (PBS) and
lysed with radioimmunoprecipitation (RIPA) buffer containing protease
inhibitors and phosphatase inhibitors (Roche). Cell debris was removed
by centrifugation (12,000 X g for 10 min at 4°C), and the protein concen-
tration of the supernatant was quantified using Bradford reagent (Sigma-
Aldrich). Proteins were fractionated in SDS-polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes (Millipore).
Membranes were incubated with primary antibodies overnight, washed
with Tris-buffered saline (TBS), incubated with appropriate secondary
antibodies, and visualized using an enhanced chemiluminescence (ECL)
solution (Amersham). For reverse transcription (RT) and quantitative
real-time PCR (qPCR), total RNA was isolated using TRIzol reagent (In-
vitrogen) according to the manufacturer’s procedure and used for the
synthesis of cDNA using SuperScript III reverse transcriptase (Invitro-
gen). mRNA expression levels were quantified by RT-qPCR (ABI Prism
7600) using power SYBR green PCR master mix (Applied Biosystems,
Foster City, CA). Primer sequences are shown in Fig. S1 in the supplemen-
tal material.

Migration and invasion assay. Twenty-four hours after transfection,
the migratory activity was determined by assessing the ability of the cells to
cross the pores of migration chambers in the presence of chemoattractants
(QCM colorimetric cell migration assay kit; Millipore). Briefly, trans-
fected cells were cultured in serum-free medium overnight, harvested,
and resuspended in serum-free medium at a concentration of 1 X 10°
cells/ml. The cell suspension in serum-free medium (0.3 ml = 3 X 10°
cells) was added into the upper chambers of the 24-well Falcon cell culture
transwell plates (8-pwm pore size), and serum-containing medium (0.6
ml) was added into the lower chambers to stimulate cell migration. After
incubation at 37°C overnight, cells on the surface of the polycarbonate
membrane (nonmigrating cells) were removed by scraping with a cotton
swab, and migrated cells were stained for 20 min. The stained cells were
eluted with extraction buffer, and then the optical density (at 560 nm) was
quantified. For the invasion assay, we used Matrigel transwell plates (BD
Biocoat Matrigel invasion chamber). Transfected cells were suspended in
culture medium, and 5 X 10 cells (0.5 ml) were added to the upper
chamber. By adding 0.7 ml of DMEM containing 10% fetal bovine serum
into the lower compartment, cells were stimulated to invade. Cells were
subsequently fixed with 100% methanol and stained with 0.1% crystal
violet. Following several washes with water, the membranes were removed
and mounted on a microscope slide. The average number of invading cells
on the lower surface of the membranes was determined under a micro-
scope by scoring several fields.

Immunohistochemical analysis. For tissue microarray (TMA), we
employed TMA slides (NGL481) containing 24 cases in duplicate with
various grades and stages of brain tumors (Pantomics, Richmond, CA).
The slides were subjected to heat-induced epitope retrieval, incubation
with mouse monoclonal anti-hnRNPC antibody overnight, and subse-
quent incubation with the corresponding anti-mouse secondary anti-
body. Stained slides were imaged using a ScanScope CS system (Aperio,
Vista, CA), and regions of interest (ROI) were selected for each slide using
Image J-based macros. The levels of hnRNPC expression were determined
using the LSAB+ system (Dako, Carpinteria, CA). A count of all pixels
above an arbitrary threshold was calculated in order to exclude back-
ground staining and to establish a mean threshold of staining.

RESULTS

hnRNPC is able to bind to pri-miR-21 and regulates miR-21 ex-
pression. We surveyed RNA-binding proteins (RBPs) that might
regulate miR-21 expression by employing an RNP IP assay using
several anti-RBP antibodies. Briefly, RNP complexes present in
T98G cell lysates were immunoprecipitated using RBP antibodies
that recognized various RBPs or the corresponding control IgG.
The levels of primary miR-21 (pri-miR-21) in the IP materials
were determined by RT-qPCR using four different sets of primers
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FIG 1 hnRNPC binds to pri-miR-21 and regulates miR-21 expression in
T98G cells. (A) Lysates from T98G cells were immunoprecipitated with mouse
IgG or mouse hnRNPC antibody. pri-miR-21 levels in IP were determined by
RT-qPCR. GAPDH mRNA level in IP was used as normalization control. Data
are means and standard deviations from three different experiments. (B) T98G
cells were transfected with control (CTRL) or hnRNPC siRNA. At 48 h after
transfection, levels of pri-miR-21, pre-miR-21, and mature miR-21 were de-
termined by RT-qPCR. Data are means and standard deviations from three
different experiments. (C) Six fragments of pri-miR-21 were synthesized in
vitro and incubated with T98G cell lysates. RNP complexes of biotinylated
transcripts and hnRNPC were detected using Western blot analysis. pri-miR-
21, primary miR-21; pre-miR-21, precursor miR-21.

(see Fig. S1 in the supplemental material); since each set of prim-
ers showed similar results, we represent here the results using
primer set 2. pri-miR-21 is RNA transcribed from within an in-
tron of host gene VMP1 (vacuole membrane protein 1, also
termed transmembrane protein 49 [TMEM49]) (14). Among sev-
eral RBPs tested, pri-miR-21 was selectively enriched in hnRNPC
IP (Fig. 1A; also see Fig. S2A in the supplemental material), and
therefore, we chose hnRNPC for further study. The specificity of
the interaction between pri-miR-21 and hnRNPC was further as-
sessed by Western blot analysis of hnRNPC in hnRNPC IP sam-
ples and by comparing the levels of other pri-miR transcripts in
the same IP complexes (see Fig. S2B to D). Since hnRNPC associ-
ated with pri-miR-21, we first studied the effect of hnRNPC si-
lencing on miR-21 expression. As shown in Fig. 1B, the levels of
pri-miR-21, pre-miR-21, and mature miR-21 decreased after
hnRNPC silencing. In order to check whether silencing of
hnRNPC influences general miRNA biogenesis, we assessed the
levels of miRNAs in hnRNPC-silenced T98G cells by using a
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QuantiMir miRNA array kit (see Fig. S3 in the supplemental ma-
terial). The levels of several miRNAs were affected by hnRNPC
silencing; however, miR-21 showed the most significant change.
These results suggested that hnRNPC probably regulated miR-21
expression by binding directly to pri-miR-21. To map the region
of pri-miR-21 to which hnRNPC binds, we synthesized biotinyl-
ated transcripts representing six fragments of pri-miR-21 (see Fig.
S4 in the supplemental material) and used them for biotin pull-
down analysis. Briefly, each of six fragments (each ~600 bp) was
incubated with cell lysates, whereupon the level of hnRNPC was
determined by Western blot analysis (Fig. 1C). The strongest in-
teraction was seen with fragment C, which contained 3 AU-rich
elements (AREs), distinct RNA sequences involved in altering
mRNA stability and translation. To check if Drosha is involved in
hnRNPC-mediated miR-21 regulation, protein-protein interac-
tion between Drosha and hnRNPC was assessed by coimmuno-
precipitation (co-IP) analysis. As shown in Fig. S5 in the supple-
mental material, there was no direct interaction between Drosha
and hnRNPC, indicating that hnRNPC-mediated regulation of
miR-21 did not result from interference with Drosha function.

Silencing of hnRNPC increases the expression of PDCD4
and PTEN. The expression of miR-21 is an important prognostic
marker of GBM patients and correlates closely with the GBM
grade. The experiments described above revealed that pri-miR-21
was a target of hnRNPC and that silencing of hnRNPC de-
creased the levels of pri-miR-21, pre-miR-21, and mature
miR-21 (Fig. 1B). To check the effect of hnRNPC on two
miR-21 targets, the mRNAs encoding PDCD4 and PTEN, T98G
cells were transfected with control or hnRNPC siRNA and, 48 h
later, protein and RNA were analyzed. Silencing of hnRNPC sig-
nificantly increased the PDCD4 and PTEN mRNA and protein
levels (Fig. 2A and B). To study whether this effect was seen in
other human cell lines, two glioma cells (U87MG and A172) and
cervical carcinoma HeLa cells were studied similarly. As shown in
Fig. S6A in the supplemental material, in each case hnRNPC si-
lencing increased the expression of PDCD4. Next, we tested the
effect of miR-21 on the expression of PDCD4 and PTEN in T98G
cells. Transfection of T98G cells with antisense miR-21 (anti-miR-
21) increased the expression of PDCD4 and PTEN, and con-
versely, precursor miR-21 (pre-miR-21)-transfected cells showed
decreased expression of both proteins (Fig. 2C). It was also found
that increased expression of PDCD4 by hnRNPC silencing was
reversed by overexpression of miR-21 (see Fig. S6B), and the sta-
bility of PDCD4 and PTEN mRNA was not influenced by hn-
RNPC silencing (see Fig. S7 in the supplemental material). From
these results, we concluded that silencing of hnRNPC increased
the expression of PDCD4 and PTEN at least in part by diminishing
the expression of miR-21, a negative regulator of PDCD4 and
PTEN.

Silencing of hnRNPC increases PDCD4 protein stability by
inhibiting the Akt and p70S6K pathways. In addition to miR-21-
mediated regulation, PDCD4 expression is influenced by its phos-
phorylation status. Akt and p70S6K phosphorylate PDCD4 at ser-
ine 457 and serine 67, respectively, and phosphorylated PDCD4 is
a substrate of ubiquitinylation by B-TRCP ubiquitin ligase, caus-
ing its degradation via the proteasome or its translocation to the
nucleus (13, 35). To investigate in detail the mechanism whereby
hnRNPC silencing increased PDCD4 expression, we checked
whether hnRNPC silencing inhibited the Akt and p70S6K path-
ways. T98G cells were transfected with control or hnRNPC
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FIG 2 Silencing of hnRNPC increases expression of PDCD4 and PTEN. (A, B) T98G cells were transfected with siRNAs shown, and 48 h later, the expression of
PDCD4 and PTEN was determined by Western blot analysis (A) and the levels of PDCD4 and PTEN mRNAs by RT-qPCR analysis (B). Data are means and
standard deviations from three different experiments. (C) T98G cells were transfected with control (CTRL) siRNA, anti-miR-21, or pre-miR-21, and 48 h later,
whole-cell lysates were prepared and the levels of hnRNPC, PDCD4, and PTEN were determined by Western blot analysis. anti-miR-21, antisense miR-21.

siRNAs, and 48 h later, whole-cell lysates were prepared and the
levels of p-Akt and p-p70S6K were determined by Western blot
analysis. As shown in Fig. 3A, silencing of hnRNPC diminished
the phosphorylated forms of Akt and p70S6K, indicating that hn-
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FIG 3 Silencing of hnRNPC increases the stability of PDCD4 protein by inhibit-
ing the Akt and p70S6K pathways. (A) T98G cells were transfected with control
(CTRL) or hnRNPC siRNAs; 48 h later, whole-cell lysates were prepared and the
levels of hnRNPC, PDCD4, phosphorylated Akt (p-Akt), Akt, p-p70S6K, and p-S6
were determined by Western blot analysis. (B) T98G cells were treated with vari-
ous concentrations of PI3K inhibitor wortmannin; 24 h later, whole-cell lysates
were prepared and the levels of PDCD4 and p-Akt were determined by Western
blot analysis. (C) To check whether hnRNPC influenced the protein stability of
PDCD4, T98G cells were transfected with control (CTRL) or hnRNPC siRNAs; 24
h later, cells were transferred into 6-well plates, treated with cycloheximide (CHX;
10 pg/ml), and harvested at the indicated times. The levels of PDCD4 and GAPDH
were determined by Western blot analysis. Data are means and standard devia-
tions from three different experiments.
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RNPC affects the Akt and p70S6K activation pathways. To inves-
tigate the role of Akt in PDCD4 stability, we tested the effect of
inhibiting phosphatidylinositol 3-kinase (PI3K) using wortman-
nin; as shown in Fig. 3B, T98G cells treated with wortmannin
showed increased expression of PDCD4, as reported previously.
Since the Akt and p70S6K pathways were reported to influence
PDCD4 protein stability, we measured the stability of PDCD4
protein after hnRNPC silencing. T98G cells were transfected as
described above and treated with cycloheximide (10 pg/ml) to
block protein synthesis. At the times indicated in Fig. 3C, cells
were harvested, whole-cell lysates prepared, and the levels of
PDCD4 and GAPDH determined by Western blot analysis. While
control siRNA-transfected cells showed dramatic decreases in
PDCD4 levels by 40 min of incubation in cycloheximide, PDCD4
abundance in hnRNPC-silenced cells remained elevated for a lon-
ger time period (up to 60 min) (Fig. 3C). Given these results, we
propose that silencing of hnRNPC increased PDCD4 expression
in two ways: one by lowering miR-21 expression, and the other by
suppressing the Akt and p70S6K pathways.

Silencing of hnRNPC inhibits proliferation of T98G cells and
enhances etoposide-induced apoptosis. Although many miRNAs
are downregulated in tumor cells, miR-21 is usually overexpressed
and promotes the proliferation of cancer cells (40). To investigate
the effect of hnRNPC silencing on the proliferation of T98G cells,
control or hnRNPC siRNAs were transfected into them; 48 h later,
counting of viable cells using trypan blue revealed that hnRNPC
silencing inhibited the proliferation of T98G cells (Fig. 4A). Since
the reduction of miR-21 expression induces apoptosis in glioma
cells by activating caspase-3 and -9 (48), we checked the effect of
hnRNPC silencing on apoptosis. T98G cells were transfected with
control or hnRNPC siRNA, and 24 h later, they were treated with
dimethyl sulfoxide (final 0.1%) or etoposide (50 WM, which is the
50% inhibitory concentration [ICs,] of etoposide) (see Fig. S8A in
the supplemental material) for 16 h, whereupon whole-cell lysates
were prepared and apoptosis was determined by measuring the
levels of cleaved poly(ADP-ribose) polymerase (PARP). As shown
in Fig. 4B and also in Fig. S8B and C, hnRNPC silencing induced
apoptosis and enhanced etoposide-induced apoptosis. In sum-
mary, hnRNPC influenced the apoptosis of T98G cells by modu-
lating miR-21 and PDCD4 levels, in keeping with previous evi-
dence that downregulation of miR-21 decreased proliferation and
induced apoptosis of glioblastoma cells (5).
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FIG 4 Silencing of hnRNPC inhibits proliferation and enhances etopo-
side-induced apoptosis. (A) T98G cells were transfected with control
(CTRL) or hnRNPC siRNA; 24 h later, cells were counted and equal cell
numbers were placed into 12-well plates. After an additional 48 h of incu-
bation, cells were counted in the presence of trypan blue. Data are means
and standard deviations from three different experiments. (B) T98G cells
were transfected with control (CTRL) or hnRNPC siRNAs, and 24 h later,
cells were transferred into 6-well plates and treated with etoposide (VP-16;
50 M) for 16 h. Apoptosis was assessed by Western blot analysis of the
levels of cleaved PARP. Data are means and standard deviations from three
different experiments.

Silencing of hnRNPC suppresses the metastatic potential of
T98G cells. PDCD4 was reported to inhibit migration and inva-
sion by regulating urokinase receptor (uPAR) and by suppressing
the Akt pathway (29, 44), while miR-21 modulates the invasion of
hepatocellular carcinoma, colorectal cancer, and breast cancer (1,
11,20, 49). We investigated the effect of hnRNPC silencing on the
migration and invasion of T98G cells. T98G cells were transfected
with control or hnRNPC siRNA, and 24 h later, cells were counted
and equal cell numbers were added into transwell and Matrigel
transwell plates to study migration and invasion, respectively. Si-
lencing of hnRNPC suppressed the migratory and invasive activity
of T98G cells (Fig. 5A and B), further supporting the notion that
hnRNPC can regulate the metastatic potentials of T98G cells, in-
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FIG 5 Silencing of hnRNPC suppresses the metastatic potential of T98G cells.
(A) T98G cells were transfected with control (CTRL) or hnRNPC siRNAs; 24 h
later, cells were counted and equal numbers of cells were added into transwell
plates (24 wells, 8-pum pore size). After nonmigrated cells were completely
removed, migrated cells were stained and photographed. The inhibitory effect
of hnRNPC silencing on migration was determined by measuring signal ab-
sorbance at 560 nm. Data are means and standard deviations from three dif-
ferent experiments. (B) At 24 h after T98G cells were transfected as described
above and equal numbers of cells added into Matrigel transwell plates, invad-
ing cells were fixed with 100% methanol, stained with 0.1% crystal violet, and
counted in several fields using a microscope. Data are means and standard
deviations from three different experiments.

cluding migration and invasion, by regulating PDCD4 expression,
as reported earlier (37).

hnRNPC is elevated in highly invasive (U87R4) U87MG cells
compared with its levels in noninvasive (U87L4) US7MG cells. A
recent report describes the generation of highly aggressive
U87MG cells through serial intracranial transplantation associ-
ated with the expression of frizzled 4 (FZD4), which regulates the
stemness and invasiveness of migrating glioma cells (22). To in-
vestigate the role of hnRNPC in the invasiveness of glioma cells,
we used U87R4 cells (migrating), which show higher levels of
invasiveness than U87L4 cells (nonmigrating). Since the miR-21
target PTEN negatively regulates the PI3K/Akt pathway and
U87MG is a PTEN-deficient glioma, we examined whether
PDCD4 expression was increased by hnRNPC silencing in
U87MG cells. First, we assessed the effect of hnRNPC silencing on
PDCD4 expression in PTEN-deficient U87MG cells. Forty-eight
hours after transfection of U87MG cells with control or hnRNPC
siRNA, PDCD4 expression was found to be elevated (Fig. 6A),
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FIG 6 hnRNPC is overexpressed in highly invasive U§7MG (U87R4) cells. (A) PTEN-deficient glioma cell line U87MG was transfected with control (CTRL) or
hnRNPC siRNAs, and 48 h later, the levels of hnRNPC and PDCD4 were determined by Western blot analysis. (B) To compare the expression of hnRNPC and
PDCD4 in U87L4 cells relative to their levels in U87R4 cells, whole-cell lysates were prepared and the levels of hnRNPC, PDCD4, p-Akt, Akt2, and GAPDH
expression were determined by Western blot analysis. (C) The levels of miR-21 in U87L4 and U87R4 cells were determined by RT-qPCR using the TagMan
microRNA assay kit. (D) To isolate highly invasive U87R4 cells, U87MG cells were subjected to serial intracranial injection. After 4 cycles of selection, U87L4
(nonmigrating) and U87R4 (migrating) cells were isolated. Equal cell numbers of each cell population were added into a Biocoat Matrigel invasion chamber; 24
h later, invaded cells were stained and photographed under a microscope. The inhibitory activity of hnRNPC was determined by counting the average number
of invaded cells from 9 different fields. Data are means and standard deviations from three different experiments. (E) U87R4 (migrating) cells were transfected
with control (CTRL) or hnRNPC siRNAs, and 48 h later, the levels of hnRNPC, PDCD4, p-Akt, Akt2, and GAPDH expression were determined by Western blot
analysis. (F) U87R4 cells were transfected as described above, and invasive activity was determined by counting numbers of invaded cells from 9 different fields.

indicating that hnRNPC regulated PDCD4 expression in a PTEN-
independent manner. To investigate the role of hnRNPC in the
invasive activity of glioblastomas, we compared the abundance of
hnRNPC, PDCD4, and activated Akt between nonmigrating
U87L4 and migrating U87R4 cells. Besides showing higher expres-
sion of hnRNPC, U87R4 cells showed decreased expression of
PDCD4, lower levels of activated Akt (Fig. 6B), and increased
miR-21 levels (Fig. 6C) compared to the levels in U87L4 cells. It
also showed higher invasiveness (Fig. 6D), as reported previously
(22). Furthermore, silencing of hnRNPC increased PDCD4 expres-
sion and inhibited Akt activation (Fig. 6E). Moreover, the invasive
activity of U87R4 cells was suppressed by hnRNPC silencing, indicat-
ing that the elevated hnRNPC expression contributes to the invasive-
ness of U87MG glioblastoma cells (Fig. 6F). In sum, glioblastoma
cells showing high invasiveness expressed lower levels of PDCD4 and
correspondingly higher levels of hnRNPC, revealing that hnRNPC
may play a key role in the metastatic potential of glioma cells.
hnRNPC expression level correlates with brain tumor grade.
miR-21 is widely overexpressed in many solid tumors, particularly
in glioblastoma tissue and in cultured glioblastoma cell lines,
where it functions as an antiapoptotic factor (18). PDCD4 mRNA
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and protein are frequently lost in human glioma tissue, and loss of
PDCD4 appeared to contribute to the development of glioma
(16). To evaluate whether the expression of hnRNPC correlates
with the glioblastoma grade, we used a tissue microarray (TMA)
that included 24 duplicates of brain tumor samples of various
grades and stages. hnRNPC expression levels increased with brain
tumor grade, as shown in Fig. 7 (also see Fig. S9 in the supplemen-
tal material), lending support to the idea that hnRNPC expression
might be clinically significant and may represent a novel marker of
prognosis for GBM patients.

Taken together, hnRNPC is closely implicated in the meta-
static potential of glioblastomas through regulation of miR-21
and Akt activation. The proposed action of hnRNPC is sum-
marized in Fig. 8.

DISCUSSION

GBM is the most aggressive human brain tumor, and despite thera-
peutic advances, GBM remains an incurable disease. GBM is difficult
to eradicate in part because it has high metastatic activity, including
migration and invasion. Metastasis is a complex, still poorly under-
stood process whereby cancer cells disseminate. Here, we found that
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FIG 7 hnRNPC expression level correlates with brain tumor grade. To inves-
tigate hnRNPC expression levels in brain tumors, we studied tissue microar-
rays containing 24 samples of brain tumors of different grades and stages in
duplicates. The levels of hnRNPC expression were then assessed by immuno-
staining and statically analyzed. AVE, average.

hnRNPC promoted the expression of miR-21, one of the most highly
overexpressed miRNAs in GBM, and correspondingly inhibited the
expression of PDCD4, a well-known target of miR-21.
RNA-binding proteins (RBPs) recognize specific sequences in
target mRNAs (32) and control many aspects of RNA metabolism,
including splicing, transport, localization, stability, and transla-
tion. The function of RBPs is determined through their expres-
sion levels, nucleocytoplasmic translocation, and posttransla-
tion modifications, including phosphorylation. In addition to
their role in mRNA metabolism, RBPs play critical roles in
miRNA function by regulating the biogenesis, localization, and
degradation of miRNAs (42). KH-type splicing regulatory protein
(KSRP or KHSRP) is known to induce decay of mRNA containing
AU-rich elements (ARE) and was recently reported to regulate the
biogenesis of several miRNAs by serving as a component of mi-
croprocessor complex. KSRP promotes the biogenesis of a subset
of miRNAs containing a GGG triplet motif in their terminal loop
by enhancing the Drosha-mediated microprocessing activity (41).
The kinase ATM (ataxia telangiectasia mutated) is activated by
DNA damage and phosphorylates KSRP, increasing the accessibil-
ity of KSRP to pri-miRNA and thus enhancing miRNA biogenesis
(47). Like KSRP, hnRNPA1 binds to a conserved loop region of
miRNA and facilitates the cleavage by Drosha (34). However, in
the case of let-7 miRNA biogenesis, hnRNPA1 negatively regulates
the biogenesis of let-7a by interfering with KSRP binding to the
terminal loop of pri-let-7a, which enhances let-7 biogenesis (33).
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FIG 8 Schematic of proposed influence of hnRNPC on metastatic traits of
glioblastoma. See the text for details.

In this study, we show evidence that hnRNPC regulates miR-21
expression, probably by associating with pri-miR-21. Further
study is needed to elucidate the precise mechanism whereby
hnRNPC silencing decreases pri-/pre-miR-21 and mature miR-
21. Since hnRNPC is known to regulate RNA splicing and mRNA
stability, these functions are possibly required for hnRNPC-asso-
ciated miR-21 biogenesis.

So far, many miR-21 target transcripts have been reported
(25), including the mRNAs that encode PDCD4, PTEN, TPM1,
SPRY2, TIMP3, RECK, and APAF1. miR-21 plays a crucial role in
tumor progression, particularly metastasis, and functions as a
strong antiapoptotic factor, promoting a metastatic phenotype in
diverse solid tumors, including GBM. It is also closely associated
with the clinical stage and prognosis of cancer patients. Accord-
ingly, GBMs often display lower levels of the miR-21 target
PDCD4, a protein capable of influencing the expression of differ-
ent cancer-related molecules, like p21 (3, 19), mitogen-activated
protein kinase kinase kinase kinase 1 (MAP4K1) (46), JNK (46),
and carbonic anhydrase II (27). PDCD4 also suppresses cell inva-
sion and intravasation by inhibiting the expression of matrix
metalloproteinases (MMPs) and uPAR (29, 46). Here, we found
that silencing of hnRNPC increased PDCD4 expression, possibly
in two parallel ways: one by downregulating miR-21, and the other
by suppressing the Akt and p70S6K pathways. Understanding the
detailed mechanisms whereby hnRNPC regulates Akt and p70S6K
pathways independently of miR-21 awaits further study. The re-
sults showing that hnRNPC-regulated PDCD4 expression influ-
enced the proliferation and apoptosis of T98G cells were consis-
tent with previous reports that overexpression of PDCD4
decreased proliferation and increased apoptosis (18).

Since the metastatic activity of GBM is a main cause of cancer
recurrence, it is important to understand the precise mechanism of
GBM metastasis. We found here that silencing of hnRNPC dimin-
ished the migratory and invasive activity in T98G cells without alter-
ing proliferation. We also found that highly aggressive U87MG cells
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(U87R4) showed higher hnRNPC abundance and correspondingly
lower PDCD4 levels than nonmigrating U87MG cells (U87L4). Fi-
nally, tissue microarray (TMA) analysis confirmed that hnRNPC was
overexpressed in highly aggressive brain tumors (grades III and IV).
We propose that hnRNPC controls the metastatic potential of GBM
and may be used as a prognostic and therapeutic marker in GBM.
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