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PCBP2 is a member of the poly(C)-binding protein (PCBP) family, which plays an important role in posttran-
scriptional and translational regulation by interacting with single-stranded poly(C) motifs in target mRNAs. 
Several PCBP family members have been reported to be involved in human malignancies. Here, we show that 
PCBP2 is upregulated in human glioma tissues and cell lines. Knockdown of PCBP2 inhibited glioma growth 
in vitro and in vivo through inhibition of cell-cycle progression and induction of caspase-3–mediated apop-
tosis. Thirty-five mRNAs were identified as putative PCBP2 targets/interactors using RIP-ChIP protein-RNA 
interaction arrays in a human glioma cell line, T98G. Four-and-a-half LIM domain 3 (FHL3) mRNA was 
downregulated in human gliomas and was identified as a PCBP2 target. Knockdown of PCBP2 enhanced the 
expression of FHL3 by stabilizing its mRNA. Overexpression of FHL3 attenuated cell growth and induced 
apoptosis. This study establishes a link between PCBP2 and FHL3 proteins and identifies a new pathway for 
regulating glioma progression.

Introduction
Poly(C)-binding proteins (PCBPs) are characterized by their 
high-affinity and sequence-specific interactions with polycytosine 
(poly(C)). In mammalian cells, these PCBPs belong to 1 of 2 sub-
sets: hnRNP K/J, or the α-complex proteins (e.g., PCBP1-4) (1, 2). 
hnRNP K, PCBP1, and PCBP2 have been studied in the greatest 
detail. The latter 2 proteins are also known as αCP1 and αCP2, 
or hnRNPE1 and hnRNPE2 (3). Recently, 2 other members of the 
αCP family were discovered: PCBP3 (αCP3) and PCBP4 (αCP4) (4).

PCBPs regulate gene expression at various levels, including 
transcription, mRNA processing, mRNA stabilization, and trans-
lation. It has been suggested that PCBPs, specifically hnRNPK 
and PCBP1, play a critical role in carcinogenesis. Transcriptional 
activation of the oncogenes c-SRC and c-Myc was increased by 
hnRNP K (5, 6), suggesting that hnRNPK may cooperate with 
additional oncoproteins to overexpress genes that promote can-
cerous growth. PCBP1 has been reported to be downregulated 
in metastatic cervical cancer (7) and metastatic breast cancer 
cells (8). Knockdown of PCBP1 in the prostate cancer cell line 
LNCaP increased androgen receptor (AR) protein targeting 
to the 3′ untranslated region (UTR) of AR transcripts (9). The 
recent finding that transforming growth factor-β–mediated 
(TGFβ-mediated) phosphorylation of PCBP1 induced epithe-
lial-mesenchymal transdifferentiation (EMT) (10), and the evi-
dence that PCBP1 can downregulate metastasis-associated PRL-3 
phosphatase translation (11) indicates that PCBP1 could be a 
tumor suppressor.

PCBP2 mapped to 12q13.12-q13.13 and PCBP1 mapped to 
2p12-p13 (12) are highly homologous proteins with 82% amino 
acid identity. It has been suggested that PCBP2 also plays an 
important role in human malignancies. However, in addition 
to its overexpression during leukomegenesis (13) and its under-

expression in oral cancer (14), PCBP2 is one of the least studied 
proteins in human cancers among PCBPs. Most of the reports on 
PCBP2 have focused on its posttranscriptional and translational 
controls in RNA viruses. For example, PCBP2 has been reported to 
participate in the replication and translation of many RNA viruses, 
including poliovirus (15), coxsackievirus (16), and rhinovirus (17). 
PCBP2 can also bind to the 5′ UTR (18) and 3′ UTR (19) of the 
HCV gene. PCBP2 was induced after viral infection and interacted 
with MAVS, which showed that PCBP2 was a negative regulator of 
MAVS-mediated antiviral signaling (20).

Recent discoveries have revealed that PCBP2 is a regulator of 
tumor development. Molinaro et al. found that 2′,5′-oligoadeny-
late synthetase (OAS) activation may occur in prostate cancer cells 
in vivo when stimulated by Raf kinase inhibitor protein (RKIP) and 
PCBP2 (21). In leukemic blasts, PCBP2 expression was induced by 
BCR/ABL through constitutive activation of MAPKERK1/2 (22) and 
its regulation of CEBPA mRNA was influenced by the decoy activ-
ity of miR-328 (23). Given that more target mRNAs of PCBP2 were 
found by RIP-ChIP and biotin pull-down, we believe that the bind-
ing of PCBP2 to its target mRNAs may play important functions 
in human cancers.

Here, we showed the upregulation of PCBP2 in human glioma 
tissues and cell lines. Knockdown of PCBP2 inhibits glioma cell 
growth both in vitro and in nude mice. To elucidate how PCBP2 
functions as an RNA-binding protein with its target mRNAs in 
gliomas, we identified 35 mRNAs that preferentially bind PCBP2 
by RIP-ChIP analysis. We also showed that four- and-a-half LIM 
domain 3 (FHL3) is downregulated in gliomas in which mRNA is 
a novel binding target of PCBP2.

Results
To examine the expression pattern of PCBP2 in gliomas, total 
RNA and proteins were extracted from 26 primary glioma sam-
ples, which contain 9 grade II, 9 grade III, and 8 grade IV glioma 
tissues and 2 normal brain tissues. Real-time PCR and Western 
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blot were then performed to analyze the gene expression pro-
files. We also determined mRNA and protein levels of PCBP2 
in 5 different human glioma cell lines (T98G, U87MG, U251, 
A172, and CCF-STTG1) and 2 normal human astrocyte cell 
lines (NHA and HA). The results showed that the mRNA and 
protein expression of PCBP2 was upregulated in both glioma 
tissues and cell lines compared with normal brain tissues (Fig-
ure 1). A strong positive signal of PCBP2 was found in almost 
all glioma tissues, whereas an obvious loss of PCBP2 in nor-
mal brain tissue was observed (Figure 1C). A gradually stronger 
PCBP2 expression was found from grade II samples to grade IV 
samples (Figure 1, A–C).

We also found significantly elevated levels of PCBP2 in T98G, 
U87MG, and U251 glioma cell lines (Figure 1, D and E). Therefore, 
these 3 cell lines were used as models for further study of PCBP2 func-
tion in gliomas. To investigate the role of PCBP2 in glioma develop-
ment, we synthesized 2 siRNAs (PCBP2 siRNA and PCBP2 siRNA*) 
that specifically target PCBP2, as previously reported (24, 25). After 
transfection for 48 to 72 hours in T98G, U87MG, and U251 glioma 
cell lines, siRNA-mediated knockdown of PCBP2 reduced its protein 
level by at least 80% compared with the control samples (Figure 2A 
and Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI61820DS1). Glioma cells trans-
fected with PCBP2 siRNA had a reduced number of metabolically 

Figure 1
PCBP2 is upregulated in glioma tissues and cell lines compared with normal brain tissues and normal human astrocytes. (A) Real-time PCR 
analysis of PCBP2 in 2 normal brain tissues (N1, N2) and 26 glioma tissues (T1–T9 grade II, T10–T18 grade III, and T19–T26 grade IV). Col-
umns represent means and bars represent SD. (B) Representative Western blot showing PCBP2 protein levels in 2 normal brain tissues and 27 
glioma tissues. β-Actin was used as a loading control. (C) Immunohistochemical staining of PCBP2 in glioma (Grade II, Grade III, Grade IV) and 
pericarcinous tissues (Normal) using anti-human PCBP2 antibodies. There was no staining with rabbit IgG. Original magnification, ×400. (D) 
Real-time PCR analysis of PCBP2 in 2 normal human astrocyte cell lines (NHA and HA) and 5 glioma cell lines (T98G, A172, U251, U87MG, and 
CCF-STTG1). (E) Representative Western blot showing PCBP2 protein levels in 2 NHA cell lines and the 5 indicated glioma cell lines.
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active cells compared with those transfected with the control siRNA. 
The reduction became more apparent at 72 hours, as demonstrated 
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay (Figure 2B). As shown in Figure 2C by flow cytometry, 
the percentage of cells in the G1 phase was significantly higher in 

glioma cells transfected with PCBP2 siRNA than in the controls 
(T98G: 79.9 ± 4.7% vs. 60 ± 3.4%; U87MG: 82.1 ± 4.3% vs. 62.6 ± 6.7%; 
U251: 72 ± 1.6% vs. 55.9 ± 4.3%). Furthermore, a marked reduction 
of the cell population in the S phase was observed after transfec-
tion with PCBP2 siRNA (T98G: 15.6 ± 3.5% vs. 32.9 ± 1.1%; U87MG:  

Figure 2
Inhibition of glioma cell growth in vitro by knockdown of PCBP2. (A) Western blot of PCBP2 expression in 3 glioma cell lines (T98G, U87MG, and 
U251) transiently transfected with the control siRNA or PCBP2 siRNA for 48 to 72 hours using Lipofectamine 2000. β-Actin was used as a loading 
control. (B) MTT assay on the same 3 glioma cell lines after transfection with the control siRNA or PCBP2 siRNA as above. Data are presented as 
the mean ± SD and are representative of 3 wells. *P < 0.05 compared with the control siRNA by a 2-tailed Student’s t test. (C) Approximately 72 
hours after transfection, the 3 glioma cell lines were analyzed by flow cytometry. The proportions of cells in the G1, G2, and S phases of the cell 
cycle are depicted in the histograms. *P < 0.05 compared with the control siRNA by a 2-tailed Student’s t test. (D and E) Representative Western 
blot showing P27, P21, and P16 protein levels (D) and expression levels of differentially phosphorylated pRb (E) in the transfected glioma cell 
lines. P16 was deleted in U87MG and U251 cells. (F) Nuclear TUNEL staining for apoptotic cells in the glioma cell lines after approximately 72 
hours of transfection. The ratio of TUNEL-positive cells was calculated (n = 5) and plotted on the histogram. *P < 0.05 compared with the control 
siRNA by a 2-tailed Student’s t test. (G) Representative Western blot showing (cleaved) caspase-3 and its substrate (cleaved) poly (ADP-ribose) 
polymerase (PARP) in the transfected glioma cell lines.
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15.4 ± 1.7% vs. 26.1 ± 1.8%; U251: 21.9 ± 0.2% vs. 36.9 ± 1.5%). How-
ever, no significant difference in the G2/M population was found 
(T98G: 4.5 ± 0.5% vs. 7.2 ± 4.5%, P = 0.25; U87MG: 2.5 ± 2.6% vs. 11.5 
± 8.5%, P = 0.15; U251: 6.0 ± 1.8% vs. 7.1 ± 2.9%, P = 0.36). The results 
suggested that knockdown of PCBP2 induced a G1-S arrest in glioma 
cell lines. We also performed a TUNEL assay in the 3 glioma cell lines 
and found increased DNA damage and fragmentation in glioma 
cells transfected with PCBP2 siRNA compared with cells transfected 
with the control siRNA. A quantitative analysis also revealed a 7- to 
10-fold increase in apoptosis induction in glioma cells transfected 
with PCBP2 siRNA (Figure 2F). PCBP2 siRNA* produced effects 
similar to those of PCBP2 siRNA (Supplemental Figure 6, C–E). In 
PCBP2-depleted glioma cells, the protein levels of cyclin-dependent 
kinase inhibitors P27, P21, and P16 were increased (Figure 2D), and 
the tumor suppressor protein pRB was in a lower phosphorylation 
state than the control (Figure 2E). In the control glioma cells, we were 
hardly able to detect processed caspase-3 and its substrate PARP. In 
response to PCBP2 siRNA or siRNA*, caspase-3 was partially pro-
cessed into the intermediated p20 form and its active p17 subunit. 
PARP was also progressively processed (Figure 2G). To ascertain 
the role of caspase-3 in PCBP2 knockdown–induced apoptosis, we 
tested the effects of a pancaspase inhibitor zVAD-fmk. Pretreat-
ment of glioma cells with zVAD-fmk blocked PCBP2 siRNA- or  
siRNA*-induced cell apoptosis (Supplemental Figure 2, A and B). 
Taken together, the above results illustrate that PCBP2 knockdown 
inhibits glioma cell growth through inhibition of cell-cycle progres-
sion and induction of caspase-3–mediated apoptosis.

To test the effect of decreased PCBP2 levels in glioma cells in 
vivo, we packaged an analogous recombinant adenovirus encod-
ing an shRNA that targeted PCBP2, and as a positive control, an 

adenovirus encoding an shRNA against survivin (Figure 3A and ref. 
26). T98G cell suspensions were injected s.c. into nude mice and the 
tumor developments were observed at the indicated time points. 
When the tumor size reached approximately 7–15 mm in diame-
ter, 8 mice in each group received the first intratumoral injection of 
adenovirus, each at 109 pPFUs per tumor. We recorded the tumor 
sizes on the first day of adenoviral injection (day 1). We repeated 
intratumoral injections of the same adenoviruses on days 2, 5, and 6, 
as shown in Figure 3C. As a result, all of the mice in the adenovirus 
(Ad) control shRNA group developed large tumors beyond  
3,000 mm3 on average by day 15. In contrast, the mice in the Ad  
shPCBP2 and Ad shSurvivin groups developed much smaller tumors 
(Figure 3B). On days 9, 12, and 15, the mice in the Ad shPCBP2 or 
Ad shSurvivin group had significantly smaller tumor sizes com-
pared with the mice in the Ad control shRNA group (Figure 3C). No 
significant differences in tumor size between the Ad shPCBP2 and 
Ad shSurvivin groups were observed at any point in this experiment. 
Having observed that PCBP2 knockdown can inhibit glioblastoma 
tumor growth in this preliminary subcutaneous xenograft model, we 
then proceeded to test the effects of PCBP2 knockdown in an ortho-
topic tumor growth model. Approximately 5 × 105 U87MG-Luc cells 
stably expressing either shNT (control vector) or shPCBP2 (PCBP2 
shRNA) were injected intracranially (Supplemental Figure 7A), and 
the tumor sizes were quantified by bioluminescence imaging after 
20 days (Figure 3D). Quantitation of the results from 5 mice in each 
group confirmed that inhibition of PCBP2 expression markedly sup-
pressed orthotopic tumor formation in mice.

Because PCBP2 is an RNA-binding protein, we sought to deter-
mine which target mRNAs were affected by PCBP2 knockdown 
in glioma cells. We expected PCBP2 to regulate a few hundred 

Figure 3
Inhibition of glioma cell growth in vivo by knockdown of PCBP2. (A) Representative Western blot showing PCBP2 and survivin protein levels in 
T98G cells after infection with Ad shRNA. β-Actin was used as a loading control. (B) Subcutaneous tumors isolated from nude mice 2 weeks 
after adenovirus injection (n = 8 for each group). Scale bar: 1 cm. (C) Tumor growth curves in nude mice (n = 8 for each group). Each intratumoral 
injection of adenovirus is indicated with an arrow. The x-axis represents days after adenovirus injection. The y-axis represents tumor volume  
(V = L × W2 × π/6; V, volume; L, length; W, width). *P < 0.05 compared with Ad control shRNA by a 2-tailed Student’s t test. (D) shNT-U87MG and 
shPCBP2-U87MG stable transfectants (5 × 105) were each injected intracranially into 5 nude mice and then imaged after 20 days. Tumor size was 
quantified by in vivo bioluminescence imaging. The graph illustrates the distribution of intracranial tumor signals between the 2 groups (y-axis 
represents photon flux values).
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mRNAs involved in multiple processes, such as cell-cycle mainte-
nance and apoptosis control. We conducted an RIP-ChIP analysis 
to identify novel PCBP2 targets and gain better insight into the 
biological processes regulated by this protein in glioma cells. We 
chose to use the T98G cell line as a model system for 3 reasons. 
First, this cell line had the strongest PCBP2 expression among 
those described above, and PCBP2 was shown to play a prominent 
role in glioma growth (Figures 1–3). Second, T98G is one of the 
most commonly used and tumorigenic glioblastoma cell lines 
for research. Third, we found that the transfection efficiency and 
level of transgene expression were exceptionally high in T98G cells 
compared with the other glioma cell lines. Previous studies have 

been performed using either a tag strategy or antibodies against 
endogenous PCBP2 in K562 cells (27, 28). To increase the con-
fidence in our results, we conducted 3 parallel experiments with 
GFP as a negative control (29). Because GFP is not an RNA-bind-
ing protein and is not expressed in mammalian cells, we assumed 
that the RNAs pulled down by GFP represented the background 
signal. We conducted the RIP-ChIP experiments using a biotin-
tag strategy. The biotin acceptor peptide (BAP) attached to the 
protein of interest was biotinylated in vivo by the BirA enzyme, 
and streptavidin-sepharose beads were then used to pull down and 
isolate the RNP complexes. Because high protein recovery dictates 
the success of RIP-ChIP analysis, we first performed a precipita-

Figure 4
RIP-ChIP analysis of PCBP2 and identification of preferentially associated mRNAs. (A) Schematic outline of the RIP-ChIP analysis to 
identify PCBP2-associated mRNAs. T98G cells were transfected transiently with BAP-tagged constructs. BAP-tagged proteins were bioti-
nylated in vivo by the cotransfected hBirA enzyme. RNPs were recovered via precipitation with streptavidin-sepharose beads. Finally, RNAs 
were purified and analyzed on microarrays. The BAP-GFP control was used in 3 independent sets of experiments. (B) Detection of the 
“protein-protein interaction” and “pathway” relationships between the proteins encoded by the PCBP2-associated mRNAs via the CSPN. In 
our pathways of interest (highlighted in gray), we found 9 proteins encoded by the PCBP2-associated mRNAs (highlighted in red) and their 
interacting protein partners (highlighted in blue). (C) Real-time PCR validation of PCBP2-associated mRNAs identified by RIP-ChIP. We 
selected 9 mRNAs to be validated by real-time PCR. We also verified the enrichment of α-globin, a previously identified PCBP2 target, in 
the BAP-PCBP2–associated mRNA population. Blue and red bars represent the enrichment observed with the microarrays and real-time 
PCR, respectively. Apo, apoptosis; CC, cell cycle.
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tion Western analysis to determine the levels of both BAP-GFP and 
BAP-PCBP2 recovered via streptavidin-sepharose bead precipita-
tion (Supplemental Figure 3, A and B). After the precipitation, the 
RNAs were recovered, amplified, and labeled to probe human 44K 
Agilent arrays. Each set of experiments included 4 microarrays, 
including 3 technical replicates of BAP-PCBP2 versus the control 
BAP-GFP for each dye orientation (Figure 4A) from the microarray 
experiments conducted at the ShanghaiBio Corporation. We con-
servatively established a minimum of 2-fold enrichment on aver-
age, with an FDR-adjusted P value of less than 0.05, and identified 
35 mRNAs that met the threshold in all experiments (Table 1). 
We used gene ontology to investigate the nature of the PCBP2-as-
sociated mRNAs identified by RIP-ChIP. Among the biological 

processes that showed enrichment were cell cycle (5.3% gene fre-
quency), cell death (10.5% gene frequency), and cell proliferation 
(15.8% gene frequency). Approximately 54% of our mRNAs (19 
genes) were related to the 15 biological processes (Supplemental 
Figure 4). We then used the characteristic subpathway network 
(CSPN) to find 9 proteins encoded by the PCBP2-associated 
mRNAs involved in cell cycle or apoptosis (Figure 4B). CSPN was 
used to reveal the phenotype-specific pathway interactions with 
formerly defined pathways and protein-protein interaction (PPI) 
data (30). To validate the results from the microarray analysis, we 
selected 9 genes from the BAP-PCBP2–associated mRNA popu-
lation for confirmatory studies. α-Globin and γ-globin mRNAs 
served as the positive and negative controls, respectively, because 

Table 1
The 35 mRNAs enriched in the BAP-PCBP2–associated RNA population over BAP-GFP

Gene symbol	 Gene description	 GenBank accession	 FCAbsolute (Log2 ratio)
ZNF157	 Homo sapiens zinc finger protein 157	 NM_003446	 6.128645
C16orf57	 Homo sapiens chromosome 16 ORF 57	 NM_024598	 5.238273
AK097322	 Homo sapiens cDNA FLJ40003 fis, clone STOMA2003716.	 AK097322	 4.746135
C3orf31	 Homo sapiens cDNA FLJ44624 fis, clone BRACE2017410.	 AK126587	 4.412008
PCBP1	 Homo sapiens poly(rC) binding protein 1	 NM_006196	 4.323596
PPP1R11	 Homo sapiens protein phosphatase 1, regulatory (inhibitor) subunit 11	 NM_021959	 4.155612
AGPAT1	 Homo sapiens 1-acylglycerol-3-phosphate O-acyltransferase 1	 NM_006411	 4.103233
	   (lysophosphatidic acid acyltransferase, alpha), transcript variant 1
DLGAP4	 Homo sapiens discs, large (Drosophila) homolog-associated protein 4,	 NM_014902	 4.036953
	   transcript variant 1
MAP2K5	 Homo sapiens mitogen-activated protein kinase kinase 5, transcript variant B	 NM_002757	 3.766753
CSF1	 Homo sapiens colony stimulating factor 1 (macrophage), transcript variant 4	 NM_172212	 3.715965
SP2	 Homo sapiens Sp2 transcription factor	 NM_003110	 3.6346
FCGR2A	 Homo sapiens Fc fragment of IgG, low affinity IIa, receptor (CD32)	 NM_021642	 3.473264
FHL3	 Homo sapiens four-and-a-half LIM domain 3	 NM_004468	 3.282223
GPR56	 Homo sapiens G protein–coupled receptor 56, transcript variant 3	 NM_201525	 3.210854
KRT80	 Homo sapiens keratin 80, transcript variant 1	 NM_182507	 3.18888
CRTC2	 Homo sapiens CREB-regulated transcription coactivator 2	 NM_181715	 3.150974
S100A11	 Homo sapiens S100 calcium-binding protein A11	 NM_005620	 3.113209
MLF2	 Homo sapiens myeloid leukemia factor 2	 NM_005439	 3.085228
U2AF1L4	 Homo sapiens cDNA FLJ35525 fis, clone SPLEN2001650.	 AK092844	 3.065805
MBD6	 Homo sapiens cDNA FLJ35759 fis, clone TESTI2004737.	 AK093078	 3.026044
SCAMP4	 Homo sapiens secretory carrier membrane protein 4	 NM_079834	 3.018487
GPX3	 Homo sapiens glutathione peroxidase 3 (plasma)	 NM_002084	 2.981364
ARHGDIA	 Homo sapiens Rho GDP dissociation inhibitor (GDI) alpha	 NM_004309	 2.524782
WIBG	 Homo sapiens within bgcn homolog (Drosophila), mRNA	 BC009627	 2.374895
	   (cDNA clone IMAGE:3897762), partial cds.
RABL2A	 Homo sapiens RAB, member of RAS oncogene family-like 2A,	 NM_013412	 2.336953
	   transcript variant 1
MAPK7	 Homo sapiens mitogen-activated protein kinase 7, transcript variant 1	 NM_139033	 2.305201
FLJ11286	 Homo sapiens hypothetical protein FLJ11286	 NM_018381	 2.120314
UBAP2L	 Homo sapiens mRNA for KIAA0144 gene, complete cds	 D63478	 2.10463
DKFZP434A0131	 Homo sapiens DKFZp434A0131 protein (DKFZP434A0131),	 NM_018991	 2.067041
	   transcript variant 1
C17orf28	 Homo sapiens chromosome 17 ORF 28	 NM_030630	 2.051326
AI915259	 β platelet–derived growth factor receptor precursor (human);	 AI915259	 1.591117
	   mRNA sequence
LOC442308	 Predicted: Homo sapiens similar to tubulin, β 5	 XR_018043	 1.282368
C16orf7	 Homo sapiens chromosome 16 ORF 7	 NM_004913	 1.162131
SLC9A8	 Homo sapiens solute carrier family 9 (sodium/hydrogen exchanger),	 NM_015266	 1.070201
	   member 8
NCOA5	 Homo sapiens nuclear receptor coactivator 5	 NM_020967	 1.044407

FCAbsolute reflects a minimum 2-fold enrichment on average from 3 independent microarray analyses. FDR-adjusted; P value < 0.05. cds, coding 
sequences; FDR, false discovery rate. 
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the interaction of α-globin mRNA with PCBP2 has been previ-
ously characterized (31) and γ-globin mRNA lacks PCBP2-bind-
ing sites. Real-time PCR confirmed the enrichment of the 9 RNA 
species in the BAP-PCBP2–associated population compared with 
the BAP-GFP control (Figure 4C).

In many cases, PCBP2 functions through binding to the 3′ 
untranslated region (UTR) or 5′ UTR of its target mRNAs (6, 
32). Defined PCBP2 binding sites contain short patches of C- or 
CU-rich sequences (25, 33). After we identified the mRNAs asso-
ciated with PCBP2 by RIP-ChIP, we decided to test which regions 
of the mRNAs’ 3′ UTR or 5′ UTR were associated with PCBP2. 
The candidate mRNAs included CTRC2, ARHGDIA, C16orf57, SP2, 
FHL3, MAPK7, MAP2K5, FCGR2A, and CSF1, which are involved in 
cell cycle or apoptosis regulation according to CSPN analysis (Fig-
ure 4B). A biotin pull-down assay was applied for confirmation. 

With the exception of MAPK7, fragments located in the 3′ UTR 
or 5′ UTR of the other 8 candidate mRNAs were inserted into the 
pGEM-3zf vector containing a T7 promoter. The fragments were 
predicted to contain potential binding sites by bioinformatics 
analysis (Figure 5A). The biotin-labeled RNA probes correspond-
ing to each fragment were synthesized in vitro with the T7 RNA 
polymerase. The pGEM-3zf vector sequence (nonsense sequence) 
and the α-globin 3′ UTR were used as negative and positive con-
trols, respectively. The T98G lysates pulled down by the probes 
were analyzed by Western blot using an antibody against PCBP2. 
PCBP2 was not detected in the nonsense sequence pull-down com-
plex. In contrast, the α-globin 3′ UTR showed a strong binding 
of PCBP2 (Figure 5B). Among the other probes, CTRCT-3′ UTR, 
ARHGDIA-3′A, CSF1-3′B, FHL3-3′A, SP2-3′A, SP2-3′B, C16orf57-
3′A, and MAP2K5-5′B presented significant binding of PCBP2 on 

Figure 5
Binding of biotin-labeled candidate mRNAs to PCBP2. (A) Schematic of the 8 indicated candidate mRNAs. The specific fragments used as 
templates for the synthesis of biotin-labeled RNAs are indicated with underlines, and the nucleotide positions amplified by PCR are shown. (B) 
Biotin pull-down analysis of complexes formed in vitro using biotin-labeled candidate mRNA segments (shown in A) and T98G whole-cell lysates. 
The α-globin-3′ UTR and a nonsense sequence were included as the positive and negative controls, respectively. (C) A specific association 
between PCBP2 and its candidate target mRNAs (identified in B) was confirmed by a competition assay. Five- or 10-fold excess of unlabeled 
RNA was added to compete with the biotin-labeled RNA for interaction with PCBP2, and 2- or 3-fold excess of cell lysates was incubated with 
biotin-labeled RNA. (D) Detection of the binding affinities of the target mRNAs to PCBP2 by biotin pull-down analysis using all of the biotin-labeled 
RNAs identified above.
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par with α-globin. MAP2K5-5′A showed very weak binding, but 
the result was not reproducible. The only mRNA that did not bind 
PCBP2 was FCGR2A (Figure 5B). To further confirm the specificity 
of the binding between PCBP2 and the RNA probes, a competi-
tion assay was performed. Each biotin-labeled RNA was incubated 
with 2- or 3-fold volume T98G cell lysate to ensure that the probe 
was in excess, and then 5- or 10-fold molar excess of an unlabeled 
homologous probe was added to compete with the biotin-labeled 
probe for PCBP2 binding. The unlabeled probes exhibited strong 
competition at 10-fold molar excess (Figure 5C). Based on these 
findings, we concluded that the major binding determinant of 
PCBP2 resides in the CTRCT-3′ UTR, ARHGDIA-3′A, CSF1-3′B, 

FHL3-3′A, SP2-3′A, SP2-3′B, C16orf57-3′A, and MAP2K5-5′B frag-
ments. Notably, FHL3-3′A showed the strongest binding to PCBP2 
among all of the fragments (Figure 5D). The sequences of these 
fragments are indicated in Supplemental Figure 5.

Given that PCBP2 associates with FHL3 mRNA in glioma cell 
lines, we hypothesized that PCBP2 may regulate FHL3 expres-
sion. To test this hypothesis, we assessed the protein expression 
of FHL3 in 9 glioma tissues and 5 glioma cell lines. We found 
that although FHL3 expression was not significantly changed 
in the glioma cell lines compared with normal astrocytes (Figure 
6C), it was decreased in all of the tumor tissues (Figure 6A). In 
agreement with our Western blot data, immunohistochemical 

Figure 6
Detection of FHL3 expression in glioma and downregulation of PCBP2 enhances FHL3 expression. (A) Detection of FHL3 protein levels in 2 
normal brain tissues (N1, N2) and 9 glioma tissues (T1–T3 grade II, T4–T6 grade III, and T7–T9 grade IV) by Western blotting. β-Actin was used 
as a loading control. (B) Immunohistochemical staining of FHL3 protein in glioma and pericarcinous tissues (Normal) using anti-human FHL3 
antibodies. There was no staining with rabbit IgG. Original magnification, ×400. (C) Detection of FHL3 protein levels in 2 normal human astrocyte 
lines (NHA, HA) and the 5 indicated glioma cell lines by Western blotting. β-Actin was used as a loading control. (D) Representative Western blot 
showing FHL3 protein levels in glioma cell lines transiently transfected with the control siRNA or PCBP2 siRNA. β-Actin was used as a loading 
control. (E) (Top) Schematic diagram of an empty luciferase reporter construct and FHL3 3′UTR-A luciferase construct. T98G cells were tran-
siently transfected with the control siRNA or PCBP2 siRNA, plus either an empty pLuc reporter plasmid or a pLuc-FHL3 3′ UTR reporter plasmid 
(bottom). Firefly luciferase activity was determined relative to a cotransfected Renilla luciferase internal control and expressed as a percentage of 
the matching pLuc empty vector control. Columns represent means and bars represent the SD of 3 independent experiments. *P < 0.05 compared 
with the control siRNA-transfected cells by a 2-tailed Student’s t test.
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analysis revealed significant FHL3 protein expression in normal 
brain tissues and low-grade glioma tissues, but not in high-grade 
glioma tissues (Figure 6B). These results suggest that PCBP2 may 
be negatively regulating FHL3 mRNA translation in gliomas. 
To address this possibility, we investigated the effect of PCBP2 
knockdown on FHL3 protein expression in the glioma cell lines. 
As shown in Figure 6D, downregulation of PCBP2 resulted in 
significantly upregulated FHL3 protein expression. To further 
determine the core recognition sequence in FHL3 mRNA 3′A, we 
inserted 4 clipped forms of 3′A (3′A-1, -2, -3, -4) into the pGEM-
3zf vector (Figure 7A). The result of the biotin pull-down analysis 
showed that only FHL3-3′A-1 and the negative control FHL3-3′B  
failed to bind PCBP2 (Figure 7B). FHL3-3′A-2, FHL3-3′A-3, and 
FHL3-3′A-4, as well as unclipped FHL3-3′A, showed similar 
binding affinities to PCBP2 when the known core recognition 
sequences 5′-ACCC-3′ and 5′-CCCT/U-3′ at position +1212 to 
+1263 (34) were present (Figure 7C). We also tested the effect 
of PCBP2 knockdown on FHL3 3′ UTR activity and observed a 
104.4% increase in luciferase reporter activity compared with T98G 
cells transfected with the control siRNA (Figure 6E And 7D). To 
understand how PCBP2 affects the translation of FHL3 mRNA, 
we designed an assay to assess the half-life of FHL3 mRNA. Our 
rationale for this experiment was that several examples exist in the 
literature in which PCBP2-binding sites occur in the 3′ UTR of spe-
cific mRNAs and regulate mRNA stability (35, 36). Two days after 
siRNA transfection, T98G cells were treated with the transcrip-
tional inhibitor actinomycin D, and RNA was harvested at sub-
sequent time points for the quantitative analysis of FHL3 mRNA 
with the RNase protection assay. This analysis revealed that the 
rate of FHL3 mRNA decay in PCBP2 siRNA–transfected cells was 
slower than in the control (Figure 7E). Linear regression analysis 
revealed an mRNA half-life of 3.67 hours in the control cells. In 
contrast, PCBP2 knockdown resulted in a prolonged half-life of 
7.31 hours. This alteration in FHL3 mRNA stability in the PCBP2 
knockdown cells is consistent with the observed increase in FHL3 
protein levels.

FHL2 has been reported to be overexpressed in gliomas, and 
suppression of FHL2 inhibits glioblastoma cell proliferation (37); 
however, there is no report on the role of FHL3 in gliomagenesis. 
To investigate the role of FHL3 in glioma development, we trans-
fected a flag-FHL3 construct or an empty vector control into T98G 
cells (Figure 8A). After 48 hours of transfection, an MTT assay 
showed that the proliferation rate of glioma cells was reduced after 
overexpressing FHL3 (Figure 8B). Although flow cytometry did 
not reveal any significant changes in cell-cycle progression (Figure 
8C), FHL3 induced P21 and P16 expression (Figure 8D). In T98G 
cells, FHL3 diminished the level of pRb phosphorylation at Ser780 
and Ser795, but increased pRb phosphorylation at Ser608 and 
Ser807/811 (Figure 8E), which may be the reason for the absence 
of an effect on T98G cell-cycle progression. The results of the 
TUNEL assay showed an increased percentage of apoptotic cells 
from 7.8% to 50.4% in T98G cells, which is similar to the results in 
the PCBP2 knockdown cells (Figure 8F). Overexpression of FHL3 
also induced cleavage of caspase-3 and its substrate PARP (Figure 
8G). The pancaspase inhibitor zVAD-fmk blocked FHL-3–induced 
apoptosis in T98G cells (Supplemental Figure 2C), which suggests 
that the apoptotic response to FHL3 was caspase-3 mediated. To 
determine the role of FHL3 in cellular transformation, the ability 
of the FHL3-expressing U87MG and U251 cells to form colonies 
in soft agar was analyzed. An analogous recombinant adenovirus 

encoding FHL3 caused efficient FHL3 overexpression after infect-
ing the glioma cells (Supplemental Figure 7B). The adenovirus 
vector cells formed many colonies in soft agar. In contrast, 
Ad FHL3 cells showed a significant 2- to 4-fold decrease in the 
number of colonies formed (Figure 8H). In an orthotopic tumor 
growth model, U87MG-Luc cells stably expressing FHL3 were 
injected into the brains of 6 mice, and 6 control mice were also 
generated (Supplemental Figure 7C). Tumor growth was quanti-
fied over time by imaging tumor-associated bioluminescence from 
days 6 to 22. The vector (control) U87MG tumors were enlarged 
by 18-fold on average; however, the FHL3-U87MG tumors only 
grew by approximately 5.2-fold (Figure 8I), suggesting that FHL3 
significantly slowed the tumor growth rate. These results support 
the hypothesis that PCBP2 knockdown inhibits proliferation of 
glioma cells by upregulating FHL3 protein expression.

To further test the above hypothesis, we performed a co-knock-
down of PCBP2 and FHL3 for a rescue study. FHL3 siRNA and 
FHL3 siRNA* were transfected individually into 3 glioma cell 
lines. Western blot analyses revealed that the 2 siRNAs inhibited 
their targeted protein (Figure 9A and Supplemental Figure 6A). 
PCBP2 siRNA and FHL3 siRNA were cotransfected into 3 glioma 
cells, resulting in the depletion of both PCBP2 and FHL3 (Fig-
ure 9B). The MTT assay demonstrated that the number of met-
abolically active cells after the siRNA cotransfection was closer 
to that of the control level than after PCBP2 siRNA transfection 
alone (Figure 9C). Similarly, the TUNEL assay showed that the 
co-knockdown of FHL3 and PCBP2 counteracted the majority of 
the apoptosis effect induced by PCBP2 knockdown alone in all 
glioma cell lines (Figure 9E). It should be noted that although 
the proliferation rate of glioma cells and the fraction of apop-
totic cells after siRNA cotransfection were much closer to those 
of the control than the PCBP2 siRNA–transfected cells, there was 
still a significant difference between the co-knockdown and con-
trol cells. The levels of cleaved caspase-3 and cleaved PARP were 
reduced in the rescued cells (Figure 9F). No significant differences 
in cell-cycle progression were detected by flow cytometry between 
the cotransfected cells and the PCBP2 siRNA–transfected cells 
(Figure 9D), suggesting that PCBP2 likely has a stronger cell-cycle 
regulatory effect than FHL3. Cotransfection with PCBP2 siRNA* 
and FHL3 siRNA* showed glioma cell rescue effects that were sim-
ilar to those of the cotransfection with PCBP2 siRNA and FHL3 
siRNA (Supplemental Figure 6, B–F). To determine the effect of 
the PCBP2/FHL3 co-knockdown on cellular transformation, we 
coinfected cells with recombinant adenoviruses encoding shR-
NAs against PCBP2 (Ad shPCBP2) and FHL3 (Ad shFHL3). Both 
PCBP2 and FHL3 protein levels were reduced in the glioma cells 
coinfected with Ad shPCBP2 and Ad shFHL3 (Supplemental Fig-
ure 7D). In the U87MG line, coinfected cells showed a greater than 
2-fold increase in the number of colonies formed in soft agar, and 
no significant difference in the number of colonies between the 
Ad shPCBP2 plus shFHL3 (rescue) and Ad control groups was 
observed. However, in the U251 line, although the rescued cells 
showed a stronger cellular transformation ability than the Ad shP-
CBP2 group, there was still a significant difference between the 
co-knockdown cells and the control cells (Figure 9G). To more 
directly test the possible in vivo effects of the rescue, U87MG cells 
were injected subcutaneously into 9 nude mice. After tumor for-
mation, the mice were randomly divided into 3 groups: Ad control 
shRNA, Ad shPCBP2, and Ad rescue (Ad shPCBP2 + Ad shFHL3). 
Three mice in each group received intratumoral injection of ade-
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noviruses at days 1, 2, 5, and 6, each at 109 PFUs per tumor. The 
tumors were measured with Vernier calipers weekly (Figure 9H). 
When mice began to die in the control or rescue group, the exper-
iment was terminated. Using the Ad control shRNA group as the 
positive control, we found that the mice in the rescue group devel-
oped much larger tumors and had shorter survival times than 
those in the Ad shPCBP2 group (Figure 9H).

Discussion
The results from this study indicate that in glioma tumors and cell 
lines, the mRNA and protein levels of PCBP2 are highly expressed 
compared with normal brain tissue and normal human astrocytes, 
as demonstrated by the real-time PCR, Western blotting, and IHC 
analyses. To our knowledge, this is the first report on PCBP2 pro-
tein expression in human gliomas. According to data presented by 
The Cancer Genome Atlas (TCGA), in 75% (316 of 424) of glioblas-
toma multiforme tissues, PCBP2 mRNA expression is at least 1.4-

fold higher (log2 ≥0.5) compared with normal brain tissues. This 
result also supports our study. Cancer identification at an early 
stage may be possible by using biomarkers that are differentially 
expressed with the progression of the disease. The PCBP2 expres-
sion increased in grade III–IV glioma tissues compared with grade 
II tissues, suggesting that PCBP2 could potentially contribute to 
glioma malignancy. Although a large population study has not 
been performed, the results thus far indicate that PCBP2 may be a 
differentiation marker of human gliomas.

The functional significance of PCBP2 upregulation has been 
studied in vitro and in vivo. Our in vitro studies provide several 
insights into the mechanism of PCBP2 action. First, PCBP2 knock-
down not only inhibited glioblastoma cell proliferation in the 
short-term MTT assays, but also significantly inhibited long-term 
colony formation in soft agar. Second, the expression levels of CDK 
inhibitors P27, P21, and P16 were increased, and the level of pRb 
phosphorylation was decreased in glioma cells transfected with 

Figure 7
Identification of the FHL3 core recognition sequence; PCBP2 regulates FHL3 expression by stabilizing its mRNA. (A) Schematic of FHL3 mRNA 
depicting the 3′ UTR-A in light gray rectangles. The templates for the synthesis of biotin-labeled 3′A-1 to 4 RNAs are indicated by dark lines and 
CU-rich patches are shown in red. (B) Detection of different binding abilities to PCBP2 by biotin pull-down analysis using the biotin-labeled 3′A-1 
to 4 RNA. FHL3 mRNA 3′A and 3′B were included as positive and negative controls. (C) Nucleotide sequence of the identified FHL3 mRNA tar-
get binding site, with the core recognition sequence shown in red. (D) T98G cells were transiently transfected with the control siRNA or PCBP2 
siRNA and either an empty pLuc reporter plasmid or a pLuc-FHL3 3′A-1,-2,-3,-4 reporter plasmid. *P < 0.001. (E) FHL3 mRNA stability assay in 
T98G cells transiently transfected with the control siRNA or PCBP2 siRNA. Transfectants were treated with the transcription inhibitor ActD for 0, 
2, 4, and 6 hours; the whole-cell RNA was analyzed for FHL3 mRNA levels by an RNase protection assay. Representative blots are shown in the 
top panel. FHL3 mRNA levels were quantified by densitometric scanning. For each set of siRNA transfections, the band intensity at the 0 hour 
time point was set to 100%, and the percentage of mRNA remaining at the 2-, 4-, and 6-hour time points is plotted as shown in the bottom panel.
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Figure 8
Overexpression of FHL3 inhibits glioma growth in vitro and in vivo. (A) Western blot showing overexpression of Flag-FHL3 plasmid in T98G 
cells using anti-Flag or anti-FHL3 antibody. (B) MTT assay of T98G cells after transfection with the empty vector (—) or flag-FHL3 plasmid. (C) 
Approximately 48 hours after transfection, T98G cells were analyzed by flow cytometry. The proportions of cells in the G1, G2, and S phases are 
presented in the right histogram. (D and E) Representative Western blot showing P27, P21, and P16 protein levels (D) and expression levels of 
differentially phosphorylated pRb (E) in FHL3-overexpressing T98G cells. (F) Nuclear TUNEL staining for apoptotic T98G cells approximately 48 
hours after transfection. The percentage of TUNEL-positive cells was calculated (n = 5) and plotted in the histogram. (G) Representative Western 
blot showing (cleaved) caspase-3 and its substrate (cleaved) PARP in FHL3-overexpressing T98G cells. (H) Anchorage-independent growth 
of U87MG and U251 cell lines after infection with the adenovirus vector or adenovirus FHL3 as evaluated by the soft agar assay. Scale bars:  
50 μm. The number of colonies in each field was scored and the results are expressed as the means ± SD (n = 5; *P < 0.05 by a 2-tailed Student’s 
t test). (I) Vector U87MG and FHL3-U87MG stable transfectants (5 × 105) were each injected intracranially into 6 nude mice and then imaged 
after 6 days and 22 days. Tumor sizes were quantified by in vivo bioluminescence imaging. The graph illustrates the distribution of tumor growth 
factor (22nd day photon flux values versus sixth day photon flux value) between the 2 groups.
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including squamous cell carcinoma, melanoma, and leukemia cell 
lines (38). Through interaction with other proteins, FHL proteins 
regulate various cellular processes, including proliferation, dif-
ferentiation, apoptosis, adhesion, migration, transcription, and 
signal transduction (39). FHL3 has been reported to act as a coac-
tivator or corepressor for transcription factors. Recently, it has 
been shown to be involved in carcinogenesis. FHL1-3 inhibited 
hepatocellular carcinoma (HCC) cell growth both in vitro and in 
nude mice. Furthermore, FHL protein expression was downreg-
ulated in patients with HCC and correlated with FHL-mediated 
TGF-β–like responses (40). FHL proteins also inhibit hypoxia-in-
ducible factor 1 (HIF-1) transcriptional activity in HCC cells. 
FHL2 directly interacts with HIF-1 to repress transcription. FHL1 
binds to the p300/CBP coactivators and disrupts their binding 
to HIF-1. However, FHL3 does not bind to HIF-1 or p300 and 
is likely to bind to another component of the coactivator com-
plex that interacts directly or indirectly with the transactivation 
domains of HIF-1 (41). This previous study also demonstrated an 
interaction between FHL3 and CDC25B in mammalian cells by 
FRET analysis, but found that FHL3 had no effect on CDC25B 
phosphatase activity in vitro and that overexpression of FHL3 
did not impair cell-cycle progression (42), which is a finding now 
supported by our data on T98G cells. FHL3 is also known to be 
downregulated in breast cancer. FHL3 inhibits both anchorage-
dependent and anchorage-independent breast cancer cell growth. 
In addition, FHL3 induces both G1 and G2/M cell-cycle arrest 
and repression of the cell-cycle regulators cyclin D1 and cyclin 
B1, as well as activation of the cyclin-dependent kinase inhibitor 
P21 (43). In our study, FHL3 also upregulated P21 expression in 
glioma cells. In addition, we showed an FHL3-induced increase 
in P16 expression and a decrease in P27 expression in T98G cells. 
FHL3 has been previously identified as a novel angiogenin (Ang) 
binding partner. Furthermore, FHL3 was required for Ang-medi-
ated HeLa cell proliferation and the nuclear translocation of Ang, 
a finding that highlights FHL3 as a potential candidate involved 
in the molecular mechanisms behind the antiapoptotic property 
of cancer cells (44). Our experiments show that FHL3 may induce 
caspase-3–mediated apoptosis in gliomas. Additional research is 
needed to determine whether FHL3 induces apoptosis through 
other mechanisms.

We believe our study is the first report on FHL3 downregula-
tion in glioma tissues. FHL3 mainly displayed proapoptotic activ-
ity and inhibited glioma growth in vivo. We detected binding of 
PCBP2 to the FHL3 3′ UTR. In addition, PCBP2 knockdown sta-
bilized the FHL3 mRNA and increased FHL3 protein levels. Our 
observations lead us to conclude that PCBP2 plays a significant 
role in the regulation of FHL3 expression, but it seems unlikely 
that the translational regulation of FHL3 by PCBP2 is the cause 
of the FHL3 underexpression in glioma cell lines. Knockdown of 
PCBP2 inhibited glioma cell proliferation in vitro and in vivo and 
induced caspase-3–mediated apoptosis. These functions appear to 
be mechanistically linked to the increase in FHL3 protein. Based 
on the previous and present experimental results, FHL3 appears to 
play a tumor suppressor–like role in cancers.

We also discovered that FHL3 induces G1 phase cell–cycle arrest 
in U87MG and U251 cells, along with an increased expression of 
P27 (data not shown). We speculated that reduced P27 expression 
might be the reason why the cell cycle is not subjected to FHL3 reg-
ulation in T98G cells. Our finding provides a better understand-
ing of the molecular events of gliomagenesis. Furthermore, under-

PCBP2 siRNA. A G1 cell-cycle arrest was observed by flow cytome-
try. It was previously reported that PCBP1/PCBP2-codepleted cells 
exhibited a G1 arrest, which was not observed in cells depleted of 
either PCBP1 or PCBP2 alone (25). However, the cell line from that 
study, K562, was later revealed to be completely devoid of the p53 
protein and therefore different from p53-dependent glioma cell 
lines. In addition, the relative proportions of G1 and G2 phases 
were also markedly different between K562 cells and glioma cells. 
Therefore, we believe that whether PCBP2 knockdown alone results 
in G1 cell-cycle arrest may depend on distinct cell characteristics. 
Third, PCBP2 siRNA transfection into the glioma cells induced cas-
pase-3–mediated apoptosis. The relationship between PCBP2 and 
apoptosis has also been investigated in oral cancer (14). Together, 
these results may explain how PCBP2 could affect glioblastoma 
progression in vivo. By injecting adenovirus-mediated PCBP2 
shRNA into nude mice glioma xenografts and observing tumor for-
mation in the mice brain, we further confirmed that PCBP2 plays 
an important role in glioblastoma development. To the best of our 
knowledge, these findings suggest for the first time that PCBP2 is 
involved in gliomagenesis.

Our biochemical studies provide mechanistic insights into 
PCBP2 function in vitro and in vivo. We focused on molecules 
that: (a) directly or indirectly associate with the RNA-binding 
protein PCBP2 according to RIP-ChIP analysis, and (b) are known 
to affect cancer cell proliferation or apoptosis according to bioin-
formatics analysis. In this study, we focused on FHL3, which was 
verified as a PCBP2-binding target by biotin pull-down analysis. 
We also identified 6 other candidate binding targets of PCBP2 that 
might be regulated by other novel mechanisms and that might be 
involved in gliomagenesis. The detailed mechanisms must be fur-
ther explored.

The identification of FHL3 mRNA as one of the novel PCBP2 
target mRNAs is an interesting finding. The FHL family is com-
posed of 5 members: FHL1, FHL2, FHL3, FHL4, and FHL5/ACT. 
By Northern analysis, FHL1, FHL2, FHL3, and FHL5 were found 
to be expressed at high levels in a variety of tumor cell lines, 

Figure 9
Co-knockdown of PCBP2 and FHL3 rescues the phenotype induced 
by PCBP2 knockdown alone. (A) Western blot of FHL3 expression in 3 
glioma cell lines transiently transfected with FHL3 siRNA. (B) Western 
blot showing PCBP2 and FHL3 protein levels in glioma cell lines tran-
siently transfected with the PCBP2 siRNA alone, or PCBP siRNA plus 
FHL3 siRNA. (C) MTT assay of 3 glioma cell lines after transfection.  
*P < 0.05 compared with the control transfection and cotransfection by a 
2-tailed Student’s t test). (D) The transfected cells above were analyzed 
by flow cytometry. The proportions of cells in the G1, G2, and S phases 
are depicted in the histograms. *P < 0.05 compared with the control. 
(E) Nuclear TUNEL staining for apoptosis in the glioma cell lines. The 
percentage of TUNEL-positive cells was calculated (n = 5) and plotted 
on the histogram. *P < 0.05 compared with the control transfection 
and cotransfection. (F) Western blot showing the levels of (cleaved) 
caspase-3 and (cleaved) PARP in the transfected glioma cell lines. (G) 
Anchorage-independent cell growth of U87MG and U251 cells after 
infection with Ad control shRNA, Ad shPCBP2, or Ad shPCBP2 plus Ad 
shFHL3 were evaluated by a soft-agar assay. Scale bars: 50 μm. The 
number of colonies in each field was expressed as the means ± SD  
(n = 5; *P < 0.05). (H) Subcutaneous tumors isolated from nude mice 
4 weeks after adenovirus injection (top). Growth curves of tumors in 
the nude mice (n = 3 per group) are shown (bottom). Each intratumoral 
injection of adenovirus is indicated by an arrow.
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RNA immunoprecipitation (RIP). RIP was performed following the method 
described in detail previously (46). Briefly, a tandem affinity-purified tag, 
biotin acceptor peptide (BAP) was fused to the 5′ terminal of the coding 
sequences of PCBP2 and GFP and then cotransfected with BirA (biotin 
ligase) into T98G cells. Biotin (1 mM) was added to the culture medium 
immediately after transfection. After 48 hours, the biotin-tagged proteins 
and RNA complexes were isolated from the cell lysate using high-affinity 
streptavidin-sepharose beads (GE Healthcare). RNP was eluted from the 
beads, and the RNA was purified from RNP using TRIzol (Invitrogen).

Microarray data analysis. Microarray data have been deposited in the 
NCBI’s Gene Expression Omnibus public database (accession num-
ber GSE44048). The method for calculating the dye-normalized signal 
involves a linear normalization across the entire range of data, followed 
by the application of LOWESS normalization to the linearized dataset. We 
conservatively established the Log2 ratio of greater than or equal to 1 as 
the minimum average of fold enrichment, with an FDR-adjusted P value 
of less than 0.05 and a spot (gene) intensity equal to or above the average 
array signal as the cut-off values. The biological functions (gene ontol-
ogy) of the preferential PCBP2-binding mRNAs identified by microarray 
analysis were determined with the web-based SBC analysis system. CSPN 
analysis was performed in the MOE Key Laboratory of Bioinformatics and 
Bioinformatics Division, TNLIST/Department of Automation at Tsinghua 
University (Beijing, China).

Biotin pull-down. Fragments located in the 3′ UTR or 5′ UTR of candi-
date mRNAs were constructed into the pGEM-3zf vector containing a T7 
promoter. The primers are shown in Supplemental Table 1. The biotin-
labeled sense RNA probes were synthesized in vitro using T7 RNA poly-
merase (Takara Bio). Cytoplasmic cell extracts were isolated from T98G 
cells using nuclear protein extraction reagents (Thermo Scientific). RNA 
affinity capture was subsequently conducted with streptavidin-sepharose 
beads as described previously (47).

mRNA half-life and RNase protection assay. Biotin-labeled antisense probes 
were synthesized in vitro with SP6 RNA polymerase (Takara Bio) from 
DNA templates constructed in a biotin pull-down assay. T98G cells were 
transfected with the control siRNA and PCBP2 siRNA. After 48 hours, 
actinomycin D (Sigma-Aldrich) (5 μg/ml) was added. Total RNA was col-
lected at 0, 2, 4 and 6 hours. Ten micrograms of total RNA from each time 
point was cohybridized with the antisense probes at 45°C overnight. The 
excess probes and unhybridized RNA were eliminated by treatment with 
RNase A/T1 (Ambion, Invitrogen) at 37°C for 30 minutes. The protected 
RNA fragments in the precipitate were resolved on a 6% polyacrylamide 
gel containing 8 M urea and then electrophoretically transferred to a pos-
itively charged nylon membrane. After the membrane was cross-linked at  
120 mJ/cm2, the protected fragments were immediately detected using 
Chemiluminescent Nucleic Acid Detection (Pierce Biotechnology) accord-
ing to the manufacturer’s instructions. Quantitation was performed on the 
densitometric scan with Quantity One software, version 4.6.9 (Bio-Rad).

Soft agar colony formation assay. U87MG and U251 cells infected by adeno-
viruses (1 × 104) were suspended in 1.5 ml complete medium supplemented 
with 0.45% low melting point agarose (Invitrogen). The cells were placed 
in 35-mm tissue culture plates containing 1.5 ml complete medium and 
agarose (0.75%) on the bottom layer. The plates were incubated at 37°C 
with 5% CO2 for 2 weeks. Cell colonies were stained with 0.005% crystal 
violet and analyzed using a microscope.

Xenograft model in nude mice. T98G cells (5 × 106) in 100 μl of a 1:1 mixture 
of culture medium and growth factor–reduced Matrigel were implanted 
subcutaneously into the forelegs of 4- to 5-week-old male BALB/c athymic 
nu/nu mice (Vital River) according to the method described previously (48). 
When the tumors reached approximately 7 to 10 mm in diameter, they were 
prepared to form a brei and then injected subcutaneously into nude mice. 

standing the biological function of PCBP2 in glioma cell lines may 
help delineate its role in gliomas. Although the mechanism of how 
PCBP2 upregulation influences glioma is not known, our observa-
tion of the loss of glioma cell growth control after PCBP2 siRNA 
transfection suggests that PCBP2 exerts its function through the 
regulation of FHL3 expression. We believe that additional mRNAs, 
and even noncoding RNAs binding to PCBP2, will be sought in 
the future and that PCBP2 is potentially an important molecular 
target for anti-glioma therapy.

Methods
Cell lines and cell culture. Human glioma cell lines T98G, U87MG, A172, and 
CCF-STTG1 were purchased from the ATCC and cultured according to the 
guidelines recommended by the ATCC. The U251 cell line (from the Cell 
Center of Peking Union Medical College) was cultured in minimum essen-
tial medium and Iscove’s modified Dulbecco’s medium supplemented with 
10% FBS. All cells were maintained at 37°C with 5% CO2. The NHA cell line 
was purchased from the Lonza group and cultured with Clonetics medium 
and reagents. The other HA cell line was purchased from ScienCell Research 
Laboratories and cultured with astrocyte medium (catalog 1801).

Plasmids, siRNAs, and transfection. The FHL3 expression construct was a 
gift from Qinong Ye of the Beijing Institute of Biotechnology (Beijing, 
China). The cDNA target sequences of siRNAs for PCBP2 have been 
described previously (24, 25), as well as the cDNA target sequences of  
siRNAs for FHL3 (40, 41). The cDNA target sequences of shRNAs for 
PCBP2 and FHL3 were described previously (27, 41). All of the plasmids 
were purified using the EndoFree Plasmid Maxi Kit (QIAGEN) and trans-
fected into T98G cells using VigoFect (Vigorous Biotechnology). siRNAs 
were synthesized by the Shanghai GenePharma Company and transfected 
into glioma cell lines using Lipofectamine 2000 (Invitrogen) at a final con-
centration of 100 to 200 nM.

Western blotting. Whole-cell extracts were obtained by lysing cells in 
TNTE buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 10 mM 
sodium pyrophosphate, 0.5% Triton X-100, 1 mM sodium vanadate, and 
25 mM sodium fluoride) containing protease inhibitors (5 μg/ml PMSF, 
0.5 μg/ml leupeptin, 0.7 μg/ml pepstatin, and 0.5 μg/ml aprotinin). The 
detailed Western blotting procedures have been described previously (45). 
The protein samples were analyzed using polyclonal rabbit anti-PCBP2 
(1:2,000; Beijing Aviva Systems Biology), rabbit anti-FHL3 (1:500; Pro-
teintech), mouse anti-survivin (1:1,000; Abcam), rabbit anti-P27, P21, 
P16, pRb, ppRb, caspase-3, and PARP (1:500; Cell Signaling Technology), 
rabbit anti-flag (1:3,000; Sigma-Aldrich), and mouse anti–β-actin (1:5,000; 
Sigma-Aldrich) antibodies.

Immunohistochemistry. Immunohistochemical analyses of PCBP2 and 
FHL3 were conducted using paraffin section specimens of glioma and peri-
carcinous tissues from 20 patients. The sections were incubated overnight 
at 4°C with anti-PCBP2 or anti-FHL3 antibodies. Staining was performed 
using a diaminobenzidine staining kit (Zhongshan).

MTT assay, flow cytometric analysis, and TUNEL assay. The MTT assays 
were performed after transfection for 0, 24, 48, and 96 hours as described 
previously (45).

Flow cytometric analysis was conducted at the Flow Cytometry facility 
of Peking Union Medical College. Briefly, after 48 to 72 hours of transfec-
tion, the cells were fixed and then incubated in PBS containing Rnase A  
(100 μg/ml; Sigma-Aldrich) and propidium iodide (50 μg/ml; 
Sigma-Aldrich) at room temperature for 30 minutes prior to analysis.

Glioma cells were infected with siRNAs or plasmids in 24-well plates 
for 48 to 72 hours. Then, the TUNEL assay was performed using a Fra-
gEL DNA fragmentation detection kit (Merck) according to the manu-
facturer’s instructions.
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The animals were separated into 3 groups (8 animals per group). Three weeks 
after injection, adenoviruses packaged at GeneChem were injected into the 
tumors 4 times with a 109 PFU per tumor each time, and the tumors were 
measured at each time point as indicated in Figure 3C. In Figure 9H, we 
used U87MG cells for subcutaneous implantation in mice. The data were 
analyzed by a 2-tailed Student’s t test.

Intracranial orthotopic xenografts were established by implanting  
5 × 105 Luc-U87MG stable cells. The shNT-U87MG, shPCBP2-U87MG, 
vector-U87MG, and FHL3-U87MG stable transfectants were constructed 
by Shanghai Chempartner. Five- to 6-week-old BALB/c athymic nu/nu  
mice were anesthetized, and the implantation of stably constructed 
U87MG into the third ventricle was performed stereotactically (2 mm lat-
eral and 0.5 mm anterior to the bregma; depth 1.5 mm from the dura). 
Tumor size was quantified by bioluminescence imaging.

Statistics. Data are presented as the mean ± SD unless otherwise indi-
cated. Statistical significance was determined by a paired or unpaired 
2-tailed Student’s t test, and a P value of less than 0.05 was considered 
statistically significant.

Study approval. All human tissue samples of normal brain and glioma were 
obtained from the Department of Neurosurgery, Beijing Tiantan Hospital. 
All samples were classified according to the third edition of the histologi-
cal grades of tumors of the nervous system published by the WHO in 2000. 
Informed consent for the use of samples was obtained from all patients before 
surgery, and approval was obtained from the Medical Ethics Committee of the 
Beijing Tiantan Hospital (Beijing, China). All animal studies were approved 
by the IACUC of the Center for Experimental Animal Research (China), and 
all animal experiments were performed in accordance with institutional 
guidelines and abided by the declaration of ethical approval for experiments 
(animal experiment ethical investigation tab ACUC2010A02-123).
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