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Tissue-specific alternative splicing is critical for the emergence of tissue identity during development, yet the
role of this process in malignant transformation is undefined. Tissue-specific splicing involves evolutionarily
conserved, alternative exons that represent only a minority of the total alternative exons identified. Many of
these conserved exons have functional features that influence signaling pathways to profound biological effect.
Here, we determined that lineage-specific splicing of a brain-enriched cassette exon in the membrane-binding
tumor suppressor annexin A7 (ANXA?7) diminishes endosomal targeting of the EGFR oncoprotein, conse-
quently enhancing EGFR signaling during brain tumor progression. ANXA7 exon splicing was mediated by
the ribonucleoprotein PTBP1, which is normally repressed during neuronal development. PTBP1 was highly
expressed in glioblastomas due to loss of a brain-enriched microRNA (miR-124) and to PTBP1 amplification.
The alternative ANXA?7 splicing trait was present in precursor cells, suggesting that glioblastoma cells inherit
the trait from a potential tumor-initiating ancestor and that these cells exploit this trait through accumulation
of mutations that enhance EGFR signaling. Our data illustrate that lineage-specific splicing of a tissue-regu-
lated alternative exon in a constituent of an oncogenic pathway eliminates tumor suppressor functions and
promotes glioblastoma progression. This paradigm may offer a general model as to how tissue-specific regu-
latory mechanisms can reprogram normal developmental processes into oncogenic ones.

Introduction

Glioblastoma multiforme is a complex genomic disease in which
multiple signaling pathways are disrupted by recurrent mutations
(1-4). Almost all glioblastomas exhibit excessive activation of the
EGFR pathway, often elicited by amplification or activating muta-
tions of the EGFR oncogene (5) or by additional or alternative
genetic mechanisms, leading to deregulation of EGFR signaling
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(6-8). We have previously shown that loss of the tumor suppressor
annexin A7 (ANXA7), a membrane-binding protein with diverse
properties, is associated with deregulation of EGFR signaling and
glioblastoma patient prognosis (2, 8).

Alternative splicing is involved in many cellular and develop-
mental processes. Splicing of pre-mRNA is a major mechanism
for the enhancement of transcriptome and proteome diversity,
functional versatility, and regulatory complexity (9, 10). The type
of alternative splicing that contributes most to phenotypic com-
plexity in higher eukaryotes involves the skipping of alternative
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Figure 1

Lineage-specific splicing of a brain-enriched exon in ANXA7 abrogates EGFR regulation. (A) Schematic representation of the ANXA7 exon struc-
ture to highlight the alternative splicing between exons 5 and 7 generating the ANXA7-12 variant. (B and C) Expression of brain-specific ANXA7-11
mRNA and splice variant ANXA7-I2 mRNA (shown as a ratio) in normal brain (NB), normal human astrocytes, neural precursor cells (NPCs),
A2B5-positive and -negative glial precursor cells (GPCs), glioblastoma (GBM) tumors, and GBM-derived cell cultures measured by qRT-PCR (B)
and corresponding box plot summary (C) showing the smallest and largest observations (upper and lower whiskers, respectively), the interquar-
tile range (box), and the median (black line); data points more than 1.5 times the interquartile range lower than the first quartile or 1.5 times the
interquartile range higher than the third quartile were considered to be outliers; P value by an unpaired t test. (D) ANXA7-11 and ANXA7-12 protein
expression in NB and glioblastoma-derived cell cultures. (E) EGFR pathway activation upon EGF ligand stimulation for various time periods in
SNB19 glioblastoma cells transduced with lentivirus to express empty vector (EV), ANXA7-12, or ANXA7-11 (both His-tagged). Lanes were run
on the same gel but were noncontiguous (indicated by thin black lines). (F) EGFR endosomal marker (EEA1, M6PR) coimmunostaining of EGF-
stimulated SNB19-EV, SNB19-ANXA7-12, and SNB19-ANXA7-I1 cells; nuclei were counterstained with DAPI. Scale bars: 50 um; 10 um (insets).
(G) Time-dependent EGFR protein abundance and His-tagged ANXA7-12 and ANXA7-11 in EGF-stimulated SNB19-EV, SNB19-ANXA7-12, and

SNB19-ANXAT-I1 cells treated with cycloheximide (CHX) to halt protein synthesis. (H) Quantification of EGFR.

cassette exons, which by definition are internal exons that are dif-
ferentially included in the various splicing isoforms of a gene (11).
Alternative splicing of pre-mRNA can promote cancer formation
by generating proteins that are truncated or missing domains and
consequently have altered function (12-18). There is strong evi-
dence that aberrant splice isoforms are involved in the pathogene-
sis of glioblastoma and can function as oncogenic drivers in these
tumors (19, 20). For example, the EGFR oncogene is a frequent
target of aberrant splicing in glioblastoma as a consequence of
deletion-rearrangement of the amplified gene (21, 22).

There is increasing evidence that spatiotemporal generation of
splicing variants plays an important role in regulating tissue-spe-
cific identity and dynamics (23, 24). Tissue-specific splicing
involves alternative exons that are evolutionarily conserved and
that may possess related functions, yet their common functional
features are just starting to be understood (11, 23, 24). Under-
standing of the role of alternative exons in human cancer has been
limited to evidence that splicing of selected genes is specifically
modified during tumor development to allow the expression
of isoforms that promote cancer cell survival (25). However, lit-
tle is known about the contribution of tissue-regulated alterna-
tive exons to tumorigenesis in a tissue-specific context. Tissue-
specific exons play crucial roles in attaining and maintaining tis-
sue identity (26), and their alternative splicing can generate cell
type-specific isoforms of key regulatory proteins that drive cel-
lular differentiation (27, 28). Therefore, alteration of these exons
could reprogram normal development into malignant transforma-
tion (29). Increasing evidence suggests that tissue-specific exons
may achieve specificity in protein interactions, i.e., genes with
such exons have interaction partners that are distinct in different
tissues (23). Given the enrichment of genes containing tissue-
specific exons for proteins with roles in signaling and development
(23, 30), it is thus plausible that changes in such exons could rewire
tissue-regulated interaction networks and signaling pathways
from normal cellular function toward host tissue transformation.

Tissue-specific splicing has a determinative role in brain devel-
opment (26, 31, 32). The brain is particularly rich in tissue-spe-
cific exons controlled by alternative splicing regulators critical
to neuronal differentiation (23, 24, 30, 33, 34). The membrane-
binding tumor suppressor ANXA7 (35, 36) belongs to a family of
proteins involved in endosomal organization and function (37-40).
ANXA?7 contains a 66-bp alternative cassette exon (exon 6) that
shows high prevalence in the brain, skeletal muscle, and heart
(41, 42). The inclusion of this tissue-specific exon may be impor-
tant for the function of the N-terminal domain of ANXA7 (42, 43),
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but its functional consequence is not well understood. Here,
we define a role for lineage-specific splicing of a brain-enriched
cassette exon in ANXA?7 in the transforming deregulation of the
EGFR oncoprotein during brain tumor progression. We show that
the splicing is mediated by the heterogeneous nuclear ribonucleo-
protein (hnRNP) polypyrimidine tract-binding protein 1 (PTBP1),
an RNA-binding protein that is repressed during normal neuro-
genesis to allow the differentiation of progenitor cells into mature
neurons (44, 45), but that is highly expressed in brain tumors
(46, 47). Our observations illustrate the potential for context-
specific splicing of a tissue-regulated alternative exon in a human
tumor suppressor to eliminate its function and, by deregulating
oncogenic signaling, contribute to tumor progression in the tissue
of origin. Our findings also provide new evidence that the preex-
istence of lineage-specific traits in ancestral cells might augment
genetic mechanisms to deregulate a common oncogene/tumor
suppressor gene axis during human carcinogenesis.

Results

Lineage-specific splicing of a brain-enriched exon in ANXA7 abrogates
EGEFR regulation. To investigate the role of ANXA7 isoforms in
brain tumorigenesis, we assessed alternative exon 6 exclusion by
measuring the expression of ANXA7 isoform 1 (ANXA7-11) and
ANXA7 isoform 2 (ANXA7-12), which lacks exon 6, in normal
brain, normal human astrocytes, neural precursor cells (NPCs),
normal A2B5-positive or A2BS-negative glial progenitor cells
(GPCs) (positive for nestin and glial fibrillary acid protein [GFAP]
and negative for Sox1, Sox2, and the neuronal marker Tuj1), and
glioblastoma (Figure 1A). We found abundant ANXA7-I1 mRNA
and protein in normal brain (composed primarily of neurons),
butvery little of either in glioblastoma tissue or in patient-derived
glioblastoma cultures, both of which showed high expression of
ANXA7-12 (Figure 1, B-D). Interestingly, we also noted abundant
expression of ANXA7-12 in astrocytes, NPCs, and GPCs (Figure
1B), suggesting that the patterned expression of this splice vari-
ant in the central nervous system is restricted to lineages that rep-
resent potential glioblastoma cells of origin (48).

EGEFR signaling is repressed and dispensable in postmitotic,
mature neurons (49, 50), but essential for the proliferation and
maintenance of neural and glial precursor cells (51) — cell types
that we found to primarily express spliced ANXA7-12. These
findings and our previous observation associating ANXA7 with
deregulation of EGFR signaling in glioblastoma (2, 8) prompted
further investigation of the differential functional roles of the
2 ANXAY splice variants in EGFR regulation. SNB19 glioblastoma
Volume 124 2863
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cells were infected with lentivirus so as to overexpress empty con-
trol vector (EV), ANXA7-12, or ANXA7-I1 and were stimulated with
EGF ligand in a time-dependent fashion. ANXA7-I1 reexpression,
but not ANXA7-12 overexpression, resulted in sustained reduction
in EGFR protein and phosphorylation and diminished activation
of v-akt murine thymoma viral oncogene homolog (AKT) and
extracellular signal-regulated kinase 1 and 2 (ERK1/2) (Figure
1E and Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI68836DS1).

Given the involvement of annexin family proteins in membrane
scaffolding and vesicle trafficking (37-40), we hypothesized that
ANXA7-I1 may affect EGFR trafficking and signal termination.
Signaling through the EGF receptor is spatiotemporally regulated
by progression through the endocytotic pathway, which involves
targeting and sorting of the receptor into endosomes for degrada-
tion (52). Early endosomes, characterized by the early endosome
antigen 1 (EEA1), give rise to multivesicular intermediates during
transport toward late endosomes, characterized by the presence
of the cation-dependent mannose-6-phosphate receptor (M6PR).
We assessed the colocalization of EGFR with these early and late
endosomal markers in the different lentivirally transduced cells
(Figure 1F). Upon EGF stimulation, EGFR mostly colocalized with
EEA1 and M6PR in cells reexpressing ANXA7-11 (Figure 1F). In
contrast, in control cells and in cells with ANXA7-12 overexpres-
sion, we found that EGFR protein was widely dispersed through-
out the cytoplasm (Figure 1F). These data suggest that ANXA7-I1,
but not ANXA7-12, efficiently targets EGFR for endosomal deg-
radation. In accord with these findings, treatment with cyclohex-
imide to halt new protein synthesis decreased the half-life of the
EGF receptor in ANXA7-I1-expressing cells, but not in control or
ANXA7-12-expressing cells (Figure 1, G and H).

PTBP1 mediates skipping of the alternative brain-specific exon in
ANXA?7 pre-RNA. Since in the brain, exon 6 is exclusively included
in ANXA7 expressed in neurons, our data showing decreased
exon 6 inclusion in glioblastoma could be due to the paucity
of neuronal differentiation elements in the bulk tumor, except
for the stem-like tumor fraction. Our finding that ANXA7-12 is
present in neural and astrocytic precursor cells suggests that this
splice feature is inherited from these potential glioblastoma cells
of origin and that this feature may be further exploited by the
tumor cells to promote excessive EGFR signaling. Additionally,
deregulation of splicing mechanisms in cancer-originating cells
could also be involved. Aberrant splicing and exon deletions can
result from mutations in alternative splice donor sites (53-55),
and intronic single nucleotide polymorphisms have been associ-
ated with the increased production of alternatively spliced tumor
suppressor transcripts that predispose to cancer (12). We therefore
sequenced the brain-enriched exon 6 of the ANXA7 gene and parts
of the flanking upstream and downstream intron/exon junctions
harboring splicing sites in 35 human glioblastomas via conven-
tional sequencing and pyrosequencing, but we found no sequence
alterations that could explain the splicing of ANXA7 in these
tumors (data not shown), further supporting the idea of inheri-
tance of this lineage-specific splicing mechanism from a potential
tumor-initiating ancestral cell.

To further address the mechanisms of splicing of the neu-
ron-specific, EGFR-regulatory ANXA7 exon in these tumors, we
identified 3 putative splicing factors among genes differentially
expressed in glioblastomas (56): 2 promoters of exon inclusion
downregulated in glioblastoma, RNA-binding protein, fox-1
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homolog (C. elegans) 1 (RBFOX1) (57) and CUGBP, Elav-like fam-
ily member 2 (CUGBP2) (58); and 1 promoter of exon exclusion
upregulated in glioblastoma, the hnRNP PTBP1 (46, 47). We first
confirmed the differential expression of these splicing factors in
glioblastomas and glioblastoma-derived cell cultures (Figure 2A
and Supplemental Figure 2, A-C), demonstrating low expression
of RBFOX1 and CUGBP2 and high expression of PTBP1I in glioblas-
toma tumor and glioblastoma cultures compared with levels
observed in normal brain. We then modulated the expression of
each factor to test its potential role in ANXA7 splicing. Lentiviral
overexpression of RBFOX1 or CUGBP2 did not alter expression
of the 2 ANXA7 variants (Supplemental Figure 2, D-G). By con-
trast, lentiviral knockdown of PTBP1 via shRNAs in SNB19 and
LN229 glioblastoma cells and in a primary brain tumor stem cell
line (BTSC23), each of which expresses high levels of PTBP1 and
lacks endogenous ANXA7-11 expression, prompted the reexpres-
sion of the ANXA7-I1 transcript and protein compared with cells
infected with scrambled, nontargeting shRNA (Figure 2, B-E, and
Supplemental Figure 3, A-C). In turn, we observed that lentiviral
overexpression of PTBP1 in a primary BTSC characterized by low
endogenous PTBP1 expression (BTSC145) markedly decreased
ANXA7-I1 expression (Figure 2F and Supplemental Figure 3D).
These results are consistent with previous findings showing regu-
lation of ANXA?7 splicing by PTBP1 in HeLa cells (59-61).

We used RNA immunoprecipitation to test whether PTBP1
directly binds ANXA7 pre-RNA in glioblastomas. IP of PTBP1
efficiently coprecipitated ANXA7 RNA in the glioblastoma-
derived cell line MB0O3, confirming a direct interaction (Figure 2,
G and H). We further investigated the interaction between PTBP1
and the ANXA?7 transcript during the splicing event using exon
trapping. We cloned a minigene containing the genomic ANXA7
region from exon S to exon 7 (ANXA7ES-7) into a splicing reporter
construct (ExonTrap) that allows monitoring of the splicing of
an exogenous DNA sequence in vitro. We transfected SNB19 con-
trol (shCtrl) or PTBP1-knockdown (shPTBP1) cells with empty
ExonTrap (ET) or ANXA7ES-7-ExonTrap (ET-ANXA7) vectors. PCR
using primers specific for the ectopic genomic fragment identified
the spliced exon in SNB19-shPTBP1-ET-ANXA?7 cells, but not in
SNB19-shCtrl-ET-ANXA7 cells, confirming a direct role of PTBP1
in ANXA7 exon 6 skipping and the importance of exon 6 neighbor-
ing introns in PTBP1-ANXA?7 pre-RNA complexing (Figure 2I).

To confirm the agency of PTBP1 in ANXA7 exon 6 skipping, we
sought PTBP1 binding sites on the ANXA7 minigene by analyzing
cross-linking IP sequencing (CLIP-seq) data (61) on genome-wide
PTB-RNA interactions and introducing mutations to specifically
suppress PTBP1 binding to these regions (62). We created a binding
model and trained it to extract 10 high-scoring binding-site can-
didates downstream, within, and upstream of exon 6 (Figure 2J).
We introduced in silico binding-site mutations and identified sets
of mutations that most significantly suppressed PTBP1 binding
affinity (Figure 2J). We then used site-directed mutagenesis to
assess the effect of 8 specific mutations on PTBP1 binding. Each
mutation was tested for its ability to increase ANXA7-II expres-
sion after transfection of the mutated minigenes into SNB19 cells
using the splicing reporter construct. All but 1 mutant increased
ANXA7-I1 reexpression, confirming the repressive effect of the
mutants on PTBP1 binding (Figure 2K). In agreement with our
findings, a recent report suggests that multiple binding sites are
involved in PTBP1-mediated silencing (60). To further confirm the
role of PTBP1 in ANXA7 splicing regulation, we analyzed a data-
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Figure 2

PTBP1 mediates exon 6 skipping in ANXA7 pre-RNA. (A) PTBP1 mRNA expression in normal brain, glioblastoma, and glioblastoma-derived lines
by gRT-PCR. n = 8 (normal brain); n = 6 (glioblastoma tumors); n = 13 (glioblastoma-derived lines). Error bars represent the mean + SD. (B) PTBP1,
ANXAT-11, and ANXAT7-12 protein abundance upon PTBP1 silencing in SNB19, LN229, and BTSC23 lines, the latter being run on a different gel
(spliced blot is indicated by a thin black line). (C—F) gRT-PCR analysis showing changes in the ANXA7-11/ANXA7-12 mRNA ratio upon PTBP1 silenc-
ing in SNB19 (C), LN229 (D), and BTSC23 (E) lines (high endogenous PTBP1 expression) and upon PTBP1 overexpression in BTSC145 cells (low
endogenous PTBP1 expression) (F). n = 3 independent experiments for all samples. Error bars represent the mean + SD. (G and H) ANXA7 RNA
IP with PTBP1 antibody in MB0O3 line. PTBP1 protein precipitation upon RNA IP (G). ANXA7 amplification from the anti-PTBP1 coprecipitated RNA
fraction (H). (I) Splicing reporter (ET) assay after cloning ANXA7 genomic region from exon 5 to exon 7 showing reexpression of ANXA7-I1 in SNB19
shPTBP1-ET-ANXA7 cells. (J) Representation of the cloned ANXA7 minigene with predicted PTBP1-binding sites and RIP primer location. Heatmap
based on PTB CLIP-seq data modeling showing the influence of individual nucleotide mutations 1-7 (superimposed); scores shown are from dark
blue (positive) to white (negative); green represents midrange. Blue bars show PTB affinity to the original sequence (top) and the reduced PTB affinity
of all 7 mutations (bottom). (K) Changes in ANXA7-11/ANXA7-12 mRNA ratio by qRT-PCR after mutagenesis in the cloned ANXA7 minigene. P values
refer to each mutation versus wild-type. n = 3 independent experiments for all samples. Error bars represent the mean + SD.
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and SNB19-shPTBP1 cells. (B) EGFR-endosomal marker (EEA1, M6PR) coimmunostaining of EGF-stimulated SNB19-shCtrl, SNB19-shPTBP1,
and SNB19-shPTBP1-shANXA7-11—double-knockdown cells. Nuclei were counterstained with DAPI. Scale bars: 50 um; 10 um (insets). (C) Time
course of EGFR and ERK1/2 phosphorylation upon EGF stimulation of SNB19-shCtrl and SNB19-shPTBP1 cells after lentiviral knockdown of
ANXAT7-11 (shANXAT-11) or of the respective scrambled control shRNA (shCtrl). (D) Immunoblot analysis highlighting the appropriate expression

of ANXA7-11, ANXA7-12, and PTBP1 in the sample shown in C.

set that used next-generation systematic evolution of ligands by
exponential enrichment (SELEX) to predict sequence and struc-
tural determinants of PTBP1 binding (63). Of note, 3 of the bind-
ing sites predicted in our analysis (M1, M2, and MS5) overlapped
with sites identified as PTBP1-binding motifs in ref. 63 and Sup-
plemental Figure 3, E-G. We also analyzed a recently published
dataset of genome-wide PTBP1 CLIP profiles after PTBP1 knock-
down (64) in relation to ANXA7 exons 5-7. Five of the sites selected
for mutational analysis (M1, M2, M3, M4, and M8) also showed
peaks in the CLIP analysis (Supplemental Figure 3H). Four of the
other sites selected for site-directed mutagenesis were in regions of
low mapability, indicating that these sites were missed by the CLIP
analysis, given the lack of alignment with a unique position on
the genome. Together, these results identify PTBP1 as the splicing
factor that mediates skipping of alternative exon 6 in ANXA7 and
suggest a complex structure of PTBP1 binding to multiple sites in
the intronic regions flanking the skipped exon.

PTBPI augments EGFR signaling through ANXA7 splicing. Since
PTBP1 mediates ANXA7 splicing and ANXA7-I1 regulates EGFR
trafficking and signal termination, we assessed the direct effect
of PTBP1 knockdown on EGFR signaling. SNB19-shPTBP1 cells
had less EGFR protein abundance and less activating phospho-
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rylation of EGFR, AKT, and ERK1/2 after EGF stimulation than
did SNB19-shCtrl cells (Figure 3A). Immunostaining after 60 min-
utes of EGF stimulation showed EGFR scattered throughout the
cytoplasm in SNB19-shCtrl cells, but condensed and colocalized
with early and late endosomal markers EEA1 and M6PR in SNB19-
shPTBP1 cells, suggesting its endosomal targeting and sorting for
degradation (Figure 3B). The same results were obtained when
SNB19 cells were transduced with a second shRNA sequence
targeting PTBP1 (Supplemental Figure 4, A-D). Lentiviral dou-
ble knockdown of PTBP1 and ANXA7-I1 in these cells (SNB19-
shPTBP1-shANXA7-11) reversed the endosomal targeting and
restored EGFR and ERK1/2 activation (Figure 3, B-D).

For a more quantitative estimate of phosphorylated protein, we
measured phosphorylated EGFR and ERK1/2 by probed isoelectric
focusing (65) in PTBP1 and ANXA7-I1-single- and -double-knock-
down cells. This analysis confirmed that PTBP1 silencing abrogates
EGFR signaling and that concurrent ANXA7-I1 silencing rescues
SNB19 cells from this effect (Supplemental Figure SA-F). These
results suggest that disinhibition of ANXA7-I1 regulation is the
primary mechanism by which PTBP1 promotes EGFR signaling.

PTBP1I knockdown inbibits glioblastoma malignancy and angiogenesis.
To further characterize the roles of PTBP1 and ANXA7 in a com-
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Figure 4

PTBP1 knockdown inhibits glioblastoma malignancy and angiogenesis. (A) Tumors resulting from intracranial injection of SNB19-shCtrl cells,
SNB19-shPTBP1 cells, and SNB19-shPTBP1-shANXA7-I1—-double-knockdown cells into the striatum of NOD/SCID mice (n = 8 animals per
subgroup). The first 2 columns show representative H&E staining of tumor growth in 2 independent experiments; immunostaining by an anti-
body against human MMP9 (black and white signal at low magnification is shown in the third column, and red signal at higher magnification
is shown in the fourth column) of representative tumors showing predominant intraparenchymal growth of SNB19-shCtrl tumors, predominant
extraparenchymal growth of SNB19-shPTPBP1 tumors, and partial reversal of the shPTBP1 phenotype by concurrent ANXA7-11 knockdown.
Scale bars: 1 mm (first 3 columns); 200 um (fourth column). (B) Coimmunostaining for human vimentin and either EGFR or VEGF showing
high abundance of both EGFR and VEGF in SNB19-shCtrl-derived tumors, low levels of EGFR and VEGF in SNB19-shPTBP1-derived
tumors, and partial rescue of EGFR as well as VEGF expression in SNB19-shPTBP1-shANXA7-11—derived tumors. Nuclei were counter-
stained with DAPI. Scale bar: 50 um.
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Figure 5

PTBP1 promotes angiogenesis in vivo. (A) H&E
staining of representative tumors resulting from
BTSC23 cells after lentiviral knockdown of PTPB1
(shPTBP1) or control knockdown with scrambled,
nontargeting shRNA (shCtrl) and intracranial injec-
tion into the brains of NOD/SCID mice (first row);
PTBP1 immunostaining showing complete loss of
PTBP1 expression in shPTBP1 tumors (second
row); immunostaining for angiogenesis markers
PECAM1 and a-SMA showing loss of neoangio-
genesis in shPTBP1 tumors (third and fourth rows).
Nuclei were counterstained with DAPI. Scale bar:
100 um. (B) Quantification of the area occupied by
blood vessels in the tumor samples described in A.
n = 14 (shCtrl) and n = 12 (shPTBP1) independent
samples. Error bars represent the mean + SEM. (C)
EC tube—formation assay. Quantification of the total
length of the tubes observed in each well after a
24-hour incubation with medium conditioned (CM)
by BTSC168 control cells (shC-shC), ANXA7-11—
knockdown cells (shC-shANXA-I1), PTBP1-knock-
down cells (shPTBP1-shC), or cells combining the 2
knockdowns (shPTBP1-shANXA7-11). The measure-
ments were taken under control conditions (no treat-
ment) and upon erlotinib treatment. n = 9 indepen-
dent samples. Error bars represent the mean + SD.
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mon pathway to glioblastoma progression, we overexpressed both
ANXA?7 variants with or without concurrent PTBP1 knockdown.
SNB19-shPTBP1 and SNB19-shCtrl-ANXA7-11 cells were large,
flat, and vacuolated, morphology reminiscent of senescent cells,
while SNB19-shCtrl control cells and SNB19-shCtrl-ANXA7-12
cells were small and spindle shaped (Supplemental Figure 6A).
SNB19 cells with PTBP1 knockdown expressed much more senes-
cence-associated f-galactosidase than did cells without PTBP1
knockdown (Supplemental Figure 6C) and, consistent with a pre-
vious report, were less migratory and invasive (ref. 66 and Supple-
mental Figure 6, B and D-F).

To determine the effect of PTBP1 knockdown on brain tum-
origenesis, we injected PTBP1-knockdown and control SNB19
cells into the striatum of immunocompromised NOD/SCID
mice. SNB19 control cells produced invasive tumors with pseudo-
palisading necrosis, characteristic of glioblastoma (Figure 4A). By
contrast, PTBP1-knockdown cells were found predominantly in
the subarachnoid space, despite intraparenchymal injection con-
firmed by MRI (Figure 4A and Supplemental Figure 7A). Tumors
originating from cells with PTBP1-ANXA7-I1 double knockdown
grew in both the striatum and the subarachnoid space (Figure
4A and Supplemental Figure 7A), suggesting that concurrent
silencing of ANXA7-11 partially restored the invasive phenotype.
Immunostaining for human MMP9, involved in extracellular
matrix breakdown during invasion (67), strongly labeled tumor
cells in satellites (Figure 4A), small, finger-shaped perivascular
clusters associated with inhibition of neovascularization and the
consequent co-option of preexisting host blood vessels (68, 69).
Satellites were found in tumors from PTBP1-knockdown cells
and in the extraparenchymal, subarachnoid portion of tumors
from PTBP1-ANXA7-I1-double-knockdown cells, but not in
control tumors or in the invasive portion of striatal tumors from
PTBP1-ANXA7-I1-double-knockdown cells (Figure 4A). In accord
with these observations, inhibition of glioma angiogenesis not
only fosters growth of tumor cells in satellite structures along
brain vessels, but also their migration over long distances to the
subarachnoid space (68, 69).

PTBP1 promotes tumor angiogenesis through modulation of ANXA7
and EGFR. To verify that PTBP1 knockdown inhibits neoan-
giogenesis, we assessed the expression of VEGF, a major EGFR-
regulated angiogenic factor in glioblastoma (70-74), and EGFR
in the SNB19-derived tumors. Consistent with our in vitro obser-
vations, silencing of PTBP1 was associated with loss of EGFR
expression in these tumors, and concurrent silencing of ANX-
A7-11 restored EGFR levels (Figure 4B and Supplemental Figure 7,
B and C), confirming the role of ANXA7-I1 in EGFR regulation.
Moreover, VEGF was abundantly expressed in tumors derived from
SNB19-shCtrl cells, but not in those derived from SNB19-shPTBP1
cells (Figure 4B and Supplemental Figure 7, B and C). VEGF
expression in the tumors was partially restored by PTBP1-ANX-
A7-11 double knockdown, evidencing the role of a PTBP1/ANXA7/
EGFR signaling axis in glioblastoma angiogenesis (Figure 4B
and Supplemental Figure 7, B and C).

We then injected patient-derived BTSCs with high endogenous
PTBP1 expression (BTSC23; amplified PTBPI gene) into the
striatum of NOD/SCID mice. Control tumors, but not those from
PTBP1-knockdown cells, had extensive pseudopalisading necrosis
and diffuse hemorrhage (Figure SA and Supplemental Figure 8A).
Glioblastoma stem cells have been shown to generate new vessels
in which ECs express the EC marker PECAM1 (aka CD31) (75),
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and vascular pericytes express the pericyte marker a-SMA (76)
to support vessel function and tumor growth. Consistently, we
found that control tumors abundantly expressed PECAM1 and
0-SMA and had large, entangled vessels following tortuous paths
(Figure 5, A and B). Conversely, PTBP1-knockdown tumors lacked
PTBP1 expression and had sparse, small vessels and a paucity of
endothelial and pericyte markers (Figure 5, A and B).

To further study the suggested role of PTBP1 in brain tumor
angiogenesis, we correlated expression of PTBPI with expres-
sion of genes involved in angiogenesis in 550 glioblastomas of
The Cancer Genome Atlas (TCGA) project. We found significant
coexpression of PTBPI and multiple angiogenesis genes, many of
which were also coexpressed with EGFR (Supplemental Figure 8B
and Supplemental Table 1). TagMan array analysis of angiogen-
esis genes in PTBPI-amplified BTSC23 cells after knockdown of
PTPB1 (Supplemental Table 1) revealed an overlap between genes
differentially expressed after PTBP1 knockdown and those coreg-
ulated with both PTBP1 and EGFR in the in silico analysis (Sup-
plemental Table 1).

This finding and previous reports suggesting a role of EGFR in
brain tumor angiogenesis (74, 77, 78) prompted further investi-
gation of the differential expression of 7 EGFR-regulated angio-
genesis genes (VEGF, ITGAV, CXCLI10, LYVEL, COLISAI, CTGF,
PDGFRA) after knockdown of PTBP1 in BTSC23 cells (high
endogenous PTBP1) and after reexpression of PTBP1in BTSC145
cells (low endogenous PTBP1). Real-time PCR demonstrated
that PTBP1 knockdown reduced the expression of these genes in
BTSC23 cells and that PTBP1 reexpression induced their expres-
sion in BTSC145 cells (Supplemental Figure 8, C and D).

We used an EC tube-formation assay to further evaluate the role
of PTBP1 and ANXA?7 in angiogenesis. This assay measures the
ability of ECs, plated at subconfluent densities with the appro-
priate extracellular matrix support, to form capillary-like struc-
tures (aka tubes) (79). The addition of conditioned medium from
BTSCs (BTSC168) with PTBP1 silencing markedly reduced the
tube formation compared with that observed in the control group
(Figure 5C and Supplemental Figure 8, E and F). By contrast, con-
ditioned medium from BTSCs with isolated ANXA7-11 silencing
did not affect tube formation, a finding reminiscent of the fact
that given the high PTBP1 expression in these cells, there is virtu-
ally no endogenous ANXA7-I1 expression and that PTBP1 needs
to be silenced first to induce ANXA7-I1. Consistently, conditioned
medium from BTSCs with PTBP1-ANXA7-11 double knockdown
induced tube formation that was not significantly different from
that of the control group, suggesting a determining role of ANXA7
splicing in PTBP1-mediated angiogenesis (Figure 5C and Supple-
mental Figure 8, E and F). Intriguingly, conditioned medium from
BTSCs treated with erlotinib to prevent EGFR activation further
reduced total tube length and obscured the rescuing effect of con-
current ANXA7-I1 knockdown (and thus EGFR disinhibition)
on tube formation (Figure 5C). Bevacizumab treatment to block
VEGEF signaling had an effect on tube formation that was similar
to that of erlotinib treatment in this angiogenesis model (Supple-
mental Figure 8G). Together, these data establish that the proan-
giogenic effect of PTBP1 involves a signaling axis from PTBP1 to
altered ANXA7 splicing to EGFR deregulation.

Gene amplification and loss of a neuron-specific microRNA deregulate
PTBP1 in glioblastomas. We examined the potential mechanisms
of PTBP1 overexpression in glioblastomas. Our estimation of
PTBPI copy number variation in 537 TCGA glioblastomas found
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Figure 6

Gene amplification and loss of a neuron-specific miRNA deregulate PTBP1 in glioblastomas. (A) PTBP1 gene copy numbers (amplification [Amp] vs.
wild-type [WT] status) at the 19p13.3 locus across 537 glioblastomas and corresponding PTBP1 mRNA expression; overexpression and low expres-
sion denote higher-than-median and lower-than-median expression. (B) PTBP1 protein expression in a panel of patient-derived BTSCs (and normal
brain) and corresponding copy number status of the PTBP1 gene showing high expression in both PTBP1-amplified and several nonamplified cells.
(C) Linear regression of PTBP1 expression on PTBP1 gene dosage in 428 glioblastomas indicates a significant gene dosage effect on transcription
(P =7 x 10-8) and significantly higher expression of PTBP1 in PTBP1-amplified tumors compared with nonamplified tumors (P < 0.0000001 by
Wilcoxon'’s rank-sum test). P value in the linear regression model indicates statistical significance according to the estimated slope of the regression
line. LOWESS smooth fit confirmed the appropriateness of a linear regression model. (D) gRT-PCR analysis of miR-124 and PTBP1 expression in
normal human astrocytes, NPCs, A2B5-positive and -negative GPCs, patient-derived BTSCs, and glioblastoma tumor cell cultures, all normalized
to expression in pooled normal brain. (E) Linear regression of PTBP7 mRNA expression on neuron-specific miR-124 expression in 428 glioblasto-
mas indicated an inverse correlation (P = 0.000006). (F) Multiple regression model in 355 glioblastomas, confirming both PTBP1 gene dosage and
miR-124 expression, is significantly associated with PTBP1 expression (P = 0.0001 and P = 0.00001, respectively; ordinary least-squares estimation).
Graphical model validation by corresponding P-P plot indicates fit of probability distributions of observed versus estimated cumulative probabilities.

the PTBPI gene locus on chromosome 19p13.3 to be amplified in
34.6% of tumors (Figure 6A). Amplification of PTBPI was associ-
ated with significantly increased PTPBI expression in 428 patients
with the combined availability of copy number and gene expression
data (Figure 6C). However, many tumors had overexpression of the
PTBPI transcript (Figure 6A) and protein (Figure 6B) without gene
amplification. Neuron-specific microRNA miR-124, which plays an
important role in neurogenesis (80) and is repressed in high-grade
gliomas (81-83) to enhance stem-like traits and invasiveness (84),
directly targets PTBPI during nervous system development (44). Our
analysis of miR-124 expression in a panel of patient-derived BTSCs
revealed consistently lower levels of miR-124 in glioblastoma-derived
BTSCs and tumor cell cultures than were seen in normal brain and,
in turn, showed higher levels of PTBPI expression in the BTSCs and
tumor cultures (Figure 6D). We found a highly significant inverse
correlation between miR-124 and PTBPI expression in 428 TCGA
glioblastomas, although these tumors represented crude tissue sam-
ples that showed a high degree of cellular heterogeneity (Figure 6E).
PTBP1 gene dosage and miR-124 expression remained significantly
associated with PTBPI expression in a multiple regression model in
355 TCGA glioblastomas, suggesting an independent contribution
to increased PTBP]I expression in glioblastomas (Figure 6F). Of note,
miR-124 expression levels were also lower and PTBPI expression lev-
els higher in NPCs and GPCs compared with those in normal brain.
This further supports the idea that a common miR-124/PTBP1/
ANXAY splicing axis is inherited by glioblastoma cells from a poten-
tial ancestral precursor cell and that this axis is further exploited and
constitutively activated during glioblastoma progression through
the selection of additional genetic alterations, including PTBPI
amplification and, as we have shown before, heterozygous ANXA7
losses and EGFR aberrations (2, 8).

miR-124 has been shown to directly target PTBPI mRNA during
nervous system development and to thus promote neuronal dif-
ferentiation (44). To confirm the regulation of PTBPI by miR-124
in glioblastomas and to further verify the involvement of PTBP1
in ANXA7 splicing and EGFR regulation, we transfected SNB19
cells with double-stranded RNA oligonucleotides corresponding
to the mature sequence of miR-124. miR-124 reexpression caused
PTBP1 mRNA and protein downregulation, an increase in ANX-
A7-I1 expression, and a decrease in ANXA7-I2 expression (Figure 7,
A-C). As a consequence, EGFR protein levels and phosphorylation
decreased, consistent with its sorting to early and late endosomes,
as evidenced by colocalization with early and late endosomal
markers EEA1 and M6PR (Figure 7, D and E). We observed that
control cells demonstrated a flattened morphology with large
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lamellipodia, while miR-124-expressing cells had a more elon-
gated, almost neuron-like morphology with clear cellular bodies
(Figure 7E). These findings suggest that loss of miR-124 is directly
involved in the deregulation of PTBP1 and ensuing disinhibition
of EGFR signaling through ANXA?7 splicing in glioblastomas.

PTBP1 and EGER have similar effects on clinical outcome. Finally, we
assessed the association of PTBPI expression and clinical outcome.
Patients with high PTBPI expression had significantly shorter sur-
vival than patients with low PTBP1 expression (hazard ratio [HR]
for death with high versus low PTBPI expression, 1.27; 95% CI,
1.02-1.58; P = 0.029 by the Cox model). This association was even
more significant in newly diagnosed patients uniformly treated
with chemoradiation (HR, 1.6, 95% CI, 1.18-2.18; P = 0.003 by the
Cox model) (Figure 8A). Amplification of the EGFR oncogene and
impaired signal termination both contribute to constitutive activa-
tion of EGFR in glioblastomas (5, 7); our results suggest that the lat-
ter mechanism includes PTBP1-mediated ANXA7 splicing. To gauge
the relative clinical importance of PTBP1-mediated deregulation of
EGFR and amplification of EGFR, we stratified patients into 4 sub-
groups, according to whether their tumors carried or lacked EGFR
amplifications and whether they overexpressed PTBPI. Patients
whose tumors overexpressed PTBPI had outcomes similar to those
of patients whose tumors harbored EGFR amplifications (P> 0.0S by
the Cox model) (Figure 8B). These outcomes were worse than those
of patients whose tumors had low PTBPI expression and lacked
EGFR amplification (HR for death with high PTBPI /wild-type EGFR
vs. low PTBP1/wild-type EGFR, 2.04; 95% CI, 1.27-3.29, P = 0.003 by
the Cox model, and HR for death with low PTBP1/EGFR amplifica-
tion vs. low PTBP1/wild-type EGFR, 1.86;95% CI, 1.15-3.00, P= 0.011
(Figure 8B). The concurrent presence of high PTBPI expression
and EGFR amplification did not portend a poorer prognosis than
the isolated presence of either event in patients (P > 0.05 by the Cox
model), supporting the notion that EGFR is the primary target of
the oncogenic effect of PTBP1 in glioblastomas (Figure 8B). Further-
more, tumors with high PTBPI expression had significantly lower
EGFR mRNA levels than did tumors carrying EGFR amplifications,
supporting our notion that PTBP1 upregulates EGFR at the protein
level by inhibiting ANXA7-mediated EGFR degradation and not at
the transcriptional level (Figure 8C). These data suggest that PTBP1
activation in glioblastoma produces a tumor phenotype biologically
and clinically similar to that arising from EGFR amplification.

Discussion

We describe what we believe to be a novel mechanism of onco-
genic pathway activation during brain tumor progression: lin-
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miR-124 regulates PTBP1 expression and its downstream effects on ANXA?7 splicing and EGFR signaling. (A—C) gRT-PCR analysis showing
changes in PTBP1 (A), ANXA7-12 (B), and ANXA7-11 (C) mRNA upon transfection of SNB19 cells with double-stranded RNA oligonucleotides
corresponding to the mature sequence of miR-124. (D) Immunoblot analysis showing the expression of PTBP1, ANXA7-I1, ANXA7-12, phos-
pho-EGFR, and total EGFR in EGF-stimulated SNB19 cells transfected as in A. (E) Early (EEA1) and late (M6PR) endosomal marker coimmu-
nostaining with EGFR in EGF-stimulated SNB19 cells infected as in A. Nuclei were counterstained with DAPI. Scale bars: 50 um; 10 um (inset).

eage-specific splicing of an alternative exon in a tumor suppressor
that regulates an oncogenic pathway, eliminates the tumor sup-
pressor’s function, and contributes to tumor progression. This
mechanism is consistent with prior evidence that aberrant acti-
vation of EGFR cooperates with loss of tumor suppressor gene
functions in the formation of glioblastomas and other tumors
(85). In gliomagenesis, known synergy between the loss of tumor
suppression and the aberrant activation of EGFR has been limited
to the frequent co-occurrence of EGFR mutations and inactivat-
ing mutations of key tumor suppressors such as INK4A/ARF and
PTEN (4, 85). In PTEN, such mutations impair EGFR degradation
and signal termination (7). Signaling through EGFR is spatio-
temporally regulated by its progression through the endocytotic
pathway, which determines the receptor’s half-life and accessibil-
ity to signaling proteins and phosphatases (52). Our novel finding
that ANXA7 splicing in glioblastoma reduces endosomal sorting
of EGFR, leading to its downstream signal termination, estab-
lishes that the reduction of tumor suppressor gene regulation of
EGEFR signaling can also occur post-transcriptionally.
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Differential inclusion of tissue-specific exons usually does not
interrupt the frame of translation (86), but can impact protein
interactions (23). The spliced, alternative exon in ANXA7 may
encode determinants for the interaction of ANXA7 with the endo-
cytosis machinery. Consistently, we show that lack of this exon in
glioblastoma leads to incomplete endosomal sorting and degra-
dation of EGFR. Identification of a role of ANXA7 in endosomal
targeting reinforces prior evidence that implicates other annexins
in endosomal organization and function (38-40). Our observation
that a tissue-specific exon can have a determining role on the func-
tion of a protein involved in endocytosis is also consistent with a
recent report showing that a neural-specific alternative exon pro-
motes an interaction between the nucleocytoplasmic adaptor pro-
tein bridging integrator 1 (Bin1) and brain-enriched amphiphysin
II and the GTPase dynamin 2 (Dnm?2) that facilitates endocytosis
in neural cells (24).

Our study has identified PTBP1 as the primary mediator of
ANXA?7 exon skipping in brain tumors. Genome-wide mapping of
PTBP1-RNA interactions has demonstrated that dominant PTB
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binding near a competing constitutive splice site generally induces
exon inclusion, whereas prevalent binding close to an alternative
site often causes exon skipping (61), as we show here for ANXA7.
In contrast, a recent study (60) demonstrated that PTBP1 binding
upstream or within a cassette exon acts as a repressor; instead, when
bound only on the downstream intron, it mediates exon inclusion.
Our site-directed mutagenesis of in silico-predicted PTBP1-binding
sites slightly differs from what was described in these previous
studies, suggesting a more complex binding model, in which sev-
eral possible binding motifs located within, as well as upstream and
downstream of, the exon cooperatively contribute to the splicing of
the alternative cassette exon according to their affinity to PTBP1.
Consistent with this model, the analysis of PTBP1-mediated
ANXA7 exon 6 splicing by Llorian and colleagues shows that a
splicing reporter construct containing mutations of putative PTB
binding sites in the exon remains responsive to PTBP1 knockdown,
suggesting the presence of additional PTBP1 binding sites (60).

In the brain, PTBP1 expression is restricted to non-neuronal
lineages such as astrocytes and neural progenitors (45), which we
further confirmed for A2BS5-positive and A2B5-negative glial pro-
genitor cells (87, 88). We found that PTBP1 was highly expressed in
glioblastomas through downregulation of miRNA-124. Moreover,
we show that amplification of the PTBPI gene represents an addi-
tional mechanism to deregulate PTBP1 in glioblastomas. These find-
ings are consistent with the proposed role of stem-like cells as poten-
tial glioblastoma cells of origin (89-91). We found that silencing of
PTBP1 attenuated both glioblastoma malignancy and angiogenesis
in tumors from BTSCs, despite their high native propensity to gen-
erate tumor endothelium (75, 92) or, as more recently suggested, to
generate vascular pericytes to support tumor growth (76). Consistent
with our proposed role for PTBP1 in angiogenesis, PTBP1 was iden-
tified as a gene upregulated in laser-capture microdissected glioblas-
toma vessels compared with that seen in nonmalignant human brain
tissue, suggesting its role as a vascular tumor marker (93). In our
SNB19 xenograft model, PTBP1 silencing results in the formation
of cell satellites around vessel cores and in concomitant tumor cells
spreading in the subarachnoid space. This phenotype is reminiscent
of tumor growth in mice treated with VEGF inhibitor (69) or upon
VEGF knockdown (68). The distinct tumor phenotype observed in
the SNB19 xenograft model could be due to the fact that SNB19-
derived tumors form less vessels when grown orthotopically than do
BTSC-derived tumors. Strikingly, concurrent silencing of ANXA7-I1
restored the control group tumor phenotype, suggesting that the
effect of PTBP1 on tumor angiogenesis is, at least in part, mediated
by ANXA7-I1 deregulation. This hypothesis is also supported by the
rescuing effect of ANXA7-I1 knockdown over the inhibition exerted
by PTBP1 silencing on the ability of ECs to form capillary-like
structures. Given our proposed role of ANXA7-I1 as a regulator of
EGEFR trafficking, it is plausible that EGFR plays a major role in the
observed phenotype. The putative role of EGFR in this process finds
further confirmation in the inhibitory effect of erlotinib treatment
on tube formation and in the fact that many EGFR target genes with
roles in angiogenesis are also regulated by PTBP1. Nonetheless, fur-
ther studies will be necessary to fully reveal the mechanism by which
PTBP1 regulates vessel formation.

Mapping of PTBPI in a chromosomal region, 19p13.3, which
is frequently amplified in glioblastomas (2), further supports its
oncogenic function. Our finding that EGFR amplification and
PTBP1 overexpression portend a similarly poor clinical outcome
highlights the importance of PTBP1-mediated activation of EGFR.
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It is currently understood that EGFR signaling is repressed and
dispensable in postmitotic, mature neurons (49, 50), which express
EGFR signal-terminating ANXA7-I1. Conversely, EGFR signaling
is essential for the proliferation and maintenance of neural and
glial precursors (51); these cells are highly enriched for ANXA7-12,
which lacks EGFR-regulatory capabilities. This suggests that the
EGFR pathway-activating splicing trait peculiar to glioblastoma
cells might be inherited from these progenitor lineages, which may
represent the potential cell of origin of glioblastoma (48). There-
fore, it is likely that the miR-124/PTBP1/ANXA7 splicing axis is
not a tumor-specific, but rather a lineage-specific, characteristic
that is further exploited to promote tumor progression through
the accumulation and selection of additional genetic alterations,
including PTBPI amplification, heterozygous ANXA7 deletion,
and EGER aberrations (2, 8). Altogether, these genetic alterations
cumulatively contribute to the establishment of a permissive envi-
ronment by enhancing EGFR pathway activation.

Some support for the conservation of a “normal-like” function of
a common miR-124/PTBP1 axis in glioblastomas comes from our
observation that restoration of miR-124 expression in glioblastoma
cells induces a more neuron-like morphology. The role of miR-124
in neuronal differentiation is well documented (44): RE1 silencing
transcription factor (REST) controls miR-124 disinhibition, driving
the differentiation of neural progenitor cells into mature neurons
by directly targeting PTBP1 mRNA (44, 94). Consequently, it is rea-
sonable to conclude that PTBP1 downregulation upon miR-124
restoration in glioblastoma cells is not just a side effect of these cells
undergoing neuronal differentiation, but rather a driving force that
promotes the switch to a neuron-like phenotype. Of note, neuronal
differentiation is associated with accumulation of the nervous
system-enriched and PTBP1-repressed paralog PTBP2 (44, 45).
Cross-regulation and functional redundancy have been reported for
both paralogs (59), yet a functional role for PTBP2 in ANXA7 splic-
ing and EGFR regulation remains to be defined. Recent genome-
wide and high-throughput analyses of a PTBP2-controlled splicing
regulatory program have shown PTBPT2 to target a large set of cas-
sette exons, but not alternative exon 6 of ANXA7 (95, 96), suggesting
that this PTBP1 paraloglacks potential EGFR-regulatory capability
through modulation of ANXA7 splicing.

Collectively, our paradigm of malignant progression conse-
quent to the lineage-specific splicing of a tissue-regulated, alter-
native exon in a tumor suppressor and the ensuing oncoprotein
activation, which we have elucidated in glioblastoma, may have
widespread applicability in explaining how changes in tissue-spe-
cific, post-transcriptional regulatory mechanisms can contribute
to reprogramming of normal development into oncogenesis.

Methods
An expanded Methods section is provided in the Supplemental Methods.

Clinical samples, glioblastoma cell lines, and lentiviral infection. Tumor samples
were collected under IRB-approved guidelines and with informed patient con-
sent at Stanford University, Northwestern University, Cleveland Clinic, and
the University of Freiburg. Primary BTSCs were grown in neurobasal media
supplemented with EGF, FGF2, and LIF. Glioblastoma cell lines, HEK 293T,
and Phoenix cells were grown in DMEM with 10% FBS. For overexpression and
silencing experiments, glioblastoma cells and primary BTSCs were infected
with lentiviral particles generated by cotransfection of lentiviral plasmids with
pCMV-MD2G and psPAX2 vectors in HEK 293T.

Isolation, culture, sorting, and characterization of normal glial progenitor cells. Nor-
mal glial progenitor cells were derived from resected primary patient tissue
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following neurosurgery. Tissue was dissociated, and cells with the ability to
proliferate were selected for culture over 2 passages. Proliferative cells were
then sorted for A2B5 using anti-A2BS MicroBeads (Miltenyi Biotec) and char-
acterized for nestin (Rat401, 1:200; Developmental Studies Hybridoma Bank
[DSHBY), GFAP (20334, 1:5,000; Dako), Sox1 (AF3369, 1:200; R&D Systems),
Sox2 (AF2018, 1:100; R&D Systems), and neuronal Tuj1 (MAB1195, 1:500;
R&D Systems) expression by immunofluorescence staining.

Mutational analysis. Exon 6 of the ANXA7 gene and parts of the flank-
ing upstream and downstream intron/exon junctions harboring splicing
sites were sequenced in 35 human glioblastoma samples via conventional
sequencing on a 3730 DNA Analyzer (Applied Biosystems) and via pyrose-
quencing on a Pyromark Q96 MD System (QIAGEN).

Quantitative real-time PCR. Quantitative RT-PCR (qRT-PCR) was per-
formed via TagMan Assay (Applied Biosystems) or SYBR green (Applied
Biosystems). Expression of angiogenesis markers was detected using a
TagMan Human Angiogenesis Array (Applied Biosystems). The primers
used for QRT-PCR are listed in Supplemental Table 2.

PTBPI-binding site prediction and mutagenesis. PTBP1 binding sites were
predicted using PTB-CLIP-seq data (61, 64) and next-generation SELEX
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PTBP1 and EGFR have similar effects on clinical outcome. (A) Kaplan-
Meier product limit estimates of overall survival in 241 newly diagnosed
glioblastoma patients uniformly treated with chemoradiation (HR, 1.6,
95% Cl, 1.18-2.18; P = 0.003 by the Cox model), with patients stratified
according to low versus high (relative to the median) PTPB1 expres-
sion. P value according to the Cox model and corresponding HR and
95% Cl. (B) Kaplan—Meier estimates of overall survival for the same
241 patients stratified into 4 subgroups: high PTPB1 expression with-
out EGFR amplification, high PTPB1 expression with EGFR amplifi-
cation, low PTBP1 expression without EGFR amplification (WT), and
low PTPB1 expression with EGFR amplification. Global P value for the
4-class model according to log-rank test; pairwise P values according
to the Cox model. (C) EGFR mRNA expression in the 4 subgroups
shown in B. P values according to an unpaired t test.

(63) as previously described (62). Mutagenesis was performed using the
QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies). The
primers used for mutagenesis are listed in Supplemental Table 3.

RNA IP. RNA IP was performed in SNB19 cells using the RiboCluster
Profiler RIP-Assay Kit (MBL International).

Migration, invasion, and senescence assays. For the wound-healing assay,
SNB19-infected cells were grown at 95% confluence. A scratch of approx-
imately 1 mm was made, and images were taken every 24 hours using an
Axiovert wide-field microscope (Zeiss). A BioCoat Matrigel Invasion Cham-
ber (BD Biosciences) was used for Matrigel invasion assays according to the
manufacturer’s instructions. Cellular senescence was assessed via -galacto-
sidase labeling as measured with a Senescence Detection kit (Calbiochem).

Intracranial injection. Six- to 8-week-old NOD/SCID mice (Charles River
Laboratories) were intracranially injected with BTSC23 or SNB19 cells sta-
bly expressing firefly luciferase and infected with lentivirus as described
earlier (97). Bioluminescence imaging was performed using the Xenogen
in vivo imaging system.

Endothelial cell tube formation assay. HUVECs (Millipore) were seeded in
Matrigel-covered 24-well plates at a concentration of 80,000 cells per
Volume 124
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well and incubated for 24 hours with 500 ul of complete neurobasal
medium conditioned by BTSCs with various knockdown genotypes for
the previous 48 hours (79).

Statistics. Linear regression analyses and graphical model validation
were executed using R software. Scatter plots and locally weighted least-
squares (LOWESS) smooths were used to confirm the suitability of linear
regression analyses, and statistical significance of these relationships was
assessed according to the P value for the estimated slope of the regres-
sion line. A multiple linear regression model was computed based on
the ordinary least-squares method. Survival curves were estimated by
the Kaplan-Meier product-limit method, and survival distributions were
compared across groups using the log-rank test or by Cox proportional
hazards model. An unpaired ¢ test and Wilcoxon’s rank-sum test were
used as appropriate. P values less than 0.05 were considered significant,
except for linear regression analysis of coregulated expression of PTBP1
and EGFR with multiple angiogenesis genes, in which a false discovery
rate-adjusted q value less than 0.001 was considered significant.

Study approval. Human studies were approved by the IRBs of Stanford
University, Northwestern University, and Cleveland Clinic and by the ethics
committee of the University of Freiburg. Animal studies were approved by
the animal review committee of the University of Freiburg.
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