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Abstract

Alternative polyadenylation (APA) is widely present in the human genome and plays a key role in carcino-
genesis. We conducted a comprehensive analysis of the APA products in glioblastoma multiforme (GBM, one of
the most lethal brain tumors) and normal brain tissues and further developed a computational pipeline,
RNAelements (http://sysbio.zju.edu.cn/RNAelements/), using covariance model from known RNA binding
protein (RBP) targets acquired by RNA Immunoprecipitation (RIP) analysis. We identified 4530 APA isoforms
for 2733 genes in GBM, and found that 182 APA isoforms from 148 genes showed significant differential
expression between normal and GBM brain tissues. We then focused on three genes with long and short APA
isoforms that show inconsistent expression changes between normal and GBM brain tissues. These were
myocyte enhancer factor 2D, heat shock factor binding protein 1, and polyhomeotic homolog 1 (Drosophila).
Using the RNAelements program, we found that RBP binding sites were enriched in the alternative regions
between the first and the last polyadenylation sites, which would result in the short APA forms escaping
regulation from those RNA binding proteins. To the best of our knowledge, this report is the first comprehensive
APA isoform dataset for GBM and normal brain tissues. Additionally, we demonstrated a putative novel APA-
mediated mechanism for controlling RNA stability and translation for APA isoforms. These observations col-
lectively lay a foundation for novel diagnostics and molecular mechanisms that can inform future therapeutic
interventions for GBM.

Introduction

N EUKARYOTES, MOST PRE-MRNAs must undergo a series of

modification events, including capping, splicing, poly-
adenylation, editing, and base modification, to become ma-
ture mRNAs to perform their functions. Here we focused on
the polyadenylation process in which a pre-mRNA is first
cleaved at a site containing conserved polyadenylation sig-
nals, and additional adenosines are added to the end. Poly-
adenylation sites determine the 3’ end of mRNAs and
alternative polyadenylation of mRNAs affect functions of
mRNAs. About half of human genes have more than one
polyadenylation sites (Tian et al., 2005), and transcripts with
different polyadenylation sites could be differentially ex-
pressed in different tissues (Zhang et al., 2005b) or disease
states (Fu et al., 2011; Mayr and Bartel, 2009; Sandberg et al.,
2008; Zlotorynski and Agami, 2008), suggesting a regulatory

role of alternative polyadenylation (APA) in gene expression.
Recently, Mayr and Bartel showed that cancer cells generated
more mRNAs with shorter 3 UTR sequences compared to
non-transformed cells, and these shorter mRNA isoforms
were more stable and typically translated into ten-fold more
proteins, in part due to the loss of microRNA-mediated re-
pression (Mayr and Bartel, 2009).

We have previously published massively parallel signature
sequencing (MPSS) analysis of glioblastoma multiforme
(GBM) and normal brain tissues (Lin et al., 2010). MPSS can
generate millions of short signature sequence tags from
proximal to the 3" ends of mRNAs by digestion of DpnlI, and
the number of tags present for each transcript being a digital
readout of corresponding mRNA abundance (Brenner et al.,
2000; Chen et al., 2005; Jongeneel et al., 2005; Jongeneel et al.,
2003; Reinartz et al., 2002). MPSS captured the 3’ most
DpnlI digested tags of polyadenylated RNAs using oligo-dT

1Systems Biology Division, Zhejiang-California International NanoSystems Institute, Zhejiang University, Hangzhou, China.
?Bioinformatics Group, Biotechnology Center, Technical University of Dresden, Dresden, Germany.

3Swedish Neuroscience Institute, Swedish Medical Center, Seattle, Washington.

4Department of Neurosurgery and Brain Tumor Research Laboratory, Second Affiliated Hospital of Soochow University, Suzhou, China.
SDepartment of Urology, University of Washington, Seattle, Washington.

136



ALTERNATIVE POLYADENYLATION IN GLIOBLASTOMA

sequences, and would capture different 3" most Dpnll di-
gested tags from RNAs derived from APA events. It is suit-
able for analyzing APA events. In contrast, with the more
recently developed RNA-seq (Wang et al., 2009a), where
RNAs are sheared by hydrolysis or physical shearing, to
generate small RNA fragments for sequencing, it is hard as-
certain which tag derived from which APA isoform. There-
fore, in this study, we carried out a comprehensive analysis of
the APA isoforms between glioblastoma and normal brain
tissues using the MPSS data (Lin et al., 2010). We identified
and confirmed three genes whose APA mRNA isoforms
showed opposite expression changes between glioblastoma
multiforme (GBM) and normal brain tissues. The three genes
are: MEF2D (myocyte enhancer factor 2D), HSBP1 (heat shock
factor binding protein 1), and PHC1 [polyhomeotic homolog 1
(Drosophila)]. In addition, we developed a computational
pipeline RN Aelements using a covariance model from known
RNA binding protein (RBP) targets acquired by RIP (Keene
et al., 2006) or CLIP (Ule et al., 2003) methods. We searched
the APA regions in the 3" UTR sequences of MEF2D, HSBP1,
and PHCT1 for the RBP binding sites with the model and found
that RNA binding proteins AUF1, HNRNPA1, HuR, MSI1,
NCL, PUM2, and SSB specifically bound to the regions be-
tween two alternative polyadenylation sites. These regions
would be missed from the shorter APA mRNA isoforms, thus
representing a novel regulatory mechanism for controlling
RNA stability and translation.

Methods
Identification of APA

A virtual MPSS tag database representing all APAs in hu-
man RefSeq mRNAs was established as follows. First, all 17-nt
tags with DpnlI sites “GATC” and potential polyadenylation
sites or polyadenylation signals were extracted from RefSeq
mRNA sequences (version 2010.08.17). We used ERPIN
(Lambert et al., 2004), PolyA_SVM (Cheng et al., 2006), and
POLYAR (Akhtar et al.,, 2010) to identify polyadenylation
signals within the full mRNA sequences, and used BLAT
(Kent, 2002) to align EST sequences with at least 8 adenines
(As) in the polyA tail of full mRNA sequences to identify
possible polyadenylation sites. MPSS data from GBM (glio-
blastoma multiforme) and normal brain tissues was obtained
from GEO database (GSE14878) (Lin et al., 2010), and mapped
to the virtual database using BLAST tools (version 2.2.24). The
expression abundance was normalized as TPM (transcripts
per million). Furthermore, the differentially expressed APA
transcripts were identified by R package DESeq (Anders and
Huber, 2010) using raw counts.

Collection of sequences of RBP target mRNAs

To identify the common features of RBP targeted
mRNAs, we first downloaded targeted sequences of the RBPs
in the relevant literature. We extracted the whole sequences
of mRNAs interacted with AUF1 (HNRNPD) (Mazan-
Mamczarz et al., 2009), HNRNPA1 (Eiring et al., 2008), HuR
(ELAVL1) (Mukherjee et al., 2009), MSI1 (de Sousa Abreu
et al.,, 2009), NCL (Yang et al., 2002), PUM2 (Galgano et al.,
2008), and SSB (Eiring et al., 2008). If the corresponding
publications did not provide the sequences, we fetched the
sequences from NCBI RefSeq according to the gene lists in the
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publications. The datasets can be downloaded from our
RNAelements website.

Initiation of RNA motifs

In the first step, all the sequences of RBP targeted mRNAs
were folded into locally stable stem-loop structures using the
RNALfold program from Vienna RNA package (Hofacker,
2003; Hofacker et al.,, 2004). Next, we compared the top
ranked secondary structures and clustered the similar struc-
tures into one candidate. To make sure that the motif candi-
dates were significantly enriched within the targeted mRNAs,
random sequences were generated by shuffling original se-
quences and used as the control. The frequency of each stable
stem-loop structure in all 3 UTRs of human genome was
calculated as well. If the frequencies of motif candidate in
random sequences and in 3" UTRs of human genome were
both lower than the counterpart in the dataset, the corre-
sponding sequences of the structures plus 5-nt flanking se-
quences were extracted for model refinement described
below.

Refinement of the RBP binding model

Based on the candidate RNA fragments, the RBP binding
model was refined by the Cmalign program of Infernal
package (Nawrocki et al., 2009) iteratively. Each sequence was
used as a seed to which the other sequences with the same
structure were then aligned. If the random hit of the model
was lower, the model was kept for a second refinement by the
Cmsearch program with the parameter of only searching for
the top strand with E value less than 0.1. After calibrating the
model, other new random sequences were generated for
searching and the e-value was calculated. According to the
hits from the random sequences and original RBP targeted
sequences, the best model was identified and used to predict
binding sites for unknown mRNA sequences.

Visualization of motifs

The models of the RBP binding sites were visualized by
R2R, a software used to depict consensus sequence and sec-
ondary structure of a group of related RNAs (Weinberg and
Breaker, 2011). The Stockholm format files containing se-
quences and structures of RBP binding sites were generated
by RNAelements and used as input for the R2R program.

Validation of polyadenylation sites

Clinical samples. One sample of GBM and one sample
from normal brain tissue were obtained from patients at the
Second Affiliated Hospital of Soochow University (Suzhou,
Jiangsu Province, China) with an approval from the institu-
tion ethics committee of the Second Affiliated Hospital of
Soochow University (Suzhou, China). GBM and normal brain
tissues for MPSS analysis were approved by the Institutional
Review Boards of the University of lowa and Swedish Med-
ical Center. Written informed consents were obtained for
all samples. Tissues were frozen in liquid nitrogen until use.
The histopathological grades of tumors were assessed by
pathologists.

Cell cultures. U251, LN229, M059K, and M059] cells were
obtained from the ATCC (Manassas, USA) and cultured
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according to the suppliers protocol at 37°, 5% CO, in DMEM/
F12 or DMEM (GIBCO) media supplemented with 5% fetal
bovine serum and 1% penicillin/streptomycin. Cells were
cultured in T25 culture flasks with 90% confluence till use.

Reverse transcription PCR and 3’ End cDNA
amplification

RNA of cell lines was extracted using the TRIzol® Reagent
(Invitrogen) according to the manufacturer’s protocol. Ambion
MirVana miRNA Isolation Kit (Applied Biosystems, CA, USA)
was used for the isolation of total RNA of tissues. According to
the protocol of Scotto-Lavion et al (2006), we used the primer Qt
in reverse transcription PCR and primer Qi which is com-
plemented to part of Qt as the common primer used in 3’ End
cDNA amplification. Five ug RNA of each sample was added as
template into a final reaction volume of 20 uL with SuperScript
II reverse transcriptase (Invitrogen). For 3" End cDNA amplifi-
cation, we used 50ng cDNA as template using Finnzymes
Phusion High-Fidelity DNA Polymerase Kit for the first round,
and KOD-Plus-Neo (Toyobo, Japan) Kit for the second round,
according to the recommended protocol. PCR products were
analyzed by 1% agarose gel electrophoresis, and recycled from
gel using MiniElute gel extraction kit (Qiagen, CA, USA) and
then linked to pMD-18T simple vector (Takara, Japan) accord-
ing to the supplied protocol and verified by sequencing. Se-
quences of primer Qt were 5-ccagtgagcagagtgacgaggactcga
gctcaagcttttttttttttttttt-3’, Qo 5-ccagtgagcagagtgacg-3’, and Qi
5’-gaggactcgagctcaage-3’. Site specific primers of targeted genes
were designed to bind to target sites specifically by the BLAT
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program. The gene specific primer sequences were as follows:
MEF2D: 5-CCCCACCCCTCAGTTGACGC-3" and 5-AGTC
AACACTGGGATGGTCTGTG-3"; HSBP1: 5-ACCTCATGAC
ACAGGCTGGGGT-3" and 5-GATCGAATGGCTTTTTGCAG
CTAAC-3; PHCI: 5-GGCAAGGAACTGGGTGGAATGT-3
and 5-GGCACATGTGGCTGTTGTCATTCTT-3". The addi-
tional primer for MEF2D_5888 was 5-CCACCCCCACACC
TGACAATCAC-3".

Results

Approaches for the identification of differentially
expressed alternatively polyadenylated transcripts
from next-generation sequencing data

Figure 1 shows the approach that we used for the identifi-
cation of differentially expressed APA isoforms using the
massively parallel signature sequencing (MPSS) data. In the
MPSS analysis, the tags were usually generated by capturing
polyadenylated mRNA on a solid support (e.g., oligo-dT con-
jugated magnetic beads) and cDNAs were synthesized, then
digested with a 4-base pair restriction enzyme cutter (e.g.,
Dpnll). 3" most (closest to the polyA tail) tags were retained
after digestion. A linker, which contains a type III restriction
enzyme (e.g., Mmel) that cuts at approximately 25 base-pairs
from the site, was then ligated to the tags. Digestion with the
type Il restriction enzyme will generate unique tags for library
construction and sequencing (Brenner et al., 2000; Chen et al.,
2005; Jongeneel et al., 2005; Jongeneel et al., 2003; Reinartz et al.,
2002). An advantage of MPSS is that it is able to distinguish
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mRNA isoforms derived from alternative usages poly-
adenylated sites (Brenner et al., 2000; Chen et al., 2005; Jon-
geneel et al., 2005; Jongeneel et al., 2003; Reinartz et al., 2002).

We have previously analyzed the transcriptomes from a
pool of five normal brain tissues and a pool of five GBM
tissues (Lin et al., 2010). A total of 1,479,906 and 1,521,666 tags
(23,342 and 16,298 unique tags) were identified, respectively,
from the normal brain tissues and the GBM tissues. 1,104,508
tags from the normal brain tissues and 1,186,667 tags from the
GBM tissues could be mapped to the virtual MPSS tag data-
base representing APA isoforms. The 17 nt MPSS tags were
assigned to RefSeq sequences by BLAST, allowing no mis-
match. The presence of MPSS tags was considered evidence
for the existence of polyA site. We also sought information
from two additional sites. First, we used ERPIN (Lambert
et al., 2004), PolyA_SVM (Cheng et al., 2006), and POLYAR
(Akhtar et al., 2010) to identify polyadenylation signals in all
isoforms of the mRNAs. Second, we also confirmed the
polyadenylation sites by the existence of cDNAs from EST
sequence database at NCBI with at least 8 consecutive ade-
nines at the ends. The EST sequences with 8 or more consec-
utive As in the ends were used for BLAT alignment. The 3’
ends of EST sequences should be stringently aligned to the end
of RefSeq mRNA sequences with no more than 5nt overhang.
The minimum aligned length should be at least 60% of the full
length, and the orientation should be forward. To address the
internal priming issue in the MPSS sequencing technology for
which oligo-dT is used as primers for the first strand cDNA
synthesis, the sequences surrounding the candidate poly-
adenylation sites were examined. The internal priming regions
were examined by searching the surrounding 10-nt window
for 6 consecutive As or 7 As, as described in polyA_DB
methods (Zhang et al., 2005a). If there were more than 7 ade-
nines in a 10-bp window or 6 consecutive adenines flanking the
potential cleavage site, it was considered as internal priming
candidate and discarded.

In the end, when there is a MPSS tag, and additionally there
is atleast 1 out of the 2 supporting evidences (polyA signals or
at least one EST alignment), the corresponding isoform were
used for further analysis. Then the expression abundance of
the specific mRNA corresponding to a specific APA event was
recorded as the counts of the 3" MPSS tags which are nearest to
the polyadenylation sites (Fig. 1). If a tag maps to multiple
APA isoforms with no mismatch, the expression level of each
isoform was assigned as the mean abundance of the tags di-
vided by the mapped isoforms.

Identification of differentially expressed APA products
in GBM and normal brain tissues

We used MPSS data from a pool of five normal brain tissues
and a pool of five GBM tissues (Lin et al., 2010) to examine
whether there were any differentially expressed transcripts
resulting from alternative usage of polyadenylation sites. In
the end, 14,530 and 12,129 transcripts were detected in the
normal brain and GBM tissues respectively. The overall ex-
pression patterns is shown in Figure 2A. Although more
transcripts were found in normal brain, the numbers of highly
expressed transcripts (>10tpm) from the two pools were
highly similar (Fig. 2A). Of these detectable transcripts in the
two pools, 13,924 transcripts from 8,777 genes were identified
with only one polyadenylation site, while 4,530 mRNAs from
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2,733 genes were found with alternative polyadenylation
(APA) sites (Supplementary Table S1; supplementary data are
available online at www.liebertonline/omi). About 24%
genes detected in both the normal brain and GBM tissues
had alternative polyadenylation sites. The existence of the
APA isoforms increased potential transcripts to a total
24,876, exceeding the number of RefSeq annotated transcripts
(13924 + 4530, 18454 transcripts). The average number of APA
per transcript is 1.35 (24876/18454). From the GBM tissues,
we observed 2721 short APA transcripts and 1732 long APA
transcripts, and in normal tissues, we observed 3203 short
transcripts and 2037 long APA transcripts, as reliably detected
with the expression level greater than 3 tpm (Table S1, Fig.
2B). In this article, we define the transcript isoforms bearing
the most distal polyadenylation sites found in the database as
long APA isoforms, and the transcript isoforms bearing the
upstream polyadenylaton sites other than the most distal
polyadenylation sites as short APA isoforms. Therefore, for a
gene, there is only one long APA isoform, but there could be
multiple short APA isoforms, for which we did not make any
distinctions in this article.

We analyzed differential expression at APA transcript
levels of genes, instead of at the gene level, ignoring APA
transcript information between normal and GBM brain tis-
sues. The expression abundance of an APA isoform is re-
presented by the counts of MPSS tag upstream of the
polyadenylation sites. In the end, we identified 182 APA
transcripts from 148 genes that show significantly differential
expression between the normal and GBM brain tissues (Table
S2, p<0.01 by the DESeq analysis). We identified 125 differ-
entially expressed APA short isoforms and 57 differentially
expressed long APA isoforms. The distribution of APA iso-
forms among different categories is shown in Figure 2B. The
counts of long and short APA transcripts were similar in
normal and GBM tissues. However, there were more short
APA transcripts whose expression was significantly increased
in GBM tissues than those for long APA transcripts (Fig. 2B).

In this work, we focused on identifying genes whose long
and short APA isoforms show inconsistent and statistically
different (P <0.01 by the DESeq analysis) expression changes
(e.g., one APA isoform is upregulated, and at the same time
the other isoform is downregulated) between the normal and
GBM brain tissues. We found that APA products of three
genes MEF2D (myocyte enhancer factor 2D, MADS box
transcription enhancer factor 2), HSBP1 (Heat shock factor
binding protein 1), and PHCI [[polyhomeotic homolog 1
(Drosophila)] have the pattern of expression changes that we
looked for (Table 1). The transcripts of HSBP1 and PHC1 had
two polyadenylation sites in their 3° UTRs. For these two
genes, the abundance of the longer APA transcript did not
change between GBM and normal tissues, but the shorter one
was expressed at considerable levels in the normal tissues, but
was not detectable in the GBM tissues. In contrast, the longer
transcript of MEF2D was expressed at high levels in the nor-
mal tissues but was not detectable in the GBM tissues, while
the expression level of the shorter one did not change signif-
icantly between the GBM and normal tissues.

We then performed PCR validation of the APA products
using four GBM cell lines (M059K, LN229, and U87, all from
ATCC, http://www.atcc.org/), one GBM tissue, and one
normal brain tissue. We adopted the protocol of Scotto-
Lavion et al. (2006) in which two gene specific primers ahead
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FIG. 2. Comparison of APA forms identified from GBM and normal brain tissues. (A) An overview of expression levels for
APA isoforms. Y-axis, number of APA isoforms; X-axis, bins of APA isoforms with the expression levels at the indicated range
in tpm (e.g., 300-500 tpm). (B) The percentage of the APA forms for all the genes (first two columns) found in normal or GBM
tissues, and that for the different expressed APAs in normal and GBM tissues (last two columns). (C) The differentially
expressed APA were divided into different categories and plotted as pie chart.

of the upstream polyadenylation site and a common primer
containing an adapter and 17 Ts were used. We confirmed the
existence of all the alternative polyadenylation sites for
MEF2D, HSBP1, and PHCI by RT-PCR (Fig. 3A).

The expected bands the APA isoforms were marked by
arrows. Both APA isoforms were found for HSBP1 and PHC1,

but for the MEF2D, the longer APA isoform of 2904 bp was
not identified in the first PCR setting, which does not allow
amplification of long products. So we designed another pri-
mer and modified the PCR conditions to get the long APA
isoform, as shown in Figure 3B. Among the six poly-
adenylation sites derived from these six APA forms of the

TABLE 1. TRANSCRIPTS FROM SAME GENE SHOWING CONTRADICTORY EXPRESSION LEVELS
BETWEEN NORMAL BRAIN AND GBM TissuUEs

Gene Descriptions Length CDS polyA site  Fold changes P value Normal* GBM*
MEF2D Myocyte enhancer factor 2D 5888  391...1956 3384 2.07 0.7770 3243 69.66
5888 0.00 0.0045  84.46 0.00
HSBP1  Heat shock factor binding protein 1 1919  90...320 569 0.00 0.0039  89.87 0.00
1891 1.26 09379 9730 127.49
PHC1  Polyhomeotic homolog 1 (Drosophila) 5206 157...3171 4013 0.00 0.0046  83.79 0.00
5179 1.18 09924  89.87 109.75

* tpm.
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FIG. 3. Confirmation of polyadenylation sites. (A) RT-PCR confirmation of polyadenylation sites. The corresponding
product size of each expected polyadenylation is listed at the bottom. The expected size bands of the APA isoforms are marked
by arrows. Both APA isoforms were found for HSBP1 and PHCI. The short APA isoform for MEFD was identified in (A), but
the longer form (MEFD_5888) was amplified by different PCR conditions due to its long size and showed in (B). (C) Known
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shown.

three genes, only the short APA isoform polyadenylation sites
of MEF2D and HSBP1 were novel and not annotated in the
Genbank. We therefore confirmed the PCR products corre-
sponding to these two sites by sequencing (data not shown).
The current protocol of validation (Scotto-Lavino et al., 2006),
in which two gene specific primers ahead of the upstream
polyadenylation site and a common primer containing an
adapter and 17 Ts were used, was not amenable for quanti-
fication by real-time PCR. Therefore, in this study, we were

only able to validate the existence of the APA isoforms but not
able to confirm the differential expression changes found by
MPSS.

Development of the RNAelements program

We hypothesized that APA events could affect the binding
of RBPs to the differentially expressed APA regions. To pre-
dict where RNAs would be bound by RBPs, we developed a
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program that we named RNAelements. We first used known
RBP-RNA binding data to develop an algorithm to find
common structural (including secondary structure) motif for
RBP binding. We focused on those RBPs with genome-wide
in vivo immunoprecipitation datasets such as those generated
by the RIP-Chip (RNA IP followed by microarray analysis)
(Baroni et al., 2008; Keene et al., 2006). In RIP-Chip, the tar-
geted mRNAs bound by RBPs were pulled down by immu-
noprecipitation and the mRNAs were detected by microarray.
However, RIP-Chip can only identify which mRNAs are
bound by the RBPs but not the precise binding sites of RBPs.
Therefore, it would be useful to develop an algorithm to de-
rived consensus binding motifs for a RBP from RIP-Chip data.

We extracted the RIP-Chip data for AUF1 (HNRNPD)
(Mazan-Mamczarz et al., 2009), HNRNPA1 (Eiring et al.,
2008), HuR (ELAVL1) (Mukherjee et al., 2009), MSI1 (de
Sousa Abreu et al., 2009), NCL (Yang et al., 2002), PUM2
(Galgano et al., 2008), and SSB (Eiring et al.,, 2008). We
adopted the covariance model that took both RNA sequences
and secondary structure consensus into account (Nawrocki
et al., 2009). RNAdistance in Vienna RNA package (http://
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rna.tbi.univie.ac.at/) was used to calculate distances between
RNA secondary structures. The structures with distance less
than 3 were grouped into the same initial motif. The sequences
bearing the target structure were counted in both input and
random datasets. If the percentage of the structure in input
dataset was greater than in background datasets (including
random sequences and the whole database of all human 3’
UTR sequences) at a determined threshold (set at 1.5-fold
enrichment in this article), the corresponding segments were
kept as initial models for further CM model training. By it-
eratively creating a CM model and searching the model for
hits in input and random datasets using the infernal package,
the model with the highest hits in the training dataset and
fewest hits in random data was selected as the final model.
This model was then used to predict the binding sites in
novel RNA sequences (Fig. 4A). In the end, we identified the
consensus structures and sequences for RNA bindings for
these seven RBPs. The structures were visualized by R2R
program (Weinberg and Breaker, 2011) (Fig. 4B). The identi-
fied motifs were about 30 nt long, with a stable local stem-loop
structure. AUF1, HNRNPA1, NCL, and PUM2 have similar
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FIG. 4.

Identification of RBP binding sites. (A) Flowchart of RNAelements and RBP binding sites in APA products. The

known RBP target RNA sequences are used to train a covariance model for each RBP, and then the models are used to predict
RBP binding sites in RNA sequences which are found to bear alternative polyadenylation sites. (B) RNA motifs involved in
several RBP binding sites. IUPAC symbols are used to represent conserved nucleotides. R means A or G, while Y means C or
U. The color of the letter is drawn according to the position entropy, with the lowest entropy mapped to red.
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TABLE 2. COMPARISON OF PERFORMANCE OF RNAELEMENTS AND RNAPROMO IN A GROUP
OF PosITIVE TARGETS IDENTIFIED FROM KNOWN EXPERIMENTS
True positive rate
Datasets No. of sequences RBP RNAelements RNApromo
HuR.CLIP-SEQ.Kishore 656 HuR 62.96% 26.37%
HuR.PAR-CLIP.Lebedeva 2873 HuR 72.05% 34.42%
HuR PAR-CLIP.Mukherjee 7420 HuR 53.02% 19.58%
HuR.PAR-CLIP.Kishore 1010 HuR 60.50% 27.03%
PUM2.PAR-CLIP.Hafner 588 PUM2 74.49% 44.22%
Average True Posive Rate 64.60% 30.33%

binding motifs, with a long stem and a small loop. The
binding motifs for HuR and SSB have a big loop and a short
stem, and the sequences in the loop were more conserved than
that in the stem. The motif for MSI1 has 2 loops and 2 stems,
with the stem sequences highly conserved (AGCUGGG......
GG....GCC.......... GCUAAU). The detailed alignment of the
motif is available at http://sysbio.zju.edu.cn/RNAelements/
help.php#sto.

To evaluate the performance of the RNAelements program,
we used another kind of global data set generated by CLIP-
seq or PAR-CLIP, which sequenced the RNA fragments cross-
linked by a RBP using next-generation sequencing technology
(Hafner et al., 2010; Kishore et al., 2011; Konig et al., 2010;
Wang et al., 2009b). CLIP-seq (or PAR-CLIP) data contain
sequences or neighboring sequences of binding regions of
RBPS. Because the CLIP-seq or PAR-CLIP-seq data for HuR

TaBLE 3. COMPARISON OF PERFORMANCE OF RNAELEMENTS AND RNAPROMO
IN A GROUP OF NEGATIVE TARGETS FROM OTHER PROTEINS

False positive rate Average false positive rate

Datasets No. of sequences RBP RNAelements ~ RNApromo  RNAelements — RNApromo
neg.QKIL.PAR-CLIP.Hafner 4157 AUF1 0.63% 3.97% 5.59% 4.71%
HNRNPA1 12.53% 3.54%
HuR 2.79% 4.96%
MSI1 2.31% 5.68%
NCL 1.66% 3.80%
PUM2 15.95% 7.36%
SSB 3.27% 3.70%
neg. hnRNPC.iCLIP.Koenig 19803 AUF1 0.93% 1.37% 0.76% 1.67%
HNRNPA1 0.81% 0.87%
HuR 1.49% 2.05%
MSI1 0.28% 3.34%
NCL 0.44% 0.89%
PUM2 0.72% 2.56%
SSB 0.68% 0.61%
neg. TDP-43.iCLIP.Tollervey 94211 AUF1 10.10% 5.63% 7.44% 5.27%
HNRNPA1 7.17% 3.98%
HuR 8.53% 5.96%
MSI1 4.82% 5.58%
NCL 7.99% 5.52%
PUM2 8.63% 5.80%
SSB 4.84% 4.42%
neg. TIAL1iCLIP.Wang 42228 AUF1 6.71% 5.39% 8.26% 6.59%
HNRNPA1 10.71% 5.09%
HuR 12.12% 8.17%
MSI1 3.42% 9.16%
NCL 7.14% 4.93%
PUM2 10.77% 8.78%
SSB 6.90% 4.60%
Average false positive rate AUF1 4.59% 4.09% 5.51% 4.56%
HNRNPA1 7.81% 3.37%
HuR 6.23% 5.28%
MSI1 2.71% 5.94%
NCL 4.31% 3.78%
PUM2 9.02% 6.12%
SSB 3.92% 3.34%
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(Kishore et al., 2011; Lebedeva et al., 2011; Mukherjee et al.,
2011) and PUM2 (Hafner et al., 2010) were available, we used
them to evaluate the binding sequences of HuR and PUM2
that were predicted by the RNAelement program. The CLIP-
seq, PAR-CLIP-seq, or iCLIP data for QKI (Hafner et al., 2010),
hnRNPC (Konig et al., 2010), TDP-43 (Tollervey et al., 2011),
and TIAL1 (Wang et al., 2010) were used as negative datasets
to determine the false positive rate, based on the assumption
that QKI, hnRNPC, TDP-43, and TIAL1 are different proteins
from HuR and PUM2, and that their binding targets would be
different. We compared the performance of RNAelements to
RNApromo (Rabani et al., 2008), which was developed based
on stochastic context-free grammars (SCFGs) using a set of
input RNAs. We used the same training datasets to find
motifs by RNApromo with default parameters, and searched
the motifs in test datasets to find the hits with RNApromo
scores greater than 0. RNAelements has true positive rate of
64.6% compared to 30.33% of the RNApromo program (Table
2) at similar false positive rates of 5.59% and 4.71% (Table 3),
respectively. However, none of the AUF1 and HuR motifs
found by RNApromo was AU-rich, contradicting to the
properties of AUF1 and HuR binding targets identified
(Lopez de Silanes et al., 2004; Mazan-Mamczarz et al., 2009).
In order to make our pipeline available to the community, we
developed a web server for RNAelements at http://sys-
bio.zju.edu.cn/RNAelements/. Users can visit this web ser-
ver to predict RBP binding sites for their own RNA sequences.

RBP binding sites were enriched in the 3" UTR regions
between the first and the last polyadenylation sites

Here we used RNAelements to search for RBPs binding
sites for the transcripts listed in Table 1. The RBP motifs
identified in these genes by RNAelements were annotated
with the polyadenylation sites (Fig. 5, Table 4). We found that
most of the RBP binding sites were enriched in the 3° UTR
regions between the first and the last polyadenylation sites.
All of the predicted RBP sites in HSBPT mRNA sequences
were in the alternative region following the first poly-
adenylation site, and therefore the shorter mRNA resulting

MEF2D i
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from the upstream polyadenylation site would be free from
RBP regulation. For PHCI, the binding sites of HNRNPA1
and NCL were only located at the alternative region, and thus
the longer transcript would be specifically regulated by the
above two RBPs. Finally, we found that HuR, NCL, and SSB
bound to the alternative region of MEF2D. The shorter tran-
script of MEF2D, which was upregulated in GBM, would
escape regulation by these RBPs.

We then checked the expression level for the seven RBP
genes from the same MPSS data (Table 5). AUF1 was only
expressed in GBM tissues, and all of the 3 genes could be
regulated by AUF1 in GBM but not in the normal brain tissues.
HuR (Abdelmohsen and Gorospe, 2010) and NCL (Otake et al.,
2007; Zhang et al., 2008) were shown to enhance stability of
target mRNAs, while SSB were found to promote translation of
targets (Sommer et al., 2011). So in normal brain tissues, the
long APA MEF2D transcripts could stay longer and produce
more proteins. In contrast, all MEF2D mRNAs in GBM tissues
are short APA isoforms, and would be unstable due to AUF1
regulation. For HSBP1 and PHCI, half of the transcripts in
normal brain would escape regulation from all the 7 RBPs.

Discussion

We conducted a comprehensive analysis of the APA
products for MPSS data using a stringent pipeline (Fig. 1) and
identified 4,530 APA isoforms of mRNAs for 2,733 genes
(Table S1). Among them, we identified 182 APA transcripts
corresponding to 148 genes that show significantly differen-
tial expression between the normal and GBM brain tissues.
This represents a first comprehensive characterization of APA
events in glioblastoma and would be a good resource for the
research community.

In this study, we focused on genes with APA isoforms that
showed opposite expression changes between the normal and
GBM brain tissues and identified that APA products of three
genes MEF2D, HSBP1, and PHC1 fit the criteria (Table 1).
MEF2D is a transcriptional activator that binds specifically to
the MEF2 element, 5-YTA[AT](4)TAR-3" (Fickett, 1996). It
plays important roles in regulating skeletal and cardiac
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FIG. 5. Predicted RBP binding regions for genes with APA isoforms that showed opposite expression changes between
normal brain and GBM tissues. Predicted binding sites of seven RNA-binding proteins are shown in the targeted RNA
sequences. Most binding sites are located after the first polyadenylation site.
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TABLE 4. RBP BINDING SITES PREDICTED BY RNAELEMENTS

Gene CDS PolyA site RBP Target.start Target.stop

MEF2D 391..1956 3384,/5888 AUF1 2216 2245
HuR 5523 5564
MSI1 2921 2953
NCL 3538 3569
NCL 3824 3854
SSB 5839 5868

HSBP1 90..320 569/1891 AUF1 1523 1554
HNRNPA1 852 887
HNRNPA1 944 982
HNRNPA1 1522 1555
HNRNPA1 1309 1340
HuR 1451 1480
MSI1 1294 1321
MSI1 1786 1823
NCL 770 804
NCL 1523 1554
PUM2 688 725
PUM2 1279 1311

PHC1 157..3171 4013/5179 AUF1 4253 4282
AUF1 2469 2498
HNRNPA1 4644 4688
MSI1 589 627
MSI1 5006 5029
NCL 5002 5033
NCL 4966 4997

muscle development, and in neuronal differentiation and in
the control of cell growth, survival, and apoptosis via p38
MAPK signaling pathway (Bandyopadhyay et al., 2010; Kato
et al., 2000; Yang et al., 1998). HSBP1 is a protein that binds to
heat shock factor 1(HSF1), a transcription factor involved in
the heat shock response. HSBP1 negatively regulates HSF1
DNA-binding activity (Satyal et al., 1998). PHC1 is a member
of Polycomb Repressive Complex 1 (PRC1), which binds to
the H3K27me3 and organizes the chromatin into a repressive
structure, and showed overexpression in a broad spectrum
of tumor samples compared to their normal counterparts
(Sanchez-Beato et al., 2006). However, the biological signifi-
cance of our findings of these differentially regulated APAs in
GBM remains to be investigated.

The short APA isoforms of HSBP1 and PHC1 were present in
the normal tissues while undetectable in GBM, but the longer
APA forms showed no differential expression between the
GBM and the normal tissues. In contrast, the longer transcript
of MEF2D was not detectable in GBM tissue, while expression

level of the shorter one did not change significantly between
GBM and normal tissues. As the PCR confirmation protocol
that we used (Scotto-Lavino et al., 2006) used a common primer
containing an adapter and 17 Ts, and two rounds of PCR, it is
not amenable for quantification by RT-PCR. We therefore have
not quantitatively validated the differential expression of dif-
ferent APA forms for the three genes. However, we believe that
the APA isoform quantification data from the MPSS analysis is
highly reliable, as the expression of these transcripts are very
abundant (tpms mostly >80; Table 1) and statistics for identi-
fying differential expressed genes from the highly expressed
genes using MPSS are quite reliable (Fan et al., 2011; Jeannette
Reinartz et al., 2002).

It is increasingly recognized that 3’ UTR of mRNA harbors
elements related with mRNA localization (Andreassi and
Riccio, 2009; Chabanon et al., 2004), translation (Irier et al.,
2009a; Irier et al., 2009b; Lau et al., 2010), and decay (Mayr
and Bartel, 2009; Sandberg et al., 2008; Zlotorynski and
Agami, 2008). For example, two brain-derived neurotrophic

TaBLE 5. RBP ExPrESSION AND REGULATION IN NORMAL BrAIN AND GBM TissuEs

Normal GBM
Normal*  GBM* MEF2D HSBP1 PHC1 MEF2D (Short) ~ HSBP1 (Long)  PHCI (Long)
AUF1 0.00 17.09 - — - - - - + + +
HNRNPA1 72.98 70.32 - - - + - + - + +
HuR 22.97 43.37 - + - + - - - + —
MSI1 NA NA - - - - - - - - -
NCL 159.47 208.32 - + - + — + - + +
PUM2 104.74 23.66 - - - + - - - + -
SSB 40.54 21.03 - + - - - - - - -

* tpm.
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factor (BDNF) transcripts are generated in the brain, one with
a short and the other with a long 3" UTRs (An et al., 2008).
These two isoforms perform different cellular functions. The
transcripts with long 3" UTR are specifically transported to
dendrites where they regulate pruning and dendritic spine
morphology and act as a bona fide cis-acting translation sup-
pressor for dendrites at rest. However, the transcripts with
short UTR are confined to somata mediating active translation
to maintain basal levels of BDNF protein production (An
etal, 2008; Lau et al., 2010). Another well-studied example is
GIuR2, which has two classes of transcripts with short and
long 3" UTR of around 4 and 6kb, respectively (Irier et al.,
2009b). The long transcripts of GIuR2 seem to suppress
translation of GIuR2 and the short transcripts are actively
being translated (Irier et al., 2009b).

The relationship between the UTR length and cancers has
been under active investigations (Mayr and Bartel, 2009;
Sandberg et al., 2008; Singh et al., 2009; Zlotorynski and
Agami, 2008). It was demonstrated that cancer cells often
express mRNAs with shorter 3° UTR, which exhibit strong
stability and produce 10-fold more protein due to a loss of
miRNA-mediated suppression in the long UTR region (Mayr
and Bartel, 2009). In our analysis, we found that some genes
did have inconsistent expression for different APA isoforms in
the two tissues studied.

There are two major potential regulatory mechanisms for
3’'UTR mediated regulation of mRNA stability, localization, and
translation efficiency: through binding of microRNAs (miR-
NAs) and RNA-binding proteins (RBPs) to regulatory elements
embedded in the targeted sequences in the 3’'UTR. APA event
might change the 3"'UTR sequences used in mature mRNAs, via
changes in miRNA bindings or in RBP binding. For example,
Jenal et al. (2012) recently found that loss of PABPN1 [poly(A)
binding protein, nuclear 1] gene resulted in extensive 3’ un-
translated region shortening due to enhanced usage of proximal
cleavage sites. They further demonstrated that enhanced usage
of proximal CSs compromises microRNA-mediated repression
using cyclin D1 as a test case (Jenal et al., 2012). As predicting of
miRNA bindings was studied extensively and many programs
were developed to predict miRNA targets (such as www
.microrna.org, mirdb.org, www.targetscan.org etc), we decided
to focus on the analysis of the effect of APA on RBP binding.

We developed the RNAelements program (http://
sysbio.zju.edu.cn/RNAelements/) to predict RNA bindings
in the UTR regions and we found that there seems to be an
enrichment for RBP binding in the region between the first
and the last polyadenylation sites for the three genes that we
focused on here, suggesting that another potential mechanism
for regulating the APA expression is the escape from RBP
binding in the short APA isoforms of mRNAs. For example,
all of the predicted RBP sites in HSBP1 were in the alternative
region following the first polyadenylation site, and therefore
the shorter APA isoform would be escaped from RBP regu-
lation in the APA region (Fig. 5). To explore whether this is a
general mechanism for all APA isoforms that we identified,
we compared the number of RBP motifs found in the region of
3'UTR to the first polyadenylation site (named the common
region here) to the region between the first and the last
polyadenylation sites (named the APA region here). We
found that 87 genes (87/148, 59%) have more RBP motifs in
the APA region compared to the common region, and 9 genes
(9/148, 6%) have the same number of RBP motifs in the two
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regions. Interestingly, there are 17 genes for which all of the
RBP muotifs of are located in their APA regions.

RNA binding proteins (RBPs) play important roles in post-
transcriptional processes, regulating mRNA processing, lo-
calization, translation, and stability (Chabanon et al., 2004;
Halbeisen et al., 2008; Hieronymus and Silver, 2004; Keene,
2007; Moore, 2005). For example, the translation of murine
TNF-alpha is controlled by two AU-rich regions in its 3’ UTR
(Lin and Patel, 1997). The binding of two RNA binding pro-
teins CUG-BP1 and HuR to the 3’ UTR of SBP2 (selenocysteine
insertion sequence binding protein 2) is responsible for the
regulation of the expression of SBP2 protein, which varies
widely across tissues and cell types examined although only
modest variation in SBP2 mRNA levels (Bubenik et al., 2009).
In human embryonic stem cells, RNA binding protein PUM2/
PUF binds to 3’ UTR elements in Erk2 and p38alpha, two key
genes involved in the mitogen-activated protein kinase
(MAPK) pathway, to downregulate their expression mRNAs
(Goutsias and Lee, 2007). However, how the RBPs regulate
APA isoforms of the three genes (HSBP1, PHC1, and MEF2D)
that we identified remains to be further investigated.

Recently, several computational methods have been de-
veloped to search RNA structural motifs considering both
sequences and secondary structures. For example, RNApro-
mo is developed to identify structural elements within
mRNAs that are bound by the same RBPs and with a common
cellular localization using covariance model (Rabani et al,,
2008). RNAcontext is designed to elucidate RBP-specific se-
quence and structural preferences with better accuracy, as-
suming that the primary role of RNA secondary structure in
RBP binding is to establish a structural context (e.g., loop or
unstructured) for RBP binding (Kazan et al., 2010). However,
RNAcontext was developed based on the datasets generated
by RNAcompete, which is an array-based assay that queries
RNA-binding protein for a defined pool of RNA oligos with a
single binding reaction. RNAcontext is therefore not appli-
cable to long RNA sequences. There are also other computa-
tional tools aimed to identify conserved RNA motifs, such as
RNAMotif (Macke et al., 2001), RNAalifold of Vienna RNA
package (Hofacker et al.,, 2002), comRNA (Ji et al., 2004),
RNAProfile (Pavesi et al., 2004), MEMERIS (Hiller et al., 2006),
Foldalign (Havgaard et al., 2005), Cmfinder (Yao et al., 2006),
RNA Sampler (Xu et al., 2007), Locomotif (Reeder and Gie-
gerich, 2007), and RNAz (Gruber et al., 2007). However, these
RNA motif finders aimed to find short sequence motifs,
therefore they are not suitable for the identification of long
motifs containing secondary structural information important
for RBP binding in RNA sequences. For example, the PUM2
motif identified previously by others has the consensus se-
quence “UGUANAUA”, which was identified using a Gibbs
sampling motif finder (PhyloGibbs) (Siddharthan et al., 2005)
in Hafner et al.’s article (Hafner et al., 2010) or MEME, a
program designed to search short DNA binding motifs (Bai-
ley et al., 2006), in Galgano et al., (2008). In both articles, the
settings were set to find short sequence motifs [e.g., 6-10
nucleotides expected motif length in Galgano et al. (2008)],
and without consideration of RNA fold, etc. The RNAele-
ments algorithm we developed here takes into consideration
of both RNA sequences and secondary structures and there-
fore tends to identify longer motif sequences. Indeed, a close
examination of the short sequence motif (UGUANAUA) and
our longer motif for PUM2 in Figure 4b revealed that the first 5
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nucleotide UGUAN in the short motif matches to a motif
URYRU (R=A,G, Y=C,U) in our longer motif. Furthermore,
the motif we identified could be found in more than 70% of
PUM2 CLIP sequences. This percentage is similar to what
Galgano et al. (2008) described that 74% of the PUM2 targets
contains the UGUANAUA motif.

We therefore developed the RNAelements program, which
aimed to identify motifs containing secondary structural in-
formation important for RBP binding from recent CLIP-seq or
RIP-chip data for RBPs. The program is available for public
use at http://sysbio.zju.edu.cn/RNAelements/. The RNA-
elements performed better than RNApromo (Rabani et al.,
2008) in identifying binding muotifs with a higher percentage
of matches to the known RBP datasets (Table 2). As only a few
large-scale datasets are available for RBPs, our server is thus
limited for those RBPs.

Conclusions

Our work provides a comprehensive APA isoform dataset
for GBM and normal brain tissues. We identified and con-
firmed the existence of differentially expressed APA isoforms
for GBM and normal tissues. In addition, we developed a
novel RBP binding motif prediction program—RNAelements.
Finally, we found that RBPs tend to bind to the APA regions
between the first and the last polyadenylation sites, suggest-
ing a potential novel mechanism of regulating the expression
of short APA isoforms by escaping from RBP binding. These
observations collectively lay a foundation for novel diagnos-
tics and molecular mechanisms that can inform future thera-
peutic interventions for GBM.
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