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Widespread and extensive lengthening of 3' UTRs

in the mammalian brain
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Remarkable advances in techniques for gene expression profiling have radically changed our knowledge of the tran-
scriptome. Recently, the mammalian brain was reported to express many long intergenic noncoding (lincRNAs) from loci
downstream from protein-coding genes. Our experimental tests failed to validate specific accumulation of lincRNA
transcripts, and instead revealed strongly distal 3’ UTRs generated by alternative cleavage and polyadenylation (APA).
With this perspective in mind, we analyzed deep mammalian RNA-seq data using conservative criteria, and identified
2035 mouse and 1847 human genes that utilize substantially distal novel 3’ UTRs. Each of these extends at least 500 bases
past the most distal 3’ termini available in Ensembl v65, and collectively they add 6.6 Mb and 5.1 Mb to the mRNA space of
mouse and human, respectively. Extensive Northern analyses validated stable accumulation of distal APA isoforms,
including transcripts bearing exceptionally long 3’ UTRs (many >I0 kb and some >18 kb in length). The Northern data
further illustrate that the extensions we annotated were not due to unprocessed transcriptional run-off events. Global
tissue comparisons revealed that APA events yielding these extensions were most prevalent in the mouse and human
brain. Finally, these extensions collectively contain thousands of conserved miRNA binding sites, and these are strongly
enriched for many well-studied neural miRNAs. Altogether, these new 3’ UTR annotations greatly expand the scope of

post-transcriptional regulatory networks in mammals, and have particular impact on the central nervous system.

[Supplemental material is available for this article.]

The 3’ untranslated regions (3’ UTRs) of mRNAs contain cis ele-
ments that confer post-transcriptional regulation by RNA-binding
proteins (RBPs) and microRNAs (miRNAs) (Licatalosi and Darnell
2010). It is now appreciated that alternative cleavage and poly-
adenylation (APA) generates tremendous transcript diversity, and
the majority of genes have multiple functional polyadenylation
(polyA) sites. The dominant class of APA events occurs within
terminal exons, causing 3’ UTR shortening or lengthening. Global
3" UTR shortening is characteristic of proliferating cells and cancer
cells (Sandberg et al. 2008; Mayr and Bartel 2009), whereas 3’ UTR
lengthening was reported to occur during embryonic development
and differentiation (Ji and Tian 2009).

Microarray analysis of assorted tissues indicated that the
mammalian brain broadly utilizes distal 3' UTR species (Sandberg
et al. 2008; Wang et al. 2008). Deep sequencing of 3’ ends of poly-
adenylated transcripts uncovered hundreds of distal APA events
in cultured neurons compared with embryonic stem (ES) cells
(Shepard et al. 2011), and the picture was broadened by the recog-
nition of more than 1000 3’ UTR extensions in mouse cerebellum
(Pal et al. 2011). Most recently, data from Drosophila tiling micro-
arrays (Hilgers et al. 2011) and tissue-specific RNA-seq (Smibert et al.
2012) revealed central nervous system (CNS)-specific 3’ UTR ex-
tensions across hundreds of transcripts, indicating a conserved
phenomenon for 3’ UTR lengthening in the nervous system.

Diverse regulatory consequences of APA in the nervous sys-
tem have been described. Variation of 3" UTR lengths can alter
transcript regulation and stability by inclusion or exclusion of
miRNA binding sites (Chi et al. 2009) or other RBP sites. Global
analysis of protein-RNA interactions by high-throughput sequencing
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of RNAs isolated by crosslinking immunoprecipitation (HITS-CLIP)
revealed that NOVAL1, a neural RBP best-characterized as a splicing
regulator, also has extensive influence on APA (Licatalosi et al.
2008). As well, some neural 3’ UTR extensions direct localization to
dendrites and axons, which can provide spatial specificity and/or
facilitate their translation (An et al. 2008; Yudin et al. 2008;
Andreassi et al. 2010).

Advances in expression profiling, from tiling microarrays to
RNA-seq, promise to reveal a comprehensive view of the tran-
scriptome. This includes a fuller accounting of protein-coding
transcript isoforms as well as noncoding transcripts, such as small
RNAs and long intergenic noncoding RNAs (lincRNAs). De novo
construction of gene models from high-throughput data has
identified a plethora of unannotated exons, which have been
inferred to include thousands of lincRNAs. However, accurate re-
construction of parent transcripts, especially when alternative
products emanate from a given locus, remains challenging. For
example, initial tiling microarray studies of the Drosophila tran-
scriptome (Manak et al. 2006) showed that a substantial fraction of
novel intergenic transcribed regions actually represented alterna-
tive 5’ noncoding exons of downstream protein-coding gene
models, sometimes located tens of kilobases away. On the other
end, we recognized that APA frequently generates unanticipated
Drosophila 3' UTRs of exceptional length, also ranging up to tens of
kilobases (Smibert et al. 2012).

Here, we reassessed previously studied lincRNAs expressed in
mammalian brain (Ponjavic et al. 2009; Chodroff et al. 2010), and
found that many represent stable 3" UTR extensions of upstream
protein-coding genes. We then used RNA-seq data to uncover
thousands of previously unannotated 3’ UTR extensions in mouse
and human. The predominant tissue-specific trend was for utiliza-
tion of 3’ UTR extensions in brain, and this has substantial impact
on post-transcriptional regulatory networks, including by thou-
sands of conserved miRNA binding sites. These findings strongly
revise the scope of mammalian transcriptomes, and highlight that
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a full appreciation of even their protein-coding gene models re-
mains to be realized.

Results

Reevaluation of proposed neural mRNA/lincRNA pairs
instead reveals distal APA isoforms

Previous searches for evolutionarily constrained long intergenic
noncoding RNAs (lincRNAs) noted more than 200 brain-
expressed lincRNAs originating downstream from RefSeq pro-
tein-coding genes, and some were spatially coexpressed with
their upstream neighbors (Ponjavic et al. 2009). Experimental
and bioinformatic tests argued against connectivity of these
coding/noncoding pairs. Nevertheless, we observed many lincRNAs
resided in regions of RNA-seq coverage continuous with upstream
genes (e.g., Ago3 [also known as e[F2C3]) (Fig. 1A). Consequently, we
reevaluated mRNA-lincRNA pairs previously reported as experi-
mentally negative for connectivity (Ponjavic et al. 2009).

Interestingly, we observed reverse transcriptase-dependent
PCR products from post-natal brain that join the annotated
mRNAs of Mitf, Gabrb1, Ago3/elF2C3, Ar, and Rbms1 with their
reported downstream lincRNAs (Fig. 1B; Supplemental Fig. S1).
The only pair not validated was Ube2k-AK045737. However,
stranded RNA-seq data revealed transcription of AK045737 exclu-
sively on the opposite strand (Supplemental Fig. S1). This places
AKO045737 downstream from Pds5a, with intervening spliced reads,
and 1t-PCR products joined these loci (Fig. 1B).

More definitive information on transcript connectivity and
alternative isoforms is provided by Northern analysis. We designed
paired probes targeting the terminal coding region/proximal 3’
UTR of the annotated mRNAs and their proposed downstream
noncoding RNAs (Ponjavic et al. 2009). We did not detect Mitf1 (data
not shown), we but observed robust signals for the rest in cortex or
cerebellum (Fig. 1C). Notably, the dominant bands detected by mRNA
probes were always substantially larger than the RefSeg-annotated
transcripts, and these always cohybridized with their downstream
lincRNA probes (Fig. 1C). Moreover, no distal probes identified
shorter bands of lengths predicted for the reported lincRNAs. While
these data do not rule out the possibility of distinct lowly expressed
lincRNAs, they demonstrate the bulk of stable transcripts bearing
these noncoding sequences to be 3’ UTR extensions of mRNAs.

Some lincRNAs are substantially separated from known
mRNA termini. The lincRNA AK043754 was recently studied in
detail (Chodroff et al. 2010), and its locus resides 14.9 kb down-
stream from Grin2b. Examination of hippocampal RNA-seq data
(Keane et al. 2011) revealed continuous coverage from the an-
notated Grin2b 3' UTR to AK043754 (Fig. 1D). Our Northern
analysis for AKO43754 revealed a single, strong ~23.5-kb band in
cerebral cortex. A probe against Grin2b coding sequence identi-
fied the same band; thus, Grin2b expresses an ~19-kb 3’ UTR in
brain (Fig. 1E). We obtained similar results by Northern analy-
sis of the proposed lincRNA AK039591 (Ponjavic et al. 2009),
which is contained within the 16.6-kb 3’ UTR of Ntrk3 (Fig. 1D,E).
That the same large bands were specifically detected by probes
against very proximal and very distal portions of these long 3’
UTRs rules out potential alternative events 5’ of the stop codon
(i.e., retained internal introns, alternative splicing, or alternative
promoters). Grin2b and Ntrk3 contain some of the longest stable 3’
UTRs ever demonstrated in mammals, highlighting that some
“very downstream” lincRNAs can be reinterpreted as 3’ UTR
extensions.

A bioinformatic pipeline to call 3' UTR extensions
using RNA-seq data

None of the 3" UTR extensions analyzed in Figure 1 are present in
RefSeq, although many are well-studied genes. We therefore
sought to annotate 3’ UTR extensions more comprehensively.
Searching other databases, we observed that Ensembl currently
annotates Ago3/elF2C3, Ar, and Rbms1 3’ UTR extensions; how-
ever, neither database includes the distal 3’ UTRs for Gabrb1, Pds5a,
Ntrk3, or Grin2b. We consequently used the latest Ensembl version
65 (v65) (Flicek et al. 2012) as a conservative reference for anno-
tating novel 3’ UTRs.

We took advantage of deep RNA-seq data from six mouse
tissues (Keane et al. 2011) and reprocessed the raw data to map
~1.7 billion reads (Supplemental Table S1). We initially generated
transcript models using Cufflinks (Trapnell et al. 2012), but we
noticed from browsing its outputs that 3" UTR extents were fre-
quently truncated due to variable read depth, discontinuous cov-
erage, and/or multimapper reads. We therefore developed an al-
ternate approach to identify 3" UTR extensions.

The key features included a sliding window that identified
continuously transcribed genomic segments =1.0 fragments per
kilobase of transcript per million mapped fragments (FPKM) (em-
pirically determined from recall of known, internal, nonalternative
exons), followed by judicious merging of adjacent contigs split by
lower coverage regions or repeats. To ensure that merging was
conservative, we demanded that gaps were bridged by paired-end
reads, limited nonrepetitive gaps to <150 nucleotides (nt), and
restricted novel extensions from containing >20% of repetitive
sequence. We then made extensive efforts to cull potentially am-
biguous 3’ UTR extensions using many additional filtering steps.
We grouped together novel 3' ends from different tissues that were
within 30 nt of each other, and extensively confirmed the final
calls by visual inspection. Our stringent filtering steps removed
some genuine 3’ UTR extensions (e.g., Supplemental Fig. S3), but
we preferred this conservative approach to focus on 3’ UTRs of
high confidence. The pipeline is described in detail in the Methods,
Supplemental Text, and Supplemental Figures S2 and S3.

Analysis of mouse and human RNA-seq data using stringent
criteria reveals more than 3850 novel 3’ UTR extensions

We compared our 3’ UTR calls from six mouse tissues to Ensembl
v65 annotations to identify 3’ UTR extensions. To focus on sub-
stantially novel isoforms, we required Ensembl gene models be
extended >500 nt. Although some stable 3’ UTR extensions that we
validated by Northern failed our conservative annotation pipeline
(e.g., Hmbox1, Ntrk3, and Etvl) (see Supplemental Fig. S3), this
analysis strikingly identified 2035 confident 3’ UTR extensions
over Ensembl v65 mouse gene models (Supplemental Table S2).
These 3’ UTRs comprise ~6.6 Mb of unannotated sequence and
average 4347 nt in length, far above the Ensembl v65 average of
989 nt (Fig. 2A; Supplemental Table S2). A recent analysis of mouse
cerebellum identified many 3’ UTR extensions (Pal et al. 2011), of
which 600 remain exclusive of Ensembl v65. Still, our annotations
comprised 6.2 Mb sequence beyond these models (Supplemental
Table S3; Supplemental Text).

We performed similar analysis of the human transcriptome
using the Illumina Body Map 2.0 of 16 tissues, including a pooled
stranded data set that confirmed expression directionality. We
reprocessed these from the raw data and mapped more than 4
billion reads (Supplemental Table S1). We used the same pipeline
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Figure 1. Evidence that annotated lincRNAs downstream from protein-coding gene pairs are 3’ UTR extensions. (A) Experimental strategy to test
connectivity between a protein-coding gene and a downstream lincRNA. RNA-seq and polyA-seq evidence in the vicinity of e/F2C3 (also known as Ago3)
and the proposed lincRNA AK047638. We designed primers to amplify bridge rt-PCR products and Northern probes, as shown. (B) Bridge rt-PCR using
adult cerebral cortex RNA connects many protein-coding genes with their proposed downstream neighboring lincRNAs (Ponjavic et al. 2009); note Arwas
previously referred to as Adr, and Ube2k was termed Hip2. Note that AK045737 was proposed to be a pair with Ube2k (Ponjavic et al. 2009); however,
stranded RNA-seq data revealed that AK045737 is continuous with a spliced exon of Pds5a transcribed from the other strand (see Supplemental Figure
STA-C). (C) Northern analysis demonstrates that the predominant transcripts detected by probes for the protein-coding loci assayed in B are codetected
by probes against their neighboring downstream lincRNAs. Conversely, we did not detect stable transcripts corresponding to the sizes of the annotated
lincRNAs. Northern blots are also shown for ncRNAs described by Mattick and colleagues (Clark et al. 2012) and their protein-coding pairs Etv1 and Pagr9.
(D) RNA-seq and PolyA-Seq tracks for cases of annotated lincRNAs that appear to be contained with exceptionally long, continuous 3’ UTRs of stable
mRNAEs. (E) Northern blots for proposed lincRNAs show a band of exceptional length that is of the same molecular weight as the bands identified by probes
corresponding to the upstream protein-coding transcripts. Arrowheads identify dominant bands that correspond to size estimates based on RNA-seq data.
Note that the sizes of the bands on the Northern blot are consistent with the RNA-seq evidence—based size estimates. Asterisks denote 28S and 18S
ribosomal bands corresponding to 4.7 kb and 1.9 kb, respectively. Ladder information can be found in Supplemental Figure S4. For RNA-seq tracks, probe
locations, and gene annotations, see Supplemental Figure S1D.
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Reevaluation of mouse and human RNA-seq data reveals abundant 3’ UTR extensions. (4, left) Box plot comparing aggregate Ensembl v65 3’

UTR lengths (longest annotation per terminal exon) and those Ensembl v65 3’ UTRs that were specifically extended in this study. (Right) Histogram of the
same data to highlight the abundance of newly annotated long 3’ UTRs. (B) Analyses similar to A, except plotting known and novel Ensembl v65 human 3’
UTRs. (C) Northern analysis validates the stable accumulation of many transcripts utilizing very distal polyadenylation signals in cerebellum or cortex, in
several cases yielding 3" UTRs >10 kb in length. Green arrowheads indicate predicted mRNA length of Ensembl v65 gene model. Red arrowheads indicate
inferred mRNA lengths of novel 3" UTR extension isoforms. Asterisks denote background hybridization to ribosomal RNAs.

to annotate 3’ UTR extensions, except that we increased expres-
sion cutoffs to 1.5 FPKM (based on recall of known nonalternative
exons). This analysis identified 1847 confident 3’ UTR extensions
over Ensembl v65 (Fig. 2B; Supplemental Table S4), comprising 5.1
Mb of unannotated sequence (Fig. 2B).

Altogether, these thousands of confident 3’ UTR extensions
add ~11.1 Mb to mouse and human protein-coding gene models.
Moreover, we further designated thousands of candidate loci in
mouse (Supplemental Table S2) and human (Supplemental Table
S4) with compelling evidence for extension but failed to meet our
full criteria. These included loci bearing 300- to 499-nt extensions
relative to Ensembl v65, that were expressed at 0.5-0.99 FPKM, or
that had small gaps not bridged by paired-end reads. Thus, the
scope of mammalian 3’ UTR extensions is likely even larger than
we currently annotate.

Experimental support for extended 3’ UTR isoforms

We vetted the veracity of 3’ UTR extensions by systematic visual
inspection, coupled with extensive “gold-standard” Northern ev-
idence. Because commercial RNA ladders only size to 9 kb, we

generated a “virtual ladder” composed of endogenous transcripts
from 0.8-16 kb (Supplemental Fig. S4). We implemented this by
hybridizing mixed probe to stripped blots, a strategy that fur-
thermore reported the integrity of long transcripts.

We focused on genes expressed in the cortex and/or cerebel-
lum. We did not detect specific Kcna4 or Nxphl transcripts (data
not shown), reflecting technical failures or low abundance. How-
ever, all proximal 3" UTR probes that detected specific transcripts
(e.g., Timm17a, Grik2, Enah, Pdk3, Gan, and Ppargclb) revealed
long species corresponding in length to distal APA isoforms
inferred from RNA-seq (Fig. 2C). We re-probed for their distal ex-
tensions using amplicons separated from the proximal probes by
the length of the 3’ UTR extension. We consistently detected
the same large transcripts with paired proximal and distal probes
(Figs. 1C,E, 2C), constituting unambiguous evidence for stable
mRNAs bearing long 3’ UTRs. Moreover, these data comprise
strong evidence against possibilities that the underlying RNA-seq
data reflect heterogeneous runaway transcription products, pre-
mRNA intermediates, or unstable transcripts in the process of being
degraded.
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Several of these genes exhibit >10-kb 3’ UTRs, adding to other
long extensions validated earlier (Fig. 1D). Overall, our high vali-
dation rate, using the modestly sensitive Northern technique, re-
flects the stringency of the annotation pipeline. We also note
validation of some loci that did not meet our full bioinformatic
criteria. For example, we clearly observed the strongly extended
12-kb 3’ UTR of Hmbox1 by Northern, even though it overlaps an
annotated alternative last exon and was therefore culled from our
pipeline (Fig. 2C; Supplemental Fig. S3). This highlights the con-
servative nature of our annotations, and that our candidate lists
undoubtedly contain additional genuine 3’ UTR extensions.

Analysis of polyA signals and conservation among novel
distal 3’ termini

We investigated the characteristics of novel distal 3’ termini. Al-
though our pipeline assesses confident 3’ UTR extensions, it does
not necessarily pinpoint precise 3’ ends, especially as RNA-seq
protocols undersample near transcript termini. We further noted
many instances of likely extensions whose most distal regions did
not satisty our expression cutoff and are thus truncated by our
pipeline. We therefore implemented a “dropoff” filter to identify

extension calls that coincide with a sharp drop in RNA-seq cover-
age. We required that two consecutive 100-nt windows down-
stream from the 3’ end call exhibit greater than eightfold reduction
in reads, relative to the final 100-nt window of the 3’ extension
(Supplemental Text; Supplemental Fig. S5). Since some extensions
terminated in repetitive regions, and thus lacked precise 3’ end
calls, we also culled these from motif analysis. This yielded 691
extended mouse loci comprising 741 distinct 3’ ends (Supple-
mental Table S2; Supplemental Fig. S6) and 697 extended human
loci totaling 816 distinct 3" ends (Supplemental Table S4; Supple-
mental Fig. S7).

We compared the properties of our novel 3’ ends with their
annotated Ensembl v65 counterparts. Known 3’ termini usually
bear canonical polyadenylation signals (PASs) AAUAAA or
AUUAAA ~35 nt upstream of transcript ends, with lower and less
specific enrichment for various noncanonical PAS (Tian et al.
2005). In addition, U/GU motifs are enriched downstream from
known PAS (for motif definitions, see Methods). We observed all of
these features in the vicinity of annotated mouse (Fig. 3A) and
human (Fig. 3B) 3’ termini, in proportions consistent with pre-
vious global analyses of mammalian 3’ ends. Curiously, we also ob-
served ~15% genomically encoded AAAAAA among both mouse
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Figure 3. Sequence and conservation features of known and novel 3’ termini. All analyses in this figure concern those mouse (top graphs) and human

(bottom graphs) genes whose 3’ UTRs were confidently extended in this study. These comprise 691 Ensembl65 mouse gene models for which we precisely
annotate 741 novel 3’ termini in one or more tissues, and 697 Ensembl65 human genes for which we precisely annotate 816 novel 3’ termini in one or more
tissues. (A, B) Motif frequency in 50-nt bins in the vicinity of annotated 3’ termini. Motifs are listed at bottom, and include the downstream U/GU-rich region
that promotes 3’ cleavage, the canonical PAS AAUAAA and its most common variant AUUAAA, a panel of low-frequency PAS variants, and genomically
encoded hexa-A tracts. As expected for annotated mouse (A) and human (B) 3’ termini, there is strong positional enrichment of functional PAS upstream of
the polyadenylation site and U/GU downstream. The collection of low-frequency PAS variants exhibits a broad background frequency, with mild en-
richment at the normal location of canonical PAS. Unexpectedly, we observed enrichment of A6 at annotated 3’ termini, potentially reflecting internal
priming events in this collection of curated 3’ termini. (C,D) The frequency and positional specificity of PAS and U/GU motifs in our novel mouse (C) and
human (D) 3’ termini are relatively similar to known termini but lack substantial A6 enrichment at transcript ends. (E,F) Analysis of average phastCons
scores in the vicinity of known and newly annotated 3’ termini in mouse (£) and human (F) shows that both populations of termini exhibit selective
constraint that rises to a peak in the local sequence upstream of 3’ termini, and drops sharply in the downstream sequence. Note also that the aggregate
conservation of the last ~500 nt of proximal 3’ UTR sequences is higher than that of the distal novel 3' UTR sequences, but the overall level of conservation
3’ of our mouse and human extensions drops to background. (G, H) Analysis of location of polyA-seq tags relative to known and newly annotated 3’ termini
shows a similar positional enrichment at transcript 3’ termini. Comparison with a randomly selected set of 3’ ends from these transcripts shows no
positional enrichment of polyA-seq tags, indicating that our novel annotations include genuine 3’ ends.
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and human Ensembl v65 termini, suggesting that some of these
annotations may potentially derive from internally primed
cDNAs.

Our novel distal 3" UTR extensions exhibited strong posi-
tional enrichments of upstream PAS and downstream U/GU mo-
tifs, in both mouse (Fig. 3C) and human (Fig. 3D). In fact, the
enrichment of canonical AAUAAA PAS was greater among our
novel 3’ termini, compared with their Ensembl termini. Moreover,
we did not observe enrichment of AAAAAA polymers at our newly
defined termini. These observations provided strong support for
the quality of our extension annotations. Therefore, while we do
not presume that every novel terminus was defined precisely, this
set of more than 1500 novel distal termini exhibits motif proper-
ties of genuine transcript ends that meet or exceed those of well-
annotated Ensembl transcript ends.

We next analyzed the conservation of proximal and distal
termini using phastCons values. For both mouse (Fig. 3E) and
human (Fig. 3F), we observed a local spike in conservation 5’ to
the proximal polyadenylation sites, followed by a drop in con-
servation. The local conservation surrounding aggregate distal
PAS was comparable to corresponding proximal PAS, indicating
their similarly strong evolutionary selection. We also note that
the overall conservation 100-500 nt downstream from proximal
PAS was higher than downstream from our novel distal PAS.
These trends applied to both mouse (Fig. 3E) and human (Fig. 3F)
and are compatible with the scenario that our thousands of
novel 3’ UTR extensions contain functional cis-regulatory in-
formation that distinguishes them from background intergenic
sequence.

Finally, we assessed our novel 3’ termini for overlap with re-
cent 3'-sequencing of mouse and human transcripts (Derti et al.
2012). These data are a valuable resource for the discovery of novel
mRNA ends, although the initial study did not systematically an-
notate these. We reprocessed the polyA-seq data (Supplemental
Table S1) to precisely annotate 3’ ends that correspond with the
end of RNA-seq coverage. For comparison, we analyzed the extent
of polyA-seq support for Ensembl v65 ends of all loci whose models
we extended in this study. Nearly 80% of mouse (Fig. 3G) and 85%
of human (Fig. 3H) annotated termini were supported by polyA-
seq tags. We did not necessarily expect such a high validation rate
a priori, since RNA-seq data do not demarcate transcript ends
precisely, and distal 3’ UTR extension transcripts often accumulate
to lower levels and thus contribute fewer polyA-seq tags than
shorter isoforms.

Altogether, these bioinformatic analyses demonstrate that we
annotated a large population of functional mammalian transcript
termini, adding large expanses of currently unannotated mouse
and human genomic sequence to expressed 3" UTR space. Strik-
ingly, these thousands of novel 3’ termini exhibit motif and con-
servation properties that are comparable to known mRNA termini
in these well-annotated genomes.

Tissue-specific 3’ UTR lengthening is strongly biased
toward neural tissue

We reannotated 3’ UTRs from RNA-seq data across a variety of
tissues, but until this point, our experimental validation focused
on brain. We utilized DEXSeq (Anders et al. 2012), a statistical
approach to detect differential exon usage, to identify tissue-biased
APA events. Analysis of 15 pairwise combinations of mouse tissues
yielded at least some genes with significant differential expression
of 3’ UTR extensions between each tissue pair. In addition, many of

the novel 3" UTR extensions we annotated were not differentially
expressed across tissues. However, we consistently observed that
the hippocampus exhibited the highest number and expression of
3" UTR extensions, relative to all other tissues (Fig. 4A). We re-
peated this analysis for 16 human tissues in the [llumina BodyMap
2.0. We show representative comparisons in Figure 4C and provide
all 120 pairwise comparisons in Supplemental Figure S8. These
tests recapitulate the pattern observed in mouse, in that the ab-
solute number and relative abundance of the novel 3" UTR ex-
tensions are highest in the human brain.

To strengthen the conjecture that preferential usage of un-
annotated distal polyadenylation sites is a property of neuronal
cells, we examined RNA-seq data from mouse ES cells and differ-
entiated neurons derived from these cells (Lienert et al. 2011). By
using the coordinates from DEXSeq analysis of mouse tissues (Fig.
4A, top row), we performed DEXSeq expression analysis for ES cells
and derived neurons, as well as for mouse embryonic fibroblasts
(MEFs). These tests robustly reproduced the pattern of preferential
neural expression of novel extensions (Fig. 4D).

We confirmed these bioinformatic trends using Northern
analysis of mouse kidney, liver, cerebellum, and cortex. As many
transcripts whose 3’ UTR extensions we validated earlier (Figs. 1, 2)
were not necessarily subject to APA, we focused on genes with
tissue-specific 3' UTR extensions. Figure S5A illustrates stringent
APA analysis using proximal probes and two different extension
probes for Ppplr7, Sod2, and Dnajcl5. Their universal probes
detected shorter transcripts across the tissue panel and longer
transcripts that were brain-specific. In all cases, both sets of ex-
tension probes detected exclusively the longer isoforms and only
in brain. This was particularly notable for Sod2 and Dnajc15,
whose intermediate extension probes detected APA isoforms of
intermediate length, which were not detected by the most distal
extension probes.

We extended this analysis using paired universal and exten-
sion probes for nine other genes exhibiting brain-specific 3" UTR
lengthening (Fig. 5B; Supplemental Fig. S9). These data broadly
support the bioinformatic inference of brain-specific distal APA
usage (Fig. 4) and further validate the existence of exceptionally
long 3’ UTRs on stable neural transcript isoforms (e.g., 10.2-kb
Sod2 3' UTR and 14-kb Dcunld5 3’ UTR). Altogether, a process of
tissue-biased transcript lengthening that generates hundreds of
novel, distal 3’ UTRs in the nervous system occurs on a global scale
in Drosophila, mouse, and human.

In situ hybridization validates expression of neural-specific
3’ UTR extensions

We used in situ hybridization of E13.5 mice to assess the spatial
expression patterns of several genes undergoing neural 3° UTR
extension. We were particularly interested if paired proximal and
distal probes ever detected differential patterns, as observed in
Drosophila (Hilgers et al. 2011; Smibert et al. 2012).

Nedd4l encodes an ubiquitin ligase whose substrates include
receptors and kinases in several signaling pathways. By using
paired universal and extension probes, we observed expression of
both shortand long 3’ UTR isoforms in brain Northerns (Fig. 6A,B).
In situ analysis using a Nedd4l universal probe detected expression
in brain and dorsal root ganglion (DRG) (Fig. 6C). The extended
3" UTR isoform probe similarly detected expression in brain; how-
ever, no signals were obtained in PNS (Fig. 6D).

We next analyzed Tcf4, a transcription factor in the Wnt
pathway. Recent studies proposed differential stability of TCF4 and
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Figure 4.

Systematic tissue comparisons show that 3’ UTR lengthening occurs preferentially in the brain. (A) Pairwise analysis of tissue-specific pref-

erences of novel mouse 3’ UTR extensions using DEXSeq. Each gene is represented as a single point, such that the relative expression of the 3" UTR
extension between the pair of tissues (indicated at the /eft of each row and the bottom of each column) is plotted as the Y-coordinate, and the average
expression of the 3’ UTR in that pair of tissues is plotted as the X-coordinate. For genes exhibiting a significant (greater than twofold, FDR < 0.01) difference
between the two tissues the point is colored red if the relative usage is higher in the tissue indicated at the /eft of the row and blue if it was higher in the
tissue indicated at the bottom of the column; all other 3" UTRs are shown in gray. We observed a broad tissue-wide trend toward increased expression of
lengthened 3’ UTRs in hippocampus, seen as a substantial excess of red points across the top row of tissue comparisons against hippocampus. No particular
trend is observed among the other pairwise tissue comparisons. (B) Summary of the pairwise analysis of novel 3" UTR extensions annotated in mouse. For
each tissue, the set of genes that are detected by DEXSeq to have a higher fold expression of an extended 3’ UTR extension compared to at least one other
tissue were counted. (C) Summary of DEXSeq tissue comparisons of novel 3’ UTR extensions in human (for all pairwise scatterplots, see also Supplemental
Fig. 8). (D) DEXSeq analysis of our novel mouse 3’ UTR extensions, assessed in RNA-seq data from mES/neuron/MEF cells. In the scatterplot, mES data are

in blue and differentiated neuron data are in red.

its downstream lincRNAs (Clark et al. 2012). However, RNA-seq
data indicate continuous transcription downstream from Tcf4 (Fig.
6E). Northern analysis using a probe to the downstream un-
annotated region supported the presence of a 3' UTR extension of
Tcf4 and did not detect shorter ncRNAs (Fig. 6F). The extended APA
isoform was spatially restricted, since a Tcf4 universal probe detected
expression in forebrain and intervertebral discs (Fig. 6G), whereas
the extended isoform was only found in forebrain (Fig. 6H).
Finally, we analyzed Rspo3, which encodes a thrombospondin
type 1 repeat family protein, members of which are also involved

in Wnt signaling. Our pipeline predicted a ~700-nt extension of its
annotated 3" UTR. However, visual inspection of RNA-seq data
revealed a potential 3" UTR extension of ~7.2 kb that was below
our expression cutoff (0.22 FPKM) (Fig. 6I) and was therefore ex-
cluded from our confident bioinformatic list. Northern analysis
validated the short 3" UTR extension, but not its substantially
longer counterpart. Nevertheless, in situ hybridization revealed
discrete and distinct expression of the extended isoform. The
universal probe detected expression broadly in the pallium, corti-
cal hem, spinal cord, and DRG (Fig. 6]). In contrast, the Rspo3 3’
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Figure 5. Northern analysis validates brain-specific 3’ UTR extensions. (A) Northern analyses that compare universal (proximal) probes with two probes
directed against an intermediate and a very distal portion of a 3" UTR extension. The gene models above show the known and newly recognized 3’ UTR
extensions and locations of Northern probes. In all cases, the universal probes detect broadly expressed transcripts bearing short 3’ UTRs as well as longer
3’ UTR isoforms that are specific to cerebellum (CB) and/or cortex, while the extension probes detect exclusively the longer 3’ UTR isoforms in brain. Note
that the intermediate probes (extension 1) for Sod2 and Dnajc15 detect intermediate 3’ UTR isoforms that are codetected by their respective universal
probes but not by their most distal 3" UTR probes. Asterisks denote cross-hybridization to abundant rRNA bands. (B) Additional examples of brain-
specific distal APA events validated by Northern blots. Northern analysis using universal Northern probes (black bars) designed to detect all 3" UTR
isoforms reveal dominant isoforms used by all tissues examined along with brain-specific long 3’ UTR isoforms. Extension probes (red bars) designed
to detect the 3’ UTR extensions reveal expression only in the brain and not in other tissues. Asterisks denote background hybridization to ribosomal

RNAs; (CB) cerebellum.

UTR extension probe hybridized exclusively to the cortical hem
and did not reveal PNS expression (Fig. 6K). A probe against the
distal unique sequence of the 3’ UTR extension revealed the same
patterns (Fig. 6L), suggesting the existence of a stable isoform not
detected by Northern. The restricted spatial pattern of Rspo3 ex-
tensions explains its seemingly low expression in total hippo-
campal RNA and emphasizes that our computational identifica-
tion of thousands of 3" UTR extensions still underestimate the
magnitude of this phenomenon.

Novel 3’ UTR extensions harbor thousands of conserved
miRNA target sites

We sought regulatory implications of this large network of 3" UTR
extensions. We assessed all 7-mers for evidence of conservation
above background among our 2035 mouse 3’ UTR extensions.
Notably, the motifs with highest signals and highest numbers of
conserved instances corresponded to seeds for miRNAs with well-
described neural functions (Sun et al. 2013), including let-7, miR-
124, miR-9, miR-96, miR-125, and miR-137 (Fig. 7A). We asked
whether the enrichment for neural miRNA seeds was a property of

coherent targeting or mutual exclusion. We segregated the 2035
extensions for those detected in hippocampus, and compared their
site properties to the rest. This analysis showed that extensions
expressed in hippocampus bore the majority of neural miRNA
target sites (Supplemental Fig. S10), indicating that neural 3" UTR
extensions are utilized to confer regulation by neural-specific
miRNAs.

We subsequently performed a directed search of the un-
annotated mouse extensions for seed matches conserved between
rodents and primates, restricting this to mammalian-conserved
miRNAs. We identified nearly 4000 conserved miRNA target sites,
which substantially extend the scope of post-transcriptional reg-
ulatory networks in mammals (Fig. 74, inset; Supplemental Table
S5). Even though the list of human genes with novel extensions
overlapped only partially with mouse, de novo analysis revealed
mostly the same neural miRNA seeds among their best-conserved
7-mers (Supplemental Fig. S11; Supplemental Table S6).

The presence of conserved miRNA binding sites on sense
strands downstream from annotated gene models serves as cor-
roborating evidence for 3’ UTR extensions. For the 2035 novel
mouse extensions, 559 have an orthologous extension in human
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In situ hybridization of mouse embryos reveals localization of extended 3’ UTR isoforms in specific brain regions. (A) RNA-seq data for Nedd4/

indicate an alternative 4.9-kb-long 3’ UTR isoform that includes a proposed lincRNA AK038898. (B) Northern blotting demonstrates that an AK038898
probe detects the long 3’ UTR isoform of Nedd4l. (C) A Nedd4/universal probe detects expression in both brain and dorsal root ganglia (DRG). (D) A probe
directed against the very distal portion of the Nedd4/3’ UTR extension detects only brain expression. (E) RNA-seq data for Tcf4 indicate the existence of a 3’
UTR extension of the annotated gene model, with preferential expression in hippocampal data. (F) Tissue Northern blot using a distal probe confirms the
existence of a discrete band expressed in brain that corresponds to a 3’ UTR extension isoform. (G) In situ hybridization to a probe in the common 3’
coding exon detects Tcf4 predominantly in the CNS and the intervertebral discs; (LV) lateral ventricle. A whole-embryo cross-section is shown at left, and
the regions boxed are enlarged at right. (H) The Tcf4 3' UTR extension probe only detects expression in the brain. (/) RNA-seq data for Rspo3 indicate
a candidate 3’ UTR extension, although this level of expression (0.22 FPKM) was below our cutoff for genome-wide calls of 3’ UTR extensions. (/) A
universal Rspo3 probe predominantly detects CNS expression in the cortex and hem, as well as PNS expression in the spinal cord, mainly in dorsal root
ganglia (DRG). (K) The intermediate Rspo3 extension probe hybridizes specifically to the cortical hem. (L) A probe directed against the very low abundance

Rspo3 extension region similarly detects expression in cortical hem.

(469 of which are annotated in Ensembl v65, and 96 of which are
newly identified here). The remaining 1470 loci are tentatively
supported only in mouse, although at least some are associated with
“downstream” human RNA-seq evidence that did not meet the 1.5
FPKM threshold (Supplemental Table S2). We asked whether the
conserved miRNA sites preferentially partitioned into mouse 3’ UTR
extensions that did, or did not, have an orthologous human ex-
tension. We observed highly significant (P < 1 X 10~'°, binomial
test) enrichment of conserved miRNA binding sites among genes
that currently share experimental evidence for neural 3' UTR

extensions in both mouse and human (Fig. 7B; Supplemental Table
$7). Nevertheless, a population of “mouse-only” extensions harbor
miRNA binding sites conserved in human (in some cases more
than 235 sites), indicating that the catalog of neural 3' UTR APA
events is still not complete.

To further address the functionality of miRNA binding sites in
neural 3’ UTR extensions, we queried Ago binding sites in mouse
brain using published HITS-CLIP data (Chi et al. 2009). In this
study, some Ago-bound tags were noted downstream from certain
gene models, and inferred to represent potentially unannotated
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Figure 7. Novel 3’ UTR extensions harbor thousands of functional miRNA target sites. (A) Signal-to-background ratio (S:B) of 7-mers found in the
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several well-characterized neural miRNAs are found among the most well-conserved 7mers in both proximal and novel extended 3’ UTR regions, including
miR-124, miR-137, miR-9, let-7, miR-96, and miR-125. Supplemental Figure S10 demonstrates that the signal for neural miRNA seed matches is driven by
genes with neural-expressed 3’ UTR extensions. (B) Analysis of seed matches to mammalian-conserved miRNAs, that are present among mouse 3’ UTR
extensions that lack companion expression evidence for an orthologous 3’ UTR extension in human (top graph) or that do have such experimental
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the novel 3’ UTR extension regions.

3" UTR sequences. We surveyed our 3’ UTR extensions and observed
robust signals for Ago binding at miRNA seeds in both proximal
and extended 3’ UTRs (Supplemental Table 8). Exemplar seeds
enriched in Ago-CLIP tags in extended 3’ UTRs included miR-124-
3p, let-7-5p, and miR-9-5p (Fig. 7C). While a lower fraction of
7-mers overlapped Ago-CLIP tags in the extended portion of UTR,

the ratio of Ago-IP frequency at these sites to background UTR Ago-
IP was actually higher in extended regions. The lower CLIP fre-
quency may be due to differential isoform abundance, since CLIP
tags are sampled more frequently from abundant mRNAs, and
shorter isoforms tend to accumulate to higher levels than the distal
extension isoforms. Nevertheless, the Ago HITS-CLIP data strongly
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support that these novel neural 3’ UTR extensions confer sub-
stantial regulation by many mammalian neural miRNAs.

Discussion

Extensive usage of highly distal APA is a well-conserved feature
of the nervous system

Genes expressed in the nervous system contain longer 3’ UTRs, on
average, compared with other tissues (Stark et al. 2005; Wang et al.
2008; Ramskold et al. 2009). Moreover, a number of transcripts
have been noted to undergo alternative polyadenylation (APA) in
the nervous system, yielding longer 3’ UTRs in their neural iso-
forms. Very recently, the Drosophila central nervous system was
recognized to utilize novel distal APA sites across hundreds of
transcripts, often generating 3’ UTRs of exceptional length (Hilgers
et al. 2011; Smibert et al. 2012). Analysis of mammalian brain and
cultured neurons similarly provides evidence of distal APA events
(Pal et al. 2011; Shepard et al. 2011).

In this study, we substantially increase the number and
magnitude of neural distal APA events in the mammalian brain,
including the accumulation of a multitude of stable mRNAs bear-
ing exceptionally long 3" UTRs (nearly 20 kb in length). In a day
and age where the amount of “extragenic” transcription that
contributes to discrete, stable transcripts remains hotly contested
(Ponting and Belgard 2010; van Bakel et al. 2010; Clark et al. 2011),
it is striking that we can add 6.6 Mb and 5.1 Mb of currently un-
annotated sequence to the confident mRNA space of the mouse
and human transcriptomes, respectively. These transcript exten-
sions have substantial impact on post-transcriptional networks,
especially those mediated by the particularly extensive collection
of neural 3’ UTR extensions.

We find that short and long tissue-specific 3’ UTRs exhibit
marked usage of canonical PAS hexamers (AAUAAA or AUUAAA)
and downstream U/GU-rich elements, although it is striking that
our plethora of novel, distal 3’ ends exhibit motif properties that
are slightly stronger than their Ensembl-annotated counterparts
(Fig. 3A-D). Still, Northern analysis of mouse brain tissue revealed
that although alonger 3’ UTR is used, the shorter 3' UTR continues
to be expressed, often at relatively high levels. This contrasts with
the “switch-like” behavior of many Drosophila genes to domi-
nantly express the distal 3" UTR in heads and dissected CNS
(Smibert et al. 2012). At present, it is unclear if this reflects that the
mammalian brain does not bypass proximal PAS as efficiently, or
whether this reflects differences in cellular composition in samples
analyzed. The mammalian brain may contain a higher proportion
of glial cells and lower proportion of neurons, compared with
Drosophila heads, which may potentially comprise a higher pro-
portion of neurons. Our analysis of RNA-seq data from ES cells
differentiated into neurons showed more robust switching to distal
3’ UTR isoforms (Fig. 4D) than observed in the tissue comparisons
(Fig. 4B, C).

Challenges for accurate transcript assembly from RNA-seq
data

The exponential rise in the throughput of next-generation se-
quencing has outpaced many aspects of its analysis and in-
terpretation. With respect to the task of assembling transcripts
from shards of RNA sequence, solutions such as ERANGE, Cufflinks,
and Trinity have proven effective and are widely used. Nevertheless,
even current ENCODE project efforts to annotate the human tran-

scriptome, undertaken by the HAVANA and GENCODE subgroups
(http://www.sanger.ac.uk/research/projects/vertebrategenome/
havana/), acknowledge that substantial manual curation is re-
quired to provide confident gene models from RNA-seq data.

Our study highlights the substantial extent to which bio-
informatics must advance to fully exploit the power of RNA-seq.
Although Cufflinks was invaluable for initial processing of RNA-
seq data, we found numerous truncations of clear 3’ UTR exten-
sions evident from visual inspection. A major issue is that current
conceptions of the transcriptome do not generally include the
broad possibility for large processed exons, yet we show that
hundreds of continuous 3’ UTRs ranging from 5-25 kb are encoded
by the Drosophila, mouse and human genomes. In general, un-
derstanding the connectivity of transcripts from RNA-seq data re-
mains challenging. Major impediments include the highly non-
linear representation of reads across individual transcripts, the
difficulty of deconvolving overlapping and/or alternative tran-
scripts of unequal abundance, and the existence of intervening
multi-mapping sequences, which can be common in 3’ UTRs that
include fragments of repetitive elements. It is hoped that some of
these issues may be ameliorated as technologies for direct and/or
long read sequencing improve.

We supported the veracity of our computational 3’ UTR in-
ferences with extensive experimental analysis. While >10-kb 3" UTRs
are rare in current annotations and only a handful have been ex-
perimentally validated, we provide Northern support for many
3" UTRs in this size range in this study alone. Notably, in all cases
where purported lincRNAs reside in our 3’ UTR extensions, our
extensive Northern studies failed to reveal evidence for lincRNA
transcripts of annotated lengths. We do not formally exclude that
some of these 3’ UTR extensions might be processed into shorter
RNAs (Mercer et al. 2010); for example, multiple pathways digest 3’
UTR segments into endo-siRNAs or even piRNAs (Okamura 2012).
Nevertheless, the parsimonious interpretation of our studies is that
alternative 3' UTR extensions of stable mRNAs remain a strongly
under-appreciated aspect of the mammalian protein-coding tran-
scriptome. This has consequences for interpreting lincRNAs,
which are well-documented to exhibit tissue-specific expression,
to be conserved, and to be associated with phenotypes when de-
pleted. In fact, all of these are also characteristics of 3" UTRs, and
our studies provide extensive evidence that simply being distant
from an annotated gene model is not a reliable predictor of being
transcribed independently (Figs. 1, 2, 5). Our studies suggest that
additional loci currently annotated as lincRNAs may actually cor-
respond to unannotated 3’ UTR extensions. For example, we pro-
vide Northern evidence that lincRNAs described by Mattick and
colleagues (Clark et al. 2012) can be detected as stable 3" UTR ex-
tensions of Etv1, Paqr9, and Tcf4 mRNAs (Figs. 1C, 6F).

We are confident that the myriad and unexpected roles for
long noncoding RNAs are just beginning to be unraveled (Rinn
et al. 2007; Khalil et al. 2009; Gendrel and Heard 2011; Guttman
etal. 2011). At the same time, our findings serve as a reminder that
establishing transcript connectivity and full-length structures
from tiling array and RNA-seq data are not trivial operations, but
present and ongoing challenges for transcriptome studies.

Methods

RNA preparation

Adult male ICR (CD-1) mice (Taconic) were euthanized by CO,
overdose. Total RNA from dissected brain samples was extracted
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using RNeasy lipid tissue kit (Qiagen). Other tissues were extracted
using TRIzol (Invitrogen). Poly(A)+ RNA was prepared from total
RNA using Oligotex mRNA Kkit.

Northern analysis and RT-qPCR

For Northern analysis, 1.5-2 pg of poly(A)+ RNA was denatured
using glyoxal, and electrophoresis was performed using 1% agarose
BPTE gels and blotted and probed as described. Internal size stan-
dards were prepared using a mix of probes against several highly
expressed genes with known sizes (Supplemental Fig. S4). Note
that the migration of the lower bands at 0.8, 1, and 3 kb differ
by ~200 nt from commercially single-stranded RNA ladders (New
England Biolabs) due to the presence of endogenous polyA tails.

For cDNA preparation, reverse transcription was performed
using superscript III reverse transcriptase (Invitrogen) on DNase I
(Ambion) treated total RNA. End-point PCR was performed using
Taq DNA polymerase (New England Biolabs) with 55°C-62°C
annealing temperatures and 28-35 cycles. To rule out amplifica-
tion of genomic DNA, first-strand synthesis was performed using
control reactions lacking reverse transcriptase (—RT). qPCR was
performed using SYBR green PCR mastermix (Qiagen).

Next-generation sequencing data sets analyzed

Mouse RNA-seq data (GSE30617) generated by the Wellcome Trust
Sanger Institute included six pooled libraries from the hippocam-
pus, spleen, heart, lung, thymus, and liver (Keane et al. 2011). We
also analyzed data from mouse ES cells differentiated into neurons
(GSE27866) (Lienert et al. 2011). Wiggle tracks from the mouse
ENCODE project were downloaded from the ENCODE DCC
(http://hgdownload.cse.ucsc.edu/goldenPath/mm9/encodeDCC/)
and merged into a single track (Rosenbloom et al. 2012). Human
RNA-seq data were from the Illumina Human Body Map 2.0 Project
(GSE30611), which includes nonstranded RNA-seq libraries from
16 tissues, as well as stranded RNA-seq data for a mixture of these
tissues. We used 3'-seq data (SRP007359/GSE3019) from the brain,
kidney, liver, muscle, and testis for both mouse and human (Derti
et al. 2012). All RNA-Seq data were mapped to the human (hg19)
and mouse (mm9) genomes using TopHat with the default pa-
rameters (Trapnell et al. 2012). The mapping statistics are shown in
Supplemental Table S1.

Identification of 3’ UTR extensions

As a first step to identifying candidate 3’ UTR extensions, we ran
a sliding window across the genome to identify all continuously
transcribed regions. We defined a 100-nt window to be continu-
ously transcribed if more than 80/100 positions were covered by
more than 10 reads. This criterion was applied at single-nucleotide
increments across the genome, and the overlapping segments were
merged. We provisionally made further refinement by merging
neighboring regions separated by <150 nt of nonrepetitive se-
quence. We also merged expressed windows separated by repetitive
elements (as identified by RepeatMasker). The resulting segmen-
tation was subjected to extensive filtering that aggressively culled
potentially ambiguous extension cases, which might not be dis-
tinguished from intragenic transcription, overlapping transcripts,
retained introns, etc.

In brief, we identified continuously transcribed regions that
overlap annotated stop codons, and subjected them to the fol-
lowing criteria: (1) The identified segment overlaps only a single
gene. (2) The extended region does not overlap any exons, only
either intronic or intergenic space. (3) The called 3" UTR overlaps
only a single stop codon. (4) There is at least 500 nt of nontranscribed

space before the next gene or exon. (5) The gaps bridged between
neighboring segments in an extension accounts for <20% of the
extension, and these gaps are spanned by at least one paired-end
read. (6) The extension is expressed above 1.0 FPKM in mouse and
1.5 FPKM in human. The requirement of 1 FPKM (1.5 FPKM Illu-
mina bodymap data) was selected by comparing the accuracy of
the sliding window for annotating known exon boundaries at
different FPKM cutoffs and selecting a cutoff with >90% sensitivity
within 100 nt. (7) The extension increases current Ensembl v65
gene models by >500 nt. (8) Less than 20% of reads from available
stranded libraries derive from the opposite strand. (9) For any ex-
tension containing spliced reads, the percentage of reads sup-
porting splicing across either junction account for <20% of reads
mapped across that genomic location. For further details, see the
Supplemental Methods.

Analysis of polyadenylation site features

Although gene models might bear confidently extended 3" UTRs,
the genomic regions that satisfied expression FPKM cutoffs did not
always correspond to a clean 3’ terminus. In cases where lower-
level transcription continued for some distance past the called end,
our sliding window truncated the 3’ terminus. Alternatively,
a called end might terminate in a repetitive element, and thus no
specific 3’ end was identified. Such loci, although confidently
extended, are not germane for the analysis of 3’ terminal motifs.

Visual inspection of RNA-seq data on the IGV Browser in-
dicated that bioinformatically called 3’ ends were likely to be
precise when there was a substantial dropoff in expression ema-
nating from the downstream genomic sequence. We selected those
3’ termini that did not overlap an annotated repetitive element,
and exhibited greater than eightfold coverage dropoff between the
100 nt upstream of the annotated 3’ end and both of two sub-
sequent 100-nt windows downstream from the 3’ end.

We centered on each of these novel 3’ termini and analyzed
their genomic vicinity for canonical polyadenylation signals (PAS)
AAUAAA or its closest variant AUUAAA, as well as noncanonical
polyadenylation motifs defined previously (Tian et al. 2005). The
U/GU-rich motif was defined as six consecutive U and/or G, with at
least three Us (corresponding to 22 distinct 6-mers).

We assessed the positional enrichment of published polyA-
seq tags (Derti et al. 2012) around our novel extended 3" UTRs. We
counted the fraction of ends that have at least one 3’ sequencing
read in 50-nt bins 200 nt upstream of and downstream from
the annotated polyadenylation site. We estimated the back-
ground frequency of 3’ sequencing tag enrichment by sampling
random points distributed uniformly between the longest
Ensembl v65 annotation and the location of our confident 3’ end
annotation.

Post-transcriptional regulatory motif analysis

MULTIZ multiple species alignments projected onto the human
(hg19) and mouse (mm9) genomes were downloaded from the
UCSC Genome Browser. Signal-to-noise ratios of all 7-mers were
calculated according to the method previously described (Wang
et al. 2008). We considered a 7-mer to be conserved if it was aligned
without mismatches or gaps between human, mouse, rat, dog. The
conservation frequency was calculated by dividing the number of
conserved instances of a 7-mer by the total number of occurrences
of that sequence. The signal to background ratio was calculated for
each 7-mer by dividing the conservation frequency by the average
conservation frequency of a set of at least 10 control sequences.
Control sequences exhibited matched GC content and occurred
within twofold frequency of the query 7-mer in the selected re-
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gions. The 7-mers were cross-referenced with mature miRNA seed
sequences from miRBase.

We also downloaded FASTQ files of 130-kD AGO-CLIP data
(Chi et al. 2009) from http://ago.rockefeller.edu/rawdata.php, and
mapped them to mm9 using Bowtie with default parameters. For
each 7-mer matching a miRNA 7mS$ target site, the 300 nt up-
stream of and downstream from that sequence were queried for
overlapping Ago-CLIP reads. The fraction of sequences that over-
lapped a CLIP tag at each nucleotide position relative to the seed
match were counted and compared with the background rate of
clip frequency around 7-mers with similar GC content. The sig-
nal:background ratio was calculated at each nucleotide relative to
the target site by dividing the fraction of sequences overlapped by
an Ago-CLIP read at each position by the average fraction of Ago-
CLIP reads overlapping GC-matched control 7-mers in the same
genomic regions.

Third party software used

We used picard liftOver (http://picard.sourceforge.net/) to identify
orthologous mouse and human positions, SAM-JDK to query BAM
files, apache-commons and R to perform statistical calculations,
BigWig (http://code.google.com/p/bigwig/) to parse phastCons
conservation scores, and JFreeChart and R for plotting.

Mouse in situ hybridization

E13.5 embryos were fixed in 4% paraformaldehyde overnight. The
following day, embryos were washed with PBS, dehydrated, and
paraffin embedded. Sagittal 7-pm embryo sections were processed
using a Leica microtome. We prepared DIG-labeled antisense RNA
probes according to the method previously described (Smibert
et al. 2012) and performed in situ hybridization according to the
method previously described (Blaess et al. 2011). Probe primer sets
are listed in Supplemental Table S9.
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