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Regulated post-transcriptional RNA cleavage
diversifies the eukaryotic transcriptome

Tim R. Mercer,"* Marcel E. Dinger,'* Cameron P. Bracken,?> Gabriel Kolle,

1
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Tinstitute for Molecular Bioscience, The University of Queensland, Brisbane QLD 4072, Australia; Centre for Cancer Biology, SA
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The complexity of the eukaryotic transcriptome is generated by the interplay of transcription initiation, termination, alter-
native splicing, and other forms of post-transcriptional modification. It was recently shown that RNA transcripts may also
undergo cleavage and secondary 5’ capping. Here, we show that post-transcriptional cleavage of RNA contributes to the di-
versification of the transcriptome by generating a range of small RNAs and long coding and noncoding RNAs. Using genome-
wide histone modification and RNA polymerase Il occupancy data, we confirm that the vast majority of intraexonic CAGE tags
are derived from post-transcriptional processing. By comparing exonic CAGE tags to tissue-matched PARE data, we show that
the cleavage and subsequent secondary capping is regulated in a developmental-stage- and tissue-specific manner. Furthermore,
we find evidence of prevalent RNA cleavage in numerous transcriptomic data sets, including SAGE, cDNA, small RNA li-
braries, and deep-sequenced size-fractionated pools of RNA. These cleavage products include mRNA variants that retain the
potential to be translated into shortened functional protein isoforms. We conclude that post-transcriptional RNA cleavage is
a key mechanism that expands the functional repertoire and scope for regulatory control of the eukaryotic transcriptome.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to the NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo/) under accession nos. GSE22627

and GSE24355.]

Recent technological advances in high-throughput sequencing
have revealed unexpected complexity of the eukaryotic tran-
scriptome. It is now evident that the majority of the mammalian
genome is transcribed as interconnected networks of messenger
RNAs (mRNAs) and long and short noncoding RNAs (Cheng et al.
2005; Carninci 2006; Carninci et al. 2006; Kapranov et al. 2007;
Cloonan et al. 2008). This transcript diversity arises through sev-
eral sequential steps comprising various combinations of alterna-
tive splicing, transcription initiation, and polyadenylation.

The enormous complexity of the mammalian transcriptome
was first exposed by large-scale sequencing of full-length cDNA
transcripts from mouse (Okazaki et al. 2002; Maeda et al. 2006) and
chromosome tiling array analysis of RNAs expressed in human cell
lines (Kapranov et al. 2002; Cheng et al. 2005; Kapranov et al.
2005). Capped analysis of gene expression (CAGE) analysis, a high-
throughput technique for sequencing the 5’ end of capped RNAs,
has revealed an unexpectedly wide range of alternative transcrip-
tion initiation events (Carninci et al. 2005). One of the surprising
findings from this study was the prevalence of CAGE tags that
mapped within exonic coding sequences (Carninci et al. 2006).
Initially, these intraexonic CAGE tags were thought to derive from
transcripts initiated from internal promoters in these genes. How-
ever, a recent study by the CSHL/ENCODE Consortium showed
that some exonic CAGE tags could be rescued by their mapping
across exon-exon junctions (EE]Js) (Fejes-Toth et al. 2009). Because
the 5’ ends of these rescued CAGE tags are so proximal to EE]Js, the
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minimal 5’ exons they define are considered too small for efficient
splicing (Le Hir et al. 2000, 2001). Therefore, the authors concluded
that CAGE tags across EEJs must have occurred as a consequence of
post-splicing RNA cleavage and subsequent “secondary capping”
of the cleaved transcript. This challenges the assumption that
cleaved RNA transcripts are simply transitional intermediates in
the degradation and recycling of mRNA, but could rather represent
functional products generated from longer parental transcripts.

Here, we show that post-transcriptional cleavage events are
widespread, conserved among eukaryotes, and generate a range of
small RNAs and long coding and noncoding RNA (ncRNA) tran-
scripts. By comparing exonic CAGE tags to tissue-matched parallel
analysis of RNA ends (PARE) data, we show that the secondary
capping of cleaved transcripts is a regulated process that is con-
served between species and regulated in a developmental-stage-
and tissue-specific manner. By deep-sequencing size-fractionated
pools of human embryonic stem cell RNA, we show that the
cleavage pathway has significant impact in remodeling the tran-
scriptome. We conclude that post-transcriptional RNA cleavage is
a common mechanism that, alongside transcription initiation,
termination, alternative splicing, and editing, plays a significant
part in the diversification of both the coding and noncoding
transcriptional repertoire of the genome.

Results

Evidence of widespread intraexonic post-transcriptional
cleavage
To identify likely sites of post-transcriptional RNA cleavage, we

mapped CAGE tags against the mouse genome requiring exact
matches and then mapped the remaining unmapped CAGE tags to
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all annotated EEJs as conducted previously (Fejes-Toth et al.
2009), finding 17,731 (0.2%) mouse and 6060 (0.4%) human tags
mapped uniquely and exactly across coding EEJs (Supplemental
Fig. S1; Supplemental Table S1; Carninci et al. 2006; Valen et al.
2009). Because the tags map overwhelmingly (99.9%) in the sense
direction and only a tiny proportion (0.001%) can be mapped to
shuffled EEJs, it is unlikely that EEJ-spanning CAGE tags are the
result of a mapping artifact. As CAGE tags also frequently map
within exons (Carninci et al. 2006), we considered the possibility
that these tags may also arise as a consequence of cleavage. We
identified 178,058 (~13% of all mappable) CAGE tags in the
FANTOM3 mouse CAGE library that mapped uniquely and exactly
within the RefSeg-annotated coding sequence of 12,858 RefSeq
mouse genes (~61% of total) (Supplemental Table S2). Therefore,
although cleavage is a relatively widespread event, specific cleav-
age events are relatively rare, particularly when considering the
wide range of tissues from which CAGE libraries have been derived.
We find that the ratio of CAGE tags mapping to annotated pro-
moters compared to within coding exons is ~5:1. A comparison
of the incidence of CAGE tags mapping within exons with those
crossing EEJs revealed that the distribution of mapped tags re-
mained relatively constant throughout RefSeq genes (Supplemental
Fig. S1). Although this observation supports the notion that intra-
exonic CAGE tags are also derived from post-transcriptional cleav-
age, it does not exclude the possibility that alternate promoters
may drive the initiation of other transcripts in these regions.
Therefore, we investigated whether epigenetic signatures of
active gene promoters, including H3K4me1l, H3K4me2, H3K4me3,
H2AZ, H3K9ac, H3K18ac, and H2BK12ac, are associated with
intraexonic CAGE tags (Fig. 1A; Supplemental Fig. S2; Barski et al.
2007; Wang et al. 2008). In contrast to the epigenetic signatures of
active gene promoters, we did not observe enrichment for any of
the examined chromatin modifications associated with intra-
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exonic CAGE tags. We also did not observe a peak of RNA poly-
merase II (RNAPII) occupancy at exonic CAGE tag sites in contrast
to that observed at promoters (Fig. 1A). Furthermore, we did not
observe any significant association of TATA-box or CpG islands
with intraexonic CAGE tags relative to gene promoters (Supple-
mental Fig. $3; Carninci et al. 2006). Together these results provide
strong evidence that intraexonic CAGE tags are not indicative of
conventional transcription initiation, and that the majority are
likely generated as a consequence of post-transcriptional cleavage.

Cleavage and secondary capping are distinct processes

Next, we considered the relationship between the cleavage and
subsequent capping of an RNA transcript. PARE analysis permits
the genome-wide sequencing of 5’-monophosphate-cleaved ends
of polyadenylated RNA to provide an indication of uncapped
transcripts (German et al. 2009). A comparison of PARE libraries to
tissue-matched CAGE libraries (mouse brain, lung, and liver) al-
lows us to compare capped and uncapped cleaved transcripts.

To determine the relative specificity of CAGE- and PARE-tag
methods, we compared their relative mapping densities at nuclear
genes, which contain a 5'-G cap, and mitochondrial genes, that
contain a 5’-monophosphate end (Scarpulla 2008). We found that
in matched samples, CAGE tags mapped at an incidence of <3% of
that of PARE tags to mitochondrial genes, while PARE tags map at
an incidence of <0.3% to the nuclear gene transcription start site of
genes, thereby indicating a high specificity to these two tech-
niques (Supplemental Fig. S4). It also indicates that, unlike plants
(Jiao et al. 2008), mammals are unlikely to contain prevalent
uncapped mRNA transcripts.

In total, we identified 85,667 exonic cleavage sites by
mapping PARE tags (see Methods). Like exonic CAGE tags, PARE
tags map across EEJs, indicating that they are derived from post-
transcriptional cleavage. Comparison of
the frequency distribution of PARE tags
at exonic CAGE tag sites indicates a dis-
tinct enrichment for PARE tags at exonic
CAGE tag sites in all tissues (Fig. 1B). Fur-
thermore, genes exhibit a correlated fre-
quency for both CAGE and PARE tags,
with some examples, such as Alb, being
subject to similarly abundant cleavage

according to both PARE and CAGE li-
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Frequency distribution for modified chromatin immunoprecipitated tags relative to CAGE
sites associated with gene promoters and exons. (4,B) The average frequency of DNA tags immuno-
precipitated with antibodies to H3K4me3 (A) and RNA polymerase Il (B) within a 4-kb window centered
on CAGE tags mapping to promoters (blue) and coding exons (red) (Wang et al. 2008). (C) Frequency
distribution of PARE tags (blue) within a 1000-nt window centered on exonic CAGE tags (indicated at
+1). Arandom control showing PARE tags frequency distribution across random sites in matched exons
shown (red). (D) Frequency of CAGE tags mapping across microRNA hairpin with mature and star

+1 +2000 nt

braries (Supplemental Fig. S4). Although
this closely links the cleavage and sec-
ondary capping processes, the low overlap
between these data sets (5% of PARE tags
overlap CAGE tags) suggests that these
processes are mechanistically distinct.

Positional conservation of
post-transcriptional cleavage sites

Given the prevalence of post-transcrip-
tional cleavage in mouse and human, we
next considered whether cleavage occurs
at homologous positions in these species.
We found 2713 sites to which the 5’ nu-
cleotide of the intraexonic CAGE tags
maps syntenically in both human and
mouse. These homologous sites are also
significantly enriched (3.8-fold, P < 0.01)

80 100 120 140

2 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

RNA cleavage generates alternative isoforms

in the frequency of exonic CAGE tags relative to nonconserved
sites, and account for ~10.6% and 9.6% of total mouse and human
exonic CAGE tags, respectively (Supplemental Table S3). Further-
more, the human homologs of ~50% of mouse genes similarly
encompass exonic CAGE tags with a correlated exonic CAGE tag
frequency of 0.32 (Supplemental Fig. S5; Supplemental Table S2).
The analysis of conserved CAGE mapping sites revealed some
striking examples, such as CALM1 (Fig. 2A), where a specific nu-
cleotide position is subject to frequent post-transcriptional cleav-
age in both human and mouse. Therefore, we examined the dis-
tribution of CAGE tags across genes and found a considerable
diversity in the organization of intraexonic CAGE tags, ranging
from single specific events, as in the Ugt2b36 gene (Fig. 2B), to
broad exonic CAGE clusters, as in the Apob gene (Fig. 2C). Unlike
the specificity of single-peak cleavage events, the broad dispersed
distribution of CAGE clusters through genes such as Apob seems
unlikely to produce specific truncated long isoforms, but they may
still produce a diversity of small RNAs. A comparison of the orga-
nization of CAGE tags within exons against CAGE tags at RefSeq-
annotated promoters shows that intraexonic CAGE tags occur
more frequently in single peaks than those at gene promoters (70%
vs. 25%). The prevalence of single-peak CAGE tags for particular
nucleotides raises the possibility for a sequence-specific contribu-
tion to post-transcriptional cleavage. However, motif analysis
identified only a slight preference for guanine at the 5'-terminal
nucleotides of exonic CAGE tags (Supplemental Fig. S3).

Post-transcriptional cleavage occurs in lower eukaryotes

Given the prevalence of post-transcriptional cleavage in human
and mouse, we next sought to identify whether this process occurs
in other eukaryotic lineages. In Drosophila melanogaster, we ana-
lyzed deep-sequencing serial analysis of gene expression (SAGE)

data sets that are derived from a modified protocol that, like CAGE,
recognizes and sequences the 5’-capped end of full-length RNA
transcripts (Hashimoto et al. 2004). We considered three libraries
generated from different developmental stages (Ahsan et al. 2009),
finding 27,515 (0.2%) SAGE tags that mapped across EEJs. Analysis
of SAGE tags combined from all developmental stages revealed
~14% mapped within FlyBase-annotated coding sequences, a
similar proportion to that in human and mouse (Supplemental
Table S4).

Post-transcriptional cleavage generates prevalent small RNAs

The CSHL/ENCODE Consortium found that 5’-modified small
RNAs were enriched at post-transcriptional cleavage sites, and in-
dicated that these small RNAs were likely to have been generated as
a result of the cleavage process (Fejes-Toth et al. 2009). Using an
independent small RNA deep-sequencing data set (Taft et al. 2009),
we confirmed the previously described enrichment for small RNAs
(15-30 nt) at exonic mapped CAGE sites in human THP1 cells
(Supplemental Fig. S6). Based on the rationale that small RNAs are
too small to be spliced by conventional machinery, we mapped
small RNA tags across EEJs to determine whether small RNAs could
be directly generated by cleavage. We found thousands of small
RNAs that mapped exactly and uniquely across EEJs in 18 publicly
available small RNA libraries derived from human, mouse,
chicken, and fly (Supplemental Table S5; Ruby et al. 2006; Babiarz
et al. 2008; Baek et al. 2008; Czech et al. 2008; Glazov et al. 2008).
We also found that small RNAs derived from both nuclear and
cytoplasmic preparations include spliced small RNAs (Supple-
mental Fig. S6; Taft et al. 2009). These EEJ-spanning small RNAs
were orientated overwhelmingly in the sense direction, further
supporting their derivation from a longer RNA precursor. The
production of small RNAs by post-transcriptional cleavage is ex-

emplified by the Drosophila Rackl gene,

which encompasses numerous small RNA

tags and corresponding SAGE tags (Fig.

L — 2D).
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and subsequently capped (Fig. 1D). In
some cases, such as mmu-mir-124-1, this
Drosha-dependent cleavage may contrib-
ute to the post-transcriptional cleavage
of longer host RNA transcripts (Supple-
mental Fig. S7). Therefore, we considered
whether components of the small RNA
processing enzymes are involved in the
cleavage and generation of small exon-
derived RNAs. However, we were unable
to identify any common characteristics,

Figure 2. |lllustrative examples of post-transcriptional cleavage in human and mouse. (A) Exonic
CAGE tags map to syntenic nucleotides in the human (blue panel) and mouse (beige panel) CALM1
gene. (B) Single peak distribution of exonic CAGE tags in the mouse Ugt2b36 gene. (C) Broad peak
distribution of exonic CAGE tags in the mouse Apob gene. (D) Exonic SAGE tags (green panel) and small
RNA tags (beige panel) map to the exon (black histogram) and across exon—-exon junctions (red; tag

count indicated) in the fly RackT gene (blue). (tpm) Tags per million.

such as sequence motifs, length, and
prominent 5’'-terminal nucleotides, that
would define EEJ-spanning small RNAs.
Furthermore, we did not observe ablation
or reduction of EEJ-spanning small RNAs
in libraries generated from Dicer1 ™'~ or
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Dgcr8 '~ mouse embryonic stem cells A
(Babiarz et al. 2008) or Dcr-17/~ fly ovaries &
(Supplemental Fig. S8; Czech et al. 2008).
Similarly, EEJ-spanning small RNAs were
not ablated in logs~/~ fly ovaries, as pre-

viously observed for endogenous siRNAs 120
(Czech et al. 2008). Finally, EEJ-spanning 200
RNAs were poorly represented in fly and

human RNA sequencing libraries derived 400

from RNA immunoprecipitation using an-
tibodies targeting AGO1 and AGO2 (Sup- Ly
plemental Table S5; Czech et al. 2008; -Sont
Ender et al. 2008). Together, these obser-

vations suggest that small exon-derived D.
RNAs are distinct from known classes of
small RNAs, such as endogenous siRNAs
or miRNAs.

Based on the assumption that EEJ-
spanning small RNAs can serve as a proxy
for post-transcriptional cleavage, we ex-
amined small RNA sequencing libraries
from Caenorhabditis elegans, where CAGE
or SAGE data are unavailable, to ascertain
the extent of this phenomenon in other
metazoa. We found abundant EEJ-span-
ning small RNAs (Supplemental Table S5)
that, given their predominantly sense
orientation and lack of 5’-terminal gua-
nine, are unlikely to correspond to en-
dogenous siRNAs (Ruby et al. 2006), and
thereby suggest that post-transcriptional
cleavage is a relatively ancient and evo-
lutionarily conserved process.

exonic CAGE tags (total count)

400

poly-adenylated RNAseq tag (total count)

0
-1000 nt

Figure 3.

Post-transcriptional cleavage produces long RNA transcripts

Because CAGE libraries are constructed from polyadenylated
RNA >200 nt (Carninci et al. 2006), a major product of post-tran-
scriptional cleavage is likely to be long RNA transcripts. Therefore,
we examined cDNA libraries for the presence of long RNA tran-
scripts generated by post-transcriptional cleavage by identifying
cDNA transcripts whose 5’ termini map no more than 20 nt up-
stream of an EE]J using a strategy similar to that used for CAGE tags
(see above; Fig. 3A). To minimize the incidence of false positives
due to incomplete reverse transcription, we restricted our analysis
to FANTOM3 cDNA libraries, which had been curated for full-
length transcripts by a cap-trapping step prior to cDNA sequencing
(Carninci et al. 2003, 2005). We found 887 transcripts that initi-
ated within 20 nt 5’ of an EEJ, indicative of genesis by post-tran-
scriptional cleavage, as well as a further 3303 cDNAs that initiate
within RefSeq-annotated coding sequences (Supplemental Table
S6). We find that the ratio of 5’ termini of cDNAs mapping to
annotated ends compared to within coding exons is ~6.7:1. Fur-
thermore, 27% of 5’ termini mapping to exons are supported by
both CAGE and cDNA evidence. At the 3’ end, we found 35% of
cDNAs originating within exons share the same polyadenylation
site as the host RefSeq gene (Fig. 3D). Given that exonic CAGE tags
are derived from polyadenylated RNA >200 nt (Carninci et al.
2006) and numerous full-length cDNA transcripts are derived from
post-transcriptional cleavage, we suggest that, in addition to small
RNAs, long RNAs are a major product of the post-transcriptional
cleavage process.

position relative to exonic cDNA 5'end

= 3UTR

350
250

150

+1nt +50 nt -50 nt +1nt +40 nt
position relative to RefSeq 3'end

exonic cDNA (total count)

+1nt +1000 nt

position relative to exonic CAGE tag

Evidence of post-transcriptional cleavage from full-length cDNA transcripts. (A) Schematic
diagram illustrating the mapping of 5’-cDNA termini that span exon—exon junctions (EEJs) and 3'-cDNA
termini to the annotated 3’ end of the host RefSeq gene. (B) Cumulative frequency distribution of mouse
exonic CAGE tags within a 100-nt window cantered on the 5’ termini of exonic cDNAs. (C) Cumulative
frequency distribution of 3’-cDNA termini distribution centered on a 100-nt window centered on the
annotated 3’ end of the host RefSeq gene. (D) Cumulative frequency distribution of polyadenylated
events within a 2-kb window centered on exonic CAGE tags. RNA sequencing library derived from
mouse brain (Parkhomchuk et al. 2009).

The process of post-transcriptional cleavage infers the exis-
tence of an upstream collateral transcript. However, the stability
and polyadenylation status of the putative upstream transcript
are uncertain. To identify any stable polyadenylated upstream
transcripts, we compared the mapping positions of mouse deep-
sequencing tags after the removal of 3’ nongenomic poly(A) ad-
ditions with putative cleavage sites. The analysis did not reveal
enrichment for polyadenylation sites coincident to or upstream of
exonic mouse brain CAGE tags or polyadenylated tags that crossed
EEJs (Fig. 3D), suggesting that any upstream collateral transcript
is nonpolyadenylated. Furthermore, we used real-time PCR with
poly(T) primers at four noted cleavage sites within the Calm1, Bptf,
Pnpla2, and Polr2a genes. However, we were unable to identify the
expression of any stable upstream polyadenylated cleaved tran-
scripts (Supplemental Fig. S9).

Sequencing of size-fractionated RNA resolves cleaved
transcripts from spliced isoforms

Prevalent post-transcriptional cleavage anticipates the biogenesis
of smaller transcript isoforms of differing sizes. Although such
isoforms should be detectable by Northern analysis, it is not pos-
sible to distinguish isoforms produced by cleavage from those
produced by alternative splicing. To overcome this problem, we
used deep sequencing of size-fractionated polyadenylated RNA
from human embryonic stem cells (see Methods). This approach
simultaneously resolves the size and splicing status of different
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isoforms, thereby discriminating between alternatively spliced and
cleaved transcripts. To identify genes that had potentially under-
gone post-transcriptional cleavage, we used the smallest RefSeq-
annotated isoform to predict the smallest size fraction where the
resulting mRNA should appear; omitting any genes where deep-
sequencing tags indicated alternative unannotated splice junc-
tions. Using this approach, we found the mean relative expression
of genes in smaller size fractions was 27% and identified a number
of candidate cleaved mRNAs (Supplemental Fig. S10; Supplemen-
tal Table S7). Although we could not discount a contribution of
degradation to this enrichment, we noted that the number of ex-
onic CAGE tags correlated with this enrichment (R* = 0.37, P <
0.01). Indeed, the cumulative sum of RNA-seq tags is enriched
50 nt downstream relative to 50 nt upstream of such exonic CAGE
tags in lower size fractions (P < 0.01) (Supplemental Fig. $10). This
is illustrated by examples such as POLR2A that exhibit enriched
RNA-seq coverage downstream from a cleavage site that is con-
served between human and mouse, suggesting prevalent cleav-
age of this transcript (Fig. 4A). To confirm the independent expres-
sion of a truncated isoform from the POLR2A loci, we performed
RT-PCR across the cleavage site. RT-PCR was performed with
cDNA libraries generated with random hexamer priming (Fig. 4B).
We show that the sequence downstream from the identified cleav-
age site displayed a significantly higher expression than the up-
stream sequence in mouse brain, embryo, and testes tissue, consis-
tent with the generation of a downstream truncated transcript.

CAGE tags are enriched at the 5’ end of exons

Although we did not observe any significant difference between
the cleavage of spliced compared to nonspliced genes (Supple-
mental Fig. S11), when we considered the distribution of CAGE

tags across individual exons, we observed an enrichment for
exonic CAGE tags immediately downstream from the 5’ intron-
exon junction (Fig. 5A). The close association of this subset of
CAGE tags with the 5’ splice junction prompted us to analyze the
3’ junction, where we also observed a similar enrichment for
intronic CAGE tags immediately downstream from the 3' exon
junction (Fig. 5B). Because the intronic location of these CAGE
tags suggests that they are not a consequence of the mature
mRNA cleavage process, we considered both 5" and 3’ intron-
exon-junction-associated CAGE subsets with recently published
deep sequencing of nuclear run-on transcription (Core et al. 2008)
and observed an enrichment for nascent transcripts generated
by elongating RNAPII whose 5’ termini aligned with both CAGE
subsets (Fig. 5B). Furthermore, unlike transcription initiation at
gene promoters, there is no evidence of divergent antisense tran-
scription at these CAGE sites (Supplemental Fig. S11). In addition,
we identified a distinct enrichment for polyadenylation events
at exonic 3’ borders (Supplemental Fig. 5C; Parkhomchuk et al.
2009). Together, we propose a model whereby CAGE sites arise
through a cotranscriptional but transcription initiation-indepen-
dent mechanism to account for these patterns (see Discussion).

Post-transcriptional cleavage is tissue- and
developmental-stage-specific

To determine whether post-transcriptional cleavage occurs in a
tissue- and developmental-stage-specific manner that would be
indicative of a regulated process, we analyzed CAGE libraries de-
rived from a differentiating human myelomonocytic leukemia cell
line (THP1) (Suzuki et al. 2009) and a range of mouse tissues that
had sufficient depth for comparing relative CAGE frequency
(Valen et al. 2009). First, we compared the intraexonic CAGE
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Figure 4. Detailed analysis of Polr2a cleavage. (A) Genome Browser view showing human (top panel) and mouse (bottom panel) Polr2a gene. Frequency
distribution of CAGE tags (beige panels) indicates prevalent cleavage in the terminal Polr2a exon in both human and mouse (note that promoter CAGE
tags are omitted). Nucleotide-level resolution of the Polr2a cleavage site (right panels) indicates conservation of the cleavage event between human and
mouse. Size-fractionated RNA sequencing tags from human embryonic stem cells (gray panel) shows enriched expression immediately downstream from
the cleavage event. (B) RT-PCR using primer pairs in mouse brain, testes, and embryo shows enriched expression downstream from the cleavage site.

Positions of the RT-PCR primers (1-6) are indicated in A.
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ternative intraexonic CAGE clusters are
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(Fig. 6D). In contrast, we also observe
considerable conservation of cleavage
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Foxb2 gene, where the same site was pre-
ferred in all eight tissues (Supplemental
Fig. S14). Together, these results suggest
that at least a subset of intraexonic CAGE
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Figure 5. Distinct class of exonic CAGE tags associated with splice junctions. (A) Average CAGE tags

frequency distribution within a 200-nt window centered on splice junctions (indicated at +1) shows
a distinct enriched peak immediately downstream from the intron-exon junction (first column)
and exon-intron junction (second column). (B) Distribution of GRO-seq tags derived from nuclear run-
on (Core et al. 2008) across splice junctions peak immediately downstream from the intron—-exon
junction and exon-intron junction. (C) Cumulative frequency distribution of polyadenylated RNA
deep-sequencing tags from mouse brain (Parkhomchuk et al. 2009) across exon-intron splice

junctions.

frequency of human genes across six time points in human THP1
cells following phorbal myristate acetate (PMA) stimulation. To
permit robust statistical analysis, we then selected the top 500
genes ranked by CAGE frequency, which corresponded to a mini-
mum frequency of 250 CAGE tags per million (tpm) across the
time course, for further study (Fig. 6A). Within this set, we found
the frequency of CAGE tags in 164 (32%) genes varied by at least
fourfold between at least two points. Consistent with a relevant
biological role in the experimental system examined, a number of
genes with well-established functions in macrophage biology, such
as CSFIR, MYB, and CD109, were identified in this subset (Suzuki
et al. 2009).

To determine whether the observed changes in intraexonic
CAGE tag frequency exhibit independent profiles to the rate of
host gene transcription initiation, we compared the ratio of CAGE
tags mapping to exons with those at the promoter of the host gene.
Although a weak correlation between promoter strength and
intraexonic CAGE frequency was observed (R = 0.13) (Supple-
mental Fig. S12), we found that, rather than exonic CAGE fre-
quency being proportional to transcription initiation as would be
expected by systematic RNA degradation, there was considerable
variance (Supplemental Fig. S12). For example, intraexonic CAGE
tags within the SMGS5 gene undergo a dramatic induction at 96 h,

Post-transcriptional cleavage generates
a diversity of long coding isoforms

The tissue- and developmental-stage-
specific RNA cleavage, combined with
conservation of cleavage sites between
human and mouse, suggest that post-
transcriptional cleavage represents a reg-
ulated mechanism to diversify the transcriptome. The ability of
this process to generate functional small RNAs has been previously
discussed (see above; Fejes-Toth et al. 2009). For example, AlbI and
the well-characterized ncRNA XIST are subject to prevalent cleav-
age that generates large numbers of small RNAs (Supplemental Fig.
$15). Furthermore, we also note that a number of well-character-
ized ncRNAs, such as the two neighboring ncRNAs NEAT1 and
NEAT2, the latter of which is prevalent in all sequenced hES size
fractions, are a source of numerous exonic CAGE tags and small
RNAs in human embryonic stem cells (Supplemental Fig. S10).
However, the specific and regulated cleavage of mRNAs described
within this study (see above) appears to produce distinct long
S'-capped RNA transcripts that retain, albeit truncated, coding po-
tential, in a manner similar to the recently reported case of the DUX4
gene (Snider et al. 2009). Indeed, the secondary 5’ capping of such
cleaved transcripts may permit their correct localization and trans-
lation (Gu and Lima 2005), raising the possibility that a major role of
RNA cleavage is to generate alternative mRNA isoforms.

To investigate the propensity of post-transcriptional cleavage
to generate alternative mRNA isoforms, we examined the coding
potential of cleaved transcripts. Using the 882 FANTOM3 cDNA
transcripts whose 5’ end mapped across an EEJ, we found that
~87% retain an open reading frame greater than 100 amino acids,
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Figure 6. Tissue-specific cleavage events. (A) Cluster analysis of the expression of the 500 genes containing the highest exonic CAGE tag frequency
shows the up-regulation (red) and down-regulation (green) of mRNA cleavage in human THP-1 cell differentiation. Expression level was determined as the
normalized CAGE tag frequency mapping to coding exons. (B) Genome Browser view of human SMGS5 gene with CAGE tag mapping (blue panels) across
different THP1 time points shows specific cleavage event (red arrow) at 96 h post-PMA-stimulation. (C) Mouse Mtap1b gene showing CAGE tags mapping
in the visual (green panel), somatosensory (blue panel) cortex, and hippocampus (beige panel). (D) Mouse Tbr1 gene shows alternative exonic CAGE tag
locations preferred between the visual and somatosensory cortex (red arrow) and the hippocampus (blue arrow). (E) CAGE tags mapping (blue panel) to
Bptf (violet bars) bisect distinct encoded protein domains (purple bars), potentially generating alternative protein-coding isoforms. (Tpm) Tags per million.
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initiating from an alternative downstream initiation codon (Sup-
plemental Table S8). In some cases, this would produce an isoform
with a different domain structure, such as in the case of Bptf, which
is specifically cleaved between the regions encoding the bromo-
domain and the PHD finger domain in both human and mouse
(Fig. 6E). The ability of similarly cleaved transcripts to be translated
as functionally distinct proteins has been previously reported
(Thoma et al. 2001; Hasselblatt et al. 2005; Snider et al. 2009).
Although an N-terminal proteomics study, analogous to the
5'-terminal transcriptomic analysis conducted here, is required to
determine the full contribution of this process to protein diversity,
examination of publicly available N-terminal peptide sequences
reveals an enrichment of peptides with N-terminal methionine
downstream from cleavage sites relative to random positions in the
coding sequence (Supplemental Fig. S16).

Discussion

Recent years have shown that the eukaryotic transcriptome com-
prises a remarkably complex network of long and short, coding
and noncoding RNAs. In this study, we show that the process of
post-transcriptional RNA cleavage, alongside differential tran-
scription initiation, termination, alternative splicing, and other
forms of post-transcriptional modification, expands the repertoire
of coding and noncoding RNAs in the eukaryotic transcriptome.
We show that post-transcriptional RNA cleavage is prevalent
throughout eukaryotes and occurs in a developmental-stage- and
tissue-specific manner in human and mouse. Together, these sig-
natures indicate that, rather than simply being a transitory in-
termediate of RNA degradation, cleavage diversifies the tran-
scriptome in a regulated manner.

A major product of post-transcriptional cleavage is long RNA
transcripts. Although such long RNAs may ultimately be cleaved
into smaller RNAs, we propose that truncated mRNA isoforms may
also potentially be translated to C- or N-terminal truncated pro-
teins. There are numerous precedents to support this proposal
(Thoma et al. 2001; Hasselblatt et al. 2005; Snider et al. 2009). For
example, a recent study found that a range of endogenous small
and long RNA transcripts are generated from the DUX4 gene, in-
cluding a 3’-cleaved isoform that undergoes translation from an
internal methionine to generate a functionally distinct truncated
protein that lacks the N-terminal domain (Snider et al. 2009).
Moreover, the authors note that full-length DUX4 mRNA or
protein has been rarely detected in vivo. Such examples provide
proof-of-principle that post-transcriptional cleavage of mRNA
transcripts has the ability to modulate the functional repertoire
of the proteome in a manner analogous to mechanisms of pro-
teolytic cleavage that contribute to proteomic diversity (Walsh
et al. 2005).

In addition to protein-coding transcripts, we also show that
post-transcriptional cleavage can yield an array of noncoding
transcripts. Indeed, we note that a number of transcripts, such as
Alb and Apob, are cleaved with such prevalence as to be unlikely to
produce specific truncated isoforms. However, such transcripts may
alternatively generate a wide range of small ncRNAs. As well as the
generation of small RNAs generated by cleavage, there are several
precedents for ncRNAs being processed from an mRNA precursor,
such as mirtrons from splice junctions (Ruby et al. 2007) and en-
dogenous siRNAs from mRNA duplexes (Okamura and Lai 2008).
The ability to generate a range of noncoding transcripts from a
coding precursor provides an intersecting avenue between the
protein-coding and noncoding transcriptomes, thereby contribut-

ing to an increased blurring of the dichotomy between coding
and regulatory transcripts (Kawashima et al. 2003; Chooniedass-
Kothari et al. 2004; Dinger et al. 2008).

An important focus of future research is the identification of
the factors responsible for mediating the specificity and process of
post-transcriptional cleavage. Suites of RNases are responsible for
the cleavage and processing of many nascent RNAs, including
miRNAs, snoRNAs, rRNAs, and tRNAs, to their mature forms (Saida
and Odaert 2007). Also, small antisense RNAs may direct cleavage
by annealing with complementary RNA and forming a double-
stranded substrate for RNase H cleavage (Cerritelli and Crouch
2009). Although the cleavage of these transcripts results in rapid
degradation of the upstream capped, non-polyadenylated frag-
ment, the 3’-uncapped polyadenylated fragment can exhibit re-
markable stability, being efficiently translated even when the site
of cleavage occurs within a few nucleotides upstream of the initi-
ation codon (Thoma et al. 2001; Hasselblatt et al. 2005). Further-
more, the resultant N-terminal-truncated proteins have distinct
functional differences from the full-length form. While this man-
uscript was under review, a study of transcriptome-wide 5’-capped
mRNA cleavage products revealed several classes of endonucleo-
lytic cleavage that were dependent on various nucleases, includ-
ing Ago2 (Karginov et al. 2010). A subset of these mRNA cleav-
age events was shown to be Drosha-dependent and guided by
miRNAs. This mechanism of cleavage is likely to underlie the post-
transcriptional cleavage phenomenon described here.

The tissue-specific incidence of intraexonic CAGE tags is
suggestive of a tightly regulated process. There are three main
levels at which this regulation may occur: (1) the cleavage process,
(2) secondary capping, or (3) degradation. Our PARE data analysis
suggests that although cleavage and secondary capping are linked,
they are nevertheless distinct processes with only a subset of cleaved
processes undergoing secondary capping. Therefore, the selection
of cleaved transcripts for secondary capping may be a contributing
factor to the observed differential frequencies of intraexonic CAGE
tags. Because differential secondary capping frequencies alone
cannot explain the tissue-specific incidence of CAGE tags in many
cases, we conclude that additional regulation is also occurring at
either or both the degradation of rates of cleaved transcripts and
the cleavage process itself.

The stability and ability of a transcript to be translated has
been previously considered to be dependent on the presence of a
5" cap and 3’ poly(A) tail. However, these studies demonstrate
uncapped transcripts can be efficiently translated (Steiger and
Decker 2001). Therefore, it is likely that the prevalent post-tran-
scriptional cleavage documented in this study represents only a
subset of the complement of cleaved RNA isoforms. Indeed, a re-
cent transcriptomic analysis of uncapped mRNAs in Arabidopsis
revealed that almost all mRNAs were simultaneously present as
uncapped variants (Jiao et al. 2008). Nevertheless, the transcripts
considered within this study and that of the CSHL/ENCODE
Consortium show a transcript can be subject to “secondary” cap-
ping after cleavage (Fejes-Toth et al. 2009), a conclusion supported
by a range of other studies (Schoenberg and Maquat 2009). The
“secondary” cleavage may be catalyzed by a population of cyto-
plasmically located enzymes recently ascribed the ability to con-
vert and cap the 5’ termini of RNA transcripts (Otsuka et al. 2009).
Conversely, enzymes capable of adding and extending the poly-
adenylation tail at the 3’ termini of transcripts have also been well
described (Mangus et al. 2003). Therefore, it seems there are mul-
tiple enzymes that can generate a range of capped and uncapped,
polyadenylated and non-polyadenylated transcripts.
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During this analysis, we observed a distinct enrichment for
CAGE tags at splice junctions, suggesting cleavage and capping
may occur at these sites. The cleavage of nascent transcription at
these sites is also supported by RNAPII run-on analysis, where the
profile of these nascent transcripts is similar to that observed at
the 3’ termini of 3’ untranslated regions where cotranscriptional
cleavage occurs. We suggest a model in which CAGE tags at splice
junctions are generated by the co-transcriptional cleavage and
capping of nascent transcripts, and this is similar to the recruitment
of cleavage and capping enzymes at the 5’ and 3’ ends of genes by
phosphorylated RNAPII (Moore and Proudfoot 2009). Indeed, we
observe enrichment for phosphorylated RNAPII at these sites
(Supplemental Fig. S11), and the preferential positioning of nu-
cleosomes at exon borders, reminiscent of 5’ and 3’ gene termini,
has been recently reported (Andersson et al. 2009; Nahkuri et al.
2009; Schwartz et al. 2009; Spies et al. 2009; Tilgner et al. 2009).

The data presented here show that post-transcriptional
cleavage is a significant step in RNA processing, contributing to
the functional range of the eukaryotic transcriptome. Given that
regulation of RNA cleavage is likely to be more economical than
the assembly of alternative transcription initiation complexes, the
contribution of post-transcriptional cleavage to the diversity of
the transcriptome may even exceed that of alternative promoters.
However, it should be noted that despite its contribution to di-
versity, the contribution of cleavage to transcriptomic output as
a whole is relatively small (estimated at ~10% from CAGE tags).
Nevertheless, despite being relatively rare, this process does seem
widespread. Furthermore, changing cellular conditions may mod-
ulate global regulation of post-transcriptional processing in a
manner similar to viral assault or heat-shock-inducing global
changes to the degradation of RNA processing.

These models are reminiscent of a polycistronic system that is
exploited in prokaryotes and integral to the gene expression of
some eukaryotes such as trypanosomes (Kozak 1999; Clayton and
Shapira 2007). Indeed, it seems likely that post-transcriptional
cleavage is an ancient mechanism that occurs (in at least some
form) throughout both prokaryotic and eukaryotic lineages. In
support of this, it was recently reported that the 5’ termini of ~7%
of full-length cDNAs initiate from within the coding sequence of
Saccharomyces cerevisiae genes (Miura et al. 2006), raising the pos-
sibility that post-transcriptional cleavage is an ancient mechanism
of RNA processing that is conserved throughout the eukaryotic
lineage. Although we were unable to identify any compelling in-
stances of full-length cDNA within this subset that mapped prox-
imally across EEJs, this was perhaps not surprising given the rela-
tive scarcity of splice junctions in yeast.

Given the potential significance of post-transcriptional
cleavage in defining the cellular transcriptomic profile, it is likely
that deregulation of this mechanism can contribute toward disease
etiology. Indeed, the DUX4 truncated transcripts discussed above
are considered candidates for involvement in facioscapulohumeral
muscular dystrophy (Snider et al. 2009). In this study, we noted
many disease candidate genes that are subject to cleavage, such as
the Alzheimer’s disease candidate gene BACEI (Cole and Vassar
2008), which is subject to a conserved and high degree of cleavage
in the mouse hippocampus and human. The dysregulation of post-
transcriptional cleavage may result in the expression of aberrant
protein isoforms, and even silent nucleotide polymorphisms may
abolish cleavage sites that affect expression of the subsequent
protein isoform. Therefore, a consideration of post-transcriptional
cleavage may provide novel insights in the future analysis of dis-
eases arising from the transcriptome.

Methods

CAGE and SAGE analysis

Human and mouse CAGE tags retrieved from RIKEN (http://
fantom3.gsc.riken.jp/) and Drosophila SAGE tags retrieved from
MachiBase (Ahsan et al. 2009) were mapped to the human (hg18),
mouse (mm8), or Drosophila (dm3) genomes as appropriate with
ZOOM requiring exact and unique matches (Lin et al. 2008). To
identify EEJs spanning CAGE or SAGE tags, those tags that did not
map to the genome were mapped to 60-nt regions centered on the
splice sites defined by RefSeq gene annotations (Pruitt et al. 2007).
CAGE or SAGE tags were defined as originating from a protein-
coding sequence if they intersected entirely within a RefSeq-
annotated coding region. The frequency distribution of CAGE tags
mapping within coding exons and across EEJs was determined by
summing the number of CAGE tags mapping within a 100-nt
window centered on all RefSeq-annotated EEJs within coding
sequences.

To identify conserved cleavage sites, syntenic locations of
mouse CAGE tags in the human genome were identified using the
LiftOver utility (Kuhn et al. 2009). Mouse CAGE tags that mapped
to the same site as human CAGE tags were defined as conserved.

Immunoprecipitation deep-sequencing data analysis

Deep-sequencing tags derived from RNA polymerase II, H3K4mel,
H3K4me2, H3K4me3, H2AZ, H3K9ac, H3K18ac, and H2BK12ac
immunoprecipitation for resting CD4+ cells (Barski et al. 2007;
Wang et al. 2008) were obtained from the NCBI short read archive
(accession ID SRA000234, SRA000287) and mapped to the human
genome (hg18) with ZOOM requiring exact and unique matches
(Lin et al. 2008). To determine enrichment of chromatin marks
with intraexonic or mRNA initiation sites, the relative mapping
position of sequencing tags to the nucleotide associated with the
highest CAGE tag frequency within the coding exon or promoter
was plotted over a =50-nt window.

PARE analysis

RNA was extracted from adult mouse tissues using TRIzol and PARE
libraries prepared as described previously (German et al. 2009).
Polyadenylated RNA was isolated from 200 pg of total RNA (from
adult mouse brain, liver, or lung) using oligo(dT) dynabeads
(Invitrogen) and an RNA adapter (5'-GUUCAGAGUUCUACAGUC
CGAC-3’) ligated using T4 RNA ligase (Ambion). RNA was ex-
tracted with phenol/chloroform, ethanol-precipitated, and re-
purified with oligo(dT) dynabeads. RNA was then reverse-tran-
scribed (Superscriptlll; Invitrogen) using the primer [5'-CGAGCA
CAGAATTAATACGACT(18)V-3'] and amplified by PCR (Phusion
DNA polymerase; Finnzymes) using the primers (5'-GTTCAGAGT
TCTACAGTCCGAC-3' and 5'-CGAGCACAGAATTAATACGAC-3").
PCR conditions were seven cycles of 94°C for 30 sec, 60°C for
20 sec, and 72°C for 3 min. Products were gel-purified, cleaved with
Mmel (New England Biolabs), and dephosphorylated (shrimp al-
kaline phosphatase; New England Biolabs). Samples were run on
a 12% polyacrylamide gel, and a 42-nt band was excised. DNA was
eluted from the gel overnight with 0.3 M NaCl, filtered through
a Millex 0.45 uM column, and ethanol-precipitated. Products were
then ligated using T4 DNA ligase (Ambion) to one of six double-
stranded DNA adapters (top, 5'-P-TCGTATGCCGTCTTCTGCTTG-
3’; bottom, NN: 3'-NNAGCATACGGCAGAAGACGAAC-5') that
varied in the composition of an additional first 6 nt (not in the
given sequence) to enable barcoding of the separate tissue sam-
ples. Another 12% polyacrylamide gel was run, and a 92-nt band
was excised and purified as above, followed by PCR amplification
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using the following conditions: 25 cycles of 94°C for 20 sec, 60°C
for 20 sec, and 72°C for 20 sec. The product was again run on
a polyacrylamide gel and purified prior to high-throughput se-
quencing using the Illumina GA platform. The data are available
via the NCBI Gene Expression Omnibus (accession ID GSE22627).

Sequence motif detection

To search for possible motifs associated with post-transcriptional
cleavage, 60-nt sequences centered on CAGE tag mapping sites
either within exons or at promoters were obtained and analyzed
with MEME (Bailey et al. 2009). Motifs were visualized with
WebLogo (Crooks et al. 2004).

Full-length cDNA analysis

Full-length human and mouse cDNA sequences were obtained
from RIKEN (http://fantom3.gsc.riken.jp/). Putative cleavage prod-
ucts were identified by intersecting 5’ ¢cDNA coordinates with
RefSeg-annotated internal coding exons or across EEJs as described
above for CAGE/SAGE tag mapping. The CRITICA algorithm
(Badger and Olsen 1999) was used to identify non-protein-coding
from the RIKEN FANTOM3 full-length mouse cDNA library as
described previously (Mercer et al. 2008).

Identification of polyadenylation sites

Deep-sequencing tags (accession ID SRA008290) (Parkhomchuk
et al. 2009) that derived from polyadenylated mouse brain RNA
were used to indentify polyadenylation sites using the following
approach: Initially using ZOOM, tags from the sequencing library
were aligned to the mouse genome with exact matching. Those
tags that did not map exactly to the genome were then trimmed of
two or more A nucleotides from the 3’ end, and then aligned again
using ZOOM. Those tags that mapped uniquely and exactly fol-
lowing 3’ poly(A) trimming were considered to indicate poly-
adenylated RNA and therefore mark putative 3’ ends of transcripts
on the genome.

Small RNA analysis

Small RNA data sets were obtained from the NCBI Sequence Read
Archive (GEO accession series ID GSE10686, GSE11086, GSE11624,
GSE7448, GSE9389, GSE12521, GSE9306, GSE10829). Post-tran-
scriptionally derived small RNAs were identified using the same
approach described above for CAGE and SAGE tags.

Post-transcriptional cleavage profiling

To determine whether post-transcriptional cleavage is tissue- and
developmental-stage-specific, we compared frequencies of exonic
and EEJ-spanning CAGE tags across eight mouse tissues (embryo,
lung, liver, embryo, visual cortex, somatosensory cortex, cerebel-
lum, and hippocampus) (Valen et al. 2009) and six time points
during the differentiation of the human THP1 myelomonocytic
leukemia cell line (Suzuki et al. 2009) for each gene. CAGE tags
were normalized and represented as tags per million. The 500
genes that contained the highest frequency of exonic CAGE tags
were clustered using the Cluster utility (Eisen et al. 1998). CAGE
tag frequencies were log-transformed and visualized as a heat map.
Exonic CAGE tag frequencies were compared to the CAGE tag
frequency in the promoter for the gene subset. Promoter expres-
sion levels were defined as the sum of CAGE tags within the pro-
moter region (*50-nt window around RefSeg-annotated tran-
scription start site). The ratios of promoter to exonic CAGE tag
frequency were calculated and visualized as a heat map.

RNA size fractionation and deep sequencing

RNA libraries for size fractionation and polysome enrichment for
deep sequencing were generated from human embryonic stem
cells (G Kolle and SM Grimmond, in prep.). Briefly, HES2 was
grown as previously described (Laslett et al. 2007), and nuclei and
cellular debris were removed by centrifugation. Cytoplasmic poly-
adenylated RNA was separated on a 1.2% agarose, and gel slices
were excised corresponding to the following sizes: 0-0.5 kb, 0.5-2
kb, 2-3.5 kb, 3.5-6.5 kb, and 6.5-20+ kb. Slices were dissolved, and
extracted RNA (1% of each fraction) was run on the Agilent Bio-
analyser (Agilent) to confirm the correct size distribution and yield.
Library molecules were clonally amplified onto 1-pm magnetic
beads according to the SOLiD Template Bead Preparation protocol
and sequenced using a SOLiD Analyzer as per the manufacturer’s
instructions (Applied Biosystems). Mapping of SOLiD sequencing
tags was performed using a recursive mapping strategy to the hu-
man Genome version hg18 and a library of exon-exon junctions
as described previously using RNAmate V.1.1 (Cloonan et al. 2009).
For analysis of gene expression in size-fractionated RNA, the
smallest RefSeq-annotated isoform was used to bin each gene
according to size, with any gene where RNA-seq data showed evi-
dence of unannotated RefSeq splice junctions being omitted. The
relative expression in each size fraction was then summed for the
smallest annotated RefSeq gene. The data are available at the NCBI
Gene Expression Omnibus (accession ID GSE24355).

Coding potential analysis of post-transcriptional
cleavage products

Open reading frames were computed from cDNA sequences in all
three possible sense frames, with ATG signifying the start codon
and an in-frame TAA or TGA signifying a stop codon. Optimal and
suboptimal start codons were determined by the presence or ab-
sence of an upstream Kozak sequence (Kozak 2005).

Quantitative PCR

Total cellular RNA from mouse lung was purified using TRIzol
(Invitrogen) according to the manufacturer’s instructions, and any
contaminating genomic DNA was removed by treatment with
DNase I (Invitrogen) for 30 min at 37°C. To assess the yield and
quantity of RNA produced, samples were run on an Agilent 2100
Bioanalyzer using the RNA 6000 Nano Chip kit (Agilent). The ratio
of optical density at 260 and 280 nm was =1.8 in all cases. RNA was
oligo(dT) reverse-transcribed with SuperScript III reverse transcrip-
tase (Invitrogen) according to the manufacturer’s instructions.
Quantitative RT-PCR was performed using the following primers
crossing exonic CAGE tag sites: Pnpla2: GCATCTCCCTGACTCGT
GTT (forward), TGGCAAGTTGTCTGAAATGC (reverse); Bptf: TTG
GCATCTTGCAAAGTGAG (forward), GGTGCATCATTGGGGTC
TAC (reverse); Calml: ACTGGGTCAGAACCCAACAG (forward),
GTTCTGCCGCACTGATGTAA (reverse); Pol2ra: TTACTCCCCTG
CATGGTCTC (forward), AGGGGCTCTGGGGTGTATAG (reverse),
with tubulin delta used as the internal standard. The targeted RNA
and tubulin delta RNA was quantified on an ABI Prism 7000 Se-
quence Detection System with ABI Prism 7000 SDS software (v1.0;
Applied Biosystems). Reactions contained SYBR Green PCR master
mix (Applied Biosystems), primers, and template diluted appro-
priately in distilled water. The cycling conditions were 10 min
(95°C), followed by 45 cycles of 15 sec (95°C), and 1 min (58°C).
The comparative delta Ct method (Applied Biosystems) was used
to determine relative RNA expression. To identify the presence of
an upstream polyadenylated cleaved transcript, quantitative PCR
was performed exactly as described above, except the reverse
primers were replaced with poly(T) primers.
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