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ABSTRACT

Sequencing of the 3′ end of poly(A)+ RNA identifies cleavage and polyadenylation sites (pAs) and measures transcript expression.
We previously developed a method, 3′ region extraction and deep sequencing (3′READS), to address mispriming issues that often
plague 3′ end sequencing. Here we report a new version, named 3′READS+, which has vastly improved accuracy and sensitivity.
Using a special locked nucleic acid oligo to capture poly(A)+ RNA and to remove the bulk of the poly(A) tail, 3′READS+ generates
RNA fragments with an optimal number of terminal A’s that balance data quality and detection of genuine pAs. With improved
RNA ligation steps for efficiency, the method shows much higher sensitivity (over two orders of magnitude) compared to the
previous version. Using 3′READS+, we have uncovered a sizable fraction of previously overlooked pAs located next to or
within a stretch of adenylate residues in human genes and more accurately assessed the frequency of alternative cleavage and
polyadenylation (APA) in HeLa cells (∼50%). 3′READS+ will be a useful tool to accurately study APA and to analyze gene
expression by 3′ end counting, especially when the amount of input total RNA is limited.
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INTRODUCTION

Studies in recent years have revealed that most mRNA genes
in eukaryotes contain multiple cleavage and polyadenylation
sites, or pAs, resulting in alternative cleavage and polyadeny-
lation (APA) isoforms with different coding sequences (CDS)
and/or variable 3′ untranslated regions (3′UTRs) (Ozsolak
et al. 2010; Jan et al. 2011; Shepard et al. 2011; Wu et al.
2011; Derti et al. 2012; Hoque et al. 2013). Dynamic APA reg-
ulation has been reported in different tissue types (Zhang
et al. 2005; Wang et al. 2008; Lianoglou et al. 2013), cell pro-
liferation/differentiation and development (Sandberg et al.
2008; Ji et al. 2009; Shepard et al. 2011), cancer cell trans-
formation (Mayr and Bartel 2009; Singh et al. 2009), and
response to extracellular stimuli (Flavell et al. 2008). In addi-
tion, a sizable fraction of long noncoding RNA genes also dis-
play APA (Hoque et al. 2013), whose consequences are yet to
be fully appreciated.
While APA can be analyzed with data from microarrays

(Sandberg et al. 2008; Ji and Tian 2009), serial analysis of
gene expression (SAGE) (Ji et al. 2009) or RNA-seq (Katz
et al. 2010; Xia et al. 2014), these techniques were not specif-
ically designed to identify pAs, leading to incomplete analysis.
Thesemethods are particularly ineffective when pAs of differ-
ent isoforms are located close to one another. However, iso-

forms using different pAs within a short window have been
shown to have quite different metabolisms (Geisberg et al.
2014), making it necessary to examine APA isoforms with
precise tools. A number of deep sequencing methods have
been developed to specifically sequence the 3′ end of tran-
scripts (Fox-Walsh et al. 2011; Fu et al. 2011; Jan et al. 2011;
Shepard et al. 2011; Derti et al. 2012; Hoque et al. 2013).
These methods can not only identify pAs but also examine
gene expression. Most methods use primers containing the
oligo(dT) sequence for reverse transcription (RT).While effi-
cient, oligo(dT) can prime at internal A-rich sequences (Nam
et al. 2002), leading to false pA identification. This issue is usu-
ally addressed computationally by eliminating putative pAs in
A-rich regions (Lee et al. 2007). However, this approach not
only cannot guarantee full elimination of false positives
caused by internal priming, but can also discard bona fide pAs.
Some sequencing methods are not affected by internal

priming, including 3P-seq [poly(A)-position profiling by
sequencing] (Jan et al. 2011) and 3′READS (3′ region ex-
traction and deep sequencing) (Hoque et al. 2013). Both
approaches involve removal of most of the poly(A) tail se-
quence by RNase H followed by ligation of an adapter to
the 3′ end of digested RNA. A short poly(A) sequence
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unalignable to the genome is used as evidence for the poly(A)
tail, which is important for identification of genuine pAs.
Since RT is primed at the 3′ adapter region, internal priming
at A-rich sequences is avoided. However, both methods re-
quire a large amount of input RNA (25 µg RNA typically
used by 3′READS and 20–70 µg RNA recommended for
3P-seq). In addition, pAs located in a long stretch of A’s can-
not be effectively identified by these methods because the
short poly(A) tail left after RNase H digestion can be
completely aligned to the A-stretch sequence, leaving no ad-
ditional A’s as evidence of the poly(A) tail.

Here we present a much improved version of 3′READS,
named 3′READS+. In addition to the capability of addressing
the internal priming issue, the method has several key advan-
tages over the previous version and other relatedmethods, in-
cluding efficient capture of all RNAs with a poly(A) tail ≥10
nt; ability to reliably sequence a small amount of input RNA
(as low as 100 ng total RNA) with high reproducibility, and
generation of reads with an optimal number of T’s (∼13)
for accurate identification of genuine pAs located in A-stretch
regions. Using 3′READS+, we revealed a sizable fraction of
pAs in human genes that are located within a stretch of A’s
(≥5). With more complete and accurate identification of
pAs, we assessed the frequency of APA in HeLa cells.

RESULTS AND DISCUSSION

A locked nucleic acid-containing oligonucleotide
improves poly(A)+ RNA capture and poly(A) protection

In our previous 3′READS method (Hoque et al. 2013), we
used a DNA/RNA hybrid oligonucleotide (oligo) containing
45 deoxythymidines (T’s) and five uridines (U’s) to remove
the bulk of poly(A) tail by RNase H, leaving behind a few A’s
that are annealed to the U’s and are thus undigested by the
enzyme (RNase H is known to digest DNA:RNA but not
RNA:RNA duplexes). The terminal A’s that are unalignable
to the genome are considered as evidence of the poly(A)
tail, allowing accurate identification of genuine pAs. In an
initial effort to gain more clear evidence of the poly(A) tail
by increasing the length of terminal A’s, we increased the
number of U’s in the oligo from five to 15 (T35U15, Fig.
1A, top) and tested its ability to protect the poly(A) sequence
from RNase H digestion using an in vitro synthesized RNA
containing 60 A’s, named A60. We found that T35U15 indeed
protected 14–20 A’s from digestion by RNase H, as expected.
However, while desirable poly(A) protection was achieved
with RNase H at 1/32 units (U)/reaction (Fig. 1A, bottom),
variation of its concentration by merely twofold resulted in
either over or insufficient digestion (1/16 and 1/64 U/reac-
tion in Fig. 1A, respectively), indicating that U’s do not
give reliable protection of A’s in RNase H digestion.

We reasoned that the observed lack of robustness in pro-
tection of A’s by U’s might be caused by interaction between
the 14 and 20 remaining A’s after RNase H digestion and the

T’s in T35U15 oligo or indiscriminant digestion of RNA:RNA
molecules when the RNase H concentration was high. Since
locked nucleic acid (LNA) oligos interact with RNAs with
higher affinities than does RNA:RNA, and LNA:RNA duplex-
es are refractory to RNase H digestion (Kurreck et al. 2002),
we designed an LNA/DNA hybrid oligo, T15(+TT)5, which
contains 15 T’s in the 5′ region and five locked deoxythymi-
dines (denoted as +T) alternating with regular T’s at the
3′ end (Fig. 1B, upper). Using an oligo containing 50 T’s
(T50) as a control, we found that at 0.5 U RNase H/reaction,
the highest concentration of RNase H tested, the T15(+TT)5
oligo preserved ∼13 A’s, whereas the T50 and T35U15 oligos
led to digestion of 60 A’s into 3–5 A’s. This result indicated
that the T15(+TT)5 oligo is reliable for poly(A) protection
in RNase H digestion.
We next tested the ability of T15(+TT)5 to capture RNAs

with different poly(A) tail sizes. Using RNAs with 5, 10, or
15 consecutive A’s (named A5, A10, and A15, respectively),
we tested various washing conditions. In a binding buffer
containing 150mMNaCl, the biotin-T15(+TT)5 oligo immo-
bilized on the streptavidin-coated magnetic beads success-
fully captured RNAs with ≥10 A’s but not those with 5 A’s
(Fig. 1C,D). Reducing NaCl concentration of the washing
buffer from 150 mM to 5 or 1 mM slightly decreased the rel-
ative binding of A15 and A10, when compared to A60, while
adding 10% formamide to the washing buffer significantly
reduced their bindings. We therefore decided to use a wash-
ing buffer containing 1mMNaCl without formamide to cap-
ture RNAs with a poly(A) sequence ≥10 nt. Note that this
design is important for comprehensive sequencing of poly
(A)+ RNAs because recent studies have shown that a substan-
tial fraction of cellular mRNAs have short poly(A) tails
(Chang et al. 2014; Subtelny et al. 2014). However, because
a very short A-tail (∼5 nt) can also be added during the exo-
some-mediated degradation (Wlotzka et al. 2011), having the
cutoff of 10 nt for poly(A) tail selection can balance sensitiv-
ity and specificity.

Efficient ligation steps improve cDNA yield
and data quality

In our original 3′READS protocol, the RNA fragments after
RNase H digestion were first ligated to a 5′ adenylated 3′

adapter with a truncated RNA ligase II, and then to a 5′

adapter by RNA ligase I in the same reaction tube, an ap-
proach often used in small RNA sequencing (Landgraf
et al. 2007). Using in vitro synthesized control RNA, we
found that this method (protocol A in Fig. 2A) was not effi-
cient. Without polyethylene glycol (PEG), a crowding agent
known to increase ligation efficiency, only 10% of RNA could
be ligated with both 5′ and 3′ adapters (Fig. 2B). With PEG,
the percentage increased to 33% (Fig. 2B). However, when
we used PEG in our library preparation, 45% of the resultant
reads contained no or short inserts (<23 nt), approximately
fourfold higher than the protocol without PEG (Fig. 2C).
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This result indicates that PEG could cause ligation of adapters
with short RNA contaminants or ligation between 5′ and 3′

adapters without insert.
In an effort to improve ligations of 5′ and 3′ adapters sep-

arately, we found that while PEG could significantly stimulate
3′ adapter ligation efficiency by >10-fold (Fig. 2D), its en-
hancement of 5′ adapter ligation was limited (Fig. 2E). In
fact, PEG is problematic for 5′ adapter ligation because it
also caused concatenation of RNA fragments, leading to a
lower amount of desirable products (Fig. 2E). In view of these
results, we first performed 5′ adapter ligation in the absence
of PEG, followed by purification of RNA using oligo(dT)
beads to eliminate unused 5′ adapters. Purified RNA was
then ligated to the 3′ adapter in the presence of PEG. This
new protocol (protocol B in Fig. 2A) resulted in a 5.8-fold in-
crease of the amount of desirable product compared to pro-
tocol A without PEG (58% versus 10%) and a 1.8-fold
increase compared to protocol A with PEG (Fig. 2B).
Importantly, the fraction of reads with insert size <23 was
∼12%, comparable to protocol A without PEG (Fig. 2C).

3′READS+ is sensitive and robust

Based on the optimization experiments described above, we
designed a new 3′READS protocol, named 3′READS+ (+ de-
notes improvement and use of LNA), as illustrated in Figure
3A. Briefly, poly(A)+ RNAs were first selected using oligo
(dT)25 beads and fragmented by RNase III on the beads.
After washing the beads, poly(A)+ RNA fragments were elut-
ed and ligated to a 5′ adapter (without PEG). The ligation
products with a poly(A) tail were then purified using bio-
tin-T15(+TT)5 attached to magnetic beads. Unused 5′ adapt-
er was washed away during this step to eliminate ligation
between 5′ and 3′ adapters. While the RNAs were on the
beads, long poly(A) tails were trimmed to ∼13 nt by RNase
H. This was followed by rigorous washing to discard any
RNA fragments that cannot bind T15(+TT)5 . After elution,
RNA fragments were ligated with a 5′ adenylated 3′ adapter
in the presence of PEG. The 5′ and 3′ adapters contained sev-
eral random nucleotides next to the ligation end to mitigate
ligation bias (Jayaprakash et al. 2011; Sun et al. 2011). The

FIGURE 1. Digestion of poly(A) RNA with a LNA oligo. (A, top) Schematic showing digestion of the poly(A) tail annealed to the T35U15 oligo by
RNase H. In theory, the A’s hybridized to T’s are digested by RNase H, whereas those to U’s are not. RNase H digestion is indicated by a lightning
symbol. The T35U15 oligo contains a 5

′ biotin group that can bind to streptavidin-coated beads. (Bottom) Autoradiography showing digestion products
of an RNA molecule containing 60 A’s (named A60) by different amounts of RNase H (U/reaction is units per reaction) using the T35U15 oligo. MW,
molecular weight markers (sizes indicated). Number of remaining A’s in digestion products are indicated, which were calculated based on the mo-
lecular weight markers. (B, top) Schematic showing digestion of the poly(A) tail annealed to the T15(+TT)5 oligos. +T, locked deoxythymidine.
(Bottom) Autoradiography showing digestion products of A60 by 1/2 U/reaction of RNase H with different oligos. Number of remaining A’s in
the digestion products is indicated. (C) Autoradiography showing binding of RNAs with different A’s to the biotin-T15(+TT)5 attached to magnetic
beads after washing with buffers containing different concentrations of NaCl and formamide. A60, A15, A10, and A5 have different numbers of con-
secutive A’s and are otherwise the same. (D) Quantification of the amount of A15 and A10 bound to biotin-T15(+TT)5 relative to A60 in each washing
condition based on the data in C.
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ligation products were then reverse transcribed, PCR-ampli-
fied (12–18 cycles) with primers containing an index se-
quence for multiplexing in sequencing, and size-selected
using AMPure beads.

The 3′READS+ libraries were sequenced from the
3′ adapter region (Fig. 3A), yielding reads beginning with sev-
eral randomN’s derived from the 3′ adapter (three N’s in this
study) followed by a run of T’s (named 5′T’s) corresponding
to the poly(A) tail and a reverse complement sequence of the
3′ end region upstream of the poly(A) tail (Fig. 3B). Reads
with ≥2 unaligned 5′ T’s after mapping to the genome were
called poly(A) site-supporting (PASS) reads (Hoque et al.
2013). Using HeLa cell RNA, we found that, consistent with
our in vitro result, the number of 5′T’s in PASS reads peaked
at∼13 nt and were <17 nt for 99% of reads (Fig. 3C), indicat-

ing protection of ∼13 A’s at the 5′-most portion poly(A) tail
by the T15(+TT)5 oligo. In contrast, the data from the original
3′READS method showed a peak at ∼5 nt (Fig. 3C).
Sequencing homopolymers is challenging for current se-

quencing platforms (Quail et al. 2012). We thus examined
the sequencing quality after the 5′T region, using averaged
quality score (QS) over 20 immediately downstream bases.
We found that sequencing up to fifteen 5′T’s had little effect
on the quality of subsequent bases, with the average QS all
>28, a value considered to be high quality (Fig. 3D). The
QS dropped below 28 but above 20 (a cutoff for poor quality)
after sequencing of 16–17 5′T’s (Fig. 3D). Eighteen 5′T’s led
to subsequent bases having QS below 20 (Fig. 3D). This result
indicates that using T15(+TT)5 to generate RNA fragments
with a peak of∼13 A’s and nomore than 17 A’s is the optimal

FIGURE 2. Optimization of 5′ and 3′ adapter ligation steps. (A) Ligation protocols tested. In protocol A, ligationwith 3′ and 5′ adapters was performed
sequentially in the same tube. The 5′ adapter is anRNAoligowith hydroxyl groups at both 5′ and 3′ ends, and the 3′ adapter is a 5′-adenylatedDNAoligo
with a 3′ blocker (ddC). In protocol B, 5′ adapter ligation was performed first without PEG, and the ligation product was purified using oligo(dT)25
beads and then ligated to the 3′ adapter in the presence of PEG. (B) Autoradiography showing ligation products using different ligation protocols.MW,
molecular weight markers (sizes indicated). Schematics of ligation products and their expected sizes are shown on the right. The percent of product
shown below the image is based on the amount of RNA with both 5′ and 3′ adapters relative to that of input RNA. (C) Bar plot showing the fractions
of raw reads with inserts <23 nt from the 3′READS libraries prepared with ligation protocol A with (left) or without (right) PEG and with ligation pro-
tocol B. (D) Autoradiography showing the effect of PEG on 3′ adapter ligation. RNAs corresponding to the bands are indicated. Percent of product
shown below the image is based on the amount of RNA with ligated 3′ adapter relative to that of input RNA. (E) Autoradiography showing the effect
of PEG on 5′ adapter ligation. Percent of product shown below the image is based on the amount of RNAwith ligated 5′ adapter to that of input RNA.
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choice, maximizing the number of A’s that can be used for pA
identification and yet not compromising sequencing quality
in the subsequent region.
We next tested the sensitivity and reproducibility of

3′READS+, using 100 ng, 200 ng, 400 ng, 1 μg, 5 μg, or 15
µg total RNAs from HeLa cells as inputs. Because RNA frag-
ments can be overamplified by PCR, leading to redundant
reads, we used the random sequence (3× N’s) derived from
the 3′ adapter, the number of 5′ T’s, and the cleavage site lo-
cation, collectively called unique molecular identifier (UMI),
to identify unique RNA fragments and quantify the expres-
sion level of each pA isoform (illustrated in Fig. 3B). In addi-
tion, if the 5′ adapter region was reached by sequencing
(when RNA fragment was short), the RNA fragment size
and the random sequence from the 5′ adapter were also
used as part of UMI (Fig. 3B). We calculated UMI per million
(UPM) as the quantitative measure of transcript expression.
Comparisons between libraries with different amounts of in-
put RNA showed good consistency, with Pearson’s correla-

tion coefficients above 0.95 for all comparisons (Fig. 3E),
indicating that 3′READS+ has high sensitivity for input
RNA as low as 100 ng at least, and high linearity from 100
ng to 5 µg. In addition, we purposely prepared libraries using
the same input RNA but at different times to gauge batch
differences. As shown in Figure 3F, the Pearson correlation
coefficients between different batches were above 0.93, indi-
cating low batch effect. Therefore, 3′READS+ is both sensi-
tive and robust.

3′READS+ identifies pAs in genomic A-stretch
sequences

pAs can be located within a stretch of A’s in the genome,
making them difficult to identify. For simplicity, these pAs
are called A-stretch pAs (illustrated in Fig. 4A). They would
be discarded from the data generated by oligo(dT)-based 3′

end sequencing, because they could not be distinguished
from false sites stemmed from internal priming. Current

FIGURE 3. 3′READS+. (A) The 3′READS+ protocol incorporating optimized RNase H digestion and ligation steps. AAAn, poly(A) tail; An, short-
ened poly(A) tail. 5′ adapter, 3′ adapter, random sequences in the adapters (3× N’s), and index region in PCR primer are indicated. (B) Schematic
showing different parts of a raw read generated by 3′READS+. (C) Number of 5′ T’s in reads from 3′READS+ and 3′READS. Only the reads mapped to
pAs are shown. (D) Sequencing quality of the bases after 5′T’s. (Left) Schematic showing the analyzed region. (Right) The average quality score (QS) of
the next 20 bases after 5′T’s is shown. QS > 28 is usually considered high quality, whereas <20, low quality. (E, left) Scatter plots comparing log2 (UPM)
of transcript between libraries with different amounts of input RNAs. (Right) Table summarizing correlations between different samples. UPM, UMI
per million. UMI was based on cleavage site location, number of 5′T’s, and the three random nucleotides from the 3′ adapter, as shown in B. Only
transcripts with more than five unique PASS reads were used for the plots. Pearson correlation coefficient (r) is indicated in each graph and the table.
(F) As in E, except that samples from different batches were compared.
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nonoligo(dT)-based methods generate reads with only short
A’s/T’s as poly(A) tail evidence, making them insufficient
to identify pAs located within a long stretch of genomic
A’s. Failure to identify A-stretch pAs could lead to incomplete
mapping of pAs and inaccurate quantification of APA iso-
forms or gene expression. With the long 5′T sequence
(∼13 nt) generated by 3′READS+, we set out to address to
what extent A-stretch pAs exist in the human genome.
Using the HeLa cell data, we found that∼7.4% of pAs detect-
ed in HeLa cells were within five or more genomic A’s (Fig.
4B). Note that for some A-stretch pAs, not all the constituent
cleavage sites were within a stretch of pAs. In these cases,
exclusion of A-stretch cleavage sites would lead to partial
quantification of pA isoform expression. One example of
A-stretch pA is shown in Figure 4C, where an intronic pA
of the Thap2 (THAP domain containing, apoptosis-associat-
ed protein 2) gene is within a stretch of eight genomic A’s.
3′READS+ reads containing 11–15 5′T’s provided crucial ev-
idence for the identification of this pA (Fig. 4C). Note that we
in fact do not know the precise cleavage site position within
the A-stretch region (illustrated in Fig. 4A), because the geno-
mic A’s are indistinguishable from the poly(A) tail sequence.
Nucleotide profiles around all A-stretch pAs (≥5 A’s) showed
upstream A-rich and downstream U-rich peaks similar to
those of other pAs (Fig. 4D), suggesting that A-stretch pAs
are flanked by cis elements similar to other pAs. Taken to-

gether, these data indicate that there exists a sizable frac-
tion of pAs in the human genome that are located in
A-stretch sequences and thus have hitherto been largely over-
looked. More detailed analyses of this group of pAs, such as
their functional relevance to APA regulation, await future
investigations.

APA in HeLa cells

With a total of 42 million (M) PASS reads generated by
3′READS+ with HeLa cell RNAs during the development
of the 3′READS+ method (Supplemental Table S1), we asked
what the APA frequency was for genes expressed in a given
type of human cell, like HeLa, an important question that
had not been addressed so far. Using random sampling, we
assessed how the observed APA frequency changes with dif-
ferent sequencing depths and relative abundance cutoff for
calling isoforms (Fig. 4E). As expected, more PASS reads al-
lowed us to identify more genes with APA, and increasing the
isoform relative abundance cutoff led to lower APA rates.
For example, with 40 M PASS reads, 73% and 26% of genes
were found to display APA with 0% and 20% cutoffs, respec-
tively (Fig. 4E). After using relative abundance of 5% to filter
APA isoforms, a commonly used cutoff value, we found that
the percent of genes expressed in HeLa cells displaying APA
plateaued at ∼51% with 14 M PASS reads. However, there

FIGURE 4. 3′READS+ identifies a large number of pAs within A-stretch regions. (A) Schematic showing alignment of a PASS read with an A-stretch
region. (B) Distribution of pAs with different A-stretch region sizes (number of aligned 5′T’s) using PASS reads from HeLa cells. (C) Nucleotide
profiles around the A-stretch and other pAs. (D) An example gene (Thap2) with an A-stretch pA. (Top) Gene structure as shown in the UCSC
Genome Browser. (Middle) UPM values for pAs of Thap2. Three alternative pAs are indicated. (Bottom) Sequence surrounding the A-stretch pA.
The AUUAAAPAS is underlined, and the A-stretch region is indicated. Several 3′READS+ reads are shown to indicate additional A’s used as evidence
for the poly(A) tail. (E) Assessment of APA rate in HeLa cells using different numbers of PASS reads and different isoform abundance cutoffs. The
plateaued value (51% genes with APA) with the 5% isoform abundance cutoff is indicated by a horizontal line, and two vertical lines indicate seven and
14 million reads, which gave rise to 49% and 51% APA rates, respectively.
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was only a slight drop of the rate to 49% when 7 M PASS
reads were used. Thus, we conclude that about half of the
genes expressed in HeLa cells display APA and >7 M PASS
reads are needed to have a complete assessment of APA
with HeLa cell samples. It is notable, however, that these
numbers are likely to vary in other cell types when the diver-
sity of transcriptome and APA mechanisms is different.
In summary, we present 3′READS+, a method that can be

used to accurately, comprehensively, and quantitatively ex-
amine APA with limited amounts of input RNA. It is also
conceivable that with complete and accurate mapping of
the 3′ ends, the method can be readily used to examine
gene expression through 3′ end counting.

MATERIALS AND METHODS

Cells and RNAs used in this study

HumanHeLa cells were cultured in high glucose Dulbecco’s modifi-
cation of Eagle’s medium (DMEM) with 10% fetal bovine serum
(Atlanta Biologicals). Total cellular RNA was extracted using the
TRIzol reagent (Life Technologies). RNA concentration was mea-
sured with NanoDrop 2000 (Thermo Scientific) and RNA quality
was examinedon anAgilent Bioanalyzer using theRNA6000pico kit.

In vitro synthesized RNAs

Plasmids expressing RNAs containing 15, 30, or 60 terminal A’s
(A15, A30, or A60, respectively), named pALL-A15, pALL-A30, or
pALL-A60, respectively, were obtained from Bioo Scientific Co.
and were previously described (Hoque et al. 2014). Plasmids ex-
pressing RNAs containing 5 or 10 terminal A’s (A5 or A10, respec-
tively) were made by subcloning sequences containing 5 and 10 A’s
into the pALL-A60 plasmid using EcoRI and PvuII sites. All in vitro
transcription products of these plasmids were the same except for
the poly(A) length. The template for A0 was prepared by cutting
the HindIII site right upstream of the A60 sequence in the pALL-
A60 plasmid. Radioactively labeled RNAs were synthesized by in vi-
tro transcription with SP6 RNA polymerase (Promega) and linear-
ized plasmids. α-P32 uridine 5′-triphosphate (PerkinElmer) was
used for labeling of RNA. RNAs were purified with Micro Bio-
Spin P-30 gel columns (Bio-Rad).

RNase H digestion assay

Radioactive A60 RNA was first denatured by heat, captured by
biotin-T35U15 (IDT), biotin-T50 (IDT), or biotin-T15(+TT)5
(Exiqon) oligos attached to magnetic beads (Dynabeads MyOne
Streptavidin C1, Life Technologies) at room temperature for 30
min on a rotator, and digested with different concentrations of
RNase H (Epicentre) at 37°C for 30 min. The whole reaction was
mixed with an equal volume of 2× RNA loading buffer (95% form-
amide, 0.02% SDS, 0.02% bromophenol blue, 0.01% xylene cyanol,
and 20 mM EDTA), incubated at 70°C for 5 min, and put on a
magnetic stand. The supernatant was resolved on an 8% TBE-
Urea-polyacrylamide gel. Radioactive signals were analyzed using
a phosphor screen (Amersham) and a Typhoon 9400 scanner

(Amersham). Image quantification and calculation of molecular
weight using molecular size makers were performed with the
ImageJ software (Schneider et al. 2012).

RNA-binding assay

The A60 RNA was mixed with A15, A10, or A5 RNAs, followed by
heat denaturation and incubation with the biotin-T15(+TT)5 oligo
attached to magnetic beads (Dynabeads MyOne Streptavidin C1,
Life Technologies) at room temperature for 30 min on a rotator.
The beads were then washed three times with buffers containing dif-
ferent concentrations of NaCl and formamide, mixed with 1× RNA
loading buffer, heated at 70°C for 5 min, and put on a magnetic
stand. RNA in the supernatant was then analyzed by gel electropho-
resis and by autoradiography as described above. The A10 and A15
signals were normalized to the A60 signal in the same lane.

Adapter ligation assays

In vitro transcribed radioactive A30 was captured using oligo(dT)25
beads, dephosphorylated with calf intestinal alkaline phosphatase
(NEB) at 37°C for 45 min, and then phosphorylated with T4 poly-
nucleotide kinase (NEB) at 37°C for 45 min (on a rotator). RNAwas
then washed to remove free ATP and eluted from the beads with
nuclease-free H2O. Two types of ligation protocols were tested. In
protocol A, a 5′ adenylated 3′ adapter made by the 5′ DNA
Adenylation Kit (NEB) was ligated to A30 using T4 RNA ligase II
(truncated KQ version, NEB) with or without 15% polyethylene gly-
col (PEG) 8000 (NEB) at 22°C for 1 h. The reaction was then incu-
bated in the same tube with a 5′ adapter, 1 mM ATP and T4 RNA
ligase I at 22°C for 1 h. In protocol B, A30 was ligated to the 5′ adapt-
er with T4 RNA ligase I (NEB) at 22°C for 1 h, in the presence of
ATP. The RNAwas then captured using oligo(dT)25 magnetic beads
(NEB) and eluted with H2O at 70°C for 2 min, followed by ligation
to the 5′ adenylated 3′ adapter by the T4 RNA ligase I in the presence
of 15% PEG 8000. The RNAs in the reactions were then purified
by phenol-chloroform extraction, precipitated in ethanol, and
examined by gel electrophoresis and by autoradiography as de-
scribed above.

3′READS+

Poly(A)+ RNA in 0.1–15 µg of total RNA was captured using 12 µL
of oligo(dT)25 magnetic beads (NEB) in 200 µL 1× binding buffer
(10 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.05%
TWEEN 20) and fragmented on the beads using 1.5 U of RNase
III (NEB) in 30 µL RNase III buffer (10 mM Tris-Cl, pH 8.3, 60
mM NaCl, 10 mM MgCl2, and 1 mM DTT) at 37°C for 15 min.
After washing away unbound RNA fragments with binding buffer,
poly(A)+ fragments were eluted from the beads with TE buffer
(10 mM Tris-Cl, 1 mM EDTA, pH 7.5) and precipitated with etha-
nol, followed by ligation to 3 pmol of heat-denatured 5′ adapter (5′-
CCUUGGCACCCGAGAAUUCCANNNN, Sigma) in the presence
of 1 mM ATP, 0.1 µL of SuperaseIn (Life Technologies), and 0.25
µL of T4 RNA ligase 1 (NEB) in a 5 µL reaction at 22°C for 1
h. The ligation products were captured by 10 pmol of biotin-T15-
(+TT)5 attached to 12 µL of Dynabeads MyOne Streptavidin C1
(Life Technologies). After washing with washing buffer (10 mM
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Tris-Cl, pH 7.5, 1 mMNaCl, 1 mM EDTA, and 0.05% TWEEN 20),
RNA fragments on the beads were incubated with 0.01 U/µL of
RNase H (Epicentre) at 37°C for 30 min in 30 µL of RNase H buffer
(50 mM Tris-Cl, pH 7.5, 5 mM NaCl, 10 mM MgCl2, and 10 mM
DTT). After washing with RNase H buffer, RNA fragments were
eluted from the beads in elution buffer (1 mM NaCl, 1 mM
EDTA, and 0.05% TWEEN 20) at 50°C, precipitated with ethanol,
and then ligated to 3 pmol of heat-denatured 5′ adenylated 3′ adapt-
er (5′-rApp/NNNGATCGTCGGACTGTAGAACTCTGAAC/3ddC)
with 0.25 µL T4 RNA ligase 2 (truncated KQ version, NEB) at 22°C
for 1 h in a 5 µL reaction containing 15% PEG 8000 (NEB) and 0.2
µL of SuperaseIn (Life Technologies). The ligation products were
then precipitated and reverse transcribed using M-MLV reverse
transcriptase (Promega), followed by PCR amplification using
Phusion high-fidelity DNA polymerase (NEB) and bar-coded
PCR primers for 12–18 cycles (12 cycles for 15 µg input RNA, 13
cycles for 5 µg input, 15 cycles for 1 µg input, and 18 cycles for inputs
<1 µg). Both RT primer (5′-GTTCAGAGTTCTACAGTCCGAC
GATC) and PCR primers with indexes were described previously
in Hoque et al. (2013). PCR products were size-selected twice
with AMPure XP beads (Beckman Coulter), using 0.6 volumes of
beads (relative to the PCR reaction volume) to remove large DNA
molecules and an additional 0.4 volumes of beads to remove small
DNA molecules. The eluted DNA was selected again with 1 volume
of AMPure XP beads to further remove small DNA molecules. The
size and quantity of the libraries eluted from the AMPure beads
were examined using a high sensitivity DNA kit on an Agilent
Bioanalyzer (Agilent). The library concentrations were further mea-
sured by qPCR using primers corresponding to 5′ and 3′ end regions
of cDNAs. Libraries were sequenced on an Illumina HiSeq 2000ma-
chine (1 × 50 bases). Raw read numbers are shown in Supplemental
Table S1.

Data analysis

The sequence corresponding to the 5′ adapter was first removed
from raw 3′READS+ reads using the cutadapt program (Martin
2011). The 5′ random nucleotides and 5′T’s in the reads were
trimmed before the reads were mapped to the human (hg19) ge-
nome using bowtie2 (global mode) (Langmead and Salzberg
2012). Only reads with a mapping quality score (MAPQ) ≥10
were used for further analysis. The trimmed 5′T’s of each read
were then compared to the genomic region downstream from the
last aligned position of the read to identify aligned 5′T’s. The reads
with ≥2 nongenomic 5′T’s after this process were called polyA site
supporting (PASS) reads. Cleavage sites within 24 nt of each other
were clustered into pAs as previously described (Hoque et al.
2013). UPM of a transcript with a given pA was calculated with
unique PASS reads, based on 5′ random nucleotides, number of
5′T’s, and cleavage site location. The 3′READS data were the mouse
mixed cell line data we previously published (Hoque et al. 2013).
Sequencing quality scores were retrieved using the Biostrings pack-
age of Bioconductor (Gentleman et al. 2004). The raw data can be
downloaded from NCBI's GEO database (GSE84170).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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