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ABSTRACT
Poly(A) tails are found at the 3' ends of nearly all eukaryotic messenger RNAs (mRNAs)
and long non-coding RNAs. The presence of a poly(A) tail promotes translation and
inhibits decay of an mRNA, with both effects mediated through poly(A)-binding protein.
However, an understanding of the relationship between the length of a poly(A) tail and
these aspects of mRNA metabolism has been limited, primarily because of the lack of a
technology that provides high-resolution poly(A)-tail length measurements in a global
manner.
This dissertation describes a new, high-throughput-sequencing-based method (PAL-seq)
that measures the tails of individual mRNA molecules by coupling a fluorescence-based
readout of poly(A)-tail length with sequencing of the poly(A)-proximal region. Using
PAL-seq, we have found that poly(A)-tail lengths exhibit a notably poor correlation with
translational efficiency (as measured by ribosome profiling) across genes in nearly all
systems we have examined. In contrast, early zebrafish and Xenopus laevis embryos
display a striking correlation (Spearman R > 0.6) that disappears at gastrulation. This
developmental uncoupling of tail length and translational efficiency explains the different
outcomes of microRNA (miRNA)-mediated poly(A)-tail shortening in zebrafish embryos
before and after gastrulation, with translational repression being the predominant effect
before and mRNA destabilization after.
We have also observed that poly(A)-tail lengths do not correlate positively with mRNA
half-lives in mammalian cells, and that miRNAs do not promote any apparent tail
shortening in this setting. Since these results could be explained by differences in
deadenylation rates, we performed a kinetic analysis in which we captured newly-made
mRNAs of different age ranges. The deadenylation rates that we calculated after
measuring tails over time correlated strongly with mRNA half-lives (Spearman R < -0.6),
reinforcing the notion that tail shortening leads to mRNA downregulation. When we
repeated the timecourse with prior overexpression of a miRNA, we found that miRNAmediated tail shortening was generally modest, but of a magnitude not significantly
different from that expected given the accompanying decreases in mRNA stability.
Thesis Advisor: David P. Bartel
Title: Professor
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Chapter 1
Introduction
Non-coding RNAs have important regulatory functions in nearly all living
systems. One of the first non-coding RNA elements identified in eukaryotes was poly(A)
(Edmonds, 1963). The discovery of poly(A) in polyribosomal fractions from mammalian
cell lysates (Darnell et al., 1971; Edmonds et al., 1971; Lee et al., 1971) suggested that
this sequence might regulate messenger RNA (mRNA) function. The 3' terminal location
of poly(A) on viral (Yogo and Wimmer, 1972) and endogenous (Kates and Beeson, 1970;
Molloy et al., 1972) mRNA provided further support for this hypothesis, as poly(A)
would thus be accessible to enzymes that could shorten or extend its length. Cytoplasmic
poly(A) tail shortening (Sheiness and Darnell, 1973), together with decreased stability of
poly(A)~ mRNA in vivo (Marbaix et al., 1975), suggested that poly(A)-tail shortening
was a temporal, if not causal, antecedent of mRNA degradation. A separate role for
poly(A)-tail length in translational control emerged from studies in animal oocytes and
early embryos. In these systems, developmentally-coordinated lengthening or shortening
of the poly(A) tail coincided with translational activation or silencing, respectively
(Rosenthal et al., 1983; Paynton et al., 1988; Fox et al., 1989; McGrew et al., 1989).
Critical to the elucidation of the regulatory importance of poly(A)-tail length was the
development of methods for fractionating mRNAs by poly(A) length (Aviv and Leder,
1972; Palatnik et al., 1979). These methods - in particular, stepwise thermal elution from
oligo(dT) or poly(U) - have found widespread use and, when coupled with genome-wide
expression profiling, have been used to study the global relationship between poly(A)-tail
length and aspects of mRNA metabolism (Beilharz and Preiss, 2007; Lackner et al.,
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2007; Meijer et al., 2007). This dissertation describes a new method for global poly(A)tail length measurement which confirms - and clarifies - existing views about how
poly(A)-tail length relates to mRNA translation and decay.

mRNA 3' end formation
In eukaryotes, mature mRNAs are generated from primary RNA transcripts made
by RNA Polymerase II (Pol II). These transcripts are co-transcriptionally modified with a
7-methylguanosine (m 7 G) cap at the 5' end, spliced to remove intronic sequences, and
after transcription is complete, extended with a poly(A) tail at the 3' end (Proudfoot et al.,
2002). Termination of transcription by Pol II involves recognition of specific sequence
elements in the nascent RNA transcript by trans-factors, followed by endonucleolytic
cleavage at a relatively defined position with respect to these elements (and following a
CA dinucleotide sequence) (Connelly and Manley, 1988; Proudfoot et al., 2002). Pol II,
which continues to transcribe the DNA downstream of the cleavage site, is either
"torpedoed" off by an exonuclease that destroys the 3' RNA cleavage product and
displaces the extending polymerase, or dissociates from the template DNA autonomously
(Logan et al., 1987; Proudfoot et al., 2002).
In metazoans, the main cis-elements that direct cleavage of a nascent RNA
transcript are i) a hexamer with consensus sequence AAUAAA located 15-30 nt
upstream of the cleavage site, ii) a relatively degenerate, U- or GU-rich downstream
sequence element (DSE) found immediately (0-20 nt) downstream of the cleavage site,
and iii) in some genes, another U-rich sequence upstream of the hexamer (Proudfoot et
al., 2002; Proudfoot, 2011; Tian and Graber, 2012) (Figure 1). The first two motifs are
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Figure 1. Architecture of the cleavage and polyadenylation machinery
Cleavage and polyadenylation of a nascent mRNA is specified by a hexamer with
consensus sequence AAUAAA, along with a U-rich upstream sequence element (USE)
and a U- or GU-rich downstream sequence element (DSE). The hexamer is recognized by
the 160 kD subunit of the cleavage and polyadenylation specificity factor (CPSF), a
complex which also contains the endonuclease that cleaves the nascent mRNA (CPSF73). The cleavage stimulatory factor (CstF) complex binds to the DSE. Other factors (CF
IM, cleavage factor Im; CF Ilm, cleavage factor I1m; PAP, poly(A) polymerase; and
symplekin) may assist with recognition of the cleavage site and/or catalysis, although
their exact functions are incompletely understood. Adapted from (Proudfoot et al., 2001;
Mandel et al., 2008).

recognized by two multi-protein complexes, cleavage and polyadenylation specificity
factor (CPSF) and cleavage stimulatory factor (CstF), respectively (Mandel et al., 2008).
Through its CPSF-160 subunit, CPSF directly binds to the AAUAAA hexamer, while the
CPSF-73 subunit very likely contains the endonuclease activity that cleaves the premRNA (Mandel et al., 2008). Additional factors, including the cleavage factor Im and IIm
complexes, symplekin, and poly(A) polymerase, also enhance or are required for
cleavage. In general, the roles of these other factors, and the reason why so many proteins
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are required to perform a relatively simple biochemical reaction, are poorly understood
(Mandel et al., 2008).
Once the nascent mRNA has been cleaved, the 3' end of the upstream cleavage
product is rapidly tailed by poly(A) polymerase to a length of approximately 250
adenosine residues in mammals and 70-90 residues in yeast (Houseley and Tollervey,
2009). This reaction also involves CPSF and a nuclear poly(A) binding protein
(PABPN 1), which together with the polymerase are sufficient for reconstituting the
reaction in vitro (Wahle and Ruegsegger, 1999). The polyadenylation reaction proceeds
with biphasic kinetics (Sheets and Wickens, 1989). Addition of the first 10 or so
adenosine residues is slow, and this phase of polyadenylation is assisted by CPSF
(Takagaki et al., 1988; Sheets and Wickens, 1989). The remainder of the tail is added in a
rapid and highly processive manner that is dependent on PABPN 1 (Wahle, 1991).
Intriguingly, polyadenylation ceases to become efficient after reaching a tail length of
200-250 nucleotides (Sheets and Wickens, 1989; Wahle, 1995), perhaps because of a
reorganization of the poly(A)-polymerase-CPSF-PABPN1 complex. After the full-length
tail has been synthesized, the mRNA is exported from the nucleus, and PABPN 1 is
exchanged for cytoplasmic PABP (Lemay et al., 2010).
Not all Pol II transcripts undergo standard cleavage and polyadenylation. In
metazoans, pre-mRNAs for replication-dependent histones are endonucleolytically
cleaved 4-5 nt downstream of a short stem-loop (Dominski and Marzluff, 2007). A
second motif, which is required for efficient processing of the pre-mRNA, is a purinerich histone downstream element located 15-20 nt downstream of the stem-loop
(Dominski and Marzluff, 2007). This element is recognized by the U7 snRNA, and this
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binding is stabilized by a protein (stem-loop binding protein) that recognizes the stem
loop (Dominski and Marzluff, 2007). Although cleavage is very likely performed by the
same factor as for other mRNAs (i.e. CPSF-73), replication-dependent histone mRNAs
are not polyadenylated afterwards (Dominski and Marzluff, 2007). Another notable Pol II
transcript that undergoes non-canonical 3' end formation is the MALA Ti long non-coding
RNA. Overexpressed in many human cancers and localized to the nucleus, this RNA is
derived from a precursor that terminates in a tRNA-like cloverleaf structure (Wilusz et
al., 2008). Endonucleolytic cleavage by RNase P liberates the tRNA-like molecule,
leaving a 3' end consisting of a genomically-encoded A-rich tract preceded by two U-rich
tracts that together form a triple-helix structure (Wilusz et al., 2008; Brown et al., 2012;
Wilusz et al., 2012).

Nuclear polyadenylation, cytoplasmic deadenylation, and mRNA decay
Once an mRNA has been exported from the nucleus into the cytoplasm, many of
the associated nuclear proteins (e.g. the CBP80/CBP20 nuclear cap-binding complex and
PABPN 1) are exchanged for corresponding cytoplasmic proteins (Muller-McNicoll and
Neugebauer, 2013). In metazoans, PABPN1 is replaced by cytoplasmic PABP (PABPC;
in budding yeast, these proteins are equivalent (Sachs et al., 1986)). Unlike PABPN1,
which possesses only one RNA recognition motif (RRM), PABPC has four RRMs at its
N-terminus and a region (also N-terminal) that interacts with the translation initiation
factor, eIF4G, in all eukaryotes (Kuhn and Wahle, 2004). PABPC has a footprint of about
25 adenosine residues in yeast (Sachs et al., 1987) and mammals (Baer and Kornberg,
1983) and binds A 25 with nanomolar affinity (Sachs et al., 1987; Gorlach et al., 1994).
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PABPC is thought to coat poly(A) tails, based on nuclease protection experiments with
cell lysates and with purified PABPC mixed with poly(A), which both yield a ladder of
RNA products whose sizes correspond to multiples of the PABPC footprint (Baer and
Kornberg, 1980, 1983). Moreover, two PABPC molecules can interact with each other
via a region near the C-terminus (Kuhn and Pieler, 1996), which results in weakly
cooperative binding to poly(A) (Melo et al., 2003; Lin et al., 2012). However, there is no
easy way of counting the number of PABPC molecules on any individual poly(A) tail, or
determining their orientation with respect to each other and to the mRNA. In addition, it
is not known whether certain tail-bound PABPC molecules (e.g. the proximal- or distalmost) are more functionally important or more subject to regulation.
After an mRNA is exported to the cytoplasm, the poly(A) tail undergoes gradual
shortening until it reaches a final length of approximately 10-15 nt in yeast (Decker and
Parker, 1993) or 30-60 nt in mammalian cells (Chen et al., 1994; Chen and Shyu, 1994).
At very short lengths, the tail can no longer stably bind to PABPC (which in yeast can
bind to a minimum of 12 adenosine residues (Sachs et al., 1987)), and the mRNA is
rapidly degraded. In mammals, deadenylation is biphasic: a slow and distributive initial
phase of tail shortening mediated by the Pan2-Pan3 deadenylase complex is followed by
a more rapid and processive phase carried out by the Ccr4-Cafl -Not 1 complex
(Yamashita et al., 2005). The preference of Pan2-Pan3 for longer tails is likely due to the
stimulation of this deadenylase complex by PABPC, which directly interacts with Pan3
(Boeck et al., 1996; Brown et al., 1996; Uchida et al., 2004). After the tail reaches a
length of approximately 110 adenosines (Yamashita et al., 2005), there are fewer PABPC
molecules bound and Ccr4-Cafl -Not 1 becomes more active; this complex is inhibited by
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PABPC (Tucker et al., 2002). Once the tail is sufficiently short that PABPC is no longer
bound, the Dcp 1 -Dcp2 complex can decap the mRNA. Indeed, a tail-less and otherwise
unstable reporter RNA can be stabilized against decapping and subsequent degradation
by tethering PABPC to its 3' end (Coller et al., 1998). Although decapping and decay in
yeast occur once the tail is short enough to no longer bind PABPC (i.e. <12 nt) (Decker
and Parker, 1993), in mammals the relationship between tail length and decapping may
be less strict (Yamashita et al., 2005). After the cap has been removed, the mRNA
undergoes rapid 5'-+3' exonucleolytic degradation by Xrn (Houseley and Tollervey,
2009). In addition to this decay pathway, which is the dominant one in most eukaryotic
cells, mRNAs can also undergo 3'-+5' degradation by the exosome (Houseley and
Tollervey, 2009; Chen and Shyu, 2011). Another deadenylase, PARN, targets maternal
mRNAs in Xenopus oocytes and plant and animal embryos, although its role in somatic
cells is unclear (Goldstrohm and Wickens, 2008). Although deadenylase complexes
generally contain certain characteristic subunits, they can be quite heterogeneous in terms
of their overall composition, since many of the core or accessory subunits belong to
multi-paralog families (Goldstrohm and Wickens, 2008).
Several types of cis-elements in an mRNA promote poly(A)-tail shortening. One
of the first to be discovered and functionally characterized was the AU- (or A-) rich
element (ARE). When the highly conserved ARE from the unstable granulocytemacrophage colony stimulating factor (GM-CSF) mRNA was transferred into the 3' UTR
of a P-globin ORF-containing reporter RNA, the reporter was destabilized 30-fold (Shaw
and Kamen, 1986). Although originally described as consisting of repeats of AUUUA,
AREs are often simply A- and U-rich sequences 50-150 nt in length, and have no real
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consensus sequence (Barreau et al., 2005). They often reside in the 3' UTRs of highly
unstable mRNAs, such as those encoding proto-oncogenes and cytokines (Barreau et al.,
2005). AREs promote rapid deadenylation of the mRNAs they reside in, and although
their mechanism of action is incompletely understood, it appears to involve recognition
of the ARE by specific binding proteins (e.g. tristetraprolin) (Carballo et al., 1998) and
activation of the general deadenylation pathways described earlier (Chen and Shyu,
2011). Another class of destabilizing element is the recognition site for Pumilio proteins,
a family of posttranscriptional repressors conserved from yeast to humans (Quenault et
al., 2011). In yeast, Pumilio5 promotes deadenylation of target mRNAs by recruiting the
Ccr4-Pop2 (Cafl)-Not complex through a direct interaction with the Pop2 subunit
(Goldstrohm et al., 2006). A final class of deadenylation-promoting elements are target
sites for microRNAs (miRNAs), which are -22-nt long RNAs that pair to mRNAs and
mediate post-transcriptional repression (Bartel, 2009). The mechanism of miRNA action,
as well as other properties of miRNAs, will be discussed at length later in this
introduction.

Poly(A)-tail length and translation
Eukaryotic mRNAs undergoing translation in the cytoplasm associate with a
cohort of protein factors that recruit ribosomal subunits and help assemble the translating
ribosome on the start codon (Figure 2). These factors include the cap-binding protein,
eIF4E (which also protects the mRNA from decapping and degradation); the scaffolding
protein, eIF4G, which recruits the small ribosomal subunit; eIF4A, an ATP-dependent
RNA helicase, and PABPC (Hinnebusch, 2011) (eIF4E, eIF4G and eIF4A are together
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Figure 2. Mechanism of eukaryotic translation initiation
A simplified model of the eukaryotic translation initiation pathway, with 'elF' omitted
from the names of translation initiation factors. The 7-methylguanosine (m 7 G) cap at the
5' end of the mRNA is recognized by eIF4E, which together with eIF4G and eIF4A
forms the eIF4F complex. eIF4G forms a bridge between eIF4E and PABP, which is
bound to the poly(A) tail; the resulting 'closed loop' is thought to enhance the affinity of
eIF4E for the cap. eIF4G recruits the 43S pre-initiation complex (PIC), which consists of
the 40S ribosomal subunit, the initiator methionyl-tRNA, the eIF3 complex, the eIF2
heterotrimer (which, at this time, is GTP-bound), and other factors. The ATP-dependent
helicase activity of eIF4A unwinds secondary structure in the mRNA, allowing the PIC to
scan the mRNA in search of a start codon (AUG). Once this has been found through
pairing to the anticodon of the initiator tRNA, hydrolysis of GTP by the eIF2A subunit of
eIF2 results in departure of eIF2 from the complex. This eventually leads to joining of the
60S ribosomal subunit which, together with the 40S subunit, forms the 80S ribosome.

referred to as eIF4F). Most eukaryotic translation is cap-dependent, and begins with
recognition of the cap by eIF4E. eIF4E binds very tightly to eIF4G (Ptushkina et al.,
1998), which in turn recruits the 43S pre-initiation complex (PIC) consisting of the 40S
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ribosomal subunit, the eIF3 complex, the initiator methionyl-tRNA (Met-tRNAime), and
other factors through a direct interaction with eIF3 (in mammals, but not yeast)
(Hinnebusch, 2011). eIF4A unwinds secondary structure in the 5' UTR, enabling the 40S
subunit to scan in search of a start codon. Base-pairing between the start codon and the
Met-tRNA Met results in irreversible GTP hydrolysis by PIC-bound eIF2A and a transition
to a stable 48S PIC (Hinnebusch, 2011). After several other remodeling events, the 60S
ribosomal subunit binds to the 40S subunit, yielding an 80S ribosome that can commence
translation.
In addition to its remarkable ability to bind eIF4E, eIF4A and eIF3 (and RNA
directly), eIF4G can engage in another key interaction - with tail-bound PABPC. Initially
discovered in yeast (Tarun and Sachs, 1996) and subsequently found in humans (Imataka
et al., 1998) and elsewhere (e.g. Xenopus) (Wakiyama et al., 2000), this interaction in all
cases involves a short region near the N-terminus of eIF4G. Structural and biochemical
studies have shown that this interaction requires PABP to simultaneously bind poly(A)
(Tarun and Sachs, 1996; Safaee et al., 2012). An immediate implication of this result is
that PABP, eIF4G and eIF4E form a bridge between the 5' and 3' ends of an mRNA
(Figure 2). In support of this "closed-loop" structure, atomic force microscopy has shown
that recombinant eIF4G, eIF4E and PABP can pseudo-circularize a capped and
polyadenylated RNA (Wells et al., 1998). Closed loop formation provides an explanation
for the apparent synergy between the 5' cap and poly(A) tail in promoting translation of a
reporter RNA (Gallie, 1991). Nevertheless, in yeast (Tarun et al., 1997), but not Xenopus
oocytes (Wakiyama et al., 2000), deletion of the PABP-binding site results in modest or
no growth defects. A likely mechanism for the stimulatory effect of the closed loop is
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enhanced affinity of eIF4E for the 5' cap (Wei et al., 1998; Kahvejian et al., 2005), either
through simple tethering or allosteric interactions. Alternatively, pseudo-circularization
may increase translational efficiency by bringing ribosomal subunits that have completed
translation closer to the mRNA 5' end, such that they can more quickly begin a new
round of translation. A potential explanation for the variable dependence on the PABPeIF4G interaction across different biological contexts might stem from the observation
that general RNA binding proteins render translation PABP-dependent (Svitkin et al.,
2009). In this scenario, competition between such proteins and eIF4G for binding to
mRNA might make the effect of the eIF4G-PABP interaction on the affinity of eIF4F for
the mRNA 5' end biochemically consequential.
A powerful argument in favor of the closed-loop model is that poly(A)-tail
lengthening enhances translational efficiency in maturing animal oocytes, early embryos,
and neuronal synapses. Unlike the nuclear polyadenylation that occurs on newlysynthesized Pol 1I transcripts, this extension is performed in the cytoplasm (Richter,
1999) by the non-canonical poly(A) polymerase, Gld-2 (Wang et al., 2002). Oocytes,
early embryos and neuronal synapses all have inactive (or distant) transcription, and
cytoplasmic polyadenylation affords a means of regulating gene expression in its
absence. Cytoplasmic polyadenylation has also been reported to occur during entry into
mitosis (Novoa et al., 2010) and in senescing cells (Burns and Richter, 2008). When
arrestedXenopus oocytes are stimulated with progesterone and resume meiotic
progression, certain maternally deposited mRNAs undergo changes in poly(A)-tail length
at different phases of meiosis (Weill et al., 2012). For example, the mRNA encoding
cyclin B 1, which together with CDKI promotes germinal vesicle breakdown and
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chromosome condensation (Richter, 1999), undergoes poly(A) tail lengthening from ~30
to ~250 nt relatively soon (2-4 h) after progesterone treatment (Sheets et al., 1994). This
lengthening coincides with a dramatic increase in protein output (Sheets et al., 1994).
Since the levels of the cyclin B 1 mRNA change little over the course of meiosis, the
increase in cyclin B 1 protein production appears to result purely from enhanced
translation (Kobayashi et al., 1991). Tail lengthening causes increased translational
efficiency, and not vice versa; a reporter RNA that cannot undergo polyadenylation is not
translationally activated in maturing Xenopus oocytes (McGrew et al., 1989). Moreover,
the length of the tail - and not simply its presence or absence - appears to be read out by
the translational apparatus of Xenopus oocytes. Appending a synthetic 130-mer tail onto a
tail-less endogenous mRNA results in markedly higher protein output than attaching a
30-mer or a 0-mer tail, despite the mRNA being equally stable in each case (Barkoff et
al., 1998). Similarly, increasing the poly(A)-tail length of injected bicoidmRNA results
in greater developmental rescue of bicoid-mutant Drosophilaembryos, an effect not due
to increased mRNA stability (Salles et al., 1994).
The critical importance of poly(A)-tail length for determining translational
efficiency in animal oocytes and early embryos predicts that tails will be subject to tight
length regulation. Two sequence elements are together necessary and sufficient to confer
cytoplasmic polyadenylation during Xenopus oocyte maturation: a U-rich cytoplasmic
polyadenylation element (CPE; UUUUUAU, or variants thereof) and the poly(A)-signal
hexamer (Fox et al., 1989; McGrew et al., 1989; Paris and Richter, 1990). Similar
elements function in Xenopus (Paris and Philippe, 1990; Simon et al., 1992) and zebrafish
embryos (Aanes et al., 2011), as well as in other vertebrate contexts (Vassalli et al., 1989;
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Gebauer et al., 1994; Wu et al., 1998; Oh et al., 2000). CPEs are recognized by a specific
binding protein, CPEB (cytoplasmic polyadenylation element binding protein), which
was first discovered in Xenopus by UV-crosslinking to a synthetic, CPE-containing bait
RNA (Paris et al., 1991; Hake and Richter, 1994) and which has orthologs in other
vertebrates, Drosophilaand Aplysia (Richter, 1999; Weill et al., 2012). In immature
oocytes, CPEB exists in association with CPSF, symplekin, Gld-2 and, interestingly,
PARN (Kim and Richter, 2006). According to one model, the deadenylase activity of
PARN is thought to exceed the poly(A)-polymerase activity of Gld-2, keeping the tail of
the mRNA short (Kim and Richter, 2006). Upon stimulation of oocyte maturation, CPEB
is phosphorylated, disrupting its direct interaction with PARN and resulting in expulsion
of PARN from the complex. With Gld-2 activity unopposed, the poly(A) tail is extended.
In the mature oocyte, poly(A)-tail lengths for each mRNA are determined by a balance
between cytoplasmic polyadenylation, which occurs preferentially for CPE-containing
transcripts, and deadenylation, which occurs by default for all messages (Richter, 1999).

MicroRNAs: biogenesis, targeting and mechanism
MicroRNAs (miRNAs) are a class of small (-22 nt) RNAs that pair to partially
complementary sequences within an mRNA and direct post-transcriptional repression of
the message (Bartel, 2009). The first member of this class, lin-4, is required for temporal
control of lineage specification events in the early Caenorhabditiselegans embryo
(Chalfie et al., 1981; Lee et al., 1993). The functional product of the lin-4 gene is a 21-nt
long RNA that has extensive complementarity to several sequences within the lin-14 3'
UTR; deletion of these sequences phenocopies the loss of lin-4 (Lee et al., 1993;
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Wightman et al., 1993). Since the discovery of lin-4 and let-7, another developmentally
important C. elegans miRNA (Reinhart et al., 2000), hundreds of other miRNAs have
been discovered in C. elegans (Lau et al., 2001; Lee and Ambros, 2001; Ruby et al.,
2006; Jan et al., 2011), Drosophila(Lagos-Quintana et al., 2001; Brennecke and Cohen,
2003; Ruby et al., 2007; Stark et al., 2007; Berezikov et al., 2011), plants (Reinhart et al.,
2002; Lu et al., 2005; Rajagopalan et al., 2006; Fahlgren et al., 2007) and mammals
(Lagos-Quintana et al., 2001; Mourelatos et al., 2002; Lim et al., 2003; Berezikov et al.,
2006; Landgraf et al., 2007; Chiang et al., 2010). MicroRNAs have also been found in
simple animals such as Nematostella and sponge (Grimson et al., 2008). A critical
advance that enabled the large-scale identification and quantification of miRNAs was the
development of methods for (i) RNA ligation (Elbashir et al., 2001), versions of which
exploit the 5' phosphate/3' hydroxyl end chemistry of miRNAs (and other similar small
RNAs) (Lau et al., 2001), and (ii) high-throughput sequencing methods, such as
pyrosequencing and sequencing-by-synthesis (Lu et al., 2005; Ruby et al., 2006; Grimson
et al., 2008).
Animal miRNAs are derived from processing of stem-loop-containing products of
RNA Pol II transcription (Lee et al., 2004). These precursor RNAs, termed primary
miRNAs (pri-miRNAs), are typically either independent transcripts or spliced introns
(Bartel, 2004). The first step of miRNA processing occurs in the nucleus and involves the
excision of the miRNA-containing stem loop from the pri-miRNA by a complex called
the Microprocessor. Two protein factors make up the Microprocessor: DGCR8, a doublestranded RNA binding protein, and Drosha, an RNase III enzyme (Denli et al., 2004;
Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004). Drosha cleaves the stem-
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loop (Lee et al., 2003) after the first helical turn, yielding a hairpin termed the premiRNA. The pre-miRNA is exported to the cytoplasm, where it is processed into a
mature miRNA duplex by another RNase III enzyme, Dicer (Grishok et al., 2001;
Hutvagner et al., 2001; Lee et al., 2003). Finally, the duplex is loaded into Argonaute, the
protein through which both miRNAs and siRNAs exert their different repressive effects
(Liu et al., 2004; Pillai et al., 2004). The orientation in which the duplex is loaded defines
which of the two strands becomes the mature miRNA. The strand with weaker base
pairing at its 5' end is retained in Argonaute as the miRNA (Khvorova et al., 2003;
Schwarz et al., 2003), while the other ("star") strand of the duplex is degraded.
By pairing with partially complementary sequences in target mRNAs, miRNAs
act as sequence-specific guides to target Argonaute and its interacting proteins to these
messages. In animals, miRNA target sites are generally most effective when located in 3'
UTRs, which are not subject to transit by translating ribosomes (Bartel, 2009).
MicroRNA targeting is highly pervasive: a typical highly conserved mammalian miRNA
has hundreds of conserved targets, and >60% of mammalian mRNAs contain conserved
miRNA target sites (Friedman et al., 2009). In animals, target recognition generally
involves nucleotides 2-7 of the miRNA, which are termed the "seed" (Lewis et al., 2003;
Lewis et al., 2005; Lim et al., 2005). Global analyses of miRNA target site conservation
and efficacy indicate that adenosine residues flanking a seed-match site (particularly at
the position opposite the first nucleotide of the miRNA) are another targeting determinant
(Lewis et al., 2005; Grimson et al., 2007). More generally, computational and
experimental approaches have defined the repertoire of target site types, their efficacy
hierarchy, and features extrinsic to target sites that contribute to target site efficacy
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(Grimson et al., 2007; Friedman et al., 2009; Shin et al., 2010; Garcia et al., 2011). In
order of decreasing efficacy, the major mammalian target site types are the 8mer (which,
in addition to a seed match, has a match to position 8 and an A opposite position 1 of the
miRNA), 7mer-m8 (which has only the former additional feature), 7mer-AI (which has
only the latter), 6mer (which is a seed match only), and offset 6mer (which is a match to
positions 3-8) (Figure 3) (Grimson et al., 2007; Friedman et al., 2009). Not all target site
types pair to the seed region - centered sites, for example, pair to nucleotides 4-15 of the
miRNA (Shin et al., 2010). However, these and other non-canonical sites are not nearly
as abundant as the seed-matched sites. The efficacy of any individual target site is
modulated by the sequence context of the site (in particular, the local AU content, the
position of the target site within the 3' UTR, and pairing to the 3' end of the miRNA)
(Grimson et al., 2007), and by the sequence of the site itself, with higher pairing stability
to the miRNA yielding greater repression (Garcia et al., 2011). Together with the relative

Seed
87654321
... NNNNNNNNNN-5
8mer
7mer-m8

... NNNNNNNNNANNN...(A),-3'
... NNNNNNNNNNNNN...(A),-3'

7mer-A1
6mer
offset 6mer

... NNNNNNNNNANNN...(A),-3'
... NNNNNNNNNNNNN...(A),-3'
... NNNNNNNNNNNNN...(A)n-3'

miRNA
mRNA

Figure 3. Mammalian microRNA target site types
In animals, microRNAs (miRNAs) typically recognize their target messages through
short stretches of complementarity to the seed region (nucleotides 2-7) of the miRNA.
Several types of seed-match (or closely related) sites are shown above; these are listed in
order of decreasing efficacy, from top to bottom. An A opposite position 1 of the miRNA
results in greater repression even when the first nucleotide of the miRNA is not U (Lewis
et al., 2005; Grimson et al., 2007).
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efficacies of the major miRNA site types, these features have been used to generate
quantitative models of target site efficacy (Grimson et al., 2007; Garcia et al., 2011).
Other models of targeting consider features such as target site conservation and
secondary structure (Lall et al., 2006; Kertesz et al., 2007).
Although the predominant mode of miRNA targeting in animals involves
recognition of seed-match sites, miRNAs can also pair more extensively with their
targets. Perfect (or nearly complete) pairing results in endonucleolytic cleavage of the
target RNA by Argonaute, which cuts the phosphodiester backbone of the target opposite
nucleotides 10-11 of the miRNA (Elbashir et al., 2001; Hutvagner and Zamore, 2002;
Llave et al., 2002). This mode of target recognition is used more commonly by siRNAs,
which also serve as guides for Argonaute proteins (and also by plant miRNAs) (Bartel,
2004). Animal miRNAs also guide cleavage of almost perfectly complementary targets in
a physiological setting, as in the case of miR- 196 and the HOXB8 mRNA (Yekta et al.,
2004); however, there are few such interactions in mammalian cells (Shin et al., 2010).
Furthermore, of the four mammalian Argonaute paralogs, only one (Ago2) is cleavagecompetent (Meister et al., 2004), and its ability to cleave appears to have been conserved
at least in part for processing of a non-canonical miRNA, miR-451 (Cheloufi et al., 2010;
Cifuentes et al., 2010). Therefore, cleavage does not appear to be a major mode of
repression for endogenous miRNAs in mammalian cells.
The discovery of the first miRNA, lin-4, immediately raised the question of how
miRNAs repress their targets. When comparing wild-type worms to lin-4 mutants, as well
as mutants lacking the region of the lin-14 3' UTR targeted by lin-4, the increase in lin-14
mRNA levels in the mutants was insufficient to account for the much larger increase in
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LIN-14 protein. Hence, lin-4 appeared to repress translation of the lin-14 mRNA without
promoting its downregulation (Wightman et al., 1993). Complicating this interpretation,
however, was the finding that lin-4 did not affect the distribution of lin-14 mRNA in a
polysome profile (Olsen and Ambros, 1999). Pure repression of translation initiation
would have shifted the lin-14 mRNA into lighter fractions of the gradient, and the only
mechanisms consistent with all of the observed effects of lin-4 were a balance between
repression of translation initiation and attenuation of translation elongation, or cotranslational (or post-translational) destabilization of the LIN- 14 protein. In support of
these mechanisms, repression of lin-28 by lin-4 also involves translational repression
without any change in the polysomal distribution of the lin-28 mRNA (Seggerson et al.,
2002). Later studies with reporter mRNAs have also suggested that miRNAs may
promote translational repression by targeting a post-initiation step, as evidenced by (i) the
sensitivity of some internal ribosome entry site (IRES)-containing (and thus translation
initiation factor independent) reporters to miRNA targeting (Petersen et al., 2006); (ii) the
association of miRNAs with polysomal mRNAs (Maroney et al., 2006; Nottrott et al.,
2006), and (iii) the apparent decrease in nascent polypeptide production (Nottrott et al.,
2006) or increase in ribosome dropoff in ribosome run-off experiments (Petersen et al.,
2006) in the absence of a miRNA-induced change in the polysomal distribution of a
target mRNA.
Despite this evidence for miRNAs acting downstream of translation initiation,
there is more support for miRNAs inhibiting initiation itself. The same polysome
profiling experiments that showed no change in mRNA sedimentation upon miRNA
targeting in some studies (Petersen et al., 2006) show a significant change in others (Pillai
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et al., 2005). Similar profiling experiments performed in the presence of a translation
elongation inhibitor (cycloheximide) show that miRNA targeting reduces 80S ribosome
complex formation, which is also consistent with an initiation blockade (Thermann and
Hentze, 2007). Moreover, miRNA-mediated translational repression of a reporter mRNA
is abolished by replacement of the m7GpppG cap with a non-functional ApppG cap
analogue (Humphreys et al., 2005; Mathonnet et al., 2007; Thermann and Hentze, 2007),
and also by the absence of a poly(A) tail (Humphreys et al., 2005). The requirement for a
repression-competent mRNA to possess both a cap and a tail suggests that miRNAs may
repress translation by opening the mRNA closed loop. As a result, the interaction
between the eIF4F complex and the cap would be weakened, and the 43S pre-initiation
complex would be recruited less efficiently. In support of this model, either tethering
eIF4G or eIF4E to a reporter RNA or adding purified eIF4F to an in vitro translation
system alleviates miRNA-mediated translational repression (Pillai et al., 2005;
Mathonnet et al., 2007).
In addition to studies with reporter mRNAs, miRNA-mediated translational
repression has been measured globally for endogenous mRNAs using ribosome footprint
profiling (Guo et al., 2010; Bazzini et al., 2012; Subtelny et al., 2014). In mammalian
cells (Guo et al., 2010) and zebrafish embryos (Bazzini et al., 2012), miRNA targeting
results in a uniform decrease in ribosome-protected fragments along the length of the
open-reading frame, consistent with inhibition of translation initiation (and not slowed
translation elongation or increased ribosome drop-off) as the mechanism of translational
repression. Unlike with assays using synthetic, single-gene reporters, the magnitude of
translational repression measured by ribosome profiling for endogenous mRNAs is low
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in most contexts, including all mammalian cells examined to date as well as gastrulastage zebrafish embryos (Guo et al., 2010; Bazzini et al., 2012). Instead, the predominant
effect of miRNAs in these settings appears to be enhanced mRNA decay, which in HeLa
cells accounts for 84% of overall repression (Guo et al., 2010; Bazzini et al., 2012). The
low magnitude of translational repression compared to mRNA decay is corroborated by
earlier global proteomic (Baek et al., 2008) and polysome profiling (Hendrickson et al.,
2009) analyses. The one context where a miRNA (namely, miR-430) promotes robust
translational repression is the 4 hour post-fertilization (hpf) zebrafish embryo (Bazzini et
al., 2012). This context differs notably from mammalian cells in that mRNA decay
pathways are relatively inactive (Walser and Lipshitz, 2011). Thus, translational
repression might be unmasked in early zebrafish embryos because unlike in other
contexts, it is not is rapidly followed by mRNA decay. The observation that miR-430,
which is expressed starting at ~2.5 hpf (Giraldez et al., 2006), promotes translational
repression at 4 hpf and mRNA decay at 6 hpf has led to the idea that miRNAs exert their
different modes of repression in a sequential manner, with translational repression being
the temporal (and possibly also causal) antecedent of mRNA decay.
A third effect of miRNA targeting - for which, until recently, there was no global
assay - is poly(A)-tail shortening. First discovered in zebrafish embryos and cultured
mammalian cells, this phenomenon has been shown to precede mRNA downregulation
(Giraldez et al., 2006; Wu et al., 2006). Moreover, mRNA downregulation requires the
Ccr4-Cafl -Not deadenylase complex, consistent with a model where miRNAs promote
general, deadenylation-dependent mRNA decay for their targets (Behm-Ansmant et al.,
2006; Eulalio et al., 2009). In support of this idea, miRNAs accelerate both phases of
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biphasic deadenylation (Chen et al., 2009), and overexpression of PABPC antagonizes
miRNA-mediated repression (Zekri et al., 2009; Walters et al., 2010). However, mRNAs
without poly(A) tails can also be downregulated by miRNAs (Eulalio et al., 2009;
Nishihara et al., 2013), consistent with a mechanism in which miRNAs promote
decapping directly.
A key player in miRNA-mediated repression is GWl 82 (TNRC6 in mammals),
which interacts directly with Ago via a series of glycine-tryptophan repeats (BehmAnsmant et al., 2006). GW182 is required for miRNA-mediated translational repression
of reporter mRNAs and downregulation of endogenous mRNAs (Behm-Ansmant et al.,
2006; Eulalio et al., 2008). Tethering GW182 to a reporter is sufficient to induce both
modes of repression, as well as deadenylation, and bypasses the need for Ago 1 (BehmAnsmant et al., 2006; Lazzaretti et al., 2009). Near its C-terminus, GW182 possesses a
region (termed the "silencing domain", or SD) that is required for silencing (Eulalio et
al., 2009; Zipprich et al., 2009) and that interacts with PABPC (Fabian et al., 2009; Zekri
et al., 2009; Huntzinger et al., 2010; Jinek et al., 2010). The GW182 SD-PABPC
interaction promotes miRNA-mediated deadenylation (Fabian et al., 2009; Jinek et al.,
2010). Poly(A)-tail shortening could result from increased dissociation of PABPC from
the tail, either due to opening of the closed loop (Fabian et al., 2009; Zekri et al., 2009) or
to direct antagonism of PABPC by GW182, such that the tail would be more exposed to
deadenylase activity. This "passive" mechanism of deadenylation is supported by the
observation that miRNA targeting promotes clearance of PABPC from the tail in the
absence of preceding or concomitant deadenylation (Moretti et al., 2012; Zekri et al.,
2013). MicroRNAs are also thought to mediate tail shortening by a more "active"
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mechanism: they promote recruitment of both major cytoplasmic deadenylase complexes.
GW1 82 interacts directly with Pan3 and Not1; these factors (and the deadenylase
complexes of which they are a part) interact with GW182 in a mutually independent
manner (Braun et al., 2011; Chekulaeva et al., 2011; Fabian et al., 2011). Interestingly,
tethering the Cafi deadenylase, or other components of the CerI-Cafi -Not complex, to a
tail-less reporter mRNA promotes translational repression (Cooke et al., 2010;
Chekulaeva et al., 2011), suggesting that both the destabilization and translational
repression mediated by miRNAs are due to recruitment of this complex.
Given the central role of poly(A)-tail shortening in miRNA-mediated repression,
a technology for high-throughput measurement of mRNA poly(A)-tail lengths would be
valuable. With methods for globally assaying translational repression and mRNA decay
already in hand, the temporality of translational repression, poly(A)-tail shortening and
mRNA decay could be determined. Several studies have already attempted to order these
phenomena (Bazzini et al., 2012; Bethune et al., 2012; Djuranovic et al., 2012); in each
case, translational repression precedes mRNA decay. However, none of these studies
tracked poly(A)-tail lengths for more than a handful of genes, and the methods used in
these studies suffer from low resolution. Until recently, the most high-throughput
methods for poly(A)-tail length measurement involved fractionation of mRNA from
oligo(dT) using stepwise thermal or salt-gradient elution, followed by microarray
analysis (Beilharz and Preiss, 2007; Meijer et al., 2007). One of these methods,
polyadenylation state microarray analysis (PASTA), was applied to budding and fission
yeast to determine the relationship between poly(A)-tail length and other attributes of
mRNAs, such as length, abundance, stability and translational efficiency (Beilharz and
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Preiss, 2007; Lackner et al., 2007). In both yeasts, PASTA-derived poly(A)-tail lengths
correlated positively with translational efficiencies measured by polysome fractionation
followed by microarray analysis (Beilharz and Preiss, 2007; Lackner et al., 2007),
reinforcing the prevailing notion that mRNAs with longer tails are better translated.
Although PASTA was thought to work well in yeast, where poly(A)-tail lengths are
relatively short (10-60 nt) (Beilharz and Preiss, 2007), it was not expected to offer
adequate resolution for measurement of the longer poly(A)-tails found in mammals. This
dissertation describes the development of a new method, PAL-seq (Subtelny et al., 2014),
which measures the tails of individual mRNA molecules by coupling a fluorescencebased readout of poly(A)-tail length with sequencing of the poly(A)-proximal region. The
influence of poly(A)-tail length on translational efficiency and mRNA decay is revisited,
and the relationship of poly(A)-tail shortening to other consequences of miRNA targeting
is clarified.
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Poly(A) tails enhance the stability and translation of most eukaryotic messenger
RNAs, but difficulties in globally measuring poly(A)-tail lengths have impeded
greater understanding of poly(A)-tail function. Here we describe poly(A)-tail length
profiling by sequencing (PAL-seq) and apply it to measure tail lengths of millions of
individual RNAs isolated from yeasts, cell lines, Arabidopsis thalianaleaves, mouse
liver, and zebrafish and frog embryos. Poly(A)-tail lengths were conserved between
orthologous mRNAs, with mRNAs encoding ribosomal proteins and other
'housekeeping' proteins tending to have shorter tails. As expected, tail lengths were
coupled to translational efficiencies in early zebrafish and frog embryos. However,
this strong coupling diminished at gastrulation and was absent in non-embryonic
samples, indicating a rapid developmental switch in the nature of translational
control. This switch complements an earlier switch to zygotic transcriptional control
and explains why the predominant effect of microRNA-mediated deadenylation
concurrently shifts from translational repression to mRNA destabilization.

Most eukaryotic mRNAs end with poly(A) tails, which are added by a nuclear poly(A)
polymerase following cleavage of the primary transcript during transcriptional
termination (Moore and Proudfoot, 2009). These tails are then shortened by deadenylases
(Goldstrohm and Wickens, 2008; Chen and Shyu, 2011), although in some contexts (for
example, animal oocytes or early embryos, or at neuronal synapses), they can be reextended by cytoplasmic poly(A) polymerases (Richter, 1999; Weill et al., 2012). In the
cytoplasm, the poly(A) tail promotes translation and inhibits decay (Goldstrohm and
Wickens, 2008; Weill et al., 2012).
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Although poly(A) tails must exceed a minimal length to promote translation, an
influence of tail length beyond this minimum is largely unknown. The prevailing view is
that longer tails generally lead to increased translation (Eckmann et al., 2011; Weill et al.,
2012). This idea partly stems from the known importance of cytoplasmic polyadenylation
in activating certain genes in specific contexts (Richter, 1999; Weill et al., 2012), and the
increased translation observed in Xenopus oocytes and Drosophilaembryos when
appending synthetic tails of increasing length onto an mRNA (Salles et al., 1994; Barkoff
et al., 1998). Support for a more general coupling of tail length and translation comes
from studies of yeast extracts (Preiss et al., 1998) and yeast cells (Beilharz and Preiss,
2007; Lackner et al., 2007). However, the general relationship between tail length and
translational efficiency has not been reported outside of yeast, primarily because
transcriptome-wide measurements have been unfeasible for longer-tailed mRNAs.

Poly(A)-tail length profiling by sequencing (PAL-seq)
We developed a high-throughput sequencing method that accurately measures individual
poly(A) tails of any physiological length (Fig. 1 a). After generating sequencing clusters
and before sequencing, a primer hybridized immediately 3' of the poly(A) sequence is
extended using a mixture of dTTP and biotin-conjugated dUTP as the only nucleoside
triphosphates and conditions that were optimized to yield full-length extension products
without terminal mismatches (Extended Data Fig. 1 a). This key step quantitatively marks
each cluster with biotin in proportion to the length of the poly(A) tail (Fig. l a). After
sequencing the 36 nucleotides immediately 5' of the poly(A) site, the flow cell is
incubated with fluorophore-tagged streptavidin, which binds the biotin incorporated
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Figure 1. Global measurement of poly(A)-tail lengths
a, Outline of PAL-seq. For each cluster, the fluorescence intensity reflects the tail length
of the cDNA that seeded the cluster. Although the probability of incorporating a biotinconjugated dU opposite each tail nucleotide is uniform, stochastic incorporation results in
a variable number of biotins for each molecule within a cluster. b, Median streptavidin
fluorescence intensities for two sets of mRNA-like molecules with indicated poly(A)-tail
lengths, which were added to 3T3 (circle), HEK293T (triangle) and HeLa (square)
samples for tail-length calibration.

during primer extension to impart fluorescence intensity proportional to the poly(A)-tract
length. To account for the density of each cluster, this raw intensity is normalized to that
of the fluorescent bases added during sequencing by synthesis (Nutiu et al., 2011),
thereby yielding a normalized fluorescence intensity for the poly(A) tail of each
transcript, paired with a sequencing read that identifies its poly(A) site and thus the gene
of origin.
Each starting sample was spiked with a cocktail of mRNA-like standards of
known tail lengths (Extended Data Fig. lb) to produce a standard curve for converting
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normalized fluorescence intensities to poly(A)-tail lengths (Fig. Ib). We refer to each of
these tail-length measurements paired with its identifying sequence as a poly(A) tag.
Although recovery of tags from the standards varied somewhat, it did not vary
systematically with tail length, which indicated that length-related biases were not an
issue (Extended Data Fig. Ic). Additional analyses indicated that mRNA degradation did
not bias against longer poly(A) tails (Extended Data Fig. 2a).
Because alternative start sites or alternative splicing can generate different
transcripts with the same poly(A) site, we considered our results with respect to unique
gene models (abbreviated as 'genes') rather than to transcripts (even though
polyadenylation occurs on transcripts, not genes). Moreover, tags for alternative poly(A)
sites of the same gene were pooled, unless stated otherwise. With this pipeline, analysis
of RNA from NIH3T3 mouse fibroblasts (3T3 cells) yielded at least one tag from 10,094
unique protein-coding genes (including 97% of the 9,976 genes with at least one mRNA
molecule per cell, as determined by RNA-seq) and >100 tags from 2,873 genes, coverage
typical of most samples (Supplementary Table 1).

Tail-length diversity within each species
Median tail lengths in mammalian cells (range, 67-96 nucleotides) exceeded those in A.
thalianaleaves and Drosophilamelanogaster S2 cells (51 and 50 nucleotides,
respectively), which exceeded those in budding (Saccharomyces cerevisiae) and fission
(Schizosaccharomycespombe) yeast (27 and 28 nucleotides, respectively) (Fig. 2a).
Similar differences between mammalian, fly, plant and yeast cells were observed when
comparing tail-length averages for individual genes (Fig. 2b). For genes within each
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Figure 2. Poly(A)-tail lengths in yeast, plant, fly and vertebrate cells

a, Bulk tail-length distributions. For each sample, histograms tally tail-length
measurements for all poly(A) tags mapping to annotated 3' UTRs (bin size
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nucleotides). Leftmost bin includes all measurements <0 nucleotides. Median tail lengths
are in parentheses. b,theIntergenic
tail-length distributions.
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Intragenic tail-length distributions for 10 genes sampling the spectrum of average tail
lengths in 3T3 cells. d, Intragenic tail-length distributions. Heat maps show the frequency
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species, mean tail lengths varied, with the I 01h and
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percentiles differing by 1.4- to

1.6-fold. Variation was also observed for different mRNA transcripts from the same gene
(Fig. 2c). For most genes the distributions were unimodal, with the mode approaching the
mean (Fig. 2d). Poly(A)-tail lengths increased when progressing through the cleavage,
blastula and gastrula stages of zebrafish embryonic development (2, 4 and 6 h postfertilization (hpf), respectively) and the analogous stages of frog development (Fig. 2a, b,
d). Processed data reporting tail lengths for all genes detected in each sample are
provided in the Gene Expression Omnibus (accession number GSE52809).
Comparison of tail lengths for orthologous genes in human (HeLa and HEK293T)
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and mouse (3T3 and liver) cells revealed moderately strong correlations, indicating that
tail lengths are conserved (Extended Data Table 1, Spearman R (R,) as high as 0.46).
When searching for gene classes that tended to have longer or shorter tails, the most
striking and pervasive enrichment was for ribosomal protein and other 'housekeeping'
genes among the short-tailed genes (Extended Data Table 2). This enrichment was strong
in yeast, despite previous reports that ribosomal-protein genes tend to have long tails
(Beilharz and Preiss, 2007; Lackner et al., 2007). To address this and other discrepancies
with previous yeast studies (Extended Data Fig. 3a, b), we used an independent method
to measure the poly(A)-tail lengths of eight yeast genes, including four ribosomal protein
genes. The results were much more consistent with our measurements than with the
previous measurements (Extended Data Figs 3 and 4). Both previous reports used the
polyadenylation state microarray (PASTA) method, which fractionates RNAs by
stepwise thermal elution from poly(U)-Sepharose. Although studies have successfully
used poly(U)-Sepharose fractionation to detect tail-length changes for the same genes in
different contexts (Rosenthal et al., 1983; Palatnik et al., 1984; Paynton et al., 1988),
detecting differences between different genes in the same context is more challenging.
Our results suggest that PASTA, as previously implemented in yeasts (Beilharz and
Preiss, 2007; Lackner et al., 2007), is less suitable than PAL-seq for intergenic
comparisons, although we cannot exclude the possibility that the discrepancies arose
from different growth conditions.
The types of genes with shorter or longer tails differed between the embryonic
samples and the other samples (Extended Data Table 2). Genes in the early embryo might
not have the same tail lengths as their orthologues do in other contexts because before the
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matemal-to-zygotic transition (MZT), which occurs at ~3 hpf in zebrafish (Kane and
Kimmel, 1993) and at approximately stage 8 in Xenopus laevis (Newport and Kirschner,
1982), transcription is not yet active, and some maternal transcripts are masked for later
use, whereas others are subject to cytoplasmic polyadenylation (Weill et al., 2012). At 6
hpf in zebrafish, ribosomal protein mRNAs had switched from being enriched in shortertailed genes to being enriched in longer-tailed genes (Extended Data Table 2), perhaps
because these were mostly newly synthesized transcripts, which tended to have longer
tails at this stage (Extended Data Fig. 5).
Because deadenylation is an important early step in eukaryotic mRNA decay
(Decker and Parker, 1993; Goldstrohm and Wickens, 2008; Chen and Shyu, 2011), we
examined the relationship between poly(A)-tail length and published mRNA stability
values (Extended Data Table 1). Tail length and half-life were slightly negatively
correlated in HeLa and 3T3 cells (Rs = -0.048 and -0.16, respectively) and variably
correlated in yeast, depending on the source of the half-life measurements (Rs from -0.44
to 0.23). The weak relationships in HeLa and 3T3 cells would be expected if mRNAs
with different half-lives have similar steady-state tail-length distributions, with the less
stable mRNAs transiting through the distributions more quickly.
No strong, easily interpretable correlations between tail length and mRNA
features (length of 3' untranslated region (3' UTR), length of open reading frame (ORF),
total length, splice-site number, splice-site density) or expression (steady-state
accumulation and nuclear-to-cytoplasmic ratio) were observed (Extended Data Table 1).
Of these, the strongest correlations were between tail length and steady-state
accumulation (Rs from -0.44 to 0.25), and between tail length and mRNA length (R, from
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-0.12 to 0.36) or features related to mRNA length. Support for the latter relationship was
also observed in intragenic comparisons, which revealed a weak positive relationship
between tail length and the length of tandem 3'-UTR isoforms (Extended Data Fig. 6a).
In early zebrafish embryos this relationship between 3'-UTR isoforms was even more
pronounced when a predicted cytoplasmic polyadenylation element (CPE) (Richter,
1999; Aanes et al., 2011) was present in the region unique to the longer isoform
(Extended Data Fig. 6b).

Decoupling of tail length and translation
Most reports of increased translation of longer-tailed mRNAs have used oocytes and
early embryos (Richter, 1999; Weill et al., 2012). To examine whether this phenomenon
reported in early embryos for a few genes applies transcriptome-wide, we performed
ribosome footprint profiling and RNA-seq to measure translational efficiencies (Ingolia et
al., 2009) from the embryonic samples used to measure tail lengths. We found that in
early embryos (cleavage and blastula stages) of both fish and frog, mean poly(A)-tail
length correlated strongly with translational efficiency (Fig. 3a, Rs from 0.62 to 0.77). No
other mRNA feature has been reported to correlate so well with translational efficiency in
any system.
In these early embryonic stages, a twofold increase in tail length corresponded to
a large increase in translational efficiency-greater than 6-fold when doubling the tail
from 20 to 40 nucleotides in 2 hpf zebrafish (Fig. 3a). Although longer-tailed mRNAs
were more likely to contain a CPE, the relationship between tail length and translational
efficiency for CPE-containing mRNAs was no different from that of other mRNAs
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Figure 3. Transient coupling between poly(A)-tail length and translational efficiency
a, Relationship between mean tail length and translational efficiency (TE) for genes with
>50 poly(A) tags from embryonic samples at the indicated developmental stages. For
each stage, tail lengths and translational efficiencies were obtained from the same sample.
MGC1 16473 and DDX24 fell outside the plot for X laevis, stages 3-4, and
LOC100049092 fell outside the plot for X laevis, stages 12-12.5. b, Relationship
between mean tail length and translational efficiency in the indicated cells, for genes with
>50 (yeasts) or >100 (others) tags. With the exception of HeLa (Guo et al., 2010), tail
lengths and translational efficiencies were from the same samples. S. cerevisiae
YBR196C, YLR355C and YDL080C, S. pombe SPCC63.04.1, mouse liver NM_007881
and NM_145470, HEK293T NM_001007026, NM_021058 and NM_003537, and HeLa
NM_001007026 fell outside their respective plots.
(Extended Data Fig. 7a). In theory, this coupling might not be causal, or it might be
causal but strictly due to either translational inhibition causing tail shortening or
translational activity preventing tail shortening. Alternatively, all or at least some of the
coupling might result from longer tail length causing more efficient translation in the
early embryo. We favour this last possibility because it agrees with the known
importance of cytoplasmic polyadenylation for activating genes in maturing oocytes
(McGrew et al., 1989; Paris and Richter, 1990; Barkoff et al., 1998) and early embryos
(Paris and Philippe, 1990; Simon et al., 1992) of Xenopus and in certain other vertebrate
contexts (Vassalli et al., 1989; Gebauer et al., 1994; Wu et al., 1998; Oh et al., 2000;
Burns and Richter, 2008; Novoa et al., 2010). Even more importantly, it agrees with the
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increased translation observed in Xenopus oocytes when appending prosthetic poly(A)
tails of increasing length onto an mRNA (Barkoff et al., 1998).
The strong coupling observed in the blastula largely disappeared in gastrulating
embryos (Fig. 3a; R, = 0.13 for both fish and frog). This disappearance was not because
of the more restricted tail-length range observed at gastrulation (Extended Data Fig. 7b).
Moreover, we observed no positive correlation of a meaningful magnitude between mean
poly(A)-tail length and translational efficiency in HeLa cells, HEK293T cells, 3T3 cells,
mouse liver, S. cerevisiae or S. pombe (R, = -0.10, 0.07, -0.04, 0.00, -0.12 and -0.15,
respectively) (Fig. 3b). Our results in yeasts differed from those reported earlier (Beilharz
and Preiss, 2007; Lackner et al., 2007), which we again attribute to the limitations of
previous methods. In 3T3 cells, metabolic labelling has been used to infer proteinsynthesis rates (Schwanhausser et al., 2011), which correlated with our translational
efficiencies (R, = 0.44, P < 10-158) and did not correlate positively with tail lengths (R,

=

-0.20, P < 10-16). Taken together, our results indicate that beginning at gastrulation,
translational control undergoes a mechanistic change that uncouples translational
efficiency from poly(A)-tail length.

Intragenic comparison of tail length and translation
The simplest interpretation of the weak or negative correlations we observed between tail
length and translational efficiency in yeast and mammalian cells is that increasing
average tail length over the physiological range does not enhance translation in these
contexts. However, our comparisons of average tail length and average translational
efficiency between genes (Fig. 3b) might have missed a relationship that would be
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Figure 4. No detectable intragenic coupling between poly(A)-tail length and
translational efficiency
a, Global analysis of tail lengths across a polysome profile for 3T3 cells. The absorbance
trace indicates mean number of ribosomes bound per mRNA for each fraction from the
sucrose gradient (top, fractions demarcated with vertical dashed lines). Box plots show
distributions of bulk tail lengths in each fraction for all tags mapping to annotated 3'
UTRs (bottom). Box lot percentiles are line, median; box, 25*" and 75* percentiles;
whiskers, 1 0 and 9 0 t percentiles. The horizontal line indicates the overall median of the
median tail lengths. b, Relationship between tail lengths and ribosomes bound per mRNA
for mRNAs from the same gene. For each gene, the data from a were used to plot the
mean tail length as a function of bound ribosomes. Log-log plots for 8 randomly selected
genes with 50 poly(A) tags in >6 fractions are shown (left), with lines indicating linear
least-squares fits to the data (adding a pseudocount of 0.5 ribosomes to the fraction with 0
ribosomes). The box plot shows the distribution of slopes for all genes with 50 poly(A)
tags in >4 fractions (right; n = 4,079; one-sided, one-sample Wilcoxon test; box plot
percentiles as in a).

observed when looking at differentially translated mRNAs from the same gene. To
address this possibility, we fractionated 3T3 cell lysate to isolate mRNAs associated with
different numbers of ribosomes and measured the tail lengths in each fraction (Fig. 4a).
To learn how poly(A)-tail length related to ribosome density for individual genes, we
plotted mean tail-length values as a function of the number of bound ribosomes and fit
the data for each gene with a straight line (Fig. 4b). The slopes of these lines were
generally small, and most were slightly negative (Fig. 4b); positive slopes would have
been expected if longer tails enhanced translation. Thus, the increase in median length
observed between the lightest and heaviest fractions when considering bulk tail lengths
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(Fig. 4a; 66 and 82 nucleotides, respectively) did not indicate a relationship between
longer tails and enhanced translation but instead might have reflected the positive
correlation between ORF length and tail length observed in 3T3 cells (Extended Data
Table 1; R, = 0.36). The trend of mostly negative slopes prevailed even when excluding
data from mRNA not associated with any ribosomes (Extended Data Fig. 7c), or when
examining subsets of genes with longer or shorter mean tail lengths, or with higher or
lower translational efficiencies (Extended Data Fig. 7d). This global intragenic analysis
(Fig. 4b) supports the conclusion drawn from intergenic analyses (Fig. 3), that in all yeast
and mammalian contexts examined (and presumably in most other cellular contexts),
mRNAs with longer poly(A) tails are not more efficiently translated.

A shift in the ultimate effects of miRNAs
MicroRNAs (miRNAs) are small RNAs that pair to sites in mRNAs to target these
messages for post-transcriptional repression (Bartel, 2009). Global measurements
indicate that miRNA targeting causes mostly mRNA destabilization, with translational
repression comprising a detectable but minor component of the overall repression (Baek
et al., 2008; Hendrickson et al., 2009; Guo et al., 2010; Bazzini et al., 2012). The only
known exception is the transient translational repression observed in early zebrafish
embryos (Bazzini et al., 2012). At 4 hpf miR-430 targeting causes mostly translational
repression with very little mRNA destabilization, whereas by 6 hpf the outcome shifts to
mostly mRNA destabilization (Bazzini et al., 2012). Because miR-430 is induced only
-1.5 h before the 4-hpf stage, these results are interpreted as revealing the dynamics of
miRNA action, in which an early phase of translational repression gives way to a later
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phase in which destabilization dominates (Bazzini et al., 2012). When considering that
miRNA targeting promotes poly(A)-tail shortening through the recruitment of
deadenylase complexes (Braun et al., 2011), our results suggest an alternative mechanism
for the shift in miRNA regulatory outcomes. In this mechanism, miRNAs mediate tail
shortening at both 4 and 6 hpf, but because of the switch in the nature of translational
control (as well as destabilization of short-tailed mRNAs at later stages), tail shortening
has very different consequences in the two stages: at 4 hpf, tail shortening predominantly
decreases translational efficiency, whereas at 6 hpf, it predominantly decreases mRNA
stability.
To integrate miRNA-mediated repression with effects on tail length, we injected
one-cell zebrafish embryos with miRNAs that are normally not present in the early
embryo and examined the influence of these injected miRNAs on ribosome-protected
fragments, mRNA levels and poly(A)-tail lengths at 2, 4 and 6 hpf. Injecting miR- 155
caused ribosome-protected fragments from many of its predicted targets to decrease
relative to ribosome-protected fragments from no-site control mRNAs (Fig. 5a). Despite
the decrease in ribosome-protected fragments, target mRNA levels did not change
relative to the controls at 2 and 4 hpf, indicating that at these stages miR- 155 targeting
caused mostly translational repression. In contrast, decreases in ribosome-protected
fragments were accompanied by nearly commensurate mRNA reductions at 6 hpf,
indicating that by this stage the outcome of repression had shifted to mostly mRNA
destabilization (Fig. 5a). Thus, the shift in miRNA regulatory outcome that occurs
between 4 and 6 hpf is not specific to miR-430 or its targets. With respect to mechanism,
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Figure 5. The influence of miR-155 on ribosomes, mRNA abundance and tails in the
early zebrafish embryo
a, Relationship between changes in ribosome-protected fragments (RPFs) and changes in
mRNA levels after injecting miR-155. Changes observed between miRNA- and mockinjected embryos are plotted at the indicated stages for predicted miR-155 target genes
(red, genes with>l miR-155 site in their 3' UTR) and control genes (grey, genes that
have no miR-155 site, yet resemble the predicted targets with respect to 3'-UTR length).
To ensure that differences observed between 4 and 6 hpf were not the result of examining
different genes, only site-containing genes and no-site control genes detected at both 4
and 6 hpf are shown for these stages. Lines indicate mean changes for the respective gene
sets, with statistically significant differences between the sets indicated (*P 0.05;
* *p < 10- , one-tailed Kolmogorov-Smirnov test). Because injected miRNAs partially
inhibited miR-430-mediated repression, genes with miR-430 sites were not considered.
Data were normalized to the median changes observed for the controls. b, Relationship
between changes in ribosome-protected fragments and changes in mean tail lengths after
injecting miR-155. Tail lengths were determined using PAL-seq, otherwise as in a. c, A
developmental switch in the dominant mode of miRNA-mediated repression. The
schematic (left) depicts the components of the bar graphs, showing how the changes in
ribosome-protected fragments (RPFs) comprise both mRNA and translational efficiency
(TE) changes. The compound bar graphs show the fraction of repression attributed to
mRNA degradation (blue) and translational efficiency (green) for the indicated stage,
depicting the overall impact of miR-155 (centre; plotting results from a and b for genes
with sites) and miR-132 (right, plotting results from Extended Data Fig. 8b for genes with
sites). Slight, statistically insignificant increases in mRNA for predicted targets resulted
in blue bars extending above the axis. For samples from stages at which tail length and
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translational efficiency were strongly coupled, a bracket adjacent to the compound bar
indicates the fraction of repression attributable to shortened tails. Significant changes for
each component are indicated with asterisks of the corresponding colour (*P 5 0.05;
**P < 10 4, one-tailed Kolmogorov-Smirnov test).
the observation of this shift between 4 and 6 hpf, even though the injected miR- 155 was
present and active much earlier than was miR-430, indicated that the shift reflected a
transition from the unusual regulatory regime operating in pre-gastrulation embryos (in
which translational efficiency is sensitive to tail length) more than it reflected the
dynamics of miRNA action.
The tail-length results further supported a mechanism involving shifting
consequences of tail-length shortening. Predicted miR-155 targets had shortened tails at 2
and 4 hpf (Fig. 5b), which explained most of the miRNA-induced translational repression
observed at these stages (Fig. 5c). By 6 hpf, the tail-length decreases observed at 4 hpf
had mostly abated for predicted miR-155 targets (Fig. 5b), and these mRNAs were
instead less abundant (Fig. 5a), in concordance with their extent of deadenylation at 4 hpf
(Extended Data Fig. 8a). These observations agreed with the idea that tail shortening
destabilizes mRNAs at later developmental stages and indicated that the miRNAmediated deadenylation occurring during the earlier developmental stages promotes
decay later. With shorter tails no longer associated with reduced translation (Fig. 3a) and
instead associated with reduced mRNA levels, the ultimate consequence of miRNAmediated repression shifted from translational repression to mRNA destabilization (Fig.
5c). Analogous results were obtained after injecting a different miRNA, miR-132 (Fig.
5c, Extended Data Fig. 8).
Because tail length was no longer strongly coupled with translational efficiency
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(Fig. 3a), tail-length changes did not explain the decrease in mean translational efficiency
observed at 6 hpf for predicted miR- 132 targets (Fig. 5c). We conclude that when
poly(A)-tail length is uncoupled from translational efficiency, the translational repression
often detected as a minor component of the overall repression (Baek et al., 2008;
Hendrickson et al., 2009; Guo et al., 2010) arises from a mechanism different from the
one that dominates pre-gastrulation.
Our results provide a compelling explanation for miRNA-mediated translational
repression in the pre-gastrulation zebrafish embryo: miRNAs induce poly(A) shortening,
which decreases translational efficiency at this developmental period. They also explain
why the pre-gastrulation zebrafish embryo is the only known context for which
translational repression is the dominant outcome of miRNA-mediated regulation; in all
other contexts examined, tail-length shortening causes mRNA destabilization with little
or no effect on translational efficiency.

Two gene-regulatory regimes
Our results from yeast, cultured mammalian cells and mouse liver refute the prevailing
view that poly(A)-tail length broadly influences translational efficiency. In doing so, they
add to the known differences between the regulatory regime operating in these cells and
that operating in early metazoan embryos.
This absence or presence of coupling between poly(A)-tail length and
translational efficiency can be rationalized in light of the potential interplay among
regulatory options available in the two regulatory regimes. Our yeast, mammalian and
gastrulation-stage cells were transcriptionally active, which offers ample opportunities for
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nuclear control of gene expression. Moreover, active transcription enables unstable
mRNAs to be replaced if required, thereby expanding the contexts in which differential
mRNA stability can be exploited for gene control. Thus, an additional layer of control in
which translational efficiency depends on poly(A)-tail length is dispensable. More
importantly, because this type of coupling would lower output from older mRNA
molecules that, in the absence of cytoplasmic polyadenylation, would often have shorter
poly(A) tails, the utility of gene regulation through mRNA stability would be
compromised. In this conventional regulatory regime, long-lived mRNAs would have
less value if they were translated less efficiently because of their shorter tails.
For fish and frog embryos at the cleavage stage, the regulatory regime was very
different. These embryos were transcriptionally inactive, which not only precludes the
use of transcription and other nuclear processes to alter gene expression programs but
also limits the use of differential mRNA stability, because degraded mRNAs cannot be
replaced until zygotic transcription begins. Perhaps as a consequence, many mRNAs with
short tails were observed (Fig. 2a), consistent with the known stability of short-tailed
mRNAs in early embryos (Audic et al., 1997; Aanes et al., 2011). In these circumstances,
early embryonic cells apparently harness differential tail length for global gene control.
This result expands the known behaviour of individual genes in Xenopus embryos (Paris
and Philippe, 1990; Simon et al., 1992) and the observation that early embryonic cells
have robust cytoplasmic polyadenylation (Richter, 1999), which increases the utility of a
tail-length regulatory mechanism. Compared to metazoan cells subject to the standard
regulatory regime (for example, 6-hpf zebrafish embryos and the mammalian cells
examined), cleavage-stage embryos had more uniform intragenic tail lengths and more
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variable intergenic lengths (Fig. 2d), as required for efficient harnessing of the tail-length
regulatory regime. With their tail-length distribution also shifted towards shorter tails
(Fig. 2b), cleavage-stage embryos can most efficiently exploit the tail-length differences
with the greatest impact (Fig. 3a).
The transition between these two very different gene-regulatory regimes was
rapid but not immediate. Despite their zygotic transcription, late-blastula embryos still
coupled tail length with translation. Indeed, to the extent that newly transcribed zygotic
mRNAs tended to have longer tails than did the maternally inherited mRNAs (Extended
Data Fig. 5), the continued coupling observed in this hybrid regime would act to increase
the relative output from these newly minted mRNAs, thereby sharpening the MZT.
We suspect that the tail-length regulatory regime observed in early embryos
operates in other systems in which transcription is repressed (or occurs at a distant
location) and cytoplasmic polyadenylation is active, such as early embryos of other
metazoan species, maturing oocytes and neuronal synapses (Weill et al., 2012). The
ability to measure poly(A)-tail lengths at single-mRNA resolution should provide
important insights in these systems.

Methods
PAL-seq
Total RNA or RNA from cytoplasmically enriched lysate (~1-50 pIg) was supplemented
with two mixes of tail-length standards and trace marker RNA containing an internal

32 P-

label (*) (5'-ugagguaguagguuguauagu*caauccuaaucauuccaauccuaaucauucaaaaaaaaaa-3',
IDT), which was used to monitor subsequent ligation, partial-digestion and capture steps.
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Polyadenylated ends in the mixture of cellular RNA and standards were ligated to a 3'biotinylated adaptor DNA oligonucleotide (5'pAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGACACATAC-biotin-3',
IDT) in the presence of a splint DNA oligonucleotide (5'-TTCCGATCTTTTTTTTT-3',
IDT) using T4 Rnl2 (NEB) in an overnight reaction at 18'C. The RNA was partially
digested with RNase TI (Ambion) as described (Jan et al., 2011), extracted with phenolchloroform, ethanol precipitated and then purified on a denaturing polyacrylamide gel
(selecting 104-750-nucleotide fragments), which removed residual unreacted 3' adaptor.
Splinted-ligation products were captured on streptavidin M-280 Dynabeads (Invitrogen)
and, when still bound to the beads, 5' phosphorylated with 3'-phosphatase-deficient T4
polynucleotide kinase (NEB) and ligated to a 5' adaptor oligonucleotide (5'-C3.spacerCAAGCAGAAGACGGCATACGAGTTCAGAGTTCTAcaguccgacgauc-3',

IDT;

uppercase, DNA; lowercase, RNA) using T4 Rnl 1 (NEB) in an overnight reaction at
22'C. Following reverse transcription using SuperScript II (Invitrogen) and a primer
oligonucleotide (5'AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG-3', IDT),
complementary DNA (cDNA) was liberated from the beads by base hydrolysis and
purified on a denaturing polyacrylamide gel (selecting 166-790-nucleotide length DNA).
Purified cDNA was denatured at room temperature in 5-100 mM NaOH, neutralized with
addition of HT1 hybridization buffer (Illumina) and applied to an Illumina flow cell (at a
typical concentration of 1.0-1.2 pM). Standard cluster generation, linearization, 3'-end
blocking and primer hybridization were performed on a cBot cluster generation system
(Illumina).
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After transferring the flow cell to a Cluster Station designed for an Illumina
Genome Analyzer, the sequencing primer was extended using a reaction mix containing
100 U mlU' Klenow polymerase (NEB), 200 nM dTTP and either 10 nM (yeast samples)
or 4 nM (other samples) biotin-16-dUTP (Roche). Extension was for 30 min at 37'C,
flowing a fresh aliquot (>50 pl) of reaction mix every 2 min to replenish dNTPs.
Following primer extension, the flow cell was placed on a Genome Analyzer II sequencer
(Illumina) for 36 cycles of standard sequencing-by-synthesis. After three additional
cycles of cleavage to remove any residual sequencing fluorophores, the flow cell was
washed with buffer (40.25 mM phosphate buffered saline (PBS), pH 7.4, 0.1% Tween),
blocked with streptavidin-binding buffer (300 tg ml' bovine serum albumin (NEB),
40.25 mM PBS, pH 7.4, 0.1% Tween), washed with buffer again, and then imaged, as
carried out previously (Nutiu et al., 2011). This cycle of wash, block, wash, image was
then repeated with a binding step inserted after the blocking step, in which the flow cell
was incubated with 30 nM Alexa Fluor 532 streptavidin (Invitrogen) in streptavidinbinding buffer for 10 min at 20'C. This expanded cycle was then repeated two more
times, but with 100 nM streptavidin included at the binding step. Fluorescence was
captured in the T and G channels because the wavelength of the excitation laser for these
channels (532 nm) was identical to the fluorophore excitation wavelength. The sequential
imaging confirmed that the second 100 nM streptavidin incubation did not increase mean
cluster intensity (monitored in real time as part of the 'first base report'), which indicated
saturation of available biotin.
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Calculation of poly(A)-tail lengths
Raw images taken during sequencing-by-synthesis and after binding of fluorescent
streptavidin were processed with Firecrest image-analysis and Bustard base-calling
software (Illumina, version 1.9.0, using default parameters) to generate a read (FASTQ)
file and another file containing the position of each cluster, the read sequence, the quality
score for each base, and the base intensities in all four channels for every cycle of
sequencing and streptavidin binding. Reads were aligned to a reference genome (hg18 for
human, mm9 for mouse, dm3 for fly, danRer7 for fish, TAIRl0 for A. thaliana, Spombel
for S. pombe, and sacCer3 for S. cerevisiae) or a reference transcriptome (curated from
Unigene mRNA sequences for X laevis) using the Bowtie program for short-read
mapping and the parameters '-1 25 -n 2 -m 1 -3 z', in which z was the number of
streptavidin-binding cycles plus one. Reads containing ambiguous base calls (as indicated
by characters 'N' or '.') at any position in the first 36 nucleotides were discarded, as were
reads mapping to multiple genomic loci. Reads that did not map to the genome were
aligned to Bowtie indexes corresponding to the tail-length standards. For the remaining
reads, mapping to the genome and standards was repeated, accounting for the possibility
that the read failed to map because the sequence extended past the poly(A)-proximal
fragment of the transcript and into the 5' adaptor. This mapping was reiterated for 16
rounds (to capture tags of >20 nucleotides, with each round considering previously
unmapped reads in which the 5' adaptor sequence started a nucleotide closer to the
beginning of the read (requiring a perfect match to only the final 6 nucleotides of the
adaptor after the fifth round)). Before each round of mapping, the adaptor sequence was
stripped by adjusting the Bowtie '-3' parameter. For the A. thalianasample, the first
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sequenced base was of low quality, and raw images from the first cycle of sequencing
were excluded for image analysis and base calling. Consequently, sequence reads were
35 nucleotides long, and only 15 rounds of iterative adapter trimming/sequence mapping
were performed.
For each read carried forward as mapping to a single locus (of either the genome
or the length standards), the cluster fluorescence intensity in the T channel after the first
100 nM streptavidin flow-in was recorded as the raw streptavidin fluorescence intensity.
From this raw intensity, the intensity after the 0 nM flow-in was subtracted as
background, and the resulting background-subtracted intensity was divided by the
relative cluster intensity observed during sequencing-by-synthesis, which normalized for
the density of molecules within the cluster. The relative cluster intensity was calculated
by first dividing the fluorescence intensity of every sequenced base in the read by the
median intensity for that base among all clusters with the same base at the same position,
and then taking the average of the resulting values over the length of the read.
Normalized streptavidin intensities were transformed to poly(A)-tail lengths using linear
regression parameters derived from the median intensities of the standards and their mode
poly(A)-tail lengths. For yeast, Arabidopsis, Drosophila,Xenopus and zebrafish samples,
only the standards with tails of 10, 50 and 100 nucleotides were used in the linear
regression. For the other samples, all of the standards were used except for one with a
324-nucleotide tail (barcode sequence = 5'-CUCACUAUAC-3'), which was typically not
sufficiently abundant for accurate measurement of its tail length. Each tail length was
then paired with the genomic (or standard) coordinates to yield a poly(A) tag.
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Assigning poly(A) tags to genes
Reference transcript annotations were downloaded (in refFlat format) from the UCSC
Genome Browser or another database (Ensembl for zebrafish, Unigene for X laevis,
TAIR for A. thalianaand PomBase for S. pombe). For human, mouse, zebrafish and fly,
transcript 3' ends were re-annotated using poly(A) sites identified by 3P-seq (Jan et al.,
2011) and the workflow described previously (Ulitsky et al., 2012). For each gene, a
representative transcript model was chosen as the one that had the longest ORF and the
longest 3' UTR corresponding to that ORF. These reference transcript databases and a file
with the sequences of the internal standards are available for anonymous download
(http://web.wi.mit.edu/bartel/pub/publication.html). S. cerevisiae representative transcript
models were from Gene Expression Omnibus accession GSE53268. Poly(A) tags that
overlapped the 3' UTR of the representative transcript model by at least one nucleotide
were assigned to that gene. Tags with tail-length measurements <-50 and >1,000
nucleotides (which included <0.0009% of the tags in any sample) were excluded from all
analyses. Mean tail-length measurements <1 nucleotide (which included measurements
from 11 analysed genes) were replaced with a value of 1.0 nucleotide in the intragenic
analysis across the polysome gradient (Fig. 4b). When considering the depth of a
representative PAL-seq data set from 3T3 cells, we considered 1.0 reads per kilobase per
million reads (RPKM) as the RNA-seq level indicating an average of one mRNA
molecule per cell. This estimate was conservative, in that a comparison to published
mRNA abundances in 3T3 cells (Schwanhausser et al., 2011) indicated that 1.0 RPKM
from our experiment corresponded to about 0.2 mRNA molecules per 3T3 cell.
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RNA preparation for PAL-seq
For libraries made from S. pombe, HEK293T, 3T3, mouse liver, X laevis, and mock-,
miR- 132- and miR- 155-injected zebrafish samples, as well as the S. cerevisiae sample
analysing cytoplasmically enriched RNA, RNA was extracted from a portion of the lysate
prepared for ribosome profiling and RNA-seq. These cleared lysates were enriched in
cytoplasm. For libraries made from HeLa and polysome-gradient samples, RNA was
extracted from similar cytoplasmically enriched lysates. For the polysome gradient
fractionation (Fig. 4a), lysate preparation and centrifugation were performed as for
ribosome profiling, but without nuclease digestion before fractionation. For other
libraries, total RNA was used. The correlation observed when comparing PAL-seq results
from HeLa cytoplasmically enriched RNA and total RNA resembled that observed
between biological replicates (Extended Data Fig. 2b; R, = 0.84 and 0.83, respectively).
The measured lengths in both types of RNA preparation were similar, despite the
possibility that total RNA might have included more long-tailed mRNAs due to a
population of nascent mRNAs that had full-length tails and were awaiting export to the
cytoplasm. However, not all nuclear mRNAs are expected to have full-length tails (as
some would still be in the process of being polyadenylated at the time of sample
collection), and the nuclear population of mRNAs awaiting export presumably comprised
a small fraction of the cellular mRNAs.

Tail-length standards
The common 5' region of each standard and the unique 3' region, consisting of the
standard-specific barcode and poly(A)-tail (Fig. Ib), were synthesized separately and
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then ligated together to make full-length standards. To generate each 3' region, a 5'phosphate-bearing RNA oligonucleotide (IDT) consisting of the barcode segment
followed by a 1 0-nucleotide poly(A) segment was extended with K coli poly(A)
polymerase (NEB), with ATP concentration and reaction time adjusted to yield tails of
the desired length. To narrow the tail-length distribution, extension products were
sequentially purified on two denaturing polyacrylamide gels, excising products with tails
of the desired length range and reducing the variability of tailed RNA to be mostly within
~5-25 nucleotides, depending on the length of tail added (Extended Data Fig. Ib). The 5'
region of the standards was synthesized by in vitro transcription of a template containing
Renilla luciferase sequence followed by that of a modified HDV ribozyme (Schurer et al.,
2002). After gel purification of the 5' product of HDV self-cleavage, the 2',3'-cyclic
phosphate at its 3' end was removed with T4 polynucleotide kinase (NEB; 3,000 p1
reaction containing 30,000 U of enzyme and 100 mM MES-NaOH, pH 5.5, 10 mM
MgCl 2 , 10 mM

P-mercaptoethanol,

300 mM NaCl, 37*C, 6 h). After another gel

purification, the dephosphorylated product was joined to the poly(A)-tailed barcode
oligonucleotide by splinted ligation using T4 Rn12 (NEB) and a DNA bridge
oligonucleotide with 10 nucleotides of complementarity to each side of the ligation
junction. Ligation products were gel purified and mixed in desired ratios before being
added to RNA samples for PAL-seq.

Ribosome footprint profiling
Immediately before sample collection, cultured mammalian cells were incubated with
media containing 100 pg ml-1 cycloheximide for 10 min at 37 0 C to stop translation
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elongation. Cells were washed twice with ice-cold 9.5 mM PBS, pH 7.3, containing
100 pg ml

1

cycloheximide, and lysed by adding lysis buffer (10 mM Tris-HCl, pH 7.4,

5 mM MgCl 2 , 100 mM KCl, 2 mM dithiothreitol, 100 pg ml-1 cycloheximide, 1% Triton
X-100, 500 U ml' RNasin Plus, and protease inhibitor (Ix complete, EDTA-free,
Roche)) and triturating four times with a 26-gauge needle. After centrifuging the crude
lysate at 1,300g for 10 min at 4'C, the supernatant was removed and flash-frozen in
liquid nitrogen. Cultured S. pombe cells were grown to mid-log phase and then harvested
(without cycloheximide pre-treatment) by filtering off the media and flash freezing the
remaining paste, which was then manually ground into a fine powder with a mortar and
pestle while being bathed in liquid nitrogen. The powder was thawed on ice, resuspended
in lysis buffer and processed as described for the other lysates. Zebrafish embryos were
enzymatically dechorionated and then incubated in 100 pg ml-1 cycloheximide in E3
buffer (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2, 0.33 mM MgSO 4) for 5 min at room
temperature. The embryos were then transferred into lysis buffer and flash frozen. Soon
after fertilization the jelly membranes of X laevis embryos were chemically removed,
and at the desired stages, embryos were flash frozen in lysis buffer without
cycloheximide pre-treatment. Once thawed, these samples were clarified as above and
then processed in the same manner as other lysates. Prior to dissecting liver, a 6-weekold, male C57BL/6 mouse was killed by cervical dislocation. The liver was excised, flash
frozen, and manually ground and processed as described for S. pombe. Ribosome
profiling and RNA-seq were performed on cleared lysates essentially as described (Guo
et al., 2010), using RiboMinus-treated RNA for the S. pombe RNA-seq sample, and
poly(A)-selected RNA for all others, with a detailed protocol available at
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http://bartellab.wi.mit.edu/protocols.html. S. cerevisiaeRPF and RNA-seq data were
from GSE53268 and were derived from the same sample as the S. cerevisiae PAL-seq
sample analysing cytoplasmically enriched RNA.
RPF and RNA-seq tags were mapped to the ORFs, as described previously (Guo
et al., 2010) (using the assemblies and transcript models used for PAL-seq), except reads
overlapping the first 50 nucleotides of each ORF were disregarded. This was done to
minimize a bias from ribosomes accumulating at or shortly after the start codon, which
results from translation initiation events continuing in the face of cycloheximide-inhibited
elongation (Ingolia et al., 2009). Because of this bias, genes with shorter ORFs have
artefactually higher translational efficiencies if all the bound ribosomes are considered
(as in conventional polysome gradient analysis). This cycloheximide effect might have
distorted the translational efficiency measurements in studies that calculated ribosome
densities using polysome gradient fractionation followed by microarray analysis
(including those reporting a positive correlation between ribosome density and poly(A)tail length (Beilharz and Preiss, 2007; Lackner et al., 2007)), but could not have
influenced the conclusions of our polysome-gradient experiment, because our analysis
focused on intragenic comparisons (Fig. 4b). Translational efficiencies were considered
only for genes exceeding a cutoff of 10 RPM (reads per million uniquely mapped reads)
in the RNA-seq library. When calculating sequencing depth (the 'M' of RPM), all
uniquely mapped reads that overlapped the mRNA primary or mature transcript were
counted for all samples except the X laevis samples; only the uniquely mapped reads
overlapping ORFs were counted for X laevis. For the analysis of miRNA effects, only
genes exceeding a cutoff of 10 RPM in the mock-injected RNA-seq and RPF libraries,
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and >50 PAL-seq tags in the mock-injected and miRNA-injected samples were
considered.

Statistics, reagents and animal models
All statistical tests were two-sided unless indicated otherwise. No power testing was done
to anticipate the sample size needed for adequate statistical power. No randomization or
blinding was used for miRNA injection experiments. Features of mRNAs (for example,
poly(A)-tail length, mRNA length, expression level, and so on) were not normally
distributed, nor were changes in expression due to miRNA-mediated repression.
Therefore, non-parametric measures or tests were used when making comparisons
involving such quantities, and these tests do not make assumptions about equal variance
between groups. Mammalian cell lines were obtained from ATCC, and S2 cells were the
same as in ref. 42 (that is, adapted to growth in serum-free media). The BY4741 strain
was used for S. cerevisiae, 972 for S. pombe, Columbia for A. thaliana, and AB for
zebrafish. All animal experiments were performed in accordance with a protocol
approved by the MIT Committee on Animal Care.

Zebrafish injections
Zebrafish embryos were injected at the one-cell stage with 1 nl of 10 piM miRNA duplex
(miR- 155 or miR- 132) or buffer alone using a PLI- 100 Plus Pico-Injector. Duplexes were
made by combining RNAs (IDT) corresponding to either miR-132 (5'uaacagucuacagccauggucg-3') and miR- 132* (5'-accguggcauuagauuguuacu-3') or miR155 (5 '-uuaaugcuaaucgugauaggggu-3') and miR-155* (5'-accuaugcuguuagcauuaauc-3') in
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annealing buffer (30 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA), heating to
90'C for 1 min, and slow cooling to room temperature over several hours. Injected
embryos were incubated in E3 buffer at 28'C until time of sample collection.

Predicted miRNA targets
MicroRNA target genes were predicted using the reference transcript database used to
assign zebrafish poly(A) tags. Each gene with a 3' UTR that had at least one 7-nucleotide
site matching the miRNA seed region (Bartel, 2009) was predicted to be a target of that
miRNA. Genes that had no 6-nucleotide miRNA seed match anywhere within their
transcript were classified as no-site genes, from which a set of no-site control genes was
selected such that its 3'-UTR length distribution matched that of the predicted targets.

Calculation of the relationship between poly(A)-tail length and translational
efficiency
For experiments in which zebrafish embryos were mock-injected or injected with miR132 or miR-155, least-squares second-order polynomial regression was performed to
determine the change in log2 translational efficiency for each change in log2 poly(A)-tail
length. To prevent microRNA effects on translational efficiency and/or tail length from
influencing any relationship, the regression analyses were performed after excluding
genes for which the mRNAs contained a perfect match to either the seed (nucleotides 2-7
of the miRNA) of miR-430 (the predominant endogenous miRNA at 4 and 6 hpf) or the
seed of the injected miRNA. These regression results were used to estimate the
translational efficiency change attributable to tail-length change for each gene.
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Poly(A)-tail measurements on RNA blots
Single-gene poly(A)-tail lengths were measured on RNA blots after directed RNase H
cleavage of the interrogated mRNA. Standard methods (Salles et al., 1999) were
modified to enable higher resolution for shorter tails (<50 nucleotides), such as those
found on yeast mRNAs. Total RNA (3-20 ptg) was heat-denatured for 5 min at 65'C in
the presence or absence of a (dT)18 oligonucleotide (IDT, 33 pmol oligonucleotide jig'
total RNA), and in the presence of 25 pmol of a DNA oligonucleotide (or gapmer
oligonucleotide, which had 16 DNA nucleotides flanked on each side by five 2'-O-methyl
RNA nucleotides) that was complementary to a segment within the 3'-terminal region of
the interrogated mRNA. After snap-cooling on ice, the RNA was treated with RNase H
(Invitrogen) for 30 min at 370 C in a 20 p1 reaction according to the manufacturer's
instructions. The reaction was stopped by addition of gel loading buffer (95% formamide,
18 mM EDTA, 0.025% SDS, dyes) and then analysed on RNA blots resembling those
used for small-RNA detection (Lau et al., 2001) (detailed RNA blot protocol available at
http://bartellab.wi.mit.edu/protocols.html). Briefly, after separation of the RNA on a
denaturing polyacrylamide gel and transfer onto a Hybond-NX membrane (GE
Healthcare), the blot was treated with EDC (N-(3-dimethylaminopropyl)-N'ethylcarbodiimide; Sigma-Aldrich), which crosslinked the 5' phosphate of the 3'-terminal
RNase H cleavage product to the membrane (Pall et al., 2007). The blot was then
hybridized to a probe designed to pair to the region spanning the RNase H cleavage site
and the poly(A) site. Comparison of these 3'-terminal fragments with and without
poly(A) tails revealed the length of the tails.
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Extended Data Figure 1. Development and characterization of the PAL-seq method. a, Optimization
of the primer-extension reaction. A 5'-radiolabelled primer was annealed to a single-stranded DNA
template containing a (dA) 25 tract immediately upstream of the primer-binding site (top schematic). Two
templates (I and II), which differed at the segment immediately 5' of the poly(dA) tract, were used in the
experiments shown. Primer extension was performed with either Klenow fragment (K, NEB), Klenow
fragment lacking 3'-to-5' exonuclease activity (K-, NEB), or T4 DNA polymerase (T4, NEB). Reactions
contained the recommended buffer and enzyme concentrations and a 50:1 molar mixture of dTTP:biotin16-dUTP at the dTTP concentrations indicated. In one experiment (centre left), the dTTP concentration was
kept constant, and the concentration of the primer-template duplex was varied instead. Reactions were
incubated for 5 min, unless stated otherwise (bottom two panels), at the indicated temperature (temp; room
temperature, r.t.), then stopped and in most cases supplemented with a gel-mobility standard (St), which
was a 32P-labelled synthetic oligonucleotide that had four extra dT residues appended to the intended fulllength primer-extension product (P). Products were resolved on denaturing polyacrylamide gels, alongside
a size ladder (L), which was a mixture of 32 P-labelled oligonucleotides that differed from the full-length
primer-extension product by -1, 0, +1, +2, +3 and +4 dTs (three of these are indicated as +1, +2, +3), and
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visualized using a phosphorimager. Full-length extension without additional untemplated nucleotides was
favoured by using Klenow fragment at 37 0C with very low dTTP concentrations (upper right panel and
bottom two panels). Under these conditions the product did not change with prolonged reaction times
(bottom). b, Poly(A)-tail lengths of the synthetic standards. Poly(A) tails >10 nucleotides retained some
length heterogeneity generated during their enzymatic synthesis. To determine the actual poly(A) lengths of
the barcode-poly(A) RNAs used to generate the standards, each RNA was 33P-labelled at its 5' terminus and
analysed on denaturing polyacrylamide gels under conditions that enabled single-nucleotide resolution. The
values to the right of each panel indicate the modes and approximate ranges of the poly(A) tail lengths
(after accounting for the l0-nucleotide barcodes). Also shown are marker lanes with 33 P-labelled Century
Plus ladder (C, Ambion), 3 3P-labelled Decade ladder (D, Ambion) and a partial base-hydrolysis ladder of
the labelled barcode-poly(A) RNA used to make the 324-nucleotide standard of mix 2 (OH). c, The relative
PAL-seq yield of each poly(A)-length standard. For each standard in the indicated mix, the yield of poly(A)
tags relative to that of the A 10 standard is plotted, after normalizing to the starting ratio determined from
analysis of 5'-labelled mix on a denaturing polyacrylamide gel. Box plots show the distribution of yields for
32 PAL-seq libraries (line, median; box, 25 and 7 5 th percentiles; whiskers, 1 0th and 9 0 th percentiles).
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Extended Data Figure 2. Validation of PAL-seq performance. a, Evidence against non-specific RNA
degradation. Plotted are nucleotide identities at the positions immediately upstream of poly(A) tags that
both mapped uniquely to the genome (or standards) and ranged from 22-30 nucleotides in length (a range
chosen to be long enough to enable mostly unique mapping to the genome, yet short enough to include
enough 5' adaptor nucleotides in a 36-nucleotide read to clearly identify the 5' end of the tag). Frequencies
were normalized to the aggregate nucleotide composition of positions 23-31 in either uniquely genome- or
standard-mapping tags that extended the full length of the reads (36 nucleotides). Because RNase TI cuts
after Gs, the nucleotide preceding each 22-30-nucleotide tag was expected to be G, unless the mRNA had
been cut for some other reason. The high frequency of G indicated that most mRNA fragments had not
been cut for other reasons, which also implied that for these samples the poly(A) tails had also remained
intact. We are unable to explain the high signal for an upstream U or C in some samples. Nonetheless, the
frequency of an upstream A was low, which indicated that there had been little cleavage after As, again
implying that the poly(A) tails had remained intact. In the A. thaliana leaf analysis, for which the raw reads
had the first base removed, estimation of RNA integrity was performed with length ranges shortened by
one nucleotide (for example, informative poly(A) tags were 21-29 nucleotides long). b, Consistent results
from similar samples or biological replicates. Plotted are the relationships between average poly(A)-tail
lengths generated using HeLa total RNA or RNA from a cytoplasmically enriched lysate (left), between
average poly(A)-tail lengths generated using S. cerevisiae total RNA or RNA from a cytoplasmically
enriched lysate (sample 1 and 2, respectively; middle), and between average poly(A)-tail lengths generated
using cytoplasmically enriched lysates from two different 3T3 cell lines (right). Although the 3T3 lines
were each engineered to express a miRNA (either miR-1 or miR-155), the miRNA was not induced in the
cells used for this comparison. NM_001007026 fell outside the plot for HeLa, and YDL080C fell outside
the plot for yeast.
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Extended Data Figure 3. Discrepancies between the results of PAL-seq and those of previous
methods. a, Comparison of S. cerevisiae poly(A)-tail lengths measured by PAL-seq on total RNA to the
previous results from PASTA analysis (Beilharz and Preiss, 2007). Plotted are mean poly(A)-tail lengths
measured by PAL-seq for genes previously classified as having either short or long tails (PASTA-short and
PASTA-long, respectively) (Beilharz and Preiss, 2007). The vertical dashed lines indicate the mean for
each group as measured by PAL-seq. b, Comparison between PAL-seq measurements and either PASTAderived poly(A)-tail ranks in fission yeast (Lackner et al., 2007) (left), or results of a related method
reporting log ratios of short- and long-tail fractions in actively dividing 3T3 cells (Meijer et al., 2007)
(right). c, Schematic of tail-length measurements using RNA blots. A DNA oligonucleotide or a gapmer
(chimaeric oligonucleotide with DNA flanked by 2'-O-methyl-RNA) was designed to pair near the 3' end
of the mRNA. This oligonucleotide directed RNase H cleavage, thereby generating 3'-terminal mRNA
fragments with lengths suitable for high-resolution analysis on RNA blots. Some of each sample was also
incubated with oligo(dT), which directed RNase H removal of most of the poly(A) tail. Cleavage fragments
were resolved on RNA blots and detected by probing for the inter-oligo region of the mRNA. The average
poly(A)-tail length was calculated as the difference in the average sizes of the oligo(dT)-minus and
oligo(dT)-plus fragments, plus the average number of residual adenosine residues that remained because of
incomplete digestion of the poly(A) tail (residual As). For each reaction guided by a gene-specific DNA
oligo, the average number of residual adenosines was estimated as half the difference between the known
length of the inter-oligo region and the observed length of the oligo(dT)-plus fragment. For the two
reactions guided by a gene-specific gapmer (RPL28 and RPS9B), the inter-oligo region extended through
the residues pairing to one of the 2'-O-methyl-RNA segments, and cleavage was assumed to occur across
from the most poly(A)-proximal DNA residue. Thus, the average number of residual adenosines was
estimated as the difference between the length of the inter-oligo region and the observed length of the
oligo(dT)-plus fragment. d, RNA blots used to measure poly(A)-tail lengths, as described in panel c, with
the length information determined by PAL-seq (on total RNA) and PASTA (Beilharz and Preiss, 2007)
indicated below each blot for comparison. For each lane, the range of high signal predicted based on PAL-
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seq results (Extended Data Fig. 4) is shown as a line next to the blot (with and without oligo(dT), red and
blue, respectively). These predicted sizes took into account the residual nucleotides flanking the inter-oligo
region, using the migration of the oligo(dT)-plus fragment to estimate the residual nucleotides on one or
both ends as described in panel c. Genes chosen for analysis were required to be adequately expressed and
to have a relatively homogeneous cleavage and poly(A) site, as determined by 3P-seq (data not shown).
Nonetheless, some genes, such as RPL28, had frequently used alternative cleavage and poly(A) sites, as
reflected by the two ranges marked in red. A preference was also given to ribosomal protein genes and
genes with contradictory poly(A)-tail lengths when comparing the results of PAL-seq and PASTA.
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Extended Data Figure 4. The signal distributions for the RNA blots (Extended Data Fig. 3d)
compared with those predicted using PAL-seq. Predicted traces from PAL-seq accounted for the
estimated number of residual nucleotides flanking the inter-oligo region after RNase H cleavage, as
described (Extended Data Fig. 3c). The offsets added to account for these residual nucleotides are indicated
below each plot. The horizontal dashed lines above each plot indicate the range of the signal determined by
visual inspection of the RNA blots in Extended Data Fig. 3d (oligo(dT)-plus and minus, red and blue,
respectively). Vertical dashed lines indicate the migration of Decade markers (Ambion). The vertical axes
are in arbitrary units (a.u.). The range of the high signal predicted based on PAL-seq data (signal exceeding
33% of the maximum) was determined using these plots and shown on Extended Data Fig. 3d as vertical
lines next to the RNA blots. For some genes, poly(A)-site heterogeneity caused the signal exceeding 33%
to map to noncontiguous segments.
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Extended Data Figure 8. The influence of miRNAs on ribosomes, mRNA abundance and tails in the
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PAL-seq) and changes in mRNA abundance at 6 hpf (as determined by RNA-seq), after injecting miR- 155
(left) or miR-132 (right). Changes observed between miRNA- and mock-injected embryos are plotted for
predicted miRNA target genes (red, genes with >1 cognate miRNA site in their 3' UTR) and control genes
(grey, genes that have no cognate miRNA site yet resemble the targets with respect to 3'-UTR length).
Lines indicate mean changes for the respective gene sets; statistically significant differences between the
gene sets for each of the two parameters are indicated (*P < 0.05; **P < 10~4, one-tailed KolmogorovSmirnov test). Because injected miRNAs partially inhibited miR-430-mediated repression, genes with a
site complementary to nucleotides 2-7 of miR-430 were not considered. All data were normalized to the
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Extended Data Table 1. Relationships between poly(A)-tail lengths of orthologous genes in samples
from different species (or the same gene, when the samples are from the same species), and
relationships between poly(A)-tail length and the indicated mRNA features. References are, in
alphabetical order from a-l, Guo et al., 2010; Djebali et al., 2012; Holstege et al., 1998; Wang et al., 2002;
Grigull et al., 2004; Shalem et al., 2008; Munchel et al., 2011; Sun et al., 2012; Haimovich et al., 2013; Sun
et al, 2013; Larsson et al., 2010; Schwanhausser et al., 2011.
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Extended Data Table 2. Gene ontology (GO) categories enriched in shorter- or longer-tail genes, as
determined by gene set enrichment analysis (GSEA) (Subramanian et al., 2005).
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MicroRNAs (miRNAs) are -22 nt RNAs that repress target mRNAs through a
combination of translational repression and mRNA destabilization. As part of their
mechanism of action, miRNAs promote shortening of the poly(A) tail; however, the
temporal relationship between tail shortening, translational repression and mRNA
downregulation for endogenous mRNAs is unknown. The ability to order these
phenomena has been enhanced by the recent development of a global method for
poly(A)-tail length measurement (PAL-seq) and the generation of NIH 3T3 mouse
fibroblast cell lines in which ectopic expression of a miRNA to high levels can be
rapidly induced. Surprisingly, we could not detect any poly(A)-tail shortening for
target messages upon miRNA overexpression in this system, despite robust
reductions in target RNA levels. To determine if miRNAs accelerated poly(A)-tail
shortening without changing mean poly(A)-tail lengths at steady state, we used a
metabolic labeling approach to capture mRNAs of different age spans, in the
presence and absence of an overexpressed miRNA. MicroRNA-mediated poly(A)tail shortening at any point in the lifetime of an mRNA was modest at best, and was
quickly followed by mRNA decay. Although deadenylation-independent
mechanisms of miRNA-mediated mRNA destabilization have been proposed, we did
not find that decreases in mRNA abundance differed significantly from those
expected for the tail length reductions we observed.

MicroRNAs (miRNAs) are ~22 nt RNAs that target repressive, Argonaute-containing
complexes to mRNAs to effect post-transcriptional repression of the message. These
small RNAs recognize their targets by pairing with sequences in 3' untranslated regions
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(UTRs) that are complementary to nucleotides 2-7 of the miRNA (termed the "seed"
region) (Bartel, 2009). MicroRNA target sites abound in the transcriptome: in vertebrates,
over 60% of mRNAs are estimated to be under selective pressure to retain miRNA
targeting (Friedman et al., 2009). In most animal contexts, the principal effect of miRNA
targeting appears to be accelerated mRNA decay, with a small additional component of
translational repression (Baek et al., 2008; Hendrickson et al., 2009; Guo et al., 2010;
Bazzini et al., 2012; Subtelny et al., 2014).
Another effect that miRNAs exert on their targets is poly(A)-tail shortening
(Giraldez et al., 2006; Wu et al., 2006; Wu et al., 2010; Bazzini et al., 2012; Djuranovic
et al., 2012; Subtelny et al., 2014), which occurs through acceleration of the
deadenylation that normally accompanies mRNA aging. Over their lifespan, animal
mRNAs undergo progressive exonucleolytic removal of their poly(A) tails, from a
starting length of ~250 nt immediately after nuclear polyadenylation to a final length of
30-60 nt (Chen et al., 1994; Chen and Shyu, 1994; Yamashita et al., 2005). At this
length, poly(A)-binding protein (PABP), which normally coats the tail and protects the
message from decay, is likely present in insufficient quantity to prevent the mRNA from
being decapped and degraded (Chen and Shyu, 2011). In mammals, two major enzyme
complexes perform tail shortening: Pan2-Pan3, and Ccr4-Cafl-Not (Goldstrohm and
Wickens, 2008). Initial, Pan2-Pan3-mediated deadenylation of an mRNA is slow and
distributive, but once the tail reaches a length of ~ 10 nt, the subsequent, Ccr4-CaflNot-mediated phase of tail shortening is rapid and processive (Yamashita et al., 2005).
MicroRNAs accelerate both stages of this biphasic deadenylation (Chen et al.,
2009). Much of this effect results from direct recruitment by Ago of GW182, a factor that
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is necessary and sufficient for miRNA-mediated repression (Behm-Ansmant et al., 2006).
In turn, GW182 binds to PABP and this interaction promotes tail shortening, presumably
by weakening the affinity of PABP for poly(A) and thereby exposing the tail to
deadenylases (Fabian et al., 2009; Jinek et al., 2010). In addition to this passive
mechanism of deadenylation, GW 182 promotes deadenylation actively by engaging both
the Pan2-Pan3 and Ccr4-Cafl -Not deadenylase complexes through direct interactions
with their Pan3 and Notl components, respectively (Braun et al., 2011; Chekulaeva et al.,
2011; Fabian et al., 2011). Tail shortening by these two deadenylase complexes is
required for miRNA-mediated mRNA downregulation, as suggested by derepression of
miRNA targets upon knockdown of deadenylase components (Behm-Ansmant et al.,
2006; Eulalio et al., 2009) or overexpression of dominant negative deadenylases (Chen et
al., 2009). However, there is evidence that miRNAs may promote decapping of target
mRNAs independently of deadenylation (or a poly(A) tail) (Eulalio et al., 2009; BarisicJager et al., 2013; Nishihara et al., 2013); the relative contributions of this mechanism
and enhanced deadenylation-mediated decay are not known.
We initially sought to determine the temporal relationship between miRNAmediated translational repression, tail shortening and mRNA downregulation using NIH
3T3 mouse fibroblast lines engineered to inducibly express a miRNA not normally
present in these cells (Eichhorn et al., in preparation). Surprisingly, when measuring tail
lengths using PAL-seq, a recently-developed method for global poly(A)-tail length
measurement (Subtelny et al., 2014), we detected little deadenylation for target mRNAs
after inducing miRNA expression. In principle, this observation could be explained by
miRNAs increasing the rate at which mRNAs transit through their chronologic poly(A)-
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tail length distributions, without altering the distributions themselves. To address this
possibility, we measured tail lengths for newly made mRNA in the presence or absence
of pre-induced miRNA. While miRNA-mediated tail length changes were subtle, their
magnitude was not inconsistent with the observed changes in target mRNA stability.

No detectable tail shortening upon miRNA overexpression
To measure the impact of miRNAs on tail lengths of endogenous target mRNAs, we
employed a clonal 3T3 cell line in which an ectopic miRNA, miR- 155, was inducibly
overexpressed (Eichhorn et al., in preparation). At 4, 8 and 12 h after induction, tail
lengths determined by PAL-seq were compared to those pre-induction. In addition to
furnishing tail lengths, PAL-seq also measured mRNA abundances by way of the number
of poly(A)-tags mapping to any given transcript model, so that changes in mRNA levels
could be calculated as well. No overall change in mean tail length was seen at any of the
three timepoints for miR- 155 targets (defined by the presence of >1 7mer site in the 3'
UTR) relative to control mRNAs lacking a miR- 155 site (Figure 1 a). As confirmation
that miR- 155 was expressed and competent for targeting, we observed a steady increase
over the timecourse in the downregulation of miR- 155 targets, which by 12 h postinduction reached statistical significance (P < 10-4). Nevertheless, the levels of miR-155
after 12 h were markedly lower than after inducing expression longer in this cell line
(Eichhorn et al., in preparation), or after transfecting synthetic miRNA duplex into other
cultured cell lines (data not shown). We therefore measured tail lengths before and after
(i) induction of miR- 1 expression in another clonal 3T3 line for 48 h, and (ii) transfection
of miR- 124 into DrosophilaS2 cells. No significant decrease in mean tail length for
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Figure 1. No detectable miRNA-mediated deadenylation in cultured cells
a, Changes in mean poly(A)-tail length and PAL-seq tag count for predicted miR-155
targets and 3' UTR length-matched no-site control genes. Log 2-transformed fold-changes
were calculated by comparing each timepoint in the miR- 155 induction timecourse to the
uninduced (0 h) condition, and the changes for every gene were then normalized by the
median log2 -fold changes for the control genes. Only genes with >50 PAL-seq tags in the
uninduced condition were considered in this analysis. The vertical and horizontal dashed
lines indicate median log 2-fold changes in mean poly(A)-tail length and tag count for
miR- 155 targets, respectively, with statistically significant differences from the control
genes indicated (*, P < 0.05; **, P < 104, one-tailed Kolmogorov-Smirnov (KS) test). b,
As in a, for induction of miR-1 expression for 48 h in a different clonal 3T3 line (left)
and transfection of synthetic miR- 124 duplex into DrosophilaS2 cells (right). c,
Cumulative distribution functions of aggregated single-mRNA poly(A)-tail lengths for
the same sets of predicted target and no-site control genes as in b. For each set of genes,
separate distributions are plotted for the absence and presence of the miRNA, with
statistically significant differences upon miRNA overexpression indicated (*, P < 0.05;
**, P < 104, one-tailed KS test).

98

miRNA targets was detected in either case, despite robust reductions in mRNA levels
(Figure 1 b). Similarly, no significant difference was observed in these experiments when
comparing aggregated single-mRNA tail length measurements for target genes, which is
a sensitive approach for detecting differences in a large number of measurements (Figure
1 c).

Kinetic analysis of mRNA deadenylation
A possible explanation for the apparent lack of tail shortening by miRNAs is that targeted
mRNAs are simply deadenylated faster, without any change in their steady-state taillength distributions. Similarly, and in contrast to a previous report (Chang et al., 2014),
we do not observe a positive correlation between tail length and mRNA half-life in yeast
and mammalian cells (Extended Data Figure 1), which could be explained by differences
in deadenylation rates across genes. To address these possibilities, 3T3 cells were
continuously treated with 4-thiouridine (4sU) for different times to label, and thereby
allow capture of, mRNAs of different age spans (Figure 2a). This treatment did not result
in a global derangement in poly(A)-tail lengths (Extended Data Figure 2a), which could
occur if 4sU were toxic to cells. In particular, metabolic labeling was performed with and
without prior induction of miR- 1 expression to determine if tail shortening for miR- 1
targets could be detected before their tail length distributions were fully populated. As
expected, messages initially had long tails that became shorter over time, with tail
shortening occurring at different rates for different messages (Figure 2b). The maximal
deadenylation rate for each mRNA observed during the timecourse correlated strongly
with transcript half-life (Rs = -0.65), which was calculated using expression data from the
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Figure 2. Kinetic analysis of poly(A)-tail shortening
a, Schematic of the 4-thiouridine (4sU) metabolic labeling timecourse, which was
performed with and without prior induction of miR- 1 overexpression. b, Mean poly(A)tail lengths from 4sU-labeled RNA of different age spans. The six genes in the plot were
chosen to represent different rates of tail shortening. The steady-state tail lengths for each
gene (measured using unselected RNA) show the extent of deadenylation at the end of
the timecourse. Data are from the timecourse without miR- 1 overexpression. c,
Relationship between tail-length half-life and mRNA half-life, from the timecourse
without miR-1 overexpression. Each gene shown in the plot was required to have >50
PAL-seq tags and >10 reads per million genome-mapping reads in the 4sU-labeled RNA
from each timepoint, as well as in unselected RNA from the 2 h timepoint. Twenty-three
genes with negative tail-length half-lives, as well as five genes with tail-length half-lives
>30 h, fell outside the plot.

same metabolic labeling timecourse (using the method described in (Dolken et al., 2008;
Schwanhausser et al., 2011)) (Extended Data Figure 2b). Another metric for
deadenylation rate, the half-life for starting tail lengths to converge to the steady-state tail
length (which we term "tail-length half-life"), correlated even better with half-life (Rs =
0.75) (Figure 2c). This result reconciles the absence of a positive correlation between
steady-state poly(A)-tail length and mRNA half-life with the notion that longer poly(A)tail length is protective against mRNA decay.
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Relationship between miRNA-mediated deadenylation and mRNA decay
In an attempt to detect miRNA-mediated deadenylation, we repeated the 4sU-labeling
timecourse, this time after having induced miR- 1 expression to high levels. In addition to
performing PAL-seq, we also measured mRNA abundances by RNA-seq for this
timecourse and for the previous one in which miR- 1 was not expressed. Thus, we hoped
to establish the temporal relationship between any miRNA-mediated tail shortening and
mRNA decay. Tail shortening for miR-1 targets was maximal at 2 h after the start of 4sU
treatment, with a median tail length reduction of 7.6 nt at this time (Figure 3a). This is an
underestimate of the true tail shortening at 2 h, however, since continuous labeling with
4sU was performed such that roughly half of the 2 h RNA sample was one hour old or
younger. Given that the median tail reduction at the 1 h timepoint was 4.0 nt (Figure 3a),
we re-calculated the median tail length shortening for target mRNAs that were between 1
and 2 h old to be approximately 11.2 nt. Overall, this amount of tail shortening is modest,
representing roughly 10% of the average of the mean tail lengths of target mRNAs of this
age (Figure 3a). The absence of robust deadenylation was not due to ineffective miR-1
targeting, since robust downregulation (but not tail shortening) was observed for miR- 1
targets at 2 h in non-4sU-selected RNA, which contained mRNAs of all ages (Extended
Data Figure 3a).
The tail shortening at 2 h gave way to steadily increasing mRNA downregulation,
which was statistically significant by 4 h and even larger at 8 h (Figure 3b). This is
consistent with the notion that miRNAs accelerate deadenylation of their targets, which
then results in faster mRNA downregulation. It is possible that the observed mRNA
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Figure 3. Kinetics of miRNA-mediated poly(A)-tail shortening and mRNA
downregulation
a, Changes in mean poly(A)-tail lengths over the 4sU-labeling timecourse after
overexpressing miR- 1 beforehand. Boxplots show the distribution of changes in mean
poly(A)-tail length for predicted miR-I targets and no-site control genes at each
timepoint. Percentiles are line, median; box, 2 5th and 7 5 1h percentiles; whiskers, 10 th and
9 0 th percentiles. Only genes with >50 PAL-seq tags at each timepoint of the timecourse
performed without miR-I induction were considered in this analysis. Tail-length changes
at each timepoint were adjusted so that the median change for the control genes is zero,
and statistically significant differences in the tail length-change distributions for predicted
targets and no-site controls are indicated (*, P < 0.05; **, P <

1 0 -4,

one-tailed KS test). b,

Comparison of changes in mean poly(A)-tail lengths and RNA abundances over the 4sUlabeling timecourse for the genes in a after miR- 1 overexpression. Each plot compares
the tail lengths and RNA abundances (measured by RNA-seq) of individual genes for the
same timepoint in the presence and absence of miR- 1 overexpression, with the log 2-fold
changes for each gene normalized by the median log 2-fold changes for the set of control
genes. The vertical and horizontal dashed lines and the significance testing are as in
Figure 1 a. c, As in Figure 2c, for miR- 1 targets and no-site control genes, in the absence
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and presence of miR- 1 overexpression. The red and black lines are the Deming regression
fits to the data for targets and no-site controls, respectively. The slope of each line is
indicated below each plot, with the bootstrap estimate of the two-sided 95% confidence
interval of the slope for no-site controls in parentheses.

downregulation is explained entirely by the increased rate at which mRNAs transit
through their tail length distributions upon miRNA targeting. To test this hypothesis, we
asked whether miR- 1 targeting altered the relationship between tail-length half-life and
mRNA half-life for miR- 1 targets compared to the relationship for non-targets. In the
presence of miR-1, as in the absence, the slope of the linear regression fit for this
relationship for miR- 1 targets (red line, Figure 3c) did not significantly differ from that
for no-site control genes (black line, Figure 3c). Thus, miR-I targets did not undergo any
more or less decay than expected from their changes in tail-length half-life. We therefore
conclude that while it is still possible for miRNAs to downregulate target messages by
deadenylation-independent mechanisms, the changes in mRNA abundance that we
observe are consistent with the extent of tail shortening that target messages experience.

Mechanisms of miRNA-mediated mRNA destabilization
We show that miRNA targeting does not reduce the mean steady-state poly(A)-tail
lengths of mRNAs in cultured mammalian and insect cells. Since this finding can be
explained by miRNAs accelerating tail shortening without changing the poly(A)-tail
length distributions of their targets, we performed metabolic labeling followed by
poly(A)-tail length measurement for captured mRNA of different ages, with and without
prior induction of miRNA overexpression. Reassuringly, the deadenylation rates that we
calculate for messages from this experiment correlate well with mRNA half-lives,
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explaining why we previously did not observe a positive correlation between poly(A)-tail
length and mRNA half-life (Subtelny et al., 2014). At any point during the lifetime of
endogenous mRNAs, the amount of miRNA-mediated poly(A)-tail shortening is modest
at best. However, the associated reduction in mRNA abundance is generally not different
in size from that expected when considering the intergenic relationship between tail
shortening and mRNA downregulation for non-targets, consistent with the notion that
miRNA-mediated mRNA destabilization is largely due to accelerated tail shortening.
This result is not entirely surprising. The direct recruitment of both major
deadenylase complexes by GW182 (Braun et al., 2011; Chekulaeva et al., 2011; Fabian et
al., 2011) makes it difficult to dismiss tail shortening as being a sideshow to some other,
deadenylation-independent (or deadenylase-independent) mechanism of mRNA
destabilization. However, the observation that tethering Cafi (Cooke et al., 2010) or
Ccr4-Not (Chekulaeva et al., 2011) to a tail-less reporter mRNA promotes translational
repression suggests that deadenylase complexes may have activities in addition to
shortening tails. Other studies show that miRNAs promote clearance of PABP from the
poly(A)-tail, which would be expected to make a message prone to decapping, in the
absence of much deadenylation (Moretti et al., 2012; Zekri et al., 2013). Perhaps the
strongest evidence that miRNAs stimulate deadenylation-independent decay is that they
recruit several decapping activators - in particular, Dcp 1, Me3 lb (Ddx6) and HPat - in
the absence of a poly(A) tail or even a cap (Nishihara et al., 2013). The difference that we
observed in the tail-length half-life/mRNA half-life relationships for miR- 1 targets and
non-targets was very nearly significant when the miRNA was expressed; repeating this
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analysis after pooling data from replicates could yet reveal a deadenylation-independent
component to miRNA-mediated mRNA destabilization.
Recently, another method for poly(A)-tail length measurement was reported
which, unlike PAL-seq, captures RNAs with any 3' terminal sequence by using a nonspecific 3' adapter ligation (Chang et al., 2014). This method revealed that
polyadenylated RNAs sometimes end in nucleotides other than A. For instance, in 3T3
cells, approximately 40% of protein-coding genes had >5% of their mRNAs ending with
at least one uridine; this modification was associated with lower mRNA stability and was
more frequently found on short-tailed mRNAs (Chang et al., 2014). Therefore, it is
possible that our ability to observe miRNA-mediated deadenylation may have been
hampered by an inability to capture mRNAs that have undergone tail shortening followed
by tailing with non-A nucleotides. This is unlikely to significantly affect our results,
given that the magnitude of miRNA-mediated mRNA downregulation as measured by
PAL-seq (which is sensitive to terminal non-A's) is no greater than that measured by
RNA-seq (which is not) (Extended Data Figure 3b). Nevertheless, in order to have a
better understanding of mRNA decay and how this is affected by miRNA targeting, we
would like to know as many attributes of an individual mRNA molecule as possible,
particularly over the course of a kinetic experiment such as that performed in this study.
A high-throughput technology that simultaneously measures poly(A)-tail length,
sequences 3' terminal non-A nucleotides, and reports on the presence of a 5' cap would
be very valuable in this regard.
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Methods
3T3 cell culture, miRNA overexpression, and 4sU treatment
Clonal 3T3 cell lines engineered to inducibly overexpress miR- 1 or miR- 155 were the
same as those previously described (Eichhom et al., in preparation). Overexpression of
the miRNA was induced by supplementing the existing growth medium (DMEM; Life
Technologies) with 2 tg/ml doxycycline (Clontech). For the miR-155 induction
timecourse and miR-1 48 h induction experiments, cells were contact-inhibited at the
time of induction, and after harvesting were used to generate cytoplasmically-enriched
lysates by the same method as described in (Subtelny et al., 2014) and (Eichhorn et al., in
preparation). The same lysates were used for RNA-seq and ribosome profiling (Eichhorn
et al., in preparation), as well as PAL-seq (this study). For the metabolic labeling
timecourse with 4sU, cells were grown to 30-40% confluency before either inducing
miRNA overexpression with doxycycline or mock-treating with DMSO (Sigma-Aldrich)
for 48 h. 4-thiouridine (Sigma-Aldrich) was then added to 100 pM and continuous
labeling performed until the time of harvesting. At this point, cells were resuspended in
TRI-reagent (Ambion), from which total RNA was extracted for PAL-seq and RNA-seq.

Drosophila S2 cell culture and miRNA transfection
DrosophilaSchneider 2 (S2) cells were grown in Express Five serum-free media
(GIBCO) supplemented with glutamine to 16 mM. Twenty-four hours prior to
transfection, cells were seeded into 6-well plates at 2.5 x 106 per well. The cells in each
well were co-transfected with 2.5 pg plasmid (25% p2032-GFP, 75% pUC 19) plus 25
nM miR-124 duplex (Dharmacon; miR-124, 5'-uaaggcacgcggugaaugcca-3'; miR-124*,
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5' -gguauccacuguaggccuauaug-3') using 5 p1 DharmaFECT Duo (Dharmacon). For mock
transfections, only plasmid DNA was introduced into cells. Equal volumes of nucleic
acid and DharmaFECT Duo diluted in IX PBS were combined and incubated at room
temperature for 20 minutes to form transfection complexes that were then added
dropwise to the cells (500 pl/well). Twenty-four hours after transfection, cells were
harvested, resuspended in IX PBS, passed through a 70 ptm filter, and stained with 5
[tg/ml propidium iodide (PI). For each transfection, 3-5 x 106 GFP-positive and PInegative cells were isolated by FACS and lysed in 1 ml TRI Reagent (Ambion).
Following extraction from the lysate, total RNA was cleaned up using the RNeasy Mini
kit (Qiagen).

PAL-seq and RNA-seq
PAL-seq, RNA-seq and subsequent calculation of poly(A)-tail lengths and mRNA
abundances, respectively, were performed exactly as in (Subtelny et al., 2014).

Purification of 4sU-labeled RNA
Total RNA from the 4sU labeling timecourse (800 pg for the 1 h timepoint, 500 ptg for
other timepoints) was spiked with two RNAs that were generated by in vitro transcription
in the presence or absence of 4-thiouridine-5'-triphosphate (4sUTP; TriLink
BioTechnologies; a 1:8 ratio of 4sUTP:UTP was used, resulting in approximately 1 in
every 36 uridines in the RNA being replaced with 4-thiouridine (Dubreuil et al., 1991)).
These spikes were added to measure the specificity of 4sU-labeled RNA capture. The
4sU-labeled and unlabeled RNAs were 1460 nt and 1736 nt long, respectively; both
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RNAs were 32p-cap-labeled and ended with A50 tails. The total RNA was then
biotinylated for 2 h at 370 C with biotin-HPDP (0.2 mg/ml; Thermo Scientific; dissolved
in dimethylformamide at a starting concentration of 1 mg/ml by heating at 37'C for >1 h)
in the presence of 10 mM sodium citrate pH 4.5 and 1 mM EDTA. After this, the RNA
was extracted with acid phenol-chloroform, ethanol precipitated, and resuspended in 200
pA wash buffer (10 mM Tris-HCl pH 7.4, 50 mM NaCl, 1 mM EDTA).
Streptavidin MicroBeads (200 pl, Miltenyi Biotec) were blocked with 0.4 g/p1
yeast total RNA (Life Technologies) in wash buffer for 20 min at room temperature. The
beads were then applied (in 100 pl aliquots) to a ptMACS column (Miltenyi Biotec) that
had been attached to a magnetic separator and pre-equilibrated with Nucleic Acid
Equilibration buffer (Miltenyi Biotec) and wash buffer. After washing the beads with 5 x
100 pl wash buffer, the beads were flowed off the column into a microcentrifuge tube
with 200 Vd wash buffer after demagnetizing the column. The biotinylated total RNA was
then added to the bead-buffer slurry, and biotin capture performed for 20 min at room
temperature. The mixture of beads, buffer and RNA was re-applied in 100 tl aliquots to
the same column used previously, saving the flow-through as the "unlabeled RNA"
fraction. Two sets of washes were then performed, first with 3 x 400 pl 10 mM Tris-HCl
pH 7.4, 6 M urea, 10 mM EDTA heated to 65'C, and then with 3 x 400 pl 10 mM TrisHCl pH 7.4, 1 M NaCl, 10 mM EDTA at room temperature. Finally, the biotinylated
RNA was eluted from the column with 5 x 100 pl wash buffer containing 100 mM DTT,
ethanol precipitated and resuspended in water.

108

Prediction of miRNA targets
Genes were predicted to be miRNA targets if they had >1 7mer site matching the miRNA
seed region in their 3' UTR. For each predicted target, three genes with no 6mer sites
anywhere within their transcript were chosen as controls, with the additional requirement
that their 3' UTR length be within 10% of that for the predicted target. The same
reference transcript annotations were used for miRNA target prediction and short-read
mapping, and were from (Subtelny et al., 2014).

Calculation of mRNA half-life and tail-length half-life
mRNA half-lives were calculated separately for the 4sU labeling timecourses with and
without miR-1 overexpression, using a method described previously (Dolken et al.,
2008). Expression profiles for newly-synthesized and total RNA were obtained by
performing RNA-seq on 4sU-selected and unselected RNA, respectively, from the 2 h
timepoint. RNA-seq was not performed on the unlabelled (4sU-depleted) RNA from this
timepoint; instead, the correction factor ce (described in the Supplementary Information
for (Dolken et al., 2008)) was calculated using a previously measured median mRNA
half-life of 9.925 h for 3T3 cells (Schwanhausser et al., 2011). Tail-length half-life in the
absence of miR- 1 was calculated by fitting a simple exponential curve (y = ae-b) to the
mean tail length at each timepoint, after determining the minimum tail length value for
both the timecourse and steady-state (i.e. 2 h unselected RNA) and subtracting this value
(minus a pseudocount of 0.1 nt) from each mean tail length used in the regression. Taillength half-life in the presence of miR- 1 was calculated the same way, except that the
second timepoint was assumed to have occurred at 3 h (as this resulted in the relationship
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between mRNA half-life and tail-length half-life looking much more similar to that in
Figure 2c). Finally, in all cases where linear regression was performed, the Deming
regression function from the MethComp R package (available at cran.rproject.org/package=MethComp) was used, assuming equal variances for the dependent
and independent variables.
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Extended Data Figure 1. Relationship between mean poly(A)-tail length and mRNA half-life for genes
with >100 PAL-seq tags (3T3 and HEK293T) or >50 tags (yeast). mRNA half-lives for yeast and
HEK293T were from (Sun et al., 2012) and (Schueler et al., 2014), respectively; in the latter case, the
average of two half-life measurements from biological replicates was used. Half-lives for 3T3 were
calculated using RNA-seq data from the 4sU labeling timecourse without miR- 1 overexpression (see
Methods). Yeast YIL002W-A and YCR020 W-B, HEK293T NM_001007026 and NM_021058, and 3T3
NM_001033225 fell outside their respective plots.
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Extended Data Figure 2. a, Comparison of mean poly(A)-tail lengths for unselected RNA at the 2 h and 8
h timepoints of the 4sU labeling timecourse without miR-1 overexpression. Genes with >50 PAL-seq tags
are shown. b, Relationship between deadenylation rate and mRNA half-life in 3T3 cells. Deadenylation
rate was calculated by determining the maximum slope between any two adjacent timepoints in the 4sU
labeling timecourse without miR-1 overexpression [using the formula (mean tail length, - mean tail
lengthi,.)/(time,.I - time,), where i and i+1 are successive timepoints]. This slope was then multiplied by 2
(under the assumption that the mean tail length measured at any timepoint was halfway between the tail
length of synchronous mRNAs of that age and the tail length of newly-made mRNA), and a pseudocount of
1 was added. If the value before addition of the pseudocount was negative, the deadenylation rate was
given a value of 1 nt/h.
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Chapter 4
Future directions

Poly(A)-tail length and translation: investigating other contexts
Earlier, we showed that the coupling between poly(A)-tail length and translational
efficiency previously shown for single genes in Xenopus and zebrafish embryos can be
extended to all mRNAs in these systems (Subtelny et al., 2014). Both systems have
cytoplasmic polyadenylation, consistent with poly(A)-tail length being important for
regulating gene expression (Zhang and Sheets, 2009). An obvious initial question is
whether other contexts with cytoplasmic polyadenylation exhibit a similar general
relationship. These include other animal embryos (e.g. mouse, Drosophilaand
Caenorhabditiselegans, in which the Gld-2 cytoplasmic poly(A) polymerase was
discovered (Wang et al., 2002)) and neurons, where local regulation of translation
involving alterations in poly(A)-tail length occurs at synapses distant from the cell body
(Richter, 1999; Weill et al., 2012).
Apart from more extensively defining the scope of poly(A)-tail length-mediated
translational control, this type of survey has mechanistic utility. Although the CPE
sequence is known for Xenopus and zebrafish (Fox et al., 1989; McGrew et al., 1989;
Aanes et al., 2011), its equivalents in several other animal model organisms (e.g.
Drosophila)are not, and these could be defined using relatively simple motif enrichment
analysis followed by biochemical validation in vivo. For these organisms, and also for
Xenopus and zebrafish, it would also be interesting to know if there are multiple CPE
variants, acting at different times to promote cytoplasmic polyadenylation of different
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sets of mRNAs. A further layer of complexity is added by the recent finding that the
CPE, Pumilio-binding element, and poly(A)-signal hexamer together form a
combinatorial and positional code within 3' UTRs for translational regulation in Xenopus
oocytes (Pique et al., 2008). With a CPE sequence, as well as global poly(A)-tail length
and translational efficiency measurements, a similar code could be defined for
Drosophilaand other organisms in which the cis-determinants of cytoplasmic
polyadenylation, and of translation in general, are less well characterized. Separately,
since zebrafish and Xenopus embryos both have coupling between poly(A)-tail length
and translational efficiency as well as cytoplasmic polyadenylation (as measured by
enrichment for the CPE in the genes with the longest tails), it is unclear whether these
two phenomena are separable. Identifying a context with coupling but not cytoplasmic
polyadenylation would argue that longer tail length causes more efficient translation, and
not vice versa. Another implication would be that the cytoplasmic polyadenylation
machinery is likely (but by no means certainly) dispensable for establishing coupling.

Poly(A)-tail length and translation: mechanism of coupling
In searching for the factor(s) underlying coupling, a starting list of candidates can
be generated from genes that change in RNA abundance, translational efficiency, protein
abundance or post-translational modifications upon loss or gain of coupling. Since the
mechanism for coupling is likely conserved, the search could be further narrowed to
genes that show similar changes across organisms. Simply looking at changes in RNA or
protein abundance, however, is likely to yield an intractably large number of candidate
factors. Therefore, in generating a more focused list, it is necessary to make some
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assumptions about how the candidate factor might work, considering its likely
biochemical properties and the different ways in which it might interact with the
translational machinery. As a regulator of translation, it is likely that the factor binds
directly or indirectly to mRNA. If it binds mRNA directly, one method that could detect
it is mRNA interactome capture (Castello et al., 2012), which identifies the set of mRNAbinding proteins by UV-crosslinking them to mRNA, capturing the resulting mRNAprotein conjugates on oligo(dT) under denaturing conditions, treating with RNase to
liberate the cross-linked proteins, and identifying these by mass spectrometry (MS).
Since MS measures protein abundance in a semi-quantitative manner, it cannot accurately
report on another likely property of a potential candidate: differential association with
mRNA in the presence and absence of coupling. Fortunately, this limitation can be
overcome by introducing post-lysis isotopic labeling strategies such as iTRAQ (Ross et
al., 2004), which allows the relative abundances of each peptide in two samples to be
directly and quantitatively compared, into the mRNA interactome capture workflow.
If a candidate does not interact directly with mRNA, it might instead interact only
with components of the translational machinery. The translation factors eIF4E, eIF4G
and PABP are particularly likely sites of regulation because they form the closed-loop
structure. Indeed, these are already known to be targeted by a host of endogenous and
exogenous translational regulators (e.g. 4E-BPs, Paip1, Paip2, Ago/GW182, Scd6, viral
proteases, etc.) (Etchison et al., 1982; Pause et al., 1994; Craig et al., 1998; Khaleghpour
et al., 2001; Fabian et al., 2009; Zekri et al., 2009; Rajyaguru et al., 2012). These are not
the only translation factors that undergo biological regulation; eIF2a, for example, is
phosphorylated during stress, leading to global attenuation of translation (Levin et al.,
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1976; Dever et al., 1992). Likewise, the factors forming the closed loop are not the only
factors that could be targeted by the agent responsible for coupling. One approach to
identify such an agent would be to immunoprecipitate a translation factor of interest and
perform MS analysis of the co-purifying proteins, at developmental timepoints flanking
the loss (or gain) of coupling. Some factors, namely eIF4E and PABP, can be pulled
down using their endogenous ligands (or mimics thereof): m7 GTP and poly(A),
respectively. This property could be especially useful in species for which no good
antibodies exist for these proteins, allowing coupling-related interaction partners of
eIF4E and PABP to be compared across a wide range of organisms.
The easiest way to generate or evaluate the soundness of hypotheses about the
mechanism of coupling is to scour the literature. The abundance of PABP relative to
poly(A) has been measured in several different biological contexts (Drawbridge et al.,
1990; Stambuk and Moon, 1992; Gorlach et al., 1994; de Melo Neto et al., 2000).
Whereas there are -3 PABP molecules per A 25 binding site in HeLa cells (Gorlach et al.,
1994), PABP is limiting in Xenopus embryos before the gastrula stage, but not during this
stage (-2 PABP/A 25 binding site) or after (Stambuk and Moon, 1992). If only one tailbound PABP molecule is sufficient for closed-loop formation, with no further benefit to
translation from binding of additional PABP molecules, tail length would only be
expected to matter in contexts where PABP is limiting and tails are competing for PABP
binding. While appealingly simple, this hypothesis is undermined by the fact that the
Xenopus PABP abundance measurements did not take into account additional poly(A)binding proteins that are expressed in oocytes and early embryos (Voeltz et al., 2001; Seli
et al., 2005). Some of these embryonic poly(A)-binding proteins - in particular, ePABP1
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- interact with eIF4G and stimulate translation when overexpressed (Cao and Richter,
2002; Kim and Richter, 2007). Moreover, PABP appears to be in vast excess relative to
poly(A) in sea urchin eggs (Drawbridge et al., 1990), which have active cytoplasmic
polyadenylation (Wilt, 1973) and, presumably, coupling between tail length and
translational efficiency.
Another potential mechanism for coupling invokes the idea that the PABP-eIF4G
interaction may only be a crutch for translation, dispensable in most contexts but
consequential in others where translation is globally repressed. Although this interaction
is conserved across eukaryotes, genetic deletion of the PABP binding site on the more
highly expressed of the two eIF4G paralogs in yeast results in a modest growth defect
(Tarun and Sachs, 1996). In contrast, expression of an eIF4G mutant deficient in PABP
binding in Xenopus oocytes inhibits translation of a polyadenylated RNA and renders the
oocytes incapable of undergoing progesterone-stimulated maturation (Wakiyama et al.,
2000). It is interesting to speculate that the dependence on the eIF4G-PABP interaction in
the latter context may be due to a general translational repressor that might destabilize the
interaction between eIF4G and eIF4E. The interaction between eIF4G and PABP, which
stabilizes the binding of eIF4E to the cap (Wei et al., 1998; Kahvejian et al., 2005), might
now have a meaningful effect on eIF4G recruitment to the cap and, consequently, on the
efficiency with which the mRNA is translated. Importantly, this mechanism would not be
sufficient to fully explain any coupling between tail length and translation; another
mechanism that reads out tail length (e.g. limiting quantities of PABP) would also have to
be invoked.
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Using m 7GTP-affinity purification and zebrafish embryo lysates, we have found
that the DEAD-box RNA helicase, Ddx6, associates with eIF4E at 3 hpf but not 6 hpf (A.
Subtelny and D. Bartel, data not shown). Together with Lsml4b and other factors, Ddx6
has been reported to be a major component of mRNP granules that contain translationally
repressed mRNAs in oocytes and/or early stages of post-fertilization development in C.
elegans, Drosophila,Xenopus, mouse and Plasmodium (Mair et al., 2006; Weston and
Sommerville, 2006). In yeast, the Ddx6 ortholog, Dhhl, is a general translational
repressor (Coller and Parker, 2005). Although Ddx6 is widely conserved and has been
shown to mediate translational repression in several contexts, the mechanism by which it
acts is unclear. In Xenopus, RNA-dependent oligomerization of Ddx6 coincides with
translational repression; while it is not obvious how the Ddx6 oligomer would interact
with the translation initiation or elongation machinery, there is some evidence that it may
sequester eIF4E (Minshall and Standart, 2004). In Plasmodium, Ddx6 binds directly to
eIF4E, and the translational repression caused by adding purified Plasmodium Ddx6 to a
reticulocyte extract can be rescued with purified Plasmodium eIF4E (Tarique et al.,
2013). Whatever the mechanism by which Ddx6 acts, it is interesting to note that in
Xenopus oocytes, it selectively represses translation of reporter mRNAs that have no

poly(A) tail (Minshall et al., 2001; Minshall and Standart, 2004). If Ddx6 represses
translation in a graded manner with respect to poly(A)-tail length, with longer-tailed
messages experiencing less repression, it might be the general translational repressor
responsible for coupling.
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Kinetic analysis of poly(A)-tail shortening: what determines deadenylation rate for
each mRNA?
The strong correlation between deadenylation rate and mRNA half-life (Chapter
3), in which the rate of tail shortening presumably governs mRNA stability, raises the
question of why the poly(A) tail is shortened faster for some messages than for others.
Since PABP generally inhibits poly(A) removal, one might expect tails which are more
tightly or extensively bound by PABP to be more refractory to shortening by
deadenylases. Therefore, it would be interesting to know how deadenylation rate
correlates with the extent to which different mRNAs are enriched in a PABP RNA coimmunoprecipitation. Although observing such a correlation would be satisfying, it
would still not fully account for why deadenylation rates vary across genes, since
(an)other determinant(s) would now have to be invoked to explain intergenic differences
in PABP binding. These could include cis-elements that are recognized by stabilizing or
destabilizing factors, or other properties of the mRNP such as the strength of the closedloop interaction, which might stabilize binding of PABP to the tail. (It is unclear,
however, how the closed loop would specifically stabilize the distal-most PABP
molecule, which protects the 3' end of the tail, when there are presumably several other
tail-bound PABPs that eIF4G can interact with). If deadenylation rates and PABP binding
do not correlate, then the variation in deadenylation rates might instead be explained by
the efficiency of deadenylase recruitment, which again would have to be accounted for by
some other sequence or architectural features of the mRNP.
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Mechanisms of miRNA-mediated mRNA destabilization
Even though miRNAs promote relatively modest tail shortening for their
endogenous targets, it would be interesting to know more about how this occurs, and
whether it is an important mechanism of repression or simply a by-product of another
action of miRNAs on their targets. MicroRNAs recruit both major cytoplasmic
deadenylase complexes (Pan2-Pan3 and Ccr4-Cafl-Not) (Braun et al., 2011; Chekulaeva
et al., 2011; Fabian et al., 2011), which would be expected to accelerate tail shortening.
Alternatively, tail shortening could result from increased exposure of the tail to
deadenylases, without their active recruitment. Consistent with this "passive" mechanism
of tail shortening, Ago-GW182 destabilizes the interaction between PABP and poly(A).
The interaction between GW182 and PABP has other consequences, however: GW182
competes with the interaction between PABP and eIF4G (Zekri et al., 2009), which
would be expected to open the closed loop and thereby lead to translational repression
and/or mRNA decay. It is possible that tail shortening is inconsequential and simply the
result of PABP antagonism by GW182, which leads to downregulation of the mRNA by
other mechanisms. The effects of PABP removal and tail shortening could potentially be
distinguished by comparing the extent of repression for a polyadenylated reporter mRNA
that has a deadenylation-blocking group at its 3' end to an otherwise identical reporter
that does not.

Conclusion
Until recently, our understanding of the relationship between poly(A)-tail length
and various aspects of mRNA metabolism was limited by the lack of a method for global
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poly(A)-tail length measurement. PAL-seq has filled this technological gap, and in doing
so, has raised new questions about the mechanism of translational control in animal
embryos, and about how miRNAs promote destabilization of target mRNAs. PAL-seq
has also left room for improvement: the methods that supersede it will likely offer greater
sequencing depth and allow for the capture of mRNAs with very short tails, as well as
tails that end in nucleotides other than A. The application of either PAL-seq or successor
methods to new biological questions, as well as the mining of existing PAL-seq data, will
hopefully reveal new insights into the function and regulation of poly(A)-tail length.
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The post-transcriptional fate of messenger RNAs (mRNAs) is largely dictated by their 3' untranslated regions (3' UTRs),
which are defined by cleavage and polyadenylation (CPA) of pre-mRNAs. We used poly(A)-position profiling by sequencing (3P-seq) to map poly(A) sites at eight developmental stages and tissues in the zebrafish. Analysis of over 60
million 3P-seq reads substantially increased and improved existing 3' UTR annotations, resulting in confidently identified
3' UTRs for >79% of the annotated protein-coding genes in zebrafish. mRNAs from most zebrafish genes undergo
alternative CPA, with those from more than a thousand genes using different dominant 3' UTRs at different stages. These
included one of the poly(A) polymerase genes, for which alternative CPA reinforces its repression in the ovary. 3' UTRs
tend to be shortest in the ovaries and longest in the brain. Isoforms with some of the shortest 3' UTRs are highly expressed
in the ovary, yet absent in the maternally contributed RNAs of the embryo, perhaps because their 3' UTRs are too short
to accommodate a uridine-rich motif required for stability of the maternal mRNA. At 2 h post-fertilization, thousands of
unique poly(A) sites appear at locations lacking a typical polyadenylation signal, which suggests a wave of widespread
cytoplasmic polyadenylation of mRNA degradation intermediates. Our insights into the identities, formation, and
evolution of zebrafish 3' UTRs provide a resource for studying gene regulation during vertebrate development.
[Supplemental material is available for this article.]
Alternative splicing and alternative cleavage and polyadenylation.
(APA) act in concert to shape the eukaryotic transcriptome (Zhang
et al. 2005; Wang et al. 2008; Di Giammartino et al. 2011). APA
results from differences in recognition of polyadenylation signals
by the pre-mRNA cleavage and polyadenylation (CPA) machinery,
which leads to differences in 3' UTR identity, which can, in turn,
influence stability, translation and subcellular localization of mRNAs
(de Moor et al. 2005; Hughes 2006; Andreassi and Riccio 2009).
Widespread APA and the prevalence of either short or long 3' UTRs
in specific tissues or developmental stages has been reported in
human and mouse (Zhang et al. 2005; Evsikov et al. 2006; Liu et al.
2007; Flavell et al. 2008; Sandberg et al. 2008; Wang et al. 2008;
Ji et al. 2009; Mayr and Bartel 2009; Salisbury et al. 2009), but the
extent and the functional consequences of APA in vertebrate development remain poorly understood. Furthermore, systematic
changes in usage of alternative 3' UTRs are yet to be studied in
detail in other vertebrates.
Zebrafish are model vertebrates used for studying RNA biology (Knaut et al. 2002; Giraldez et al. 2006; Choi et al. 2007;
Aanes et al. 2011), but their utility for studying various aspects of
post-transcriptional regulation, such as targeting by microRNAs
(miRNAs), has been hindered by incomplete 3' UTR annotation. In
version 66 of Ensembl zebrafish genes (Feb. 2012), only 64.4% of
the transcript models have any 3' UTR annotation, and only 28.9%
4
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of the genes have more than one annotated 3' end. By comparison,
over 96% of the human genes have an annotated 3' UTR in Ensembl
v66, 64.8% of which have multiple annotated 3' ends. Furthermore, 22.3% of zebrafish transcript models for protein-coding
genes end without a stop codon, indicating that both the C terminus of their protein product and the 3' UTR are not annotated.
Maturation of germ cells and early embryonic development
in animals requires extensive post-transcriptional regulation of
mRNAs. Preparation of the maternal mRNA cargo that is deposited
into the zygote involves deadenylation of many maternal messages, as the cells suspend their metabolic and transcriptional activity after entering a cell-cycle arrest (Tadros and Lipshitz 2009).
Shortly after fertilization, maternally deposited mRNAs play key
roles in orchestrating the early developmental stages, and the
translation, localization, and stability of these mRNAs are regulated, at least in part, through their 3' UTRs. Eventually, the transcriptome undergoes a maternal-to-zygotic transition (MZT), during
which maternal transcripts are degraded, probably in several waves
(Giraldez et al. 2006; Schier 2007; Stitzel and Seydoux 2007),
alongside the commencement of transcription from the zygotic
genome. Zebrafish and Xenopus embryos are excellent models for
studying mRNA biology during early embryogenesis, as both preMZT and post-MZT embryos can be easily separated and manipulated. A recent study described significant changes in transcript
levels occurring between the one-cell and 16-cell stages of early
zebrafish development and provided evidence that hundreds of
genes undergo cytoplasmic polyadenylation during this period
(Aanes et al. 2011), a phenomenon resembling that described
previously in Xenopus, mouse, and fly embryos (Vassalli et al. 1989;
Simon et al. 1992; Salles et al. 1994; Richter 1999; Oh et al. 2000).
Differences in transcript isoforms expressed during those stages, and
in particular, differences in 3' UTR isoforms expressed in oocytes,
pre-MZT, and post-MZT embryos remain to be determined.

Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/12; www.genome.org

Downloaded from genome.cshlp.org on May 19, 2014 - Published by Cold Spring Harbor Laboratory Press

Alternative polyadenylation in zebrafish
To address these questions, we used poly(A)-position profiling
by sequencing (3P-seq) (Jan et al. 2011) to map poly(A) sites in five
different stages of zebrafish development and in three adult tissues. These data allowed us to accurately map 3' UTRs for over 79%
of zebrafish protein-coding genes, define the C-terminal sequence
of 640 proteins, and identify widespread alternative polyadenylation
affecting transcripts from 55% of zebrafish genes. Comparison of
the patterns of 3' end usage in different stages revealed several significant trends, such as the usage of shorter 3' UTRs in the ovaries,
preferential depletion of short 3' UTRs in the early embryo, and
widespread polyadenylation at noncanonical sites, which appears
to occur post-transcriptionally in the early embryo.

[4.5-5.5 hpf], 24 hpf, and 72 hpf), mixed gender adults, and three
adult tissues (brain, testes, and ovaries) and subjected them to 3Pseq (Jan et al. 2011). Each sample yielded 6,281,147-9,813,481
genome-mapped reads, which mapped to 231,580-954,595
unique genomic regions (Supplemental Table Si). We considered
as 3P tags only reads that mapped to no more than four loci in the
genome and possessed at least one 3'-terminal adenylate that was
not templated in the genome. Positions supported by at least four
tags, out of which at least two were either distinct (i.e., had a different number of untemplated adenosines) or came from two different libraries, were carried forward as poly(A) sites.
After combining tags from all eight libraries and consolidating all tags ending within 10 nt of the most frequently implicated
site, we obtained 195,199 unique poly(A) sites (Supplemental Table S2). Sequence composition around these sites was highly similar to that reported in mammals, flies, and worms (Fig. 1A; Tian
et al. 2005; Retelska et al. 2006; Jan et al. 2011), and 62.3% had the
canonical cleavage and polyadenylation signal (PAS) motif
AAUAAA or one of ten related variants in a region 10 to 30 bases
upstream of the poly(A) site (Fig. 1B). These eleven PAS variants

Results
3' UTR reannotation alters most zebrafish gene models
In order to map the poly(A) landscape in the zebrafish genome, we
obtained polyadenylated RNA from four embryonic stages (preMZT embryo [1.5-2 h post-fertilization (hpf)], post-MZT embryo
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contained nine of the 14 most common variants found in Caenorhabditiselegans (Janet al. 2011) and all seven of the most common
variants reported in human and fly (Retelska et al. 2006). The region between the PAS and the cleavage site had two U-rich segments, and the region downstream from the cleavage site had a
GU-rich segment, followed by a U-rich segment (Fig. 1A; Supplemental Fig. S2). The nucleotide composition upstream of the
poly(A) sites resembled that of human and worm poly(A) sites.
Enrichment of GU-rich/U-rich sequences 5-30 bases downstream
from the sites resembled that of human sites and, to a lesser extent, C. elegans sites (Supplemental Fig. S2). Thus, the sequence
specificity of the CPA machinery appears to be conserved among
fish, mammals, and worms.
When related to the annotated gene models (Fig. 1C; Supplemental Fig. Sl; Supplemental Table S2), only 19.3% of the
poly(A) sites were within 100 bases of an annotated 3' end, but
these accounted for 67.7% of all the 3P tags, indicating that, when
compared to the novel poly(A) sites, the previously annotated
poly(A) sites are for the more highly expressed transcripts or are
sites that are more efficiently processed. Overall, 88/6 of the tags
could be assigned to a known or novel 3' UTR of an annotated gene
model (Fig. 1C). Another 6.2% of the tags mapped to mitochondrial sequence indicating polyadenylated mitochondrial transcripts
and degradation intermediates (Shepard et al. 2011). As expected,
the mitochondrial sites rarely followed PAS motifs (Fig. IB). Poly(A)
sites rarely occurred in coding sequence, near transcription start
sites, or in repetitive regions; each of these categories accounted for
<0.7% of the 3P tags (Fig. IC). Less than 5% of the tags mapped
to previously unannotated regions, some of which were used to
identify long intervening noncoding RNAs in zebrafish (Ulitsky
et al. 2011).
The 3P tags from all the libraries except for the pre-MZT embryo (which was atypical, as described below) were used for 3' UTR
reannotation (Supplemental Table S3). Although our sequential
annotation procedure did not allow assignment of sites to more
than one category, sites were often assigned to more than one
transcript of the same gene because alternative start sites or alternative splicing generated different transcripts with the same 3'terminal sequences. Therefore, to prevent double counting of sites
corresponding to multiple transcripts from the same gene, our
results are typically described with respect to unique gene models
(abbreviated as "genes") rather than to transcripts, even though we
recognize that CPA occurs to RNA transcripts, not genes. At least
one 3' UTR was assigned to 79% of the protein-coding genes, and
for 63% of the genes, at least one novel 3' UTR was identified. After
combining 3' ends appearing within 50 nt from each other, 69.7%
of the genes with assigned 3' UTR had at least two alternative
3' UTR ends, thereby increasing the incidence of APA by threefold
over Ensembl annotations. On average, these genes with alternative 3' UTRs had 2.8 distinct 3' ends (Fig. ID).
3P-seq-based annotation substantially extended (>100 nt) the
length of the longest 3' UTR of 11,442 genes when using a cutoff in
which the longer UTR must account for at least 10% of the 3P tags
in at least one library (Fig. 1E,F; Supplemental Table S4). As a result,
the number of genes with 3' UTRs at least 2 kb long increased from
2104 to 6810. The reannotated 3' portions of the genes also allowed
us to extend the polypeptide sequences of 640 proteins by at least
three amino acids, adding an average of 55 amino acids to each
(Supplemental Table S5). In 797 cases, two poly(A) sites appeared
within 50 nt from each other on opposite strands, and in 336 of
these, the distance was 10 nt or less, suggesting that, similar to the
situation in C. elegans (Jan et al. 2011), palindromic arrangements
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of bidirectional elements can lead to close cleavage positions of
convergent zebrafish transcripts, leaving little or no intergenic
space. Only 192 cases of convergent transcripts ending within 10 bp
of each other were annotated in Ensembl v66.
Our expanded and revised set of 3' UTR annotations provides
a rich resource for studying APA, miRNA function, and other types
of post-transcriptional regulation in zebrafish. miRNA target predictions based on our revised 3' UTR collection are presented
in TargetScanFish, beginning with TargetScan release 6.2 (http://
targetscan.org). Zebrafish 3' UTRs differed from human 3' UTRs in
several aspects that affect miRNA regulation. First, they were much
more likely to overlap repetitive elements (as identified using
RepeatMasker), with 44% of the zebrafish 3' UTR sequence being
repetitive compared to just 16% for human 3' UTRs. The nonrepetitive fraction of zebrafish 3' UTRs is more A/U-rich than the
nonrepetitive human 3' UTRs (64% vs. 5 7%). This leads to a higher
density of miRNA target sites for miRNAs with A/U-rich seeds
(Supplemental Fig. S3), although the overall mean frequency of
heptamer miRNA target sites in the nonrepetitive fraction of the
3' UTR is similar for both species (0.167 sites per kb per miRNA
family in zebrafish vs. 0.142 in human).
Prediction of functional miRNA target sites in mammals, flies,
and worms has been greatly facilitated by conservation analysis
(Brennecke et al. 2005; Lewis et al. 2005; Lall et al. 2006; Ruby et al.
2007; Friedman et al. 2009; Jan et al. 2011). Unfortunately, conservation is currently of limited utility for predicting zebrafish
miRNA targets. Due to the large evolutionary distances between
zebrafish and other species with sequenced genomes, only 26.1%
of zebrafish 3' UTR bases are alignable to at least two species in
the eight-way whole-genome alignment available in the UCSC Genome Browser, which includes four other fish genomes, frog, human, and mouse. The aligned bases are preferentially located near
stop codons, suggesting that their alignability is driven primarily
by the alignment of coding sequences, which explains why longer
3' UTRs have significantly less alignable sequence (Pearson correlation r = -0.27 between 3' UTR length and the fraction of the
3' UTR that is alignable). Thus, until more relevant genome sequences become available, TargetScanFish will predict zebrafish
miRNA targets based on seed-matched sites in 3' UTRs and will
rank them based on features of site context known to correlate
with target efficacy in mammals, but it will not consider site conservation because inclusion of conservation as a criterion for miRNA
target-site prediction would likely introduce bias against genes
with longer 3' UTRs.
Dynamics of poly(A)-site selection during zebrafish
development and organogenesis
The numbers of 3P tags assigned to each transcript was highly
correlated with transcript levels, as estimated using RNA-seq data
from the same or similar tissue or stage (Spearman correlation coefficients ranging between 0.77 and 0.52) (Supplemental Fig. S4A;
Supplemental Table S6), which indicated that the fraction of 3P
tags assigned to alternative poly(A) sites for the same gene reflected
the frequency of their utilization. Using this metric to estimate the
utilization of alternative poly(A) sites, the average 3' UTR lengths
varied as much as 1.8-fold between libraries, ranging from 912 in
the pre-MZTembryo to 1624 in the brain (Fig. 2A). Similar trends of
extreme 3' UTR lengths in the brain and gonads and of increasing
3' UTR length during embryonic development have been observed
in mammals using expressed sequence tags (Zhang et al. 2005; Ji
et al. 2009).
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Figure 3. Changes in expression and polyadenylation of CPA factors during zebrafish development.
(A) Relative expression of CPA-related genes (listed in Liu et al. 2007) in ovary and brain. Mammalian
homologs of CstF factors are in parentheses. (B) Expression of mRNA for CstF factors in different stages
and tissues. (C) Differential alternative polyadenylation of papolb. The transcript models shown are as
annotated in Ensembl v66. The height of each plot indicates the number of 3P tags ending at each
position, normalized to the maximum value, which is indicated at the top of each axis. (D) Expression of
mRNA for poly(A) polymerases in different stages and tissues.

The increased use of weaker poly(A) sites
is typically concomitant with increased
expression of CPA factors (Liu et al. 2007;
Sandberg et al. 2008; Mayr and Bartel
2009). When comparing ovary and brain, most CPA-associated
factors (taken from Liu et al. [20071) were more highly expressed in
the ovary (Fig. 3A). The difference was most pronounced for cstf -3
genes, whose mRNAs were 15- to 60-fold higher in the ovary than
in the brain and appeared to be specifically up-regulated in the
ovary and the early embryo (Fig. 3B). Adding another dimension
to the regulation, some CPA factors underwent alternative polyadenylation. In two cases, subl and cdpi, an ovary-specific short
3' UTR isoform accumulated, and in four others, papolb, pcfi 1,
cstf3, and pabpni, the APA determined the identity of the last exon
of the transcript, thereby affecting the coding sequence (Fig. 3C;
Supplemental Fig. S7). One of these, papolb, encodes one of the
zebrafish poly(A) polymerases. The zebrafish genome has two
poly(A) polymerase genes, papolb and papoig, which encode
orthologs of mammalian PAP and PAP gamma, respectively. Although the two genes are expressed at similar levels in most tissues
and developmental stages, papoig is up-regulated in the ovary and
the early embryo, whereas papolb is repressed (Fig. 3D). In mouse,
PAP is alternatively spliced and polyadenylated, which generates at
least five isoforms, the shorter of which (PAP III, IV, and V) contain
only about half of the exons of the full-length mRNA and lack
polymerase function (Zhao and Manley 1996). Likewise, in zebrafish,
alternative polyadenylation generates three abundant isofors-a
long isoform with 23 exons, and shorter isoforms containing just 11
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(Supplemental Fig. S6A,B). Comparison
of the prevalence of 15 CPA-associated
motifs in the regions surrounding the
proximal and distal sites using the polya_
svm algorithm (Cheng et al. 2006) showed
that 14 of the motifs were associated with
the two site classes with similar frequencies, but that the motif that captured the
canonical PAS was associated with proximal sites much less frequently than it was
with the distal sites (P = 2.9 x 10-11)
(Supplemental Fig. S6C). Direct comparison of defined hexamer motifs 10 to 30
bases upstream of the proximal sites
showed a pronounced reduction (>33%)
in the use of AAUAAA but not of its common variants (P < 1 x 10-1s) (Supplemental Fig. S6D).
If the CPA machinery was more efficient in the ovaries and acted on sites
that were not used in other tissues, then
intronic poly(A) sites, which would lead
to formation of alternative last exons,
would also be preferentially utilized in
the ovary. Indeed, we found that such
sites were preferentially used in both the
ovary and the pre-MZT embryo (Supplemental Fig. SSE).

or 12 exons (Fig. 3C). These isoforms have different expression
pattems, with ovary and testis preferentially accumulating the
shortest isoform. Thus, in zebrafish ovaries and early embryo, APAmediated truncation of the papolb coding sequence acts concordantly with altered mRNA levels to shift productive expression
nearly exclusively to the papoig homolog.
Preferential loss of ovary transcripts with very short 3' UTRs
Paucity of transcription in the early embryo allowed for a direct
comparison of the post-transcriptional fate of different isoforms transcribed in the ovary, many of which are deposited
into the oocytes. We focused on 1351 genes that had a single
annotated or predicted stop codon (and thus a unique 3' UTR 5'
end) and two different poly(A) sites, separated by at least 100 nt,
expressed in the ovary ( 20 3P tags each). For most of these
genes, the 3' UTRs resulting from the use of the proximal CPA
sites were very short, often <200 nt (Fig. 4A). The proximal sites
had a lower propensity for appearing downstream from the
AAUAAA hexamer (31.5%), although 43% of them appeared
downstream from one of its close variants, indicating that their
formation was likely related to the global increase in usage of
weaker CPA signals in the ovary. For 576 of the 1351 genes,
preference for the longer isoform increased more than twofold
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A possible explanation for the preferential depletion of the shorter isoforms
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hexamers was observed in the stable transcripts compared to the
unstable ones (Fig. 4E). This enrichment was observed even when
considering only 3' UTRs at least 200 bases long (to avoid bias due
to the proximity to coding sequence). Analysis of sequences from
these upstream regions using the de novo motif finder Amadeus
(Linhart et al. 2008), which accounts for differences in G/C content, identified a single U-rich motif UKUUUUUUUU (P = 6.3 x
10-19) (Fig. 4F), which, together with its minor variants, was
present in 28% of the stable and only 8.5% of the unstable messages. This motif resembled the recently identified motif associated with cytoplasmic polyadenylation in zebrafish (Aanes
et al. 2011), and stretches of 12-27 uridines positioned upstream of the PAS have been associated with cytoplasmic polyadenylation after fertilization (but not during oogenesis) in
Xenopus (Simon et al. 1992). This poly(U) motif is thought to be
distinct from the UUUUUAU CPE element that directs cytoplasmic
polyadenylation during meiotic maturation of the oocyte (Richter
1999). A more detailed analysis using a sliding window of 15 bases
showed that, in the stable transcripts, the maximal U-enriched
window contained nine or 10 uridines (Supplemental Fig. S8A)
and that the second base in the motif was preferentially G, whereas
the other bases were more likely to be A or G in cases in which they
were not U (Supplemental Fig. S8B). We did not observe a significant location preference for this motif with respect to the PAS or
the poly(A) site, suggesting that its exact position in the region up

A

* Known 3TR
I Intronic

0 Novel 3UTR
sotne

to 70 bases upstream of the PAS does not have as much influence as its
mere presence in the 3' UTR. Among the 1351 genes with two poly(A)
sites in the ovary, the relative change in shorter and longer isoforms
when comparing ovary and the pre-MZT embryo was also dependent
on the motif, and presence of the U-rich motif exclusively near the
distal poly(A) site coincided with less depletion of the longer isoform (P= 1.75 x 10-13) (Fig. 4G). Taken together, our results indicate
that the U-rich motif helps stabilize (or prevents deadenylation of)
maternally loaded transcripts in the pre-MZT embryo.
A wave of polyadenylation at many noncanonical sites

in the early embryo
When each library was separately compared to others, many
poly(A) sites appeared exclusive to one sample (the adult sample
was excluded from this analysis as it inherently overlapped with
other samples) (Fig. 5A). Testis had the largest number of samplespecific poly(A) sites (11,894), many of which could not be explained
by the existing gene models. Some testis-specific transcripts are not
yet annotated (testis RNA-seq data are not yet available) and presumably account for many of these sites. The testis-specific sites
did not differ significantly from other sites in their surrounding
base composition (Fig. 5B), or prevalence of an upstream PAS
(40.4% followed AAUAAA, and 36.9% followed one of its 10
common variants).
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Another 3913 library-specific events appeared in the pre-MZT
embryo, and in contrast to the testis sites, these were predominantly novel sites that could be assigned to existing gene
models (Fig. SA). The poly(A) site density [defined as the number of
distinct poly(A) sites as a function of the transcript length] was the
highest in this sample (Fig. SC,D). Although these pre-MZT-specific poly(A) sites were significantly more dense in 3' UTRs than in
the coding sequence (Fig. SE), they differed dramatically from
other sites with respect to surrounding base composition (Fig. 5F)
and rarely followed a canonical PAS or its common variants (3.4%
and 13.8%, respectively). These observations indicated that many
of the pre-MZT-specific poly(A) sites were not generated by the
canonical CPA mechanism. Furthermore, these sites were specific
to a stage in which transcription is not thought to occur, which
suggests that they were formed post-transcriptionally on messages
transcribed previously in the oocytes. Thus, we propose that these
sites were formed by cytoplasmic polyadenylation of mRNAs undergoing 3' exonucleolytic degradation. Consistent with the idea
that these transcripts underwent degradation in the early embryo,
the fraction of poly(A) sites that were pre-MZT-specific was highly
correlated with decreased abundance of the transcript in the postMZT compared to the pre-MZT embryo (Spearman r = 0.28, P <
10-15, expression changes based on RNA-seq data taken from
Aanes et al. 2011).
If cytoplasmic polyadenylation generates these isoforms, it
would differ from that of previous reports in that previously described cytoplasmic polyadenylation acts by elongating existing
short poly(A) tails (Richter 1999). To further characterize the CPA
landscape in the pre-MZT embryo, we performed additional sequencing and obtained a total of 39,051,782 3P tags from the preMZT sample, which mapped to 2,921,536 unique genomic positions. Focusing on 6838 genes that had at least 50 tags in the preMZT embryo and at least 20 tags in the ovary and reducing our
stringency to allow a single tag to define a site, we defined preMZT-specific poly(A) sites as those that were at least 10 nt away
from a position present in any library except that of the ovary and
at least 10 nt away from positions covered by at least 10 tags in the
ovary. Overall, 641,377 tags mapped to 254,155 pre-MZT-specific
poly(A) sites, an average of 2.3 tags per site, compared to the global
average of 59.9 in the pre-MZT embryo and 46.6 for all the positions in the ovary. Of these poly(A) sites, 38.9% were defined by
a single tag. Thus, the pre-MZT-specific poly(A) sites are typically
each used rarely but collectively corresponded to a nontrivial
fraction of the polyadenylated messages at the pre-MZT embryo.
For 182 genes, most of the 3P tags came from pre-MZT-specific loci
(85 loci on average), and for 1942 genes (almost a third of the genes
passing our expression cutoffs for analysis), 10% of the 3P tags in
the pre-MZT embryo were from loci exclusive to that time point.
These exclusive positions were 15-fold more likely to appear in the
3' UTR compared to the coding sequence.
In bacteria, yeast, plants, mammals, and the mitochondria,
addition of a short oligo(A) sequence marks an RNA for degradation (Anderson 2005; Slomovic et al. 2006; West et al. 2006; Lange
et al. 2009; Shcherbik et al. 2010; Chang and Tong 2011). To test
whether the noncanonical poly(A) sites in the pre-MZT embryo
have short tails resembling those of marked RNAs or longer poly(A)
tails resembling those of typical mRNAs, we developed 3P-PEseq,
a variation on 3P-seq that uses paired-end Illumina sequencing to
estimate the lengths of poly(A) tails on a global scale (Fig. 6A). 3PPEseq readouts consist of two reads. The first (read #1) starts at the
3' end of the RNA (in antisense orientiation), which is typically
the 3' end of the poly(A) tail. The other (read #2) starts within the

mRNA and often contains the 3' portion of the 3' UTR, followed by
untemplated adenylates. 3P-PEseq readouts are informative when
read #1 begins with T's, which provides information on the number
of terminal adenylates in the amplicon [i.e., an estimate of the length
of the poly(A) tail], and read #2 contains a sequence that can be
mapped to the genome, followed by untemplated A's, which identifies the mRNA and its poly(A) site. As implemented, 3P-PEseq
identified the precise lengths of tails up to 70 bp long and a lower
bound on the lengths of longer tails. This dynamic range was more
than adequate to distinguish between short tails thought to mark
RNAs for degradation and the longer tails typically found on mRNAs.
We applied 3P-PEseq to total RNA from pre-MZT (1.5-2 hpf)
and post-MZT (6 hpf) embryos and obtained 3,874,353 3P-PEseq
readouts from 452,817 sites and 4,803,851 readouts from 365,752
sites, respectively. The fraction of all poly(A) sites that mapped to
noncanonical positions within 3' UTRs pre-MZT was greater than
fivefold higher than that fraction in post-MZT embryos, which
further indicated the prevalence of noncanonical poly(A) sites preMZT (Fig. 6B). Indeed, the 82,280 3P-PEseq pre-MZT sites that
mapped within 3' UTRs but not near poly(A) sites observed in
other stages generally appeared in noncanonical sequence contexts with no more than chance association with a PAS (2.9% and
14.6% downstream from the AAUAAA PAS or one of its derivatives,
respectively), whereas the 18,598 post-MZT sites were more frequently in canonical contexts (31% downstream from the AAUAAA
PAS or one of its derivatives).
The distribution of poly(A) tail lengths at canonical and
noncanonical sites appeared to be practically indistinguishable
(Fig. 6C), as 61% and 64% of the canonical and noncanonical
poly(A) sites, respectively, had poly(A) tails of at least 60 adenylates pre-MZT. This suggests that the mechanism that generates
the noncanonical sites ultimately endows them with long
poly(A) tails and is not simply the mechanism that marks RNA for
degradation.
To further characterize the dynamics of noncanonical sites,
we acquired 8,736,478 3P tags from the one-cell embryo and
7,423,152 tags from the pre-MZT embryo at 4 hpf and compared
the relative numbers of 3P tags coming from noncanonical sites at
different stages (Fig. 6D). The fraction of these sites is highest at
1.5-2 hpf and 4 hpf, which suggests that the bulk of noncanonical
poly(A) sites are generated in the pre-MZT embryo rather than
inherited as part of the maternal RNA and that transcripts with
noncanonical 3' ends are degraded before or during the MZT.
A correlation between the evolutionary divergence in 3' UTR
length and changes in gene expression
A whole-genome duplication in the teleost lineage, which occurred soon after divergence from tetrapods, generated numerous
paralogous gene copies in the zebrafish genome, many of which
have diverged in spatial and/or temporal expression during embryogenesis (Talbot et al. 2005; Semon and Wolfe 2007; Kassahn
et al. 2009). Although the length of the coding sequence between
paralogous pairs was highly consistent (Spearman r = 0.91 across
754 pairs) (Fig. 7A), 3' UTR length was much less conserved
(Spearman r = 0.41) (Fig. 7B). Furthermore, the relative change in
3' UTR length was inversely correlated with similarity of gene expression profiles across 16 different developmental stages/tissues
(Spearman r = -0.12, P = 5 x 10-4), suggesting that sequence divergence in the 3' UTR, even when evaluated very crudely as
change in its length, contributes to divergence of gene expression
patterns following gene duplication. Consistent with the typically
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each position, normalized to the maximum value, which is indicated at the top of each axis. The height of the 3P-PEseq plots shows the average poly(A)-tail
length measured at each position. The length is zero at positions for which no 3P-PEseq tags were obtained. (Arrow) The poly(A) site corresponding to the
paired reads shown below. (Bold) Untemplated nucleotides. In this example, the cleavage position is within three genomically encoded A's, and thus, at
least 77 of the 80 T's of read #1 correspond to untemplated A's of the the poly(A) tail. The adapter sequence in read #2 is in green italics. (C) Distribution of
pre-MZT poly(A)-tail lengths at poly(A) sites mapping to the indicated loci and RNA classes. Canonical 3' UTR ends are tallied as 3P-PE tags that map within
20 nt of a 3' UTR end annotated using samples from other stages. Noncanonical 3' UTR ends are tallied as 3P-PE tags that map within a 3' UTR annotated in
other stages but not within 20 nt of a poly(A) site defined at any other stage. rRNA and mitochondrial ends are tallied as tags that map within rRNA repeats
and the mitochondrial chromosome, respectively. (D) Abundance of noncanonical isoforms. Plotted is the ratio of 3P or 3P-PE tags mapping to noncanonical 3' UTR ends (defined as in C) relative to those mapping to canonical 3' UTR ends.
Canonical Non-canonical rRNA

3'UTR
ends

Discussion
Comparison of poly(A) sites across diverse developmental stages
and tissues allowed us to increase the estimate of the number of
zebrafish genes that undergo alternative polyadenylation from
26.1% to over 80%, a major fraction of which appears to be regulated. The most pronounced differences in 3' UTR length occurred
in the ovaries and in the brain, which resembled trends observed in
flies and mammals (Zhang et al. 2005; Ji et al. 2009; Hilgers et al.
4h2011). The efficiency of a poly(A) site is correlated with the
strength of the polyadenylation signal (Zhao et al. 1999). A mechanism that takes advantage of this correlation appears to account
for the most widespread alternative polyadenylation trends, as
differences in sequence composition that are analogous to the ones
we identified in zebrafish were previously reported to account for
other significant trends of differences in 3' UTR length (Tian et al.
2005; Zhang et al. 2005; Liu et al. 2007; Sandberg et al. 2008; Ji and
Tian 2009; Ji et al. 2009; Mayr and Bartel 2009; Hilgers et al. 2011).
In these diverse systems, alternate poly(A) sites that are more
proximal to the transcription start site appear to share most of the
sequence characteristics of the distal ones but are significantly less
likely to appear after the AAUAAA motif. Widespread use of alternative proximal sites in a specific stage or tissue, such as the ovary,
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thus appears to rely in part on increased activity of the CPA machinery toward weaker poly(A) sites. Specific genes presumably use
additional strategies to either enhance or counter the prevailing
trend, but these strategies were not apparent in our genome-wide
analysis.
Although our analysis provided some hints as to the mechanism responsible for widespread shortening of 3' UTRs in the
ovary, the purpose of this shortening is unclear. Perhaps transcripts
with short 3' UTRs are more suitable for long-term storage of
B
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negative effect of sequence elements in the 3' UTR on transcript
levels, the paralog with the longer 3' UTR had globally lower expression levels (P = 2 X 10-7, sign test).
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Figure 7. Analysis of paralogous gene pairs generated in the teleost
whole-genome duplication. (A) Relationship of coding-sequence lengths
for pairs of paralogous genes. Genes of each pair were arbitrarily assigned
to each axis. (B) Relationship of 3' UTR lengths for pairs of paralogous
genes. 3' UTR lengths are the weighted average across all the samples in
which the transcript had at least one 3P tag.
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maternally deposited transcripts. Alternatively, the cell might use
alternative 3' UTR isoforms for potent regulation of gene expression during oocyte maturation and pre-MZT development. For
example, robust generation of transcripts with very short 3' UTRs,
such as the zona pellucida genes, which then become very unstable once massive degradation of maternal mRNA takes place,
could be a useful strategy for providing the first coordinated wave
of degradation of maternal gene products.
The thousands of poly(A) sites specific to the pre-MZTembryo
represent an unexpected set of transcripts whose 3' ends appear to
be generated post-transcriptionally, as they are rare in the ovary
sample, and have no enrichment of the sequence elements associated with other poly(A) sites. These features would be expected if
these sites represent either degradation intermediates of a 3'-+5'
exonuclease or products of endonucleolytic cleavage, followed by
extension of the 3' end by polyadenylation, most likely by
a cytoplasmic polyadenylation activity known to be active at
this developmental stage (Aanes et al. 2011). The prevalence of
noncanonical sites in 3' UTRs compared to coding sequence would
be explained if loss of the stop codon triggered rapid decay and
consequent underrepresentation of mRNA fragments ending in
the coding sequence (Frischmeyer et al. 2002), or if actively
translating ribosomes protected the coding sequence from degradation. As these readenylated messages might be subject to additional rounds of shortening and readenylation, the levels of maternal transcripts may be governed by a previously unknown
competition between mRNA decay and polyadenylation. In this
scenario, transcripts with longer 3' UTRs would persist for longer
time periods, which would help explain why we did not observe
a negative correlation between 3' UTR length and expression levels
at the pre-MZT embryo. Also helping to explain this lack of correlation is our finding that 3' UTRs shorter than 100 bases are almost exclusively at reduced levels in the pre-MZT embryo relative
to the ovary. Interestingly, a similar trend of preferential degradation of transcripts with short 3' UTRs has been reported in mouse
during GV-oocyte to two-cell stage embryos (Evsikov et al. 2006),
suggesting that the underlying mechanisms might extend to other
species, including mammals.
Our results also point to the benefits of using a dedicated
method for mapping poly(A) sites as part of standard genome annotation. Prior to our work, zebrafish had a rather extensively
characterized transcriptome, with more than 1,400,000 ESTs in
dbEST (Boguski et al. 1993) (more than for the rat, chicken, and
Xenopus genomes), and more than 300 million RNA-seq reads that
were already integrated into the Ensembl transcription annotation. Still, eight 3P-seq samples, each with less than 10 million
genome-mapping reads were sufficient to identify novel 3' UTRs
for >60% of all annotated protein-coding genes, substantially increasing the 3' UTR length for over 5000 of them, as well as
pointing to novel layers of regulation of 3' formation at canonical
and noncanonical sites. The 3P-seq results were also an important
starting point for identifying long noncoding RNAs in zebrafish
(Ulitsky et al. 2011). Thus, application of a dedicated method for
identifying 3' ends should become a routine feature of future
transcriptome annotation projects.

Methods
3P-seq
Zebrafish were maintained and staged using standard procedures
(Kimmel et al. 1995). Ovaries and testes were obtained as described

(Gupta and Mullins 2010). 3P-seq was performed as described (Jan
et al. 2011). Sequencing was performed using Illumina Genome
Analyzer II, except for one of the two additional pre-MZT emrbryo
libraries, which was sequenced using Illumina Hi-Seq. Read numbers and genome mapping statistics are presented (Supplemental
Table S1). 3P-seq data were processed as described (Jan et al. 2011).
Briefly, reads were mapped to the genome using Bowtie (Langmead
et al. 2009). Those that mapped to no more than four loci in the
genome and possessed at least one 3'-terminal adenylate that was
not templated in the genome, were considered 3P tags, unless the 3'
end of the mapped region fell within three bases of an annotated
splice site. (Those mapping near splice sites were excluded from
further analysis because the reads that supported them could end
with adenylates templated in downstream exons). Positions supported by at least four tags, out of which at least two were either
distinct (i.e., had a different number of untemplated adenosines) or
came from two different libraries, were carried forward as poly(A)
sites. To deal with the microheterogeneity of sites, 3P tags were
iteratively joined into poly(A) sites that contained all the 3P tags
implicating CPA within 10 bases of the most frequently supported
site.
Genome annotations and RNA-seq data
Zebrafish genome assembly Zv9 (danRer7) was used throughout
this study. Gene models were obtained from Ensembl 66. Predicted
transcripts, GenBank cDNAs and ESTs, whole genome alignments,
and repetitive elements (excluding simple repeats) were obtained
from the UCSC Genome Browser (July 2011). RNA-seq reads were
obtained from SRA (accessions ERPOO0O16, ERPOO0400, and
SRP003165) and processed using TopHat (Trapnell et al. 2009) and
Cufflinks (Trapnell et al. 2010) with default parameters. Protein
homology relationships were taken from Ensembl v66. Genes were
considered as paralogs if they were (1) annotated as Clupeocephala
paralogs in Ensembl, (2) had exactly one ortholog in mouse, and
(3) came from distinct genomic loci.
Poly(A) site classification
Our pipeline for poly(A) site annotation is shown (Supplemental
Fig. S1). After clustering to consolidate tags within 10 nt of the
most frequently supported site, each poly(A) site was tested for fit
to possible categories in the following order:
1. Sites mapping to the mitochondria were annotated as mitochondrial poly(A) sites and were not processed further.
2. Sites within 100 bases of the 3' end of a known or predicted
gene model were annotated as known poly(A) sites and were
not processed further.
3. Sites downstream from the 3' end of a known or a predicted
gene, but upstream of the beginning of the coding sequence of
the next nonoverlapping gene model on the same strand were
considered as potential end points of extended 3' UTRs. The
extension was restricted to 8 kb from the annotated 3' end.
These poly(A) sites were further tested for connectivity with the
stop codon (if available) or with the 3' end of the gene model.
Connectivity was tested by screening sets of potential transcript
fragments obtained by combining RNA-seq-based reconstructions done using Cufflinks or Exonerate (Slater and Bimey 2005;
Trapnell et al. 2010) (the latter were obtained from Ensembl
v66), ESTs and cDNAs from GenBank. Because the RNA-seqbased reconstructions were based on data that was not strandspecific, the terminal exons of these transcript models could be
used to support connectivity on both strands. If connectivity
was supported by a fragment spanning the end of the annotated
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4.

5.

6.

7.

8.
9.

3' end and the poly(A) site, the site was annotated as a novel
poly(A) site.
Sites overlapping 3' UTR exons were annotated as novel poly(A)
sites, and sites overlapping coding sequence or 5' UTRs were
annotated as coding sequence and 5' UTR sites, respectively.
Sites overlapping introns and appearing downstream from the
3' end of the coding sequence were tested for connectivity with
the 3' end of the coding sequence. If connectivity was confirmed by a transcript model, the site was annotated as a novel
poly(A) site.
Sites overlapping introns and appearing upstream of the annotated stop codon were tested for connectivity with the end
of the preceding exon. If connectivity was supported and the
poly(A) site was not annotated as a nonintronic poly(A) site for
any other gene model, the site was annotated as the end point
of a novel terminal exon. Sites annotated in one of the steps 4-6
were not processed further.
Sites appearing within 500 bases of the promoter in reverse
orientation with respect to the gene model were annotated as
promoter-associated poly(A) sites and were not processed further.
Sites overlapping repetitive elements were annotated as repeatassociated poly(A) sites.
Sites not fitting any of the categories were classified as unknown
poly(A) sites.

Alterative PAS motifs
In order to identify alterative PAS motifs, we focused on regions
between 10 and 30 bases upstream of poly(A) sites. We iteratively
identified the most common hexamer in this region across all the
poly(A) sites, tested its significance, removed from consideration
all the sequences containing this hexamer, and repeated the process. The search was terminated when the most common hexamer
appeared in <1% of the remaining sequences. Significance was
tested by comparing the fraction of sequences containing the hexamer with that found in 100 randomly shuffled sequences with
the same dinucleotide frequencies. Eleven hexamers (AAUAAA,
AUUAAA, UAUAAA, AGUAAA, UUUAAA, CAUAAA, AAUACA,
AAUGAA, AAUAUA, GAUAAA, UGUAAA) each had P-values <0.05
and were enriched at least twofold compared to random sequences.

qRT-PCR
Total RNA from embryos was isolated using TRI Reagent (Ambion).
For each sample, 100 ng of total RNA were used in reverse transcription reactions using oligo-dT primers (IDT) and SuperScript III
Reverse Transcriptase (Invitrogen). For each gene, two gene-specific
primer sets were designed, a "constitutive" set targeting exons shared
between the long and the short isoforms, and the "alternative" set
targeting only the 3' UTR fragment that was alternatively used based
on the 3P-seq data. AACt values were calculated for each gene by
normalizing the alternative set against the constitutive one and
normaiizing this ratio to that observed at 6 hpf.

3P-PEseq
To selectively capture polyadenylated ends for paired-end sequencing, 2.5 ptg of total RNA from 2 to 2.2- or 6-hpf zebrafish embryos
were splint ligated to a 3' biotinylated adapter (p-AGATCGGAA
GAGCGTCGTGTAGGGAAAGAGTGTAGACACATAC-biotin, IDT)
in the presence of a bridge oligo (TTCCGATCTFFITITTT, IDT)
using T4 Rnl2 (NEB) in an overnight reaction at 180C. Following
partial digestion with RNase T1 (Ambion), 115- to 750-nt RNAs
were isolated from a denaturing polyacrylamide gel, and ligation
products were captured on streptavidin M-280 Dynabeads (Invitrogen). RNAs were 5' phosphorylated on beads using Polynucleotide Kinase (NEB) and subsequently ligated to an adapter
(C3.spacer-GTTCAGAGTTCTAcaguccgacgauc, uppercase, DNA;
lowercase, RNA; IDT) using T4 Rnl1 (NEB) in an overnight reaction
at room temperature. Complementary DNA was synthesized on
beads using SuperScript II (Invitrogen) primed with AATGATA
CGGCGACCACCGAGATCTACACTCTITCCCTACACG, liberated
from the beads by base hydrolysis, size-selected (155-790 nt) on
a denaturing polyacrylamide gel, and amplified by PCR for 15 cycles. One hundred eighty- to 750-nt products were isolated from
a formamide gel and amplified for four additional cycles using
primers that contain the Illumina paired-end sequencing primerbinding sites. After a final size selection (220-800 nt) and purification on a formamide gel, 80 x 80 paired-end sequencing was
performed on the Illumina Hi-Seq platform.
3P-PEseq data analysis

Gene models
For annotation of 3' UTRs, known protein-coding gene models
were obtained from Ensembi v66 and were supplemented with
predicted coding genes obtained from alignments of RefSeq gene
models from other organisms. We first obtained clusters of known
genes by dividing the genes into groups of genes that appeared on
the same strand and shared at least one exonic nucleotide. Predicted genes were added to clusters of known genes if they overlapped only one cluster. Predicted gene models that did not overlap
any known gene models were then clustered using the same procedure. This procedure resulted in 26,348 clusters.
Alternative polyadenylation between tissues
In order to identify genes with conspicuous differences in usage of
alternative poly(A) sites between samples, we first computed for
each poly(A) site the number of 3P tags that mapped within 10 bp
of it in each sample. These were used to compute Ak, the fraction of
3P tags in sample i mapping to poly(A) site k. Genes with poly(A)
sites for which Ifk-f|kI > 0.3 in pairwise comparisons of samples
were defined having a difference in usage of poly(A) site k between
samples i and j.
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The 3P-PEseq yielded 219,846,644 and 207,519,359 paired-end
80-nt reads for the pre- and post-MZT samples, respectively. Because
of the longer reads compared to 3P-seq and diminishing sequencing
quality in longer reads, we used slightly more stringent criteria for
defining poly(A) sites. Read #2 began with an adapter of 26 bases.
Reads with more than 10 mismatches to the adapter were discarded, and the first 26 bases were removed before further processing. A read pair was considered informative only if read #1
began with T's and read #2 contained 2-39 terminal A's. After
leading T's and terminal A's were removed from reads #1 and #2,
respectively, they were mapped to the genome using Bowtie,
allowing for up to two mismatches and requiring a unique mapping position in the zebrafish genome. When mapping read #2,
7,901,731 and 8,009,618 of the pre-MZT and post-MZT reads, respectively, could be uniquely mapped to the genome. The length
of the tail encoded in read #2 was defined as the maximum number
of trailing A's, allowing for up to one mismatch. This number was
compared to the number of A's in the genome at the corresponding
position, accounting for the possibility that an A-rich genomic
segment with a single sequencing error might be misclassified as
part of a poly(A) tail, and only cases with at least two untemplated
A's were carried forward. The poly(A) site was defined as the last
non-A base in read #2. The length of the poly(A) tail for that
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amplicon was estimated using the corresponding read #1 and defined as the maximal i for which >90% of the bases in the first
i bases of read #1 were T's. This criterion allowed for some sequencing errors expected when sequencing long homopolymers.

Data access
Sequencing data have been submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under
accession number GSE37453.
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