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SUMMARY

The control of mMRNA stability plays a central role
in regulating gene expression. In metazoans, the
earliest stages of development are driven by mater-
nally supplied mRNAs. The degradation of these
maternal mRNAs is critical for promoting the
maternal-to-zygotic transition of developmental pro-
grams, although the underlying mechanisms are
poorly understood in vertebrates. Here, we character-
ized maternal mRNA degradation pathways in zebra-
fish using a transcriptome analysis and systematic
reporter assays. Our data demonstrate that ORFs
enriched with uncommon codons promote deadeny-
lation by the CCR4-NOT complex in a translation-
dependent manner. This codon-mediated mRNA
decay is conditional on the context of the 3 UTR,
with long 3’ UTRs conferring resistance to deadenyla-
tion. These results indicate that the combined effect
of codon usage and 3’ UTR length determines the
stability of maternal mRNAs in zebrafish embryos.
Our study thus highlights the codon-mediated
mRNA decay as a conserved regulatory mechanism
in eukaryotes.

INTRODUCTION

Fertilization initiates an array of developmental programs that
transform a single egg into an individual organism. The earliest
stages of animal development are driven by maternally supplied
mRNAs because transcription from the zygotic genome is quies-
cent immediately after fertilization. Subsequently, the zygotic
genome is activated (zygotic genome activation, ZGA) and a
subset of maternal mMRNAs is degraded during a phase called
the maternal-to-zygotic transition (MZT) (Tadros and Lipshitz,
2009). Precise clearance of maternal mRNAs during MZT is
essential to prevent the inappropriate expression of maternal
programs during zygotic stages. In addition, maternal mRNA
clearance is unique in scale. In Drosophila melanogaster, for
example, ~65% of protein-coding genes are expressed as
maternal mRNAs, and ~35% of these mRNAs are degraded
during MZT (De Renzis et al., 2007; Tadros et al., 2007). There-
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fore, maternal mRNA clearance is a dynamic renewal process
of the gene expression profile.

Initial studies in Drosophila suggested that maternal mRNA
clearance occurs through two major pathways: a pathway pro-
gramed with maternal factors (maternal decay pathway) and a
pathway activated by zygotic factors (zygotic decay pathway)
(Bashirullah et al., 1999). Subsequent transcriptome analyses
have confirmed these pathways in multiple organisms (Hamatani
etal., 2004; Mathavan et al., 2005; Tadros et al., 2007; De Renzis
et al., 2007). A limited number of molecular mechanisms that
promote maternal mRNA clearance have been characterized.
In the Drosophila maternal decay pathway, the RNA-binding
protein Smaug promotes maternal mMRNA clearance by binding
to specific cis-acting elements (Tadros et al., 2007). Conversely,
in the zebrafish zygotic decay pathway, the microRNA (miRNA)
miR-430 is transcribed at ZGA and destabilizes ~400 maternal
mRNAs via the target sequence GCACUU (Giraldez et al.,
2006). miRNAs also play a role in the Drosophila zygotic decay
pathway, although their sequences differ from that of miR-430
(Bushati et al., 2008). Additional factors and sequence elements
have been identified in C. elegans (Stoeckius et al., 2014) and
X. laevis (Paillard et al., 1998). Despite this progress, the mecha-
nisms and factors responsible for the clearance of maternal
mRNAs remain largely uncharacterized in vertebrates; even the
best-studied example, miR-430, explains ~10% of maternal
mRNA clearance in zebrafish (Giraldez et al., 2006) (see below).

mRNAs are degraded by either a general mRNA decay
pathway or specific mMRNA decay machineries. The shortening
of the poly(A) tail, or deadenylation, is the first rate-limiting step
in the general MRNA decay pathway. Deadenylation is mediated
by two cytoplasmic deadenylase complexes, PAN2-PANS3 and
CCR4-NOT (Chen and Shyu, 2011). The CCR4-NOT complex
also interacts with Lsm1-Lsm7, PATL1, and decapping machin-
eries to orchestrate mRNA deadenylation and decapping (Jonas
and lzaurralde, 2013). The resulting deadenylated and decapped
intermediates are subsequently degraded by the exonucleases
Exosome and XRN1 (Decker and Parker, 2012).

Several mechanisms promote one or multiple steps of the
general MRNA decay pathway for specific mRNAs. For example,
miRNAs form a complex with the proteins Argonaute and
GW182/TNRC6 and bind to complementary target mRNAs
(Jonas and lzaurralde, 2015). GW182/TNRC6 further recruits
the PAN2-PAN3 and CCR4-NOT deadenylase complexes,
thereby promoting the deadenylation and degradation of target
mRNAs (Chen et al.,, 2009; Braun et al., 2011; Chekulaeva
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etal., 2011; Fabian et al., 2011). Analogously, sequence-specific
RNA-binding proteins, such as TTP, Smaug, and Nanos, recruit
the CCR4-NOT complex to promote the degradation of their
target MRNAs (Semotok et al., 2005; Suzuki et al., 2010; Sandler
et al., 2011). More generally, the combination of cis elements
in mRNAs and specific RNA-binding factors that recruit mRNA
decay machineries is a widespread mode for the control of
mRNA stability in eukaryotes (Chen and Shyu, 2011).

In contrast to the cis-element-based scenario, the ribosome
recognizes some features of the ORF and triggers mRNA degra-
dation. mRNA quality control systems, such as nonsense-medi-
ated decay (NMD), no-go decay (NGD), and nonstop decay
(NSD), monitor premature termination or stall of the ribosome and
promote mRNA decay (Lykke-Andersen and Bennett, 2014).
The fitness of codons for translation, or codon optimality, has
recently been identified as a determinant of mRNA stability in
yeast (Presnyak et al., 2015). Because codon optimality corre-
lates with tRNA availability (Chaney and Clark, 2015), it was
hypothesized that the rate of codon decoding by the ribosome
affects mRNA stability. Codon-mediated decay is dependent
on the CCR4-NOT deadenylase complex and the decapping
enzyme Dcp2 but does not require the components of NMD
and NGD (Presnyak et al., 2015). These observations indicate
that codon-mediated decay is a unique cotranslational mRNA
degradation pathway mediated by deadenylation and decapp-

and the impact of this decay on gene
expression patterns under complex bio-
logical processes remain unknown.

Here, we deciphered the maternal
mRNA clearance pathway in vertebrates
using zebrafish as a model system. Using
transcriptome analyses, we discrimi-
nated maternal and zygotic decay path-
ways in zebrafish, both of which are
largely dependent on deadenylation by the CCR4-NOT complex.
We demonstrated that the ORF of mRNAs degraded via the
maternal decay pathway is enriched with uncommon synony-
mous codons and triggers deadenylation in a translation-depen-
dent manner. Furthermore, the effect of uncommon codons
depends on the length of the 3' UTR. These results indicate
that codon-mediated mRNA decay is conserved in eukaryotes
and is utilized for the selective clearance of a subset of maternal
mRNAs in zebrafish.

RESULTS

Classification of the Maternal mRNA Clearance
Pathways in Zebrafish

To better characterize maternal mRNA clearance during zebra-
fish MZT, we performed RNA sequencing of pre-MZT (Figure 1A;
2 hr postfertilization, hpf) and post-MZT embryos (Figure 1A;
6 hpf; note that ZGA occurs at 2.75 hpf in zebrafish; Kane and
Kimmel, 1993). To distinguish maternal and zygotic decay path-
ways, we included two additional conditions at 6 hpf. The zygotic
decay factors miR-430a-c (Giraldez et al., 2006) were inhibited
by specific morpholino antisense oligos (MOs) (Figures 1A and
S1A, available online), or the entire zygotic transcription program
was inhibited by the RNA polymerase |l inhibitor a-amanitin
(Figures 1A and S1B). miR-430 MOs and a-amanitin induced
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mild and severe gastrulation defects, respectively, and the accu-
mulation of the miR-430 target mRNA gstm (Figure 1B) (Giraldez
et al., 2006). RNA sequencing was performed in triplicate under
each condition using the rRNA-depletion method to analyze
changes in mRNA amount apart from changes in the poly(A) tail
length (Presnyak et al., 2015). Genes with reliable sequence
annotation and >1 RPKM in post-MZT embryos were further
analyzed (see Supplemental Experimental Procedures).

Among the 8,701 genes analyzed, those with significant de-
creases in mMRNA levels of more than 2-fold between pre-MZT
and post-MZT embryos were considered maternal mRNAs
degraded during MZT (Figure 1C; 2,986 genes). miR-430 target
genes were independently identified by comparison with post-
MZT wild-type embryos and miR-430 MO-injected embryos.
Based on a previous analysis of MZdicer mutant embryos, genes
that exhibited more than 1.5-fold upregulation of mMRNA levels
in the absence of miR-430 and had at least one 6-mer seed-
matched site were considered direct miR-430 target genes
(Giraldez et al., 2006) (Figure 1C; 421 genes). Of those miR-430
targets, 237 genes encoded unstable maternal mRNAs, consis-
tent with the previous study (Giraldez et al., 2006). We next classi-
fied unstable maternal MRNAs into two decay pathways based on
the response to a-amanitin. Genes whose mRNA levels increased
more than 2-fold in a-amanitin-injected 6 hpf embryos compared
with post-MZT embryos (i.e., mRNAs that were stabilized in the
absence of zygotic transcription) were identified as zygotic decay
genes (Figure 1C, Z-decay genes, 949). By contrast, genes whose
mRNA levels decreased more than 2-fold in a-amanitin-injected
6 hpf embryos compared with pre-MZT embryos (i.e., mRNAs
that were degraded independently of zygotic transcription) were
considered maternal decay genes (Figure 1C, M-decay genes,
1,466). To maintain mutual exclusivity, overlapping genes be-
tween the two classes were excluded (111 genes). In addition to
the two decay pathways, genes encoding mRNAs whose expres-
sion levels changed within a range of —0.3 to 0.3-fold (log2 scale)
during MZT regardless of the a-amanitin treatment were identified
as stable genes (Figure 1C, stable genes, 946).

We concluded that this classification accurately distinguished
zygotic and maternal decay pathways based on the following
observations. First, the miR-430 target sites were enriched in
genes whose mRNA levels are upregulated by miR-430 MO
and in Z-decay genes (Figures S1C and S1D), but not in stable
and M-decay genes (Figures S1E and S1F). Second, the exper-
imentally identified miR-430 target genes were mostly classified
into Z-decay genes (Figure 1C; 207 genes in Z-decay genes).
Third, gRT-PCR and in situ hybridization validated transcrip-
tion-dependent and transcription-independent mRNA degrada-
tion (Figures 1D and 1E). Overall, these analyses provided a
genome-wide view of the two maternal mRNA decay pathways
in zebrafish. In the subsequent analysis, we focused on the
M-decay genes because the mRNA degradation mechanisms
of many of these genes have not been well characterized in
vertebrates.

Maternal mRNAs Are Actively Deadenylated by the
CCR4-NOT Complex

The poly(A) tails of maternal MRNAs are regulated dynamically in
many animals (Weill et al., 2012). To analyze the poly(A) tail status
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of maternal mRNAs, we utilized poly(G/l) tailing-based PAT
assay (Kusov et al., 2001), which can accurately recapitulate
the changes of poly(A) tail lengths (Figures S2A-S2C) (Bazzini
et al.,, 2012). This assay revealed that the stable mRNA vasa
was polyadenylated >100 nt after fertilization, followed by
gradual deadenylation as described previously (Figure 2A,
vasa) (Mishima et al., 2006). The miR-430 target mRNA eif4ebp2
was also polyadenylated after fertilization but rapidly lost its
poly(A) tail after 3 hpf via miR-430-mediated deadenylation (Fig-
ure 2A, eif4ebp?2) (Giraldez et al., 2006). By contrast, M-decay
mRNAs trmt11 and suv39hTa retained relatively short poly(A)
tails from fertilization to 6 hpf (Figure 2A, trmt11 and suv39h1a).
Supporting the PAT assay, analysis of the previous poly(A) tail
profiling data confirmed that the short poly(A) tail pattern is a
common characteristic of M-decay genes (Figures S2D-S2F)
(Subtelny et al., 2014). These observations reveal a unique
poly(A) tail regulation of M-decay mRNAs that is distinct from
those of stable mMRNAs or miR-430 target mRNAs.

Either poor polyadenylation or enhanced deadenylation could
explain the short poly(A) tails and subsequent degradation of
M-decay mRNAs. To distinguish these possibilities, we inhibited
the major cytoplasmic deadenylase CCR4-NOT by overexpress-
ing a dominant-negative form of CNOT7 (CNOT7-DN), a catalytic
subunit of the complex (Collart and Panasenko, 2012) (Fig-
ure S2G). CNOT7-DN lacks catalytic activity (D40A and E42A
mutations; Bianchin et al., 2005) and cannot bind to the other cat-
alytic subunit CNOT6/CCR4 (C67E and L71E mutations; Basquin
etal.,2012) (Figures S2H and S2I), resulting in sequestration of the
complex in an inactive state (Zheng et al., 2008; Makino et al.,
2015). PAT assay revealed poly(A) tail lengthening of the two
M-decay mRNAs in the presence of CNOT7-DN, indicating that
the short poly(A) tail status of these M-decay mRNAs was the
consequence of enhanced deadenylation by the CCR4-NOT
complex (Figure 2B). Consistently, RNA sequencing of 6 hpf em-
bryos revealed that CNOT7-DN induced the global accumulation
of M-decay mRNAs as well as Z-decay mRNAs (Figure 2C). qRT-
PCR validated that CNOT7-DN caused mRNA accumulation via
the interaction with CNOT1, a scaffold protein of the CCR4-NOT
complex (Figures 2D and S2H-S2J; the M141R mutation inhibits
the interaction between CNOT7 and CNOT1; Petit et al., 2012).
These results suggest a widespread impact of CCR4-NOT-medi-
ated deadenylation on maternal mRNA clearance.

M-Decay mRNAs Are Degraded via Cotranslational
Deadenylation

We next identified the determinant within M-decay mRNAs that
induces deadenylation and degradation via the CCR4-NOT com-
plex. However, whereas the miR-430 target sequence GCACUU
was identified as the most enriched motif in Z-decay genes, we
did not identify any common motifs in M-decay genes (Fig-
ure S3A,; data not shown). Moreover, M-decay genes possessed
shorter 3' UTRs, whereas Z-decay and stable genes possessed
longer 3" UTRs than the “all genes” background (Figures 3A-
3C). This bias was not attributable to the incomplete annotation
of 3’ UTRs because the last 100 nucleotides (nt) sequences
of this region, which should include polyadenylation signals
(PASSs) (Shi and Manley, 2015), were comparable between the
three classes (Figure S3B). Furthermore, the number and types
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Figure 2. The Impact of the CCR4-NOT Complex on Maternal mRNA Deadenylation and Degradation
(A) Results of the time course PAT assay for vasa, eif4ebp2, trmt11, and suv39h1a mRNAs. The developmental stages are shown above as hpf. Lanes labeled as

A0 show 3’ UTR fragments without a poly(A) tail.

(B) Results of the time course PAT assay for vasa, trmt11, and suv39h7a mRNAs in GFP- or CNOT7-DN-expressing embryos.
(C) A cumulative plot showing fraction of genes (y axis) and log2-fold changes of mRNA levels between EGFP- and CNOT7-DN-expressing 6 hpf embryos (x axis).
Stable genes (gray), M-decay genes (orange), and Z-decay genes (blue) are shown. The p values compared with stable genes are shown (two-sided Kolmogorov-

Smirnov test).

(D) gRT-PCR analysis of GFP-, CNOT7-DN-, or CNOT7-DN M141R-expressing embryos. mRNA levels at 0 hpf were set to one. The graph represents an average
of three independent injection experiments. The error bars show SD. See also Figure S2.

of the putative PASs in the last 50 nt (Figures S3C and S3D) and
the number of putative cytoplasmic polyadenylation elements
(CPEs) in the last 100 nt (lvshina et al., 2014) (Figure S3E) were
nearly identical among the three classes. These observa-
tions suggest that the stability determinant of M-decay mRNAs
is distinct from canonical cis-regulatory elements frequently
embedded in the 3’ UTR (Chen and Shyu, 2011; Bartel, 2009).
To experimentally identify the determinant, we performed a re-
porter assay by injecting in vitro synthesized, capped, and nona-
denylated mRNAs into one-cell stage embryos, followed by atime
course PAT assay. We first examined EGFP mRNA containing a
short 3' UTR of the M-decay gene suv39h1a (174 nt). The reporter
mRNA was polyadenylated after injection, but strong deadenyla-
tion was not observed (Figure 3D, left panel). Next, we included an
ORF of suv39h1a as a fusion to the EGFP ORF. This reporter
mRNA was polyadenylated after injection but lost the poly(A) tail
at 6 hpf, suggesting that the suv39h1a ORF promoted deadenyla-

tion (Figure 3D, middle panel). To determine whether deadenyla-
tion is triggered by the ORF sequence per se or a cotranslational
eventon the ORF, we inhibited translation of the ORF usingan MO
that hybridizes to the EGFP translation start site (EGFP MO; Fig-
ure 3E). Strikingly, EGFP MO efficiently blocked deadenylation
induced by the suv39h1a ORF (Figure 3D, right panel). Deadeny-
lation was dependent on the translation of the suv39h1a ORF
because substituting EGFP with Myc-tags did not affect cotrans-
lational deadenylation (Figures S4A and S4B). Furthermore, a
combination of the ORF and the 3’ UTR of another M-decay
gene, pus1, also induced cotranslational deadenylation (Figures
S4C and S4D). These results suggest that translation of the
ORF of M-decay genes promotes deadenylation.

Next we examined the cotranslational deadenylation of endog-
enous mRNAs. The injection of a translation-blocking MO against
endogenous suv39h71a mRNA strongly inhibited the deadenyla-
tion and degradation of the suv39h7a mRNA (Figures 3F-3H).
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Figure 3. Cotranslational Deadenylation and Degradation of M-Decay mRNAs

(A-C) Cumulative plots showing the distributions of 5 UTR (A), ORF (B), and 3’ UTR (C) length in all genes (black), Z-decay genes (blue), M-decay genes (orange),
and stable genes (gray). The x axis shows the length of each region on alog10 scale. The y axis shows the cumulative fraction. The median length (upper left) and
the p values compared with all genes (lower right, two-sided Kolmogorov-Smirnov test) are shown.

(D) Results of the time course PAT assay of EGFP reporter mRNAs injected at the one-cell stage. The developmental stages are shown above as hpf. Lanes
labeled as A0 show 3’ UTR fragments without a poly(A) tail.

(E) GFP fluorescence of embryos injected with GFP reporter mRNA and control MO or EGFP MO (upper panel, green). The fluorescence of coinjected rhodamine-
dextran is shown as an injection control (lower panel, red).

(F) Results of the time course PAT assay of suv39h1a and vasa mRNAs in embryos injected with control MO or suv39h1a MO.

(G) In situ hybridization detecting suv39h7a mRNA in control MO- or suv39h71a MO-injected embryos.

(H) gRT-PCR analysis of MO-injected embryos. The mRNA levels at 0 hpf were set to one. The graphs represent the averages of three independent injection
experiments. The error bars show SD. See also Figures S3 and S4.
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MOs against two other M-decay genes (pus? and trmt11) also
inhibited mRNA degradation (Figure 3H), confirming the gener-
ality of the cotranslational degradation of M-decay mRNAs. By
contrast, miR-430-dependent deadenylation and degradation
of Z-decay mRNAs were not affected by MOs (Figures S4E
and S4F), consistent with previous reports (Giraldez et al.,
2006; Mishima et al., 2006). These results indicate that the stabil-
ity and the deadenylation rate of M-decay mRNAs are defined by
their ORFs in a translation-dependent manner.

Codon Usage Determines the Deadenylation Rate in
Zebrafish Embryos

We attempted to identify the minimal region of the suv39h71a ORF
responsible for cotranslational deadenylation, but partial frag-
ments of the suv39h1a ORF were not sufficient to induce robust
deadenylation when fused to the EGFP ORF (data not shown).
We therefore hypothesized that features associated with a
large portion of the ORF induce cotranslational deadenylation.
One such example is synonymous codon usage, which affects
various cotranslational events (Pechmann and Frydman, 2013;
Presnyak et al., 2015; Yu et al., 2015; Chaney and Clark, 2015;
Kim et al., 2015). To analyze synonymous codon usage in zebra-
fish, we utilized the codon adaptation index (CAl), a metric of the
relative fitness of the synonymous codon usage compared with
reference genes (Sharp and Li, 1987) (see Supplemental Exper-
imental Procedures). Intriguingly, M-decay genes exhibited a
lower CAl than all genes analyzed in the present study, indicating
that the ORFs of M-decay genes are enriched with uncommon
codons (Figure 4A). By contrast, stable genes exhibited a higher
CAl and therefore were biased toward ORFs enriched with
commonly used codons.

To experimentally evaluate the effect of synonymous codon
usage on cotranslational deadenylation, we performed mRNA
injection experiments. First, we artificially adapted the codon
usage of the suv39h7a ORF to the most common codons without
changing the encoded amino acid sequence (CAl 0.816 to
0.998). Indeed, the codon-adapted suv39h1a ORF exhibited
tolerance to deadenylation (Figures 4B and 4C). Second, we
systematically modified the synonymous codon usage of the
human-optimized EGFP ORF (CAIl 0.916). Although the human-
optimized EGFP ORF fused to the suv39h1a 3' UTR did not
cause significant deadenylation (Figures 3D and 4D), the modi-
fied ORF promoted deadenylation when the CAl was decreased,
with the CAl of 0.738 exhibiting the strongest effect (Figure 4D).
Deadenylation was indeed promoted cotranslationally because
the inhibition of translation by EGFP MO diminished deadenyla-
tion (Figure 4D, + EGFP MO). Differential deadenylation patterns
of the EGFP variant mRNAs were further confirmed by coinject-
ing a mixture of the four EGFP variant mRNAs and performing
variant-specific PAT assays (Figures 4E, 4F, and S5A). Consis-
tent with these deadenylation patterns, we observed a difference
of EGFP fluorescence intensity between the most codon-adop-
ted and the least codon-adapted EGFP reporters at later stages
(Figure S5B). Third, we focused on the leucine codons to analyze
the effect of synonymous codon usage on deadenylation with
minimal changes in the ORF sequence. Leucine is specified by
six codons, of which CUG is the most common and CUA is the
least common in zebrafish (Figure 4G). The EGFP (CAIl = 0.835)

ORF, which did not induce strong deadenylation (Figure 4D),
contains 21 leucine codons, all of which are specified by CUG.
The substitution of these 21 CUG codons with CUA codons
was sufficient to induce deadenylation (Figures 4H and 4l). Taken
together, these results demonstrate that synonymous codon us-
age of the ORF determines the deadenylation rate in zebrafish
embryos.

A Long 3’ UTR Confers Resistance to Codon-Mediated
Deadenylation

Although codon-mediated mMRNA deadenylation is evident in our
reporter assay, 43% of stable genes displayed a CAl below the
median of all genes (Figure 4A). We therefore reasoned that there
might be an additional factor that affects the efficiency of codon-
mediated deadenylation. The length of the 3' UTR is a candidate
for such a factor because we detected inverse 3’ UTR length bias
between M-decay and stable genes (Figure 3C). To examine the
effect of 3’ UTR contexts on codon-mediated deadenylation, we
performed 3’ UTR-swapping experiments. Instead of the 174-nt
3’ UTR of the M-decay gene suv39h1a, the 640-nt 3’ UTR of the
stable gene vasa was fused to the codon-modified EGFP ORFs.
PAT assays revealed that the 3’ UTR of vasa resisted codon-
mediated deadenylation, even with the EGFP ORF with a CAl
of 0.775 (Figure 5A; note that the corresponding reporter
mRNA with the suv39h1a 3' UTR was deadenylated). By
contrast, a reporter mRNA with the least optimal EGFP ORF
(CAI 0.738), followed by the vasa 3’ UTR, was deadenylated by
6 hpf, likely reflecting the strong deadenylation activity of the
ORF (CAI 0.738 corresponds to the 100™ percentile in all genes
analyzed) rather than the difference in the translation activity
(Figure S5C). These observations indicate that codon-mediated
deadenylation is dependent on the context of the 3' UTR.

To determine whether the length of the 3’ UTR rather than the
sequence confers resistance to codon-mediated deadenylation,
we systematically extended the length of the 3' UTR in the EGFP
(CAI0.775)-suv39h1a 3’ UTR reporter mMRNA by inserting shuffled
3’ UTR sequences (Figure 5B). Lengthening the 3’ UTR from 174
nt to 600 or 900 nt suppressed codon-mediated deadenylation,
whereas extending the 3’ UTR to 300 nt did not (Figures 5C—
5E). This effect was independent of the primary sequence
because the extension of the 3’ UTR to 600 nt using an antisense
sequence also suppressed deadenylation (Figure S5D). These
experiments indicate that a long 3’ UTR confers resistance to
codon-mediated deadenylation in zebrafish embryos.

We hypothesized that a long 3’ UTR increases the distance
from uncommon codons to the 3’ end, thereby decreasing the
accessibility of the machinery for codon-mediated decay to the
poly(A) tail (distance model). If this is the case, increasing the dis-
tance between uncommon codons and the poly(A) tail by chang-
ing the position of uncommon codons within the ORF should
mimic the inhibitory effect of a long 3’ UTR. To investigate this
possibility, we placed uncommon codons locally at either the
5’ or the 3’ of ORF by combining high CAIl (CAl = 0.835) and
low CAl (CAIl = 0.738) EGFP ORFs (Figures 5F-5H, 3’ low and
5’ low). Consistent with the distance model, PAT assay revealed
that codon-mediated deadenylation occurred more efficiently
when uncommon codons were placed at the 3’ end of the
ORF. This effect correlated with the proximity of uncommon
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Figure 4. The Impact of Codon Usage Bias on mRNA Deadenylation in Zebrafish Embryos

(A) Cumulative plots of CAl in all genes (black), M-decay genes (orange), and stable genes (gray). The x axis shows the CAl, and the y axis shows the cumulative
fraction. The p values compared with all genes are shown (lower right, two-sided Kolmogorov-Smirnov test).

(B) Results of the time course PAT assay for Myc-tagged (MT) suv39h1a reporter mRNAs containing an endogenous ORF (orange) or a codon-adapted ORF (red)
followed by the suv39h1a 3" UTR. CAl is shown in white letters. Developmental stages are shown above as hpf. Lanes labeled as A0 show 3’ UTR fragments
without a poly(A) tail.

(C) Quantification of the PAT assay in (B) at 6 hpf. The plots show the averaged relative signal intensity of three biological replicates (y axis) and the mobility (x axis).
(D) Results of the time course PAT assay for reporter mRNAs containing EGFP ORF with differential synonymous codon usage (shown as a green gradient; CAl is
shown in white letters) followed by the suv39h1a 3’ UTR.

(E) Results of the PAT assay at 6 hpf for the four EGFP variant mMRNAs used in (D) but coinjected at the same time and detected by variant-specific forward primers.
(F) Quantification of the PAT assay in (E).

(G) Codon usage of leucine (Leu) codons in zebrafish. The bars show the occurrence of each Leu codon per 1,000 codons.

(H) Results of the time course PAT assay for reporter mRNAs containing the EGFP (CAI = 0.835) ORF with 21 CUG codons (upper, CUG x 21) and its variant in
which all CUG codons were substituted with CUA codons (lower, CUA x 21).

() Quantification of the PAT assay in (E) at 6 hpf. See also Figure S5.

codons to the 3’ end of the mRNA, but not to the stop codon, as
an insertion of UAG stop codon downstream of 5'-positioned
uncommon codons did not restore deadenylation activity (Fig-
ures 5F-5H, 5 low + stop). The positional effect was also
observed with an independent, artificially designed ORF, albeit
less evidently (Figures S5E and S5F).

To analyze the positional preference of uncommon codons
in endogenous MRNAs, we calculated local CAl every 150 nt
(50 codons) either from the 5’ or 3’ end of ORFs (Figure 5I).
This analysis revealed two important features in addition to the
global difference of CAl. First, the beginning of ORF generally
shows the lowest local CAl regardless of the decay classes.
This is consistent with the previously reported codon usage
ramp conserved in three domains of life, which is considered
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to facilitate translation (Tuller et al., 2010). Second, the difference
of local CAIl between stable and M-decay mRNAs is more
evident in the posterior regions of ORF, with the 3’-most regions
showing the most significant difference. These observations are
consistent with the distance model of codon-mediated decay,
thus explaining how long 3’ UTRs confer resistance to codon-
mediated deadenylation.

A Combinatory Impact of Codon Usage and 3' UTR
Length on the Maternal mRNA Stability

Having established codon usage bias and the 3’ UTR length
as determinants of the deadenylation rate in zebrafish, we
analyzed the influence of these two determinants on the
stability of endogenous maternal mRNAs. We visualized the
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Figure 5. The Effect of 3 UTR Length on Codon-Mediated Deadenylation

(A) Results of the PAT assay for reporter mRNAs containing EGFP ORF with differential synonymous codon usage (shown as green gradient; CAl is shown in white
letters) and suv39h1a 3’ UTR (orange, upper panel) or vasa 3' UTR (gray, lower panel) at 6 hpf. Lanes labeled as A0 show 3’ UTR fragments without a poly(A) tail.
(B) A schematic representation of the EGFP (CAl 0.775)-suv39h7a 3’ UTR reporter mRNA with 3" UTR extension sequences of various lengths.

(C) Results of the PAT assay for EGFP (CAI 0.775)-suv39h1a 3’ UTR reporter mRNAs with various lengths of extension sequences at 6 hpf.

(D) Results of the time course PAT assay of EGFP (CAl 0.775)-suv39h1a 3’ UTR reporter mRNA (left) and EGFP (CAIl 0.775)-726 nt-suv39h1a 3' UTR reporter
mRNA (right).

(E) Quantification of the PAT assays for EGFP (CAI 0.775) mRNAs with suv39h7a 3’ UTR alone (blue) or with 426 nt extension followed by suv39h1a 3’ UTR (red) at
6 hpf. The plots show the averaged relative signal intensity of three biological replicates (y axis) and the mobility (x axis).

(F) Results of the time course PAT assay of chimeric EGFP reporter mRNAs containing suv39h1a 3’ UTR. Left: the reporter mRNA whose 5’ two-thirds of the ORF
are derived from EGFP (0.835) (dark green boxes labeled as “H”) and whose 3’ one-third of the ORF is derived from EGFP (0.738) (a light green box labeled as “L”).
Middle: a reporter mRNA containing swapped ORF fragments derived from the reporter mMRNA shown on the left. Right: a reporter mRNA derived from the

reporter mRNA in the middle, containing a stop codon insertion.
(G) PAT assay detecting the three constructs shown in (F) at 6 hpf.
(H) Quantification of the PAT assays in (G).

(I) Local CAl analysis of all genes (black dashed line), stable mRNAs (gray), and M-decay mRNAs (orange). The x axis shows positions of each bin relative to the
start or stop codons, and the y axis on the left shows local CAl. The blue bars represent p values comparing stable mMRNAs and M-decay mRNAs (y axis on the
right, p values of two-sided Kolmogorov-Smirnov test, —log10 scale). See also Figure S5.

distribution of all or a subclass of genes based on the CAl
and 3 UTR length using the Kernel density estimation (Figures
6A-6C). The distribution of M-decay genes was biased toward
a lower CAl and shorter 3’ UTR than the all genes background.
Conversely, the distribution of stable genes was biased toward
a higher CAl and longer 3" UTR. We next divided the genes
into four groups according to the median values (CAl 0.806
and 3’ UTR 570 nt) and analyzed the enrichment or depletion
of genes in each group compared with the all gene back-
ground (Figures 6D-6F). Consistent with the Kernel density esti-
mation, M-decay genes were the most enriched in the group

with lower CAl and shorter 3' UTR (41% of M-decay genes
versus 25% of all genes, p = 5.7e—48, Fisher's exact test),
whereas they were depleted from the group with higher CAIl
and longer 3" UTR (14% of M-decay genes versus 26% of all
genes, p = 9e—35). Stable genes were the most enriched
in the group with higher CAl and longer 3' UTR (36%,
p = 9.7e—15), whereas these genes were depleted from the
group with lower CAl and shorter 3 UTR (15%, p = 2.6e—15).
These transcriptome-wide analyses confirm the pervasive influ-
ence of codon usage and 3' UTR on maternal mRNA stability
during zebrafish MZT.
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Figure 6. A Combinatory Impact of Codon Usage and 3' UTR Length on the Maternal mRNA Stability
(A-C) Kernel density estimation maps of all genes (A), M-decay genes (B), and stable genes (C) based on the 3’ UTR length (x axis, log10 scale) and CAl (y axis).
The local density of genes is color coded, with regions of high density shown in red and low density shown in blue.
(D-F) Distribution of all genes (D), M-decay genes (E) and stable genes (F) in four groups divided by median values (CAI 0.806 and 3’ UTR 570 nt). The percentages
of genes in each group are shown; red indicates enrichment, and blue indicates depletion (p < 0.01, two-sided Fisher’s exact test). See also Figures S5 and S6.

DISCUSSION

In the present study, we identified synonymous codon usage
and 3’ UTR length as determinants of maternal mRNA stability
in zebrafish. These determinants promote maternal mRNA clear-
ance independently of ZGA, representing the maternal decay
pathway whose molecular mechanism had been uncharacter-
ized in vertebrates (Tadros and Lipshitz, 2009). Several observa-
tions highlight codon-mediated decay as a reasonable mecha-
nism for promoting maternal mRNA clearance (Figure S6A).
First, translation dependency of codon-mediated decay is suit-
able to promote maternal mRNA clearance after fertilization,
because a majority of maternal mRNAs is stored in oocytes as
a dormant form and their translation is activated upon fertilization
(Weill et al., 2012; Krauchunas and Wolfner, 2013). Second, a
preference of codon-mediated decay for short 3' UTRs is consis-
tent with the characteristic of maternal mRNAs, as maternal tran-
scriptome is biased toward short 3" UTRs in zebrafish (Ulitsky
et al., 2012; Li et al., 2012). Third, codon-mediated decay com-
plements the zygotic decay factor miR-430, which promotes
maternal mRNA clearance in a sequence-dependent but transla-
tion-independent manner (Figures SAE and S4F) (Giraldez et al.,
2006; Mishima et al., 2006). Although it is currently unknown if
other Z-decay mRNAs are degraded cotranslationally, they
tend to have longer 3’ UTRs and exhibit intermediate CAI (Fig-
ures 3C and S5G-S5I). These characteristics of Z-dacay mRNAs
do not fit our codon-mediated M-decay model, implying that a
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distinct mechanism operates in the zygotic decay pathway.
Further analysis will reveal whether codon-mediated decay is a
conserved mode of maternal MRNA clearance in vertebrates.
The codon-mediated decay observed in zebrafish embryos is
largely consistent with a recent report in yeast (Presnyak et al.,
2015); both studies revealed that a subset of synonymous co-
dons promotes mRNA degradation via the CCR4-NOT complex,
while others confer mRNA stability. Hence, the two studies
collectively indicate that codons play a conserved role for deter-
mining MRNA stability in eukaryotes. It should be noted, how-
ever, that the two studies utilized related but distinct metrics to
define the two classes of codons. Presnyak et al. demonstrated
that codons associated with mRNA instability are less optimal co-
dons for translation based on the tRNA adaptive index (tAl), which
infers tRNA availability from tRNA gene copy number and codon-
anticodon pairing (dos Reis et al., 2004; Presnyak et al., 2015). By
contrast, we focused on the codon usage bias in the zebrafish
genome and demonstrated that uncommon synonymous co-
dons promote mRNA deadenylation and degradation (Figure 4).
Importantly, the codon optimality and the codon usage bias are
not the same metrics; the former has been introduced as a direct
proxy for the tRNA availability, whereas the latter is considered a
consequence of multiple selective pressures including the tRNA
availability (dos Reis et al., 2004; Pechmann and Frydman, 2013;
Sharp and Li, 1987; Richter and Coller, 2015). As such, the iden-
tity of mRNA-stabilizing and destabilizing codons might be
different between the two species. Further study is required to



determine what features of codons and corresponding tRNAs are
recognized by the ribosome and how the difference leads to the
opposite effects on mMRNA stability.

Because codon usage not only affects the translation rate and
mRNA stability but also affects cotranslational folding and protein
localization, synonymous codon choice must be subject to signif-
icant evolutionary constraints (Pechmann and Frydman, 2013;
Kim et al., 2015; Chaney and Clark, 2015; Yu et al., 2015). Hence,
codon usage itself may be an intrinsic rather than a regulatory
determinant of mRNA stability. Importantly, we demonstrated
that 3" UTR length is a modulator of codon-mediated decay (Fig-
ures 5 and S6B). This previously unrecognized function of 3’ UTR
length is significant in two ways. First, long 3' UTRs compensate
for the constraint on synonymous codon usage, facilitating the
stable expression of genes enriched with uncommon codons.
Second, the modulatory role of the 3' UTR length confers addi-
tional specificity to codon-mediated decay. Because codon-
mediated deadenylation occurred efficiently when uncommon
codons were placed in proximity to the 3’ end of the mRNA (Fig-
ures 5F-5l), we speculate that the topology of 3’ UTR (e.g., sec-
ondary structures and looping by the RNA-binding proteins) will
also affect the efficiency of codon-mediated decay.

Several studies have indicated that long 3' UTRs promote
mRNA degradation. For example, long RNA sequences down-
stream of the stop codon promote NMD (Eberle et al., 2008;
Behm-Ansmant et al., 2007; Singh et al., 2008; Hogg and Goff,
2010). Longer 3’ UTRisoforms, which are often generated by alter-
native polyadenylation (APA), embed more miRNA target sites and
thereby negatively influence mRNA stability in cancer and prolifer-
ating cells (Mayr and Bartel, 2009; Sandberg et al., 2008). Our
study revises these prevailing views by revealing that long 3’
UTRs act as an mRNA-stabilizing element in conjunction with
the codon-mediated decay. Perhaps the effect of 3' UTR length
on mRNA stability is difficult to generalize when multiple regulatory
mechanisms coexist. MRNA decay mechanisms may not be
equally active in different cell types or status. A unique character-
istic of zebrafish embryos before ZGA, in which miRNA expression
is limited (Chen et al., 2005), might accentuate the mRNA-stabiliz-
ing effect of long 3' UTRs in codon-mediated decay.

Finally, we predict that codon-mediated decay is dynamically
controlled by multiple mechanisms. Recent studies have demon-
strated that APA, which generates 3’ UTR isoforms with different
lengths, is a widespread cotranscriptional regulatory mecha-
nism in eukaryotes (Elkon et al., 2013). Thus, codon-mediated
decay may be effective in one cell type but ineffective in another.
Moreover, the tRNA repertoire varies depending on the tissues
and cellular conditions (Dittmar et al., 2006; Gingold et al.,
2014). Accordingly, decoding kinetics of each codon may vary
in different tissues or conditions, thereby redirecting codon-
mediated decay to a different set of target MRNAs. Future studies
will reveal whether codon-mediated decay actively shapes gene
expression patterns in conjunction with these mechanisms.

EXPERIMENTAL PROCEDURES
Microinjection

Fertilized eggs were obtained from the zebrafish AB strain by natural breeding.
Microinjection was performed using an IM300 Microinjector (NARISHIGE).

Approximately 1,000 pL of solution was injected per embryo within 15 min after
fertilization. Embryos were developed in system water at 28.5°C.

qRT-PCR

Five to ten embryos were collected, and total RNA was prepared using TRI
Reagent (Molecular Research Center). cDNA was synthesized from 450 ng of
total RNA using the PrimeScript RT reagent kit with gDNA eraser (TAKARA).
Arandom hexamer was used for cDNA synthesis to avoid detecting differences
in the poly(A) tail length. qRT-PCR was performed using SYBR Premix Ex Tagll
(Tli RNaseH Plus) and the Thermal Cycler Dice Real Time System (TAKARA).
Specific amplification of the PCR products was confirmed after analyzing the
dissociation curve, followed by gel electrophoresis and sequencing.

PAT Assay

PAT assay was performed using a poly(G) tailing method (Kusov et al., 2001)
with some modifications. Briefly, 150 ng of total RNA were incubated with
75 U of yeast poly(A) polymerase (PAP) (Affymetrix) in the presence of
0.375 mM GTP and 0.125 mM ITP at 37°C for 60 min. cDNA was synthesized
using the PrimeScript RT reagent kit with gDNA eraser (TAKARA) and a
customized PAT primer (y300 PAT universal C10: 5-GGTAATACGACTCAC
TATAGCGAGACCCCCCCCCCTT-3'). cDNA synthesis was performed at
44°C for 15 min. PAT-PCR was performed using a gene-specific forward
primer and y300 PAT universal C10 primes with GoTaq Green Master Mix
(Promega). The control PCR was performed using a gene-specific forward
primer and a reverse primer complementary to the annotated 3’ end, followed
by the sequence of the y300 PAT primer. Experiments were repeated multiple
times to confirm reproducibility.

RNA Sequencing

Total RNA was extracted from 40-50 embryos using TRI Reagent (Molecular
Research Center), treated with DNase | (TAKARA), and purified using the
RNeasy Mini Kit (QIAGEN). Libraries for RNA sequencing were prepared using
TruSeq stranded total RNA with Ribo-Zero (lllumina). The libraries were multi-
plexed, and single-end sequencing was performed with Hiseq 2000 according
to the manufacturer’s instruction (lllumina). We sequenced triplicate RNA sam-
ples derived from three independent trials per condition.
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