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Dynamic RNA–protein interactions underlie
the zebrafish maternal-to-zygotic transition

Vladimir Despic,1 Mario Dejung,2 Mengting Gu,1,3 Jayanth Krishnan,1,3

Jing Zhang,1,3 Lydia Herzel,1 Korinna Straube,1 Mark B. Gerstein,1,3 Falk Butter,2

and Karla M. Neugebauer1
1Department ofMolecular Biophysics and Biochemistry, Yale University, NewHaven, Connecticut 06520, USA; 2Institute ofMolecular
Biology, 55128 Mainz, Germany; 3Program in Computational Biology and Bioinformatics, Yale University, New Haven, Connecticut
06520, USA

During the maternal-to-zygotic transition (MZT), transcriptionally silent embryos rely on post-transcriptional regulation of

maternal mRNAs until zygotic genome activation (ZGA). RNA-binding proteins (RBPs) are important regulators of post-

transcriptional RNA processing events, yet their identities and functions during developmental transitions in vertebrates

remain largely unexplored. Using mRNA interactome capture, we identified 227 RBPs in zebrafish embryos before and dur-

ing ZGA, hereby named the zebrafishMZTmRNA-bound proteome. This protein constellation consists of many conserved

RBPs, some of which are potential stage-specific mRNA interactors that likely reflect the dynamics of RNA–protein inter-

actions during MZT. The enrichment of numerous splicing factors like hnRNP proteins before ZGAwas surprising, because

maternal mRNAs were found to be fully spliced. To address potentially unique roles of these RBPs in embryogenesis, we

focused on Hnrnpa1. iCLIP and subsequent mRNA reporter assays revealed a function for Hnrnpa1 in the regulation of

poly(A) tail length and translation of maternal mRNAs through sequence-specific association with 3′ UTRs before ZGA.

Comparison of iCLIP data from two developmental stages revealed that Hnrnpa1 dissociates from maternal mRNAs at

ZGA and instead regulates the nuclear processing of pri-mir-430 transcripts, which we validated experimentally. The shift

from cytoplasmic to nuclear RNA targets was accompanied by a dramatic translocation of Hnrnpa1 and other pre-mRNA

splicing factors to the nucleus in a transcription-dependent manner. Thus, our study identifies global changes in RNA–

protein interactions during vertebrate MZT and shows that Hnrnpa1 RNA-binding activities are spatially and temporally

coordinated to regulate RNA metabolism during early development.

[Supplemental material is available for this article.]

Early embryogenesis in all metazoan species is marked by tran-
scriptional silence of the zygotic genome (Tadros and Lipshitz
2009; Langley et al. 2014). Therefore, the reductive cell divisions
that follow fertilization are solely supported by the activity of ma-
ternally deposited RNAs and proteins. Subsequent stages of devel-
opment are governed by the expression of the zygotic genome (Lee
et al. 2014), which begins at zygotic genome activation (ZGA). This
switch in developmental control frommaternal to zygotic instruc-
tions is known as maternal-to-zygotic transition (MZT). Recent
studies have provided insight into embryonic transcriptomes dur-
ing MZT, identifying the earliest zygotic transcripts and revealing
dynamic, highly orchestrated changes inmaternal mRNA stability
and translation that are important for establishment of ZGA
(Thomsen et al. 2010; Aanes et al. 2011; Pauli et al. 2012; Harvey
et al. 2013; Lee et al. 2013; Paranjpe et al. 2013; Heyn et al.
2014; Subtelny et al. 2014; Eichhorn et al. 2016; Lim et al. 2016).

How maternal mRNA is regulated at the levels of translation
and stability is the subject of intense investigation. Cytoplasmic
polyadenylation represents a conserved mechanism for transla-
tional enhancement of dormant mRNAs with short poly(A) tails
(Bettegowda and Smith 2007). Strong coupling between poly(A)
tail length and translation efficiency (TE) has been observed in
the cleavage embryos of many species (Subtelny et al. 2014;

Eichhorn et al. 2016; Lim et al. 2016), although the molecular
mechanisms that enable this coupling remain unclear. Recent
studies have begun to determine a variety of mechanisms through
which maternal mRNA clearance is accomplished (Giraldez et al.
2006; Tadros et al. 2007; Lund et al. 2009; Tadros and Lipshitz
2009; Barckmann et al. 2015; Bazzini et al. 2016; Mishima and
Tomari 2016). An important role has been ascribed to the evolu-
tionarily conserved miRNA, miR-430/427, that mediates transla-
tional repression and clearance of a subset of maternal mRNAs in
zebrafish and Xenopus embryos during MZT (Giraldez et al. 2006;
Lund et al. 2009). Finally, a strong reliance on the splicingmachin-
ery at ZGA has been demonstrated (König et al. 2007; Strzelecka
et al. 2010; Lee et al. 2013), yet little is known about how splicing
and other pre-mRNA processing events are regulated in the early
embryo.

Given the dependence of early embryos on RNA-based regu-
lation of gene expression, major roles for RNA-binding proteins
(RBPs) in developmental transitions are anticipated. RBPs regulate
every step of RNA life through their associationwith RNA sequenc-
es and/or secondary structures (Glisovic et al. 2008; Jankowsky
and Harris 2015). Several RBPs that regulate maternal mRNA
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degradation, a hallmark of MZT in all metazoans (Tadros and
Lipshitz 2009), have been identified. For example, Smaug protein
is the master regulator of maternal mRNA degradation in
Drosophila melanogaster embryos (Tadros et al. 2007). Nonviable
Smaug mutants show cell cycle defects and failure to activate the
zygotic genome (Benoit et al. 2009). Themouse tristetraprolin pro-
tein ZFP36L2 down-regulates AU-rich element (ARE)-containing
mRNAs and is involved in the degradation of maternal mRNAs
(Lai et al. 2000). Lack of ZFP36L2 protein causes embryonic arrest
at the two-cell stage (Ramos et al. 2004). These two cases exemplify
the importance of RBPs in developmental transitions.However, the
identity and contributionof other RBPs in shaping early embryonic
transcriptome and developmental processes remain elusive.

Recently, mRNA interactome capture has been used to identi-
fy mRNA-binding proteins (mRBPs) in mammalian cells, yeast,
C. elegans, and Drosophila (Baltz et al. 2012; Castello et al. 2012;
Kwon et al. 2013; Mitchell et al. 2013; Beckmann et al. 2015;
Matia-Gonzalez et al. 2015; Sysoev et al. 2016; Wessels et al.
2016). This method uses UV crosslinking to induce the formation
of covalent bonds between mRNA and RBPs, enabling stringent
purification of RBPs on oligo(dT) beads. This purification scheme
is ideal for vertebrate embryos that contain abundant yolk protein
contaminants like vitellogenin, which comprises ∼90% of total
protein weight (Jorgensen et al. 2009). Here, we uncover the
repertoire of vertebrate mRBPs during MZT, by adapting mRNA
interactome capture to living zebrafish embryos at specific time

points before and during ZGA. To determine the contribution
of an identified mRNA interactome component—the known
splicing factor Hnrnpa1—to the regulation of maternal and
zygotic RNAs, individual nucleotide resolution crosslinking and
immunoprecipitation (iCLIP) (König et al. 2010) was also estab-
lished in zebrafish embryos. Follow-up experiments reveal unique
roles and dynamic activities of Hnrnpa1 in regulation of RNA
metabolism during embryogenesis.

Results

Identification of the zebrafish embryonic mRNA-bound

proteome before and during ZGA

To purify mRBPs during zebrafish MZT, we adapted the mRNA
interactome capture method to two stages of zebrafish develop-
ment, before ZGA (32–64 cell stage, hereafter called preZGA)
and at the onset of ZGA (512–1k cell stage, hereafter called ZGA).
RNA–protein crosslinking was carried out by irradiating living em-
bryos with 254 nm UV light, after which the embryos were lysed
and mRNPs purified on oligo(dT) beads. Proteins were subse-
quently released by RNase treatment and analyzed by LC-MS/MS
(Fig. 1A). To control for nonspecific binders, we simultaneously
performed mRNP purifications from UV nonirradiated (UV−) em-
bryos. In total, mass spectrometry quantified 262 and 312 proteins
from preZGA and ZGA samples, respectively, with clear separation

Figure 1. The zebrafish MZTmRNA-bound proteome is conserved, dynamic, and rich in pre-mRNA processing factors. (A) Schematic of the method for
in vivo identification of mRBPs from early zebrafish embryos. Experiments were performed at two developmental time points: preZGA (32–64 cell stage)
and ZGA (512–1k cell stage) in three biological replicates: (hpf) hours post-fertilization. (B,C ) Volcano plots display the enrichment of detected proteins
between UV+ and UV− samples (x-axis) and their significance (y-axis). Hyperbolic, dashed lines represent the applied statistical threshold of FDR = 0.01.
Data points beyond this threshold refer to proteins enriched in UV+ (blue and red) and UV− (green) conditions. Nonenriched proteins are shown in gray.
(D) Venn diagram displaying differences between preZGA (red) and ZGA (blue) mRBPomes. Note that eight proteins within the ZGA-specific group were
also detected at the preZGA stage, yet below the enrichment threshold. (E) MZTmRBPome components grouped with respect to their major known func-
tions. Names of the selected proteins are color-coded based on their embryo- and stage-specific detection: (black) both stages; (red) preZGA-specific;
(blue) ZGA-specific; (pink) embryo-specific. (F) Histogram displaying splicing score per intron (SPI) of all expressed maternal mRNAs at the two- to
four-cell stage shows that the majority (97.5%) of maternal transcripts are efficiently spliced. (G) Line plot tracking introns with low SPI values (0–0.25)
from the two- to four-cell stage to 5 d post-fertilization (dpf) suggests the majority of these introns are never spliced out.
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of UV+ and UV− samples in two distinct clusters (Supplemental
Fig. S1A,B; Supplemental Table S1). Furthermore, 200 and 247
proteins were quantified from at least two replicates in UV+ puri-
fications, whereas 176 and 212 proteins were enriched in UV+
samples with a false discovery rate (FDR) of 1% in preZGA and
ZGA, respectively (Fig. 1B,C; Supplemental Table S2A,B). After re-
moving vitellogenin and zona pellucida contaminants, we report
166 preZGA and 203 ZGA high-confidence mRNA-interacting
proteins. We refer to the full constellation of 227 proteins from
both embryonic stages combined (Supplemental Table S3) as the
zebrafish MZT mRNA-bound proteome (mRBPome).

Gene Ontology (GO) and protein domain analyses of
the zebrafish MZT mRBPome revealed significant enrichment of
RNA binding and nucleic acid binding, as well as translational
regulation annotations (Supplemental Fig. S1C–E). Canonical
RNA-binding domains were highly represented protein modules
with the lowest P-values for RRM and KH protein domains
(Supplemental Fig. S1F). Although only 91 of 227 proteins were
annotated as RNA, mRNA, and poly(A) RNA binding in zebrafish,
comparison of the remaining proteins with human orthologs
increased this number to a total of 198, or 87%of all identified pro-
teins (Supplemental Table S3). Pairwise comparisonwithmamma-
lian mRNA interactomes revealed that the majority of proteins
were shared (Supplemental Table S4), indicating that mRBPomes
are conserved among vertebrates. Interestingly, 20 proteins in
the zebrafish MZT mRBPome were not previously detected by
mRNA interactome capture in mammalian cells (Supplemental
Table S3), indicating potential embryo-specific mRNA association.
Indeed, this group includes proteins with restricted expression
and/or elevated functions during early embryogenesis among
which were embryonic poly(A)-binding protein (Pabpc1l) and cy-
toplasmic polyadenylation element binding protein (Cpeb1b),
regulators of embryonic cytoplasmic mRNA polyadenylation
(Charlesworth et al. 2013); the paralog of the maternal-effect
gene Zar1 (Wu et al. 2003); and Btg4 and Piwi proteins, negative
regulators of maternal mRNA stability in mouse oocytes and fly
embryos, respectively (Barckmann et al. 2015; Yu et al. 2016).
Finally, comparison of the preZGA and ZGA mRBPomes revealed
24 and 53 proteins that were specifically detected at preZGA and
ZGA, respectively (Fig. 1D; Supplemental Table S3). To test wheth-
er these differences in the mRNA-bound fraction arose from
changes in protein expression during MZT, we analyzed changes
in the translational efficiency (TE) of mRNAs encoding respective
proteins as an indirectmeasure of their differential expression over
development (Supplemental Fig. S1G,H). We found that the ex-
pression of identified proteins was not substantially different be-
tween 2 and 4 hpf, suggesting that changes in the levels of
mRBPs cannot fully account for the observed differences in the
mRNA-bound fraction between the examined developmental
time points. Taken together, we conclude that the zebrafish MZT
mRBPome mostly consists of known and highly conserved
mRNA interactors, some of which appear to be specific for early
embryogenesis and developmental stage.

The zebrafish MZT mRNA-bound proteome is rich

in conserved pre-mRNA processing factors

Inspection of individual RBPs detected in the MZT mRBPome en-
ables their grouping into different classes (Fig. 1E). For example,
core components of the cytoplasmicmRNA polyadenylation com-
plex were detected, consistent with the regulation of maternal
mRNA translational efficiency by cytoplasmic polyadenylation

(Subtelny et al. 2014). Interestingly, several constituents of the nu-
clear polyadenylation machinery, e.g., nuclear poly(A)-binding
protein (Pabpn1) and nuclear cleavage factor (Cstf2), were ZGA-
specific, consistent with their requirement for 3′-end processing
at the beginning of zygotic transcription. Many positive and neg-
ative regulators of mRNA stability and/or translation were shared
between the two developmental stages, some of which appear
as embryo-specific mRNA-interactors. A number of stage-specific
writers and readers of RNAmodifications were also identified, sug-
gesting that RNA modifications may play important roles in the
regulation of the embryonic transcriptome.

Surprisingly, pre-mRNA processing factors were notably en-
riched at both stages of development, although we did not expect
pre-mRNA to be present in transcriptionally inactive embryos. SR
proteins and heterogeneous ribonucleoprotein particle (hnRNP)
proteins—both known for prominent roles in pre-mRNA splicing
—represented the most numerous protein groups in the zebrafish
MZTmRBPome after ribosomal proteins (Fig. 1E). In somatic cells,
hnRNP proteins bind to introns of nascent transcripts to globally
regulate pre-mRNA processing events, namely pre-mRNA packag-
ing, splicing, and mRNA export (Huelga et al. 2012; Müller-
McNicoll and Neugebauer 2013). A potential explanation for the
association of hnRNP proteins with mRNAs before ZGA could be
the persistence or even regulatory presence of introns in maternal
transcripts. The delayed splicing of specific introns serves as a
potent mechanism for the translational regulation of maternal
mRNA in fern,Marsilea versita (Boothby et al. 2013). To determine
whether retained introns are present in the maternal mRNA pool,
we analyzed poly(A)+ RNA-seq data from two- to four-cell-stage
embryos (Pauli et al. 2012). Transcriptome-wide calculation of a
splicing score based on exon–intron and exon–exon junction
reads (Herzel andNeugebauer 2015) was carried out for each anno-
tated intron and revealed that 97.5% of introns are fully removed
from zebrafishmaternal mRNAs (Fig. 1F). A small subset of introns
that displayed partial retention (Fig. 1F, blue dashed box) were
further analyzed for changes in splicing levels from fertilization
to 5 d of development (Fig. 1G). Among these, the majority main-
tained a low level of splicing, suggesting that these retained
introns are either incorrectly annotated or always inefficiently
spliced. Therefore, we conclude that zebrafish maternal mRNAs
are fully spliced.

Hnrnpa1 regulates poly(A) tail length and translation

before ZGA through prominent 3′ UTR binding

The abundance of hnRNP proteins in the preZGAmRBPome in the
absence of unspliced transcripts suggested that these factors may
take on splicing-independent roles in transcriptionally silent em-
bryos. To investigate the type of regulation hnRNP proteins exert
on maternal mRNAs, we utilized iCLIP to identify endogenous
RNA targets and binding sites for one representative hnRNP pro-
tein family member, Hnrnpa1. Zebrafish genome contains two
hnrnpa1 genes (hnrnpa1a and hnrnpa1b) that arose from the tele-
ost-specific genome duplication (Howe et al. 2013). These genes
encode two highly similar Hnrnpa1a and Hnrnpa1b proteins,
both of which were detected in our zebrafish MZT mRBPome
(Supplemental Table S3).We refer to both of these protein variants
as Hnrnpa1 protein throughout the study. First, we confirmed
that the monoclonal antibody used in this study specifically
reacts with endogenous zebrafish Hnrnpa1 protein (Supplemental
Fig. S2A). After adaptation of the iCLIP protocol to zebrafish
embryos (Supplemental Fig. S2B), Hnrnpa1-RNA complexes were
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immunopurified at preZGA, and isolated RNAwas converted into a
size-selected and amplified cDNA library for RNA-seq (Fig. 2A;
Supplemental Fig. S2C). Three independent biological replicates
were highly reproducible and therefore pooled for further identi-
fication of significant iCLIP tags (FDR < 0.01). Nonimmune IgG
pulldowns yielded significantly fewer iCLIP tags that poorly
correlated with the Hnrnpa1 data, as expected for background
(Supplemental Fig. S2D; Supplemental Table S5). Analysis of
Hnrnpa1 association with genic and intergenic regions showed
that most Hnrnpa1 iCLIP tags mapped to protein-coding genes.
In contrast to the preferential association with introns inmamma-
lian cells (Huelga et al. 2012), 55%of all iCLIP tagswere assigned to
3′ UTR regions of maternal mRNAs (Fig. 2B). Furthermore, motif
analysis revealed a significant enrichment of the AGGGA hexanu-
cleotide sequence that resembles previously reported Hnrnpa1
consensus binding motif UAGGGA/U (Burd and Dreyfuss 1994),
suggesting that the observed Hnrnpa1 association with 3′ UTRs
was sequence-specific (Fig. 2B).

To test whether the iCLIP-derived motif plays a role in
Hnrnpa1 binding in vivo, we created twomRNA reporters consist-
ing of a common eGFP coding sequence followed by the 1.1-kb-
long 3′ UTR of an Hnrnpa1 target (npc1) with either its wild-type

([WT] AGGGA) or a mutated ([mut] TCCCT) Hnrnpa1 motif
(Fig. 2C). These mRNA reporters were injected into one-cell stage
embryos, and the differential binding of Hnrnpa1 was assayed
2 h later. RT-qPCR analysis on the RNA from UV-crosslinked
and immunopurified Hnrnpa1-RNA complexes revealed that
Hnrnpa1 associated 10.6-fold less with the mRNA reporter carry-
ing the mutated motif (Fig. 2D). This shows that the Hnrnpa1
AGGGA motif is necessary for proper Hnrnpa1 binding to RNA
targets in vivo.

3′ UTRs are common targets of RBPs and miRNAs that regu-
late mRNA stability and translation (Matoulkova et al. 2012). In
transcriptionally silent embryos, maternal mRNA translation is
tightly controlled by regulation of poly(A) tail length, whereas
mRNA stabilities remain largely unaffected (Subtelny et al. 2014;
Eichhorn et al. 2016). Analysis of available ribosome and poly(A)
tail profiling data (Lee et al. 2013; Subtelny et al. 2014) revealed
that Hnrnpa1 targets harbor significantly longer poly(A) tails
(median length: 34.4 and 28.1, P = 7 × 10−60) and display higher
TE than nonbound mRNA counterparts (median TE: 0.94 and
0.53, P = 5.02 × 10−59) (Fig. 2E). Therefore, we sought to determine
whether the extent of Hnrnpa1 binding predicts poly(A) tail
length and translational output of maternal transcripts. First, we

Figure 2. Before ZGA, Hnrnpa1 regulates poly(A) tail length and translation of maternal mRNAs by binding 3′ UTRs. (A) Representative autoradiograph
showing Hnrnpa1–RNA complexes immunopurified from zebrafish embryos at 2 hpf, resolved by SDS-PAGE and transferred to nitrocellulose. Lane 2: high
RNase I treatment (1:50 dilution); lanes 1,3,4: low RNase I treatment (1:1000). RNAwithin the RNP complexes indicated by dashed boxes was purified and
used for cDNA library preparation. (B) Bar plot displaying the proportion of Hnrnpa1 iCLIP tags in different genic and intergenic regions indicated below
each bar. Inset shows significantly enriched hexanucleotide Hnrnpa1 bindingmotif in 3′ UTRs. (C) Schematic diagram of two constructs consisting of eGFP
coding sequence and 1.1-kb-long 3′ UTR of an Hnrnpa1-bound mRNA (npc1) with either wild-type ([WT] blue) or mutated ([mut] red) Hnrnpa1 motif.
Hnrnpa1 binding sites from iCLIP data are shown with blue bars above the npc1 3′ UTR annotation. (D) RT-qPCR on the α-Hnrnpa1 immunopurified
RNA from UV-irradiated embryos, previously injected with mRNA reporters. The assay shows differential binding of Hnrnpa1 to the WT and mut reporter
mRNAs in vivo. y-axis, the amount of immunopurified mRNA relative to 0.5% input; error bars represent SEM; n = 3. (∗∗∗∗) P < 0.0001 (two-sided t-test). (E)
Scatterplot showingmutual dependence of poly(A) tail length (x-axis) and TE (y-axis) for Hnrnpa1-boundmaternalmRNAs. Blue and gray dashed lines refer
to the median of poly(A) tail length and TE for Hnrnpa1-bound and nonbound transcripts, respectively: (∗∗∗∗) P < 2.2 × 10−16 (Wilcoxon rank test). (F) Box
plots showing the distribution of poly(A) tail length and TE of Hnrnpa1 targets with respect to the extent of Hnrnpa1 binding to maternal transcripts (iCLIP
enrichment). Box plots refer to iCLIP enrichment quartiles in an increasing order for eachmRNA feature, as shownby the blue-colored gradient arrows: (∗) P
< 0.05; (∗∗∗) P < 0.001; (∗∗∗∗) P < 0.0001 (Wilcoxon rank test). (G) 1.5% agarose gel (left) showing different poly(A) tail lengths of the WT and mut mRNA
reporters at 64-cell stage measured by ePAT. The right panel represents the average distribution of poly(A) tail signal intensities from three independent
biological replicates. (H) Western blots show RLuc-HA and eGFP protein levels from 64-cell stage embryos injected with WT and mut mRNA reporters.
The adjacent bar plot presents quantification of eGFP levels normalized to the RLuc-HA expression (injection control). Error bars show SEM. Five embryos
were loaded per lane (n = 5). (∗∗) P < 0.01 (two-sided t-test).
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quantified Hnrnpa1 binding to individual transcripts by nor-
malizing iCLIP tag density to mRNA expression levels (iCLIP en-
richment) (Supplemental Fig. S2E). The calculated iCLIP
enrichment was subsequently compared with poly(A) tail length
and TE of all Hnrnpa1 mRNA targets. These analyses uncovered
a moderate correlation between the extent of Hnrnpa1 binding
to maternal mRNAs and both mRNA features (Fig. 2F).

Collectively, the preceding data suggested that Hnrnpa1may
be directly involved in the regulation of poly(A) tail length
and translation of maternal mRNAs in preZGA embryos. To test
this possibility, we injected established mRNA reporters into
one-cell-stage embryos along with HA-tagged Renilla luciferase
RNA (Rluc-HA RNA, injection control) and measured poly-
adenylation and translation 2 h after injection. To measure
poly(A) tail length, we implemented the extension poly(A) test
(ePAT) (Supplemental Fig. S3A; Janicke et al. 2012), which
showed that poly(A) tails of transcripts with the WT 3′ UTR were
significantly longer than the poly(A) tails of the same transcript
in which the Hnrnpa1 binding site had been mutated (Fig. 2G;
Supplemental Fig. S3B). Moreover, semiquantitative Western
blot analysis revealed a significant 1.7-fold decrease in eGFP
protein expression from the mutated mRNA reporter (Fig. 2H;
Supplemental Fig. S3C). Because the levels of each mRNA re-
mained unchanged over the course of both experiments (Supple-
ment Fig. S3D–F), these effects of Hnrnpa1 binding cannot be
ascribed to differential stabilities of the injected mRNAs. Taken
together, the biochemical data and bioinformatic analysis indicate
that Hnrnpa1 controls poly(A) tail length and translation in vivo
by binding to AGGGA consensus sequences in the 3′ UTRs of
maternal transcripts before ZGA.

Hnrnpa1 displays dynamic RNA-binding activities and cellular

relocalization during MZT

Another scorable feature of MZT is maternal mRNA stability.
Maternally provided mRNAs undergo destabilization either via
transcription-independent (ZGA-independent [ZI]) or transcrip-
tion-dependent (ZGA-dependent [ZD]) pathway. Using processed
RNA-seq data (Mishima and Tomari 2016), we identified all decay-

ing maternal transcripts based on the significant drop in their
expression (greater than twofold) between 2 and 6 hpf. These
decaying mRNAs were subsequently divided into two cohorts
depending on their expression response to α-amanitin treatment;
genes whose mRNA levels significantly decreased upon transcrip-
tion block were considered ZI decay genes, whereas those whose
mRNA expression became stable upon α-amanitin injection were
classified as ZD decay genes (Fig. 3A). Interestingly, Hnrnpa1 was
found to bind to a substantially higher number of ZD decay
mRNAs and to a significantly higher extent than to ZI decay tran-
scripts (ZD decay, 52.7% and ZI decay, 27.4%) (Fig. 3B). Consistent
with preceding findings (Fig. 2E,F), we also demonstrated that ZD
decay mRNAs harbor significantly longer poly(A) tails (median
length: 34.8 and 21 nt, P = 5.62 × 10−119) and show higher TE
(median TE: 0.93 and 0.21, P = 1.29 × 10−88) at preZGA than ZI de-
cay counterparts (Fig. 3C). Thus, we conclude that a high level of
Hnrnpa1 binding represents a feature of long-tailed and highly
translated maternal transcripts that will be targeted for degrada-
tion hours later in a ZGA-dependent manner.

If Hnrnpa1 is important for maternal mRNA stability during
MZT, it may change its association with maternal RNA at ZGA.
First, we tested whether Hnrnpa1 levels change during MZT by
performing semiquantitative Western blot analysis and mea-
sured a ∼2.5-fold increase in Hnrnpa1 between preZGA and
ZGA (Fig. 4A; Supplemental Fig. S4A). To examine if the elevated
Hnrnpa1 expression corresponds to its increased association
with maternal transcripts at ZGA, an additional iCLIP experiment
was conducted at ZGA in four biological replicates (Supplemental
Fig. S4B–D). Although some differentially bound transcripts were
detected, the majority of Hnrnpa1 targets were shared between
preZGA and ZGA (Supplemental Fig. S4E). To precisely determine
the level of Hnrnpa1 binding to the overlapping set of transcripts,
we quantifiedHnrnpa1 iCLIP tagsmapping to individualmaternal
mRNAs at two different time points. Since maternal mRNAs do
not change their expression levels between preZGA and ZGA, as
evidenced by our RT-qPCR analysis (Supplemental Fig. S4F) and
several previous studies (Voeltz and Steitz 1998; Subtelny et al.
2014; Eichhorn et al. 2016;Mishima and Tomari 2016), we utilized
the absolute number of iCLIP tags as a measure of the Hnrnpa1

Figure 3. Hnrnpa1 preferentially associates with ZGA-dependent decay genes. (A) Schematic representation of two distinct decaying gene groups. All
decayingmaternal mRNAs are shown by a purple line. Among those, ZGA-independent (ZI) decay genes (red dashed line) do not require zygotic transcrip-
tion for their destabilization and continuously decay upon α-amanitin treatment. ZGA-dependent (ZD) decay genes (blue dashed line) require zygotic tran-
scriptional activity for their clearance, thereby remaining stable in α-amanitin treated embryos. The total number of identified ZI and ZD decay genes is
indicated. (B) Cumulative plot showing the fraction of ZI (red dashed line) and ZD (dashed blue line) decay genes (y-axis) and their respective
Hnrnpa1 iCLIP enrichment (x-axis). Box plots in the background show the distribution of iCLIP enrichment per each quartile for ZI and ZD decay genes.
Indicated P-values were derived from pairwise comparison of ZI (red) and ZD (blue) decay genes within each quartile (Wilcoxon rank test). (C ) Scatterplot
showing differences in poly(A) tail length and TE of ZI and ZD decay genes. Red and blue dashed lines refer to themedian of poly(A) tail length and TE for ZI
and ZD decay genes, respectively. The number of genes in each group is indicated: (∗∗∗∗) P < 2.2 × 10−16 (Wilcoxon rank test).
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binding to individual mRNAs. Surprisingly, a comparison of iCLIP
tag numbers revealed a >1.5-fold decrease in Hnrnpa1 association
with 70%ofmRNAs at the ZGA stage (Fig. 4B). The observed loss of
Hnrnpa1 interaction with maternal mRNAs at ZGA was validated
by UV crosslinking, immunoprecipitation, and RT-qPCR on five
endogenous genes (Fig. 4C). It is also noteworthy that the pro-
portion of iCLIP tags generally decreased within protein-coding
transcripts at ZGA, in particular within 3′ UTR regions (Fig. 4D).
Thus, Hnrnpa1 seems to bind less, not more, to maternal mRNAs
during MZT.

As expected, the loss of Hnrnpa1 binding tomRNA coincided
with a small, yet significant gain of iCLIP tags in introns (P < 0.01,
two-sided t-test), consistent with de novo transcription of intron-
containing genes and binding of Hnrnpa1 to newly produced zy-
gotic transcripts. Moreover, we observed a substantial increase of
iCLIP tags within noncoding and intergenic regions (Fig. 4D;
Supplemental Fig. S5A). Interestingly, the increase of intergenic
iCLIP tags could be largely ascribed to Chromosome 4, which
harbors a significantly higher number of noncoding genes and
repetitive elements than any other chromosome in zebrafish
(Supplemental Fig. S5B,C; Howe et al. 2013). Moreover, among

noncoding iCLIP tags that increased at the ZGA stage, we found
preferential binding of Hnrnpa1 to nuclear U1 and U6 snRNAs,
whose genomic loci mainly localize in clusters on Chromosome
4 (Supplemental Fig. S5D,E). To test de novo association of
Hnrnpa1 with zygotic transcripts in vivo, we performed photoac-
tivatable ribonucleoside-enhanced crosslinking and immunopre-
cipitation (PAR-CLIP) in the presence and absence of α-amanitin.
After metabolic labeling of newly produced transcripts by
4S-UTP injections and embryo UV irradiation with long wave-
length UV light (UV 365 nm), Hnrnpa1-RNA complexes were
immunopurified, radiolabeled, and resolved by SDS-PAGE.
Autoradiography detected robust Hnrnpa1 binding to newly syn-
thesized zygotic RNA at ZGA (Fig. 4E).

Taken together, the global decrease in iCLIP tags in protein-
coding genes and simultaneous increase in introns and intergenic
and noncoding regions suggested that Hnrnpa1 functions may
shift from the cytoplasmic to the nuclear compartment following
ZGA. This hypothesis was tested through Hnrnpa1 immunostain-
ing of preZGA and ZGA embryos, in which Hnrnpa1 was detected
exclusively in the cytoplasm before ZGA and intensely in some
of the nuclei during ZGA (Fig. 4F). Because cell divisions are

Figure 4. Hnrnpa1 acquires different RNA-binding activities and localization at ZGA. (A) Western blots showing Hnrnpa1 expression level at 2 hpf
(preZGA) and 3 hpf (ZGA). Beta-tubulin served as a loading control. A single embryo was loaded per lane. Bar plot displayed below shows quantified levels
of Hnrnpa1 expression at the preZGA and ZGA stages. Hnrnpa1 expression at preZGA was set to 1. Error bar shows SEM; n = 3. (B) Scatterplot showing a
decrease in the number of significant Hnrnpa1 iCLIP tags per mRNA at the ZGA stage. The number of iCLIP tags for the overlapping set of Hnrnpa1 mRNA
targets was plotted (x-axis, ZGA stage; y-axis, preZGA stage). The number of genes with a <1.5-fold increase and decrease in Hnrnpa1 iCLIP tags at ZGA is
indicated. Red dashed line refers to no change in the number of iCLIP tags between two developmental stages. mRNAs assayed in Figure 4C are highlighted
in pink. (C) RT-qPCR on the RNA recovered from in vivo UV crosslinked and immunopurified Hnrnpa1-RNA complexes shows different levels of Hnrnpa1
binding to five endogenous maternal mRNAs at preZGA and ZGA: (y-axis) amount of immunopurified transcripts relative to 0.5% input; error bars rep-
resent SEM; n = 3. (D) Bar plot displaying global changes in the proportion of Hnrnpa1 iCLIP tags between preZGA and ZGA developmental stages.
The color of each bar corresponds to the colored annotation above the bar plot. Negative and positive values on y axis indicate decrease and increase
of the iCLIP tag percent in the respective regions at ZGA. (E) PAR-CLIP test showing Hnrnpa1 association with newly synthesized zygotic transcripts at
ZGA. Presented autoradiograph shows the nitrocellulose membrane with immunopurified and radiolabeled zygotic RNA species in complex with
Hnrnpa1 at 3 hpf. Note that the complexes were detected only in 4S-UTP-injected and UV365 nm-irradiated embryos. (F ) Fluorescencemicroscopy images
show a change of Hnrnpa1 subcellular localization during the zebrafishMZT. Immunostainingwas performed on fixed embryos at the developmental stag-
es indicated above the images. Nuclei were stained with Hoechst (blue) and Hnrnpa1 localization revealed by Alexa 488 dye (green). Transcription block
was induced bymicroinjections of 0.4 ng α-amanitin into one-cell stage embryos. Nuclei are indicatedwith white arrowheads: (scale bars) 10 µm. Note the
change in cell size due to the reductive cell divisions.
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asynchronous at the ZGA time point, a likely explanation for the
dimly stained cells lacking nuclear staining is that they are in or
close tomitosis. In agreement with the notion that Hnrnpa1 reloc-
alization to the nucleus depends on ZGA,we blocked transcription
with α-amanitin and observed Hnrnpa1 cytoplasmic retention
(Fig. 4F). Immunostaining with monoclonal antibody 16H3,
which recognizes a shared epitope on four SR proteins and numer-
ous components of the spliceosome (Neugebauer et al. 1995), re-
vealed a similar shift from cytoplasmic to nuclear localization
(Supplemental Fig. S6), indicating the generality of this phenome-
non for pre-mRNA splicing factors.

Hnrnpa1 binds pri-mir-430 and regulates its processing

in the nucleus

Analysis of the ZGA iCLIP tags that weremapped to intergenic and
noncoding RNA showed their presence across the miR-430 geno-
mic region (Fig. 5A). Despite a comprehensive understanding of
themode ofmiR-430 action duringMZT and its importance for de-
velopment (Giraldez et al. 2005; Bazzini et al. 2012; Takacs and
Giraldez 2015), little is known about the regulation of miR-430
processing. The zebrafishmir-430 locus is a 17-kb-long genomic re-
gion on Chromosome 4 that harbors more than 50 repeated miR-
430 sequences. The majority (85%–92%) of Hnrnpa1 iCLIP tags
mapping to the mir-430 locus were located in the basal segments
that surround individual miR-430 hairpins and belong exclusively
to primary miR-430 sequences, whereas only 10%–13% mapped
to sequences within the pre-miRNA intermediates (Fig. 5B;
Supplemental Fig. S5F). This pattern differs fromHnrnpa1 binding

to conserved terminal loops in several human miRNAs (Guil and
Cáceres 2007; Michlewski et al. 2008; Michlewski and Cáceres
2010). We confirmed Hnrnpa1 association with pri-mir-430 by
UV crosslinking and immunoprecipitation followed by RT-PCR
(Fig. 5C). These data suggest a role for Hnrnpa1 in the nuclear
cleavage of pri- to pre-mir-430 through binding to regions at the
base of pri-miRNA stems.

To determine whether Hnrnpa1 is required for miR-430 bio-
genesis, an in vivo experimental assay was established. We found
that depletion of Hnrnpa1 from early embryos using translation-
blocking morpholinos was not possible due to the large maternal
contribution of protein (data not shown). We therefore devised a
heterologous assay system that relies on the evolutionary conser-
vation of Hnrnpa1 and core proteins involved in the miRNA bio-
genesis pathway (Akindahunsi et al. 2005; Batista et al. 2014; Ha
and Kim 2014). Because human HeLa cells lack expression of the
humanmir-430 ortholog, MIR302, which is also restricted to early
development (Rosa et al. 2009; Cai et al. 2013), introduction of
zebrafish pri-mir-430 transcripts in HeLa cells could provide a
test for the contribution of Hnrnpa1 to the nuclear processing of
zebrafish pri-mir-430. Therefore, a construct containing three con-
secutive miR-430 hairpins derived from the zebrafish miR-430
polycistronwas transfected intoHeLa cells (Fig. 5D). Under control
conditions, pri-mir-430 was efficiently processed to pre-mir-430.
Upon depletion of Hnrnpa1, pre-mir-430 production was strongly
decreased, whereas pri-mir-430 levels remained unchanged (Fig.
5E,F). Togetherwith the ZGA iCLIP data from zebrafish, these find-
ings indicate that the nuclear pool of Hnrnpa1 regulates pri-mir-
430 processing (Fig. 6).

Figure 5. Hnrnpa1 binds nuclear pri-mir-430 transcripts and regulates their processing at ZGA. (A) ZGA-specific Hnrnpa1 binding across the mir-430
locus. Significant iCLIP tags (FDR < 0.01) derived from unique and multimapped reads are shown in dark and light gray, respectively. The inset displays
an enhanced view of iCLIP tags in the 5′ end of themir-430 locus (gray shaded box). Annotations of individualmir-430 genes are indicated with horizontal
dark gray bars (mir-430a,mir-430c,mir-430b): (n.d.) not detected; negative values in the tracks represent iCLIP tagsmapped to the opposite (−) strand. (B)
Bar plot shows relative abundance of Hnrnpa1 iCLIP tags derived frommultimapped reads across different types of pri-mir-430 regions. Each bar color cor-
responds to the colored region in the schematic depiction of the pri-miRNA structure on the left. (C ) RT-PCR on RNA extracted from in vivo crosslinked and
immunopurified Hnrnpa1–RNA complexes shows specific association of the protein with pri-mir-430 transcripts only at the time of its expression. Note a
lack of RNA detection at the preZGA stage. (D) Schematic of the cytomegalovirus (CMV) promoter-driven construct harboring three consecutive miR-430
hairpins (a, c, b) from the zebrafish miR-430 cluster utilized for transient HeLa cell transfection. Location of the DNA probe used for Northern blot analysis is
shown in blue. (E) Western blot showing levels of Hnrnpa1 in cells transfected with shRNA-expressing constructs against Hnrnpa1 (A1), GFP (GFP), and
empty RNAi vector (−). Cells were subsequently transfected with pri-mir-430 construct and empty vector (EV). Beta-tubulin served as a loading control.
Northern blot showing a decrease in pre-mir-430 levels upon Hnrnpa1 depletion; U6 snRNA served as a loading control. Note that the human ortholog
of mir-430 is not endogenously expressed (−/EV). (F) RT-PCR on total RNA from HeLa cells shows unchanged pri-mir-430 levels upon Hnrnpa1 depletion.
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Discussion

The sole dependence of early development on post-transcriptional
control of gene expression before ZGA defines early embryos as a
rich biological context for RNA regulation. AlthoughRNA-binding
proteins are the acknowledged drivers of post-transcriptional regu-
latory networks, their identities and functions during develop-
mental transitions in vertebrates are largely unknown. By using
mRNA interactome capture, we identify a constellation of 227
high-confidence mRBPs from two developmental stages encom-
passing zebrafish MZT. mRNA interactome capture was originally
developed to comprehensively annotate mRNA binding proteins
expressed by mammalian tissue culture cells, including HeLa and
HEK293 (Baltz et al. 2012; Castello et al. 2012). Subsequently,
the approach was extended to yeast, mouse ES cells, human hepa-
tocytic HuH-7 cells, whole C. elegans animals (Kwon et al. 2013;
Mitchell et al. 2013; Beckmann et al. 2015; Matia-Gonzalez et al.
2015), and more recently to early Drosophila embryos (Sysoev
et al. 2016; Wessels et al. 2016). Despite a large number of shared
components, these mRBPomes contain potentially unique mRNA
interactors, raising the possibility that differences between cell
types may in part be explained by distinct regulation of RNA
metabolism by cell-type–specific mRBPs. Consistent with this, a
comparison with mammalian mRBPomes revealed that a fraction
of our zebrafish MZT mRBPome (9%) has not been previously
detected in other mRNA interactomes. Indeed, it has been shown
that the depletion of maternal-effect genes, Zar1 and Zar1l, causes
embryonic arrest in earlymouse embryos (Wu et al. 2003; Hu et al.
2010). Moreover, lack of maternal Piwi protein in fly embryos
causes developmental defects, such as abnormal chromosome
morphology and cell cycle arrest (Mani et al. 2014). One possibility
is that these mRBPs (e.g., ZAR1 and Piwi) escaped detection in
other mRNA interactome capture experiments. Alternatively, our
observations suggest that these unique mRBPs are restricted to
and important for RNA metabolism in early embryogenesis.

Our subsequent findings suggest that the activities of shared
proteins between differentmRBPomesmay be cell-type–specific or

developmental-stage–specific. First, numerous factors that stimu-
late mRNA degradation in mammalian systems were associated
with zebrafish maternal transcripts hours before the major wave
of maternal mRNA degradation, suggesting that maternal mRNA
stability may be regulated by changes in the activities of these pro-
teins during embryogenesis. Second, the enrichment of nuclear
pre-mRNA processing factors, such as hnRNP proteins, before
ZGA suggests that these proteins may take on unconventional
functions, because preZGA zebrafish embryos are transcriptionally
silent and maternal mRNAs lack introns. The detection of pre-
mRNA splicing factors in the preZGA fly mRBPome underscores
this possibility (Sysoev et al. 2016; Wessels et al. 2016), which
we investigated in depth through studies of the MZT mRNA inter-
actome component, Hnrnpa1.

Here, we provide several lines of evidence that Hnrnpa1 reg-
ulates poly(A) tail length and translation of maternal mRNAs
before ZGA. First, our preZGA iCLIP data detect an unusual se-
quence-specific association of Hnrnpa1with 3′ UTRs of long-tailed
and highly translated maternal mRNAs. Second, the extent of
Hnrnpa1 binding was found to correlate with poly(A) tail length
and TE, two tightly connectedmRNA features in preZGA embryos.
Third, we show that the mutation of the AGGGA hexanucleotide
Hnrnpa1 binding motif in the 3′ UTR of an Hnrnpa1 target de-
creases Hnrnpa1 binding, shortens the poly(A) tail, and decreases
translational output of a eGFP reporter. It has been proposed that
selective deadenylation of maternal mRNAs is likely a major deter-
minant of the differences in poly(A) tail length and TE between
maternal transcripts in fly embryos, whereas CPE-mediated cyto-
plasmic polyadenylation creates these differences in vertebrates
(Eichhorn et al. 2016). Thus, Hnrnpa1 likely protects transcripts
from active deadenylation or promotes their polyadenylation in
zebrafish. However, the precise mechanism underlying Hnrnpa1-
mediated regulation of poly(A) tail length still remains to be un-
covered (Fig. 6).

Application of mRNA interactome capture at two develop-
mental stages enabled us to determine differences in preZGA and
ZGA mRBPomes. PreZGA-specific (24) and ZGA-specific (53)
mRBPs likely reflect the dynamic nature of mRNA control through
regulated changes in both RBP abundance and their RNA-binding
affinities. This is consistent with recently described global changes
in the mRBPome during Drosophila MZT (Sysoev et al. 2016). The
detection of certain zebrafish proteins at ZGA (e.g., Pabpn1,
Cstf2) may be explained by their selective association with newly
produced zygotic transcripts. ZGA-specific detection of the YTH
group of proteins implicates RNA modification in the regulation
of embryonic transcriptomes and thereby control of develop-
mental transitions. YTH proteins regulate mRNA stability and
translation through their direct recognition of N6-methyladeno-
sine (m6A) RNA modifications (Dominissini et al. 2012; Wang
et al. 2014, 2015). Importantly, m6A RNA modification has been
implicated in the control of cell fate transition in mammalian
embryonic stem cells (Batista et al. 2014).

We provide evidence that RBPs shared among preZGA and
ZGA mRBPomes undergo dynamic localization and RNA-binding
activities to differentially regulate maternal and zygotic tran-
scripts. The observed transcription-dependent nuclear accumula-
tion of Hnrnpa1 reflects a shift from cytoplasmic to nuclear RNA
targets during MZT, consistent with global decrease in Hnrnpa1
association with maternal mRNAs at ZGA and simultaneous
increase in binding to introns and intergenic and noncoding re-
gions on Chromosome 4. Within Chromosome 4, nuclear U1,
U6 snRNAs and pri-mir-430 represent the most prominent new

Figure 6. Working model for dynamic activities of Hnrnpa1 during
zebrafish MZT. Before ZGA, cytoplasmically localized Hnrnpa1 selectively
binds to 3′ UTRs of maternal mRNAs that undergo ZGA-dependent (ZD)
decay and positively regulates poly(A) tail length and translation via an
unknown mechanism (either by inhibiting active deadenylation or by
promoting polyadenylation). Following ZGA, Hnrnpa1 dissociates from
maternal transcripts and translocates to the nucleus, where it binds non-
coding RNAs derived from zebrafish Chromosome 4, including pri-mir-
430. Nuclear Hnrnpa1 promotes pri-mir-430 processing, thereby indirectly
contributes to consequential CCR4-NOT-mediated deadenylation and
clearance of ZD decay mRNAs.
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binding substrates of Hnrnpa1 (Fig. 6). Robust transcription of
snRNA genes and themir-430 locus at ZGA has previously been re-
ported in Xenopus and zebrafish embryos, respectively (Newport
and Kirschner 1982; Mattaj and Hamm 1989; Heyn et al. 2014),
indicating interactions of Hnrnpa1 with de novo synthesized
zygotic RNAs. The relatively small, yet significant increase in
intron binding at ZGA may be explained either by the limited
number of intron-containing genes expressed (Heyn et al. 2014)
and/or short half-life of introns due to rapid splicing and degrada-
tion. Since the transcription-dependent nuclear accumulation of
Hnrnpa1 coincides with its reduced association with maternal
mRNAs and de novo binding to zygotic transcripts, we propose
that transcriptional activity of the embryo causesHnrnpa1 dissoci-
ation from maternal mRNAs in the cytoplasm to support nuclear
RNA processing events (Fig. 6).

We report a developmentally essential nuclear function of
Hnrnpa1 at ZGA—the regulation of miR-430 biogenesis. MiR-430
comprises an evolutionarily conserved miRNA family. Failure to
produce miR-430 disrupts neural tube development and brain
morphogenesis (Giraldez et al. 2005; Takacs and Giraldez 2015).
Transcriptional induction of themir-430 locus is achieved through
translational control of pluripotency factors prior to ZGA (Lee
et al. 2013). However, regulation of miR-430 processing has not
been addressed. In contrast to mammalian cells, where Hnrnpa1
regulates microprocessor efficiency through binding to pri-
miRNA terminal loops (Michlewski et al. 2008), we show that
Hnrnpa1 binds basal, single-stranded segments of pri-mir-430.
Previous findings that pri-miRNA sequence has important roles
in miRNA gene definition and processing efficiency (Auyeung
et al. 2013) are consistent with the notion that Hnrnpa1 binding
to pri-mir-430 transcript regions regulates miR-430 expression in
our heterologous in vivo pri-miRNA processing assay.

The described cytoplasmic to nuclear shift of Hnrnpa1 activ-
ities likely applies to other maternally provided splicing factors.
We show that other proteins in this category, such as SR proteins
and spliceosomal components, also translocate to the nucleus
during MZT. We speculate that the redistribution of pre-mRNA
processing factors duringMZTmayhave a global impact on chang-
es in maternal mRNA stabilities following ZGA. For example,
Hnrnpa1-associated ZGA-dependent decay genes are abandoned
by Hnrnpa1 following zygotic transcriptional onset, and their
stability is indirectly compromised by nuclear accumulation of
Hnrnpa1 and its concomitant involvement in miR-430 process-
ing, a major direct instability determinant of this group of tran-
scripts (Fig. 6; Mishima and Tomari 2016). Therefore, our results
illustrate the dynamic changes in the mRBPome during MZT and
show that pre-mRNAprocessing factors adopt unique roles in glob-
al regulation of embryonic transcriptomes through their changing
interactions with maternal and zygotic RNAs.

Methods

Zebrafish embryo maintenance and treatments

Embryos were obtained from WT AB zebrafish line (BIOTEC) and
maintained in accordance with AAALAC research guidelines, un-
der the protocol approved by MPI-CBG and Yale University,
IACUC. Embryos were incubated in E3medium at 28°C and staged
as previously described (Kimmel et al. 1995). Microinjections were
performed on one-cell-stage embryos. α-Amanitin (0.4 ng) was in-
jected for immunostaining experiments. Scrambled control and
Hnrnpa1 and bmorpholinos (MOs) were injected in four different

concentrations (0.625, 1.25, 2.5, and 5 ng) for α-Hnrnpa1 anti-
body validation. For Hnrnpa1 binding, ePAT and translation
assays, 100 ng eGFP-3′ UTR, and 100 ng HA-tagged Renilla lucifer-
ase mRNA reporters were used.

In vivo isolation of mRBPs from zebrafish embryos

The mRNA interactome capture protocol was performed as previ-
ously described (Baltz et al. 2012; Castello et al. 2012) with modi-
fications. Briefly, 200 zebrafish embryos at 32–64 cell stage (1.75–2
hpf, preZGA) and 512–1k cell stage (2.75–3 hpf, ZGA) were irradi-
ated twice with 0.8 J/cm2 UV (254 nm) and snap frozen in liquid
N2.Nonirradiated embryos served as negative controls. The embry-
os were subsequently lysed in Lysis/binding buffer (100 mM Tris
HCl, pH 7.5, 500 mM LiCl, 10 mM EDTA pH 8.0, 1% [w/v] lithi-
um-dodecylsulfate (LiDS), 5 mM DTT, Complete Mini EDTA-free
protease inhibitors [Roche]) and subjected to three rounds of 1-h
mRNA capture at room temperature using 120 μL magnetic oligo
(dT)25 beads (Invitrogen). After two rounds of 20-min washes
with Lysis/binding buffer, beads were washed three times with
NP40 wash buffer (50 mM Tris HCl, pH 7.5, 140 mM LiCl, 2 mM
EDTA pH 8.0, 0.5% NP40, 0.5 mM DTT). mRNPs were heat eluted
from the beads in low salt buffer (10mMTris HCl, pH 7.5), and the
eluates from two samples from the same developmental stage were
combined. Proteins were released from mRNPs by 1-h RNase I
(Ambion) treatment at 37°C in low salt buffer supplemented
with 1 mM MgCl2 and subjected to mass spectrometry analyses.
For further information about the mass spectrometry measure-
ments and subsequent data analysis, see Supplemental Methods.

iCLIP

The iCLIP experiment was performed as previously described
(König et al. 2010). For a single biological replicate, 400 zebrafish
embryos at 32–64 cell stage (1.75–2 hpf, preZGA) and 512–1k
cell stage (2.75–3 hpf, ZGA) were irradiated twice with 0.8 J/cm2

(Stratalinker 2400, Stratagene), lysed, and subjected to mild RNA
fragmentation. Crosslinked RNA–proteins complexes were immu-
nopurified using monoclonal α-Hnrnpa1 antibody (a kind gift
from Douglas Black). RNA was extracted and converted into
cDNA using experiment-specific RT primers containing 9-nt bar-
codes. Following size selectionandPCRamplification, cDNA librar-
ies were subjected to high-throughput sequencing on the Illumina
HiSeq2000 platform to generate 75-nt single-end reads. For more
details about the iCLIP procedure, see Supplemental Methods.

Data analysis

Analysis of the RNA-seq data from iCLIP libraries was con-
ducted using iCOUNT (König et al. 2010) and motif analysis was
performed using DREME (Bailey 2011). For more information
concerning iCLIP data analysis, see Supplemental Methods.
Reannotation of the zebrafish transcriptome was accomplished
by 3′ UTR extensions as previously described (Ulitsky et al. 2012).
Translation efficiency (TE) was calculated using the processed data
fromLee et al. (2013) as ribosome protected fragments (RPF)/mRNA
expression levels in input. Mean poly(A) tail length of mRNAs
expressed at 2 hpf was retrieved from Subtelny et al. (2014).

Indirect immunofluorescence

Immunostaining was performed on staged embryos as previously
described (Strzelecka et al. 2010). In brief, fixed and permeabilized
embryos were incubated 1 h with primary antibodies (α-Hnrnpa1
and 16H3 in 1:5 and 1:4 dilutions, respectively) in 3% BSA-MgPBS,
supplemented with 0.2% glycerol phosphate. Following three
washing steps with MgPBS, secondary antibodies (mouse IgG-
Alexa 488 and mouse IgG-TRITC for Hnrnpa1 and 16H3,
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respectively; Jackson Immunoresearch Laboratories) in 3% BSA-
MgPBS and 0.2% glycerol phosphate, were added and incubated
1 h at room temperature. Embryos were mounted in 80% glycerol
supplemented with 25 mg/mL anti-fading agent, DABCO (Sigma-
Aldrich) and 2 μg/mL Hoechst 3342 (Sigma-Aldrich).
Immunostained embryo specimens were imaged on the Zeiss
LSM710 Duo NLO microscope using 63× Oil NA: 1.4 objective
(Zeiss) and Zen2010 built-in software. Single-plane images were
taken and further analyzed using ImageJ software. Figures were
prepared using Adobe Illustrator CS5.1 (Adobe).

RT-qPCR

Two micrograms total RNA from different developmental stages
were used for reverse transcription using a hexanucleotide mix
(Roche). Expression levels of each mRNA was normalized to un-
changing nd3-nd4l mitochondrial precursor RNA (Heyn et al.
2014). Experiments were performed in three independent bio-
logical replicates. DNA oligos are listed in Supplemental Table 6.

Cell culture and treatments

HeLa Kyoto cells were cultured in DMEM GlutaMax medium
(Thermo), supplemented with penicillin/streptomycin (PAA) and
fetal bovine serum (FBS; Thermo) at 37°C and in a 5% CO2 atmo-
sphere. For plasmid transfections in six-well plates, 2 μg shRNA-
expressing or empty pSUPER plasmids and 5 μL Lipofectamine
2000 (Thermo) were used per one well, containing cells grown to
70% confluency. Forty-eight hours later, 2 μg pcDNA3.0-pri-mir-
430 construct or pcDNA3.0 empty plasmid were transfected using
5 μL Lipofectamine 2000 reagent. After another 48h, cells were
trypsinized, harvested, and washed three times with 1× PBS.
Forty percent of the cells was sonicated in 100 μL RIPA buffer
and used for Western blot analyses. Total RNA was extracted
from the remaining cells using TRIzol reagent (Thermo) and
used for Northern blot and RT-PCR analyses. Formore information
regarding plasmids and Western and Northern blot analysis, see
Supplemental Methods.

Data access

Hnrnpa1 iCLIP raw and processed data from this study have
been submitted to the NCBI Gene Expression Omnibus
(GEO; http://ncbi.nlm.nih.gov/geo/) under accession number
GSE76212. Mass spectrometry proteomics data from this study
have been submitted to the ProteomeXchange Consortium (http
://www.proteomexchange.org) via the PRIDE partner repository
(Vizcaíno et al. 2016) under the data set identifier PXD006098.
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