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Background: Vertebrate early embryogenesis is initially directed by a set of materna
RNAs and proteins, yet the mechanisms controlling this program remain largely
unknown. Recent transcriptome-wide studies on RNA structure have revealed its
pervasive and crucial roles in RNA processing and functions, but whether and how
RNA structure regulates the fate of the maternal transcriptome have yet to be
determined.

Results: Here we establish the global map of four nucleotide-based mRNA structurg
by icSHAPE during zebrafish early embryogenesis. Strikingly, we observe that RNA
structurally variable regions are enriched in the 3" UTR and contain cis-regulatory
elements important for maternal-to-zygotic transition (MZT). We find that the RNA-
binding protein Elavl1a stabilizes maternal mRNAs by binding to the cis-elements.
Conversely, RNA structure formation suppresses Elavi1a’s binding leading to the
decay of its maternal targets.

Conclusions: Our study finds that RNA structurally variable regions are enriched in
mRNA 3" UTRs and contain cis-regulatory elements during zebrafish early
embryogenesis. We reveal that Elavlla regulates maternal RNA stability in an RNA
structure-dependent fashion. Overall, our findings reveal a broad and fundamental
role of RNA structure-based regulation in vertebrate early embryogenesis.
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i9 . 1 Comprehensive RNA structural maps during zebrafish early embryogenesis. a Schematic view of

in vivo RNA structural maps during zebrafish early development using icSHAPE. b Nucleotide composition
in transcriptome and all profiled sites (transcriptome, A: 27.91%, U: 25.96%, C: 22.47%, G: 23.66%; icSHAPE, A:
27.86%, U: 25.99%, C: 22.37%, G: 23.78%). ¢ The number of transcripts with more than half of the
nucleotides with valid structural signals at each stage. d Global structural changes by violin plot of average
icCSHAPE reactivity of each transcript during zebrafish early development; P values were calculated by paired
two-sided Student’s t test. e Integrative Genomics Viewer (IGV) view of icSHAPE reactivity and RNA structure
model of kpna4 gene at 3" UTR region
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i9 . 2 Hot structurally variable sites enriched with cis-regulatory elements. a Distribution of structurally
variable nucleotides between adjacent developmental stages. b Nucleotide composition of all structurally
variable nucleotides. ¢ The distribution of common (2,3,4,5-way) or specific (1-way) structurally variable
regions in different comparisons. The structurally variable region that is specific to one comparison is
termed as “1-way,” while 2-way means that the structurally variable regions is shared by two comparisons,
3-way means that it is shared by three comparisons, and so on. d The statistics of all structurally variable
regions grouped by their commonality. e Ratio of observed counts and expected counts of all structurally
variable windows in three segments: 5" UTR, CDS, 3" UTR. The ratio is calculated by observed counts divided
by expected counts. Statistical significance of enrichment of structurally variable windows in 3" UTR was
carried out with Fisher's exact; P value < 2.23x 10~ °* for all comparisons. f Metagene profile depicts the
sub-transcript distribution pattern of common structurally variable regions shared by at least two
comparisons. g Scatter plot shows the significance and occurrences of RNA-binding motif enriched in
common structurally variable regions at 3" UTR shared by at least two comparisons. P values were
calculated by Fisher's exact test. Refer to method section “De novo motif discovery and enrichment analysis
of structurally variable regions”
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Elavl1a is enriched in variable structural regions in 3' UTRs and prefers to bind single-
stranded RNA in vivo and in vitro
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)

i9 . 3 Elavila prefer to bind single-stranded RNA in vivo and in vitro which enriched in structurally variable
regions in 3" UTRs. a Scatter plot shows the significance and occurrence of RNA-binding motif enriched in
structurally variable windows at 3" UTR between 4 h.pf. and 6 h.pf; P values were calculated by Fisher's
exact test. Inner pie chart shows 47.1% of transcripts with structurally variable regions at their 3" UTR
containing Elavl1 binding motif. b Scatter plot shows Elavl1a’s enrichment in UV (+) sample at 4 h.pf.. LFQ,
label free quantitation. ¢ Distribution of Elavi1a peaks across the length of mMRNA and binding motif
identified by Dreme (MEME suite) with Elavl1a-binding peaks in 3" UTR (F-value=18x 10" 32 d icSHAPE
metaprofile around Elavl1a binding sites and unbound sites with the same motif shows that Elavl1a tend to
bind ssRNA in vivo. e The structure models of six endogenous RNA probes containing Elavl1a binding sites.
Elavi1a binding sites were colored in red background. f Demonstration of endogenous Elavl1a pulled down
by endogenous RNA probes containing Elavl1a binding sites. Upper, western blotting; lower, quantification
level. Error bars, mean +s.d., n=3. P values were calculated using Student’s t test. g Demonstration of
purified Flag-Elavi1a pulled down by endogenous RNA probes containing Elavl1a binding sites. Upper,
western blotting; lower, quantification level. Error bars, mean +s.d., n = 3. P values were calculated using
Student’s t test. h The structure models of designed P1 wild-type, P1 mutant, and P1 rescue RNA probes
containing Elavi1a binding sites and flanking regions. i Demonstration of endogenous Elavila pulled down
by designed endogenous RNA probes containing Elavila binding sites. Upper, western blotting; lower,
quantification level. Error bars, mean + s.d., n = 3. P values were calculated using Student's t test. j
Demonstration of purified Flag-Elavl1a pulled down by designed endogenous RNA probes containing
Elavl1a binding sites. Upper, western blotting; lower, quantification level. Error bars, mean +sd, n=3. P
values were calculated using Student's t test. k EMSA (left) and line graph quantification (right) showing the
binding ability of purified Flag-Elavi1a with designed P1 wild-type, P1 mutant, and P1 rescue RNA probes
containing Elavi1a binding sites. In total, 100 nM of RNA probes was incubated with different
concentrations of Flag-Elavl1a protein. The RNA binding ratio was calculated by (RNA protein) / ((free

RNA) + (RNA protein)). Error bars, mean +s.d, n=3
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RNA structurally variable elements in Elavi1a binding regions correlate with maternal
RNA stability
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More structural genes (817)
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i9 . 4 RNA structurally variable elements in Elavl1a binding regions associate with maternal RNA stability. a
Average icSHAPE reactivity change (4 h.pf. and 6 h.pf) at the Elavl1a binding site of the two groups of
transcripts. Group I: more structural, forming more structure at Elavl1a binding sites. Group II: less structural,
forming less structure at Elavl1a’s binding sites. “More structural” group was defined as the average of
icSHAPE reactivity of those Elavl1-binding sites at 6 h.pf. is less than that at 4 h.pf. and the differences were
larger than 0.05 (lower icSHAPE reactivity indicates that RNA structure become less accessible to SHAPE
reagent, thus become more compact structure). Statistical significance was calculated by paired t-test and
set to be P < 0.05. While the “less structural” group is defined as the average of icSHAPE reactivity of those
Elavl1-binding sites at 6 h.pf, it was larger than that at 4 h.pf. and the difference is also larger than 0.05,

P < 0.05. b Cumulative distribution of the log, fold changes of the RNA level between two group transcripts
with more or less structural Elavi1a binding sites during the period of 4 h.pf. to 6 h.pf.. P value was
calculated using two-sided Wilcoxon test. ¢ Pie chart depicting the proportion of maternal decay genes in
transcripts with more structural Elavi1a binding sites, and the proportion of maternal stable genes in
transcripts with less structural Elavl1a binding sites during the period of 4 h.pf. to 6 h.pf. d, e IGV tracks
and structure profile displaying icSHAPE (upper panels), iCLIP-seq (middle panel), and RNA-seq (bottom
panel) read distributions in 3" UTR of mylipa (d) and atp2bTa (e) mRNA. Binding motifs are indicated with
red highlight
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Elavl1la-mediated mRNA stability is required for early development
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i9 . 5 Developmental delay and accelerated maternal RNA clearance induced by Elavl1a deficiency. a
Elavi1a deficiency leads to developmental delay during zebrafish early embryogenesis. b Zebrafish elav/ia
mRNA with MO-mismatch binding site can partially rescue the phenotype in elav/Ta morphants. ¢
Cumulative distribution of the log, fold changes of RNA level between control and elav/Ta morphants
during the period of 4 h.pf. to 6 h.pf.. P values were calculated by two-sided Kolmogorov-Smirnov test. d
Cumulative distribution of the log, fold changes of RNA level of elav/la morphants versus control in
maternal decay, maternal stable and zygotic groups at 6 h.pf.. P values were calculated by two-sided
Kolmogorov-Smirnov test. @ Gene set enrichment analysis of downregulated genes upon Elavl1a deficiency
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i9 . 6 Elavila regulates maternal RNA stability in a structure-dependent fashion. a Design of the GFP
reporter mRNA with single-stranded or double-stranded Elavi1a binding site in its 3" UTR. b The structure
models of designed (i) wild-type, (i) mutant, and (iii) rescue Elavl1a binding sites and flanking regions. ¢ The
relative mRNA level (6 h.pf. versus 0.5 h.pf) of reporter genes with different structural contexts of Elavl1a
binding motif in control and elavila morphants, n= 3 for each group, error bars, mean + s.d,; P values were
determined by two-sided Student's t test. d The protein level of reporter gene with different structural
contexts of Elavi1a binding motif at 6 h.pf. in control and elav/la morphants determined by GFP
fluorescence signal observation. Some pictures of representative embryos were shown. Quantitative
fluorescence intensity was shown on the right, n =20 for each group. Error bars, mean + s.d. P values were
determined by two-sided Student’s t test. @ Schematic model shows that Elavl1a regulates RNA stability in a

structure-dependent fashion
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Manual SHAPE analysis
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