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Supplementary Table S1 | Over-represented sequences from each sample of RNA- and Ribo-
seq. Reads containing specified sequences in the table at corresponding stage were trimmed off or

removed by cutadapt using the options specified in Supplementary Materials and Methods.

Data type Stage Condition Over-represented sequences
Wild-type GGCATTAACGCGAACTCGGCCTACAATAGTGA
2hpf miR-132 injection GGCATTAACGCGAACTCGGCCTACAATAGTGA
miR-155 injection GGCATTAACGCGAACTCGGCCTACAATAGTGA
Wild-type GGCATTAACGCGAACTCGGCCTACAATAGT
RNA-seq 4hpf miR-132 injection TTAACGCGAACTCGGCCTACAATAGTGA
miR-155 injection GGCATTAACGCGAACTCGGCCTACAATAGT
Wild-type GGCATTAACGCGAACTCGGCCTACAATAGT
6hpf miR-132 injection GGCATTAACGCGAACTCGGCCTACAATAGT
miR-155 injection GGCATTAACGCGAACTCGGCCTACAATAGT
Wild-type ACCCGGGGACGCGTGCATTTATCAGAT
2hpf miR-132 injection ACCCGGGGACGCGTGCATTTATCAGA
miR-155 injection TACCCGGGGACGCGTGCATTTATCAGAT
Wild-type CCCGGGGACGCGTGCATTTATCAGATTCG
RPF 4hpf miR-132 injection ACCCGGGGACGCGTGCATTTATCAGA
miR-155 injection ACCCGGGGACGCGTGCATTTATCAGAT
Wild-type ACCCGGGGACGCGTGCATTTATCAGAT
6hpf miR-132 injection ACCCGGGGACGCGTGCATTTATCAGAT
miR-155 injection ACCCGGGGACGCGTGCATTTATCAGAT




Supplementary Table S2 | Read statistics for RNA-seq and Ribo-seq in each sample

batatype | Stge | conawon | Rewdsbefore | Readsafter | Uniauely aionec
Wild-type 30,823,253 23,827,257 14,158,189

2hpf miR-132 injection 27,220,096 24,669,611 12,266,788

miR-155 injection 24,962,449 22,595,872 10,712,927

wild-type 22,412,745 20,906,430 9,349,676

RNA-seq 4hpf miR-132 injection 26,785,344 25,139,562 7,847,362
miR-155 injection 28,212,007 26,407,805 9,470,116

Wild-type 28,199,307 26,242,998 12,684,872

6hpf miR-132 injection 21,473,374 20,065,657 9,051,650

miR-155 injection 22,670,965 21,174,663 9,699,067

Wild-type 26,822,908 7,385,388 10,787,524

2hpf miR-132 injection 23,209,679 983,509 8,199,867

miR-155 injection 19,612,100 7,280,351 17,473,921

Wild-type 9,081,046 23,833,252 3,718,364

RPF 4hpf | miR-132 injection 9,849,906 8,206,873 4,232,584
miR-155 injection 10,283,561 8,589,655 4,268,065

Wild-type 11,071,446 9,240,543 4,516,276

6hpf | miR-132 injection 11,338,173 9,522,801 4,878,388

miR-155 injection 10,956,871 9,192,245 4,931,732




Supplementary Table S3 | Statistics for the TSS and CPS update Canonical TSS and CPS
supported transcripts are transcripts having TSS and CPS in the annotated start and end position,
respectively. CPS updated transcripts are the transcript having TSS in the annotated start position
and an alternative CPS, either 5kbp downstream of the annotated end position, or in the exonic, or

intronic region, and supported by transcriptome assembly by Cufflinks.

Canonical TSS and CPS supported transcripts CPS updated transcripts
Chromosome Protein-coding genes IncRNAs Protein-coding genes IncRNAs
1 541 66 22 9
2 583 72 17 9
3 672 91 24 10
4 354 91 7 3
5 605 148 36 7
6 540 85 22 5
7 589 103 30 2
8 497 70 15 0
9 427 86 16 4
10 429 65 12 3
11 376 63 13 5
12 396 65 12 2
13 455 52 25 2
14 396 81 20 7
15 401 56 12 0
16 535 91 17 4
17 511 68 18 5
18 367 80 16 1
19 540 80 22 3
20 534 79 14 5
21 481 45 21 3
22 377 38 18 3
23 419 87 23 6
24 366 56 14 4
25 410 38 6 1
MT* 0 0 0 0

*MT is mitochondrial chromosome
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Supplementary Materials and Method

Dataset The sequence for the zebrafish reference genome assembly (Zv9) and gene annotations used
throughout this study were downloaded from the Ensembl database (release 79) (1). Additional IncRNA
annotations were derived from the previous studies (2-4). CAGE-seq data for TSS annotations were
downloaded from a public website (http://zeprome.genereg.net/downloads/) (5), and 3P-seq data for
CPS annotations were downloaded from NCBI Gene Expression Omnibus (GEO, GSE37453) (6).
Poly(A)-selected RNA-seq and cycloheximide-treated Ribo-seq data prepared from zebrafish embryos
at 2, 4, and 6 hpf from mock- (control) and miRNA-transfected (miR-155 or miR-132) fertilized eggs

were obtained from the NCBI GEO (GSE52809) (7).

Preprocessing and mapping of sequencing reads Random barcode sequences at the 5' end of
reads were first removed using seqtk 1.0-r31 (8). The over-represented k-mers within reads were
examined using FastQC v0.10.1 (9) and were trimmed from the reads using cutadapt 1.9.dev1 (10) with
the parameter, “overlap = 6” (Supplementary Table S1). Reads were then mapped to the reference
genome using Bowtie 1.0.0 (11) and the mismatch rate was examined across read positions. If the
mismatch rate was greater than 10% at a certain position, the corresponding sequences from the
position to nearby 3’ or 5’ end were trimmed using seqtk. Finally, the remainders were analyzed by the
window adaptive trimming tool, Sickle 1.200 (12), using default settings. Preprocessed reads from RNA-
seq and Ribo-seq were mapped to the zebrafish reference assembly (Zv9) using STAR 2.4.1a (13) with
mapping parameters similar to that for the ENCODE STAR-RSEM pipeline (14): “outFilterType, BySJout;
outFilterMultimapNmax, 20; outFilterMismatchNmax, 999; outFilterMismatchNoverLmax, 0.04;
alignintronMin, 20; alignintronMax, 1000000; alignMatesGapMax, 1000000; alignSJoverhangMin, 8;
alignSJDBoverhangMin, 1; sjdbScore, 1; runThreadN, 8; genomelLoad, NoSharedMemory;
outSAMtype BAM, Unsorted; quantMode, TranscriptomeSAM”. Statistics of sequencing reads before

and after preprocessing, and uniquely aligned reads are shown in Supplementary Table S2.

Integration of IncRNA annotations and isoform selection Ensembl release 79 includes 41,703
transcripts classified as ‘protein_coding’ and 5,665 IncRNAs: 1,038 ‘long intergenic non-coding RNAs

(lincRNAs)’; 58 ‘sense_intronics’; 9 ‘sense_overlappings’; 3,849 ‘processed_transcripts’; and 711



‘antisense’ transcripts. In addition, 691 IncRNAs from early embryogenesis stages (2), 1133 from late
developmental stages (3), and 3,391 from comparative analysis (4) were added to the zebrafish IncRNA
catalog. After filtering IncRNAs derived from contigs or scaffolds, 9,858 unique IncRNAs were searched
for the presence of TSSs and CPSs. Briefly, 1,959 IncRNAs embedded both TSS and CPS, 3,959 had
either TSS or CPS, and 3,940 had no TSS or CPS. For IncRNAs with no TSS and/or CPS, the
neighboring INcRNA transcripts within the range of 5 to 95 percentiles of intron length distribution were
inspected to see if a putative splice junction exists within the interval using additional RNA-seq junction
reads and maximum entropy modeling (15). For junction reads, all RNA-seq bam files at 2 hpf, 4 hpf,
and 6 hpf of mock-transfected embryos were used. The maximum entropy model was trained with
human and mouse exon-junction data. If there were at least two exon junction reads spanning two
neighboring transcripts or there was a predicted splice site, and the entropy score was greater than the
cutoff (4.655), the two transcripts were regarded as fragments. In total, 23 fragmented transcripts were

removed from the IncRNA catalog.

For miRNA targeting analysis in protein-coding mRNAs and IncRNAs, isoform selection was
used. If a gene had multiple isoforms, the isoform with the longest coding DNA sequence (CDS) was
selected. If there were multiple isoforms with the longest CDS, then the isoform with the longest 3' UTR
was selected. For the INcRNAs that did not have an annotated ORF, the isoform with the longest exonic

length was selected. In this manner, 16,297 protein-coding and 6,488 IncRNA isoforms were identified.

Periodicity analysis of Ribo-seq To check the validity and periodicity of the Ribo-seq data used in this
study, multiple metaplots for each read length were created using Ribotaper v1.3’s metagene analysis
(16). The plots were manually inspected for reads of 26, 27, 28, 29, and 30 nt long where the periodicity
was presented and the 12" nucleotide was a P-site. These reads were regarded as high confidence
RPFs and subjected to downstream analysis using Ribotaper. The selected lengths were re-analyzed

to search for sORFs, which encode peptides shorter than 100 amino acids, in IncRNA. As a result, 701

unique isoforms out of 812 INcRNAs were found to contain at least one predicted ORF that translates a
peptide less than 100 amino acids in length, and were regarded as INcRNAs with sORFs. In addition,
448 unique isoforms out of 512 IncRNAs with ORFs that translate a peptide greater than 100 amino

acids were regarded as IncRNAs with putative ORFs, and were analyzed separately.



Coding potential To exclude INcRNAs that were not detected by Ribotaper to have sORFs but could
still have substantial protein-coding potential, an additional analysis using CPC-0.9-r2 software (17)
was performed. As a result, 1,083 IncRNAs, that were determined to have protein-coding potential by

CPC, were excluded from the IncRNA set determined to have no ORF.

CPS and TSS annotations For CPS annotations, we adopted the same protocol, described in the 3P-
seq paper (18). In addition, the 3P-seq tags that overlapped with the repeat elements, that were
identified using RepeatMasker annotation for Zv9 zebrafish from the UCSC table browser (19), were
removed. In total, 107,636 CPSs were annotated from different developmental stages (53,669 for the
plus strand and 53,967 for the minus strand). The TSS annotations were performed using the same
method as described in the original CAGE-seq paper (5), except for a less stringent cutoff of 0.5 tags
per million (TPM) that was used to filter out transcript clusters of CAGE-seq tags. In total, 201,916 TSSs

were annotated (99,482 for the plus strand and 102,074 for the minus strand).

TSS and CPS update Protein-coding and IncRNA gene annotations were updated with TSSs and CPSs
using an in-house script. If TSS was located within 500 bps from the 5' end of the transcript, the TSS
was assigned to that transcript. If CPS was located within 100 bps from the 3' end of the transcript, the
CPS was assigned to that transcript. For transcripts supported by TSSs but not by CPSs, we inspected
other CPSs that were 5 kilo base pairs (kb) downstream or in the exonic/intronic region. If there was
CPS in the downstream 5 kb region, we examined whether the 3’ end of the transcript could be extended
to the CPS via transcriptome assembly using Cufflinks v2.1.1 (20). On the other hand, if there was CPS
in the exonic/intronic region, we examined whether the 3’ end of the transcript can be shorted to the
CPS, and if a substantial depth of RNA-seq reads exists using transcriptome assembly with Cufflink.
Statistics of TSS and CPS update on protein-coding mRNAs and IncRNAs are shown in

Supplementary Table S3.

Gene expression profiles Gene expression values were estimated using RSEM v1.2.25 (14) with the

running parameter “strand-specific”.



miRNA target prediction Canonical target sites of miR-132 and miR-155 were searched for in the 3’
UTR of protein-coding mRNAs and in whole exons of INcRNAs whose expression levels of RNA- and
Ribo-seq exceeded 0.5 RPKM. To remove the ribosome shadowing effect in miRNA targeting (21), sites
located 15 nucleotides (nt) downstream from the stop codon were excluded. Seeing as miR-132 and
miR-155 were transfected in the duplex form, we searched for canonical miRNA binding sites in both
strands. RNAs embedding 7mer sites (i.e., 7A1, 7m8, and 8mer, Figure 3A and Supplementary Figure
S3) were considered as miRNA targets. For control targets, 100 dinucleotide-shuffled sequences of
miR-132 and miR-155 were generated. Then the 7mer sites in the random sequences were searched
for in the protein-coding mRNAs and IncRNAs using the same method described above. The genes
embedding at least one of random 7mer sites, but not the original seed sites, were defined as random

control.

Meta-analysis of miRNA targeting Differences in the expression and translational efficiency of targets
(i.,e., mRNAs and IncRNAs) containing 7mer sites between the mock- and miRNA-transfected
conditions were compared to those with random 7mer sites using CDF graphs. Due to the relatively low
number of IncRNAs with mRNA like features, fold changes (logz) of miR-132 and -155 7mer targets
were combined to test the significance of changes in expression following miRNA transfection. RPKM

from RNA-seq and Ribo-seq were used as expression values.

Translational efficiency Translational efficiency was calculated as log2 fold changes of RPF
expression levels normalized by those of RNA to remove possible contribution of changes in RNA levels
to changes in RPF levels. All fold changes for RNA-seq, Ribo-seq and the translational efficiency of
miRNA target and random control RNAs were normalized to median fold changes in the random control

RNAs.

Statistical analysis and in-house script All of the statistical analysis and in-house scripting in this

paper were conducted by and written in R 3.2.3 (22) in python 2.7.11 (23), respectively.



Supplementary Figure Legends

Supplementary Figure S1 | The workflow for annotations of IncRNAs with mRNA-like features in
zebrafish. Publicly available sequencing data and programs used in this study are indicated in blue

and red fonts, respectively.

Supplementary Figure S2 | Meta-plots of Ribo-seq. The 3 nt periodicity of the Ribo-seq reads are
shown in the metaplots drawn using Ribotaper meta-analysis. Plots were drawn using Ribo-seq reads
of length showing 3 nt periodicity. The x-axis indicates positions from the start codon (left) and the
upstream position from the stop codon (right). The y-axis is the number of aligned reads at specific

positions.

Supplementary Figure S3 | Canonical miRNA target sites. (A) miR-132 (left) and miR-132* (right)
target sites. Colored letters for each type of target site represent the actual miRNA target sequences in

RNAs. (B) miRNA target sites of miR-155 (left) and miR-155* (right), with coloring as described in (A).

Supplementary Figure S4 | miRNA targeting on protein-coding mRNAs. The cumulative distribution
functions (CDFs) show the changes of RNA expression (top), RPF (middle) and translational efficiency
(bottom) for protein-coding mRNAs with miRNA (red) or random target sites (purple) (see
Supplementary Materials and Methods for more details), at each developmental stage in zebrafish
embryos. The number of miRNA and random target sites are shown in parenthesis in top left corner. P
values were calculated using a one-tailed Wilcoxon rank-sum test and is shown in top left corner. For
each CDF, the median logz fold change and the number of 7mer sites of miR-132 and miR-155 (right)

that are 8mer (green), 7m8 (sky blue), and 7A1 (dark orange), are depicted.

Supplementary Figure S5 | The changes of RPFs for IncRNAs upon miRNA transfection. The
CDFs show RPF expression changes between mock- and miRNA-transfected (miR-132 or miR-155)
zebrafish embryos for INcRNAs with miRNA (red) or random target sites (purple), otherwise as in

Supplementary Figure S4



Supplementary Figure S6 | miRNA-mediated repression on IncRNA with canonical miRNA target
site, 5’ cap and 3’ poly(A)-tail. (A-B) Read histogram of RNA-seq and Ribo-seq in exemplified
IncRNAs. (A) Example of a IncRNA (ENSDART00000128177) supported by TSS and CPS and
predicted to contain miR-155 7m8 target site. RNA expression levels at 2 hpf (red) and RPF expression
levels at 4 hpf (blue) of different conditions are shown. The RPKM estimated from the whole transcripts
by RSEM are shown on the right (B) Example of a IncRNA (ENSDART00000152905) that is not

supported by TSS and CPS but predicted to contain miR-155 8mer site, otherwise as in (A).

Supplementary Figure S7 | miRNA targeting for IncRNAs with putative ORFs

(A) Expression levels of the INncRNA sets without ORFs, with sORFs, and with putative ORFs and
protein-coding mRNAs, at various zebrafish embryo development stages(2, 4 and 6 hpf), otherwise as
shown in Figure 2A. (B) The CDFs show RNA (top), RPF levels (middle) and translational efficiency
(bottom) changes for IncRNAs with the evidence of putative ORFs encoding peptides longer than 100
amino acids and with miRNA (red) or random target sites (purple) at each developmental stage in

zebrafish embryos, otherwise as in Supplementary Figure S4.

Supplementary Figure S8 | The miRNA and IncRNA interaction model
The hypothetical model of interaction between miRNA and IncRNA. Briefly, miRNA targets IncRNAs but

only exerts repression in RNA and RPF expression levels for those having 5’ cap and 3’ poly(A)-tail.
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