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RNAi based strategies to induce gene silencing are commonly employed in numerous model organisms but
have not been extensively used in zebrafish. We found that introduction of transgenes containing
convergent transcription units in zebrafish embryos induced stable transcriptional gene silencing (TGS) in
cis and trans for reporter (mCherry) and endogenous (One-Eyed Pinhead (OEP) and miR-27a/b) genes.
Convergent transcription enabled detection of both sense and antisense transcripts and silencing was
suppressed upon Dicer knockdown, indicating processing of double stranded RNA. By ChIP analyses,
increased silencing was accompanied by enrichment of the heterochromatin mark H3K9me3 in the two
convergently arranged promoters and in the intervening reading frame. Our work demonstrates that
convergent transcription can induce gene silencing in zebrafish providing another tool to create specific
temporal and spatial control of gene expression.

Z
ebrafish is a powerful model vertebrate organism to elucidate mechanisms regulating development and
disease1. The availability of large numbers of external, optically transparent developing embryos, combined
with genetics and imaging, have provided exceptionally useful tools to study development and as powerful

animal models of numerous human diseases. However, a critical missing tool is a simple, straightforward way to
post-transcriptionally knock down genes in a sequence specific manner, especially at later stages of development.
Recent reports have described the possibility that shRNA approaches might be useful for temporal and spatial
knockdown of genes in zebrafish2,3. More commonly, antisense morpholinos have been used to knockdown gene
expression during early development and have proven quite useful but with important caveats related to toxicity,
limited duration, and potential off-target effects4. Here, we describe a novel RNA interference (RNAi) mediated
mechanism to silence gene expression in zebrafish. First discovered in C. elegans, the discovery of RNAi ushered
in a new era of reverse genetics allowing sequence specific knockdown of genes in multiple model organisms5. As
an umbrella term, RNAi encompasses a number of gene regulatory mechanisms that ultimately depend on the
production of small dsRNAs. Post-transcriptional gene silencing (PTGS) methods utilize small RNAs derived
either from endogenous genes (miRNAs) or from exogenously delivered small interfering RNAs (siRNAs)6.
Primary transcripts encoding miRNAs are initially processed to precursor miRNAs (pre-miRNAs) in the nucleus
by Drosha7 followed by a second processing step in the cytoplasm by the enzyme Dicer that produces mature 21–
23 nucleotide dsRNAs8. Following Dicer processing, one of the strands is incorporated into a multi-component
complex called the RNA Induced Silencing Complex (RISC) containing Argonaute proteins9. Complementary
base pairing then determines the fate of targeted mRNAs. Perfect pairing (siRNAs) results in mRNA cleavage
whereas imperfect pairing (miRNAs) results in translational repression, deadenylation, and subsequent degra-
dation of target mRNAs10.

Despite the fact that the zebrafish genome encodes Dicer, Drosha, and RISC components11, siRNA-mediated
gene knockdown remains controversial with the limited number of reports claiming successful knockdown
countered by results suggesting that the effects are entirely nonspecific12–19. These conflicting reports account
for the fact that morpholino-mediated knockdown is prevalent in zebrafish, especially during early development.
Given the limitations of morpholinos, we sought to determine whether RNAi-mediated chromatin silencing
could silence genes in zebrafish. Transcriptional gene silencing (TGS) directed by small RNAs has been widely
reported and recent work has raised the possibility that similar mechanisms may apply in higher eukaryotes20–22.
While examining transcription termination in Schizosaccharomyces pombe, the Proudfoot lab discovered that
overlapping transcripts derived from genes organized in a convergent manner can generate dsRNAs that activate
nuclear RNAi leading to histonemethylation, recruitment of cohesin, and silencing of the convergent genes23. The
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methylation marks that regulate chromatin are removed during G2
enabling transient production of overlapping RNAs that then silence
the genes during G1/S. A number of genes encoding RNAi compo-
nents in the S. pombe genome are arranged in a convergent manner
enabling autoregulation24. Interestingly, the same mechanism can
silence genes in mammalian cells25,26. Based on the presence of func-
tional RNAi genes in the zebrafish genome, we hypothesized that
convergent transcription could be used to specifically silence genes
via a comparable mechanism. Our data demonstrate that transgenic
zebrafish harboring convergently arranged genes generate dsRNAs
that direct chromatin silencing of both reporter constructs and endo-
genous genes. Silencing leads to H3K9me3 deposition and can be
suppressed by Dicer knockdown, consistent with the S. pombe data.
This paper is the first paper to demonstrate that RNAi-mediated
chromatin silencing is possible in zebrafish with the ability to pre-
cisely control spatial and temporal gene expression in embryos and
adult zebrafish.

Results
Convergent transcription induces gene silencing in zebrafish. To
determine if we could trigger RNAi-mediated gene silencing in
zebrafish via convergent transcription, we created plasmids with
transcriptional promoters arranged in either a convergent (CT) or
nonconvergent (non-CT) manner. The experimental setup included
insertion of open reading frame (ORF) sequences between the two
promoters with no 59 or 39UTR sequences. For proof of principle, we
first targeted mCherry for rapid visualization of silencing. For the
non-CT mCherry construct, the full length zebrafish b-actin
promoter was inserted upstream of the mCherry open reading
frame (ORF). The CT mCherry construct harbored a b-actin

promoter at the 59 end and an inverted CMV promoter at the 39
end (Fig. 1A). Transient transgenic animals were created by co-
injecting embryos at the 1–2 cell stage with the non-CT mCherry
construct and Tol2 transposase mRNA27. As a marker of
transgenesis, the cardiac myosin light chain promoter (cmlc2) was
fused to GFP driving fluorescent expression in the heart28. As
expected, transgenic animals containing the non-CT mCherry
construct displayed robust expression of mCherry throughout the
entire developing embryo (Fig. 1B). In contrast, there was a striking
absence of mCherry in transgenic animals created by injection of the
CT mCherry construct (Fig. 1B). Except for a few small puncta and
some yolk autofluorescence, the levels of mCherry were dramatically
reduced to near zero. The lack ofmCherry was not due to the absence
of the transgene as readily detectable levels of heart GFP were
observed (Fig. 1B). Silencing was robust across multiple injec-
tions with undetectable levels of mCherry in greater than 92% of
the transgenic CT-mCherry embryos. Nearly ,100% of non-CT
mCherry transgenic embryos broadly expressed mCherry. Impor-
tantly, crossing of founders to generate F1 and F2 generations
showed that silencing of mCherry is stable and continues to be
maintained.

Convergent transcription produces dsRNA and silencing is
suppressed upon knockdown of dicer. In order to determine
whether the mechanism of mCherry silencing was as predicted
based on convergent silencing in S. pombe25, we designed primers
to amplify sense and antisense mCherry transcripts. We reasoned
that convergent transcription should produce both sense and
antisense transcripts. As expected, the levels of sense mCherry
transcripts in non-CT F2 embryos were abundant, 30-fold more

Figure 1 | Convergent silencing ofmCherry. (A)Non-CT andCT constructs were designed using theTol2 transgenesis systemwith the b-actin promoter

driving sense transcription and an inverted CMV promoter driving antisense transcription of the mCherry open reading frame (see Supplement for

maps and sequence information). All constructs harbored heart-specific GFP (cmlc2-GFP) which enabled identification of transgenic embryos.

(B) Widespread expression of mCherry was observed in non-CT embryos (386 out of 386 transgenic embryos), whereas near complete loss of mCherry

was observed in CT-mCherry embryos at 2 dpf (370 out of 402 transgenic embryos).
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than the levels detected in CT-mCherry animals, whereas the levels
of antisense transcripts were at or just barely above background
levels. In contrast, RNA isolation and qPCR analyses from F2
embryos derived from multiple F1s confirmed elevated levels of
both sense and antisense mCherry transcripts with slight variation
between lines (Fig. 2A). These data argue against the idea that the loss
of mCherry is due to simple steric interference from colliding
convergent polymerases.
If the mechanism of silencing that we observe is an RNAi-

mediated event, as suggested by the presence of sense and antisense
transcripts, it should require Dicer activity to cleave dsRNA for
packaging into RNA Induced Silencing Complexes29. To test whether
decreased levels of Dicer would suppress CT-mCherry silencing, we
used antisense morpholinos to knockdown Dicer. Compared to
scrambled control morpholinos, Dicer morphants displayed an
increase in mCherry levels (Fig. 2B). Not only could we detect

increased mCherry transcript levels after Dicer knockdown, we also
observed increased mCherry protein levels using Western blots
(Fig. 2C; full gel in Supp. Fig. 1). Taken together, these results indicate
that silencing of mCherry is suppressed upon Dicer knockdown and
consistent with the formation of dsRNA from sense and antisense
transcripts. The fact that the levels of suppression are not complete is
expected and is likely due to the efficiency of Dicer knockdown but
could also indicate a requirement for other components involved in
nuclear RNAi mediated silencing.

RNAi-mediated chromatin modification. To further elucidate the
mechanism of sustained mCherry gene suppression, we tested
whether increased levels of H3K9me3 could be detected in the
convergent promoters and within the mCherry open reading
frame. Increased levels of H3K9me3 would be indicative of hetero-
chromatin formation in vivo and would be further confirmation that

Figure 2 | mCherry silencing is Dicer dependent and results in increased levels of H3K9me3 chromatin modification. (A) Detection of sense and

antisense mCherry transcripts via qPCR analysis in F2 embryos from 3 different CT-mCherry F1 lines. (B) Increased mCherry sense mRNA levels upon

co-injection of a Dicer MO compared to control (ctrl) MO injected transient transgenics at 54 hpf. (C) Rescue of mCherry protein levels upon

co-injection of Dicer MO. Protein lysates were prepared from embryos as in (B) and Western blots were prepared with antibodies against mCherry and

a-tubulin. The full gel is shown in Supplemental Fig. 1. For comparison, protein levels in a non-CT embryo are as shown. (D) ChIP-qPCR showing

significant enrichment of H3K9me3 levels on convergent chromatin from CT-mCherry F2 embryos (F1 line 9119). Enrichment was determined

compared to negative IgG control at 5 dpf. ChIP values and standard deviations are shown from three independent biological experiments. ***p, .001

based on unpaired, two-tailed distribution Student’s t-test.
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convergent silencing in zebrafish utilizes a similar mechanism as
proposed in S. pombe. To test for histone modification, we utilized
formaldehyde-based in vivo cross-linking/immunoprecipitation
(Chromatin immunoprecipitation; ChIP) with antibodies against
H3K9me3. Chromatin was isolated from non-CT and CT
mCherry injected embryos and specific primers were then used to
amplify the border region between the b-actin promoter and the
mCherry ORF, within the mCherry ORF, and in the inverted
CMV promoter. We performed ChIP on F1 and F2 embryos
(Supp. Fig. 2,3). As shown in Fig. 2D in F2 embryos, compared to
the IgG control, we detected a 16-fold enrichment for H3K9me3
modified DNA on the b-actin promoter-mCherry border, a 15 fold
enrichment within the mCherry ORF, and a 13 fold enrichment

within the inverted CMV promoter. As an additional control, we
examined the levels of H3K9me3 on an unrelated, active zebrafish
gene, the flk-1 promoter30. We were not able to detect any
enrichment for H3K9me3 in the flk-1 promoter (data not shown).
Combining experiments to detect sense and antisense transcripts,
suppression upon Dicer knockdown, and H3K9me3 marks, our
data are consistent with a model of RNAi-mediated heterochro-
matin silencing in zebrafish.

Convergent silencing in trans: One Eyed Pinhead. To address the
ability of convergent transcription to silence genes in trans, we
generated a convergent construct targeting the endogenous One-
Eyed Pinhead (OEP) gene31 (Fig. 3A). We chose this gene because

Figure 3 | Silencing of One Eyed Pinhead. Convergent silencing of the zebrafish One Eyed Pinhead (OEP) gene with the b-actin promoter driving sense

transcription and an inverted CMV promoter driving antisense transcription. The OEP open reading frame was directly cloned between the two

promoters. (B–G) Compared to uninjected control embryos (UICs), CT-OEP injected embryos phenocopied OEP mutants with curved body axis,

cyclopia (black arrow in C), and reduced notochord (red arrows in F compared to G). In 12% of the CT-OEP embryos, we observed a more severe

phenotype with complete loss of eye development (red asterisk in E). (H) Graph showing % transient transgenics showing WT, classic OEP, or more

severe phenotypes. n5 167. (I). Silencing of OEP is Dicer dependent. Embryos were injected as indicated in the absence or presence of Dicer MO or a

control mismatch morpholino. **p , 0.005.
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the OEP phenotype is well characterized and easy to score. As shown
in Fig. 3B–G and quantified in Fig. 3H, 43% of transient transgenic
animals injected with CT-OEP displayed cyclopia, strong ventral
curvature of the body axis, and a reduced/misshapen notochord,
consistent with OEP mutants and morpholino knockdown of
OEP31,32. More severe defects were observed in 12% of the embryos
with eyeless, headless, or severely reduced body axis. Interestingly,
the more severe phenotypes resemble those observed with high
concentrations of OEP MOs which were proposed to be due to the
loss of both maternal and zygotic OEP expression32. In our experi-
ments, the more severe effects would not be due to destruction of
maternal transcripts but are consistent with increased silencing of the
endogenous OEP gene.

To test whether silencing of OEP in trans could be suppressed by
knockdown of Dicer, embryos were co-injected with the Dicer MO.
As shown in Fig. 3I, knockdown of Dicer resulted in a substantial
decrease in the number of embryos displaying the OEP phenotype
from 43% to 15%. The OEP experiments suggest that convergent
silencing can be used to silence endogenous zebrafish genes in trans.

Convergent silencing of miR-27a/b. To further demonstrate the
utility of targeting endogenous genes with convergent transcrip-
tion, we decided to target a miRNA gene. We chose miR-27a/b
because morpholino and CRISPR knockdown of miR-27a/b results
in dramatic craniofacial defects and impairment of pectoral fin
outgrowth that can be readily detected both visually, and by

Figure 4 | Silencing of miR-27a/b. (A) Convergent silencing of the miR-27a/b genes with ubiquitin promoters driving both sense and antisense

transcription. A synthetic DNA sequence encompassing precursor sequences for both miR-27a and miR-27b were directly cloned between the two

promoters. (B) Compared to control embryos injected with dye only (DIC), lateral and ventral views show that CT-miR-27a/b injected embryos

phenocopy miR-27a/b morphants (see Supplemental Figure 4) with defects in pharyngeal arch morphogenesis, craniofacial defects, and inhibition of

pectoral fin outgrowth as shown by decreased staining of ECM (cartilage) with alcian blue. (C) Compared to DICs, craniofacial defects observed with

alcian blue staining were observed in 8–9.5% of CT-miR-27a/b embryos using two different plasmid clones of the construct in (A). n 5 191 for DIC,

n 5 458 for CT-miR-27a/b clone 1, and n 5 272 for CT-miR-27a/b clone 2. All images are at 4 dpf.

www.nature.com/scientificreports
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staining extracellular matrix (ECM) and cartilage with alcian blue
(Kara et al, manuscript in preparation). Tol2 based CT and non-CT
constructs were generated with identical convergently arranged
zebrafish Ubiquitin promoters flanking a fusion of DNA sequences
encoding the precursors of bothmiR-27a andmiR-27b (Fig. 4A).We
chose to use the Ubiquitin promoter as a means to test the utility of
multiple promoters and to begin to address questions related to
differential promoter strength. Although the frequency of the
defect was lower than what we observed with mCherry and OEP
convergent silencing, we found that transgenic animals containing
the CT construct showed a nearly identical phenotype to that
produced upon morpholino knockdown (Supp Fig. 4) of miR-
27a/b (Fig. 4B). This included loss of craniofacial structures, loss of
upper and lower jaws, and impaired pectoral fin outgrowth. Only
,8–10% of transgenic animals displayed the phenotype but this was
significantly higher than that compared to DICs where much less
than 1% of the embryos showed some form of jaw defect or slight
changes in alcian blue staining patterns. While the reasons for less
efficient silencing of the miR-27a/b genes are not clear, the results
indicate that convergent transcription can be used to silence
noncoding RNAs in trans.

Discussion
Using convergent transcription to induce nuclear RNAi-mediated
gene silencing, we achieved targeted silencing of exogenousmCherry
and endogenous mRNA (OEP) and miRNA (miR-27a/b) encoding
genes. This paper is the first to show that nuclear RNAi mediated
gene silencing can be used in zebrafish to trigger heterochromatin
formation. The mechanism of silencing in zebrafish is hypothesized
to follow that described in fission yeast, which is supported by two
sets of experiments. First, Dicer knockdown suppressed transcrip-
tional gene suppression of both mCherry and OEP, suggesting that
long dsRNAs derived from the convergent promoters fail to be effi-
ciently processed and thereby unable to elicit TGS. Second, our ChIP
analyses showed increased H3K9me3 levels coincident with silen-
cing. Enrichment of H3K9me3 was maintained and became even
more pronounced from generation to generation, with greatest
H3K9me3 occupancy observed in F2 generations. These novel find-
ings demonstrate that convergent transcription can trigger nuclear
RNAi pathways to allow reverse genetics in zebrafish. With multiple
tools available to regulate transcription in zebrafish, precise spatial
and temporal control of gene expression is possible using convergent
transcription33,34.
Currently, the most common method to knockdown genes in

zebrafish utilizes antisense morpholinos to block mRNA translation,
inhibit pre-mRNA splicing, or interfere with miRNA function32,35.
Despite ongoingwork, the use of RNAi in zebrafish remains elusive36.
Reports of successful knockdown via RNAi have been countered by
reports of broad nonspecificity12–19. Recently, shRNA expression vec-
tors have been generated to produce siRNAs mimicking miRNA
pathways2,3,37 but it remains to be determined how useful or efficient
these methods will be in generating stable knockdown lines. For
mCherry knockdown, we observed stable, ongoing silencing.
However, we also observed gene dependent differences in efficiency.
Silencing of mCherry was greater than 92%, silencing of OEP was
approximately 50%, and silencing ofmiR-27a,bwas the least efficient
at,9%. Differences in efficiency can be due to numerous causes with
obvious challenges for silencing high copy genes with stable mRNAs.
Additionally, as more is learned about how small RNAs direct
sequence specific silencing, we will likely learn more about how
chromatin is altered and how chromosome location and positioning
might affect silencing. Nevertheless, the ability to generate stable
convergent lines creates an advantage over standard morpholinos
that can lack precise spatial and temporal control, not to mention
possible off target and nonspecific effects. As we develop this strategy
further, we will examine the expansion of heterochromatin marks on

different promoters and ORFs as well as discern the exact require-
ments for the size and abundance of the convergent transcripts to
gain a better understanding of the mechanism and functional rel-
evance of convergent silencing in zebrafish.
In addition to variable efficiencies of silencing in mCherry, OEP

and miR-27a,b, we also found that some genes were not able to be
targeted for silencing. Convergent constructs targeting different pig-
ment genes (tyrosinase, golden, sandy) showed a delay or only very
limited silencing of pigment expression, provided the embryos sur-
vived, especially for tyrosinase. Despite changes in the use of different
strength promoters or different length ORF sequences in the conver-
gent constructs, we were never able to generate non-pigmented
embryos. A potential explanation for the lack of silencing with the
CT-pigment constructs could be due to limiting levels of Dicer since
Dicer over-expression was shown to promote primary siRNA gen-
eration in a genome wide dependent manner in S. pombe38. Further,
sequence context and chromosomal position can also inhibit siRNA-
mediated heterochromatin formation38. Lastly, even though we have
focused extensively on the role of Dicer, other components of the
RNAi pathway, such as Argonaute proteins39 are likely required and
might be limiting for nuclear RNAi. Future work will be necessary to
answer such questions as well as positional and sequence-dependent
effects on convergent gene silencing. Nevertheless, our results dem-
onstrate that RNAi-mediated heterochromatin formation can be
used to silence genes in zebrafish.
Tools to efficiently knockdown gene expression or generate gene

knockouts in zebrafish are rapidly evolving with CRISPR mediated
gene editing rapidly becoming a common technique in zebrafish45. In
our hands, knockdown ofmiR-27a/b is most efficient with antisense
morpholinos, followed byCRISPR knockout, followed by convergent
silencing. As discussed above, morpholino based knockdowns suffer
from temporal and spatial limitations. Although spatial restrictions
can be overcome using CRISPR technology, temporal and reversible
strategies are still lacking and it may not always be desirable to create
irreversible genetic mutations. For some applications, convergent
silencing could prove useful, especially with tissue specific and indu-
cible promoters that can be further used to control temporal and
spatial production of dsRNA.

Methods
Ethics statement. All zebrafish experiments and methods were carried out in
accordance with the approved guidelines from the Vanderbilt Institutional Animal
Care and Use Committee (IACUC) under protocol M-09-398.

Plasmid constructs. Convergent vectors were created by inserting ORF sequences
directly between convergent promoters with no 59 or 39 UTR sequences. For
miR-27a/b, a region encompassing the precursor sequence for both miRNAs was
inserted directly between convergent Ubiquitin promoters (see below). All plasmid
constructs were created usingGateway technology28. Destination vectors were created
in the pDEST2G2 backbone by Gateway LR Clonase II reactions (Invitrogen) using
the following vectors:

For non-CT-mCherry: p5E-b-Actin, pME-mCherry, p3E-pA. CT-mCherry: p5E-
b-Actin, pME-mCherry, p3E-iCMV. non-CT OEP: p5E-b-Actin, pME-OEP, p3E-
pA. CT-OEP: p5E-b-actin or p5E-CMV, pME-OEP, p3E-iCMV or p3E-ib-Actin.

Inverted promoters were inserted into p3E (39-entry vectors) to transcribe the
antisense strand of target genes. P3E-iCMV, p3E-ibActin and p3E-Ubi promoter
sequences were PCR amplified with Phusion polymerase (NEB) from p5E-CMV/SP6,
p5E-b-Actin (Tol2 Kit) and p5E-Ubi (a kind gift from Dr. Josh Gamse), respectively.
Forward and reverse primers were flanked by attB2 and attB3 sites (lowercase,
respectively:

iCMV: F- 59ggggacagctttcttgtacaaagtggaTCACCTAAATCAAGCTTGCTC; R- 59
ggggacaactttgtataataaagttgCCAAGGCCTCTTCGC 39

ib-Actin: F- 59 ggggacagctttcttgtacaaagtggaGGATCCGGCTGAACTGTAAA-
AGAAAG; R- 59 ggggacaactttgtataataaagttgCCGGTACCAATTCCAGTTTGAAG

iUbi: F- 59 ggggacagctttcttgtacaaagtggaGGATCCCTGTAAACAAATTCAAAG;
R- 59 ggggacaactttgtataataaagttgCCCTCGAGACCAGCAAAGTTCTAG

pME-OEP: OEP cDNAs were generated using 500 ng of total RNA from sphere
stage wild type embryos using Superscript II reverse transcriptase (Invitrogen).
Forward and reverse primers flanked by attB1 and attB2 sites (lowercase) were then
used for PCR amplification:

F- 59 ggggacaagtttgtacaaaaaagcaggctTGCCACCATGACGAGTCAACTGTTCG 39
R- 59 ggggaccactttgtacaagaaagctgggtGCATACGGAGCGTTACAGTACA 39

www.nature.com/scientificreports
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pME-miR27a/b: The following sequence was ordered from GeneArt (Life
Technologies) containing a fusion of precursor sequences formiR-27a andmiR-27b:

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGGGCCAATAGCTAATA-
TGGCCAATGATTTggagagcaTCTGGATATGATGTCTGCTGAAGTTTCGTGA-
GGTGCAGGACTTAGCTCACTCTGTGAACAGATCTCGGATATCCTA-
TGTTCACAGTGGCTAAGTTCCGCTCCTCTGAGGCCCACACTCGAAAT-
CAGCCAGGaggtgagaacacaaacatgacGCGGCCGCTCTTTTCTAGCAGGTGCA-
GAGCTTAGCTGATTGGTGAACAGTGATTGAACTCTTTGTTCACAGTG-
GCTAAGTTCTGCATCTGAGGAGAGGACAGTGTACCCAGCTTTCTT-
GTACAAAGTGGTCCCC

BP reactions (Invitrogen) were performed to recombine the PCR amplicons into
entry vectors following the manufacturers protocol.

All entry vectors were sequence verified withM13 F andM13 (-21) R primers. The
exact sequences of the different promoters and maps of the various vectors are
contained in the Supplement.

Transgenic animals.Transgenic animals were created using Gateway vectors and the
Tol2 transgenesis system28,40 (http://chien.neuro.utah.edu/tol2kitwiki/index.php/
Main_Page). For injections, embryos fromwild type AB fish were collected from a 15-
minute mating period and microinjections of pDEST-based plasmids were
performed41. Briefly, plasmid DNA and Tol2 transposase mRNAs were injected into
1–2 cell stage embryos. For non-CT-mCherry and CT-mCherry, 22.5 pg plasmid
DNA and 7.5 pg transposase mRNAswere injected. For CT-OEP, 11.25 pgDNA and
7.5 pg transposase mRNAs was injected. For CT-miR-27a/b, 30 pg DNA and 7.5 pg
transposase mRNAs were injected.

RNA isolation and sense/antisense transcript detection. Total RNA from GFP1
4 dpf embryos was isolated using Tri-Reagent (MRC). 20 embryos were used per 1 ml
Tri-reagent. 800 ng of RNA was reversed transcribed with M-MLV RT (Promega)
using Oligo(dT)16 (Applied Bioscience) or strand-specific primers. Sense and
antisense transcripts were generated and quantified by SYBR green (BioRad) in real-
time PCR (BioRad). Transcripts were normalized to GAPDH and relative fold
changes were normalized to values of WT embryos, set at 1, and determined by the
DDCt method42.

Strand-specific primers:
mCherry anti-sense detection: 59 CGACATCCCCGACTACTTGAAGC
mCherry sense detection: 59 TCTTGGCCTTGTAGGTGGTCTT
qRT-PCR primers:
GAPDH: F- 59 GGCAGAAGGCGGCAAACT; R- 59 CTGGGTCCCTCTCGCT-

ATAGA
mCherry: F- 59 CCCCGTAATGCAGAAGAAGA; R- 59 TCTTGGCCTTGTA-

GGTGGTC

Dicer knock-down. Fluorescein-tagged antisense morpholinos (Gene Tools) against
the 59UTR of Dicer (dicerMO1)43 or the translational start (dicerstart)44 were co-injected
with the CT construct and transposase mRNAs into 1–2 cell stage wild-type embryos
of the AB strain. As a control, amismatchedDicerMO (dicermm2)43was used. Injection
of either dicerMO1 and dicerstart produced the same phenotype and comparable levels of
rescue. Embryos were examined at 54 hpf.

Western blots. At 72 hpf, GFP1 embryos were de-yolked and protein lysates were
prepared from 30 embryos in lysis buffer as described35. 25 mg of total protein was
loaded per lane as determined by Bradford assays (Biorad). Blots were probed with
anti-mCherry1C51 (Novus Biologicals) and anti-a-Tubulin (Abcam). For detection,
ECL Mouse- and ECL Rabbit-IgG-HRP-linked secondary antibodies (GE Sciences-
NA931) were used followed by visualization with ECL (Perkin Elmer).

ChIP and qPCR. Approximately 25–60 embryos were washed in 13 PBS. Embryos
were incubated with 2.22% formaldehyde for 10minutes at 25uCwith gentle rotation.
150 mMof glycine was used to quench the reaction for 10minutes at 25uCwith gentle
rotation. Embryos were then washed three times with 13 PBS for 5 minutes each and
then dissociated in ChIP Whole Cell Lysis Buffer (10 mM Tris-HCl, pH 8.1, 10 mM
NaCl, 3 mM MgCl2, 1% NP40, 1% SDS, 0.5% DOC, and 13 protease inhibitor
cocktail). The protease cocktail was from Sigma (P8340). DNAwas fragmented using
a probe sonicator (Heat Systems Ultrasonics) followed by water bath sonication
(Diagenode) at the high setting (3 rounds of 5 minutes each). After centrifugation for
20 minutes, supernatants were collected. Reverse crosslinking of chromatin aliquots,
DNA isolation, and fragmentation checks were performed by incubation at 65uC
overnight, phenol/chloroform extraction, and agarose gel electrophoresis,
respectively. Immunoprecipitation was conducted using 10 ug of chromatin with
1 ug of either negative control rabbit IgG (Cell Signaling) or H3K9me3 antibody
(Diagenode pAb-056-050) incubated overnight at 4uC. Magnetic Protein A beads
(Millipore) were pre-washed with chip dilution buffer (16 mM Tris-HCl, pH
8.1,162 mMNaCl, .0096 mg SDS, 2% Triton-X 100) and then blocked by incubation
overnight with 1.5% BSA, 0.03% protease inhibitor cocktail, and 0.006% of Herring
sperm ssDNA at 4uC. An equal volume of blocked bead solution was then added to
each chromatin-antibody bound sample for 1 hour at 4uC. Samples were then washed
for 5 minutes each with three different buffers. Wash Buffer 1 (20 mM Tris-HCl, pH
8.1, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100), Wash Buffer 2
(20.5 mM Tris-HCl, pH 8.1, 493 mM NaCl, 2 mM EDTA, 0.103% SDS, and 1%
Triton X-100) andWash Buffer 3 (10 mM Tris-HCl, pH 8.1, 1 mM EDTA, 250 mM
LiCl, 1% NP-40, and 1% DOC). Following two washes in TE buffer, antibody bound

chromatin was eluted in 1% SDS and 10 mMNaHCO3. Tubes were then incubated at
65uCovernight after addition of 200 mMNaCl and then placed at 45uC after addition
of 40 mM Tris-HCl (pH 7.5), 10 mM of EDTA (500 mM) and 20 ug of PK (20 mg/
mL) for 1–2 hours. Following reverse crosslinking, DNA was isolated (Qiagen) and
dissolved in H20. ChIP-qPCR was performed and quantified using Sybr green (Bio-
Rad). Fold enrichment was calculated by normalization of signal (H3K9me3 CT
values) to background (IgG CT values) using the DDCT method.

Primers for ChIP-qPCR:
Inverted CMV promoter
F_CMV6879 – 59 GAC CCC TCC TCA AAC TTG GCA C 39 Tm 5 60.3uC
R_CMV7059 – 59GGGACTCATGCCAATTCAATATGGTGGATC 39Tm5

60.8uC
Sense b-actin promoter with reverse mCherry ORF
F_5201 bactin qpcr 59GGCCAGACTGTAGAATGCAGAGC 39 Tm5 59.8uC
R_5446 mcherry qpcr 59 CTG AAC TCG TGG CCG TTC ACG 39 Tm 5 60.8uC
mCherry ORF
mCherry_F_414 59 CCC CGT AAT GCA GAA GAA GA Tm 5 54.5uC
mCherry_R_568 59TCT TGG CCT TGT AGG TGG TC 3 Tm 5 56.8uC

Alcian blue staining. Embryos were fixed in 4% PFA and rinsed with PBS-0.1%
Tween (PBT) twice for 5 minutes. After briefly rinsing in water, embryos were
bleached for 30 minutes in 1.5% H202 in 1% KOH. Following several rinses in PBT,
embryos were stained in 0.1% alcian blue 8GX (Sigma) overnight on a shaker at 25uC.
Embryos were then washed three times for 1 hour in 70% ethanol in 5% HCL and
afterwards washed twice for 1 hour in 0.25% KOH in 20% glycerol. Next, embryos
were washed overnight in 0.25%KOH in 50% glycerol and stored at 4uC in 0.1%KOH
in 50% glycerol solution. Before viewing stained embryos under the
stereomicroscope, 80–90% glycerol was added to embryos and rotated overnight at
4uC.
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