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Targeted blocking of gene splicing can
dysregulate intron-embedded primary
microRNAs
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Natalia Kowalewska1, Sebastian Pęcherz1, Barbara Gnutti 2, Dario Finazzi 2,3 &
Savani Anbalagan 4,5

Addressing whether antisense oligonucleotides (ASOs)-based targeting of genes embedded with
intronic noncodingRNAs (ncRNAs) affects the expression and function of intronic ncRNAs is crucial to
the success of ASOs in clinical trials. While studying zebrafish posterior pituitary development—an
important neuroendocrine interface—we found that an ASO targeting the slit3 splice site, but not the
translation start site, disrupts pituitary axonal morphogenesis. In addition to altered slit3 splicing, we
observed increased expression of slit3, its intron-embeddedmicroRNAmir-218a-1, its longest intron,
and the paralogous slit2 gene. The ASO-induced phenotype does not occur whenmaturemir-218a-1
is blocked by an ASO or inmir-218a-1−/− mutants, or when the splicing of the exon immediately
upstream of themir-218a-1 embedded intron is blocked by an ASO. The axonal phenotype also
phenocopies in samples injected with mir-218a mimic in a dose-dependent manner. Our results
indicate that despite the ASO-induced genetic compensation response, intron-retained transcripts
can escape the nonsense-mediated decay (NMD) machinery, become stabilized, and lead to
increased intronic primary microRNA expression and function. As prematurely terminated intron-
retained transcripts can translocate to axons and affect neuronal function, our study warrants further
validation for other classes of ncRNAs. Moreover, the idiosyncratic phenotypes observed with
translation- versus splice-blocking ASOs can serve as markers to identify the role of intronic
microRNAs.

Antisense oligonucleotides (ASOs) are one of the promising therapeutic
options for monogenic disorders. Approximately 3000 human protein-
coding genes are predicted to be haploinsufficient and a quarter of them are
associated with diseases1,2. In addition, splice-modulating ASOs are also
under consideration for developingpatient-specificASOs3,4.However, some
ASOs can affect mRNA and pre-mRNA levels differently. Premature ter-
mination of intron-retained transcripts has even been observed in the axons
of vertebrate animal models, as well as in the axons of human amyotrophic
lateral sclerosis patients5,6. Generally, when testing the potential of candidate
ASOs in vitro and in animal models, the focus is largely on the rescue of the
affected protein function and/or the disease phenotype. However, relatively
few studies have addressed if the intronic non-coding RNAs (ncRNAs) in

the targeted genes are affected by the host gene-targeting ASOs and the
potential role of such ncRNAs in failure of ASOs in clinical trials7–10. Such
ncRNAs may reduce ASO efficiency by limiting access, altering RNA
structure, ormodifying transcript abundance in a direct or indirectmanner.

In some tissues such as the brain or liver, intronicRNAcan constitute a
major proportion of the total cellular RNA11–14. One of the well-studied
ncRNA are the miRNAs and approximately 40–50% of all the miRNAs in
human, mice and chicken genome are of intronic origin15–17. Some intronic
miRNAs can target their host genes and function in a positive- or negative-
feedback loop18,19. Several of monogenic human disease-linked genes
are embedded with intronic miRNAs20,21. If ASOs targeting splicing of
such genes must succeed in clinical trials, it is critical to understand if
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blocking the splicing of host genes affects the intronic miRNA expression
and function.

Apart from the potential of ASOs in therapeutics, ASOs were also
widely used in developmental biology studies and are still in use. However,
despite the fact that several ASOs can phenocopy the mutants, some ASO’s
can cause non-specific phenotypes that cannot be reproduced by
mutants22–24.Weobserved a similar discrepancy inphenotypes in our results
of pank2 splice-blocking ASO injected zebrafish embryos and pank2−/−

mutant embryos21,25,26. Generally, the idiosyncrasy in the strong phenotypes
arising from ASO-injected embryos versus lack of a phenotype in zebrafish
mutants are largely attributed to Tp53 (P53)-based off target effects
(15–20% of all ASO experiments)23,24,27–29. In our case, the injection of the
pank2-specific ASO in pank2−/− embryos, did not result in any phenotype,
thus excluding this hypothesis25. Alternatively, the discrepancy canbe due to
genetic compensation or lack of maternal zygotic genetic background27,30,31.
However, the fact that off-target phenotypes arising from blocking the
splicing of a single gene are dependent on the ASO target sequence suggests
additional roles due to the aberrant products of unspliced transcripts27.

Whether ASOs targeting the splicing of genes embeddedwith intronic
miRNA inadvertently affect embedded pri-miRNA transcripts expression
and its mature miRNA function is still under debate. We addressed this
question in three zebrafish genes slit3, pank2 and dnm2a that contain the
intronic mir-218a-1, mir-103 and mir-199-2a, respectively. In this study,
using zebrafish embryos as vertebrate model, we show that the phenotypes
due to splice-blocking ASO targeting at least 3 of the intronic miRNA-
embedded host genes slit3, pank2 and dnm2a can be partially or completely
rescued by blocking the intronic miRNAs.

Results
slit3 splice-blocking ASO upregulates slit3 and its intronic pri-
mary miRNA transcript and disrupts pituitary axon development
Gene-embeddedmiRNAsare also in the introns of zebrafish protein-coding
genes. Firstly, we performed a data-mining approach to identify all the
zebrafish genes with intronic miRNAs as listed in the NCBI RefSeq anno-
tated database. Out of 27,158 protein-coding genes, 66 genes contain
intronicmiRNAs and themajority of them contain 1 or 2 intronicmiRNAs
(Fig. 1A, B and Supplementary Data 1). Gene ontology (GO) term analysis
revealed that intronic miRNA-containing genes were associated with
functions such as developmental morphogenesis, calcium ion regulation,
and other processes (Fig. 1C, D, Supplementary Data 2). During our data-
mining analysis,we also found10 and65protein-coding geneswith intronic
snRNAs and snoRNAs, respectively (Supplementary Fig. 1A–C, Supple-
mentaryData 3 and 4). At least for these three classes of ncRNAs,wedid not
find any host genes that contain more than one class of ncRNA (data
not shown).

Next, we wanted to narrow down few genes in which we could
investigate if targeting the gene will affect the intronicmiRNA embedded in
the gene. Towards this, we compared the 66 miRNA-embedded genes with
the zebrafish posterior pituitary glial cell-enriched transcriptome32. We
identified 30 intronic miRNA-embedded genes with a minimum normal-
ized expression count of 10 that were enriched in the glial transcriptome
genes (SupplementaryData 5).Out of these 30 genes, we focused on slit3, an
evolutionarily conserved axonal guidance protein-coding gene33,34. slit3
contains mir-218a-1 in the intron between exon 14 and 15 that has been
previously reported to target Slit receptor-coding robo genes35.

To investigate if targeting slit3 with a splice-blocking ASO will differ-
ently affect pituitary axons, we performed slit3 knockdown experiments in
zebrafish embryos with two different ASOs (morpholinos). The first ASO is
a well-established slit3 translation-blocking ASO36–38. The second ASO was
designed to block the slit3 splicing by targeting the exon 9-intron 9 junction
that codes for the leucine-rich repeat domain required for Robo receptor
binding (Fig. 1E)33,39. Splice-blocking ASOs can trigger exon skipping or
intron retention in transcripts of the targeted gene24. As expected, the slit3
splice-blocking ASO resulted in the retention of intron 9, which will lead to
the introduction of premature translation codons in the transcript (Fig. 1F).

In contrast to the control samples,weobserveda stronger expressionof exon
8-exon 9 amplicons and a reduction of exon 8-exon10 amplicons in the
splice-blocked samples. This suggests that intron retention increases slit3
expression or stabilizes the slit3 transcripts, and the intron-retained longer
transcript spanning exon8-exon10 is too long to be amplified under our
polymerase chain reaction conditions.

Next, we used the oxytocin neuron transgenic reporter line Tg(ox-
t:EGFP) to visualize and quantify the number of pituitary-projecting axons
(Fig. 1G, H). In comparison to control and translation-blocking ASOs-
injected larvae, we observed a reduced number of pituitary-projecting axons
(ɛ2 effect size 0.54, p-value < 0.0001) in the 5 days post fertilization (dpf)
larvae that were injected with the splice-blocking ASO at one-cell stage
(Fig. 1H, I). This phenotype was not due to oxytocin neuron deficits, as the
number of oxytocin neurons in the neurosecretory preoptic area (NPO)was
similar between control, translation- and splice-blocking ASO injected
larvae (η2 effect size of 0.03, p value > 0.05) (Supplementary Fig. 1D–F,
Supplementary Videos 1 and 2).

Since ASO-based phenotypes in zebrafish larvae can be also due to off-
target effects mediated via Tp53, we tested if tp53 knockdown can suppress
the slit3 splice-blocking ASO-induced phenotype27. In comparison to con-
trol and slit3 splice-blocking ASO injected larvae, co-injection of tp53
translation-blocking ASO with slit3 splice-blocking ASO did not result in
any rescue in the number of pituitary-projecting axons (Supplementary
Fig. 1G, ɛ2 effect size 0.72, p-value < 0.0001). These results suggest that slit3
splicing-blockingASO inducedpituitary axonaldefects arenotdue toTP53-
based off-target effects that can be encountered in ASO studies.

We next tested if the two slit3-targeting ASO’s affect the expression of
slit3 and slit3-embedded primary mir-218a-1 transcripts by in situ hybri-
dization technique (Fig. 1J). To observe primary mir-218a-1 transcript
expression, we designed and synthesized a probe that span the entire pri-
mary mir-218a-1 and adjacent sequences40. As a control for primary mir-
218a-1 expression, we chose another intronic pri-mir-206 which has been
previously reported to be expressed in the trunk muscles of zebrafish
embryos41. In control samples, unlike slit3 which has higher expression in
forebrain and hindbrain, pri-mir-218a-1 expressionwas broader andwe did
not observe similar enrichment in the forebrain and hindbrain (Fig. 1J). In
comparison to control larvae, we observed an increase in expression of slit3
and pri-mir-218a-1-coding transcripts in the splice-blocking ASO-injected
samples. Unlike a strong increase in pri-mir-218a-1 transcripts, we did not
observe a similar increase in the expression of pri-mir-206 in slit3 splice-
blockingASO injected larvae (Fig. 1J). These results suggest that blocking of
slit3 splicing increases the expression of slit3 and the slit3 intron-embedded
primary mir-218a-1 transcripts.

slit3 splice-blocking ASO-induced phenotype is due to intronic
mir-218a-1
Since primary miRNA transcript levels and mature miRNA levels are not
always correlated, we next tested whether the expression of mature mir-
218a-1 is also affected by slit3 splice-blocking ASOs. We performed in situ
hybridization with LNA-based mir-218a probes. Compared to control
samples, we observed increased expression of mir-218a in slit3 splice-
blocking ASO-injected samples (n = 14/23; p < 0.01 by Fisher’s exact test)
(Fig. 2A). Since the LNA-based probe can also bind to primary miRNA
transcripts, we performed RT-qPCR-based analysis. Although we observed
increased variability in expression levels in the injected slit3 splice-blocked
samples, we did not observe a significant increase in miR-218a levels
(Fig. 2B, C).

Next, we testedwhethermir-218a-1 and slit3 are involved in a feedback
loop and whether slit3 splice-blocking ASO can regulate such a regulatory
mechanism. We injected one-cell stage embryos with slit3 splice-blocking
and mir-218a-blocking ASOs, either individually or in combination, and
tested for expression changes by RT-qPCR analysis. As expected, in slit3
splice-blocking ASO-injected samples, we observed a significant increase in
slit3 expression including the exons spanning the mir-218a-1-embedded
intron (Fig. 2B). Blockingmir-218a-1, either individually or in combination
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Fig. 1 | ASO targeting slit3 splicing upregulates slit3 and intron-embedded pri-
mir-218a-1 and causes axonal defects during pituitary development. A Graph
showing % of zebrafish protein coding genes with and without intronic miRNA.
B Graph showing the frequency % and number of miRNA per miRNA-embedded
host gene. C, D Figure showing the enriched biological process (C) and molecular
function (D) GO terms in host genes. The color and size of the bubble correspond to
the P value and LogSize value of the GO Term, respectively. E Scheme of slit3 gene
and approximate location of splice-blocking ASO target and the oligonucleotide
primers. The expected amplicon size upon intron retention event are also men-
tioned. F Gel electrophoresis image showing amplified mRNA splicing products in
control embryos and embryos injected with a slit3 splice-blocking ASOs. Amplicon
products of housekeeping gene eef1a1a are also shown. G Scheme of slit3 gene.
ASOs designed to target slit3 translation and splicing are denoted by black lines and

labelled. H Scheme describing the pituitary axons in transgenic reporter Tg(ox-
t:EGFP) larvae and representative images showing whole-mount confocal micro-
scope imaging of pituitary of 5 dpf transgenic Tg(oxt:EGFP) zebrafish following
immunostaining with anti-EGFP. Images are from control larvae and following
microinjection of slit3 translation- or splice-blocking ASOs. Scale 20 µm. I Violin
plot showing the number of pituitary-projecting OXT axons in 5 dpf control
(n = 15) vs slit3 translation-blocking ASO injected larvae (n = 14) and slit3 splice-
blocking ASO injected larvae (****p < 0.0001; Kruskal-Wallis test). Analysis were
performed from 3 independent injections. J Representative images showing the
expression of slit3, pri-mir-218a-1 and pri-mir-206 observed by digoxigenin-labeled
probes in 5 dpf control larvae and followingmicroinjection of translation- or splice-
blocking ASO against slit3. Scale 100 µm.
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Fig. 2 | Axonal phenotypes due to slit3 splice-targeting ASO requiremir-218a-1.
A Representative images showing the expression of mir-218a observed by LNA-
based digoxigenin-labeled probes in 5 dpf control ASOor slit3 splice-blockingASO-
injected larvae. Correlation between the high mir-218a expression and splice-
blocking ASO was determined by Fisher’s exact test (n = 14/23; p < 0.01). Scale
50 μm. B Graph showing the quantification of slit3 expression by quantitative real-
time PCR analyses. (****p < 0.0001. p < 0.10; Two-way anova, N = 4. Error bars
indicate SEM). C Graph showing the quantification of mir-218a expression nor-
malized to U6 snRNA by quantitative real-time PCR analyses. (One-way anova,
N = 4. Error bars indicate SEM).D Scheme of slit3 gene. ASO designed to target slit3
translation, splicing and mir-218a-1 are denoted by black lines and labelled.
E Representative images showing whole-mount confocal microscope imaging of
pituitary of 5 dpf transgenic Tg(oxt:EGFP) zebrafish larvae following

immunostaining with anti-EGFP. Images from control larvae and following
microinjection of individual or co-injectedASOs as listed. Scale 10 µm. FViolin plot
showing the number of pituitary-projecting OXT axons in 5-dpf control larvae or
larvae injected with individual or co-injected ASOs as listed (***p < 0.001; Kruskal-
Wallis test, n = 15). G Scheme of slit3 gene in mir-218a-1 wildtype and knockout
zebrafish. H Representative images showing whole-mount confocal microscope
imaging of pituitary of 5 dpf transgenic Tg(oxt:EGFP) zebrafish following immu-
nostaining with anti-EGFP. Images are from control larvae and following micro-
injection of slit3 translation- or splice-blocking ASOs inmir-218a-1+/+ ormir-218a-
1−/− embryos at single-cell stage. Scale 10 µm. I Violin plot showing the number of
pituitary-projecting OXT axons in 5-dpf mir-218a-1+/+ vs mir-218a-1−/− control
larvae or larvae that were injected with slit3 translation- or splice-blocking ASOs
(****p < 0.001; Kruskal-Wallis test, n = 15).
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with slit3 splice-blocking ASOs, did not significantly affect slit3 expression
(relative to control ASO) or mir-218a-1 expression (relative to slit3
splice-blocking ASO alone) (Fig. 2B, C). We also tested whether slit3 splice
blocking ASO affected the expression of the intron 4, which at approxi-
mately 120 kb is the longest intron in slit3. We observed an increase in
expression of slit3 intron 4 transcripts expression only in the slit3 splice-
blocking ASO-injected samples (Fig. 2B). Taken together, these results
suggest thatmir-218a does not regulate slit3 expression and that blocking of
slit3 splicing upregulates slit3 transcripts, including the long intron-
containing primary transcripts.

Since we observed the expression of misspliced slit3 transcripts in
splice-blocking ASO-injected larvae, we next tested whether the axonal
phenotype was due to the potential truncated Slit3 protein frommisspliced
slit3 transcripts or the primarymir-218a-1. Toward this, we first performed
ASO co-injection experiments. Specifically, we co-injected the slit3 splice-
blocking ASO with either slit3 translation site-targeted or LNA-basedmir-
218a-targeted ASO (Fig. 2D). Only in the samples in which slit3 splice-
blocking ASO was co-injected with the mir-218a-targeting ASO, we
observed a rescue in the number of pituitary-projecting axons with a large
effect size of ɛ2 of 0.53, p-value < 0.0001 (Fig. 2E, F).

Finally, to definitely prove that primarymir-218a-1dysregulation is the
cause for the axonal morphogenesis phenotype, we undertook two
approaches. In the first approach, we blocked slit3 splicing in embryos of
previously characterized mir-218a-1wz15 knockout fish (Fig. 2G)42. Specifi-
cally, we injected slit3 translation- or splice-blocking ASO inmir-218a-1+/+

and mir-218a-1−/− single-cell stage embryos. We observed a decrease in
pituitary axons in themir-218a-1+/+ larvae and not inmir-218a-1−/− larvae
with a large effect size of partial η2 of 0.39 (Fig. 2H, I). Injection of the
translation-blocking ASO did not have any effect on the pituitary axonal
morphogenesis in neither of the genotype.

In the second approach, we injected an LNA-based mature mir-218a
mimic.Wevalidated the functionality of themimic by testing the expression
of its target genes, robo1 and robo235,43. Compared to the control samples, the
expression of robo1 and robo2 mRNA decreased in the samples injected
with themir-218amimic (Supplementary Fig. S2A).Next, we quantified the
pituitary axons in the samples. Compared to the control samples, we
observed a dose-dependent decrease in pituitary axons in the samples
injected with the mir-218a mimic (Supplementary Fig. S2B, ɛ2 effect size
0.79, p value < 0.0001). These results complement the mir-218a-1 mutant
experiments and collectively suggest that, blocking of slit3 splicing dysre-
gulate mir-218a-1 function and pituitary axonal projections.

slit3 exon 14 splice-blocking ASO lacks an axonal phenotype
Phenotypic penetrance can depend on the ASO target site. CRISPR gRNA-
based targeting of the exons encoding functional domains also shows
relatively higher phenotypic penetrance in zebrafish larvae44. Since our slit3
splice-blocking ASO targets the slit3 exon 9-intron 9 (ex9-int9) junction,
whereas the mir-218a-1 loci is in intron 14, we next tested whether direct
blockade of exon 14 splicing has similar effects on the pituitary axonal
projections. To this end, we designed a new ASO targeting the slit3 intron
13-exon14 (int13-ex14) junction and first characterized the efficacy of the
ASO. We observed that slit3 int13-ex14 blocking ASO injected samples
exhibited intron 13 retention, but we observed only a relatively small
decrease in intron-less exon 13-exon14 amplicons, suggesting that the ASO
is not fully efficient in blocking of exon 14 splicing (Fig. 3A, B).

Next, we testedwhether the slit3 int13-ex14 blockingASOalso affected
the development of pituitary projecting axons. In comparison to the control
ASO-injected samples, and in contrast to the slit3 ex9-int9 junction tar-
geting ASO, we did not observe any significant effect on the number of
pituitary projecting axons in the 5 dpf larvae injected with the slit3 int13-
ex14 junction targeting ASO at the one-cell stage (Fig. 3C, ɛ2 effect size 0.70,
p-value < 0.0001). Next, we tested whether the slit3 int13-ex14 splice-
blocking ASO had any effect on slit3 or mir-218a-1 expression or on slit3
intron 4-containing transcripts. Compared to control samples, slit3 int13-
ex14 splice-blocking ASO injection had no significant effect on slit3 ormir-

218a-1 expression or on slit3 long intron expression (Fig. 3D, E). Taken
together, our results suggest that although we observe intron retention
events similar to those observed in exon 9 targeted ASO samples, this does
not result in defects in axonal projections or increased slit3 or mir-218a-1
expression.

slit3 exon 9 splice-blocking ASO triggers genetic compensation
response
To test whether the slit3 exon 9 splice-blocking ASO target site has addi-
tional transcriptional regulatory mechanisms, bioinformatic analysis was
performed. Specifically, we evaluated the conservation of the slit3 ex9-int9
junction among teleost slit3 orthologs in Ensembl database. We observed
nucleotide-level conservation at the exon, splice junction, and the first few
intronic bases (Fig. 3F and S3). While these findings suggest the potential
conservation of splice junctions, they do not provide evidence for the
conservationof intronic regulatory elements. Therefore, the effect of the slit3
exon 9 splice-blocking ASO effect is unlikely due to the perturbation of a
shared cis-element at this site. However, the potential involvement of
lineage-specific or non-sequence-conserved regulatory elements cannot be
ruled out.

Intron retention can lead to nonsense mutations that can trigger
genetic compensation-based upregulation of paralogous genes30,31. Since
both of our slit3 ex9-int9 and int13-ex14 splice site targeted ASOs led to
intron retention, we tested whether they also led to genetic compensation-
based expression regulation of slit3 paralogs, namely slit1a, slit1b, and slit245.
Compared to control ASO and slit3 int13-ex14 splice-blocking ASO-
injected samples, we observed a significant increase in the expression of slit2
expression only in the slit3 ex9-int9 splice-blocking ASO-injected samples
(Fig. 3G,H).We also observedno significant effect on the expression of slit3
paralogs in samples injected with mir-218a blocking ASO. These results
suggest that in the case of the relatively efficient ASO targeting the ex9-int9
slit3 splice site, which encodes the functional leucine-rich domains of Slit3
protein, we observe a genetic compensation response.

pank2 and dnm2a splice-blocking ASOs phenotypes can be
rescued by intronicmir-103 andmir-199-blocking ASOs,
respectively
Next, we investigated the generality of the rescue of ASO-induced pheno-
types by targeting the intronic miRNA in the host genes. Towards this, we
chose the pank2 and dnm2a gene which containmir-103 andmir-199-2a in
its intron, respectively. We previously showed that injection of
splice-blocking ASOs targeting pank2 exon1-intron1 and intron1-exon2
junctions in 1-cell stage embryos leads to hydrocephalus and cardiac edema;
however, neither a 4-bpnor a 50-bpdeletionmutants of pank2 recapitulated
this phenotype21,25,26.

We hypothesized that the pank2 splice-blocking-induced phenotype
could be partially due to the intronicmir-103. To test this, we injected 1-cell
stage embryos either with control ASO or pank2 intron1-exon2 junction
targeting splice-blocking ASO. In addition, we also co-injected pank2
splice-blocking ASO with LNA-based control ASO or mir-103 blocking
ASO (Fig. 4A). Unlike the control ASO-injected embryos, majority of the
pank2 splice block-injected embryos developed hydrocephalus and cardiac
edema (Fig. 4B–D,G).Co-injection of pank2 splice-blockingASOwithmir-
103 blockASO led to a partial rescue of the phenotype, whereas co-injection
with a control ASO did not result in a partial rescue (Fig. 4E–G, Cramér’s V
effect size 0.56, p < 0.0001). The phenotypes were also not due to TP53-
based off-target effects as co-injection of pank2 splice-blocking ASO with
tp53 translation-blocking ASO did not rescue the phenotypes (Supple-
mentary Fig. S4A,Cramér’sV effect size 0.55, p-value < 0.001). These results
suggest that the phenotypes resulting from use of pank2 splice-blocking
ASO can be partially rescued by injection of intronic mir-103-target-
ing ASOs.

Next we investigated if the previously reported dmn2a splice-blocking
ASO-induced gross developmental phenotypes are also due to its intronic
mir-199-2a that contains duplex miRNAs mir-199-3p and mir-199-5p46,47.
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Fig. 3 | slit3 exon 14 splice site-targeting ASO lacks axonal phenotypes. A Scheme
of slit3 gene and approximate location of intron13-exon14 splice-blocking ASO target
and the oligonucleotide primers. The expected amplicon size upon intron 13 retention
event are also mentioned. B Gel electrophoresis image showing amplified mRNA spli-
cing products in control embryos and embryos injected with a slit3 splice-blocking ASOs.
Amplicon products of housekeeping gene eef1a1a are also shown. The expected splice
products and the size of the amplicon products are described in Supplementary Data 6.
CViolin plot showing the number of pituitary-projectingOXT axons in 5-dpf larvae that
were injected with control ASO, slit3 ex9-int9 or int13-ex14 splice blocking ASOs at
single-cell stage (****p < 0.0001; Kruskal-Wallis test, n= 20). D Graph showing the
quantification of slit3 expression by quantitative real-time PCR analyses. (Two-way

anova,N= 4. Error bars indicate SEM). EGraph showing the quantification ofmir-218a
expression normalized to U6 snRNA by quantitative real-time PCR analyses. (One-way
anova, N= 4. Error bars indicate SEM). F Sequence conservation 1-H per alignment
column, where H is nucleotide relative entropy. Dashed line marks the exon-intron
junction. Black rectangle marks slit3 ex9 splice block ASO target. G Graph showing the
quantification of slit3 paralogues expression by quantitative real-time PCR analyses in
larvae that were injected with control ASO, slit3 ex9-int9 splice blocking or mir-218a-
blocking ASOs. (*p < 0.05; Two-way anova, N= 4. Error bars indicate SEM). H Graph
showing the quantification of slit3 paralogues expression by quantitative real-time PCR
analyses in larvae that were injected with control ASO, slit3 int13-ex14 splice blocking or
mir-218a-blocking ASOs. (Two-way anova, N= 4. Error bars indicate SEM).
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Fig. 4 | Developmental phenotypes due to pank2 and dnm2a splice-blocking
ASOs can be partially rescued using mir-103 and mir-199-5p blocking ASOs,
respectively. A Scheme of pank2 gene. ASOs designed to target pank2 splicing and
mir-103 are denoted by black lines and labelled.B–FRepresentative images showing
whole-mount light microscope imaging of zebrafish embryos at 2 dpf. Images from
embryos followingmicroinjection of individual or co-injected ASOs as listed.White
arrow heads indicate hydrocephalus and white arrow indicate cardiac edema. Scale
250 µm. G Stacked bar plot showing the analysis of morphological evaluation of
embryos performed at 2-dpf and the number of embryos in which the analysis was
performed is listed on the top of each bar. Morphological analysis were performed

from 3 independent injections. χ2 = 124.7, p < 0.0001, df = 3. H Scheme of dnm2a
gene. ASOs designed to target dnm2a splicing andmir-199-5p are denoted by black
lines and labelled. I–M Representative images showing whole-mount light micro-
scope imaging of zebrafish embryos at 2 dpf. Images from embryos following
microinjection of individual or co-injected ASOs as listed. Scale 250 µm.N Stacked
bar plot showing the analysis of morphological evaluation of embryos performed at
2-dpf and the number of embryos in which the analysis was performed is listed on
the top of each bar. Morphological analysis were performed from 3 independent
injections. χ2 = 58.5, p < 0.0001, df = 3.
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To test this, we injected 1-cell stage embryos with control ASO or exon2-
intron2 targeting splice-blocking ASO. In addition, we also co-injected
dnm2a splice-blocking ASO with LNA-based control ASO or mir-199-5p-
blocking ASO (Fig. 4H). We chose to block only mir-199-5p because it
has been shown to be more abundantly expressed than mir-199-3p48.
Unlike the control ASO injected embryos, majority of the dnm2a splice-
blocking injected embryos developed shorter body axis, cardiac edema, and
an upward tail curvature (Fig. 4I–K, N). Co-injection of dnm2a splice-
blocking ASO with mir-199-5p blocking ASO led to a partial rescue of the
phenotype, whereas co-injection with a control ASO did not result in a
rescue (Fig. 4L–N, Cramér’s V effect size 0.38, p < 0.0001). The phenotypes
were also not due to TP53-based off target effects as co-injection of dnm2
splice-blocking ASOwith tp53 translation-blocking ASO did not rescue the
phenotypes (Supplementary Fig. S4B, Cramér’s V effect size 0.47,
p-value < 0.001). These results suggest that the phenotypes resulting from
dnm2a splice-blocking ASO can also be partially rescued by injection of
intronic mir-199-5p targeting ASOs.

We next tested whether the rescue of the phenotype upon the injection
of mir-103- and mir-199-targeting ASO was due to rescue of pank2 and
dnm2 expression or effects on the respective intronic miRNAs. To this end,
we injected splice-blocking and mir-blocking ASOs into one-cell stage
embryos. Compared to control ASO-injected samples, pank2 and dnm2a
splice-blocking ASO-injected samples showed a decrease in the expression
of pank2 and dnm2a/mi199-5p46. We did not observe a significant decrease
inmir-103 levels in pank2 splice-blocking ASO-injected samples. Blocking
mir-103 and mir-199-5p had no effect on pank2/mir-103 and dnm2a/mir-
199-5p expression, respectively. However, mir-103-blocking ASO and
pank2 splice-blocking ASO co-injected samples showed a rescue in pank2
expression, whereas we did not observe a similar rescue effect in dnm2a
expression in mir-199-5p and dnm2a blocked samples (Fig. 5A–D).

Moreover, when we tested the changes in the expression of the longest
intron in pank2 and dnm2a, we observed the increase only in the intron 1 of
dnm2a and not in intron 4 of pank2 (Fig. 5A, C). Overall, our results suggest
that blocking intronic miRNA can rescue the host gene splice-blocking
ASO-induced phenotypes, but the mechanisms seem to differ between
host genes.

Discussion
Previous studies using ASO in zebrafish have largely attributed ASO-
induced phenotypes that are not reproduced by knockouts to Tp53-based
off-target effects (15-20% of all ASO experiments)23,24,27. However, our data
suggest that there is an additional possible explanation for the observed
phenotypes. When slit3 splicing is specifically blocked at exon 9, which
encodes the leucine-rich repeat domains required for Robo receptor bind-
ing, our results indicate that although a genetic compensation response
occurs, some of the slit3 transcripts appear to escape the nonsense-mediated
decay (NMD)machinery and, in addition, the increased primarymir-218a-
1-derived from intron 14 causes the axonal phenotype. We were able
reproduce these phenotypes by the injection ofmir-218amimics.mir-218a-
1 does not seem to affect slit3 expression, but it can potentially target and
regulate the expression of not only robo genes but also any of the conserved
target genes (Amin et al., 2021).

Previously, studies in zebrafish andmice have shown thatmir-218a-1/
Mir-218-2 embedded in the slit3/Slit3 introns contain independent cis-
regulatory elements that decouple the expressionof pri-mir-218a-1/pri-Mir-
218-2 and slit3/Slit3 transcripts43,49. Our results suggest that blocking of slit3
splicing potentially leads to override of the cis-regulatory elements-medi-
ated regulation and loss of the decoupling mechanisms that prevents slit3
and mir-218a-1 co-expression. Why the slit3 exon 9 splice-blocking ASO
leads to increased slit3 expression when it is more plausible to expect an

Fig. 5 | mir-103 and mir-199-5p differentially
regulate pank2 and dnm2a splice-blocked tran-
scripts. A Graph showing the quantification of
pank2 expression by quantitative real-time PCR
analyses. (p < 0.10; Two-way anova, Error bars
indicate SEM). B Graph showing the quantification
of mir-103 expression normalized to U6 snRNA by
quantitative real-time PCR analyses. (One-way
anova, N = 3. Error bars indicate SEM). C Graph
showing the quantification of dnm2a expression by
quantitative real-time PCR analyses. (*p < 0.05;
****p < 0.0001; Two-way anova N = 3. Error bars
indicate SEM).D Graph showing the quantification
of mir-199-5p expression normalized to
U6 snRNA by quantitative real-time PCR analyses.
(p < 0.10; One-way anova, Error bars indicate SEM).
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NMDmachinery-mediateddecrease in slit3 transcript levels is unclear. Such
regulatorymechanisms on the host gene expression have been also reported
for other intronic miRNAs and also for lncRNA loci’s50,51. However, both
computational and experimental studies in mice and zebrafish has shown
that slit3 is not a target of mir-218a-143,52.

In the case of exon9 splice-blocking ASO, the fact that it triggers a
genetic compensation response and slit2 upregulation suggests that the
slit3 transcripts have been subjected to the NMD machinery. Neither
slit3 nor mir-218a is involved in a positive feedback loop with slit2 . How-
ever, since slit3 expression increases in exon 9 splice-blocking ASO-injected
samples, it appears that some of the slit3 transcripts also escape the NMD
machinery, perhaps due to stabilization of the transcripts either by the ASO
orby the intron9 sequences or reinitiationof translation events53. The role of
the retained intron could also be potentially important. Intron retention
could lead to the sequestering of the premature termination codon-
containing transcripts in the nucleus, thereby preventing the transcripts
from being subjected to the cytoplasmic NMD machinery54.

Other possibilities to explain the increase in slit3 expression include
increased transcription of slit3, or due to the use of a novel/alternative slit3
promoter sequence, or due to a lack of coupling mechanism between the
spliceosome and the transcriptional machinery55–58. Finally, another possi-
bility is that slit3 transcriptswith the premature termination codon in intron
9 are subjected to NMD but the feedback mechanism involving the
COMPASS protein complex, which promotes H3 modification of related
compensatory gene promoters, is unable to discriminate between the pro-
moter of slit3 and the promoter of its paralogs such as slit2, which is also
upregulated30,31.

It is unclear why the slit3 int13-ex14 targeted ASO, although causing
intron retention that must potentially lead to the nonsense mutation, does
not lead to NMD-based genetic compensation response. This could be due
to either the relatively low efficiency of the ASO or differential strength of
NMD based on the location of premature stop codons (5’ > 3’) and reini-
tiation of translation events53,59. One of the closest cis-regulatory enhancer
elements of mir-218a-1 is localized approximately 20 kb upstream to the
slit3 exon 9 splice-blocking ASO target site49. It is unclear whether the
activity of such enhancers are differentially regulated by exon 9 versus exon
14-targeting ASO.

Similar reports have been made regarding ASO-based targeting of a
host gene resulting in intron retention, and increased expression of an
intronic microRNA expression in the disease-associated gene PKD1 and its
intronic miR-122560. However, this effect largely depends on the cis-
regulatory elements adjacent to themiR-1225 locus. In our experiments, we
focused on splice sites rather than sites adjacent to the mir-218a-1 locus.
Additionally, we cannot exclude the possibility that such intronic regulatory
sites play a role in themir-218a-1mutant fish, given that approx. 130 bp are
deleted at the mir-218a-1 locus. A similar tiling-based ASO study could
potentially identify additional cis-regulatory sites that can regulate mir-
218a-1 in vivo.

Although we observed a similar rescue effect when pank2 and dnm2a
splicing and their respective intronic miRNA were blocked, the exact
mechanism by which mir-103 or mir-199-5p blocking ASOs rescue the
phenotypes is unclear. While in the case of pank2, it seems to be a rescue of
pank2 expression, in the case of dnm2a no such rescue of dnm2a expression
is observed. It is possible that the phenotype is due to function ofmir-103 or
mir-199-5p itself, rather than its expression level. In addition, dnm2a long
intron coding transcripts regulation is also increased upon dnm2a splice-
blocking ASO-injected samples suggesting other altered splicing based
mechanismsor regulatory elements in the introns. It is unclearwhyblocking
of mir-103 rescues the pank2 expression or blocking of dnm2a splicing
affects long intron expression61. According to the TargetScanFish v6.2
database, both mir-103 and mir-199-5p do not target the 3’ UTRs of the
pank2 and dnm2a, respectively62.

It is worth to note here that the lack of phenotypes similar to pank2
splice blocking ASOs in our 4-bp and 50 bp pank2mutants embryos could
be due to genetic robustness or compensation mechanisms25,26,30,63. And

injection of 1pmol of pank2 splice-blocking ASO into 50 bp pank2mutant
embryos do not recapitulate the pank2 splice-blocking ASO phenotypes25.
Hence, our results could be due to pank2 splice-blocking ASO dose-
dependent phenotype. However, it should be noted in ASO-based pre-
clinical trials using mammalian models, higher ASO concentrations are
used in order to rescue the phenotype.

Nevertheless, our data contradict the generally held view that ASO-
induced off-targets are due to Tp53. We are able to rescue the phenotypes
(either completely or partially) by blocking the intronic mature miRNA of
the targeted gene. Taken together, our work shows that the phenotypes
caused by targeted blockade of gene splicing in vivo can be attributed to the
intronic primary miRNA transcripts (Fig. 6).

Our in vivo zebrafish studies warrant further analysis of the potential
impact of intronic non-coding RNAs when using splice-site targeted ASOs
either for therapeutic purposes or for developmental biology studies. Finally,
since introns embedded in host genes may contain multiple ncRNAs or
classes of ncRNAs, the idiosyncratic phenotypes between translation- and
splice-blocking ASOs can potentially be used as a marker to screen for the
potential collective role of all the intronic ncRNAs embedded in such host
genes. Moreover, with the recent push to move away from animal-based
drug safety testing, at least for genes with conserved sequences at the ASO
target sites, vertebrate model organisms such as zebrafish embryos must be
considered to test the in vivo effects of therapeutically promising splice-
blocking ASO candidates64. Finally, although ASOs can also trigger NMD-
dependent genetic compensation, our results show that some intron-
retention causing ASOs can potentially stabilize the transcripts of the tar-
geted gene. Moreover, such transcripts can potentially escape the NMD
machinery, and the transcript-embedded intronic ncRNAs may play
additional unregulated direct or moonlighting roles65,10.

Materials and Methods
Zebrafish husbandry and maintenance
Zebrafishweremaintained inacirculationsystem(Techniplast, Italy) at28 °C
with a light: dark cycle of 14:10 h at the Faculty of Biology, AdamMickiewicz
University, Poznan. The study received ethical approval from the Lokalna
Komisja Etyczna ds. Doświadczeń na Zwierzętach w Poznaniu. Zebrafish
were raised and bred according to standard protocols in line with standard
procedures and ethical guidelines66. AB/TL hybrid line were obtained from
the International Institute ofMolecular Cell Biology - Zebrafish Core facility,
Warsaw. Zebrafish transgenic lines Tg(oxt:EGFP)wz01 (ZDB-ALT-111103-
1)67 andmir-218a-1wz15 (ZDB-ALT-190814-7)42 were of TL background and
were bred in house. mir-218a-1wz15 line were genotyped using PCR-based
assay42. Embryos from hybrid wildtype line AB/TL were used for pank2 and
dnm2a-related experiments. Embryoswere grown at 28 °C in 0.3XDanieau’s
medium at constant uncrowded densities (17.4mM NaCl, 0.21mM KCl,
0.12mMMgSO4, 0.18mM Ca(NO3)2, 1.5mM HEPES, pH 7.4).

Bioinformatic analyses
To identify protein-coding genes containing intronic miRNAs and other
non-codingRNAs (ncRNAs) inDanio rerio, theGRCz11genomeannotation

Fig. 6 | Splice-block ASOs can affect intronic primary microRNAs. ASO-based
targeting of splicing of genes embedded with intronic miRNA may not only lead to
intron retention or exon skipping, but also to stabilization of host gene transcripts,
increased expression and function of primary intronic miRNAs.
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(GCF_000002035.6-RS_2024_08) was analyzed. Specific RNA biotypes,
including miRNAs, snoRNAs, and snRNAs, were extracted based on their
annotations. Using BEDTools v2.31.1, a sequence of strand-specific inter-
sections was performed to identify ncRNAs overlapping protein-coding
genes while excluding those overlapping exonic regions, ensuring only
intronic ncRNAs were retained68. GO term analysis on host genes were
performed using REVIGO web server69. Adult zebrafish posterior pituitary
glial cells expressed genes (mean AMCA+ count >10) were downloaded
from32. slit3 ex9 splice block ASO target site conservation was evaluated by
comparison of sequences across Ensembl teleost orthologs. Orthologs,
genomic sequences, and exon–intron coordinates were retrieved from
Ensembl. For each species, slit3 locus was searched to locate the site most
similar to the zebrafish slit3 ex-9 boundary by local Smith–Waterman
alignment. MAFFT alignment was performed using strand-aware ±100-bp
windows centered on that site. Positional conservationwas summarized as 1-
H, where H is per-column Shannon entropy over A/C/G/T70. To avoid gap
artifacts, we analyzed only columns with ≥90% nucleotide coverage across
species. Transcript annotations were used to overlay exon/intron context in
the figure, and exact full-length ASO matches were noted for reference.

Antisense oligonucleotides, primers and RT-qPCR
The sequences ofASOs and primers can be found in SupplementaryData 6.
ForASO-based targeted blocking of gene translation or splicing andmature
miRNA function, morpholino and LNA (miRCURY LNA Power Inhibitor
&mir-218mimic) were purchased from Genetools (Philomath, OR, USA)
and QIAGEN, respectively. The slit3, pank2, dnm2, and tp53morpholino-
based ASO stock was prepared by dissolving it in distilled water at 1mM,
and one-cell stage embryos were microinjected at 1.67 ng of ASO/embryo.
The anti-mir-218, anti-mir-103 and anti-mir-199-5p LNA-basedASO stock
was prepared by dissolving it in distilled water at 50 µm, and one-cell stage
embryos were microinjected at approximately 0.08 ng of ASO/embryo.
MO-ASO and LNA-ASO were co-injected at 1.67 ng and 0.08 ng
per embryo, respectively. The mir-218 mimic ASO and mir negative
control mimic ASO stock was prepared by dissolving it in distilled water at
66.7 µm, and one-cell stage embryos were microinjected at 0.1 and 0.2 ng
per embryo.

Total RNA extraction was performed on either at 5-dpf (slit3/mir-
218a-related samples) or 2-dpf (pank2/mir-103 and dnm2a/mir-199-5p-
related samples) larvae usingQiagen Total RNAExtraction kit according to
the manufacturer’s instructions. RT-qPCR was performed using SYBR-
based reagents based on cDNA synthesized from RNA extracted from 15
larvae per group. cDNA synthesis for mRNA and miRNA were performed
using Invitrogen Superscript III Reverse transcription and Qiagen LNA
miRNA SYBR Green PCR kit (miRCURY RT Enzyme mix), respectively
withon-columnDNase treatment. Experimentswereperformed in at least 3
groups. Relative expression of mir-218a was quantified with respect to
U6 snRNA levels using miRCURY LNA-based primers (Qiagen).

In situ hybridization and immunostaining
In situ and immunostaining were performed on zebrafish larvae were
euthanized using tricaine overdose (1 g/L) before fixation in 4% PFA. RNA
in situ hybridization was performed as described in ref. 71. For probe pre-
paration, slit3 (NM_131736.3), pri-mir-218a-1 (host gene NCBI gene ID
80354) and pri-mir-206-1 (host gene NCBI gene ID 137488637)-
based probes of sizes 346 bp, 525 bp, and 432 bp, respectively were syn-
thesized from zebrafish larval cDNA-based PCR templates amplified using
the primers listed in Supplementary Data 6. The purified products served as
a template to synthesize digoxigenin-labeled antisense mRNA probes using
DIG RNA labeling mix (Roche #11277073910). mir-218a in situ hybridi-
zation was performed using LNA-based probes (Qiagen) as described
in ref. 72.

Immunofluorescence staining was performed as described in ref. 73
and using the rabbit anti-EGFP primary antibody (RRIDAB_1074893, Life
technologies/Thermo Fisher, Waltham, MA, USA) and secondary anti-
bodies (RRID AB_2338046) were purchased from Jackson

ImmunoResearch Laboratories (West Grove, PA). Briefly, PFA-fixed larvae
werewashed in PBS (2 × 10min), dehydratedusingmethanol series (25-50-
75–100%) and stored at −20 °C overnight. The samples were rehydrated
frommethanol (75-50–25%) to PBS,washed in PBS-Tx (TritonX100, 0.3%;
2 × 10min) and blocked in 500 µL of blocking solution (PBS+ 10% goat
serum+1% DMSO+ 0.3% Triton X100) for 30min at room temperature.
The solution was then replaced with 200 µL of fresh blocking solution with
primary antibodies at 1:200 concentration and incubated overnight at 4 °C.
Samples were washed with PBS-Tx (3 × 30min) and treated with 200 µL of
secondary antibodies in blocking solution at 1:200 concentration, overnight
at 4 °C. Then, samples were washed with PBS-Tx (3 × 30min), transferred
to 75% glycerol (25-50–75%) and the jaws were removed using a pair of
hypodermic syringe before mounting the larvae with its ventral side facing
the objective.

Image acquisition and analysis
Colorimetric in situ images were obtained using 5X objective on a Leica
DM4B microscope (Leica, Germany). Images of whole embryos fluores-
cently labeled OXT neurons and axons were obtained by using Nikon A1R
confocal microscope with Plan Apo VC 20X objective. Confocal images
were analyzed using the FIJI/ImageJ application. The number of oxytocin
neurons were counted using the Cell Counter plugin.

Statistics and reproducibility
Normality tests was performed using Shapiro-Wilks test. ANOVA or
Kruskal-Wallis test were used for comparing multiple groups. All data sets
were corrected for multiple comparisons. Tukey’s or Dunn’s multiple
comparisons tests were used as post-hocs. Fisher’s exact test was performed
to validate correlation between ASO injection and in situ-based expression
of mir-218a. Effect sizes were calculated using epsilon squared (ɛ2) for the
Kruskal-Wallis test, eta squared (η2) for the one-way ANOVA, partial eta
squared (η2) for the two-way ANOVA and Cramér’s V for Chi-square test.
All the experiments were performed on at least 3 different replicates (pooled
group of larvae or embryos). Additionally, RT-qPCR analysis had technical
replicates.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Numerical source data for graphs can be found in Supplementary Data 7.
Uncropped agarose gel images are provided in Supplementary Fig. 5. All
other data are available from the corresponding author (or other sources, as
applicable) on reasonable request.

Received: 30 May 2025; Accepted: 6 January 2026;

References
1. Lek, M. et al. Analysis of protein-coding genetic variation in 60,706

humans. Nature 536, 285–291 (2016).
2. Punta, M. et al. The Characteristics of Heterozygous Protein

Truncating Variants in the Human Genome. PLOS Comput. Biol. 11,
e1004647 (2015).

3. Kim, J. et al. Patient-Customized Oligonucleotide Therapy for a Rare
Genetic Disease. N. Engl. J. Med 381, 1644–1652 (2019).

4. Aartsma-Rus, A. et al. Development of tailored splice-switching
oligonucleotides for progressive brain disorders in Europe:
development, regulation, and implementation considerations. RNA
29, 446–454 (2023).

5. Liang, X.-H., Sun, H., Nichols, J. G. & Crooke, S. T. RNase H1-
Dependent Antisense Oligonucleotides Are Robustly Active in
Directing RNACleavage in Both the Cytoplasm and the Nucleus.Mol.
Ther. 25, 2075–2092 (2017).

https://doi.org/10.1038/s42003-026-09529-7 Article

Communications Biology |           (2026) 9:252 10

www.nature.com/commsbio


6. Taylor, R. et al. Prematurely terminated intron-retaining mRNAs
invade axons in SFPQ null-driven neurodegeneration and are a
hallmark of ALS. Nat. Commun. 13, 6994 (2022).

7. Kuhnert, F. et al. Attribution of vascular phenotypes of the murine Egfl7
locus to the microRNAmiR-126. Development 135, 3989–3993 (2008).

8. Lacko, L. A. et al. Altered feto-placental vascularization, feto-
placental malperfusion and fetal growth restriction in mice with Egfl7
loss of function. Development 144, 2469–2479 (2017).

9. Fish, J. E. et al. miR-126 regulates angiogenic signaling and vascular
integrity. Dev. Cell 15, 272–284 (2008).

10. AnbalaganS.Gas-sensing riboceptors.RNABiol.21, 758–763 (2024).
11. Nakaya, H. I. et al. Genome mapping and expression analyses of

human intronic noncoding RNAs reveal tissue-specific patterns and
enrichment in genes related to regulation of transcription. Genome
Biol. 8, R43 (2007).

12. Kapranov, P. et al. The majority of total nuclear-encoded non-
ribosomal RNA in a human cell is ‘dark matter’ un-annotated RNA.
BMC Biol. 8, 149 (2010).

13. Wierzbicki, A. T., Blevins, T. & Swiezewski, S. Long Noncoding RNAs
in Plants. Annu Rev. Plant Biol. 72, 245–271 (2021).

14. Mattick, J. S. et al. Long non-coding RNAs: definitions, functions,
challenges and recommendations. Nat. Rev. Mol. Cell Biol. 24,
430–447 (2023).

15. Kim, Y. K. &Kim, V. N. Processing of intronicmicroRNAs.EMBOJ. 26,
775–783 (2007).

16. Carthew, R. W. & Sontheimer, E. J. Origins and Mechanisms of
miRNAs and siRNAs. Cell 136, 642–655 (2009).

17. Godnic, I. et al. Genome-wide and species-wide in silico screening for
intragenic MicroRNAs in human, mouse and chicken. PLoS One 8,
e65165 (2013).

18. Hinske, L. C., Galante, P. A., Kuo, W. P. & Ohno-Machado, L. A
potential role for intragenicmiRNAs on their hosts’ interactome.BMC
Genomics 11, 533 (2010).

19. Lutter, D., Marr, C., Krumsiek, J., Lang, E. W. & Theis, F. J. Intronic
microRNAs support their host genes by mediating synergistic and
antagonistic regulatory effects. BMC Genomics 11, 224 (2010).

20. Casar Tena, T. et al. Resting cells rely on theDNAhelicase component
MCM2 to build cilia. Nucleic Acids Res 47, 134–151 (2019).

21. Zizioli, D. et al. Knock-downof pantothenate kinase 2 severely affects the
development of the nervous and vascular system in zebrafish, providing
new insights into PKAN disease. Neurobiol. Dis. 85, 35–48 (2016).

22. Wright, G. J., Leslie, J. D., Ariza-McNaughton, L. & Lewis, J. Delta
proteins and MAGI proteins: an interaction of Notch ligands with
intracellular scaffolding molecules and its significance for zebrafish
development. Development 131, 5659–5669 (2004).

23. Kok, F. O. et al. Reverse genetic screening reveals poor correlation
between morpholino-induced and mutant phenotypes in zebrafish.
Dev. Cell 32, 97–108 (2015).

24. Eisen, J. S. & Smith, J. C. Controlling morpholino experiments: don’t
stop making antisense. Development 135, 1735–1743 (2008).

25. Khatri, D. et al. Abnormal Vasculature Development in Zebrafish
Embryos with Reduced Expression of Pantothenate Kinase 2 Gene.
Bull. Exp. Biol. Med 170, 58–63 (2020).

26. Mignani, L. et al. Bi-AllelicMutations in Zebrafish pank2Gene Lead to
Testicular Atrophy and Perturbed Behavior without Signs of
Neurodegeneration. Int J. Mol. Sci. 23, 12914 (2022).

27. Robu, M. E. et al. p53 activation by knockdown technologies. PLoS
Genet 3, e78 (2007).

28. Stainier, D. Y. R. et al. Guidelines for morpholino use in zebrafish.
PLoS Genet 13, e1007000 (2017).

29. Lai, J. K. H., Gagalova, K. K., Kuenne, C., El-Brolosy, M. A. & Stainier,
D. Y. R. Induction of interferon-stimulated genes and cellular stress
pathways by morpholinos in zebrafish. Dev. Biol. 454, 21–28 (2019).

30. Sztal, T. E. & Stainier, D. Y. R. Transcriptional adaptation: a mechanism
underlying genetic robustness. Development 147, dev186452 (2020).

31. Ma, Z. & Chen, J. Premature Termination Codon-Bearing mRNA
Mediates Genetic Compensation Response. Zebrafish https://doi.
org/10.1089/zeb.2019.1824 (2020).

32. Anbalagan, S. et al. Pituicyte Cues Regulate the Development of
Permeable Neuro-Vascular Interfaces. Dev. Cell 47, 711–726.e5 (2018).

33. Blockus, H. & Chedotal, A. Slit-Robo signaling. Development 143,
3037–3044 (2016).

34. Ramesh, A. R. et al. Development of the neurohypophysis: A major
neuroendocrine interface. J Neuroendocrinol. 38, e70125 (2026).

35. Fish, J. E. et al. A Slit/miR-218/Robo regulatory loop is required during
heart tube formation in zebrafish. Development 138, 1409–1419 (2011).

36. Barresi,M. J., Hutson, L. D., Chien, C. B. &Karlstrom, R.O. Hedgehog
regulated Slit expression determines commissure and glial cell
position in the zebrafish forebrain. Development 132, 3643–3656
(2005).

37. Kastenhuber, E. et al. Netrin-DCC, Robo-Slit, and Heparan Sulfate
Proteoglycans Coordinate Lateral Positioning of Longitudinal
Dopaminergic Diencephalospinal Axons. J. Neurosci. 29, 8914–8926
(2009).

38. Zhang, C., Gao, J., Zhang, H., Sun, L. & Peng, G. Robo2–Slit and
Dcc–Netrin1 Coordinate Neuron Axonal Pathfinding within the
Embryonic Axon Tracts. J. Neurosci. 32, 12589–12602 (2012).

39. Chodkowski, M., Zielezinski, A. & Anbalagan, S. A ligand-receptor
interactome atlas of the zebrafish. iScience 26, 107309 (2023).

40. He, X., Yan, Y.-L., DeLaurier, A. & Postlethwait, J. H. Observation of
miRNA gene expression in zebrafish embryos by in situ hybridization
to microRNA primary transcripts. Zebrafish 8, 1–8 (2011).

41. Kloosterman, W. P., Wienholds, E., de Bruijn, E., Kauppinen, S. &
Plasterk, R. H. A. In situ detection of miRNAs in animal embryos using
LNA-modified oligonucleotide probes.Nat. Methods 3, 27–29 (2006).

42. Swaminathan, A., Gliksberg, M., Anbalagan, S., Wigoda, N. &
Levkowitz,G.Stress resilience is establishedduringdevelopment and
is regulated by complement factors. Cell Rep. 42, 111973 (2023).

43. Amin, N. D. et al. A hidden threshold in motor neuron gene networks
revealed bymodulation of miR-218 dose.Neuron 109, 3252–3267.e6
(2021).

44. Lin, S.-J. et al. Optimizing gRNA selection for high-penetrance F0
CRISPR screening for interrogating disease gene function. Nucleic
Acids Res. 53, gkaf180 (2025).

45. Kwak, H.-J. et al. Slit-Robo expression in the leech nervous system:
insights into eyespot evolution. Cell Biosci. 13, 70 (2023).

46. Gibbs, E. M. et al. Two dynamin-2 genes are required for normal
zebrafish development. PLoS One 8, e55888 (2013).

47. Bragato, C. et al. Zebrafish as a Model to Investigate Dynamin
2-Related Diseases. Sci. Rep. 6, 20466 (2016).

48. Desvignes, T. et al. FishmiRNA: An Evolutionarily Supported
MicroRNA Annotation and Expression Database for Ray-Finned
Fishes.Mol. Biol. Evol. 39, msac004 (2022).

49. Punnamoottil, B., Rinkwitz, S., Giacomotto, J., Svahn, A. J. & Becker,
T. S. Motor neuron-expressed microRNAs 218 and their enhancers
are nested within introns of Slit2/3 genes. Genesis 53, 321–328
(2015).

50. Engreitz, J. M. et al. Local regulation of gene expression by lncRNA
promoters, transcription and splicing. Nature 539, 452–455 (2016).

51. Amaral, P. P. et al. Complex architecture and regulated expression of
theSox2ot locus during vertebrate development.RNA15, 2013–2027
(2009).

52. Amin, N. D. et al. Loss of motoneuron-specificmicroRNA-218 causes
systemic neuromuscular failure. Science 350, 1525–1529 (2015).

53. Cohen, S. et al. Nonsense mutation-dependent reinitiation of translation
in mammalian cells. Nucleic Acids Res. 47, 6330–6338 (2019).

54. Göhring, J., Jacak, J. & Barta, A. Imaging of endogenous messenger
RNA splice variants in living cells reveals nuclear retention of
transcripts inaccessible to nonsense-mediated decay in Arabidopsis.
Plant Cell 26, 754–764 (2014).

https://doi.org/10.1038/s42003-026-09529-7 Article

Communications Biology |           (2026) 9:252 11

https://doi.org/10.1089/zeb.2019.1824
https://doi.org/10.1089/zeb.2019.1824
https://doi.org/10.1089/zeb.2019.1824
www.nature.com/commsbio


55. Fong, N. et al. Pre-mRNA splicing is facilitated by an optimal RNA
polymerase II elongation rate. Genes Dev. 28, 2663–2676 (2014).

56. Aslanzadeh, V., Huang, Y., Sanguinetti, G. & Beggs, J. D. Transcription
rate strongly affects splicing fidelity and cotranscriptionality in budding
yeast. Genome Res 28, 203–213 (2018).

57. Fiszbein, A., Krick, K. S., Begg, B. E. & Burge, C. B. Exon-Mediated
Activation of Transcription Starts. Cell 179, 1551–1565.e17 (2019).

58. Dey, P. & Mattick, J. S. High frequency of intron retention and
clustered H3K4me3-marked nucleosomes in short first introns of
human long non-coding RNAs. Epigenetics Chromatin 14, 45 (2021).

59. Harries, L.W., Bingham,C., Bellanne-Chantelot, C.,Hattersley, A. T. &
Ellard, S. The position of premature termination codons in the
hepatocyte nuclear factor -1 beta gene determines susceptibility to
nonsense-mediated decay. Hum. Genet 118, 214–224 (2005).

60. Havens, M. A., Hinrich, A. J., Rigo, F. & Hastings, M. L. Elevating
microRNA levels by targeting biogenesis with steric-blocking
antisense oligonucleotides. RNA 30, 1543–1553 (2024).

61. Polster, B. J., Westaway, S. K., Nguyen, T. M., Yoon, M. Y. & Hayflick,
S. J. Discordant expression of miR-103/7 and pantothenate kinase
host genes in mouse.Mol. Genet Metab. 101, 292–295 (2010).

62. Ulitsky, I. et al. Extensive alternative polyadenylation during zebrafish
development. Genome Res 22, 2054–2066 (2012).

63. Bertolaso,M.,Caianiello,S.&Serrelli, E.BiologicalRobustness:Emerging
Perspectives from within the Life Sciences. (Springer, 2019).

64. Anbalagan, S. Blind men and an elephant’, the need for animals in
research, drug safety studies, and understanding civilizational
diseases. Anim. Model Exp. Med 6, 627–633 (2023).

65. Cheng, L. & Leung, K.-S. Identification and characterization of
moonlighting long non-coding RNAs based on RNA and protein
interactome. Bioinformatics 34, 3519–3528 (2018).

66. Aleström, P. et al. Zebrafish: Housing and husbandry
recommendations. Lab Anim. 54, 213–224 (2020).

67. Blechman, J., Amir-Zilberstein, L., Gutnick, A., Ben-Dor, S. &
Levkowitz, G. The metabolic regulator PGC-1α directly controls the
expression of the hypothalamic neuropeptide oxytocin. J. Neurosci.
31, 14835–14840 (2011).

68. Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841–842 (2010).

69. Supek, F., Bošnjak, M., Škunca, N. & Šmuc, T. REVIGO Summarizes
and Visualizes Long Lists of Gene Ontology Terms. PLOS ONE 6,
e21800 (2011).

70. Katoh, K. & Standley, D. M. MAFFT Multiple Sequence Alignment
Software Version 7: Improvements in Performance andUsability.Mol.
Biol. Evol. 30, 772–780 (2013).

71. Machluf, Y. & Levkowitz, G. Visualization of mRNA expression in the
zebrafish embryo.Methods Mol. Biol. 714, 83–102 (2011).

72. Lagendijk, AK, Moulton, JD, & Bakkers, J. Revealing details: whole
mount microRNA in situ hybridization protocol for zebrafish embryos
and adult tissues. Biol. Open 1 (2012).

73. Anbalagan, S. et al. Robo2 regulates synaptic oxytocin content by
affecting actin dynamics. Elife 8, e45650 (2019).

Acknowledgements
We thank EmiliaWysocka, IwonaKanonik-Jędrzejak andArletaKucz (Adam
MickiewiczUniversity) for technical andadministrative support.We thankGil
Levkowitz and Janna Blechman (Weizmann Institute of Science) for initial
support on slit3-related research. We thank Agnieszka Piasecka (Adam
Mickiewicz University) and Matthias J. Rauen (Qiagen) for scientific discus-
sions and feedback.We also thank Joanna Dodzian and the Zebrafish Core

Facility at International Institute of Molecular and Cell Biology inWarsaw for
the initial support with zebrafish facility. S.A., A.R., N.N., and S.P. are sup-
ported by National Science Centre grant [SONATA-BIS 2020/38/E/NZ3/
00090]. S.A., H.A., andN.K. are supported byNational ScienceCentre grant
[SONATA 2021/43/D/NZ3/01798]. Disclosure. The funding agency was not
involved in thedesignof the study. The authors usedDeepLWrite for English
language correction.

Author contributions
H.A. contributed to study design, performed all the experiments, performed
confocal imaging, data analysis and contributed in manuscript preparation.
A.R.R. performed RT-qPCR experiments and partially contributed to study
design. P.K. performed the bioinformatic analysis,W.K. assisted in confocal
microscopy, and S.P. and N.K. assisted in in situ hybridization experi-
ments.N.N. assisted inmicroinjectionsandperformedmaturemiRNA in situ
hybridization experiments. B.G. and D.F. reviewed the manuscript and
obtained independent funding related to pank2 research. S.A. conceived,
designed the study, obtained the funding, and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42003-026-09529-7.

Correspondence and requests for materials should be addressed to
Savani Anbalagan.

Peer review information Communications Biology thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer review
was single-anonymous OR Peer review was double-anonymous. Primary
Handling Editors: JunWei Pek &RosieBunton-Stasyshyn. A peer review file
is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

https://doi.org/10.1038/s42003-026-09529-7 Article

Communications Biology |           (2026) 9:252 12

https://doi.org/10.1038/s42003-026-09529-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsbio

	Targeted blocking of gene splicing can dysregulate intron-embedded primary microRNAs
	Results
	slit3 splice-blocking ASO upregulates slit3 and its intronic primary miRNA transcript and disrupts pituitary axon development
	slit3 splice-blocking ASO-induced phenotype is due to intronic mir-218a-1
	slit3 exon 14 splice-blocking ASO lacks an axonal phenotype
	slit3 exon 9 splice-blocking ASO triggers genetic compensation response
	pank2 and dnm2a splice-blocking ASOs phenotypes can be rescued by intronic mir-103 and mir-199-blocking ASOs, respectively

	Discussion
	Materials and Methods
	Zebrafish husbandry and maintenance
	Bioinformatic analyses
	Antisense oligonucleotides, primers and RT-qPCR
	In situ hybridization and immunostaining
	Image acquisition and analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




