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Retinal photoreceptors have a distinct transcriptomic profile compared to other neuro-
nal subtypes, likely reflecting their unique cellular morphology and function in the
detection of light stimuli by way of the ciliary outer segment. We discovered a layer of
this molecular specialization by revealing that the vertebrate retina expresses the largest
number of tissue-enriched microexons of all tissue types. A subset of these microexons
is included exclusively in photoreceptor transcripts, particularly in genes involved in
cilia biogenesis and vesicle-mediated transport. This microexon program is regulated by
Srrm3, a paralog of the neural microexon regulator Srrm4. Despite the fact that both
proteins positively regulate retina microexons in vitro, only Srrm3 is highly expressed in
mature photoreceptors. Its deletion in zebrafish results in widespread down-regulation
of microexon inclusion from early developmental stages, followed by other transcrip-
tomic alterations, severe photoreceptor defects, and blindness. These results shed light
on the transcriptomic specialization and functionality of photoreceptors, uncovering
unique cell type-specific roles for Srrm3 and microexons with implications for retinal
diseases.
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Impaired vision is a highly heterogeneous condition affecting millions of individuals
worldwide. The key feature that accounts for most visual disabilities is the primary or
secondary loss of photoreceptor (PR) cells, arising from a number of different genetic
and environmental causes (1). PRs, comprising rods and cones, have a unique ciliary
structure named the outer segment (OS) that physically supports the phototransduc-
tion cascade, the process by which incoming light is converted into electrical signals
that the brain can process (2). This ciliary function contrasts with those of other cell
types, which are generally involved in sensing vibration, liquid circulation, hormones,
chemicals, or temperature, and it is reflected by unique morphological characteristics.
OSs are filled with densely packed and organized membranous disks that undergo rapid
and extensive renewal to guarantee the proper supply of proteins, such as rhodopsin,
cone opsins, and other visual pigments (3). The delivery of those components from the
Golgi to the ciliary tip and back is sustained by a high-capacity vesicle-mediated trans-
port system, carried along the ciliary axoneme (4). Consequently, multiple genes whose
mutations are known to cause PR degeneration, leading to syndromic or nonsyndromic
retinal ciliopathies, encode for proteins involved in OS vesicular transport (4, 5).
Alternative splicing is a pretranslational mechanism used by specialized cell types to

remodel their transcriptomes to produce protein isoforms necessary for their activity.
Indeed, the high degree of functional specialization of PR cells is mirrored by the
unusually large fraction of genes that undergo retina-specific alternative splicing,
thereby creating unique isoforms in PRs essential for different cellular properties, such
as OS biogenesis (6). The unique pattern of alternative splicing in PRs has been
described and is known to be at least in part driven by the action of an RNA binding
protein, called Musashi 1 (MSI1) (7). Recently, MSI1 expression, combined with
down-regulation of the splicing factors PTBP1 and PCBP2, has been linked to the acti-
vation of PR-specific exons (8). Considering that aberrant splicing due to mutations in
splicing factors and retina-specific exons has been linked to several retinal diseases (e.g.,
retinitis pigmentosa) (9), a complete characterization of the retinal alternative splicing
programs would be of great benefit for precision medicine.
Microexons are very short exons, ranging from 3 to 27 nt, that are evolutionarily

conserved among vertebrates and enriched in neurons (10). These exons can encode as
little as one amino acid and are often located on the surface of proteins, where they can
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modulate protein–protein interactions (10–13). The neuronal-
specific Ser/Arg repetitive matrix protein 4 (SRRM4) controls
the inclusion of most neuronal microexons annotated so far
(10, 14). SRRM4 encodes a 39-amino acid domain (enhancer
of microexons, or eMIC) at its C terminus that is necessary and
sufficient for the inclusion of neural microexons (14). Unlike
most other neural-enriched splicing regulators (e.g., Nova or
Rbfox) (15, 16), SRRM4 is only known to act as a positive regu-
lator through the binding of the eMIC domain to UGC motifs
in the upstream intronic region near the 30 splice sites of micro-
exons (10). Depletion of SRRM4 leads to neurodevelopmental
defects in cell cultures as well as in in vivo models (17–20).
Recently, a neurally enriched, vertebrate-specific paralog of
SRRM4, called SRRM3, has been reported (14, 21, 22). SRRM3
also encodes an eMIC domain, and both paralogs regulate a
highly overlapping set of alternatively spliced small exons in vivo
and in vitro (14, 21). Srrm3 gene-trapped (Srrm3gt/gt) mice
show reduced body size and lifespan, as well as tremors and
ataxia. These mice also exhibit neuronal splicing defects, which
become more severe when SRRM4 expression levels are low (21).
However, the roles of SRRM4 and SRRM3 in PRs remain
unexplored.
Here, we report that the human retina expresses the largest

program of tissue-enriched microexons among all tissue types,
with a subset of those included only in PRs. Retina-enriched
microexons (hereafter, RetMICs) are enriched in genes involved
in cilia biogenesis and vesicle transport, as well as loci known to
be associated with retinal diseases. A large fraction of RetMICs
and their retina-enriched regulation date back to the last com-
mon ancestor of vertebrates, suggesting a critical functional role
for this program across vertebrate species. We further identify
SRRM3 as the key regulator of RetMIC inclusion in PRs. Con-
sistently, zebrafish lacking the srrm3 eMIC domain show pro-
gressive OS shortening, PR degeneration, and visual impairment
preceded by RetMIC down-regulation from early developmental
stages. Together, these results demonstrate that the conserved
program of retina-specific microexons regulated by Srrm3 is
essential for PR functionality and vision, contributing to a novel
understanding of retinal physiology in health and disease.

Results

The Human Retina Has the Highest Number of Tissue-
Enriched Microexons. In order to systematically profile tissue-
enriched microexon programs, we used data from VastDB
(https://vastdb.crg.eu) (23) comprising 136 samples from dif-
ferent human cell/tissue types. For each tissue type, we aimed
at identifying microexons with biased inclusion, which we
defined as tissue-enriched (Methods and Materials). We found
that the retina has the largest program of tissue-enriched micro-
exons of all analyzed tissues (Fig. 1A). While this could be
related to the particularly high fraction of neurons and low cell-
type heterogeneity of the retina (PRs account for ∼60% of all
retinal cells) (24), it could also indicate the presence of an addi-
tional set of microexons not shared with other, nonretinal neu-
rons. Therefore, we implemented a retina specificity score to
discriminate events specifically enriched in retina that takes
into account the average inclusion level (using the metric
“percent spliced in” or PSI) and its SD for a given exon in reti-
nal, neuronal and nonneuronal samples (Methods and Materials).
Using this metric, we found 75 microexons that are specifically
enriched in human retinal samples (RetMICs), as well as 116
retina-enriched long exons (i.e., > 27 nt, hereafter Ret-
LONGs) (Dataset S1). RetMICs were further subdivided into

23 microexons included exclusively in the retina (retina-exclusive)
and 52 with higher inclusion in the retina compared to other neu-
ronal samples (retina-differential) (Fig. 1B).

Although the mammalian retina is primarily composed of
PRs, it also contains other neural cell types, such as bipolar,
ganglion, horizontal, and amacrine cells. To determine whether
RetMICs are mainly PR-specific, we analyzed public RNA-
sequencing (RNA-seq) data from cone-rich human retinal orga-
noids, developed from human embryonic stem cells and closely
mimicking functional cones with mature OS (25). These data
showed that RetMIC inclusion strongly increases during orga-
noid development and, consequently, PR maturation (Fig. 1C),
and shows a positive association with the expression of various
PR differentiation markers (SI Appendix, Fig. S1 A and B).
Moreover, reanalysis of an RNA-seq dataset of retinae from
Aipl1 knockout (KO) mice, which leads to specific PR degener-
ation (7), revealed that the vast majority (73.5%) of mouse Ret-
MICs (see below) exhibit a substantial reduction of inclusion
(ΔPSI < �15) in Aipl1 KO mice retina compared to the con-
trol (Fig. 1D and SI Appendix, Fig. S1C). This contrasts with
neural-enriched microexons, which did not significantly change
their inclusion patterns (Fig. 1E and SI Appendix, Fig. S1D).
RetMICs also had no or low inclusion in mouse hippocampal
neurons, further supporting their PR enrichment (Fig. 1D and
SI Appendix, Fig. S1C).

Human RetMICs Are Enriched in Cilia-Related Genes and
Associated with Retinal Diseases. Gene ontology (GO) analy-
sis revealed that genes containing RetMICs are enriched for
functions important for PR homeostasis, such as cilium assem-
bly and vesicle-mediated intracellular transport (Fig. 1F and
Dataset S2). We identified RetMIC-containing genes that
localize to the cilia basal body and transition zone (POC1B,
ARL6, CC2D2A) (26–28), where they control ciliogenesis and
vesicle anchoring to the OS microtubule axoneme (Fig. 1G).
Others regulate OS disks morphogenesis (PROM1) (29), PR
homeostasis (IMPDH1) (30), are involved in anterograde and
retrograde transport (IFT88, DYNC2H1, KIF1B) (31, 32), or
are part of the centrosomal complex (RPGRIP1L) (33) (Fig.
1G). This contrasts with the GO analysis for genes harboring
neural-enriched microexons, which were also enriched in func-
tions related to vesicle-mediated transport and neural develop-
ment, but not to cilia biogenesis (Dataset S2). Remarkably,
RetMIC-containing genes were significantly enriched among
loci associated with multiple retinal diseases (Fig. 1H and
Dataset S3)—including retinitis pigmentosa, cone-rod dystro-
phies, and Bardet-Biedl syndrome—pointing to a potential role
for RetMICs in vision. In line with this hypothesis, at least two
individual RetMICs have been previously linked to visual
impairment [arl6 (34) and DYNC2H1 (35)].

RetMICs Generate Alternative Protein Isoforms with Remodeled
Structures. Similar to neural microexons (10), we found that
RetMICs were less likely to disrupt open reading frames than
RetLONGs and other cassette exons (Fig. 1I). Moreover, a
larger fraction of RetMICs overlapped annotated PFAM or
PROSITE protein domains (36, 37) (46% of RetMICs vs.
35% of RetLONGs) (Dataset S4). Together, these observations
suggest that RetMICs may serve to modulate the activity of
protein domains and protein–protein interactions, rather than
affecting gene expression through nonsense-mediated decay or
by causing gross alterations to protein folding. To perform a
more comprehensive analysis of the structural impact of
RetMIC inclusion, we compiled and examined all available
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PDB structures of human RetMIC-containing genes, as well as
high-confidence structural models from ModBase (38) and
Interactome3D (39) (SI Appendix, Fig. S2 and Dataset S5). Of
32 protein structures containing the microexon insertion site,
the vast majority (96%) of those sites occurred in solvent acces-
sible regions, namely regions with relative solvent accessibility
≥20% (40). Most insertion sites were mapped to unstructured

loops (72%) rather than within structured helices (20%), sheets
(4%), or turns (4%), further suggesting that RetMICs generally
serve to modify protein surfaces instead of impacting overall
protein folding.

Through our structural analysis, we identified interesting
examples of RetMICs in ubiquitous vesicular trafficking-related
proteins that are likely to affect their functionality. For example,
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Fig. 1. Characterization and identification of the human RetMIC program. (A) Number of tissue-enriched microexons by tissue type in humans. Only the
four tissues with the highest number of tissue-enriched microexons are depicted. (B) Heatmap showing RetMIC inclusion in different human tissues.
RetMICs are divided into retina-exclusive (inclusion only in retina samples) and retina-enriched (biased inclusion in retina compared to neural samples).
Each row corresponds to a different microexon. Inclusion levels were obtained from VastDB (23). (C) Inclusion levels (PSIs) of RetMICs in cone-rich human
organoids (SRP056957) and whole retina. Developing organoid time points: day 15 (d15), day 30 (d30), day 85 (d85), day 194 (d194), and day 250 (d250).
Data plotted are averaged PSIs of three biological replicates; events with NA values due to insufficient read coverage were omitted. (D and E) Violin plots
depicting inclusion levels of mouse RetMICs (D) and neural-enriched microexons (neural MICs) (E) in hippocampal neurons, WT and Aipl1 KO retinae (data
from SRP068974). Events with insufficient read coverage were omitted. (F) Top 10 enriched GO terms for human RetMIC-containing genes. P values are
false-discovery rate (FDR)-adjusted. (G) Schematic representation of the OS and localization of selected RetMIC genes; IFT, intraflagellar transport. (H) Enrichment
of RetMIC-containing genes among loci associated with different retinal diseases. P values from hypergeometric tests. Complete inputs and results are provided
in Dataset S3. (I) Predicted protein impact of different exon types as annotated in VastDB.
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a highly retina-specific and evolutionarily conserved 3-nt micro-
exon (VastID: HsaEX0015816) is present in the clathrin heavy
chain (CLTC) gene, a key protein in charge of packaging cargo
into clathrin-coated vesicles at the plasma membrane (SI
Appendix, Fig. S3 A and B). This RetMIC occurs within the
N-terminal β-propeller domain, which mediates interactions with
multiple clathrin-box motif-containing adapter proteins that
compete for binding to the same surface (41). Upon inclusion,
the microexon introduces a single negatively charged aspartic acid
residue into the otherwise hydrophobic clathrin-box binding
groove of the β-propeller, thereby modifying the electrostatic
landscape of this interaction surface and likely affecting its inter-
action with adapters (SI Appendix, Fig. S3 C–E). Another inter-
esting example is the motor protein myosin-VI (MYO6), which
colocalizes with clathrin-coated vesicles and plays important roles
in ciliary vesicular transport (42). MYO6 harbors a conserved
9-nt retina-enriched microexon (VastID: HsaEX0041235) in the
catalytic motor domain, through which myosin binds to and cat-
alyzes movement along the actin filament through its ATPase
activity (SI Appendix, Fig S4 A and B). The microexon is located
within a loop termed “insert-1” that is not shared with other
myosins and has been shown to modulate nucleotide binding (SI
Appendix, Fig. S4 C and D) (43). This insert is thought to
explain some of the unique kinetic properties of myosin-VI rela-
tive to other myosins, which may be further fine-tuned in PRs by
the inclusion of the RetMIC, especially given its highly acidic
sequence (Glu-Asp-Glu) that might affect the binding of nega-
tively charged ATP. Another recent study identified a retina-
enriched microexon (VastID: HsaEX0021304) within a different
motor protein, dynein cytoplasmic 2 heavy chain 1 (DYNC2H1),
which, from its position within an ATP-binding domain, also
appears likely to affect conformational dynamics during microtu-
bule binding and ATP hydrolysis (44).

RetMICs Are Evolutionarily Conserved and Enriched in Cilia-
Related Genes in Vertebrates. To investigate the evolutionary
conservation of RetMICs across vertebrate species, we used
publicly available RNA-seq samples for mouse, chicken, and
zebrafish (23), as well as zebrafish adult retina samples that we
generated for this study. Similar to humans, retina was the tis-
sue with the largest tissue-enriched microexon program in all
species (Fig. 2A). Applying the retina specificity score to define
RetMICs in mouse, chicken, and zebrafish, we identified
63 mouse, 75 chicken, and 72 zebrafish RetMICs (Dataset S1).
As in mammals, zebrafish RetMICs were highly PR-specific, as
shown by RNA-seq comparisons between FACS-sorted PRs
and non-PR neurons (SI Appendix, Fig. S5). To evaluate Ret-
MIC conservation from both the genomic and regulatory per-
spective, we first derived exon orthologies among all selected
vertebrate species using ExOrthist (45) (SI Appendix, Methods).
RetMICs showed significantly higher levels of genomic conser-
vation compared to RetLONGs (Fig. 2B), with 84%, 62%,
and 42% of human RetMICs conserved in mouse, chicken,
and zebrafish, respectively. To evaluate regulatory conservation,
we next investigated if genomically conserved RetMICs had
retina-enriched inclusion. Preferential inclusion in the retina
compared to the other tissues was observed for the majority of
the human RetMIC orthologs (Fig. 2C), with few exceptions
represented by exons characterized by broader, neural-enriched
inclusion (Fig. 2C and SI Appendix, Fig. S6A). Overall, these
results suggest an ancestral role of the RetMIC program in the
vertebrate retina. To assess whether RetMICs impact similar
biological processes across vertebrates, we then performed com-
parative GO enrichment analyses. To avoid biases coming from

the different genome annotations, we transferred human GO
annotations to the mouse, chicken, and zebrafish gene ortho-
logs (SI Appendix, Methods). As for humans, cilium organiza-
tion and vesicle transport appeared as enriched categories across
the studied species (Fig. 2D), in contrast to RetLONGs (SI
Appendix, Fig. S6B and Dataset S2). In summary, these results
show that a program of RetMICs modulating PR ciliogenesis
and vesicle transport was likely already present in the last com-
mon ancestor of jawed vertebrates.

SRRM3 and SRRM4 Regulate RetMIC Inclusion In Vitro. We
next looked into the regulation of RetMICs. First, we focused
on MSI1, a splicing factor that is highly expressed in PRs and
can promote the inclusion of retina-enriched exons through
direct binding to UAG motifs in their downstream introns (7).
However, stable ectopic expression of MSI1 for 24 h in
HEK293 cells (SI Appendix, Fig. S7A) revealed that RetMICs
were largely not responsive to this regulator (Fig. 3 A and B),
in contrast to some RetLONGs and known MSI1 targets (Fig.
3B). Next, we tested the effect of SRRM3 and SRRM4 ectopic
expression (SI Appendix, Fig. S7 B and C). Similar to neural-
enriched exons (10, 14), expression of either gene was sufficient
to promote the inclusion of most RetMICs (Fig. 3 A and B).
Similar results were obtained using previously published data
from ectopic expression of MSI1 and SRRM3/4 in different
neural and nonneural cell lines (8, 46). Altogether, 71% of
human RetMICs responded substantially (ΔPSI ≥ 15) to
SRRM3/4 expression in at least one experiment, in contrast to
9% for MSI1 (Dataset S6). Moreover, SRRM3/4 and MSI1
showed the opposite exon length preference: whereas SRRM3/4
enhanced mostly short retina-specific exons, MSI1 regulated a
larger fraction of long exons than of short exons (Fig. 3C).
Analysis of the surrounding intronic sequences revealed a signif-
icant enrichment of SRRM3/4-binding UGC motifs upstream
of RetMICs and, to a lesser extent, of short (28 to 50 nt) Ret-
LONGs, as compared to longer RetLONGs or a set of random
control exons (Fig. 3D and SI Appendix, Fig. S8A). In contrast,
both RetMICs and RetLONGs were enriched for MSI1-binding
UAG motifs in the downstream intron compared to control exons
(Fig. 3D and SI Appendix, Fig. S8B). Taken together, these results
suggest that SRRM3/4 activity is sufficient to promote the inclu-
sion of the majority of RetMICs, although MSI1 may be able to
further modulate their inclusion levels. Interestingly, we also
found a significant enrichment for known binding motifs for the
neural-enriched factors Nova, Rbfox, and Elavl in the upstream
introns of RetMICs (SI Appendix, Fig. S8 C–E), where their
binding is expected to cause exon down-regulation (47). This is
in contrast with neural microexons, which showed enrichment
for inclusion-enhancing Nova and Rbfox binding motifs in the
downstream introns (SI Appendix, Fig. S8 C–E), as previously
reported (11, 48). These neuronal-enriched splicing factors are
known to have very low expression in PRs (SI Appendix, Fig.
S8F) (49, 50), suggesting a differential role for these proteins in
the regulation of RetMICs and neural microexons.

srrm3 Is Necessary for RetMIC Inclusion in Zebrafish. Unlike
in most other types of neurons, Srrm4 has been shown to be
lowly expressed in adult PRs (7). Indeed, analysis of Srrm4
expression in mouse developing rods revealed a sharp down-
regulation of its mRNA levels over time (Fig. 3E). Interestingly,
Srrm3 displays the opposite pattern, with increasing expression
during PR maturation (Fig. 3E). This switch in expression from
Srrm4 to Srrm3 in mature PRs suggests that, while both Srrm4
and Srrm3 can induce RetMICs inclusion in vitro, Srrm3 may
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be primarily responsible for RetMIC inclusion in mature PRs
in vivo. To evaluate this possibility and investigate the physiologi-
cal roles of these regulators and their targets, we used the
CRISPR/Cas9 system to generate zebrafish mutant lines for srrm3
and srrm4 by targeting the eMIC domain (14) (Methods and
Materials and SI Appendix, Fig. S9 A and B). To probe the func-
tional impact of the srrm3 and srrm4 mutations that we generated,
we overexpressed the mutated and WT zebrafish sequences in
human HEK293 cells and assessed their ability to drive ectopic
microexon inclusion (14). As predicted, in contrast to the WT
versions, the mutated srrm3 and srrm4 proteins failed to promote
the inclusion of all tested microexons (SI Appendix, Fig. S9C).
While fish homozygous for the srrm4 mutation (srrm4

MUT) did not display any evident phenotype, including
changes in size or survival rate, srrm3 MUT and double homo-
zygous mutant (DMUT) larvae died between 10 and 15 days
postfertilization (dpf) (Fig. 4A). We hypothesized that this early
mortality was linked to visual impairment, as reported for other
zebrafish models of blindness in which the mutant fish are

unable to forage for food and die of starvation after exhaustion
of the yolk sac around the same days of development (51). If
this were the case, we would expect that, in dark conditions, all
genotypes resulting from a heterozygous (HET) cross would be
equally affected, resulting in genotype ratios consistent with the
Mendelian expectation. In line with this, in contrast to the spe-
cific depletion of homozygous mutants observed in control
light conditions, the fish that survived at 13 dpf in the dark
showed no homozygous depletion (26% WT, 39% HET, and
35% MUT) (Fig. 4B). These results thus indicate that, whereas
all genotypes are equally likely to die in darkness, only MUT
fish are more likely to do so in light conditions, pointing to a
visual impairment upon srrm3 depletion. Therefore, to directly
monitor visual performance, we performed an optokinetic
response (OKR) test at 10 dpf, which measures reflexive eye
movements elicited by a rotating visual pattern, confirming
that srrm3 MUT fish display a severe decrease in visual perfor-
mance compared to WT siblings (SI Appendix, Fig. S10 and
Dataset S7).
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To investigate the effect of the srrm3 depletion in the retina at
the molecular level, we next examined gene expression and splic-
ing changes by enucleating the eyes of WT and srrm3 MUT fish
at 5 dpf and performing RNA-seq. Several genes crucial for PR
functionality showed reduced expression in srrm3 MUT eyes
(e.g., rhodopsin: log2FC(MUT/WT) = �3.72) (Dataset S8),
and GO analysis of down-regulated genes further revealed a
strong enrichment for visual function and phototransduction
(Fig. 4C and Dataset S9). Quantification of alternative splicing
events using vast-tools revealed multiple misregulated exons, 53%
(225 of 409) of which corresponded to microexons. Moreover,
although both RetMICs and RetLONGs showed global down-
regulation in mutant eyes (Fig. 4D and Dataset S10), RetMICs
exhibited significantly larger decreases in inclusion levels than
RetLONGs (P = 8.0e-5; Wilcoxon Rank-Sum test) (Fig. 4E).

srrm3 Is Necessary for OS Maintenance and Visual Function
in Zebrafish. To follow up on these observations pointing at
major visual defects, we then investigated the retinal morphol-
ogy of the mutants. We performed immunostaining of frozen
retinal sections of 5- and 10-dpf larvae using: 1) ZPR-3, a PR

marker commonly used to stain rhodopsin in the OS (52), and
2) ZPR-1 (Arrestin3), a PR-specific antigen expressed in red
and green double cones (52). ZPR-3 staining at 5 dpf revealed
that OSs appear severely shortened and disorganized in srrm3
MUT larvae, with different spots corresponding to rhodopsin
mislocalization throughout the outer nuclear layer (ONL) (Fig.
5 A–C and Dataset S11). Moreover, we observed a significant
decrease of the ONL thickness in mutant retinae already at
5 dpf (Fig. 5G and Dataset S11), a common signature of PR
degeneration. Indeed, at 10 dpf only a few spots of rhodopsin
were detected in the mutants, while the ONL disappeared
completely (Fig. 5 D and E). ZPR-1 staining confirmed that
cones also displayed disorganized OS and progressive degenera-
tion at 5 and 10 dpf (SI Appendix, Fig. S11 A–G and Dataset
S11). In contrast, histological examination of single srrm4
MUT retinae revealed no morphological changes compared to
WT fish (SI Appendix, Fig. S11 C and F and Dataset S11). The
DMUT retinal phenotype at 5 dpf was similar to that of srrm3
MUT but stronger (SI Appendix, Fig. S11 H and I). Beyond
the ONL, at 5 dpf the srrm3 MUT inner nuclear layer, inner
plexiform layer, and ganglion cell layer displayed no thickness

B D

C

A

E

Fig. 3. Regulation of RetMICs by MSI1, SRRM3, and SRRM4. (A) Inclusion levels (using the PSI metric) of RetMICs in HEK293 cells ectopically expressing
SRRM3, SRRM4, and MSI1. EV, empty vector. PSIs are quantified using vast-tools on RNA-seq data from cells 24 h postinduction with 1 μg/mL doxycycline;
****P < 0.0001 Wilcoxon test; ns: not significant. (B) RT-PCR assays showing the inclusion of RetMICs (CKAP5, ARL6, IMPDH1, PROM1, DYNC2H1, and CC2D2A), a
RetLONG (MBD1), and a known MSI1-dependent exon (TAB3) in HEK293 cell lines upon ectopic expression of SRRM3, SRRM4, and MSI1. PSI levels quantified
using ImageJ are shown below each gel. (C) Percent of retina-enriched exons by length group that showed substantial up-regulation (ΔPSI > 15) upon SRRM3/4
(dark gray) or MSI1 (gray) expression in at least one experiment. (D) RNA maps of SRRM3/4 and MSI1 associated binding motifs in the regions surrounding
retina-enriched exons by length group and 1,000 random exons used as a control set. For simplicity, only the relevant upstream (SRRM3/4) or downstream
(MSI1) introns are shown (full maps shown in SI Appendix, Fig. S8). Regions with a significant difference (FDR < 0.05) in motif coverage in the tested exon group
with respect to the random exons are marked by thicker lines. Sliding window = 27 bp. (E) Srrm3 and Srrm4 gene expression levels (using the cRPKM metric)
across mouse developing rods (data from VastDB). Expression levels are normalized to the stage with the highest cRPKM value for each gene.
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alterations compared to WT siblings, suggesting a PR-specific
phenotype (Fig. 5G and Dataset S11). Finally, staining of
M€uller glial cells revealed no obvious differences in cell mor-
phology between genotypes (SI Appendix, Fig. S11J).
We next used electron microscopy to analyze OS ultrastruc-

ture. This analysis confirmed that OSs were dramatically short-
ened and disorganized at 5 dpf in both srrm3 MUT and
DMUT eyes (Fig. 5 H–J), indicating that the ZPR-1 and ZPR-
3 signals observed by immunofluorescence largely corresponded
to mislocalized proteins. These results also revealed smaller
mitochondria in both mutants (Fig. 5 H–J), with a decrease in
the total mitochondria area per field with respect to WT retinae
(Fig. 5K and Dataset S12). In particular, the mitochondria
appeared more fragmented in mutant eyes, indicating an
increase in the fission process (asterisks in Fig. 5 I and J, Lower
panels), which represents an early event prior to PR cell death
(53, 54). This phenotype was more severe in DMUT eyes,
showing increased numbers of mitochondria, which are smaller
and even more fragmented, probably due to a higher rate of fis-
sion (SI Appendix, Fig. S11K and Dataset S12). Mutant retinae
also exhibited an enlargement of the interphotoreceptor space,
particularly in DMUT eyes (ips in Fig. 5 I, J, and L, Lower,
and Dataset S12). This interphotoreceptor space enlargement
has been reported to occur due to the accumulation of extracel-
lular vesicles (55) and is commonly observed in animal models
of PR degeneration caused by alterations in ciliary trafficking

(56, 57), suggesting the presence of compromised PR cells. To
monitor PR cell death, we stained retinal sections from WT
and srrm3 MUT larvae at 5 dpf with an anticaspase3 (active
caspase3) antibody. The number of caspase3+ cells was signifi-
cantly increased in MUT animals compared to WT siblings,
with the signal being specifically localized to the PR layer (Fig.
5M and Dataset S11).

Altogether, these results point to strong defects in retinal
function already at 5 dpf. To directly monitor visual perfor-
mance at this stage, we did electroretinography (ERG) record-
ings (Dataset S13). ERG measures field potential changes of
the whole retina induced by light (58), resulting in characteris-
tic waveforms defining the neurons contributing to the
response. At 5 dpf, zebrafish photoresponse is dominated by
cones while rods are not mature until around 15 dpf (59).
Thus, negative ERG a-wave representing photoresponse is
masked by the positive b-wave, which mirrors ON-bipolar cell
response (58). We observed that srrm3 MUT fish have a strik-
ing decrease in b-wave amplitude upon light stimulation with
respect to HET and WT siblings, indicating a strong visual
impairment (Fig. 5N and SI Appendix, Fig. S12A). DMUT fish
performed even worse than srrm3 MUT fish (Fig. 5N and SI
Appendix, Fig. S12B), supporting a minor but significant over-
lapping role for srrm4. Nevertheless, single srrm4 MUT fish did
not display any significant visual impairment compared to WT
siblings (SI Appendix, Fig. S12 C and D).
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Fig. 4. srrm3 depletion in zebrafish causes early lethality and RetMIC down-regulation. (A) Genotype distribution for surviving larvae at different time
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Fig. 5. PR degeneration and visual impairment in srrm3 mutants. (A–F) ZPR-3 staining in WT (A and D) and srrm3 homozygous mutants (MUT) (B and E) siblings at
5 and 10 dpf. Arrows show rhodopsin mislocalization. n = 5 for 5 dpf and n = 3 for 10 dpf fish. Quantifications of the ZPR-3+ area are provided for 5 dpf (C) and
10 dpf (F). P values from unpaired t tests. (G) Phalloidin staining in WT and srrm3 MUT retinae. The violin plot shows a thickness analysis for different retina layers:
inner nuclear layer (INL), inner plexiform layer (IPL), and ganglion cell layer (GCL); n = 6. P values from unpaired t tests. (H–J) Electron microscopy images show
absence of OSs or a dramatic OS length decrease in eyes of both srrm3 MUT (I) and DMUT (J) compared to WT ones (H) at 5 dpf; n = 2 for all the genotypes. Fur-
ther magnification in the Lower panels (H–J) revealed smaller mitochondria (asterisks indicate mitochondria in fission process) and enlarged interphotoreceptor
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n ≥ 13 fields per genotype were analyzed. (M) Caspase3 staining and associated quantifications in 5 dpf retina sections. n = 4 for each genotype. (N) Averaged ERG
b-wave amplitudes from WT, srrm3 HET, and srrm3 MUT, or srrm3 MUT and DMUT at 5 dpf upon different light stimuli (1%, 10%, and 100%). All recordings were
done in two independent experiments. n = 20 for WT, n = 34 for srrm3 HET, n = 17 for srrm3 MUT (N), n = 22 for srrm3 MUT (O), and n = 15 for DMUT. P values
from one-way ANOVA tests. Error bars correspond to the SEM. Significance code for all tests: ****P = 0; ***, 0 < P < 0.001; **, 0.001 ≤ P < 0.01; *, 0.01 ≤ P < 0.05.
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Early Missplicing of RetMICs Precedes PR Degeneration and
Other Transcriptomic Alterations. Although srrm3 is mainly
known to regulate short exons, it is conceivable that the pheno-
types observed at 5 dpf could be caused by other molecular
alterations. Therefore, we investigated the onset of molecular
and morphological alterations at earlier time points. First, we
determined the expression dynamics of srrm3 and srrm4 by
qPCR assays on eyes from 24 hours post fertilization (hpf) to
20 dpf larvae. Although both genes had comparable expression
levels at 24 and 48 hpf, srrm3 showed much higher expression
than srrm4 from 5 dpf onward (SI Appendix, Fig. S13A), in
line with the pattern observed in mouse PRs (Fig. 3E). In addi-
tion, we did not observe compensatory up-regulation of srrm4
in srrm3 MUT eyes (SI Appendix, Fig. S13B). Second, we per-
formed RNA-seq of WT eyes at 24, 48, 60, and 72 hpf. These
data revealed that RetMICs start being progressively included
from 48 to 60 hpf (Fig. 6A and Dataset S10), around the
time when the OSs start differentiating in zebrafish (60). This

inclusion pattern was further validated by RT-PCR assays for
several representative RetMICs (SI Appendix, Fig. S13C).

Next, we performed RNA-seq of eyes from the correspond-
ing srrm3 MUT siblings at 48, 60, and 72 hpf and investigated
the timing of misregulation of microexons and longer exons, as
well as of gene expression (Datasets S8 and S10). Importantly,
whereas more RetMIC skipping was observed in srrm3 MUT
respect WT fish as early as 48 hpf (Fig. 6B and SI Appendix,
Fig. S13C), and it increased progressively over time up to 5 dpf
(Fig. 6B and SI Appendix, Fig. S13C), neither RetLONGs nor
retina-specific genes (RetGENEs) (Methods and Materials)
showed global down-regulation of inclusion/expression until
5 dpf (Fig. 6B and Dataset S10). A similar overall pattern was
observed for all microexons, long exons, and genes that were
found to be down-regulated in srrm3 MUT eyes at 5 dpf
(Fig. 4 C and D and Dataset S10), among which only micro-
exons showed a general down-regulation before 5 dpf (SI
Appendix, Fig. S14A and Dataset S10). Moreover, differential
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Fig. 6. Transcriptomic and morphological alterations of srrm3 mutants throughout development. (A) Inclusion levels (PSIs) of RetMICs in WT zebrafish heads
at 24 hpf and eyes at 48 hpf, 60 hpf, 72 hpf, and 5 dpf. (B) Box plots showing the distribution of changes in inclusion levels for RetMICs and RetLONGs [ΔPSI
(MUT-WT)] (left y axis) and in expression levels for RetGENEs [log2FC(MUT/WT)] (right y axis) in WT and srrm3 MUT eyes at different time points. Only exons
with sufficient read coverage across all conditions are shown. P values from paired one-tailed Wilcoxon tests. (C) Caspase3 staining for WT and srrm3 MUT
retinae at 60 hpf and 72 hpf; n = 4 for all genotypes and conditions. (D and E) ZPR-3 staining (D) and positive area quantification (E) for WT and srrm3 MUT
retinae at 72 hpf; n = 4. P values from unpaired t tests. (F and G) Phalloidin staining (F) and thickness analysis for different retinal layers (G) for WT and
srrm3 MUT retinae. n = 4. P values from unpaired t tests.
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gene-expression analyses at each time point revealed much fewer
down-regulated genes [�log2FC(MUT/WT) < 1.5] in MUT
eyes at 48, 60, and 72 hpf than at 5 dpf (Dataset S8), and gene
set enrichment analysis (GSEA) showed no enrichment for
PR-related categories among those genes (SI Appendix, Fig. S14B
and Dataset S14). This pattern was confirmed through qPCR
assays for some representative PR genes (SI Appendix, Fig. S14C).
These observations thus indicate that microexon misregula-

tion precedes the broad, transcriptome-wide changes found at
5 dpf, which are likely caused indirectly by the observed PR
malformations and death (Fig. 5M). Consistently, GSEA
revealed a significant enrichment in apoptosis-related categories
among up-regulated genes exclusively at 5 dpf (SI Appendix,
Fig. S14B), and no apoptotic cells were detected by caspase3
staining on 60 and 72 hpf retinae (Fig. 6C). Moreover, we
found no alterations in retinal layering or OS morphologies in
srrm3 MUT larvae compared to WT siblings at either 60 hpf
(SI Appendix, Fig. S15) or 72 hpf (Fig. 6 D–G and Dataset
S11). Finally, injection of mRNA encoding only the eMIC
domain of human SRRM3 (10, 14) into srrm3 MUT zebrafish
embryos rescued the inclusion of tested representative microex-
ons at 5 dpf (SI Appendix, Fig. S16A) and restored PR mor-
phology and ONL thickness, as shown by Phalloidin staining
(SI Appendix, Fig. S16B and Dataset S11). Altogether, these
results point to a direct and specific role of microexons in caus-
ing the described phenotypes in srrm3 MUT zebrafish.

Discussion

Alternative splicing is an essential mechanism for generating
molecular and functional diversity across cell and tissue types. In
the context of the nervous system, which shows a particularly
high degree of tissue-enriched alternative splicing, PRs differ in
their transcriptomic profiles from other neuronal subtypes (50),
likely as a reflection of their unique cellular morphology and
function. Our results reveal a program of retina-enriched micro-
exons that further contribute to this molecular specialization.
These microexons are included in PRs in addition to neural
microexons, which are shared with other neuronal types, and
both microexosn programs have distinct and common regulatory
and functional properties.
We demonstrate that the ectopic expression of either Srrm3

or Srrm4 is sufficient to drive the inclusion of most RetMICs
in non-PR cells, as was shown for neural microexons (10, 21).
However, we show that only Srrm3 is highly expressed in
mature PRs and that the inclusion of most RetMICs depends
mainly on this paralog in vivo. Nevertheless, we also found evi-
dence for a minor but significant redundant role for srrm4 in
the retina, since double mutant fish displayed stronger visual
impairment and histological defects than single srrm3 mutants.
Given the substantial levels of both Srrm3 and Srrm4 expres-
sion in other neuronal types (17, 21), these results thus raise
the question of why RetMICs, particularly the retina-exclusive
ones, have low or no inclusion in non-PR neurons. At least two
nonmutually exclusive hypotheses may explain this pattern.
First, although we found that the PR-specific splicing factor
MSI1 on its own is not sufficient to drive the inclusion of most
RetMICs, it is possible that MSI1 is necessary for RetMIC splic-
ing in PRs in vivo, acting synergistically with SRRM3. In line
with this hypothesis, we found a significant enrichment for MSI1
binding motifs in the downstream introns of both RetMICs and
longer retina-enriched exons, a binding location that is expected
to promote exon inclusion (7). Second, we found that RetMICs,
in contrast to neural microexons, have enrichment for known

binding motifs of Nova, Rbfox, and Elavl families, in positions
expected to repress their inclusion (47). Given that these factors
have very low expression in PRs but high in other neuronal cells
(49, 50), it is plausible that these splicing factors could act as neg-
ative regulators of RetMICs in non-PR neurons, allowing for
their inclusion only in PRs. Further research should evaluate
these hypotheses to provide a more complete mechanistic under-
standing of the unique inclusion profile of RetMICs promoted
by Srrm3.

At the functional level, we found that, similar to neural
microexons (10), RetMICs can remodel protein structures of
genes enriched for vesicle-mediated transport and related func-
tions. However, we also revealed an enrichment for genes
involved in cilium assembly, which was not observed for neural
microexons. Altogether, these functions suggest that RetMICs
enable a unique proteome specialization that is necessary for
proper development and functioning of the OS, the highly
modified cilium of PRs. Given the unusually high demand for
vesicle formation, transport, and recycling in the OS (4), the
specific modifications introduced by RetMICs in otherwise
ubiquitous trafficking and ciliary machinery may help meet this
high demand by promoting interactions with PR-specific sub-
strates and facilitating unique catalytic properties not required
(or even detrimental) in other cell types. In line with this idea,
depletion of srrm3 caused severe malformation of the OS and
vesicle accumulation, leading to PR degeneration and impaired
visual function. Importantly, in homozygous srrm3 mutant lar-
vae, OSs are generated but not maintained. This phenotype is
similar to that described for various zebrafish mutants of termi-
nal effector genes involved in intraflagellar transport (61),
where mislocalization of visual pigments is associated with OS
disappearance and PR degeneration. Furthermore, mutations in
other genes necessary at different stages of ciliogenesis or vesicle
trafficking (29, 57, 62) result in PR phenotypic alterations
characterized by vesicle accumulation and dysmorphic OSs.
Remarkably, the nearly complete loss of the OS that we report
for srrm3 places this microexon regulator among the genes with
the strongest mutant PR phenotypes reported so far in zebra-
fish, with features matching the ones observed in human retini-
tis pigmentosa (63).

Importantly, we show that RetMICs (as well as other micro-
exons), but not RetLONGs or RetGENEs, were significantly
dysregulated in srrm3 mutants at early time points, before mor-
phological alterations or increased apoptosis were observed.
Moreover, we demonstrated that morphological phenotypes in
PRs can be rescued solely by injection of mRNA encoding the
eMIC domain into zebrafish embryos, which is specifically
responsible for microexon inclusion (14). Taken together, our
results suggest that microexon misregulation is, at least to a
large extent, directly responsible for the phenotypes we
described in srrm3 mutant fish. However, it should be noted
that, in addition to RetMICs, depletion of srrm3 also affected
the inclusion of many neural-enriched microexons and other
short exons in zebrafish eyes, whose misregulation likely con-
tributes to the observed phenotypes. Nevertheless, three addi-
tional observations support that RetMICs, in particular, are
likely to be directly behind at least some of the srrm3 mutant
phenotypes. First, the inclusion of RetMICs was strongly mis-
regulated in the eyes of srrm3 mutants. Second, as mentioned
above, misregulation or mutation of the RetMICs in arl6 (34)
and DYNC2H1 (35), respectively, have been shown to directly
impact visual function, in line with the srrm3 mutant pheno-
types observed here. Third, zebrafish lacking individual
RetMIC-containing genes, such as cc2d2a (57) and ift88 (61),
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have been shown to display disorganization of the vesicle fusion
machinery and strong PR degeneration. Therefore, and
although some of the RetMICs highlighted here are in fact not
strongly misregulated in srrm3 mutants (arl6; ΔPSI = �8) or
even conserved in zebrafish (DYNC2H1), it is plausible that the
multiple PR-related phenotypes caused by srrm3 mutation are
at least in part caused by misregulation of RetMICs in genes
with PR-related functions. However, which individual Ret-
MICs underlie the srrm3 mutant phenotypes and through
which molecular and cellular mechanisms they operate need to
be further investigated. Remarkably, revealing their functional
roles in PR differentiation and function would place RetMICs
as candidates to underlie retinopathies without a known genetic
cause, opening new avenues for the understanding of the highly
complex molecular genetics of retinal diseases.

Methods and Materials

Definition of Tissue-Specific Exons and RetMICs, RetLONGs,
and RetGENEs. We downloaded exon inclusions levels and asso-
ciated information from VastDB (23) for all the species included
in the manuscript (human: hg38; mouse: mm10; chicken: galGal4;
zebrafish: danRer10) and employed the Get_Tissue_Specific_AS.pl
(64) script to derive sets of tissue-enriched microexons using the
config files listed in Dataset S15. Definition of RetMICs and
RetLONGs was then done based on a retina specificity score
that takes the distributions of retina and neural samples into
account. For RetGENEs, we used a comparable approach
through the Get_Tissue_Specific_GE.pl (64) script.

Regulatory Analysis of RetMICs and RetLONGs. HEK293 len-
tiviral cell lines used in this study to ectopically express
SRRM3, SRRM4, or MSI1 were generated using a previously
described protocol (46). pCW57.1 lentiviral vector (empty vec-
tor) was used as a negative control. Expression of the transgenes
was induced using 1 μg/mL of doxycycline for 24 h. RNA was
used for RT-PCR assays (primers listed in Dataset S16) and
RNA-seq (mapping statistics in Dataset S17). RNA maps were
done using the rna_maps function from Matt (65) for NOVA
(YCAY), RBFOX (GCATG), and ELAVL (TTTNTTT) bind-
ing motifs.

Generation of srrm3 and srrm4 Zebrafish Mutant Lines. Fish
procedures were approved by the Barcelona Biomedical
Research Park Institutional Animal Care and Use Ethic Com-
mittee (PRBB–IACUEC). To create zebrafish mutant lines (SI
Appendix, Fig. S9), we used CRISPR/Cas9 to target the eMIC
domain of srrm3 [Tg(HuC:GFP; srrm3_eMIC); GGGAATAA
CTGCGTGAGCGGCGG] and srrm4 [Tg(HuC:GFP; srrm4_
eMIC); TGATTCTGCGGGCTTCCAGGTGG]. Mutant
sequences were probed for microexon regulatory activity by trans-
fecting them into HEK293, as previously described (14).

Immunofluorescence and Histological Retinal Analyses. Zebra-
fish eyes were fixed in 4% paraformaldehyde (PFA) overnight,

cryoprotected with 30% sucrose overnight, embedded in OCT,
and cryosectioned. Twenty-micrometer cryosections were col-
lected on slides. For PR marker staining, sections were incubated
with primary antibodies (ZPR-1 [ZDB-ATB-081002-43] 1:400
and ZPR-3 [ZDB-ATB-081002-45] 1:200, Zebrafish Interna-
tional Resource Center, GS6 [Millipore]) overnight in blocking
solution. Sections were then incubated with the Alexa Fluor sec-
ondary antibodies (1:1,000; Invitrogen) and counterstained with
DAPI (Vector Laboratories). The Phalloidin staining was per-
formed using a previously described protocol (66). The caspase3
assay was performed on retina sections following the protocol
described above (anticaspase3; Fisher Scientific, 15889738;
1:500). Imaging analyses were done with the ImageJ tool.

Electron Microscopy. The samples were cut on ultramicrotome
Leica EM UC7 and collected on the single-slot oval grids and
analyzed with an FEI electron microscope. OS, mitochondrial,
and interphotoreceptor space area was determined using FEI
software. The analysis was carried out on four eyes per geno-
type, for each genotype an n ≥ 13 fields was analyzed.

ERG and OKRs. For ERG experiments, srrm3 MUT, srrm4
MUT and DMUT larvae as well as different control siblings
were recorded at 5 dpf, as previously described (67). OKRs
were recorded as described previously (68).

Data Availability. Extended methods can be found in SI Appendix. RNA-seq
data have been deposited in the Gene Expression Omnibus (GEO) database
(accession no. GSE180781) (69). All other RNA-seq samples used in this study
are publicly available and listed in Dataset S17. All other study data are included
in the main text and supporting information.
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