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RNA biology: Alternative splicing hits synaptic function

and behavior

Michael A. Kiebler'-* and Jovica Ninkovic'-2
1Department of Anatomy and Cell Biology, Biomedical Center Munich (BMC), Faculty of Medicine, LMU, Munich, Germany
2Institute of Stem Cell Research, Helmholtz Zentrum Munich, Munich, Germany

*Correspondence: mkiebler@Imu.de
https://doi.org/10.1016/j.cub.2022.10.060

A new study finds the spliceosome protein SNRNP70 in cytoplasmic RNA granules in zebrafish motoneurons.
Intriguingly, cytoplasmic SNRNP70 is essential for functional neuromuscular junctions, possibly due to arole
in alternative splicing of z+agrin mRNA.

Once generated, young neurons and
muscles still lack an essential feature —
the ability to communicate in a fast,
controllable, and meaningful manner. The
establishment of this communication is
not only one of the most fascinating
developmental processes, but also the
basis for movement in general and
essential for the survival of the animal.
Synapses, the specialized zones of
communication between excitable cells,
have been in the minds of scientists since
their discovery by Sir Charles Sherrington
in 1897 It has become apparent that the
establishment and modification of
synaptic connections contribute to many
important nervous system functions, such
as learning, memory and consciousness,
among other cognitive traits.
Consequently, synapse dysfunction
causes many prominent neurological
diseases, for example, schizophrenia,
epilepsy and bipolar disorders to name a
few. Different types of synapses exist:
between nerve cells, between neurons
and oligodendrocyte progenitor cells
(specialized types of glial cells),

and between the motor neuron and

the muscle fiber (the neuromuscular
junction).

Especially neuromuscular junctions are
essential for muscle contraction and
motor control. It is by now textbook
knowledge that during neuromuscular
junction assembly signals from both
sides, the terminal end of the motoneuron
and the muscle cell, are required. Here,
the Sanes laboratory has provided major
molecular and functional insight into
neuromuscular synaptogenesis by
identifying a key player, the proteoglycan
agrin®®. The name refers to its potential to
aggregate acetylcholine receptors

(AChRs) on the surface of muscle cells
facing muscle-innervating axons”.
Interestingly, there is a specific neuronal
agrin isoform termed ‘Z+ agrin’ that
mediates this clustering and which has
been shown to be essential for
neuromuscular junction function®. In a
new study published in this issue of
Current Biology, Nikolaou et al. provide
significant new insight into how AChR
clustering and neuromuscular
synaptogenesis work® (see also Figure 1).
The authors show that a cytoplasmic pool
of a primarily nuclear RNA-binding
protein, SNRNP70, regulates splice
variants of transcripts such as agrin, with
important implications for neuromuscular
junction assembly and function.

Nikolaou et al. had previously shown
that SNRNP70 is present in the cytoplasm
of zebrafish motor axons’. This is
surprising as SNRNP70 is a splicing
factor, and mRNA splicing normally
occurs in the nucleus. This raised the
question: what is the role of SNRNP70 in
the cytoplasm of highly
compartmentalized cells like nerve cells
consisting of a soma containing the
nucleus, as well as axons and dendrites.
DNA is transcribed into mRNA in the
nucleus, where it is normally spliced and
then exported into the cytoplasm to be
translated into proteins. Up to now,
SNRNP70 has known roles in the nucleus,
as it has a canonical function in
spliceosome assembly®, and in chromatin
retention of non-coding RNAs®. To assess
the role of this cytoplasmic pool of
SNRNP70, the authors came up with a
very clever approach.

First, by using state-of-the-art
CRISPR/Cas9 technology, they
generated a loss-of-function line by
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producing a deletion (referred to as
‘mutant’ hereafter) inside the first coding
exon of the zebrafish snrnp70 gene. Due
to nonsense-mediated mRNA decay, the
homozygous mutants have no SNRNP70
left and display various defects including
abnormal tail extension, heart edema
and cell death, as well as defects in the
growth of motor nerves and in AChR
clustering. Importantly, the mutant fish
also show a clear change in behavior as
their startle response is impaired
(Figure 1B). This is an evolutionarily
preserved defense response,
manifesting as a quick ‘body-bend’ in
reaction to a sudden sensory stimulus
(Video: https://www.youtube.com/
watch?v=fTHFKA_eFkU). Second, the
authors generated an altered SNRNP70
protein that is excluded from the
nucleus. To achieve this, they deleted
two obvious nuclear localization signals
within SNRNP70 and simultaneously
added three nuclear export signals to the
carboxyl terminus. This allowed the
authors to reintroduce this cytoplasmic
variant of the engineered protein into the
mutant zebrafish background lacking the
snrnp70 gene. Although this clever
manipulation did not fully rescue the
observed morphological defects of the
homozygous mutants, they observed a
partial recovery of AChR clustering,
growth of motor nerves and interestingly,
touch-evoked startle response (Figure 1).
These elegant functional experiments
were complemented by cell
transplantation assays to demonstrate
that SNRNP70 is necessary for
neuromuscular junction formation in
motoneurons.

In order to identify the RNA targets of
cytoplasmic SNRNP70, the authors
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performed RNA-seqg on the mutant
embryos that either expressed or lacked
the cytoplasmic SNRNP70-eGFP protein
and identified a total of 347 differentially
expressed transcripts. They also
discovered 93 alternatively spliced events
that were rescued by non-nuclear
SNRNP70, indicating that the
cytoplasmic protein can indeed regulate
the abundance and/or localization of
transcripts. Next, they took a candidate
approach to identify SNRNP70 targets
that could explain the AChR clustering
phenotype, choosing to focus on the
above-mentioned neuronal Z+ agrin
isoform. Rewardingly, they showed by
RT-PCR that z+agrin expression was
reduced in mutant fish, but expression of
cytoplasmic SNRNP70-eGFP protein
brought expression levels back to normal.
The neural z+ isoforms containing
additional micro-exons encoding 8, 11

or 19 amino acids are most likely
generated by alternative splicing in the
nucleus'®. The authors themselves

are very careful in their article by stating
that their study “provides (...) evidence
that the cytoplasmic pool of a
spliceosome component [SNRNP70] is
functionally active independently from its
nuclear translocation”®, suggesting a
possible role of SNRNP70 in cytoplasmic
splicing. Furthermore, nuclear on-
demand splicing, regulated by synaptic
activity, might affect the exported
transcripts subsequently in the cytosol.

Indeed, there is recent ground-breaking
work by the Scheiffele lab that showed
substantial on-demand splicing in
response to cellular signals. Many
transcripts harboring introns are stably
maintained in the nucleus. Remarkably,
their splicing is completed in response to
neuronal network activity, followed by
their cytoplasmic export and
translation''. These findings suggest that
intron retention in the nucleus serves as a
widespread mechanism to control
storage and on-demand release of
mRNAs'?. It is by now accepted that
intron retention globally impacts gene
expression by negatively regulating
cytoplasmic transcript levels.

Of course, as with any other break-
through study, the interesting findings
from Nikolaou et al. raise many questions.
First, what could be the function of
alternatively spliced transcripts in the
neuronal cytoplasm or in specific
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Figure 1. From a protein (RNA-binding protein) to behavior (startle response).

(A) Fluorescently labelled motor nerves in wild-type (WT, top) and snrnp70 null mutant (bottom) zebrafish
larvae at two days post-fertilization. Note that in mutant animals deficient for SNRNP70 (snrnp70"916%),
motor nerves are significantly shorter, and their terminals are largely reduced in complexity, size, and
myotome coverage. Pictures from WT and mutant fish: courtesy of N. Nikolaou and C. Houart. (B)
Motor nerve defects in zebrafish snrnp70 null mutants (bottom) prevent the startle response (indicated
by tail movement in grey) observed in WT larvae (top). (C,D) Cytosolic SNRNP70 (cSNRNP70) mediated
modulation of alternative splicing of neuronal z+agrin affects synaptogenesis, thereby controlling
clustering of acetylcholine (Ach) receptors on the myotome and eventually the startle response (shown
in WT larvae in (B)). RBP, RNA-binding protein. lllustration by Dr. Barbara Nitz.

neuronal compartments? The Holt lab
recently identified axon-specific
sequence motifs linking alternative
splicing to axonal localization and
translation'®. They speculated about a
potential role of the RNA-binding protein
FMRP1 in translational control. Indeed, it
will be exciting to learn whether RNA-
binding proteins in general, for example,
Staufen2, FMRP1, Pumilio2 and Nova,
among others'*, contribute to localization
and subsequent translation at synapses.
Second, are all introns removed in the
nucleus? Notably, not all transcripts that
will eventually be exported from the
nucleus are devoid of introns. Recently,
transcripts have been identified in
dendrites of mature neurons that contain
introns, either in their coding region'® or in
their 3’-untranslated region (3’-UTR)'%'",
This fits well with the authors’
identification of intron-containing
transcripts that are regulated by cytosolic
SNRNP70. The presence of SNRNP70
together with components of the
spliceosome'® or splicing factors, e.g.

Nova'® or SFPQ’, in axons and
dendrites'* suggests that those
transcripts might be spliced in the
cytoplasm to (further) increase the
diversity of the proteome. However, it has
been far from trivial to convincingly
demonstrate that splicing really occurs in
the cytoplasm of either axons or
dendrites, especially locally in the
proximity of synapses. Third, although
these intron-containing transcripts, e.g.
Arc, Ca®*/CaM-dependent protein kinase
2 alpha (Camk2«), calmodulin 3 (Calm3) or
the newly identified alternatively spliced
transcripts that are regulated by cytosolic
SNRNP70, are found in dendrites of
mature neurons, they might not
necessarily be translated into proteins.
Notably, both Camk2« and Calm3
mRNAs are transported to dendrites via
the RNA-binding protein Staufen2 in an
activity-dependent manner. So, what
could be the function of such dendritically
localized transcripts? Ortiz et al. offer an
interesting hypothesis that they might act
as sponges for either miRNAs and/or
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RNA-binding proteins'®. Clearly,
sophisticated, systematic work is
necessary to understand the function of
such introns in the 3’-UTR of
transcripts'’, whether alternatively
spliced transcripts are generated in the
cytoplasm near synapses and to
determine their role in local translation in
either axons or dendrites.

Finally, this brings us to the overall
biological role of cytoplasmic SNRNP70
at synapses. As the authors indicate, it is
very likely that specific alternatively
spliced transcripts that contain selective
exons contribute to synaptogenesis and
eventually to neuronal connectivity. It will
be interesting to learn whether the
presence of cytoplasmic RNA-binding
proteins with a role in splicing will turn out
to be of general biological importance.
Undoubtedly, the alternative splicing of
transcripts would not only influence the
formation of synapses but also the
regulation of synaptic strength, which is
considered to be the cellular basis for
plasticity in the nervous system?°.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Sherrington, C.S. (1906). The Integrative
Action of the Nervous System (New York:
C. Scribner and Sons).

2. Burgess, R.W., Nguyen, Q.T., Son, Y.J.,
Lichtman, J.W., and Sanes, J.R. (1999).
Alternatively spliced isoforms of nerve- and
muscle-derived agrin: their roles at the
neuromuscular junction. Neuron 23, 33-44.

3. Gautam, M., Noakes, P.G., Moscoso, L.,
Rupp, F., Scheller, R.H., Merlie, J.P., and
Sanes, J.R. (1996). Defective neuromuscular
synaptogenesis in agrin-deficient mutant
mice. Cell 85, 525-535.

4. Ferns, M., Hoch, W., Campanelli, J.T., Rupp,
F., Hall, Z.W., and Scheller, R.H. (1992). RNA
splicing regulates agrin-mediated
acetylcholine receptor clustering activity on
cultured myotubes. Neuron 8, 1079-1086.

5. Ruggiu, M., Herbst, R., Kim, N., Jevsek, M.,
Fak, J.J., Mann, M.A., Fischbach, G., Burden,
S.J., and Darnell, R.B. (2009). Rescuing Z+
agrin splicing in Nova null mice restores
synapse formation and unmasks a physiologic
defect in motor neuron firing. Proc. Natl. Acad.
Sci. USA 106, 3513-3518.

6. Nikolaou, N., Gordon, P.M., Hamid, F., Taylor,
R., Lloyd-Jones, J., Makeyev, E.V., and
Houart, C. (2022). Cytoplasmic pool of U1
spliceosome protein SNRNP70 shapes the
axonal transcriptome and regulates motor
connectivity. Curr. Biol. 32, 5099-5115.

7. Thomas-Jinu, S., Gordon, P.M., Fielding, T.,
Taylor, R., Smith, B.N., Snowden, V., Blanc, E.,
Vance, C., Topp, S., Wong, C.H., et al. (2017).
Non-nuclear pool of splicing factor SFPQ
regulates axonal transcripts required for
normal motor development. Neuron 94,
322-336.

8. Pomeranz Krummel, D.A., Oubridge, C.,
Leung, A.K,, Li, J., and Nagai, K. (2009).
Crystal structure of human spliceosomal U1
snRNP at 5.5 A resolution. Nature 458,
475-480.

9. Yin, Y., Lu, J.Y., Zhang, X., Shao, W., Xu, Y., Li,
P., Hong, Y., Cui, L., Shan, G., Tian, B., et al.
(2020). U1 snRNP regulates chromatin
retention of noncoding RNAs. Nature 580,
147-150.

10. Ule, J., and Blencowe, B.J. (2019). Alternative
splicing regulatory networks: functions,
mechanisms, and evolution. Mol. Cell 76,
329-345.

11. Mauger, O., Lemoine, F., and Scheiffele, P.
(2016). Targeted intron retention and excision
for rapid gene regulation in response to
neuronal activity. Neuron 92, 1266-1278.

12. Mazille, M., Buczak, K., Scheiffele, P., and
Mauger, O. (2022). Stimulus-specific
remodeling of the neuronal transcriptome
through nuclear intron-retaining transcripts.
EMBO J. 47, e110192.

13. Shigeoka, T., Jung, H., Jung, J., Turner-
Bridger, B., Ohk, J., Lin, J.Q., Amieux, P.S,
and Holt, C.E. (2016). Dynamic axonal
translation in developing and mature visual
circuits. Cell 166, 181-192.

Current Biology

14. Schieweck, R., Ninkovic, J., and Kiebler, M.A.
(2021). RNA-binding proteins balance brain
function in health and disease. Physiol. Rev.
101, 1309-1370.

15. Ortiz, R., Georgieva, M.V., Gutierrez, S.,
Pedraza, N., Fernandez-Moya, S.M., and
Gallego, C. (2017). Recruitment of Staufen2
enhances dendritic localization of an intron-
containing CaMKllalpha mRNA. Cell Rep.
20, 13-20.

16. Giorgi, C., Yeo, G.W., Stone, M.E., Katz, D.B.,
Burge, C., Turrigiano, G., and Moore, M.J.
(2007). The EJC factor elF4Alll modulates
synaptic strength and neuronal protein
expression. Cell 130, 179-191.

17. Sharangdhar, T., Sugimoto, Y., Heraud-
Farlow, J., Fernandez-Moya, S.M., Ehses, J.,
Ruiz de Los Mozos, |., Ule, J., and Kiebler, M.A.
(2017). Aretained intron in the 3’-UTR of Calm3
mRNA mediates its Staufen2- and activity-
dependent localization to neuronal dendrites.
EMBO Rep. 18, 1762-1774.

18. Poulopoulos, A., Murphy, A.J., Ozkan, A.,
Davis, P., Hatch, J., Kirchner, R., and Macklis,
J.D. (2019). Subcellular transcriptomes and
proteomes of developing axon projections in
the cerebral cortex. Nature 565, 356-360.

19. Racca, C., Gardiol, A., Eom, T., Ule, J., Triller,
A., and Darnell, R.B. (2010). The neuronal
splicing factor Nova co-localizes with target
RNAs in the dendrite. Front. Neural Circuits
4,5.

20. Kandel, E.R. (2001). The molecular biology of
memory storage: a dialog between genes and
synapses. Biosci. Rep. 27, 565-611.

Programmed DNA elimination: New

metazoan models

Kazufumi Mochizuki

Institute of Human Genetics (IGH), CNRS, University of Montpellier, Montpellier, France
Correspondence: kazufumi.mochizuki@igh.cnrs.fr

https://doi.org/10.1016/j.cub.2022.10.059

Programmed DNA elimination (PDE) occurs in various metazoans.
Parasitic nematodes have long been the major experimental model for
PDE investigation. New studies have reported that some genetically
tractable free-living nematodes also undergo PDE, paving the way for
understanding the molecular mechanisms of PDE in metazoans.

Most of the cells in the body have identical
genomes. Therefore, we can produce
induced pluripotent stem cells from
fibroblasts and establish a clone by
transferring a nucleus from a skin cell to
an enucleated oocyte. However, in some
organisms, the genomes of somatic cells
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differ from those of germline cells due to
the removal of some determined DNA
segments during the development of
somatic lineages. The process is called
programmed DNA elimination (PDE, also
called programmed genome
rearrangement or chromatin diminution).
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