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Trans-splicing in metazoans: A link to translational control?
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he trans-splicing of a spliced-leader

RNA to a subset of mRNAs is a
phenomenon that occurs in many spe-
cies, including Caenorhabditis elegans,
and yet the driving force for its evolu-
tion in disparate groups of animals
remains unclear. Polycistronic mRNA
resulting from the transcription of
operons is resolved via #ranms-splicing,
but operons comprise only a sub-set of
trans-spliced genes. Using the marine
chordate,  Oikopleura  dioica,
recently tested the hypothesis that
metazoan operons accelerate recovery

we

from growth arrest. We found no sup-
porting evidence for this in O. dioica.
Instead we found a striking relation-
ship between trans-splicing and mater-
nal mRNA in O. dioica, C. elegans and
the ascidian, Ciona intestinalis. Fur-
thermore, in O. dioica and C. elegans,
we found evidence to suggest a role for
mTOR signaling in the translational
control of growth-related, rrans-spliced
maternal mRNAs. We propose that
this may be a mechanism for adjusting
egg number in response to nutrient
levels in these species.

Introduction

The organization of genes into oper-
ons is a genomic feature that is found in
disparate branches of the tree of life.
Transcription from the single promoter
of an operon results in a polycistronic
transcript  encoding multiple protein
products. Trans-splicing of a separately
transcribed spliced leader (SL) RNA at
unpaired splice acceptor sites on a poly-
cistron results in translatable monocis-
tronic transcripts. These share a 5" leader
sequence and a modified, hyper-methyl-

ated cap structure. The occurrence of
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trans-splicing is also prevalent in mono-
cistronic transcripts that have unpaired 5’
acceptor sites. In this case the function
and evolutionary advantage of #rans-splic-
ing is unclear. In C. elegans, 70% of
mRNAs are trans-spliced and 17% of
mRNAs are found in operons."” There
are 2 main SL RNAs in C. elegans: SL1 is
trans-spliced to monocistrons and to the
first gene in an operon; SL2 (which has
several variants) is #rans-spliced to down-
stream operon genes and assists in 3’
end-formation. In the ascidian C. intesti-
nalis, 58% of mRNAs are trans-spliced
with a single SL species and 20% of
genes are organized into operons.” In the
appendicularian  Oikopleura dioica, 39%
of mRNAs are mrans-spliced to a single
SL and 28% are found in operons.*®
Several hypotheses for the functions
and evolutionary advantages of both
operons and trans-splicing (Fig. 1) have
been proposed.” Genes encoding pro-
teins with related functions, or proteins
that require the same stoichiometry,
organized into an operon can be co-regu-
lated at the transcriptional level, since
they share a promoter. There are, how-
ever, many cases where the mRNA abun-
dances transcribed from genes within
operons are not correlated, indicating
differing regulation at the post-transcrip-
tional level. One study has suggested
that germline expression drives operon
evolution in C. elegans,® whereas another
has proposed that metazoan operons
provide an advantage in recovery from
growth arrest.” Since this latter hypothe-
sis was based mainly on data from C. ¢le-
gans and C. intestinalis we sought to
determine if this was also the case in
another metazoan; the marine chordate
Oikopleura dioica.>® Our work revealed
a distinctive role for #rans-splicing in the
regulation of maternal mRNA.*
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Figure 1. Functions of spliced-leader trans-splicing. (A) The best-known function of SL trans-splicing is resolving polycistronic mRNAs (the products of
operon transcription) into capped, monocistronic, mRNAs. The SL RNA is transcribed separately (by RNA Pol ll). It contains a binding site for Sm proteins
and one or more stem-loop secondary structures. Its exon sequence is trans-spliced at unpaired acceptor sites upstream of the 5’ ends of polycistronic
coding regions. Its intron-like moiety together with the 5 ‘outron’ from the region upstream of a trans-splice site is degraded. This process is also coupled
to 3’ end formation and leads to translatable monocistrons. Since mRNAs from non-operon genes are also trans-spliced, other functions of trans-splicing
have been proposed including (B) ‘sanitising’ the 5" UTRs (e.g. removing premature or out of frame start codons) and increasing the efficiency of transla-
tion through the modified TMG cap structure together with the 5’ SL sequence (C).

Operons and Recovery from
Growth Arrest

C. elegans larvae that hatch in the
absence of food enter a growth-arrested
state (L1 diapause). They may also enter a
growth arrested state (dauer) later, at the
second molt, in response to temperature,
food availability and, importantly, popu-
lation density. O. dioica can also enter a
growth arrested state, during a post-meta-
morphosis and pre-meiotic-entry window,
in response to food availability and popu-
lation density.'® Similar to C. elegans,
growth arrest in O. dioica is reversible;
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when conditions become favorable the
animal resumes normal growth (primarily
due to the expansion of endocycling
somatic cells) and germline progression
(germ cells enter meiosis).

We induced growth arrest in O. dioica
by culturing the animals in crowded con-
ditions, initiated recovery by diluting
them to normal population density and
measured the transcriptional response of
polycistronic operon genes and monocis-
tronic non-operon genes. In C. elegans
operon genes are preferentally up-regu-
lated during recovery from both L1 and

dauer arrested states.9 In contrast, we

Worm

found that in O. dioica non-operon genes
are preferentally upregulated during
recovery from growth arrest.” Thus, the
idea that operons have evolved to acceler-
ate recovery from growth arrested states
cannot be generalized to all metazoans.

A Shift at the Maternal to Zygotic
Transition

Maternal RNAs and proteins that are
stocked in the oocyte during vitellogenesis
provide initial resources to the fertilized

egg cell

and control early mitotic
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Figure 2. Model linking trans-splicing to nutri-
ent dependent translational control of mater-
nal mRNA. Growth is characterized by an
increase in the production of the protein syn-
thesis machinery (via the translation of TOP
mRNAs) and is limited by resource availability.
The mTOR pathway mediates the response to
nutrient levels by controlling the translation
of TOP mRNAs. Egg number in O. dioica is
dependent on nutrient levels and the majority
of maternal mMRNAs and TOP mRNAs are trans-
spliced. We propose a model whereby the
spliced-leader fulfills the function of the TOP
motif and allows the translational control of
trans-spliced mRNAs. This allows the animal
to adjust reproductive output, and therefore
population level, in accordance with dynamic
resource levels (including algal blooms) in its
environment. Control at the translational level
allows a more rapid response to changes in
nutrient levels compared to transcriptional
control, and this may be of particular impor-
tance for organisms with short life cycles.

divisions, cell fates and patterning. During
the maternal to zygotic transition, mater-
nal products are eliminated and the
zygotic genome takes control over devel-
opment. In O. divica, as in C. elegans, the
maternal to zygotic transition is rapid;
most maternal mRNAs are degraded by
the 2-8 cell stage, which occurs less than
1 hour post-fertilization. We found a
striking shift in the transcription of #ans-
spliced mRNAs at the maternal to zygotic
transition in O. dioica: most maternal
mRNA is mans-spliced; most zygotic
mRNA is not #rans-spliced. Further exam-
ination of existing data from C. elegans
and C. intestinalis revealed a common
association between maternal mRNA and
trans-spliced mRNA in all 3 species. We
hypothesize that frans-splicing a common
leader sequence to a subset of mRNAs
allows for post-transcriptional co-regula-
tion of maternal mRNAs.

TOP of the Trans-Splicing Class

A characteristic of growth is an increase
in the production of the translational
machinery to allow for an increase in pro-
tein synthesis. mRNAs that encode the
translational machinery (in particular
ribosomal proteins) are characterized by

the presence of a 5 Terminial
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OligoPyrimidine tract (a TOP motif) and
are known as TOP mRNAs. When energy
resources are limited the translation of

TOP mRNAs is suppressed to reduce
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catabolic processes. The energy that is
saved can then be redirected to the tran-
scription and translation of stress-response
genes. The mTOR pathway mediates this
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translational response to changes in nutri-
ent levels via the TOP motif.'"'?

From our work and that of others, we
know that in both O. divica and C. elegans
TOP mRNAs are predominantly #rans-
spliced. This raises the interesting possibil-
ity that the SL sequence, which is zans-
spliced onto these mRNAs, replaces the
cis-regulatory role of the TOP motif in
these species. Indeed, SL sequences tend
to be pyrimidine-enriched.

After the onset of meiosis, O. dioica
no longer enters a growth-arrested state
in unfavorable conditions.'® The number
of eggs produced is, however, dependent
on nutrient levels."? Eggs in O. dioica are
produced via the partitioning of the com-
mon cytoplasm of a single-celled multi-
nucleate gc:rmline.14'17 Based on our data
showing that #rans-splicing is associated
with maternal mRNAs and TOP
mRNAs,* we propose that the production
of maternal proteins during vitellogenesis
is controlled in a nutrient-dependent
manner via the mTOR pathway and cis-
regulatory sequences in the spliced-leader
(Fig. 2). If nutrient levels are low then
the translation of #mans-spliced maternal
mRNA is suppressed. This results in a
reduced cytoplasmic volume in the ovary
that is partitioned into consequently
fewer eggs.

Growth Arrest and Translational
Control

Operons in C. elegans are up-regulated
during recovery from growth arrest. The
reduction in number of transcriptional
machinery units required for operon tran-
scription may be advantageous for con-
serving energy, as previously proposed.’
However, in light of our data, we propose
that this up-regulation of operons is pri-
marily a response to the availability of
food. In order to facilitate rapid growth
the transcription of growth-related genes
is increased. In addition, we suggest that
these same genes are regulated at the trans-
lational level in a nutrient-dependent
manner. Indeed, a recent study found that
the protein
mRNA was strongly suppressed during L1

translation of ribosomal

arrest and resumed upon recovery in 4 dif-
ferent worm species.18 It is possible that
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we do not observe the same transcriptional
upregulation of operons in O. dioica dur-
ing recovery from growth arrest since,
unlike C. elegans, O. dioica continues to
feed during growth arrest. Post-metamor-
phic growth in O. divica occurs primarily
via the expansion of endocycling somatic
cells."” Regulating translation is a rapid
and direct means of adjusting cytoplasmic
volume. It is possible therefore that
growth in O. dioica may rely more on
translational control, rather than tran-
scriptional control. Indeed, we found that
the transcription of mRNAs encoding the
translational machinery is strongly upre-
gulated during stages of post-metamor-
phic growth in O. dioica with little change
in the transcription of mRNAs encoding
the transcriptional machinery.* We specu-
late that translational control may pre-
dominate the recovery from growth arrest
in O. dioica.

Translational Control
as a Unifying Function
of Trans-Splicing

The ability to control protein abun-
dance at the translational level is advanta-
rapid

environmental or physiological cues is

geous when a response  to
critical for survival and/or reproductive
success. One important environmental
parameter is nutrient availability, which
determines the balance of resource alloca-
tion between reproduction and somatic
maintenance. We hypothesize that the
spliced-leader (via its sequence, secondary
structure and/or modified cap structure)
plays an important role in the translational
control of mRNAs in order to adjust
reproductive output in response to envi-
ronmental conditions. Given the TOP-
like characteristics of the SL in C. elegans
and O. dioica and the trans-splicing of
known TOP mRNAs, it may be that this
control, at least for a subset of trans-
spliced mRNAs, is mediated by TOR sig-
naling (Fig. 1). There may also be other
environmental parameters or processes
that require translational control via the
SL without the involvement of TOR sig-
naling. 7rans-spliced mRNAs in C. intesti-
nalis do not include TOP mRNAs but

instead are enriched for genes related to
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plasma and endomembrane systems, Ca*"
homeostasis/regulation, cell-cell signaling
and cortical cytoskeleton.” These are all
related to important processes in the mat-
uration of oocytes: the cytoskeleton is crit-
ical in the reorganization of organelles;
Ca®" signaling pathways are remodeled,
with accompanying changes in membrane
permeability and ion currents, in prepara-
tion for fertilization. Further studies of
translational control in these and other
species that utilize rrans-splicing are
needed to increase our understanding of
this phenomenon and the forces that drive
its appearance in various, disparately
related, lineages.
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