University of Sussex

A University of Sussex DPhil thesis
Available online via Sussex Research Online:

http://sro.sussex.ac.uk/

This thesis is protected by copyright which belongs to the author.

This thesis cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the Author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the Author

When referring to this work, full bibliographic details including the
author, title, awarding institution and date of the thesis must be given

Please visit Sussex Research Online for more information and further details



Functional characterisation of pncr003;2L,
asmall Open Reading Frame gene conserved from
Drosophila to Humans

Emile Gerard Magny

Thesis submitted for the Degree of Doctor of Philosophy
School of life Sciences
University of Sussex
Submitted January 2014



UNIVERSITY OF SUSSEX

EMILE GERARD MAGNY

Thesis submitted for the Degree of Doctor of Plujis/
Functional characterisation phcr003;2L,a small Open Reading Frame gene

conserved fronbrosophilato Humans

SUMMARY

Small open reading frame genes (SmMORFs) are a fess of genes, which emerged
from the revision of the idea that open readingnia have to be longer than 100
codons to be protein coding and functional. Aliioubio-informatics evidence
suggests that thousands of sSmORF genes couldmessy given genome, proof of their
functional relevance can only be obtained throdmgr functional characterization. This
work represents such a study forDaosophila smORF pncr003;2L), which was
initially misannotated as a non-coding RMAcause of its lack of a canonical long open
reading frame. Here | show thancr003;2Lcodes for two small peptides of 28 and 29
aa, expressed in somatic and cardiac muscles. ddteerating a null condition for this
gene, | use the adulirosophilaheart as a system to assess the functiggnof003;2L
With this system, | show that the smpaiicr003;2Lpeptides regulate heart contractions
by modulating C& cycling in cardiac muscles, with either lack ocess of function of
these peptides leading to cardiac arrhythmias,aémdrmal calcium dynamics. Finally,
through an extensive homology study, | show thase¢hsmall peptides share a great
amount of structural and functional homology withe tpeptides encoded by the
vertebrate smORFsarcolipin (sIn)and phospoholamban (pln)which act as major
regulators of the Sarco-Endoplasmic Reticulum QatcATPase (SERCA), the channel

responsible for calcium uptake into the ER follogvmuscle contraction.

These results highlight the importance of pgrer003;2LsmORF and th®rosophila
system, for the study of cardiac pathologies, bastnimportantly, they show that this
family of peptides, conserved across evolutionresgnt an ancient system for the
regulation of calciuntrafficking in muscles. This work corroborates firevalence, and
relevance of this novel class of genes, and shbatctoser attention should be given to

smORFs in order to determine the full extent ofrth@logical contribution.
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Chapter | - General Introduction

1- Small Open Reading Frame genes (sSmORFs); what arethey and why arethey so
interesting?

1.1- Genomic annotation methods favour canonical genes over snORFs.

The basic rules of phenotypic inheritance betwekvirey organism and its progeny
were addressed for the first time by Gregor Memdet¢ntury and a half ago. Since then,
every branch of biology has pursued, in one wagmather, the identification of the
molecular mechanisms involved in the transmissiah@ inheritance of genetic
information, and their “phenotypic impact” in orgems. The ultimate aim of this work
is to contribute to this very cause, by unveilihg timportance of small open reading

frames genes (smORFs), one such component, whig¢maw has been neglected.

Most people would agree that the most importantgmment of this inheritance
mechanism is the gene. But what is a gene? Atiging because of the lack of
knowledge regarding its biological nature, the téiad an abstract nature. It was coined
by Wilhelm Johannsen in 1909 as “the special camtit foundations and determiners
which are present in the gametes in unique, separat thereby independent ways by
which many characteristics of the organism areifipdt [1,2]. Today, after many
major landmark achievements, which have allowetbusiderstand the molecular
nature of entire genomes, because of the dizzyangpéexity with which we have been
confronted, some of which will be discussed inftiilwing sections, it is still tricky to
precisely define what a gene is. For a matterrapicty, and following the established
central dogma of molecular biology stating thatayait information flows from DNA
to RNA to protein, we could define, for the momentanonical gene as the DNA
sequence containing the code necessary to gerepatgein. This protein coding
sequence is known as DNA coding sequence (CDSxywhé&nown to encode for a
protein, or as an open reading frame (ORF), referno the stretch of nuecleotidic
sequence, which starts with a translational staatbn (most commonly an ATG triplet

although alternative start codons exist) and fiessWwith a stop codon.



Such genes have commonly been annotated by latgbas®s / consortia, such as the
National Centre of Biological Information (NCBI) tre European Molecular Biology
Laboratory project known as Ensembl, with the wiienaim of identifying and
cataloguing all the genes within any given gendrexently, the Encyclopedia of

DNA Elements (ENCODE for humans, or MODENCODE fardel organisms)
consortia, have gone beyond gene annotation, haaken the task of annotating not
only genes, but all coding elements within the han@d model organisms genomes;
although this dissertation will touch on such otbiements, the focus will remain on
genes, as defined earlier. The process of gendatiorousually integrates
computationatle novogene prediction, which requires the use of sopfaitdid
algorithms often referred to as “gene finders”, aad-wise alignment to the genome of
experimentally supported sequences; usually, theserotein sequences obtained from
publications describing the function of particul@nes, or from libraries of
complementary DNA (cDNA), expressed sequence t&§3¢), or more recently from

RNA sequencing (RNA-seq) reads.

The annotation ofle novoORFs with computational prediction methods and, in
general, the accurate annotation of genes, istradt @ivial. Allen et al. summarise this

in their 2007Genome researcimanuscript [3] pointing out that the difficulties

creating accurate annotations arise for severabrea “Sometimes the evidence for a
gene is weak, consisting of just one gene predidiit no sequence homology, or just a
single expressed sequence tag (EST) match. In cdisess, the evidence is plentiful but
contradictory: Different gene finders and protedqgence alignments may indicate
many overlapping candidate genes, and more thaofahese models may in fact be
correct”. Importantly, they emphasise how time econmg the process of gene
annotation can be, especially when the complexithe prediction/evidence is such

that human curation is required.

The already challenging process of gene annot&iexen more difficult for ORFs

with small sizes, and as a consequence many gatiesmall ORFs (small ORFs
belonging to a gene, and from which a functiongitigle is produced, will hereby be
referred as smORFs) may have escaped annotatisraiBgaal.[4], who argue in

favour of this view, plotted a histogram represamtine sizes of all ORFs in the yeast
genome, superimposed over a histogram represehtngjzes of all its annotated genes

(Figure 1.1). What this plot shows is that althoaghimmense number of short ORFs



exist in the yeast genome (they report 260,000 Q&$ssthan 100 codons long), the
number of annotated genes encoding small ORFsaigviedy very small (~100 genes).
Although it is possible that genes with small ORf#esy be simply sparse, several

factors point to a scenario where they may be ilémiut misannotated. First of all,

their short sizes render most computational prextichethods inaccurate. Those
methods are usually based on an assessment dfférentes in nucleotide

composition between coding and noncoding sequeasssssing parameters such as
codon usage, sometimes referred to as codon aepiadex (CAl) [5]. CAI

calculations take advantage of the fact that ifeteht species codon usages are more or
less biased as some amino acids appear to begreédlly encoded by certain codons

rather than others.
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Figure 1.1: Stark contrast between number of short ORFsand annotated genesin
the yeast genome.

Size distributions of the total number of ORFs elexbin theS. cerevisiagenome
(red) compared to the total number of annotate@génthe Saccharomyces Genome
Database, as published in Basrai et al. (1997)T4é. black line represents the 100

amino acids size used as a cut-off for many genamm@tation projects.



Although these statistical analyses are very affedor distinguishing long coding
sequences, they become progressively less use@R&dength decreases [4].
Furthermore, in order to minimize the number o$égpositives, these algorithms also
integrate a series of other parameters, such asmue of splice sites, promoter
regions, translational start/stop sites, and pdigrglation signals, but this approach
also increases the chances for true ORFs not deteeted [6]. Small ORFs seem to be
particularly susceptible to false negative preditsi as it is difficult to distinguish the
relatively few biologically meaningful sequencesyangst the large number of artefact
ORFs present in the genome by pure chance [4;1h@&]small sizes of their protein
coding region, also make smORFs less likely tcalbbgeted by conventional random
mutagenesis, which gives to these sequences fgpertonities to have valuable
experimental support. Because of these issues,gemgs coding for ORFs of at least
100 contiguous codons were designated for annatatithe yeast genome [9].
Although this decision makes sense since mosteo2@®,000 yeast ORFs could be
artefacts, and it would be much more difficult dimde consuming to accurately
annotate them, it may have led to the loss of gidenable amount of SmMORFs coding
for peptides with important biological functionmportantly, this problem is not
specific to yeast; the same 100 aa cut-off has bpphed to gene annotation in
mammals [10], and the size distribution of annatatenes in humans and fruit flies
(Drosophila melanogastgshow a very similar steep drop in the numbererfas
coding for proteins under 100 aa long (Figure Jathough both organisms have an

equally overwhelming amount of small ORFs in tlgginomes.
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Figure 1.2: Size distribution of annotated genesin humans and Drosophila

melanogaster.

Size distribution (in codons) of (A) Human genssaanotated in the UNIPROT
database, and (B)rosophilamelanogastegenes as annotated in FlyBase. Genes under
50 and 100 aa are represented in red and orarmecte®ly, genes of all others are in
blue. The total number of annotated coding andtpetst non-coding genes is indicated

in the insets within each panel. Note the simitaep decay in the number of genes

under 100 aa long as in Figure 1.1.



1.2- tarsal-less. The smallest protein coding gene, plays a big rolein Drosophila
development.

In order to understand the significance of shortF®f genomes, one could start by
asking the following question: What is the smallgsbtein a gene can encode?
Although there is no real answer to this questioterms of translational mechanisms,
we could look at examples of known genes, and dsk ¥he smallest protein known to
be encoded by a gene is. Our group, and others idawtified an eukaryotic gene,
known astarsal-less (tal),coding for 11-33 amino acid long peptides [11,1tP
smallest reported to date (Figure 1.3A) [11,12,T3lese peptides —which have been
experimentally confirmed to be translated and haeen functionally characterised—
can act as cell-cell signals [13] and participate iffedent developmental processes
such as the establishment of the denticle belts tamchea in embryos, and the
determination and morphogenesis of the adult lggneats [11]. In these contexts, the
tal peptides have been shown to interact with andlaégumajor signalling pathways.
Specifically, they regulat®&otch [14], a highly conserved signalling pathway which
plays a major role in cell fate determination [1&fd this regulation has been shown to
be mediated by the effects @l on shaven-babygonsidered to be the master regulator
of trichome formation [16]. Most importantly, honogues oftal have been identified
throughout arthropods (Figure 1.3B), showing thé& tene is not a rare occurrence in

fruit flies, but abona fideevolutionarily conserved family of genes.

Apart fromtal, only a handful oDrosophilagenes (10 in total) are annotated as coding
for proteins less than 30 aa long (see appendiXHgy include the ribosomal protein
RpL41 of 25 aa —which is conserved in humans—,@essory gland protein, Acp98,
also 25 aa long, and 5 other predicted proteinfgpdienes with unknown biological

functions.

The example ofal proves that genes can code for peptides as small amino acids.
It also shows —along, to some extent, with the faher examples of small protein
coding genes— that such small peptides can plagnéas roles in a variety of
biological processes. Uncharacterised smORFs meneftire represent an important

part of our genomes.
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Figure 1.3 tarsal-less, a snORF gene conserved acr oss ar thr opods encodes four

short peptides of 11-33 amino acids. (A) cDNA sequence of thil clone LP10384

The amino acid sequence of the translated 1A, 2Aa8d AA peptides are represented
in red capitals underneath their respective opading frames. Conserved amino acids
between the four small peptides are in bold andaK@&equences underlined. The B
peptide in blue is not translated. (B) Graphic espntation of the 440 million years
(Myr) conservation of th&al gene familytal and its homologues in other species as
represented by either cDNAs (arrows) or genomiaiseges (blunted arrows). This
work was published iGalindo et al. (2007)11].
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1.3 - Targeted computational approaches predict the existence of thousands of
SmORFsin several organisms.

As it became evident that a pool of possible nestgin coding genes with promising
biological functions could be waiting to be discea a few attempts have been made
to predict functional smORFs in the genomes okedéht species using targeted
computational approaches. Hanadal [17] developed a “Coding Index” method
based on hexamere sequence composition-statistiased from known coding and
noncoding DNA sequences (CDSs and NCDSs respegtivelorder to identify
smORFs in thérabidopsis thalianagenomethey combined the “Coding Index” study
with analyses of conservation, transcription andfying selection; protein coding
regions, expected to be under purifying selecstiould have a larger number of
synonymous substitutions (Ks), which preserve theegjuence than non-synonymous
mutations (Ka), which change the aa sequence. &siyate that up to 3,241 short
ORFs could be translated and belong to novel genesnilar smORF search, was
carried out by Fritlet al.[18] in the FANTOM collection of mouse cDNAs. In that
study, theyused CRITICA (Coding Region Identification Tool bking Comparative
Analysis), a gene prediction algorithm originallsed for bacterial genomes, which
integrates a purifying selection analysis of paigseraligned homologous regions into a
hexamere sequence composition-analysis (simildre@ne used by Hanadaal) in
order to increase its accuracy. They filtered theiiral prediction of ~50,000 ORF
candidates of all sizes for possible artefactsrtiet enrich the putative smORF
portion, such as redundancy, sequencing errorsygation of the cDNASs, intron
retention, and for short ORFs that overlap longeF®. They obtained 1,240 putative
SmMORFs that could be translated, of which 495 sacklarity to any known protein.
Interestingly, they compared their ORF predictiogtimod with other commonly used
“gene finders” such as Genescan, GenelD, Ensembl&egene and found that
although they all performed similarly well for lo@RFs, the CRITICA method
predicted many more smORFs, confirming the biasttteacommon methods have
against short ORFs. What is also important to poirtis that even the CRITICA
method did not seem to perform very well with sewes under 50 aa, having failed to
identify sarcolipin,a 30 aa well characterised smORF. Other considesatd take into

account is that this study was performed on amsxte, although not exhaustive,



10

library of cDNA sequences instead of genomic DNAJ ased a variety of conservative
filters that may have removdmbna fidesmORFs in order to avoid possible false
positive hits, which means, together with the abmentioned 50 aa threshold, that
their final estimation of 1,240 may probably beuslerestimation of the number of

smORFs in mice.

Our own group performed a search for unannotatgdRis in theDrosophila
melanogastegenome [19]. We opted for a conservation basedoagpr selecting the
ORFs that appeared to be conserved irbitsophila pseudoobscugenome at the
amino acid sequence level, which eliminated theafiom silent mutations at the
DNA sequence level. The two fly species having jee approximately 25 to 55
million years ago, it would be expected that putji neutral sequences would not
show any significant conservation. Conserved ORfeslad to have tBLASTn (Basic
Local Alignment Search Tool using a translated eotitie database) hits, with a
stringent E value threshold of E=1x3,Gvhich was found to produce a false discovery
rate of 7% using a set of random ORFs. Importahlyse sequences also needed to
have a start and stop codon within 100 codons tl@iBLASTn hit in theD.
pseudoobscurgenome. This way, from the 556,554 short ORFsailhtidetected in the
D. melanogastegenome, 4,561 were considered to be conservéu D.t
pseudoobscurgenome; this is the upper estimate of the numbaneinnotated
smORFs in th®rosophilagenome. We ran these sequences through a sdaed fil
selecting for hallmarks of functionality such ast&ny, which guarantees that
similarity in the sequences is due to homologydente of purifying selection,
selecting for sequences that pass a very consesvatieshold of Ka/Ks<0.01; and
evidence of transcription. In total, 401 sequenmessed all the filters; this is our
conservative estimate of un-annotated function®Bfas. As with the Fritlet al.
mouse study, this number is likely to be an undemadion, since we only considered
ORFs encoded by contiguous nucleotides, therehyredting any possible ORF
interrupted by an intron. Moreover, our filtersafgppear to be very conservative
because only 7 out of 25 annotated smORFs witlepmics evidence of translation
pass them all; most of the SmORFs pass the cortgemand transcription filters, but
several fail the synteny and stringent purifyintgston filters. Interestingly, the upper
and conservative pools of SmMORFs have size disimisi with medians of <20 aa (19

and 17 aa respectively), matching the range oégtzat current genome annotations
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appear to be the most devoid of (Figures 1.1 aéd The size distribution of these
putative SmORFs is very different from that of ubset of ORFs that show sequence
conservation but not start and stop codon condenjadnd is also very different from
that of artificially generated equivalent contrebsences submitted to the same pipeline
(Figure 1.4C and D), showing that those distrimgi¢gand hence the smORFs

generating them) are genuine, and not randomlyrgeet

A similar study, in yeast [20], was performedngssimilar techniques to select for
SmMORFs that are conserved across all fungi, trdrestrand with favourable codon
adaptation indexes. 558 smORFs pass these criidaepresent their estimate of

putative un-annotated SmORFs in yeast.

Finally, a study performed in prokaryotes [21], ethalso used conservation, as well as
the identification of prokaryotic ribosomal bindisges known aShine-Dalgarno
sequences, in order to identify novel smORFs, tedahat up to 2,000 small ORFs
between 16-50 aa long could be translatefl. iooli.. Interestingly, it appears that the
majority of these short peptides (39 out of 60 eixpentally verified SmORFs) have a
predicted hydrophobic, single trans-membrasteelix structure, indicating that most of
those peptides may have a cell-membrane-relatadidum In accordance with this
observation, they observed that the translatiodysts of several of these putative

smORFs, was preferentially detected in membrarerahan cytoplasmic fractions.

Overall, the four independent studies in eukarypteslict a similar proportion of un-
annotated smORFs within their respective organidgrasveen 5 to 25% new smORFs
compared with annotated genes, depending on hosecaative the thresholds are for
these estimations), while the bacterial study psepa larger estimate (almost 50%
compared with annotatdfl coli genes). All of these studies suggest that in #r®mes
of most species, short ORFs have indeed been amietated, and again, support the

idea that smORFs are an abundant genomic element.
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Figure 1.4: Size distribution of different pools of predicted snORFsin Drosophila
melanogaster, as published ihadoukakis et al(2011) [19].(A) 4,561 putative
smORFs with conservation of sequence and starstapdcodons iD. pseudoobscura
representing the upper estimate for the numbem@RFs inDrosophilg (B) 401
smORFs with conservation of sequence and starstpdcodons iD. pseudoobscura
with a Ka/Ks score < 0.1, and also present inayiotand transcribed regions, this
represents the conservative estimate of smORBsasophila melangostefC) 43,197
smORFs with tBLASTn hits with E-value < 1 x 10-®resenting putative SmORFs
with some kind of sequence conservatioDirpseudoobscurgdD) Comparison of size
distribution cumulative densities between the 4,péthtive SmORFs with conservation
of sequence and start and stop codor3. pseudoobscuréSS) and a subset of
artificial SmORF like controls composed of revessap-to-start control ‘smORFs’
passing the same filters. The size distributiothefcandidate ‘real’ smORF is
significantly different from that of the controlepresenting random short DNA

sequences.
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1.4 - Assessing the function of new smORFs
Even if there is extensive evidence of the existarsfcseveral SmORFs in different

genomes, the attribution of biological functionghese short peptide coding genes
would be the most convincing proof of their relesanyet only few studies have
directly addressed their function. One of the nraasons for this lack of functional
analyses, apart from the fact that smORFs areatively recent discovery, may be that
such analyses are hard to implement on a large.sthis is particularly true in
eukaryotes where the generation of mutants, evéntihe most advanced genetic tools
available, can still be challenging. Besides, flug of functional characterisation would
need a “reverse genetics” approach, in which tfecebf disrupting the expression of a
particular gene is unknown. Therefore, assessia@lienotype of the affected animals
or cells is not necessarily straight forward; thil be discussed further in section 2.1

of this chapter.

Some of the studies that were discussed abovehviteised on the detection of
smORFs, provide limited evidence of their functidityaln the Frithet al. mouse study
[18], the potential to have a biological functioasiinferred for the majority of their
1,240 detected smORFs from their patterns of espesExpression data obtained
from tissue-specific micro-arrays shows that mdéshese mouse smORFs appear to be
expressed in a highly tissue-specific manner ratiaar ubiquitously. Indeed the
majority of those smORFs could be clustered intfedént groups sharing preferential
expression in specific tissues, demonstratingttiezge sSmORFs may have a tissue
specific function. A subset of these smORFs (2thei) were tagged and transfected
into HelLa cells; 14 of them resulted in peptidetbgsis, some of them even showing a
subcellular localisation, which correlated withith@redicted secondary structures.
These smORFs are therefore translated into pepghdésnay have specific cellular
functions. In the Kessleat al. yeaststudy [20] the authors only examined the phenotype

of a single smORF mutant, which lacked the abititgrow at 37C.

Two other studies have focused primarily on thefiamal characterisation of SmMORFs,
rather than on their detection, addressing thesigsa more high-throughput manner,
taking advantage of the resources available far thedel organisms, and scoring for
specific phenotypes. In yeast, which is an organiatively easy to manipulate
genetically in order to generate mutants, Kastemmetyal.[22] generated a collection

of strains carrying deletions for 140 smORFs, whiwy identified through a literature
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search, and screened them for growth defects; B#ee strains showed growth defects
in different conditions including haploid growtimcubation at different temperatures, or
with non-fermentable carbon sources, or with agemiscing DNA damage and cell

replication arrest.

In Arabidopsis thalianaan organism in which the generation of transgptdats is
relatively easily achieved, due to its susceptiptld horizontal gene transfer by
Agrobacterium tumefaciengon infection Hanadeet al. assessed the functionality of
their previously predicted smORFs, by over-expresseveral hundreds of them and
screening for morphological defects in the pla@®.[For this screen they tested 473
smORFs, deemed the most likely to be functionalragabthe candidates from their
previous work [17] because of their high leveldgrahscription, determined, again, by
micro-array analysis of tissue specific mMRNA extsacand evidence of conservation.
49 of these smORFs (10%) produced morphologicaaigefupon over expression,
which is almost seven times higher than when oxeressing random canonical long
ORFs (572 /40,422, or 1.4%). However, it cannodliseounted that some of the
smORF-induced phenotypes are actually due to remyylaffects of the RNA

transcripts themselves, rather than to their tediosi products.

Altogether, these studies show that a significamtipn of novel smORFs have some
sort of function. However, these studies have hatidated the molecular / cellular
functions of these smORFs. In order to achievduhetional characterisation of these

genes at that molecular level, a more meticulodstargeted approach is necessary.

2-Using Drosophila melanogaster as a system to functionally characterise a novel
smORF

2.1- Drosophila melanogaster isa good model to study the function of a novel
SmMORF

In this project, | focus on the functional charaisi@ion a novel sSmORF iDrosophila
melanogasterThis model organism has one of the most comprévedgsannotated
genomes, and yet, as mentioned above may stifidmriplete with respect to small
open reading frame genes. The casmloivas extremely important in highlighting the

importance of smORFs, with some of the bioinforggtitudies mentioned above citing
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this example to justify their search for snORFswidweer, the case @&l is almost
unique, in the sense that very few other studige identified the specific functions
conveyed by a novel sSmORF gene. Therefore, thaitumad characterisation of another
gene similar taal could be considered as a case study that woultbree the
importance of smORFs, while contributing to ourgehknowledge of this class of

genes.

Drosophila melanogastes a good model for this specific reverse genetmzroach.

The fruit fly, has been one of the most widely usestlels for genetic analyses for
almost a century, and therefore a myriad of toalsehbeen developed in this organism
that make it possible to generate mutants lackpegific genes, or transgenic flies
expressing genes in a tissue-specific mannerofAllese genetic manipulations can be
achieved in a relatively short time and at a reabtncost —two important
considerations for a project like this, where técome is not necessarily guaranteed,
given that nothing is known about the gene to bdistl, and in the worst-case scenario
a reconsideration of the studied gene may be nageddost importantly, the fly,

unlike other genetic models such as yeast, is &éigallilar organism which has a
variety of different tissues and behaviours. Itidtidherefore be possible to narrow a
phenotypical study, focusing on the tissues thatvséxpression of the gene, while

allowing for a range of different kinds of phenodgpto be observed.

As mentioned in section 1af this chapter, such a phenotypical study isnaaessarily
straightforward. In the best case scenario the gengd have a morphological

function, in which case the organism could presesible defects in the tissues where
the gene is expressed, although these could stdubtle enough to be missed. The
gene could also have an essential cellular funciiowhich case the phenotype would
be the lethality, or poor viability of the mutarganism, or an atrophy or absence of the
tissues expressing the gene. On the other hargetieecould have a physiological or
metabolic function, in which case the phenotypddde much harder to assess, since it
may lead to a dysfunction that is not apparentaséevery specific method is employed
to detect it. Similarly, the mutant organism coalso present a behavioural rather than
morphological phenotype. Finally, and in referetwéhe above-mentioned worst case
scenario, it is possible that for a variety of s like redundancy for example, a
smORF mutant may simply generate no phenotypd.athas variety of phenotypes

and outcomes is the reason why it is difficultrtigplement a high-throughput functional
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screen for a large number of putative genes. Aystocised on a single gene, on the
other hand, could take advantage of all these Iplessutcomes to attribute a particular
function to that gene; one could address the issaeme sort of process of
elimination, scoring for the most obvious phenog/fiest, and moving to the more

subtle ones, until a phenotype is detected.

2.2-The putative noncoding RNA gene pncr003;2L isa very interesting candidate

for thisstudy

In order to choose a good putative smORF candfdatihis study, the best approach
would be to consider a gene that fulfils all, olegist most of the parameters that have
so far been linked with functionality, while beilmga genomic position that favours its
genetic characterisation. Such a gene was idediE#fmongst the list of genes described
as noncoding by Tupst al[24], the studyin whichtal andRpL41were erroneously

deemed as non-coding

This putative non-coding RNA, annotatedpaer003;2L (for putative non coding RNA
003 in 2L)encodes for a short ORF of 28 amino acids, whashvery similar scores as
those of one of th@al peptides of similar size ( tal AA, of 33 aa), whsarbjected to the
conservative filters from the above-mentioned sm@RBftection pipeline ibrosophila
[19] (Table 1.1). This short ORF, therefore, appéarbe evolutionarily conserved, has
undergone purifying selection, and has strong exidef transcription, which
altogether support its translation. Furthermpregr003;2L along with itsDrosophila
pseudoobscurarthologue, appears to be expressed in the embryonic somasclewu
[24]. This is interesting since tissue-specific gsion has also been associated with
functionality [18], but most importantly, while priding a context for focusing the
phenotypical study of this putative SmORF codingege

The pncr003;2Lgeneis located in the left arm of the autosomal chroonos 11, in a
locus which does not overlap any other annotateé gend most importantly, there is a
transgenic line publically available from the Haxv&edical School Exelixis stock
centre, which carries a transposon inserted iptitative 3'UTR ofpncr003;2L.The
implications of this insertion will be discussednore detail in Chapter IMvhere |

will address different strategies to disrupt thpression opncr003;2L, using this
transposon.
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Finally, being considered and currently annotated aon-coding RNApncr003;2L
would be a particularly interesting candidate #case study; if found to be protein-
coding, it would provide yet another example, alent tal, thatnon-coding genes

may sometimes be misannotated.
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smORF codons translation  tBLASTtn smORF in Dp  transcription  Ka/Ks

tal AA 33 Yes 4.00E-11 yes yes 0.03
pncro03;2L 28 not known 8.00E-10 yes yes 0.19

Table Key:Dp: Drosophila pseudoobscura. Ka/Kson-synonymous mutations /
synonymous substitutions

Table 1.1

Table 1.1: The conservation scores of a small ORF encoded by pncr003;2L are
very similar to those of translated tal AA peptide: A small open reading frame within
the putatively non-coding gemacr003;2Lhas strong transcriptional evidence, and is
conserved irosophila pseudoobscura (Dpyith similar tBLAStn values, and Ka/Ks

scores as theal AA peptide, which has been proven to be transigt&®5].



20

2.3-Objectives

2.3.a- Characterisation of the pncr003;2L transcript, and its encoded smORFs.
The first part of this thesis focuses on the char&ation of the transcript expression
and translation gbncr003;2| and its aimsare: 1) To provide an initial gene model
for this gene based on the information currentlgilable. 2) To assess its
transcriptional expression throughout the life eyaf the fly, and 3) to test whether this
small open reading frame-coding gene is transldedthis purpose, the expression of
thepncr003;2Ltranscript is assessed using classical mMRNA detettichniques such
asin situhybridisation and Reverse Transcription-Polyme@kain Reaction (RT-
PCR), and its translation is tested by the germraif specific SmMORF-GFP (Green
Fluorescent Protein) fusion constructs, which presithe original context of

translation of the small ORF.

This work, covered in Chapter Jl$hows thapncrO03;2Lis expressed in embryonic
somatic muscles, and provides evidence for thegbeav expression of this gene in
muscle tissues throughout the life cycledobsophila,including cardiomyocytes in the
larval and adult stages. Interestingly, it is shdlat this gene encodes for two related
small ORFs, both of which are shown to be trand|atgth their peptides having a
membrane-like subcellular localisation. When expedsin the muscle tissues of
transgenic flies, the peptides localise to the dy#te structures where the T-tubules
contact the sarcoendoplasmic reticulum (SER), amdiwltimately control muscle
contraction and relaxation through the releaseuwgmake of calcium by the SER, which

suggests that these peptides may have a physialagle during muscle contraction.

2.3.b-Characterisation of the effects of the pBac{WH}fF02056 insertion, and

its use to generate pncr003;2L null alleles.

The second part of this thesis focuses on the use pBac{WH}F02058ransposable
element as a tool to disrupt the expressiopnzi003;2L,in order to characterise the
function of this gene. The existence of this pattcinsertion was a determinant factor
for the choice of thencr003;2Lputative SmORF for this study, as it allows fae th
implementation of relatively well established gécgetethods to generate null mutants.
The aim of the work presented_in Chaptey iB/irstly, to assess the effects of this

insertion on thgpncr003;2LsmORF gene, and secondly, to use this transposabl
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element in two different mutagenesis strategiesbtain a null condition for
pncr003;2L

The first part of this work focuses on the ideottion of arinteresting muscle
phenotype associated with thBac{WH}F02056nsertion, which happens to be
similar, and additive to that of the major musameMyosin heavy chain (Mhc).
Although initially very interesting with regards &opossible function for the smORF
gene, the work throughout this chapter shows thiatghenotype is independent of
pncr003;2Litself, and is caused by a background mutatidrelihto the
pBac{WH}F02056@nsertion. The background mutation was mappedgusin
combination of genetic andolecular methods, to thdhc locus itself, which explains

the phenotypical observations.

In the second part of this chapter, figacfWVH} FO2056insertion was successfully
used in two different mutagenesis methods, invagtire generation of a specific small
genomic deletion by taking advantage of the FRDmgmnation site within the
pBac{WH} F02056element, and the generation of genomic lesionghaaise of
ionising irradiation, which although non-specifieere screened to isolate a condition
affecting thepncr003;2Llocus. The combination of the resulting mutantsifthese
two methods led to the generation qirecr003;2Lnull genotype. Although the
pncr003;2Lnull flies show no visible phenotype, which woulelin accordance with
thepncr003;2Lgene having a subtle physiological function, thiff condition can be
used in more specialised muscle function assaigettify the function of the smORF

gene.

2.3.c-Functional assessment of pncr003;2L in a specific physiological context:
The aim of the third part of this thesis is to tise information and tools gathered
throughout this work, including thancr003;2Lnull genotype, to attribute a function to
the peptides encoded by this gene, within a spagifysiological context . In Chapter
V, an extensive analysis is presented, of the efigfgincrO03;2Lin the contracting
heart, which is a system that has been provenowq® a sensitive, yet relatively
simple, way to assess muscle contractioDrosophila melanogastg6,27,28,29]

The study presented in this chapter focuses ogefthets of the peptides encoded by
pncr003;2Lin heart contraction, and the calcium dynamicseulychg this process. In

this study it is shown that lack or excess of fiorcof pncr003;2Lresults in heart
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arrhythmias and abnormal calcium transients dunigyt contraction, suggesting that,
in accordance with its subcellular localisatipncr003;2Lhas a physiological role in

the regulation of calcium cycling during muscle tantion.

2.3.d- Identification of the molecular context of the pncr003;2L function
through an extended homology search.

The aim of the final part of this thesis, is toatatine the specific molecular process by
which thepncr003;2Lpeptides exert their function. For this, | explotkd potential of
a powerful protein homology search engine, namedRER (protein homology/
analogy recognition engine) [30], in order to idgnpossible homologous sequences
for pncr003;2L,which may shed light onto the molecular functiontsfencoded
peptides. This homology search method, which has BBown to be successful in
identifying remote homologous sequences by seagdbinhits with structural as well
as sequence similarity, identifi&hrcolipin (sln) a human smORF known to regulate
calcium function in muscles through the inhibitiwinthe sarcoendoplasmic reticulum
ca&* ATPase (ERCA, as a possible homologue for {ecr003;2LORFs. The work
presented in this chapter studies the functioratiomship between therosophila
SERCAhomologue Ca-P60a)andpncr003;2Land ultimately supports the homology
between the vertebrasarcolipin / phospholamban (plfamily of SERCA inhibitors
andpncr003;2L,showing thapncr003;2Lbelongs to a highly conserved family of
smORFs which constitute an ancient regulatory systecardiac function, and muscle

contraction.
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Chapter |1 - Materials and methods.

In this chapter | describe the materials and methused for the elaboration of this
thesis.

2.1-Fly strains.

Fly stocks and crosses were cultured 8C2% plastic tubes on a modified Lewis
medium containing yeast, agar, cornmeal and gluadtbeNipagen [31]. The Oregon-
Red (Or-R) line was used as wild-type strain. Tdifving lines used in this work
were obtained from the Bloomington Stock Centrest@d in the order their order of

appearance):

yw;;Dmef2-GalL4, w;Dmef2-GalL4,UAS-mcd8RFP/Kr; DiiEd1153/CyO,
w;DfExcel 7067/ CyO, w;DfExcel 8036 /CyO, R{lacW}Mhd®*?iCyO,
W;A2-3Sb b /Tméb, chitn' scd bw* sp/CyO, P{ry=hsFLP}1,w; Adv /CyO, w;b
cnbw, w;GlaBC/CyO, w;DfED1102/CyO, w;BiB325/ CyO, w;DfED1109 /
CyO, w;DfED2256 / CyO, wPBac{ RB}JCG42¥8%ICyO, yw;

Mi{MIC}ApepP M°"YSM6a  w;MI{ET1}Cas B 8 mdy"E%"49SMea,  w;;UAS-
GCaMP3, w; Ca-P60K™%ICyO0,

Thew; tin-GalL4line was a gift from Manfred Frasch from the Unsigr of Erlangen-
Nuremberg. Th@Bac{RB} e0160andthe pBac{WH} FO205@ines were obtained

from the Harvard Exelixis collection.

2.2-Gamma ray mutagenesis.
Gamma-ray mutagenesis was used to generate anetieency(Df(2L)scP°)

spanning at least the 80 Kb genomic region betwleegene€G13282andApep,

with an undetermined breakpoint somewhere in tiieKidregion betweeApep and
CG31784. Two to seven day old males, homozygouth&white mini-gene-bearing
insertionpBac{WH} FO2056mapping to the 3' UTR gbncr003:2L,were irradiated

with 4500 rads of gamma-rays (usinff@o source) and crossedytar; CyO / Gla, Bc
females; the progeny was then screened for lo#seathite marker, and stable stocks
were generated from each individudiite eyed mutant. The span of these deficiencies
was determined with the appropriate genetic cometaation crosses and PCRs
(Chapter IV, Figure 4.13).
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2.3-RNA-extraction.
RNA was isolated using the TRIzol reagent (Invigng The tissues were frozen in dry

ice, and homogenised using a sterile pestle ib anl. eppendorf tube containing
200uL of TRIzol reagent, after homogenisation, BQOmore of TRIzol were added.
After addition of 200 pL of chloroform:isoamyl aleol (24:1) the samples were
incubated for 5 minutes at room temperature, spseparate phases (12.00 x ¢
and the resulting supernatant was transferredsterde, nuclease-free tube. The RNA
was then precipitated with 500 pL of isopropanotbwtrifugation (10.00 x g,°€),

and pellet washed with 75% ethanol before beinguspended in 50 pL of nuclease-
free HO. RNA samples were stored at -80°C.

2.4-DNA-extraction.

Genomic DNA was isolated from 20-25 flies using Wizard genomic DNA

purification kit (Promega) following the instructis of the manufacturer. The flies were
frozen in dry ice and homogenised, using a stpektle, in an eppendorf with 600 pL
of chilled Nuclei Lysis Solution. The samples wareubated at 6% for 30 minutes,
followed by the addition of 3 pL of RNAse Solutiand then incubated at %7 for 30
more minutes. 200 pL of Protein Precipitation redgecre then added, and the samples
vortexed and incubated on ice for 5 min. Proteiasanprecipitated by centrifugation at
16,000 x g for 4 min. The supernatant was thersteaad to a fresh eppendorf tube
containing 600 pL of isopropanol, mixed, and cémgyyed at 16.000 x g for 1 min. The
supernatant was discarded, and 600 uL of 70% eltlnsare added to the sample. The
samples were centrifuged at 16.000 x g for 1 mohthe supernatant discarded. The
pellet was left to air-dry for 15 min, and rehyein 100 pL of rehydration solution

for 1 hour at 68C. DNA samples were stored at -20°C.

2.5-cDNA synthesis.
cDNA was synthesised using the RETROscript kit (Aanpfollowing the protocol for

the ‘Two-step RT-PCR with heat denaturation of RNocedure provided by the
manufacturer. 2 pg of total RNA was combined wiiga(dT) primers (2uL from a
50uM stock solution) and nuclease-free water, tteratured at 80°C before the
addition of the remaining RT reagents: 10X RT buyftNTPs (2uL form a stock
solution containing 2.5 mM of each dNTP), RNasahitar (0.25 units), and the M-
MLV Reverse Transcriptase (2.5 units). Reversesttaption of cDNA was done at

42°C for 1-2 hours. The reaction was stopped bstiveting the reverse transcriptase at
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92°C for 10 minutes. Newly synthesised cDNA wasest@t -80°C until ready to use in
PCR reactions.

2.6-Polymer ase Chain Reaction (PCR).
Standard PCR reactions were conducted using reagemtided in the Tag PCR Core

Kit (QIAGEN). PCR reactions were prepared on ica total volume of 50 ul as
follows: 5 pl 10X PCR buffer; 10 pl 5X Q-Solutiob;ul MgChL (25mM); 1 ul dNTP
mix (form a stock solution containing 2.5 mM of BaNTP); 1 ul of each
forward/reverse specific primer (from a stock solutlOOuM); 2 pl template cDNA;
0.25 pl Taqg DNA polymerase (5 Units/ul); H20 ubpl.

Long PCR reactions (yielding products longer thEb)3 and reactions requiring a
mutation free product (such as the fragments useémerate th€G2173%nd
pncr003;2L, pln, slnrescue, over-expression and tagged construct®lasaid
construction, in this chapter ) were carried out using the Explang template PCR
system (ROCHE). PCR reactions were prepared otoiadotal volume of 50 pul as
follows: 5 pl 10X PCR buffer; 1 ul DMSO; 1 ul MgGR5mM); 2.5 pul dNTP mix
(form a stock solution containing 2.5 mM of eachld®); 2.5 pl of each
forward/reverse specific primer (from a stock solutLOOuM) ; 2 pl template cDNA; 1

plI DNA polymerase (5 Units/ul); H20 up to 50 pl.

PCRs were performed using either a Techne TC-30@0 &ppendorf Mastercycler
Gradient thermocycler. Cycling conditions were opsied based on specific primers,
melting temperatures (Tm), and length of the exg&CR product.

Standard PCR conditions:
DNA denaturation at 94°C — 5 minutes

25-30 cycles of: - denaturation at 94°C -s&€onds
- annealing at 5°C below average primer Tm s&fbnds,

- extension at 72°C — 30 seconds to 2 minutes (démgod target
length)

Extension at 72°C — 10 minutes

Hold: 4°C
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For semi-quantitative RT-PCRs, the reactions weiteally performed with a series of
different cycles, ranging from 15-35 cycles, iremvals of 5 cycles, in order to identify
the number of cycles yielding an amount of prodalting within the exponential phase

of the PCR reaction. This number of cycles was tisedxperimental quantification.

2.7-Ligt of primers:
FW: forward and RV: reverse

ORFA / B GFP and mCherry constructs and pncr003;2L cloning

mCherry Hindlll FW 5' CAAGCTTGTGAGCAAGGGCGAGGAGGATA 3

mCherry Hindlll R\ 5' AAGCTTAGGGCTTGTACAGCTCGTCCATGCCGC 3'

GFP HINDIII FV 5' AAGCTTGTGAGCAAGGGCGAGGAGCTG 3

GFP HINDIII RV 5' AAGCTTAGGGCTTGTACAGCTCGTCCATGCCGA 3

ORFA Hind-Illl FW 5' AAGCTTAATGTTTCCGGCAAGTAGATGGTCCTTAGGGCAGG 3
ORFA Hind-llll RV 5' AAGCTTCAATACGGCATAGATGAGGTAGAGGAAGAAAAGC 3
ORFB Hind-1lll RV 5' AAGCTTGAAGGCGGCTTCGTAGAAGGCATAGA 3'

ORFB Hind-1lll FW 5' AAGCTTGCCCACAGCCTCAAGTCACCCATGA 3'

Exon2'Cdna FW 5'TCTCTCGAATTCTTTATTCCTGCAGTTTGTTGTTGCTGTT 3'
Exon2'Cdna RV 5" TCTCTCGCGGCCGCAGTTATTGCGCGCCTTTAGCT 3'

ORFA FW 5'GTGTGTGGCGGCCGCGTTGAGCCAAAGGCTTTCA 3'

ORFA RV 5' CGTGTGTGGGTACCCTGCCCTAAGGACCATCTACT 3'

ORFB FW 5" GTGTGTGTGAATTCTTAGGGCAGGACCAAAGCC 3

ORFB RV 5' TCTAGGCCCACAGCCTCAAGGCGGCCGCACACACAC 3

Myosin heavy chain exon

sequencing

fragment FW 1 5' ATCCCGCAATCCCCCATAGA 3'
fragment RV 1 5' TCGGATCGTAGTTAAAGCACCACA 3
fragment seq RV 1 5' GGTAGCAGCAGCATCAGCGG 3'
fragment FW 2-3 5'CGCTATTGCTGCTGCTGTC 3
fragment RV 2-3 5' GTGAGTGATTGGCGGTAGATAAG 3
fragment seq FW 2-3 5' AATAGTATGCTTTTCTGA 3'
fragment seq RV 2-3 5' AGAACATAGAACGCATACTTG 3
fragment FW 4-5-6 5' GAGCACTCGGAAAACTGAAA 3’

fragment RV 4-5-6 5' TGCCCTGGGAGACAATG 3'



fragment seq FW 4-5-6
fragment seq RV 4-5-6

fragment FW 12
fragment RV 12
fragment seq FW 12

fragment FW 13-14-15
fragment RV 13-14-15
fragment seq FW -14-15
fragment seq RV 1-14-15

fragment FW 19
fragment RV 19
fragment seq FW
fragment seq RV 1

fragment FW 7
fragment RV 7
fragment seq FW

fragment FW 8-9
fragment RV 8-9
fragment seq FW 8-9
fragment seq RV-9

fragment FW 10-11
fragment RV 10-11
fragment seq FW 10-11
fragment seq V 10-11

fragment FW 16
fragment RV 16

fragment seq FW 16
fragment seq RV 16

fragment FW 1
fragment RV 17
fragment seq FW 17
fragment seq RV 17

fragment FW 1
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5' TCGCCCGATACAAAAACTAA 3'
5' TGAACCTAAACCACAACTAAAAGA 3'

5' CCCCAGAAGCTCCCAGAACAGT 3
5'CCAATTACCCCAGACAGTGACCAA 3
5'ACAGTGTTGGTTCCGCTTAGTGC 3'

5' TCCACCGAATCGACCACACC 3'

5' AAATACAGAGGCGAGAAGCGAGAG 3'
5'ACCGCCGTCGAACCACCAC 3

5" TTTCCAAATAACCTTCAAT 3'

5' CAAAACGTGTTCAGGGAGTGCT 3'
5' CTGGGGCGGGAAAGTAGGAC 3'
5'GTCGTACTCGTTATCGTTCTATCC 3'
5'ATGGCCAGTAAATATGAATGAA 3'

5' CACAAAGATAATGCCCAAGTCG 3'
5' GGCATAGCTCATCGGTTCGTG 3
5'CACACTGCAAACACTTCACAC 3

5' TATCCGTAGCACCCGTAGG 3'
5'TCCGCAGATTTCGATTCACAT 3'

5' AAAAATGCTCAAAAACAAACC 3'

5' GACATGACATAACAAACGAAAATA 3

5' CCACTAAAATTGTAAGGGGTAAG 3'
5' TCAACGTGTGGGGATTCAA 3'

5' CTAATGTGTTTTTGTAAGTCGTCT 3'
5' GAAAGATACACTAGTCATACAAT 3'

5' CTAAAACGACCCACCACCACTAAA G
5'CCAGCTGTTCGCGGGCATCGTC 3

5' CGAAACCAAAATGCCACACTTACA 3
5'GCTGCTGCTGGTAACGCTTGATG 3'

5' AGGCCCTGCGCATGAAGAAGAAGC 3'
5' ACGCGAGCAATATGAAAGGGAAGA 3'
5' GGATCACGCCAACAAGGTAGGT 3'

5" TGGGCTTTCATATTTACTTTTT 3'

5' TAGCCCTTAAGACCCCACAATGAC 3'
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fragment RV 18
fragment seq FW 18
fragment seq RV 18

5' CGACAGCGAGACGATACGGATACT 3
5' ATCAGCGCCATCTCCATTCACG 3
5' GCGGGAGTGGGAGGGATGAGTT 3'

N.B. "Seq" labelled primers are internal sequegg@nmers

CG31739 rescue

CG31739 mid Nhel RV
CG31739 mid Nhel FW

5' TCTCTCGCTAGCATATCGTTTTGTTCATTACCG 3'
5" TCTCTCGCTAGCTTCATCAAATTGACTA 3'

CG31739 FW
CG31739 RV

Semi-quantitative RT-
PCR

pncr003;2L A, AB RV
pncr003;2L A, AB FW

pncr003;2L B FW
pncr003;2L B RV

pncr003;2L exon 2 R
pncr003;2L exon 2 RV

pncr003;2L exon 3 FW
pncr003;2L exon 3 RV

MHC constitutive FW
MHC constitutive RV

MHC 7d spec FW
MHC 11e spec RV

Rp49.FW\
Rp49.RV

RNAI construct primers

pncr003;2L RNAI RV
pncr003;2L RNAi FW

5' TCTGGGGATGGAACTCA 3
5' AAAAAGGCTTACTATACTGAACA 3'

5'CTGTTCTTTGCGGTTGTTATTCAC 3'
5'ACCTCATCTATGCCGTATTGTA 3'

5' TTAGCTACGAACGGTTGGAAATC 3'
5'CTGTTCTTTGCGGTTGTTATTCAC 3'

5'CCGCAACTTGTTCACCACCTT 3'
5' GACCATCTACTTGCCGGAAACATT 3

5'CTCATCCTGGCCTTCCTGCTGTT 3'
5' GTGGGTGGTGGTTGGTGATGGT 3'

5' TACGAGGAGGGCCAGGAGCAGTTG 3'
5' GCGGGCGGCATCGACCATAGC 3'

5'GAGATGTGCTTCCTCTCC 3
5" AAGCACTTTCCGGCAGCA 3'

5'CCAGTCGGATCGATATGCTAA 3
5' TCTGCATGAGCAGGACCTC 3'

5'CACCGTTGAGCCAAAGGCTTTCA 3
5' TAGAAGGCGGCTTCGTAGAA 3'
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specific deficiency

mapping

fragment 1/ a FW 5' TCCAAGCGGCGACTGAGATG 3
fragmert 1/ a R\ 5' TGCCCAAGCCAAAACAGAC 3'
fragment 2 FW 5' TCCAAGCGGCGACTGAGATG 3!
fragment 2 RV 5' CCGGCCTTGGCGTCATCT 3'
fragment 3 /b FW 5' TCCAAGCGGCGACTGAGATG 3!
fragment 3 /b RV 5' TTTGTCGGTCAGTAGTTTCGCGC 3'

gamma ray deficiency

mapping

CG13282 FW 5'GCCAGATTCGTGAAGCGTTCGG 3'
CG13282 RV 5' TAAATGAAATTACATACATCAT 3
CG31739 FW 5' GGCCAGAGCAAGAAGGACTG 3
CG31739 RW 5" ATTTGTAACTATGAATATTAAA 3

2.8-Mhc exon sequencing.
To sequence the 12 different genomic regions cporeding to the exons constituting

theMhc-RKIFM specific isoform, each of the fragments was Hiinep by a standard
PCR reaction, using as template whole fly genomNADrom eitherOr-R or
w;pBac{WH}F02056lies. After confirming that each reaction yieldegroduct of the
expected size by gel electrophoresis, each PCRuptroths sequenced by the Eurofins
company. The sequences from the Or-RapuBac{WH}F02056strains were aligned
with the reference sequence (as annotated in F§)BResing the SEQ-Man software
from the DNASTAR suite, and the discrepancies aaedtas shown in Figure 4.8.

2.9-Agarose gel electrophoresis.
Visualisation of the various RNA, cDNA, and PCR giwots was done using standard

agarose gel electrophoresis. 0.5-1.5% agarosevgetsused, according to the expected
product size, with 1X TBE (89 mM Tris, 89 mM bo&cid, 2 mM EDTA) and 0.5

pag/ml of ethidium bromide (Sigma). was added tolidngid agarose before pouring into
the gel cast. DNA or RNA was combined with MassRLi¢ DNA loading dye
(Fermentas) at a proportion of 1 pl dye for evepd 6f sample, and loaded alongside
the MassRulerTM DNA Ladder Mix (80-10,000 bp fragrtee Fermentas). Gel pictures
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were taken using an Uvidoc gel documentation sygtévitec Cambridge) and

UviPhotoMW image analysis software.

2.10-Miniprepar ation of plasmid DNA.
Plasmid DNA was isolated from bacterial culturegg the QlAprep Spin Miniprep

Kit (QIAGEN) following the instructions provided ke manufacturer. 2 mL of
overnight culture were spun to pellet the cellsnfB, 6800 X g) and supernatant
discarded. Confirmation of the recovered plasmahtidy was done via agarose gel
electrophoresis, after digestion with appropriat&niction enzymes to confirm the

cloning was successful. Plasmids were sequencéukebigurofins company.

2.11-Plasmid construction.
Unless otherwise stated, all plasmids used invtiik were obtained from the

DrosophilaGenomics Resource Center (DGRC). The Uk$8r003:2Lplasmid was
generated by cloning thmcr003:2LcDNA from the RE28911 plasmid, into the
pPpUAST-ATTB vector. To generate the pUASRcrO03:2LORFA-GFP and pUAST-
pncr003:2LORFB-GFP constructs, the stop codons of eithéhefORFA or ORFB
coding sequences were replaced with a unique Hirgltriction site by inverse PCR of
the RE28911 plasmid. The EGFP coding sequence nvpkfizd from the EGFP-C1
plasmid by PCR using Hindlll primers that eliminditée start codon and allowed for
the EGFP coding sequence to be cloned downstredrmdrame of eithepncr003:2L
ORFA-Hindlll or pncr003:2LORFB-Hindlll. The resultinggncr003:2L ORFA-GFP
andpncr003:2L_ORFB-GFP (ORFA-GFP and ORFB-GFP) constructs wiemed

into the pUAST ATTB vector. For the UA$ncr003:2L ORFA and UASNncr003:2L
_ORFB (ORFA/SclA and ORFB/ScIB) constructs, a fragincomprising the ORFA or
ORFB coding sequences including a small down-straaghup-stream region (86 and
16 nt for ORFA and 46 and 16 nt for ORFB), whictsveamough to ensure the
maintenance of the Kozak sequences and optimald@ptification, were amplified by
PCR, and cloned into the pUAST-ATTB vector. Titer003:2LFScDNA, carries
insertion mutations after the start codon of boRF® A and B generating a frameshift,
which gives rise to peptides of the same size botptetely different aa sequences
(ORFA FS: MAKPATCSPPLASWPSCFSSSTSSMHM, ORFB FS:
MMRQKVCSPPSSSWPSCCSCSMPSTKAS). This cDNA was ssitieel by
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Eurogenetec, and cloned into the pUAST-ATTB vetdagenerate the UAS-
pncr003:2L FS construct.

The method described by Kondo et al (2006) [32] used to generate the RNAI
pncr003:2Lconstruct. For this, a region corresponding tdeataes 1-330 from the
RE28911pncr003:2LcDNA was amplified by PCR and cloned into the pR\&ctor.

The N-terminal FLAG-Hemagglutinipncr003;2LORFA andpncr003;2LORFB
tagged constructs, N-terminal FLAG-Hemagglutisimandplntagged constructs, and

the sin_ORFA and pin_ORFA constructs, were proviosiedose Ignacio Pueyo [33].

The CG31739 rescue construct was generated byfgimgla 6695 bp genomic region
(2L:16825305 — 16832100, as annotated in FlyBam#)iding the CG31739 gene in its
entirety and 1900 bp of its upstream region, usiv@contiguous PCR reactions
(Roche Expand Long Range) of 3696 and 3000 bp digeled through the addition of
a unique Nhel restriction site at the 3’ end of pneduct and 5’ end of the other. Each
of the 3696 and 3000 bp products were subclonediwt TOPO-TA vector
(Invitrogen), sequenced, and cloned sequentialtytime pCaSpeR 5 vector, which was

used for the generation of transgenic flies.

All transgenic lines, except those indicated belaete generated at Bestgene, by
PhiC31 integrase-mediated site-specific transgenes the third chromosome using
the 24749 (86Fb) receiver strain. RN#icr003:2L, N-terminal tagged lines and
CG31739 genomic rescue were generated at Bestggeenventional random P-

element transgenesis.

2.12-Adult fly, and lar vae dissections.
For beating-heart video recordings and'@anscient measurements, female flies were

collected within 24 hours after eclosion and reai@d8-12 days (or 25-30 days for
ageing experiments) at 45, Semi-intact heart preparations were performed as
described by Ocoret al [29]. Adult flies were anesthetised with Flynapafolina
Biological Supply Company) (3-5 minutes), and imntisbd dorsal side down on a
small petri dish with a thin coating of petroleuetlyy. The head and lower half of the
thorax including the ventral thoracic ganglion aledjs were cut off using fine
iridectomy scissors. The samples were bathed inreshlly prepared artificial
hemolymph solution (108 mM Na5 mM K', 2 mM C&", 8 mM MgCh, 1 mM
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NaH,POQy, 4 mM NaHCQ, 10 mM sucrose, 5 mM trehalose, and 5 mM HEPES)
adjusted to pH 7.1 and oxygenated for 15 minutes po the dissection. The ventral
cuticle was removed, and all internal organs warefally pulled out, leaving only the
intact heart and abdominal fat bodies. Fat body eleared away using a fine capilar-
based liposuction method. The samples were allawestabilise for 20 minutes with
oxygenation before imaging. For adult indirect liignuscle immunohistochemistry,
thoraces were frozen in dry ice, and bisected tiitdhe midline using a scalpel blade,
and immediately fixed in 4% paraformaldehyde for @hutes before staining as
described in section 2.19. For larval flat preparet, wandering third instar larvae were
anaesthetised by submerging them in ice-cold 1X 8BS minutes. The animals were
then placed in a drop of cold 1X PBS on a stylgalede and pinned ventral side down.
A longitudinal incision across the dorsal midlin@svused to open the larvae; guts,
CNS, nerves, and tracheae were removed and treecpinned to the stylgard plate by
the four corners resulting from the longitudinatigion. The samples were fixed in a
drop of 4% paraformaldehyde for 20 minutes befdeensg as described in section
2.20

2.13-Indirect Flight M uscle sar comer e length measurements.
To measure sarcomere lengths, confocal images taihna 60X water immersion

objective, and the sarcomere lengths were meadiiredtly from the LSM Image
browser files, using Image J. For each genotype f00@omeres were measured as
follows: 10 sarcomeres were measured for 5 difteneryofibrils and this for 4
individual thoraces, corresponding each to 4 diffeérflies. One tailed, unpaired t-tests
were performed to assess the statistical signifeast the length differences, using the
Graph-Pad prism 5 suite (GraphPad Software. IrecJdlla, CA).

2.14-Simple motility assay.
For the simple motility assay, the flies were indually captured from their vials and

released on a constantly illuminated flat surfatepom temperature, using a fine
suction tube, and their motility categorised irethdifferent categories over a period of
observation of 10 seconds: If the flies could taKeand sustain flight, they were
categorised as able to fly; if the flies could take off and fly, but could still perform
small jumps (of approximately 0.5 to 1 cm in ler)gthey were categorised as able to
jump; and if the flies were neither able to flyrmamp, they were categorised as able to

walk only.
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2.15-Flight assay.
For the flight assay, 1 to 2 week old flies werenged directly from their vials, in

batches of 15-20 flies per assay, into a 2L meaguwylinder, in which a paraffin-
coated plastic sheet covered the inner surfadeeofylinder. The flies were dumped
through a funnel taped to the cylinder, to enshey &ll go in through the middle of the
aperture of the cylinder, and the cylinder itsedfsssolidly taped to the ground to ensure
that no tipping of the cylinder, which may bias tkeults, would occur. The plastic
sheet was recovered after each assay, and thepasithe flies scored according to a
scale generated by dividing the total height ofdfiénder into ten equal parts. A score
of 0 represents the bottom of the cylinder, andexof 1 and 10, represent the lowest
and higher regions of the cylinder. The total nunddfdlies in each region, for each
genotype was plotted in a horizontal bar chart. tb5P00 flies were assayed per

genotype. This assay was performed at room temperat

2.16-Heart Video recordings and period measur ements.
Video recordings of hearts were acquired usingiadLBMRB microscope with a 10X

PL FLUOTAR dry objective equipped with a high-ragadn Hamamatsu digital
camera (model C848-05G01). Time lapse recordingbeating hearts were obtained
using the Simple-PCI 6 suite at 32 frames/secdased on the method of Ocatral.
[27] to get a random sampling of the heart funcfimm the flies, a single 20 second
recording was made for each fly without previewiRgcordings were taken from 10-30
flies per genotype. Image J was used to generate&kymographs (with the plug-in
created by J. Rietdorf and A. Seitz) and for hgemtiod measurements. The quick
transition between the systolic and diastolic stabé the heart, visualised in the
kymographs as a straight line perpendicular totittne progression axis was used to
delimit each heart period. Arrythmicity indeces weralculated by normalizing the
standard deviation to the mean of all period measents for each recording, over the
median of that same recording [28he arrythmicity indecx values of each genotype
was normalised over the arrythmicity of age-matckhéld-type flies. The fractional
shortening was calculated as the difference in gygage between diastolic heart
diameter and systolic heart diameter over the aliasheart diameter. These diameters
were measured directly from the heart video recmsliusing Image J. For rescue
experiments, each of the transgene\$-pncr003:2L, UAS-pncr003:2L_FS, UAS-
pncr003:2L_ORFA, UAS-pncr003:2L_ORFB, UAS-pncrOD3FH-ORFA, UAS-
pncr003:2L_FH-ORFB, UAS-pIn_ ORFAnd UAS-sIn_ ORFA was expressed in
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muscles byDmef2-GalL4in a Df pncrO03;2L background. For excess of function
experiments, each of the transgenesUA%-pncr003:2L_ORFA, UAS-
pncr003:2L_ORFB, UAS-pin_OR#&nd UAS-sIn_ORJwas expressed in muscles in a
wild type background bypmef2-GalL4tin-GalL4 was also used in rescue experiments
with the UASpncr003:2L and UASpncr003:2L FS constructs. For the statistical
analysis of these results, | used two-tailed Manmtiéy U tests, which were

performed using the Graph-Pad prism 5 suite (Gragtgvftware. Inc., La Jolla, CA).

2.17-Calcium fluorescent recordings.
To visualise the G transients during muscle contraction, | used #meetjcally

encoded fluorescent &asensor G-CaMP3 in the semi-intact heart preparsti
described above, and followed a method similah#&b tlescribed in Lin et al. 2011
[34]. Fluorescence measurements were made usiegsa [Aser scanning microscope
LSM 510 on a Zeiss Axioskop 2 microscope, with X Z&hroplan objective. For each
beating heart preparation, a ten second time-legzs®ding was taken over a strip of
512/45 pixels, covering the heart along its anfasterior axis. The time series were
taken at a speed of 16.6 frames / second. Useng3$M imaging suite (version 3.2),
average fluorescence intensity was recorded fdr tae-lapse over an area of interest
of 40/30 pixels, corresponding to the maximum widthhe heart at the level of the
base of the conical chamber at its most contratttd. In order to obtain average
values of intensity / time for all animals, and &ese every heart has a unique beating
frequency, | normalised the time scale for eachical signal peak, in relation to the
maximum value ) and the lowest, basal valugt). A 2" order polynomial curve
was fitted, using GraphPad Prism 5, in order t@aiobtomparable data points for all
samples. The intensity values were normalisetig¢ariost basal value of the recording,
and all values at each time point were averageddoh genotype. | us&mef2-GalL4
to drive the expression of the UAS-G-CaMP3 constiuenuscles in th®f
pncr003;2Lbackground and compared the calcium transientd phcr003;2Lmutants
with that of theipncr003:2Lheterozygous siblings (wild-type control). Foraes
experiments, each of the rescue construdgfsS-pncr003:2L, UAS-pin_ORFA and
UAS-sIn_ORFAwas driven in muscles together withAS-GCaMP3n aDf
pncr003;2Lbackground. For ectopic expression experiments) ehthe ectopic
expression constructtlAS-pncr003:2L_ORFA, UAS-pncr003:2L_ORFB, UAS-
pIn_ORF and UAS-sIn_ORHvas driven in muscles together witlhAS-G-CaMP3n a
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wild-type background. To take into consideratioa buffering effect of the 10XUAS
enhancer region within the rescue and ectopic sse constructs on the available
pool of GaL4 molecules, and therefore on tBalL4 dependent fluorescence signal, |
considered the ratios of fluorescence signal of¢éiseue and ectopic conditions over
that of control animals where the non-functiod&S-pncr003;2L F$expressing the
pncr003;2L cDNA with frame-shifts in both ORFs AdalB) was driven bypmef2-
Gal4,in the samé®f pncr003;2Lbackground as for the rescue experiments, or wild-
type background for ectopic experiments. To render tiye@omparable the differences
of calcium intensity across experiments done witteknt levels of UAS enhancers /
GalL4molecules, | plotted the ratios of the rescue d@rs over theDf pncr003;2L,
Dmef2>pncr003;2L_FSontrol, relative to the average maximum amplitatiBf
pncr003;2L(equivalent to the rescue experiment control waHJAS enhancersand
the ratios of the ectopic expression conditiong eveDmef2>pncr003;2L_F$ontrol
relative to the average maximum amplitude of thieltyipe controlgequivalent to the
ectopic experiment control with no UAS enhanceidl)the values were then expressed

as a percentage relative to the wild-type control.

2.18-Intracellular action potential recordings.
Intracellular recordings were performed, by Jerdthyen, on the semi-intact heart

preparations described aboweéth the addition of 120 uM Cytochalasin D (Sigma
Aldrich) to the artificial haemolymph immediatelyigr to the recordings to reduce
heart movement and allow for more stable recordihgeacellular recordings were
made from single cardiac myocytes in the anter@rhusing electrodes pulled from 10
cm borosilicate glass capillaries (1.0 mm outenditer, 0.58 mm inner diameter;

GC100F-10, Harvard Apparatus, http://www.harvardapfus.co.ukusing a Sutter

P97 puller (Sutter Instruments,http://www.suttemyoT hese electrodes were filled
with 2M potassium acetate to give typical resiséasnaf 150-200 MOhms. All

recordings were made using an NPI_SEC-@splifier (NPI

Electronic,_http://www.npielectronic.com).

Throughout recordings the temperature of the fias maintained between 22°C and
24°C. Cardiac myocytes were identified by an appnaxely 50-60 mV drop in
membrane potential and large (>45 mV) action paéntintracellular recordings with
action potentials (APs) smaller than 45 mV were mutluded in the analysis.

Spontaneous  cardiomyocyte action  potentials werecorded in  bridge
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mode. Intracellular recordings were digitised aktsz using a CED micro1401 A/D
conversion interface and Spike 2 software (Camleridg Electronic
Design,_http://www.ced.co.9kThe height of the APs (in mV from the restingepuial)

was analysed offline using custom-built softwared averified by hand. Action
potentials were classified as single or double peakd their proportions assessed
offline by hand. Double APs were characterisednas\ioltage peaks of full amplitude

in which the intervening voltage did not fall bel®®% of the total amplitude.

2.19-In situ hybridisation.
DIG-labelled RNA probes were generated from a 31 fridgment corresponding to the

third exon of pncr003:2L (nucleotides 212-523 oN#DRE28911) following
manufacturer procedures (Roche). The tissues wepaped in RNAse free conditions
as follows:Drosophilaembryos were dechorionated in bleach, devitilkeshiand fixed

in a 1:1 heptane / paraformaldehyde mix for 20 t@auand after several methanol
washes, the embryos were then stored in methar20f@. Adult and larval tissues
were prepared as described above in section ErhPryos stored in methanol were
allowed to warm up to room temperature, then reduigdf in a decreasing series of
ethanol dilutions (90%, 70%, 50%, 30%), and waseabral times with 1X PBT (1X
PBS + 0.2% Tween-20). Larval and adult tissues wearghed several times with 1X
PBT (1X PBS + 0.2% Tween-20) to remove excess paraldehyde. The rehydrated
embryos or adult and larval tissues were permeaiilusing Proteinase K (g/ml in
PBT) (Roche) for 1 hour on ice. The reaction wappéed by washing two times with 2
mg/ml glycine in PBT followed by several washeshwiiX PBT. The embryos / tissues
were incubated with 0.2 M HCI for 10 minutes to ma@ endogenous alkaline
phosphatase activity, washed several times inBX, Rnd then post-fixed in 4%
paraformaldehyde for 20 minutes. The embryos uéissvere prepared for
hybridisation by first washing with a 1:1 solutiohPBT:Hybridisation Solution (HS —
a mixture of deionised formamide, 20X standardheatiitrate, heparin (50g/ml),
Tween-20 (0.1%), boiled salmon sperm (10 mg/mINARO.5 ngr / mL), and nuclease
free H20) then washed with neat HS. The embryissui¢s were then pre-hybridised in
HS for two or more hours in a 56°C water bath. 200-ng of DIG-labelled probe in
HS was heated to 90°C for one minute to relax aogrsdary mRNA structures, and
allowed to hybridise with the embryos / tissueS&C overnight. After hybridisation
the samples were washed in HS (2 X 20 mins) andslavly transferred to PBT in a
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series of HS:PBT solutions (1:3, 1:1, 3:1), finddlging brought down to room
temperature in 1X PBT. Embryos were blocked foo@rk in a solution of 1% bovine
serum albumin (Sigma) and 5% normal horse serurntvéabs) in 1X PBT. After
blocking, the tissues were incubated in a slowtootat 4°C overnight in a 1:1000
dilution of a-DIG-AP (Roche) in PBT. The antibody was removediaghing the
samples several times with PBT over 2 hours foltbwe three rinses with staining
solution (5 M NaCl, 1 M Tris-HCI, 1M, pH7 .5, MgCIB.2% Tween-20, and H20). A
developing solution was made by combining staisiolgition with 4.5ul/ml NBT and
3.5ul/ml BCIP. Signal was allowed to develop in thekdand monitored periodically
as to not overstain. The samples were then washeda times in 1X PBS before

mounting on glass slides in Aqua-Poly/Mount (Polgaces) prior to imaging.

2.20-lmmunofluor escence.
For immunofluorescence, the following primary botlies were used: mouse anti-discs

large (DSHB) used at 1:5 dilution, mouse anti-GRBghe) used at 1:500, Rabbit anti-
RFP (Molecular Probes) used at 1;500, mouse amiig-(Sigma) used at 1:1000,
rabbit anti-GFP (Molecular Probes) used at 1:500; 3ERCA (Ca-P60A)[35] was a
gift from Mani Ramaswami and was used at 1:100006dary antibodies used: anti-
mouse-FITC, anti-rabbit-FITC, anti-mouse-Biotintienabbit-Biotin, streptavididin-
rhodamine and streptavidin-FITC (Jackson ImmunoRe$d. Samples were fixed in
4% paraformaldehyde, washed in PBS, and PBTx (O.fifén X-100), blocked and
incubated in in PBT (0.3% Triton X-100, 0.2% BSA)amounted in Vectashield
(Vector). Incubations were done overnight & for primary antibodies and for two
hours at room temperature for secondary antibo&ieslloidin-rhodamine and
Phalloidin-Cy5 (Life Technologies) were used at0®2from 1.5 mL methanolic

solution, with an incubation time of 20 minutes.

Fluorescence imaging was performed by confocalesmwpy (LSM, Carl Zeiss). LSM
Image Browser, ImageJ and Adobe Photoshop software used for image

processing.

2.21-Bioinfor matics sear ch for homologues.
To search for structural homologues | used the PEXY Bngine

(http://www.sbg.bio.ic.ac.uk/phyre?/30] using as an input the sequence of the

pncr003:2LORFA peptide with the normal modelling mode. Tarsé for sequence

homologues an initial search, restricted to theestaronomic clade, was carried out in
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ESTs deposited in NCBh{tp://www.ncbi.nlm.nih.goy/using tBLASTn with default

settings (Blosum-32 matrix, Expected threshold afehes obtained purely by chance
of 10, using compositional adjustment and low carpy region filters), or maximally
relaxed parameters (PAM-30 matrix, Expected thriesbbmatches obtained purely by
chance of 1000, removing compositional adjustmadtlaw complexity region filters).
The top 100 hits were scrutinised for belonging ®nORF of less than 100aa with
start and stop codons, in the correct orientatiahreon-overlapping with longer ORFs.
The complete smORFs passing this filter were ttigned using ClustalW to the query
and already identified orthologues of the same yohylA consensus weighted by
phylogeny was then extracted from the alignmenttaedrocess was iterated, carrying
out a new tBLASTn search with the consensus segu&dben no more homologues
from the same taxonomic class were obtained ivengieration, the tBLASTn search

was expanded to the next higher-order clade.

2.22-Transmission Electron Microscopy.
Adult flies were dissected as described aboveyané treated for transmission

electron microscopy as follows: the samples wededfiin 4% formaldehyde + 1%
glutaraldehyde in PBS for 4 hours at room tempegatihen overnight at %C. They
were then post-fixed in 1% (w/v) osmium tetroxidePBS for 4h at room temperature,
before being dehydrated in an ethanol series. 2f%€r30min in propylene oxide, they
were left overnight in 50:50 propylene oxide:TAA® viscosity resin (TLV; TAAB
Laboratories Ltd., Aldermaston, UK), then infiledtwith TLV resin over several days,
with a few resin changes, before polymerising 4€6@r 16 hours. Thin (100nm)
sections were cut and stained with 0.5% (w/v) aqee0.22m-filtered uranyl acetate
for 1h and subsequently lead citrate for 15 mirtiBas were examined in a Hitachi-
7100 TEM at 100kV and images were acquired digitaith an axially-mounted (2K X
2K pixel) Gatan Ultrascan 1000 CCD camera (Gatan Oxford, UK). N.b.: The
fixation and sample preparation steps were perfdrbyeJulian Thorpe, who also

assisted in the acquisition of the images
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Chapter |1l - Characterisation of the
gene sequence, transcript expression, and
trandation of pncrO03;2L.

1- Introduction:

Thepncr003;2Lgene is currently annotated as a non-coding RNA there are no
indications of what its function could be. As aitial step to the functional
characterisation of this gene, the work presenézd will briefly review the

information available in FlyBase with regards te thanscript sequence, and structure

of this gene, in order to provide an initial “gemedel” for this putative SmORF.

This work will then focus on the characterisatidnie expression of thencr003;2L

gene. To characterise the function of any genenawst particularly in this “reverse”
genetics approach, it is essential to understarehvaind where the gene is expressed, as
the patterns of expression of the gene provideaiduinformation which may already
suggest a function for the gene, and would indjcaten and where to look for a
phenotype once a mutant for this gene is availdbte of the major aims of this

chapter is therefore to provide a temporal andigpandscape of the expression of the
pncr003;2Ltranscripts during the life cycle &frosophila melanogasteusing classical
gene expression analysis tosigch asn situ hybridisation and RT-PCR, which goes
much beyond the current data presented by Bagy[24], indicating thapncr003;2L

is expressed in the embryonic somatic muscles.

The other objective of this work is to assess thedation of the putativencr003;2L
transcript, which is currently considered as nodHtg. In the general introduction of
this thesis, th@ncr003;2Lgene has been portrayed as having promisingeeelof

being protein-coding, because within its trans¢cagbutative smORF was detected,
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which passed a series of stringent bioinformdiitys designed to distinguish
potential small coding sequences (Table 1.1). Tdestation of this small ORF into a
peptide remains, however, to be proven. In the woesented here, the translation of
this sSmORF into a peptide will be assessed expeteig, using a specific SmMORF-
GFP (Green Fluorescent Protein) fusion construlichvis designed to preserve the
original context of translation of the small ORly,@acing the GFP tag, in frame with
the small ORF, within thpncr003;2Ltranscript.

In this work | demonstrate thphcr003;2Lis expressed, throughout the life cycle of
Drosophila,in somatic and cardiac muscle tissues, and shawhtbayene encodes for
but two related smORFs (ORFA and ORFB), which ath lranslated into peptides. |
show thafpncr003;2Lis a complex gene, producing different isoformiicl can be
regulated in a tissue-specific manrfeurthermore, | show that these peptides have a
specific subcellular localisation to the dyads aeiscle cells and to the plasma

membrane and peri-nuclear structures, which mayigeecan insight into their function.

2- Results:

2.1- pncr003;2L codesfor two small open reading frameswith an optimal
translation context
The FlyBase annotation (Release 5.22 — Releasg G:isire 3.1A), as well as the

Tupy et. aimanuscript [24]ndicate that th@ncr003;2Lgene, which spans 4 Kbs on
chromosome 2L, is transcribed into a 1Kb transagphposed of five exons (exons 1-
5). This transcript is supported by the existerfal® complete cDNA clone RE28911,
which is available from thBrosophilaGenomics Resource Centre (DGRTiplic
depository, and has therefore been used as a tenfiptanany of the constructs and
probes used here. In the FlyBase database, thalsoisin second, shorter transcript
model for this gene, supported by a few ESTs, siscRE72983. Interestingly, the
sequence corresponding to the first exon of that BSlifferent from the sequence from
any of the exons that constitute the RE28911 cDNémaaps to a genomic region just
upstream of exon 3, therefore the RE72983 EST sepis a transcript produced by a
different promoter, provided by an alternative exwhich, because of its position

between exons 2 and 3, will be referred to as &dRigure 3.1B).
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An analysis of the RE28911 cDNA sequence, showspihar003;2Lcodes for the
putative small open reading frame of 28 aa (ORKA)ich was the subject of the study
presented in Table 1.1 in the general introduabibtiis thesis. This transcript also
codes for another putative SmORF of 29 aa (ORFKi8ated only 68 nt downstream of
the ORFA stop codon, whose sequence is remarkabliasto that of ORFA (Figure
3.1C). These two short ORFs share high amino &zjdence similarity between them,
implying that they may have been the subject afcallgene duplication event, giving
rise to a transcript with a polycistronic configtiwa. It is interesting to note thsl,
which is one of the most representative exampldaraftional smORFs characterised
so far, isalsopolycistronic, and the peptides it encodes alsoeshigh amino acid
sequence similarity between them (Figure 1.5A) [®d]ich may suggest that this kind
of local gene duplication phenomenon leading tggistronic transcripts could be

common in this class of genes.

The sequences surrounding the ATG start codonetbfdf the shorORFs encoded by
pncr003;2Lare very similar to the consenddssophilaKozak sequence (Figure 3.1D,
as computed by. Pereirg [36]. The Kozak consensus sequence is a nuceeotid
sequence motif present around the ATG start coflenkaryote ORFs, which is known
to be associated with an optimal translation car{@#]. The presence of these
sequences could therefore be considered as fuatidnce that the short ORFs within

pncr003;2Lare translated into proteins.

Each of these two putative ORFs, ORF A and ORFR@&geacoded in exons 2 and 3
respectively. Thereforghe transcript represented by the RE72983 EST mmnta
exclusively ORF B (Figure 3.1B). A DNA alignmenttiveen exon 2’, the alternative
exon giving rise to this transcript, and exon InfrRE28911, shows a good extent of
conservation between these sequences (Figure & Hijilarity which supports the
gene duplication event that gave rise to the pstyanic transcript represented by
RE28911.
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Figure 3.1: pncr003;2L, contains two putative snORFswith an optimum context

of trandation. (A) Diagram representing the genomic locupntro03;2Lon
chromosomal arm 213s depicted in the FlyBase genome browser. Gerendicated
by blue arrows. The RE28911 cDNA and RE72883 E®Tiraticated underneath the
pncr003;2Lgene . (B) magnification of the RE28911 cDNA artei/R883 EST,
showing the position of ORFs A and B. (C) cDNA seqge of theoncr003;2L,clone:
RE28911. The amino acid sequence of each putagiptde is represented in red
capitals underneath their respective open readargds. Conserved amino acids
between the two peptides are in bold, and Kozakesarps are underlined. (D) Kozak
sequence consensus, obtained from the comparigbe ofucleotides surrounding the
ATG start codon of 16,884 protein coding genes tatad in FlyBase (unpublished
data fromPereira V.(2008)). (E) DNA alignment of exons 1 and 2’ shiogvtheir

sequence conservation.
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2.2- Expression of the pncr003;2L transcripts.

In order to assess the temporal expressigmof003;2L,| carried oureverse semi-
quantitative RT-PCRs on total RNA extracts from ¥ehiadividuals at different stages
of theDrosophilalife cycle (Figure 3.2A). The stages assessed:veendryos, the three
larval stages (L1, L2 and L3), a mixture of all puptages, and adults. A set of forward
and reverse PCR primers (primers AB, A) were desigio anneal to exons 2 and 5
respectively, in order to amplify an 800 base pdip fragment corresponding to the
transcript associated with the RE98911 cDNA. A selcget of primers (primers B) was
designed to anneal to exons 2’ and 5, in ordeoidien the existence of the alternative
transcript associated with the RE72983 EST (FiQu28).

The profile obtained using the first set of primgmmers AB, A) was unexpected,
since all stages showed three bands of 800, 706@Mdp (Figure 3.2A). After
sequencing, these fragments were determined tesgmnd to three different mRNA
isoforms ofpncr002;2L(Figure 3.2B)The 800 bp band corresponds, as expected, to
the same isoform as RE28911 in which both exoasd?3, and thus ORFs A and B,
are present; this transcript was named AB. ThebfOBand corresponds to another
isoform, which also includes both exons 2 and 8.ebcludes exon 4; this transcript
was named AB’. The 500 bp band corresponds toadaris which excludes exon 3,
and therefore only encodes ORF A; this transcrigm wamed A. The second set of
primers, (primers B) gave rise to a single banthefexpected size of 800 bp, which
corresponds to the isoform associated with the RBEIZEST. Because this isoform
only contains ORFB, it will be referred to as thésBform. Although all the transcripts
are present in all developmental stages, the ABABidranscripts show a stronger
expression in embryonic stages, which diminishdhénsubsequent larval and pupal
stages, and appears quite weakly expressed irsadk B transcript is more
consistently expressed across the different devetopal stages. The second set of
primers produce the expected 800 bp band, whichiramhthe existence of the
alternative isoform which uses exon 2’. This bandlso present during all the

developmental stages tested, but is also quitelweakressed in adults.

The differential expression of these alternatremgcripts, which have different
constitutions with respect to ORFs A and B, isnegéing as it could provide a means to
modulate the expression of these two smORFs atitedse span of the fly. All of

these isoforms are also consistent with a localicaton of the two first exons of the
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original gene, which would be represented by théign A. The duplicated exon 3 can
be integrated into that original transcript to gewe the AB transcript. Likewise the B
isoform replicates the original transcript, butsifee duplicated exons instead (Figure
3.20).

Having determined that overall thgzecr003,2Ltranscripts and their respective ORFs
A and B are expressed during all stages of thetibjiy spatial patterns of expression of
pncr003;2Lwere assessed Iy situ hybridisation performed in whole embryos, and flat
preparations of stage three larvae and adult abdsnmusing a probe which anneals to

exons 4-5, and therefore to all isoformgatr003;2L

In embryos, strong expressionmicr003;2Lcan be observed exclusively in the
somatic muscles, which confirms the observationBugy et al [24] (Figure 3.2D, F).
Interestingly, this expression only manifests atlttest stages of embryogenesis
(stages 13 onwards) at which point the muscles hlteady been determined, and fully
differentiated [38] (Figure 3.2E). This relativdfte onset of expression in muscles
already suggests that these smORFs may have #@funtimature muscles, rather than

during their development.

In the larva, the expression ficr003:2Lcan still be detected in all somatic muscles,
but at this stage, it is also present in cardiasai@s (Figure 3.2G). Interestingly, in
adult abdominal regions the expressiopérO03;2Lappears to be confined to cardiac
muscles, as no expression could be detected mtheminal somatic muscles (Figure
3.2H).



46

Figure 3.2: Transcriptional expression of pncr003;2L.

(A) Transcript expression profile obtained by RTHP&X different stages of the life
cycle of Drosophila E: embryo; 1-3: first to third instar larvae;fRipae (combination
of all pupal stages); A: adult. The size of thedsmrand the isoform they correspond to
are indicated on the left of the gel. The primeysdiare indicated in purple (B)
Diagram of the different isoforms obtained in thE-RCR profile, indicating their exon
(black rectangles) and ORF (red squares, labelled B) constitution, and the size of
their expected PCR product (green lines). The posdf the different sets of primers
(primers AB,A or primers B) used in these PCRsiadecated by the purple arrows at
the bottom of the diagram. (C) Diagram showingdbeceptual duplication of exons 1
and 2, leading to exons 2’ and 3. This model suggeat isoform A depicts the
ancestral state of the gene (black squares arg) liaed the duplication leads to the
other alternative isoforms (orange squares ang)lilfdote that this duplication could
have also taken place the other way around, witm&®2’ and 3 being duplicated into
exons 1 and 2. (D-H) in situ hybridisation, obtaineth a probe annealing to exons 3-5
showing the expression of pncr003;2L in: (D) aedat view of stage 17 embryos,
showing expression in al somatic muscles (compdttretive right panel showing the
pattern obtained by driving GFP with the muscligaetrDMef2-GalL 4 (E) Lateral view
of stage 14 embryo, showing no signal. (F) stag&rhbryos showing signal in
somatic muscles but not in the dorsal vessel (3rr(®) Dorsal flat preparation of an
L3 larva, showing expression in somatic (arrow head heart (arrow) muscles; (H)
flat preparation the adult dorsal abdominal cutasid associated muscles, showing

expression of pncr003;2L in heart muscles (arrowt)rot somatic muscles.
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In order to determine whethpncr003;2Lis expressed in the adult indirect flight
muscles (IFMs), which follow a different developrntarprocess to all other adult
somatic muscles, | performed RT-PCRs with RNA eterd from hemi-thoraces devoid
of all extremities and guts, leaving IFMs as thganaontributors of RNA. The
obtained RT-PCR profile shows the presence oftitexetAB, A and B isoforms (Figure
3.3A) indicating thapncr003;2Lis also expressed in adult IFMs. In these muselés,
three isoforms are expressed in relatively sinplaportions. The expression of
pncr0032;Lin IFMs is also supported by situ hybridisation experiments (Figure 3.3B
and C) , which show that although high levels afkgsound signal can be observed

with the non-specific sense probe, the anti-sensieepproduces a stronger signal.

As stated above, there appears to be a differexmkession of the different
pncr003;2Ltranscripts during the development of the flyotder to test whether there
is also tissue specific expression of these isafpthe IFM profile was compared with
the profile obtained from RT-PCRs performed withARéktracted from adult hearts.
Interestingly the heart expression profile is quiféerent from that of IFMs; in hearts
the A isoform is completely absent, and the B isofts expressed at much higher
levels than the AB isoform, and that the B isofatself in IFMs. These results,
therefore show that there is indeed a tissue speeijulation of the expression of the

differentpncr003;2L isoforms.
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Figure 3.3: Thepncr003;2L transcripts are expressed in the Indirect Flight

muscles, and show tissue specific expression. (A) Transcript expression profiles
obtained by RT-PCR on extracts from adult thoram®id of heads, appendages and
guts, leaving the indirect flight muscles (IFMs)raajor contributors of tissue; or from
heart extracts. The different isoforms, and prinsgesindicated as in Figure 3.2B.
Notice the differences in the profiles between e#&due, notably, the absence of
isoform A, and higher expression of isoform B iratts. (B-C)in-situ hybridisation
experiments showing that: (B) A strong signal ansversal (arrows) and longitudinal
(arrow heads) indirect flight muscle is obtainecewlan anti-sense probe specific to
pncr003;2Lis used. (C) Only background signal is observet e non-specific sense

probe is used in the thoracic IFMs.
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2.3- Trandlation of the pncr003;2L peptides.

To prove that th@ncrO03;2LORFs A and B are translated, the ORFs were tagigéed
GFP and transfected into S2 Rditure cells. Two constructs were made where the G
tag, devoid of its own start codon, was clonedamfe with either ORF A or ORF B at
their C-terminus (Figure 3.4). This was accomplishg introducing a unique
restriction site at the C-terminus of either OR§ing the circular vector carrying
RE28911 as a template for a PCR reaction with psrtieat annealed to the C-teminus
of the ORF in opposite directions, and which repththe stop codon of the ORFs by
the unique restriction site. This PCR reaction poadl a linear product, which upon
ligation of the GFP sequence was recircularisadngirise to the tagged ORF
constructs. It was important to implement this kafidtrategy as it led to the tagging of
the ORF while preserving the whole transcript segeeincluding its 5’ and 3’ UTRs,
therefore if translation is observed one can be that it is because of the endogenous
context of the ORFs, rather than that of an aidfiexpression vector. In order to allow
the tissue-specific expression of theser003;2LORF A-GFP angncr003;2LORF
B-GFP constructs in transgenic flies, they weracetl under the control of the widely
used upstream activating sequence (UAS) promotacharesponds specifically to the
yeastGal 4 transcription factor [39]. For this, the constsiatere cloned into the
PUAST attB vector, which also allowed their intetpa into transgenic flies into a

specific locus [40].

Upon co-transfection into S2 Rells with amactin-GalL4expression driver vector, a
strong immunofluorescent GFP signal can be obsduudabth constructs (Figure
3.5A-B). Both ORFs appear to be translated at aintélvels, as the intensity of their
fluorescence signal is comparable. Importantlyhhmptides localise to membrane
structures, including the plasma membrane and pagar endoplasmic reticulum
(ER). This membrane localisation is indicated by strong co-localisation between
ORFA and the membrane bound RFP marker (mCD8-RFAg)ie 3.5A-A’). These
results are therefore in complete agreement welptiedictions presented in the
introduction of this thesis, stating that these GRIere very likely to be translated,

while also showing that these peptides have a®psabcellular localisation.
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Figure 3.4: Cloning strategy to assessthe tranglation of the pncr003;2L ORF A and
ORF B peptides. Diagram representing the ORF tagging strategyempited to
preserve the endogenous transcript sequenceshamdadre the endogenous translation
contexts opncr003;2LORFA and ORFB: The GFP sequence devoid of stadrtod
was cloned in frame at the C-terminus of either OIR¥¥ this a unique Hindlll
restriction site was introduced at the 3’ and &mi of the GFP sequence by PCR,
using a forward primer that removed the ATG. Thadfli site was introduced at the 3’
end of either ORF A or ORF B by PCR, using a cadsgkd vector as template with
primers facing opposite directions, which also reetbthe stop codon of the ORFs.
The pncr003;2L ORF A and ORF B constructs were tiiened into the pUASt attB
vector, which was used to transfect S2 R+ cell$o @enerate transgenic flies, using
site specific p-element transgenesis on the 86{#83 Drosophilastrain. The

annealing sites of the primers are indicated bgkbtarows.
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Figure 3.5: ORF A and ORF B trandation in cultured cells and muscles. (A-B)
S2R+Drosophilaculture cells transfectealith (A) pncr003;2L ORF A-GFP (A”) and
the membrane bound marker mCD8-RFP (A’); or (B)rp68;2L ORF B-GFP (B”)
and nuclear Ds-Red (B’) arrows show localisatmthe membrane. (C-D) Epi-
fluorescence images of transgenic L1 larvae exprggsther (C) pncr003;2L ORF A-
GFP or (D) pncr003;2L ORF B-GFP. Red dots outlmelarva no fluorescent signal.
(E-F) Adult IFMs expressing either (E) pncr003;2RBA-GFP or (F) pncr003;2L
ORF B-GFP. Myofibrils are labelled with phalloidihodamine. Arrows indicate the
localisation to the plasma membrane. Scale bargnl5All images, except (C) and (D)
were acquired by confocal microscopy. Expressiobath constructs in transgenic
animals is driven in muscles BMef2-GalL4 Scale bars: (A-B”)=5 um; (C,D)= 100
pum; (E-F”)= 15 pm.
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2.4- Subcellular localisation of the pncr003;2L peptidesin situ
In order to assess their translatiorvivo, andin situ,these constructs were integrated

into flies through site-directed P-element tranggin[40]. The expression of these
constructs was then driven in the muscles of #uesgenic flies, usinGalL4 under the
DMef2 promoter. In these conditions, thecr003;2LORF A-GFP construct produces a
strong GFP signal in muscles, readily detected fiteen embryonic stage (not shown)
and throughout the life cycle of the fly (see belokurthermore the signal also appears
to localise to the plasma membrane and perinudidljke structures (Figure 3.5E).
Thepncr003;2LORF B-GFP construct, however, does not producegmsignal to be
detected beyond background levels by fluorescencestopy. A comparison between
the GFP signal in either whole larvae, or adultrixt flight muscles, show the stark
difference of expression between the two ORFstheeistage (Figure 3.5C - F). These
results indicate that the polycistronic translatdrserved in S2 R+ cells does not take
place in muscles, which suggests that some difte®m the mechanisms that regulate
this atypical kind of translation exist betweenFs2 cell cultures and muscles.
Furthermore this inability to translate ORF B witla polysictronic transcript may also
justify, or stem from, the existence of the altéirrisoform B, which lacks the
upstream ORF A, therefore allowing the translabb@®@RF B. In agreement with this,
transgenic animals expressing an ORF B-mCherrytagriobtained with the same
tagging procedure as described above, but using teeform instead of the AB

isoform (leading to thencr003;2LBORF B-mCherry construct), show similar levels of
translation to those observed by prer003;2LORF A-GFP construct (Figure 3.6A).
The ORF A and ORF B peptides also show a greahesfeco-localisation (Figure
3.6B).

Within the muscle fibres, thencr003;2Lpeptides seem to localise in a specific pattern,
of small punctate structures that outline the my#8. This pattern is apparent in larval
somatic muscles (Figure 3.6A). In adults, a vemyilsir pattern can be observed in the
heart (Figure 3.7A), but it is more obvious in adBMs, which have much larger

myofybrils, and therefore, offer a better resolntad these structures (Figure 3.7B).

In IFMs, the pattern appears to be quite consilstéimat of approximately four punctate
structures per sarcomere, located between the MZdingés. A very similar pattern has

been previously described Drosophilaadult IFMs for the Ryanodine receptor (RyR)
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[41] (see inset in Figure 5.7C). The RyR is theaogllular calcium channel responsible
for the release of calcium from the sarco-endopiaseaticulum (SER) into the cytosol,
which triggers muscle contraction. In cardiac mesc¢hese channels are activated by
calcium itself in a process known as calcium-inducalcium-release (CICR). The local
amounts of Calcium ions necessary for CICR, areigea from the extracellular space
through L-type voltage mediated calcium channel€@Ch) located at close proximity
from the RyRs. In skeletal muscles, the L-CaChimphysical contact with the RyR,
and activate them directly. The RyRs are therelffmrated in a region of the SER which
is in close apposition to an invagination of thesaia cell plasma membrane, which
extends deeply into the muscle cell, allowing tla@$mission of the depolarising
currents necessary for the activation of the L-CalCthe way from the neuromuscular
junction to the myofibril-associated SER (Figur8)3The junction between these
membrane invaginations, known as T-tubules an&tiR, is known as dyad (Figure
3.7C, Figure 3.8), a structure which is at the ajrihe muscle excitation-contraction

coupling system.

Although, unfortunately no anti-RyR antibody coblel obtained to confirm the co-
localisation between the RyR and the pncr003;2lLtides, it could be determined that
these peptides largely co-localise with the T-telsystem, detected with abtiscs-

large, as described in [41] (Figure 3.7D).

This very specific subcellular localisation, whigbints to a physiological role for these
peptides, is not an artefact of the GFP taggindiotetised, since it can be reproduced
with N-terminal FLAG-Hemagglutinin tagged peptidé$i-ORF A and FH-ORF-B) —
generated by Dr. Jose Pueyo [33]—, a completefemint tag because of its nature,
smaller size, and N —terminal localisation withpest to the ORF A and ORF B
peptides (Figure 3.9A and B). Furthermore, thicisee subcellular localisation is not
due either, to their membrane bound structure.dddether membrane bound markers,
such as mCD8-RFP fail to reproduce the patternrgbdewith the pncr003;2L peptides
(Figure 3.9C)This evidence suggests that the tagged peptidestréie localisation of

the endogenous peptides.
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Figure 3.6

Figure 3.6: ORF B istrandated from the B isoform in situ, and has a similar
expression and localisation as ORF A. (A-B) Larval somatic muscles expressing (A)
pncr003;2L ORF A-GFP (A”) and stained with phatlom rhodamine (A"); or (B)
pncr003;2LB ORF B-mCherry (B’) and pncr003;2L ORFAP (B”). Arrows indicate
the localisation to the dotted structures outlirtimg myofibrils. A DAPI stained nucleus
(blue) is shown in (A). The expression of thesestartts is driven in muscles by
DMef2-GalL4 All images were acquired by confocal microscdpgale bar: (A-B”)=
15um.
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Figure 3.7: The pncr003;2L peptideslocalise to the dyads. (A-B) expression of
pncr003;2L ORF A-GFP (green) in (A) adult heart @Byl IFMs. All samples are
counterstained with phalloidin-rhodamine (red cartyto label the myofibrils. DAPI
stained nuclei are shown in blue. (C) Transmissiestron micrograph of an IFM
sarcomere showing the localisation of the dyads. iliket, (modified from Razzax
al. [41] ) shows the localisation of the dyad assodi®ganodine receptor on a
magnified confocal fluorescence image of an IFMsarere. (D) Expression of
pncr003;2L ORF A-GFP in IFMs counterstained wittubule markeDiscs-large
(Dlg). Arrow heads point to dyads. Scale bars: (A, B, D§=um; (C)= 0.4 pum.
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Figure 3.8: Thedyad isat the core of calcium regulation and muscle contraction.
Diagram of calcium trafficking during muscle comttian modified from Gwathmey
J.Ket al, 2011[42]. Dyads are the cellular structures where thsrpa membrane (T-
tubules) is in close apposition to the sarcoendwpia reticulum membrane (faded red
ellipse). Muscle contraction is regulated by theacellular levels of calciunwhen the
neuronal membrane potential is transmitted intontiiscle cell, the L-type voltage
activated calcium channels transport extracellcdgdecium into the cytoplasm. This
calcium increase triggers the release of large amsaaf calcium from the sarcoplasmic
reticulum (SER) through the Ryanodine receptor (Rsfiannels, inducing the
contraction of the sarcomeres. Muscle relaxati@actieved by the depletion of calcium
from the cytoplasm, through the sarcoendoplasnticulem calcium ATPase
(SERCA), while sodium/calcium exchange pumps (N@xg plasma membrane
calcium ATPase pumps (PMCA) release calcium owattineé extracellular space (the
percentages indicate the estimated contributieaoh pump towards the depletion of

cytoplasmic calcium).
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Figure 3.8
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Figure 3.9: The subcellular localisation of pncr003;2L ORF A and ORF B is not
artifactual. Expression of (Apncr003;2LFH-ORF A and (Bpncr003;2LFH-ORF B,
kindly provided by J.l. Pueyo-Marques [33], in &dBEMs counterstained with
phalloidin rhodamine. Both peptides show the samnalisation to the dyads as
described in (Figure 3.8) (arrows). (C) MembraneribRFP (mCD8-RFP, in green)
shows a different localisation pattern with no jgaiter enrichment in dyads, the signal

seems to localise to z discs instead (arrows).eSuais (A-C)= 10um.
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3- Discussion:

This work provides the basis for the functionalrelegerisation opncr003;2L, while
portraying a completely different picture mficr003;2Lcompared wittlwhat has been
previously described, particularly because it isvam here thapncr003;2Lis a coding
gene, rather than a non-coding RNA, because iesfal two small ORFs of 28 and
29 codons that are translated into peptides, anchwdan therefore be considered as
bona fidesmORFs. These smORFs are expressed in musclestibsoaghout the life

cycle ofDrosophila.

The identification of a second coding ORF in pmer003;2Lgene highlights another
obvious unusual feature phcr003;2Landtarsal-lessapart from the short size of their
encoded peptides, which is their polycistronic ratélthough polycistronic genes are
common in prokaryotes, they are very rare in mokagyotes, with th&rypanosome
and nematode genomes, being the only exampleskafyaies where polycistronic
transcripts have been widely detectedCaenorhabditielegangor example, at least
2600 genes, representing 15% of the total numbgeés in that organism, have been
determined to belong to operons [43]. In other eydd@s, only a handful of
polycistronic transcripts have been describedrosophilafor examplethe gene
coding for the Stoned A and B peptidet(A and stiB), as well as the gene coding for
the alcohol dehydrogenase and alcohol dehydrogeeksed proteinsXdh and Adhr)
are both known to produce di-cystronic transcrgstsoding these polypeptides [44].
Philogenetic analysis atnandadhgenes show that the polycistronic arrangement is
the primitive state of the gene [44], whereashiigh amino acid conservation between
ORF A and ORF B, and between thesmORFs, suggests that in the case of
pncr003;2L &nd also in the case t&#) this polycistronic arrangement may have been

acquired upon a local duplication of the origiradus.

The apparent inability of dicistronic translatiam situ, for this gene in the tissues
studied, together witthe different alternative transcripts detected hetéch in some
cases, encode for only one of two smORFs, and inaependent promoters, leading to
differential tissue specific expression for eaemscript, and therefore for each smORF,
suggests that the case of grer003;2LORFs A and B resemble more that of two

separate paralogous genes, sharing the terminahregtheir transcript by the
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proximity of their duplication. In the case tal, a similar duplication also seems to be
at the origin of the observed polycistronic traigciHowever, in that case, the lack of
splicing in the original transcript may have foradbd translation of the polycistronic
ORFs. Because of the extensive sequence simitzrityepncr003;2Lpeptides on the
one hand anthl peptides on the other, it is unlikely that the sxtjye members of each
of these two families of peptides have functiorat thiffer dramatically from each other.
This has in fact been shown faf, where each dafe individual peptides is able to
reconstitute the function of the whole polycistogend11]. In the case gbncr003;2L
however the observed tissue-dependent differential exprassi each ORF may allow
these sequences to be in some sort of adaptivaterary state, in which case subtle

differences in their function may eventually, iftredready, be observed.

From their late onset of expression and their gemce in muscles it could be inferred
that their role would take place in mature muscgiser than in the developmental
process of muscles. This functional predictioreisforced by the very specific
subcellular localisation of the peptides to thed$yavhich suggests that these peptides
may have some sort of role, like other proteinglised to those structures, in the
physiological processes regulating muscle contracilhe fact that this subcellular
localisation is independent from their ability tzélise to the plasma membrane in
S2R+ cells and muscle tissues, because other plasmdrane bound markers such as
mCD8-RFP do not exhibit it, indicates that someitefse, possibly a functional
partner, must be stabilizing the peptides to tlaiton.
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Chapter 1V - The pBac {WH}F02056
Insertion, and its use to generate null
mutants for pncr003;2L

1- Introduction:

To ascertain thpncr003;2Lgene function in muscles and carry out a pheno&ypic
characterisation of this gene, | needed to generdtenutants. Although, as a first
approach, one could have considered using RNAfertnce [45], which is arguably
easier to implement than conventional mutagenpsexocols. It is important to keep in
mind that RNAI is considered a “knockdown” rathiean “knockout” approach [46].
Therefore, residual activity of the targeted gerasy prevail, and this may be sufficient
to conceal itsnutant phenotype. Moreover, RNAi can sometimes yedrtifactual
phenotypes unrelated to the targeted gene itsei8}. Consequently, any phenotype,
or lack of it, obtained by inducing RNA interferenagainspncr003;2L,would

ultimately need to be validated against that ofikmutant, or at least against some sort

of sophisticated control, like a genetic rescuearbry to RNAI.

To generate a null mutant fpncr003;2L.,it is possible to take advantage of a particular
Drosophilastrain which carries a transposable elempBa¢ {WH}F0205% mapped to
the 3'UTR ofpncr003;2L(Figure 4.1, Annex 3). Transposable elements @palde of
mobilising within the genome, sometimes insertimgnselves in regions that may
disrupt the expression of their neighbouring geiiégy exist in the endogenous

genomic sequences of all species, and their rebevesnsuch that it has been suggested
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that they have played a role in the overall shapingigher eukaryote genomes [49].
Their ability to transpose, or mobilise, has bedtely studied irDrosophila
melanogasteryltimately leading to the development of genelycahgineered
transposons, used as highly effective mutagengerga [50,51,52]. Such transposons
have been designed to lack the sequence coditgddrransposase enzyme, which
catalyses their mobilisation, and are thereforblsta the genome, unless the
Transposase enzyme also becomes available. Thesesdaisage of transgenic
transposons has led to the creation of severabralydgenerated libraries of strains
carrying single transposon insertions, each afigai specific gene or genomic region
[53]. Depending on where these transposons argéaseround or within their target
genes (intron, UTRs, regulatory region, or ORRythan have a range of effects on the
expression of the gene, ranging from no effectlgtiaually associated with intronic or
UTR insertions) to total disruption, which wouldrgirise to a null allele for that gene.
The most severe effects are usually associatedingértions in the ORF, or regulatory

regions of the gene.

ThepBac{WH}F02056nsertion comes from the Exelixis collection [54]. The
transposons used to generate this particular ¢iolfewere engineered to carry the FLP
recombination target (FRT) sequence [55], whichvedl them to be used to generate
custom genomic deficiencies [56]. Like most otliansposons used to generate these
libraries, they also carry an insertion marker, agna constitutively expressed version

of thewhitegene coding for the protein responsible for thepigthent of the eye.

In the first part of this chapter, | address tHfe@t of thepBac{WH}F02056Gnsertion
itself onpncr003;2L | show that this insertion, which is homozygoiahie, and which
is located the 3'UTR of this gene, hasedfect on the levels gincrO03;2Ltranscript
detected in adult flies, hence representing a hypphic allele for this gene. | describe
an interesting phenotype detected in this stram¢chvmanifests in the adult indirect
flight muscles (IFMs), a tissue whgracr003;2Lis expressedChapter Il). The
pBac{WH}F020568FMs have myofibrils with shorter sarcomeres. legtingly, this
phenotype appears to be additive to that genetatedhapploinsufficiency of the
Myosin heavy chain (Mh@ene, which also leads to short sarcomeres. Adgindlis
initial observation seems to suggest that a prowgigenetic interaction exists between
pncr003;2LandMhc, the phenotypical analysis of different combinasiarf
pncr003;2LandMhc genetic conditions, led me to propose that thisiphgoe is due to
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an associated mutation carried in the second chsome of thggBac{WH}F02056
strain, probably affecting tidhc locus itself, rather than to the effect of the misa
on pncr003;2L. This hypothesis was confirmed by mapping thdelesponsible for
the short sarcomere phenotype toMte locus, using a combination of genetic and

molecular methods.

In the second part of this chapter, | describe mwbagenesis approaches, which make
use both of theBac{WH}F02056 The first approach, follows an FRT recombination
protocol as described by Pardsal. [56], slightly modified in order to facilitate ¢h
screening process for the flies carrying the pugadieficiencies, to generate a custom
deficiency coveringgncrO03;2Land two other genes. The second approach consists o
y-ray mutagenesis protocol, in which | screenedfay induced DNA lesions
interfering with the expression of timhite gene carried by theBac{WH}F02056
insertion, and therefore affecting the genomic $ootpncr003;2L These methods led
to the generation of two small genomic deficien¢2&2L)12, andDf y-ray 6), which,

as trans-heterozygous, constitute a null conduiigoncrO03;2L (Df pncr003;2L).
Thesepncr003;2Lnull flies are homozygous viable as adults, andchlie to move and
fly normally, and consistent with this, their IFMyofibrils have sarcomeres with a
normal appearance. Although initially disappointitigs lack of a morphological
phenotype is consistent with the assumption trepiier003;2Lpeptides may play a

physiological, rather than structural or morphotadjirole.

2- Results:

2.1- ThepBac {WH} F02025 lineis hypomor phic for pncr003;2L and has a specific
muscle phenotype.

As already discussed, the effect of a transposdbtaent insertion on the function of its
“host” gene can vary from none to total disruptitirwas therefore important to
determine whether theBac{WH}F02056insertion (from now on referred to simply as
F02059 had an effect on the expression of pner003;2Ltranscripts. For this, |
carried out a semi-quantitative RT-PCR on wholeRNA extracts, using PCR primers
that amplify fragments corresponding to eitherhef two peptide coding exons 2 and 3.

The bands corresponding to both exons are visielgker for thd=02056homozygous



68

flies, than for the wild-type (wt) controls (Figu4e2C), indicating that thE02056
insertion does affect the expressiorpo€r003;2L,leading to a reduction of the
expression level of its transcriptand thus it behaves like a hypomorphic allele &f th

gene.

To look at the effects of this insertion on the #itgtof flies, | used a simple test to
assess their flight capabilities consisting esaéintof releasing individual flies on a flat
surface, using a suction tube, and assessing whathecan fly away (see materials
and methods, section 2.14) . This assay reveadgdtt flies homozygous 602056
seem to have a subtle flight defect, since almdisird of the transposon-carrying flies
tested were unable to fly, in contrast with wilpeyflies, which were all flight able
(Table 4.1). These results led me to focus on thehology of IFMs, which are the
main muscles responsible for flight in Dipterans] amportantly, wher@ncr003;2Lis
expressed (Chapter Ill, Figure 3.3). Confocal nscopy on thoracic hemi-segments
stained with phalloidin, shows visible defectshe brganisation of the myofibrils in
flies homozygous for thE02056insertion (Figure 4.2A and B). TH©2056myofibrils
have a slightly “wavy” appearance, compared tovétry straight wild-type myofibrils,
and often present some extent of splitting. Themaeres within the myofibrils also
seem abnormally shorter KFD2056homozygous flies, displaying a square-like shape,
as opposed to the rectangular shape observeddrypié myofibrils. A quantification
of the length of their sarcomeres indicates E@2056homozygous flies have
sarcomeres measuring 2.8um in average, whichngisantly shorter than wild-type

sarcomeres, where the average length is 3.4umr@~gaA, B and D).

2.2- The phenotype associated with the pBac {WH} F02025 line is enhanced by a
Myosin heavy chain haploinsufficiency.

If the observed phenotypes are indeed caused Hyyfiwmorphic condition of
pncr002;2L,0ne would expect that such phenotypes would becoore pronounced if
the levels opncr003;2Lwere diminished further, by placing the chromosaaeying
the F02056insertion over a null allele, or a chromosomeyiag a deficiency for that
same chromosomal region. This genetic complementaist was carried out using the
deficienciesExcel 8036 (Df 8036 pndED 1153 (Df ED 1153|Figure 4.3A) Although
both deficiencies entirely cover thacr003;2Llocus they both have a completely
opposite effect over the02056insertion: The myofibrils fronF02056 / Df 8038lies

have a wild-type-like appearance and normal sarcesriengths (Figure 4.3 B and E,
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compare to figure 4.2A and B), whereas the mydfiirom F02056 / Df ED1153lies
seem to have an enhanced disrupted phenotypeayisplin particular much shorter
sarcomeres than tl®2056homozygous flies; with thE02056 / Df ED1153
sarcomeres measuring an average of 2um (FigB€&ahd E). An important
difference between these deficiencies is BiaED1153covers thevlyosin heavy chain
(Mhc)locus, whereabf 8036does not (Figure 4.3AMhc is one of the main
components of the thick filaments within the myoifiy and therefore a major
component of the muscle contraction machinery, somso, thaMhc null alleles have
a dominant flightless phenotype [57] (Table 4.hufe 4.15D). Consistent with this,
heterozygous flies fddf Ed1153 which essentially represents a null alleleNtirc, are
flightless, and interestingly, have a myofibril plogype not too dissimilar from that of
homozygous flies foF02056,with sarcomeres significantly shorter than wilddyp
measuring in average 3um (Figure 4.3D andljp important conclusions from these
genetic experiments are: a) that becausé&@a&®56associated phenotype is completely
corrected over a null allele fpncr003;2L(represented by thef 8036),the F02056
homozygous phenotype cannot be due to a hypomoephidition ofpncr003;2L;and

b) that the enhancement of th@2056associated phenotype seems to require a
haploinsufficient condition foMhc. Furthermore, the independent phenotypes of either
Mhc heterozygous null, and homozygdt@2056are similar, both displaying shorter
sarcomeres, and appear to be additive. Similattsagdicating arF02056dependent
enhancement of thdhc phenotype could be observed when examining tpbtfli
capabilities of the flies as described above. Fasying aMhc null chromosome are
flightless, but can perform very small jumps initletempts to take-off. When such
Mhc null chromosomes are trans-heterozygous oveF@i2056insertion, the flies are
no longer able to perform these small jumps, ardedt only with the ability to walk
(Table 4.1).
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Figure 4.1: Diagram representing the genomic landscape and genetic deletions
surrounding pncr003;2L, and the structur e of the pBac{WH}cF 02056 insertion.

(A) Diagram representing the genomic locupér003;2Lin chromosomal arm 2las
depicted in the FlyBase genome browser. Genesdieated by blue arrows. The
pncr003;2Lgene is highlighted in pink. Red lines represeatdpan of the different
genomic deletions, and blue triangles the trandggesslement insertions, used in this
study. (B) Schematic representation of the RE2&TINA, showing the position of
ORFs A and B, and the approximate insertion sittn@fpBac{WH}F02056 element in
the 3'UTR ofpncr003;2L (C) Diagram representing the different genetirednts
within the pBac{WH}F02056 transposon is also represd, including the mini-white

gene Whitemarker) and the FRT sequence.
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Genotype n percentage of flies able to :
Walk only Jump Fly
w;Df ED1153 / + 35 14 83 0
w;Df 7067 / + 19 21 79 0
w;Df 8036 / + 20 0 0 100
w;Df ED1153 / pBac{WH}F02056 30 100 0 0
w;Df 7067 / pBac{WH}F02056 30 100 0 0
w;Df 8036 /pBac{WH}F02056 30 0 0 100
Or-R 30 0 0 100
w;pBac{WH}F02056 30 20 7 73
Table 4.1

Table 4.1: Initial characterisation of the motility of different genetic conditions
affecting pncr003;2L.. Initial characterisation of the motility of diffemegenetic
conditions affectingpncr003;2L,performed by a simple assay in which the flieshef t
indicated genotypes were released on a flat syréametheir motility scored according
to three indicated categories. Flies that are hagldficient forMhc (w;Df ED1153 / +
and w;Df 7067 / +) are flightless, but able to perform small jumpsriost cases,
whereas flies that are haploinsufficient porcr003;2L (w;DfExel 8036 / +3an fly
normally. Over thggBac{WH}F02056nsertion, the flightless phenotype Mhc
haploinsufficient flies is enhanced, as they aklthe ability to perform small jumps,
but thepncr003;2Lhaploinsufficient flies can still fly normallypBac{WH}F02056

homozygous flies show an intermediate flightlessnuitype.
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Figure 4.2: The pBac{WH}F02056 insertion givesrise to a hypomor phic condition
for pncr003;2L, and to a short sarcomer e phenotype.

(A-B) Confocal microscopy images of hemithoradesned with phalloidin-rhodamine
(red), showing the myofibrils of longitudinal indit flight muscles of (ADr-R, wild-
type flies and (B) homozygous flies for the pBacZB86} insertion. Nuclei are stained
with DAPI (blue). The insets show a slightly maggnif section of the images,
representative sarcomeres are framed to highlightdifferences in sarcomere shape
and length between these genotypes. (C) Semi-gaitvei RT-PCR on mRNA extracts
of whole flies, using primers specific to eithee txon 2, or exon 3 @hr003;2L,
showing the visible reduction pncr003;2Lexpression in flies homozygous for the
pBac{F02056} insertion. The primers to amplify tweon 2 and 3 fragments are
represented in the diagram below the gel (purplena). (D) Quantification of the
differences in sarcomere length between these geestshowing a significant
difference between Or-R pBac{F02056} insertionjraicated by a one-tailed unpaired
t-test statistical analysis (t=10.57, p<0.00013200 sarcomeres, from 4 different flies
per genotype.



73

S @  pncr003;2L exon 2

Sarcomere length

W pncr003:2L exon 3
@R e RP-49

1 e s

Figure 4.2

(pm)




74

Figure 4.3: The short sar comer e phenotype associated with the F02056 insertion
seems to be enhanced by a Mhc haploinsufficiency. (A) Diagram representing the
genomic locus opncr003;2Lin chromosomal arm 2lannotated as in Figure 4.1 A.
(B-D) Confocal microscopy images of hemithoracesnstd with phalloidin-rhodamine
(red), showing the myofibrils of longitudinal indat flight muscles of (B)
Df8036/F02056flies, with a wild type appearance (Ep1153 / FO2056flies, with an
enhanced short sarcomere phenotype andE(@)153 / +flies with a similar short
sarcomere phenotype as that of homozygous flieth&f02056insertion.
Representative sarcomeres are framed to highlghdifferences in sarcomere shape
and length between these genotypes. (E) Quantiicaf the differences in sarcomere
length between these genotypes, showing a signtfaifference, as indicated by a one-
tailed unpaired t-test statistical analysis, betw@e-R and homozygous flies for the
F02056insertion (t=10.57, p<0.0001), between homozygdtias for theF02056
insertionandED1153 / FO2058lies (t=5.97, p<0.0001), and between Or-R and
ED1153 / +flies (t=4.72, p=0.0005). n=200 sarcomeres, frodifi&rent flies per
genotype. Scale bar=10um.
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In order to confirm thathcis in fact the gene causing the phenotype, and the
phenotypic enhancement observed with the defici®idyD1153,| tested whether
these results could be replicated usingha null allele (Mhd“ %423 instead of the
deficiencyDf ED1153.When heterozygous, th&2056conditiondoes not show any
abnormalities in sarcomere shape, or size (Figut&)4indicating that the phenotype is
recessive, which agrees with the lack of phenoolyserved with th®f 80360ver the
F02056chromosomelike heterozygous flies fdbf ED1153 Mhd'%*?*heterozygous
flies also display the short sarcomere phenotymi(E 4.4D and E), which is also
enhanced over tHe02056insertion (Figure 4.4C and E), therefa@nfirming that both

of these effects are linked kéhc itself.

2.3- Isthere a strong genetic interaction between pncr003;2L and Mhc, or arethese
phenotypes produced by an associated Mhc allele?

In genetic terms, there is a clear lack of complaat&gon between the chromosome
carrying theF02056insertion andvihc. If one were mapping the02056flightless /
short-sarcomere allele, without knowing which gemes affected by the insertion, these
results would strongly suggest tidic itself could be the affected gene. However we
know that the insertion occurredpmcrO03;2L(Figure 4.10C provides proof of the
accurate mapping of the insertion site), whichnistaer muscle-specific gene, so it
could be possible that these effects arise, insfea a strong genetic interaction
between the two genes. A genetic interaction af kind is particularly plausible
because a similar genetic interaction has alreaéy blescribed in the past between a
dominantMhc null allele and another muscle specific gene. &t dase, certaillhc
alleles were found to suppress the phenotgpthehdf allele, which has been mapped
to the troponin | gene [58,59], coding for an etisénomponent of the tropo-myosin
complex, which responds to the calcium concentnatidhe cytoplasm to allow or
inhibit the actin-myosin interaction leading to rol@scontraction. A particularly
interesting element of that genetic interactiotewant to the phenomenology so far
described in this manuscript, is that tiug? allele is responsible for what is described
as a “hypercontraction” phenotype, resulting in B-Myofibrils with short sarcomeres
[59,60]. Furthermore, because of the role of Trapdnthat phenotype is believed to
arise from a misregulated response to calcium carattons in the muscle [59]. What

is interesting is that the shorter sarcomere plypeatssociated with tHe02056
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insertion fits with this hypercontraction descrgptj while the putative physiological

function ofpncr003;2Lin the dyadscould also be linked to this phenotype.

Such a genetic interaction betweédhc andpncr003;2L, however, attractive as it
seems, is not entirely favoured by the resultsritesd thus far in this work. Up to now,
it has been shown that a lower dosagprufr003;2Lis not the cause of tHe€02056
associated phenotype, as the deficiemf036complements the02056insertion for
the phenotype in question (Figure 4.3B). There seenbe a specific requirement of
theF02056chromosome for the manifestation of the short sase phenotype. This
could be explained by tHe02056insertion causing some kind of missense mutation
leading to an aberrant behaviour of the peptidesvé¥er, this would only occur if the
amino acid sequence of either of the peptides wagpoomised, and this is not the case,
because the insertion occurred in the 3' UTR ofgiiee, and both ORF sequences are
intact in theF02056line (see Annex 3 for sequences). The enhanceném short
sarcomere phenotype, observed when btith and, seeminglypncr003;2Lare

affected is also independent of {mecrO03;2Ldosage, because tR@2056insertion in
transover theMhc allele (+,F02056, / Mhc, +shows the enhancement (Figure 4.4C),
but not the deficiencipfED1153as heterozygous (Figure 4.3D), even though it
completely removes both, tihdhc and pncr003;2LIoci, thereby resulting in

comparable haplo-dosages for both geR€@2056,Mhc / +,+).

The most straight forward, explanation for a comp#atation of the phenotype between
the F02056insertion and th@ncr003;2LIocus (as irbf 8036/ F02056)but lack of
complementation between tR@2056insertion and th#thclocus(as inMhc %49
F02056),would be that th&02056chromosome has a defect in tlac gene itself,
probably caused by a background mutation in theiqedar pBac line, which is
responsible for the short sarcomere phenotypewdunch is independent of

pncro03;2L.
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Figure 4.4: The short sar comer e phenotype enhancement is caused by aMhc
haploinsufficiency. (A) Diagram representing the genomic locugnérO03;2Lin
chromosomal arm 2lannotated as in Figure 4.1 A, and representingtitetive
Mhc0%°%6allele. (B-D) Confocal microscopy images of hemitites stained with
phalloidin-rhodamine (red), showing the myofibiislongitudinal indirect flight
muscles of (B} / F02056 flies, with a wild type appearance (E)2056/ Mhc %%
flies, with an enhanced short sarcomere phenotypdR) Mhc %%/ + flies with a
similar short sarcomere phenotype as that of hogmzy flies for thd-02056insertion.
Representative sarcomeres are framed to highlghdifferences in sarcomere shape
and length between these genotypes. (E) Quantdicaf the differences in sarcomere
length between these genotypes, showing a signtfaifference, as indicated by a one-
tailed unpaired t-test statistical analysis, betwie following genotype®©r-R and
ED1153 / FO2058lies (t=19.59, p<0.0001), Or-R amdD1153 / +flies (t=4.72,
p=0.0005)ED1153 / FO205&ndED1153 / +flies (t=9.55, p<0.0001%02056 / +and
Mhc %%¥ F02056flies (t=18.02, p<0.0001}502056 / +andMhc¥1%4?3/ + flies
(t=11.97, p=0.0005Mhc"'%*?¥ F02056andMhc *®*?*/ + flies (t=12.59, p<0.0001).
n=200 sarcomeres, from 4 different flies per gepenscale bar (B-D)=10um.



79

A

16770k 16780k 16790k 16600k 16810k 16820k 16830k 16840k 16850k 16860k
Gene Span
Mhe CG17928  Ugt3eBe CG13272 mdy CG13282 CG13284 CG31810
[ (=3 C > [ <E
Cyt-hS-r Ugt36BbCG13280 CG31739 CG13283 CG31809
a [N = a
Ugt36Ba Cas >
L pncrin3:21
% % PBac{WH}[£02056]
K10423 =

Mhc

F02056 / +

L *hk | L Kkk i
4o T ik 1 I ek 1
*kk
"-E l % %%k E I l
o 3-
c
2
w —
5 E 2-
E ~—
o
e
@ 11
w
0-
g- ‘.;b (;5 \X (4] \x
o W Q\'\ BN “@0
)
% % Q »
Q Q < &
q)\ < Q
)
'19
Q

Figure

4.4

F02056 / Mhc




80

2.4- A pBac transposase-mediated reversion of FO2056 restor es pncr 003; 2L
expression but still presents the short sarcomer e phenotype.

To test whether the short sarcomere is indeperafehe effect ofF020560n
pncr003;2L,I induced the excision of the the pBac elemenarider to revert the
pncr003;2Lgene to its original wild-type condition. Such aegssion, in this case, is
expected to completely restqracr003;2L ,becausé02056is a pBac element, known
for its property to produce precise excisions inohltase the sequence of their host

gene is perfectly restored upon transposition efpBac element [54].

An F02056revertant was obtained using a standard revesmiocol (see Annex: 2).
Briefly, the expression of the pBac Transposaselwasght into into th&02056line

by means of a series of genetic crosses, and tipedgkny was scored for the loss of
thewhite marker carried by thE02056insertion. Although in this revertant, the
sequence gbncr003;2Land its expression levelgere restored as expected (Annex 3,
Figure 4.5D)homozygous individuals still present the short sarere phenotype, and
over theDf ED1153they still show a strong enhancement of the phlygeofFigure
4.5A,B and C). These results are in agreementtivélexistence of a background
mutation in thec02056chromosome, independent of HH@2056insertion itself, and

responsible for the short sarcomere phenotype.
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Figure 4.5: The short sar comer e phenotype isindependent of the F02056 insertion.
(A) schematic representation of the RE28911 cDNawang the position of ORFs A
and B, and the excision event of the pBac{WH}F02@%ment from the 3'UTR of
pncr003;2L. (B-C) Confocal microscopy images of hemithosseined with
phalloidin-rhodamine (red), showing the myofibiislongitudinal indirect flight
muscles of (B) homozygous flies of tR82056RV2 revertant, with a similar short
sarcomere phenotype as that of homozygous flieth&f02056insertion (C)F02056
RV2/ ED1153flies, with an enhanced short sarcomere phenoigppresentative
sarcomeres are framed to highlight the differemecesrcomere shape and length
between these genotypes. (D) Quantification oftifferences in sarcomere length
between these genotypes, showing a significargrdifice, as indicated by a one-tailed
unpaired t-test statistical analysis, between hgmauas flies for thd=02056RV?2
revertant andED1153 / FO2056RV2 flies (t=5.53, p<0.0001). n=200 sarcomeresnf
4 different flies per genotype. (E) Semi-quantit@tRT-PCR on mRNA extracts of
whole flies, using primers specific to either thx@re 2 or exon 3 gbnr003;2L(using
the primers represented in Figure 4.2C), showiegcthimparable expression of
pncr003;2Lbetween thé02056 RVZomozygous flies and wild type Or-R flies, and
the visible reduction ipncr003;2Lexpression in flies homozygous for the pBac
F02056 insertion. Scale bar: (B-C): 10um.



82

pBac transposase

1 2 3 4 5

4-

*kk
< —
(=]

c

o

o T —_

5 E —
E —

=]

o

S

3]

w

F02056 Rv2 /

F02056 Rv2
Df ED1153 3 Q& 3 o

& & O

) Q N

\ N 3

& v
& &
&

Figure 4.5



83

2.5- Mapping of the putative Mhc associated allele.
A way to test whether the background mutation mapdyypothesised above, to the

Mhc gene —leading to an allele which | will refer toNisc™2°%®

— is to map the allele
to theMhc locus by homologous recombination betweenRB2056insertion and a
nearby genetic marker (Figure 4.6A). Such a gemeticker should come from a gene
with a visible and easily identifiable mutant phgme, preferably homozygous viable
(in order to be able test for the homozyg&02056phenotype), with available alleles
on the public stock centres, and located as nepossible to thdlhc locus. chiffon
(chif), a gene coding for a zinc-finger transcriptiontdéacinvolved in the development
of the embryonic chorion, and cuticular structuregeneral [61], was identified as a
good genetic marker for this approach, becaus#filéd all of these criteria.
Homozygous mutants for thehif' allele have a clear “rough” eye, and scutellartleris
phenotypes, and its locus is some 400 Kb upstrdavtho (Figure 4.6B)Because
pncr00 3;2Lis located 50 Kb downstream Bhc, a chromosomal recombination
between thehifl andF02056loci, would have approximately 1 in 9 chance to occur
between thé/ihc andpncr003;2LIoci ( 450/50 = 9), therefore, of ahif FO2056

recombinant chromosomes, about 1 /9 should reste¢HeMhcd 2%

allele (Figure
4.6C). A standard homologous recombination prototethich the F1 progeny of the
cross betweew; chif' cn' sca bw' sp'/ FO2056females anav; chif' cnt sca bw! spt
males were screened for tbleif rough eye, and thin bristle phenotypes, the rite rtf
thewhite marker from thd-02056insertion, and the loss of tiev andspphenotypes
This protocol yielded 4hif* FO2056recombinants out of 2,000 flies screened. Three
out of the four recombinant lines recovered stilgented the short sarcomere
phenotype as homozygous for thiif* FO2056recombinant chromosome (Figure
4.7A,B,C and G), but one of them (recombinetnit: F02056 13had wild-type

looking myofibrils, with sarcomere lengths simitarwild type (Figure 4.7D and G).
Furthermore, ovebf ED1153 thechif* F02056 13hromosome showed no
enhancement of the short sarcomere phenotype &#udF and H). Although the
recovery of a recombinant which lacks the shot@aere phenotype, at a rate which is
not too dissimilar from that expected (1/4 compare/9), is in agreement with the

existence of thévihc 70256

allele, this result only proves that the chromosomal lagfus
the background mutation is, as expected, downstodarif, but its specific locus still

needs to be determined.
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Figure 4.6: Diagram representing the homologous recombination protocol
implemented to map the putative MhcF02056 allele. (A) Diagram representing the
genomic locus opncr003;2Lin chromosomal arm 2lgnnotated as in Figure 4.1 A,

02056 5)lele and the

highlighting the lack of complementation betweea thutativeMh
Mhc*®*%33]lele, and between th&lhc™?**Callele and théf ED1153covering the
Mhc locus (B) Broader genomic diagram of thacr003;2Lgenomic locus, showing
the genomic distance between @lgiffon, Mhc,andpncr003;2Lgenes. (C) Diagram
showing the possible outcomes of the homologousmémation betweeohiffonand
the FO2056insertion. For the putatiiéihc™***®allele to be recombined out of the
F02056chromosome, the recombination chiasm, leadingealif F02056
recombinant needs to occur betweenNtine and thepncr003;2LIoci. This region

represents about one ninth of the total length eetthechiffonandpncr003;2Lgenes.
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Figure4.7: Oneout of four chif F02056 recombinants haslost the putative
MhcF02056 allele. (A-F) Confocal microscopy images of hemithoradesed with
phalloidin-rhodamine (red), showing the myofibwislongitudinal indirect flight
muscles of (Axhif FO2056recombinant 18, (Byhif FO2056recombinant 4, (Cghif
F02056recombinant 14 and (@hif FO2056recombinant 13.While recombinants 18, 4
and 14 show a short sarcomere phenotype similartlye originalFO2056insertion

line, thechif FO2056recombinant 13line has sarcomeres with normalajapee,
indicating that the recombination in this line mhave occurred between ththc and
pncr003;2Lloci. In accordance with this, (Ehif FO2056recombinant 14Df ED1153
shows an enhancement of the short sarcomere plpendiyt (F)F02056recombinant
13 Df ED1153loes not. (G) Quantification of the differencesamcomere length
between the differemhif FO2056recombinants, showing a significant difference, as
indicated by a one-tailed paired t-test statistig@lysis, between homozygous flies for
thechif FO2056recombinant 13 and homozygous flies for¢hé F02056

recombinant 18 (t=5.99, p<0.0001), 14(t=11.84,.p801), and 4 (t=6.08, p<0.0001).
(H) Quantification of the differences in sarcomkegth between thE02056
recombinant 130f ED1153flies andF02056recombinant 140f ED1153flies,

showing a significant difference, as indicated lmna-tailed unpaired t-test statistical
analysig(t=16, p<0.0001). n=200 sarcomeres, from 4 diffefises per genotype. Scale
bar: 10 um
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2.6- A small intronic deficiency affecting the alter native splicing of Mhc could be
responsible for the Mhc™® allele.
In order to confirm that the affected gene by taskground mutation Mlhc, | looked

for possible mutations in thdhc gene that could explain the observed phenotypes.
Because the putativdhc *?**allele affects IFMs, | sequenced the genomic fragme
corresponding to the exons that constitute the gipkificMhc transcript [62]. These
genomic elements were amplified by PCR, using gen@®@NA from wild-type and
F02056homozygous flies, cloned and sequenced (Figure)4 Bfere are several
differences between the annotated genome and tilveddy lines leading to
synonymous substitutions, and two mutations leatbrgp substitutions, in exons 8 and
10, were detected in both wild-type and FO2056Grstranone of these differences could
explain the short sarcomere phenotype (Figure 4B only seemingly relevant
difference between the two strains was a 32 ntidelé the intronic sequence

immediately upstream of exon 7c.

This same region corresponding to exon 7 was aieglénd sequenced in each of the
four chif FO2056recombinants. Interestingly, tiekift F0205613does not have the 32
nt deletion, whereas the other three recombinamtsdicating that the recombination
that led to the loss of the short sarcomere ph@eatyd indeed occur, as predicted,
between thé/ihc andpncr003;2LIoci.

Regarding the cause of tMhc allele, the 32 nt deletion affecting the introsejuence
prior to the alternative exon 7c¢ could be quiterderesting candidate since introns can
contain regulatory elements which regulate thecsmi of their neighbouring exons
[63,64]. This intronic deletion is located very néathe exon sequence (only 13 nt
upstream of it) and has sequence stretches thatappbe enriched in pyrmidine bases
(Figure 4.9A). This is interesting because pyrim@rich motifs, known as
polypyrimidine tracts, are located at a similatalice from the exon, and have been
shown to play an important role in the determinati both, constitutive and

alternative splicing events [63,65]. Alternativdisipg is particularly important for the
Drosophila Mhcgene.

In vertebrates, there are at least 13 paralogudgsedhc gene (known, in vertebrates,

asMYH), and different tissues have been shown to expgliffiesent members of the
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MYH gene family: there are at leasiY'H genes specific to non-muscle cellsyi3H
genes specific to smooth muscles, alMYaH genes to specific striated muscles [66].
The Mhc/MYH protein has two main functional domaiaglobular head domain,
which has ATPase and actin-binding activities, padorms the motor function of the
protein, and a rod domain, which is necessarytferformation of the myosin filaments.
Some of the differeriYH paralogues have been shown to have different AJ Rass,
which could contribute to the different contratyilspeeds observed in different
muscles [67], therefore, the muscle specific nequent of these isoforms is important

for the physiological function of the muscle.

In Drosophila there is a singl&hc gene, but it produces several different isoforms b
alternative splicing (Figure 4.8A). Tidhc locus consists of 13 constitutive exons and
5 groups of alternative exons, which are each casegof two to four related exons

that are mutually exclusive. As in vertebratededé@ntMhcisoforms are expressed in
different kinds of muscles [62], and importantlyete is also evidence of this muscle
specificity being important for muscle functiondeed, an intronic mutation that leads
to a defect in alternative splicing has alreadsrbeescribed to generate a homozygous
viable allele ofMhc, with the affected flies displaying defects spedifig in the IFMs

[68]. That particular mutation affects the splicing oba»a, which, interestingly, like

exon 7c, encodes for a portion of the motor globbé&ad domain of the Mhc protein.

Given the relevance of the muscle specific expoasdisplayed by the differeMYH
paralogues in vertebrates, or by differbtitc isoforms inDrosophila one could reason
that this deficiency could give rise to the sarcmerghenotypes if it affects the splicing
of thelFM specific exon 7c. To test this, | performed a squantitative RT-PCR, from
whole flies RNA, using primers designed to ampliiig fragments corresponding to
exon 7c -11e (Figure 4.9B), both preferentiallyuded in the IFM specifidélhc
isoform, in order to compare the presence of tlpasgcular exons between wild-type
andF02056homozygous flies. Surprisingly, the band corresjpantb the 7c -11e
fragmentappears visibly stronger in ti®2056strain, while the fragments
corresponding to constitutidhc exons, and to the ribosomal protein Rp-49, have
comparable intensities in both strains (Figure 4.9@is result is in line with a
regulatory role of the missing intronic sequencdhmalternative splicing of exon 7c,
and with previous models suggesting that tissueipéinding of the Polypyrimidine

tract binding protein (PTB) to the intronic regiopstream of an alternative exon can
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results in its exclusion [63]. As they stand, theesmults point to this 32 nt deletion,
which affects the splicing of exon 7c as a possiblgse for the myofibril phenotype
observed in th&02056line. These results, however, are only preliminapcause to
confirm all the implications stated here (suchreshinding of PTB, or other factors to
the intronic DNA sequence deleted in #@2056line) and to determine the specific
effect of this misregulation would require extemswork, which, although very

interesting, is beyond the scope of this thesis.
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Figure 4.8: Molecular mapping of the M hcF02056 allele by sequencing the |FM
specific Mhc exons. (A) Diagram representing the different alternatwBNA isoforms
for theDrosophila Mhogene. Constitutive exons are numbered in red aechative
exons in black. The 12 genomic fragments indicatddue, corresponing to the exons
and surrounding intronic sequences for the IFM gigeRlhc-RKtranscript [62], were
amplified by PCR and sequenced. (B) Summary ofribtations found, with respect to
the reference genome, by sequencing these genagiménts. Mutations found in both
wild-type andF02056strains are coloured in green, mutations founchig one of the
two strains, but unlikely to give rise to the mutphenotype are coloured in blue, the

unique mutation that may give rise to the phenotgmmloured in red.
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Figure 4.9 A specific small intronic sequence deletion in Mhc may be the cause of
the MhcF02056 allele. (A) DNA sequence alignment of the intronic seq@epigor to
exon 7c, from Or-R, the origin&02056insertion line, and the differechif FO2056
recombinants. The small deficiency is present éfiy lines showing the short
sarcomere phenotype. (B) Diagram representing 2hgethomic fragments,
corresponding to the IFM specifidhc-RKtranscript, according to the data of Hasting
et al [62],which were amplified by PCR and sequenétet arrows represent the
primers used for the exon7c specific PCR, anddeMhc constitutive PCR. (C) Semi-
guantitative RT-PCR on RNA extracts from wholedliesing primers to amplify
specifically a fragment including exon 7c, or agfreent from constitutive exons 16 and
17.
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2.7- Using the F02056 insertion to generate a small, specific, FRT recombination-
mediated deficiency.

Since the short sarcomere phenotype appears talbpendent gbncr003;2L, the
phenotype and function of this SmORF gene stillais undetermined. It is possible
that the reduced expressionpofcr003;2Lis still able to provide enough function to
render its phenotype undetectable inFB2056line. Therefore it was necessary to
generate a null mutant fpncr003;2L. Two mutagenesis strategies can be
implemented, which take advantage of B82056insertion to specifically remove the
pncr003;2LIocus: The first one relies on the presence oflbi@ recombination target
(FRT) sequences present in the Exelixis transposonmsoduce an FRT mediated
recombination between two transposon-carrying hogais chromosomes, leading to
the deletion of the genomic sequence between thensertions in the recombinant
chromosome [56] (Figure 4.10, Annex 3). For tHisyas necessary to identify an
Exelixis transposon, inserted as near as posslifeepncr003;2LIlocus, in an adequate
orientation to allow for the correct recombinatmirthe FRT sites [56]. This is the case
for thepBac{RB}e0160%ransposon selected for this protocol, inserteti&CG31739
gene. The recombination between piBac{RB}e0160&andpBac{WH}F02056
transposons would generate a small deletion ofld,GcKveringoncr003;2Land three
more genesCG31739CG13282andCG13283(Figure 3.10A). ThepBac{RB}e01605
insertion is homozygous lethal, indicating that@®@31739ene itself, coding for the
Aspartyl/Asparaginyl-tRNA synthetase, has an esafuinction in the fly. The
CG13282andCG13288enes encode for metabolic genes (coding for adigad a
metalopeptidase, respectively), which have verylkwels of expression according to
the FlyBase expression atlas. Because the resuétcambinant transposon, in this
case, would retain thehite marker —making it virtually indistinguishable frotime
parental chromosomes— the standard strategy terséoe recombinants would be to
generate individual lines from several F1 flie®ider to screen them by PCR [56]. To
facilitate this screening process, the genetikerablack (b), cinnabar (cnjand

brown (bw)were recombined into the parental pBac chromosaersrating the
following lines:w; b pBac{WH}F02056 crandw;pBc {RB}e01605 bwlhis way, the
F1 could be screened oveba&n bwchromosome, and tle®1605-F02066 cn
recombinant chromosomes could be easily identlfiethe loss of thé (black)andbw
(brown)recessivenarkers, which produce a distinctive darker cutarié pale pink

eyes, respectively (Figure 4.10B, Annex 3). Thiqcol led to the recovery of a
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dozen putative recombinants. Four of these lineg wested by PCR and successfully
confirmed to be deficiency-carrying recombinantgife 4.10C). As expected, these
specific deficiencies are homozygous lethal, dyad 1 larvae, which is also the
lethality phase of thpBac{RB}e0160Hhomozygous animals. Ti&G31739%ene would
therefore have to eventually be restored, througéreomic rescue construct, in order to

have a null homozygous condition famcr003;2Lusing this small specific deletion.
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Figure 4.10: Generation of an FRT-mediated specific deficiency removing the
pncr003;2L locus. (A) Diagram representing the genomic locupnérO03;2Lon
chromosomal arm 2lshowing the position of the two transposons, pB&}R01605

and pBac{WH}F02056, used for the generation of &TFnediated specific genomic
deletion. The region highlighted in green represéim specific genomic region
removed by the deletion. (B) Diagram depicting ERelr-mediated recombination
protocol leading to the generation of a specifietien. The structures of both pBac
elements are represented, showing that the FR3 Isitee the same orientation, and are
therefore compatible with this recombination praiodhe region highlighted in green
represents the specific genomic region removedhéyeletion, and the chromosome
highlighted in pink represents the recombinant sfosome carrying the deletion, and
which has lost the andbw geneticmarkers. The different genomic regions (1,2 and 3)
amplified by PCR to confirm the deletions are irdéd in red. Each of these regions
were amplified by a combination of primers thatealrspecifically to the transposable
element sequence and to the genomic sequencertatii@ insertion. (C) Recombinant
chromosomes carrying the specific deletion yielly dragments 1 and 3 when their
genomic DNA is used as template for PCR, in cohiréth the parental
pBac{RB}e01605 line, which only amplifies fragmehtand the parental
pBac{WH}F02056 line, which only amplifies fragmerzsand 3.
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2.8- Using the F02056 insertion to gener ate a dir ected p-ray genomic lesion.

The second mutagenesis strategy takes advantéigewiite marker carried by the
F02056insertion. This method consisted of exposing younadeflies, homozygous for
the FO2056insertion, to a high dose of ionizing radiatiorb@0r) from ay-ray source.
This dosage of radiation has been shown to bedngligh to generate double stranded
DNA breaks, which can lead to genomic rearrangesp@mtluding genomic
deficiencies, whilst having a minimal effect on thability and fertility of the irradiated
flies [69]. The irradiated males were crossew/{8yO/Gla Bevirgin females, and the
F1 progeny was scored for the loss of the whiteketamhich indicates that such flies
have inherited a genomic lesion in ecr003;2L locus (Figure 4.11). Out of 30,000
F1 progeny flies scored, 6 whigged mutantstf y-ray 1 to § were recovered. Each of
these mutants was mapped genetically, by croskamg to homozygous lethal alleles
for several genes and deficiencies surroundingiee003;2Llocus across a genomic
area of some 600 kb (Figure 4.12A). This genetippitag was complemented by a
molecular confirmation of the deletion by PCR, gsgtimers to amplify each of the
boundaries of thE02056insertion, and in some cases, other regions gbiice003;2L,
and neighbouringene (Figure 4.12B, C and D). Two of these mutdfsy-ray 4 and
5, are homozygous viable and complement all of thelesdland deficiencies in the
region. ForDf y-ray 4,the PCR profile yielded both fragments, indicatihgt the lesion
did not extend beyond the pBac element. Foithgray 5, only the 3’boundary of the
transposon could be detected by PCR. However,dtpgasible to amplify a fragment
within the 2% Exon ofpncr003;2L—using both genomic and cDNA templates—
indicating that in this mutant the expressiompnér003;2Lis not affected (Figure
4.12C). Furthermore, it was also possible to am@ifragment corresponding to a
region within the % exon ofpncr003;2L, upstream of thE02056 insertion site,
indicating that in théf y-ray5line, the genomic damage did not extend much beyond

the transposon in to the genomic regiopéro03;2L(Figure 4.12D).

The other four mutants are homozygous lethal, dnldese Df y-ray 1,2 and Jail to
complement most of the genes or deficiencies imeélen, indicating that these three
mutants carry very large deficiencies, spanningearegions than other already
available deletions in the area (including thecefedeficiencies described above, and
Df BSC32% (Figure 4.12A). These three deficiencies alsavsézcover thévihclocus,

and are therefore not very useful for the charazton of a possible muscle
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phenotype. Th®f y-ray 6 seems to complement the alleles upstreapnof003;2L,
includingCG31739andMhc, but not the ones downstream, includiygepP.,and to
some extent the deficien®fBSC325Its PCR profile indicates that both boundaries of
the FO2056insertion were lost (Figure 4.12B), altogether ssjmg that this mutant
carries a deficiency with a breakpoint betw€s3173%ndpncr003;2L.Most
interestingly, it was not possible to amplify, b€R, a fragment corresponding to the
2" exon ofpncr003;2L,in flies carrying this new deletiddf y-ray 6 over the
deficiencyDf ED1153,which completely covers thencr003;2LIocus (Figure 4.12C).
This indicates that thBf y-ray 6also covers most, if not all of thcr003;2LIocus.
The fact that this deletion is viable oM@ ED1153,and over th&€€G31739ethal allele,
while covering most opncr003;2Lis extremely interesting, and even fortunate,
because it should then also be viable over thefgpdeficiency described above,
giving rise to goncr003;2Inull condition, which by-passes the need for a g&no

rescue for th€G3173%Qene discussed above.

Crossing the deficiendyf y-ray 6 over a specific deficiencydf(12)) does indeed give
rise to flies that are viable as adults, and wigiclnot show any immediately visible
defects. In these flies, it was not possible to l€gnp genomic PCR fragment for
pncr003;2L,nor CG13282 put it was possible to amplify a fragment correspog to
CG31739(Figure 4.13B), showing that one of the breakpmoaittheDf y-ray 6

deletion has to be located between the two g&@&k3282andCG31739Figure 4.
13A). Although the other breakpoint of tBé y-ray 6 has not been molecularly
mapped, the data from the genetic complementakiparenents indicates that it should
be located downstream of tApepPgene and upstream of, or near to, the breakpoint of
the deficiencyDf ED1156(See Figure 4.12A), hence, this deficiency completevers
thepncr003;2LIocus. When trans-heterozygous, the overlappiag betweef y-ray

6 andDf(12) produces a synthetic deficiency, which will beereéd to aPf
pncr003;2L(Figure 4.13 A), and which representgreer003;2Lnull condition. In
agreement with thisn situ hybridisation with gpncr003;2Lspecific probe shows no
expression opncr003;2Lin Df pncr003;2LIarvae (Figure 4.13 C-D) nor adu(fsigure
4.13 E-F).
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Figure4.11: Generation of a Gamma-ray induce a deletion targeting the
pncr003;2L locus. Diagram representing the protocol followed to gateethe gamma-
ray genomic lesions targeting thecr003;2LIocus.
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Figure 4.12: genetic and molecular mapping of the Gamma-ray mutants tar geting

the pncr003;2L locus. (A) Diagram representing a 500Kb genomic region of
chromosomal arm 2L, surroundirgncr003;2L, showing the locus of the homozygous
null allelesPBac{RB}CG4238§°2°°3 Mi{MIC}ApepP"'°**"° Mi{ET1} mdy"B08748
P{lacW}Mhd®®*? andpBac{RB}CG31738°%% affecting the highlighted genes:
CG42383 ApepR midway(mdy),MhcandCg31739respectivelyand the genomic
deficiencies (red lines) used for the genetic cemantation assay to genetically map
they-ray mutants. Homozygous viableay mutant lines highlighted in green are
homozygous viable, and in red are homozygous le8wid and open circles represent
complementation results with alleles and deficiescrespectively. Green circles
indicate complementation, and black circles lackahplementation. (B) PCR assay of
the presence of tEBac{WH}F0205&ransposon sequence using genomic DNA
extracts of the indicated lines. The fragments #iaglby the PCR reactions are
indicated by the red lines, labelled as “a” and, ib"the diagram. Each of these regions
was amplified by a combination of primers which ealrspecifically to the transposable
element sequence and to the genomic sequencertptiie insertion. (C) PCR assay of
the presence of thencr003;2Lsequence, using either genomic DNA extracts, or&ADN
from RNA extracts, for each of the indicated gemetnditions. (D) PCR assay to
determine the extent of tlyeray 5 genomic lesion, using genomic DNA extradtthe
y-ray 5 mutant line, or the FO2056 insertion linbeTa” and “b” fragments are the
same as those indicated in (B), and the Exon ®negiindicated in the top diagram of

this panel.
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Figure 4.13 When trans-heter ozygous, the deficiencies Df p-ray 6 and Df 12, give

rise to a homozygous viable null condition for pncr003;2L: (A) Diagram
representing the molecular mapping of thmy 6 breakpoint. The genomic regions
amplified by the PCR reactions shown in (B) aradatkd by open red squares (labelled
1 to 3) above their respective genes. The regiem®ved by the deficienci€f
ED1153,the specificDf(12),andDf y-ray 6 are indicated. The grey area witbihy-

ray 6 represents the possible region wherdtheray 6 breakpoint could be located.
The overlap between the regions remove®by-ray 6 andDf(12)in flies trans-
heterozygous for these two deficiencies, repregbptsynthetic deficiencipf
pncr003;2L,which completely removgsncrO03;2L.(B) PCR assay to map the
breakpoint oDf y-ray 6, using genomic DNA from the indicated gepety, and
primers to amplify the three regions (1, 2 and8)dated in (A), showing thabDf y-

ray 6 removepncr003;2Land the 5'region o€G13282but does not remove the 3’
region ofCG3173%nd that oveDf (12)it gives rise to a null condition for
pncr003;2L.(C-F)in situ hybridisation experiments, using probes specifith&
pncr003;2Ltranscript, performed in (C-D) L3 larvae and (Eadult abdomens. The
strong expression gpncr003;2Lobserved in (D) the somatic muscles (arrow heads)
and heart (arrows) of wild-tydarvae and in (F) the wild-type adult heart (arrow
heads), is completely lost Df pncr003;2Ltissues (C and E). Scale bars: 500um.
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Thesepncr003;2Lnull flies show no visible phenotype, and their IFM miafs have a
wild-type appearance, with their sarcomeres meaguhe average size of 3.4um,
showing thapncr003;2Lis not responsible for any structural or morphatagi
phenotype in these muscles (Figure 4.14 A andrDyrdler to assess their structure with
a higher resolution, | used transmission electraaragraphs to analyse thpacr003;2L
myofibrils (Figure 4.14 E-H). No defects could etetted in neither transversal, nor
longitudinal sections of the myofibrils. Importantthe dyads, which are the particular
structures wherpncr003;2Lpeptides localise, also appeared to have a normal

morphology and localisation.

While these results could point to some sort ofspiiggical role forpncr003;2L, they

are also in accordance with the above statemenit tisetheMhc 2%%°

allele, and not
pncr003;2L that is responsible for the short sarcomere plypeofThe deficiencpf
(12) over aMhc null allele does not show any enhancement of tet Sarcomere
phenotype, but the deficien®f y-ray 6 does (Figure 4.14 B, C and D), this is as
expected sincBf(12) comes from a recombination event, in which Mg **®allele

was lost, buDf y-ray 6 still carries the samiglhclocus as th&02056line.

Thesepncr003;2Lmutants do not appear to have a motility phenotypparticular,
their flight capabilities, which often correlate Neith mutations affecting muscle
function [70,71,72], seem to be normal in theseamigt This was confirmed using a
method slightly more sophisticated than the testipusly described, consisting of
releasing the flies at the top of a large oil cdatglinder and recording at which height
in the cylinder they land€ld@0] . Wild-type andDf pncr003;2Lflies perform similarly

in this test, with most flies getting stuck to tep two sections of the cylinder (Figure
4.15 A and B). On the other hand flies homozygaugHeF02056insertion have a
more homogenous distribution across the cylindéh ahigher number of flies falling
at the very bottom of it (Figure 4.15 C), althoubbse flies show a flight defect, this is
not as severe as the “flightled#hc null condition, in which most flies fall at the
bottom (Figure 4.15 D), and very few reach thedegtions. These results are in
agreement with the preliminary observations indngathat no motility issues exist in
thesepncr003;2Lmutants, and confirm the slight flight defect olvser for theF02056
line (Table 4.1). It is important to note thatafithese results indicate that thac 2%
allele is recessive, as opposed tdfz null allele, since no morphology or behavioural

abnormalities associated with its homozygous candivere detected in tHaf
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pncr003;2Lmutants, nor ilF02056heterozygous flies. This is important as any
phenotype observed for tid pncr003;2Lcondition in a more specialised muscle

function study is likely to be associated with mer003;2Lgene itself.
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Figure 4.14: pncr003;2L null flies have no structural abnormalitiesin their muscle
organisation. (A-C) Confocal microscopy images of hemithorastsned with
phalloidin-rhodamine (red), showing the myofibwislongitudinal indirect flight
muscles of (ADf y-ray 6 /Df (12) flies (Df pncr003;2Lmutants), with wild-type
looking sarcomeres, (B)f(12) MhcX***#flies, with a similar short sarcomere
phenotype as that of haploinsifficient flies fdhc and homozygous flies for the
F02056insertion, and (CMhck*®*?®/ Df y-ray 6 flies, showing an enhancement of the
short sarcomere phenotype. Scale bar:10 um (D) t@ication of the differences in
sarcomere length, showing a significant differemseindicated by a one-tailed paired t-
test statistical analysis, between Bi¢12Y Mhc'%*?3andMhck*®*?®/ Df y-ray 6
conditions (t=3.972, p<0.0032), and & y-ray 6 /Df (12)andDf (12) / Mhd‘*%*#
(t=5.128, p<0.0002). n=200 sarcomeres, from 4 dhffeflies per genotype. (E-F)
Transmission Electron Microscopy (TEM) micrograjpfisongitudinal sections of adult
IFMs from (E) wild-type flies, and (Hpf pncr003:2Lmutants, in both cases, regularly
organised rows of sarcomeres, displaying similspigced Z and M bands, can be
observed, as well as the dyads (arrows) and mitabie (dark grey rounded structures)
abutting the sarcomeres. These images reveal ahatna structural defects exist in the
sarcomeric structure and dyads (arrowdbpncrO03:2Lmutants. Scale bars: 1usn.
(G-H) TEM micrograph of transversal sections ofiiadt flight muscles in (G) wild-
type flies, and (H)Df pncr003:2Lmutants. In both cases the myofibrils appear asdou
structures showing a regular pattern of thin (@aimd thick (myosin) filaments, and
with the dyads in close apposition to the sarcoméeaow), indicating that no
structural abnormalities exist in the sarcomeragsmthe dyads opncr003;2Lmuscles
(arrow). Scale bars: 0;8m.
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Figure 4.15 Quantitative flight assaysindicate that pncr003;2L null fliescan fly
normally: (A-D) Horizontal bar charts representing the ressaf the flight assays (see
methods, section 2.15J0]. (A) Or-Rflies, and (B)Df pncr003;2Lflies perform
equally well in this test, with most of the flidgihg to the top of the cylinder. (C)
F02056homozygous flies have a more spread distributevoss the cylinder,
indicating a slight flight defect for these fliemmpared t@®r-R andDf pncr003;2L
flies. (D) Flightless flies heterozygous foMdnc null condition, fall in their great

majority to the bottom of the cylinder.
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2.9- Generation of pncr003;2L null backgrounds fr ee of the Mhc™® allele,
Although theDf pncr003;2Lflies show no behavioural or morphological phenetyip
IFMs, which indicated that thedhc™?°*°js recessive these tissues, and most likely
specific to indirect flight muscles, it may be ngsa&ry to rule out a possible implication
of theMhd™®?**®allele in other tissues. This is particularly theese, as the semi-
quantitative RT-PCR for the IFM specific exon 7anhole flies, suggests that this exon
may be expressed at higher levels than wild-typd,therefore the possibility exists

that it may be misregulated in other tissues.

Two strategies were implemented to removeMie™***allele from thepncr003;2L

null background. The first strategy involves thagmic rescue of th€G31739%ene,

in theDf(21)12 background in order to allow this deficiency toHmnozygous viable,

while remaining a null fopncr003;2L. For this genomic rescue, a genomic sequence of
6,696 bp, including th€G31739enomic sequence, and the upstream and downstream
genomic regions betwedlG3173%nd its neighbouring geneSgqs,andCG13282) —
included in an attempt to preserve the importagailetory regions 0€G31739—, was
amplified by PCR, sequenced, and cloned intdiresophilatransgenesis vector
pCaSpeR 5, which was then used to generate trandges (Figure 4.16).

Homozygous viable insertions in chromosome Il weskected, and linked by
homologous recombination to tBd#(2L)12chromosome. Because both the genomic
CG31739 (gCG31739sertion andf(2L)12 carry awhitegene marker, it was

possible to select for recombinants by screeningfomales from the progeny of
gCG31739/ Df(2L)1f2males andCyO/If males, with dark red eyeshesegCG31739,
Df(2L)12recombinant chromosomes are homozygous viable,isgdat the construct

is able to rescue the lethality of t8€53173%ull condition, and the flies carrying them,
like theDf pncr003;2Lflies, do not present any visible abnormal phenesyp

The second strategy used another transposon-bageddanknown as P-element
induced male homologous recombination [73]. Thishoé takes advantage of a well
described phenomenon associated with the trangposient of P-elements, in which
the recombination of homologous chromosomes in snalbich does not usually occur

in Drosophila,takes place in a site specific way at the endh®@P-element insertion.
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Because this method leads to homologous recombinatia site-specific manner, it
has been widely used to map mutations inDhesophilagenome. In this case, it can be
used to generate a recombinant betweetheray 6 deficiency, and a transposon

inserted betweeklhc and theDf y-ray 6, replacing theMhc 2%

allele with a wild-type
Mhc locus. This approach is very similar to that dixext above with thehiffonallele,
but it offers the advantage of being site-directe] therefore, there is no need to
screen for positive recombinants by analysing the&t phenotypes, while taking the
“chance” factor out of the protocol. The transpostsertion used for this method was
the homozygous viableyhite marker-carryingP{SUPor-B KG07247P-element
(Figure 4.17 A), which is inserted in the 5’UTRtbhé CG17928yene —encoding for a
fatty-acid desaturase, with low to moderate leegksxpression. For this protocol the F1
progeny of the cross between males carrying {S&JPor-P}KG072474nsertion over
the b Dfy-ray 6 spchromosomendtheA2-3 transposasev( P{SUPor-P}KG07247 /

b Dfy-ray 6 sp;A2-3 /+), and females carrying the selection chromosomgaivb sp),
were screened for recombinants having losbthearker, gained thevhite+ marker,

and retained thepmarker (Figure 4.17 B, Table 4.2). Twig P{SUPor-P}KG07247,

Df y-ray 6 sprecombinants were recovered out of 3,120 fliesexto this screen, in
which the genotypes of excision, and re-inserticenés of the P-element were also
observed (Table 4.2). These male recombinantsam®iygous lethal, in accordance
with the presence of tHef y-ray 6 deficiency, and over thief ED1153,which entirely
removes théhclocus, the recombinant chromosomes do not showrthancement of
the short sarcomere phenotype (Figure 4.17 C)dpralance with this, sequencing the
intronic sequence upstream of exon 7c¢ in these reatambinant flies shows that the
deficiency associated with théhc °***Callele is no longer there (Figure 4.17 D). Like
with the originalDf y-ray 6 chromosome, flies carrying the male recombinant
chromosomeR{ SUPor-P}KG07247, Df-ray 6 sp)overDf(2L)12,show no visible

abnormalities.



113

Figure 4.16: Diagram representing the method followed to rescue the CG31739

gene, in the Df(2L)12 background. The genomic sequence of 6,696 bp, including the
CG31739%ene sequence, and the upstream and downstreamigeegions between
CG31739%and its neighbouring geneSds,andCG13282)was amplified by PCR, using
a two step method, by amplifying two contiguous F&Rgments, annotated as 1 and 2,
of 3Kb and 3.7 Kb, which were then ligated togetmethe addition of the unique Nhel
restriction site at the 3’ of the left fragment ék)d the 5’ of the right fragment (2).
These two fragments were sequentially cloned imopiCaSpeRBrosophila
transgenesis vector, which was used to generatsgeaic flies. Homozygous viable
insertions in chromosome Il were selected, ancelinky homologous recombination to

the Df(2L)12chromosome.
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Figure 4.17: Malerecombination protocol to remove the M hcF02056 allele from

the Df y-ray 6 genetic background. (A) Diagram of the genomic locus of the insertion
P{SUPor-P}KG07247 (KGO7247)inserted betweelhcandpncr003;2L,in the

5'UTR of theCG17928gene chosen for the male recombination proto&gl. (
Schematic representation of the-3 transposase-mediated recombination event, which
can take place iw; KG07247 / b Dj-ray 6 sp;A2-3 /+ males Male recombinant
chromosomes can be screened by the loss df itirerker, the gain of thehite+

marker, and retention of tlepmarker. (C) The male recombinant chromosome
(KG07247, Dfy-ray 6 sp)has lost the ability to enhance tkidacrelated, short
sarcomere phenotype, as indicated by the signifidifierence in sarcomere length,
between th&G07247,Dfy-ray 6 sp/ ED1153andb Dfy-ray 6 sp/ ED1153conditions,
as indicated by a one-tailed paired t-test statisinalysigt=16.7, p<0.0001). n=200
sarcomeres, from 4 different flies per genotypgA{l@nment of the DNA sequences
corresponding to the intronic sequence prior t;m@&ofMhc, form Or-R,KG07247,Df
y-ray 6 spmale recombinants, and the origibaDf y-ray 6 spchromosome, showing

that the male recombinant has lost the small imtrdaficiency.
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Class Genotype phenotype n
parental b Mhc[F02056], Df y-ray 6 sp /al b sp Wh'te;‘g'kb'ad(' 1459
parental KG07247 (w+) /al b sp red eye 1375
excision KG07247 (w+) E’XCISSBF(;/ chromosome /al b white eye 264

re-insertion b Mhc[F02056], KGO7247(w+),y-ray 6 sp red eye, black, speck 20
/albsp
male KG07247(w+),y-ray6sp/albs red eye, speck 2
recombinant V-ray o sp P ¥e, sp
total: 3120

Table 4.2

Table 4.2: Different genotypes recover ed from the M ale recombination protocol
implemented to remove the MhcF02056 allele from the Df pncr003;2L genetic
background. The excision and re-insertion classes correspondtural transposition
events of the P-element mediated byARe3 transposase.




118

3- Discussion

In this chapter | have described the use of a getwadl, the transposable element, to
generate a null condition for tipacr003;2L smORF gene whose function | intended to
characterise. However, this work took an unexpedetdur, with the identification of a
morphological phenotype associated with the limeyaag the transposable element in
question, but caused byMhcallele (Mhc™2%%9 associated with the insertion bearing
chromosome. In the context of the general usagen$posable elements as mutagenic
reagents, this work exemplifies the issues thatacee from these kinds of background
mutations. In this case the effect of the assodialiele was particularly damaging, and
unfortunate, because the phenotype it generated fitell with the expression pattern
and putative function of thencr003;2Lgene. This is one of the reasons why the
characterisation of that background allele hadetedthorough, with that particular
purpose having required a large amount of time,thedargest part of this chapter. The
other reason is that tipBadWH} F02056line was essential for the mutagenesis
methods ompncr003;2L, being the only available line that could be usedisrupt that
particular smORF gene, therefore the effects afitigertion, and the chromosome

carrying it, had to be fully understood.

Regarding théhd®?**allele, the main purpose of this work was to map the geneti
locus of this initially unmapped allele, in orderunderstand its relationship with
pncr003;2L.In this respect, this work was successful, as iffierdnt genetic and
molecular mapping methods used here, show thaalliele is associated with tihc
gene. Beyond the genetic mapping of this allele shidy suggests that this allele does
not affect the protein sequence of the IFM-spediffec isoform, but instead may arise
from a misregulation dflhc alternative splicing. This misregulation is prolyataused

by a genomic deletion in the intronic sequencergadhe alternative exon 7¢, as shown

by these preliminary results.

The transposon-based mutagenesis strategies usedveee effective, producing the
required null condition fopncr003;2L, which can now be used for the functional
characterisation gincrO03;2L.
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Here | showed that this null condition has no appabehavioural phenotype, since the
pncr003.2Lnull flies have a normal motility in general, ameir ability to fly seems to
be unaffected. The ultra-structure of the myofgbnil indirect flight muscles, which

have been shown to express these genes, also seerl rshowing that thBf
pncr003;2Lmutants also lack a morphological phenotype. Theselts could be in
accordance with the subcellular localisation osthpeptides in the dyads, pointing to a
specialised physiological role for this gene, whichly affect muscle function in a more

subtle way, and would therefore require a moreiseasnd detailed characterisation.
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Chapter V- Using the Drosophila adult
heart as a system for thephenotypical
characterisation of pncr003;2L.

1- Introduction:

Through the work presented so far in this thekiave shown thgincr003;2Lcodes for
two peptides, which are expressed in somatic ardlazamuscles, where they localise
to the dyads, a structure closely linked with taguiation of muscle contraction, and |
have therefore proposed that these peptides mayaptiysiological function in the
regulation of that process. On the other hand ehdescribed the successful generation
of a null condition fopncr003;2L,and have shown that this mutant does not present
any morphological, nor gross behavioural phenotfgaysing on the indirect flight
muscles, and the flight capabilities of the adlidsf respectively. These results have led
me to suggest that ticr003;2Lgene may have a function in muscle contraction
which may be too subtle to be detected by the grossphological and behavioural
assay presented so far. Therefore, in order tactenise the function of this gene, there
clearly seems to be a need to perform a more sengituscle function assay, which

could identify subtle defects in muscle contraction

An aspect which has not yet been explored, istifeaf expression of thpncr003;2L
gene, which in adult abdomens, ceases to be exgr@ssomatic muscles, but remains
strongly expressed in the dorsal cardiac vessdikating that this gene may have a
function in the contraction of the adult heart. s particularly interesting in relation
to the need of a more specific muscle contractssaw, because the adDitosophila
heart represents an accessible system in whidiady snuscle contraction. The

Drosophilaheart has long been considered as a powerful gesytiem in which to
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study the development of this organ, particulasigce the identification of thgnman
(tin) cardiogenic gene iBrosophila[74]. The identification ofin in Drosophilaled to
the cloning of thé\kx2-5gene in vertebrates [75], representing one ofitbesteps in
the recognition of the highly conserved developrakepathway of the cardiac system
between fruit flies and humans [76]. Most recertthg development of functional
assays, which allow the monitoring of cardiac agtiin adult flies [26,27,28,29], has
given rise to the emergence@fosophilaas an exceptional tool in which to study
cardiac function and disease. The methods developéde Bodmer lab, which allow
to measure specific parameters such as hearcmatwactility and rythmicity in
dissected adult hearts, are particularly appeasmtipey do not require any specialised
electrophysiological equipment to be implementelilevbeing sensitive enough to
detect even heart defects due to the backgroungtigerariation inDrosophila[28]. A
study carried out by the Bodmer lab, on K@NQ potassium channel iDrosophila
[27], is particularly interesting with respect to my owark. In that study it was shown
that mutations iKCNQ, the Drosophilahomologue of humakKCNQ1,which is
involved in myocardial repolarisation, and is asst@al with Torsades des Pointes
arrhythmias and sudden death [77], also causes drelaythmias irDrosophila. That
result is particularly interesting because it shtiveg the core mechanisms leading to
the human disease are conserved in flies. On tiex biand, regardingncr003;2L.,it is
also interesting that those mutant flies with severart arrhythmias do not display any
other morphological nor behavioural phenotypessThsignificant because it shows
that the heart is a system that may be sensitivaginto detect a phenotype for
pncrOo03;2L

Because of the subcellular localisation of pimer003;2Lpeptides to the dyads, which
is where the Cdexchange that triggers muscle contraction and aéitax occurs, it is
possible, if not likely, that these peptides mayeha function in the regulation of €a
cycling during muscle contraction. The addtbsophilaheart would also offer the
possibility to test this hypothesis because, inlioation with the genetically encoded
GCaMP CA&' reporters, the adult heart has been shown tosepta good system in
which to measure calcium handling, as shown byettial.[34]. In their study, Liret

al. used a version of the GCaMP%eeporter to detect subtle Edransient differences

in mutants for the G4 responding Tpnl protein.
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In this chapter, | take advantage of Dx@sophilaadult heart system to demonstrate
thatpncr003;2Lhas a function in cardiac contraction. | show #han though
Dfpncr003;2L mutants show no morphological or structural def@cicardiac muscles,
they present significantly more arrhythmic heartcactions than their wild-type
counterparts. | demonstrate that this phenotygeeésific topncr003;2L,by means of
genetic rescuesvhich also allow to demonstrate that both peptatesoded by
pncr003;2Lhave a functiowhich is equivalent-urthermore, using the GCaMP3°Ca
reporter, | show thaincr003;2Lhas a function in the regulation of Caycling during

muscle contraction in cardiomyocytes.

2- Results:

2.1- pncr003; 2L null flies do not display any mor phological abnor malitiesin the
adult heart.
It has already been shown in this work thatr003;2Ldoes not affect the morphology

of IFMs (Chapter 1V, Figure 4.14), however thatulesannot be extrapolated to all
muscles, therefore the effectsprfcr003;2Lremain to be assessed in other kinds of
pncr003;2Lexpressing muscles, including cardiac musclesstoh assessment a
similar morphological analysis to that performedwFMs (Chapter 1Y was carried

out focusing on cardiac muscles. The dorsal veddble adult fly is composed of an
unchambered thoracocephalic aorta and an abdominiti;chambered contractile
heart marked by incurring sets of alary musclesciwhave a suspensory function [78],
and ostia cells, which serve as valves to allonettehange of hemolymph from the
abdominal cavity into the heart [79] (Figure 5.1&he contractile abdominal heart
vessel itself is composed of a monolayer of mydetiel cells, or cardiomyocytes, and
is covered ventrally by a layer of longitudinal nacardiogenic muscles, which also
have a suspensory function. Epifluoresence miomgsamaging of dorsal preparations
of adult abdomens, using phalloidin-rhodamine belall muscles, was used to assess
the general structure of the cardiac tube and sndiog somatic muscles (Figure 5.1 B
and C). At this level thpncr003;2Lnull flies do not display any visible defects, with
the hearts and surrounding somatic muscles ofwibthtype and mutant flies having
similar sizes and overall appearance. Confocalaos@mpy imaging, which allows to
observe the organisation of sarcomeres with higesslution, also shows that the

ventral longitudinal muscles (Figure 5.1 D anddf)d the cardiomyocytes themselves
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(Figure 5.1 F and G), have a sarcomeric organisatich is on the whole comparable
to that of wild-type hearts. This apparently wijgh¢ sarcomeric organisation was also
assessed at the ultra structural level using TENU(E 5.1 H and I). The TEM
micrographs, taken with a 5000X magnification, stibat the Z discs and M bands
display similar organisation (distance between thand densities, in the sarcomeres of
cardiac myocites of both, wild-type apdcr003;2Lnull hearts. These observations
indicate that the absencemicr003;2Ldoes not affect the structure of the cardiac
myofibrils, which is in agreement with this gend having an effect in the overall
morphology of the heart, and is in line with thepous results presented in this work,

showing thapncr003;2Lhas naapparentstructural functions in IFMs.
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Figure5.1: The Df pncr003;2L null flies show no structural or mor phological
defectsin heart muscles.

(A) Diagram representing the dorsal cardiac veissitle abdomen of adult flies, which
is composed of an unchambered thoracocephalic, aortban abdominal multi-
chambered contractile heart marked by incurringa@atd sets of alary muscles. This
diagram was modified from [78] . (B-C) Epifluorese images of phalloidin-
rhodamine stained dorsal abdominal segment, shothatghe heart ddf pncr003;2L
null flies (C) is morphologically similar to wild/pe flies (B). (D-G ) Confocal
Fluorescence micrographs of adult heart structstegeed with phalloidin-rhodamine,
showing that the sarcomeric organisation of (DloBpitudinal ventral muscles, and (F-
G) cardiomyocytes is similar between (D, F) wilpeyhearts and (E, ®f pncr003;2L
mutant flies. Scale bars: 5um. (H, I) TEM micrqgraf sarcomeres from
cardiomyocytes of (HPr-R, or (I) Dfpncr003;2Lflies, showing that the ultrasctructure
of the cardiomyocyte myofibrils is comparable begwevild type angpncr003;2Lnull
flies. Mitochondria (m), A bands, | bands, and 2cdiare indicated. Scale bar: b
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2.2- Recordings of live beating hearts show that Df pncr003;2L flies display
arrhythmic heart contractions.
Since the morphology afncr003;2Lexpressing muscles, whether IFMs or cardiac

muscles, seems normal, and since the peptides eth@othis SmMORF gene localise to
the dyads, | have hypothesised that they may hagsiological function. In this
case, the phenotype of these mutants may beconaeeaypif one focuses on how the
muscles function, rather than on how they lookaAsst approach to assess muscle
contraction, | used a method previously describetie literature, used to record the
endogenous contraction patterns of living heamparations, which can essentially
provide an indication of cardiac muscle functiof,27,29]. The power of this method
is that because such patterns, in these prepasatiom generated by the endogenous
activity of the heart, through pacemaker cells tedat the caudal end of the heart, and
in the most anterior of the heart chambers, knosvtha conical chamber [80], these
patterns can be recorded without the need to sehwgdectrophysiology setting to
stimulate the muscles. The method consists of clisggthe flies in order to expose the
contractile cardiac tube, while these are bathexkygenatedrosophilahemolymph
saline [29]. In these conditions, it has been regabthat the heart can remain beating for
several hours after dissection —provided the saaietion is regularly replaced with
fresh one [27,29]. In order to obtain this preparatthe abdomen of the fly is isolated
from the rest of the body, thereby removing all poments of the central nervous
system. The ventral abdominal cuticle, gut andéaty are then carefully excised in
order to expose the cardiac tube. The removaleotémtral nervous system is
important, because unlike the myogenic, innervatier larval heart, the adult heart is
not entirely myogenic; it is innervated by Glutaergic nerve terminals, which have
been shown to be responsible for a phenomenon kasweardiac reversal, by which
the peristaltic heart contractions which occur raliynfrom the posterior to anterior
ends is reversed [81]. By removal of CNS input ¢h&smi-intact preparations therefore
allow us to study the intrinsic contractile acywvif the heart [27]. After dissection to
expose the heart, video recordings are then takemthese semi-intact preparations
and used to produce a time-space-plot, also kn@kymograph, which gives an
account of the heart contraction patterns overséabéished period of time (of 20

seconds, for all the recordings presented in tloik)(Figure 5.2 A and B).
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Interestingly, the kymographs from wild-type abfipncr003;2Lmutant flies show a
very striking difference: The latter appear to preasrregularities in the period lengths
of their heart contractions, contrasting with tegular contraction patterns of wild-type
flies (Figure 5.2 A and B). Arrhythmic heart comtiians inDrosophilahave previously
been described using a similar method, for mutaitise gene coding for the potassium
channel alpha suburtftCNQ1homologue [27]. In that case, the arrhythmic béhav
was quantified using a parameter called “arrythiyicidex”, which divides the
standard deviation of period lengths, by the peleogjth median. Using this same
metrics, a significant difference was observed ketwwild-type angncr003;2Lnull
flies, which present an arrythmicity index two-fdalthat of wild-type hearts (Figure 5.2
D). These arrhythmic events do not seem to affexowerall heart frequency (Figure
5.2C), which remains very similar between wild-tygred mutant hearts. Another
parameter that can be obtained from these videwdsws is the fractional shortening
of the heart, which assesses the contractility lniéipas of the cardiomyocytes by
taking into account the difference in diameter lestwthe most relaxed state (diastolic
diameter) and the most contracted state (syst@imeter) of the heart. The hearts of
pncr003;2Lnull mutants and wild-type flies also showed rgndicant differences in
fractional shortening, indicating thpihcrO03;2Ldoes not have a major effect on the
contractility of cardiac muscles (Figure 5.2C). briantly, the increased arrythmicity
was not observed with either of the two deficieadheat give rise to thBf pncr003;2L
when these were assessed as heterozydotesdy 6 /+,andDf(2L)12 /+).These
resultsshow that the observed arrythmicity is specificatiguced by the synthetic
homozygous deficiencf pncr003;2L,which completely removepncr003;2L

(Figure 5.2 D). Because of the previously descrilele affectingvihc™2%¢
associated with the deficien®f y-ray 6,it was necessary to rule out that this
arrhythmic phenotype may be influenced by sucHalléis important to point out,
however, that such an effect would seem unlikebalise that particulavhc allele is

clearly recessive and seems to be specific toentitight muscles_(Chapter )V
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Figure5.2: The heartsof Df pncr003;2L mutants present heart arrhythmias. (A)
Diagram representing the dorsal cardiac vesséle@rabdomen of adult flies, showing
the abdominal segment where measurements were, @kestill frames of a video
recording of wild-type hearts with the heart iniastolic, relaxed state, (left) and in a
systolic (contracted) state. (B) Kymographs showirepattern of heart contractions
for wild-type andDf pncr003;2Lmutant heart2ncr003;2Lnull hearts show irregular
periods, some being abnormally long(asterisk). Ara heart period is indicated
(green). (C) A quantification of heart frequencyldractional shortening show no
significant difference between wild-type amacr003;2Lnull flies regarding these
parameters. (D) A quantification of the arrythmjditdex (standard deviation of heart
period / heart period median) shows thiatr003;2Lnull flies present a significantly
higher arrythmicity than wild-typéies, as determined by a two-tailed Mann Whitney
statistical test,( U=202, p<0.005). No significdifference was detected in either of the
two deficienciesDf(2L)12,andDf y-6) that generat®f pncr003;2L when tested as
heterozygous. n=15-20 flies per genotype.
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In order to determine whether the arrhythmic phgmeis independent from the
heterozygousihc allele, the same arrythmicity analysis was repkatiegh homozygous
Df(2L)12flies carrying the genomic rescue 0631739 (Df(2L)12,gCG3173%nd a
Df pncr003;2Lfly, which carries the male recombinddity-ray 6 chromosome free
from theMhc %?®®allele CG17928°°"%*' Df y-ray 6 / Df (2L)12) In both cases, very
similar arrythmicity indeces were observed as lier ariginalDf pncr002;2L,which
confirms that thevihc?®®allele is not involved in this phenotype (Figur8 B and B).
Furthermore, when an RNA interference constructifipgo pncr003;2Lis expressed
in muscles with th®&mef2-GalL4driver, which effectively reduces the expressibn o
pncr003;2L(Figure 5.3 C)a very similar level of arrythmicity is observeBigure 5.3
A and B). This result shows that the loss of fumtidf pncr003;2Litself seems to be at
the origin of this arrythmicity, which is importamonsidering that all of the above
mentioned genomic deletions also remove two otkeeg CG13282 andCG13283

which could also be responsible for the phenotype.

2.3- pncr003; 2L rescuesthe arrythmicity phenotype
If the arrhythmic cardiac contractions presentedheyDf pncr003;2Lsynthetic

homozygous deletion and the different genetic ttars described above are
exclusively due to the loss of functionmicr003;2L,it would be expected that this
particular phenotype would be corrected by restptire expression gfncr003;2Lin
the Df pncr003;2Lmutant background

To test this, | generated a series of constructgded to induce the expression of
different versions opncr003;2L, all under the control of the UAS promoter, and all
used to generate transgenic flies with the Phi@84grase mediated system [40], with
which all transgenic constructs are inserted enshime specific site within the genome.
This site specific trangenesis method ensureshlbatxpression of these different
constructs is not influenced by any positional @8d440], therefore any functional

difference between them can be attributed to tiereaf the construct itself.

One of these constructs, called simphcr003;2L,expresses the AB isoform, carrying
both ORFs A and B (see Chapte).IlThis construct was obtained by cloning the
RE28911 cDNA into theUAStattB vector, and represents the full length version of
one of thepncr003;2Ltranscripts, as endogenously expressed in the &edrsomatic

muscles. Another construct, carries a version ®fstime AB isoform in which a
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frameshift has been introduced in both ORFs A arfdr8r003;2L FS) This transcript
was obtained bge novacustom sequence synthesis (by Eurogentec), withithef
using it as a control, in order to distinguish wiestthe function of thpncr003;2Lgene
is carried out by its two encoded peptides, whosma acid sequences have been
completely lost because of the frameshift, or lyRINA transcript itself, whose
sequence remains relatively intact since only ageuwt mutations were required to
create the frameshifts (Annex 3). When expresseéldeiimuscles dbf pncr003;2L
mutantflies using theDmef2-GalL4driver, thepncr003;2Lconstruct rescued the
arrythmicity to wild-type levels. On the other hatitepncr003;2L FSonstruct or the
expression of th®mef2-GalL4driver on its own had no effect on the mutant

arrythmicity phenotype (Figure 5.4A and B).

These results show that the arrythmicity is dutaéoloss opncr003;2Land, more
specifically, due to the loss of its peptide segesnUsing a heart specific driver
(tinman-Gal4, which is expressed exclusively in the contraatérdiomyocytes
[82,83] instead of the pan-muscular driiamef2-GalL4also rescues the phenotype
when used to drive thencr003;2Lconstruct, but fails to do so with tpbecr003;2L FS
construct (Figure 5.4B). This indicates that thection of thepncr003;2Lis required
specifically by cardiac cells, which | have showrekpress thpncr003;2Ltranscripts
(Chapter 11). Although thepncrO03;2LAB transcript carries both ORF A and ORF B,
it was shown in Chapter |lthat this transcript does not seem capable gfcigilonic
translationin vivo. This suggests that, in this case, pimer003;2LORF A peptide on its
own, would be responsible for the observed resmoe that this one peptide would

therefore be sufficient to convey the functiontw pncr003;2Lgene in this context.

In order to test this and also to assess fundtipeach peptide, two more constructs
carrying only one of the two ORF sequences eacle generated. These two
constructs, callegncr003;2L ORFAandpncr003;2L ORF Bonly carry the fragment
of the transcript corresponding to the ORF sequéntading a stretch of some 100 nt
upstream of each of them, which includes theilogedous translation context.
Interestingly, either of these two constructs waficent to rescue the arrhythmic
phenotype (Figure 5.4B), indicating that, at leaghis specific context, both ORFs
convey a very similar function. Furthermore, eatthe N-terminal FLAG-
Hemagglutinin tagged peptides constructs (FH-OR#hd FH-ORF-B), also rescue this
phenotype (Figure 5.4B), which not only confirmatthoth peptides are functionally
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equivalent, but also proves that the N-terminal B=Hemagglutinin tag does not affect
the function of the peptides and therefore thastitgellular localisation, in the dyads

of the muscle cells, reported by these constrac@hiapter lllis probably genuine.

Since the results obtained so far indicate thatabe of function opncr003;2Lresults

in heart arrythmicity, | assessed whether the exoéfunction of these peptides would
have any effect. Surprisingly, when expressedvildtype background both peptides,
ORF A and ORF B, also give rise to an arrhythmileawéour, similar to that observed
with pncr003;2LIoss of function (Figure 5.5A and C). In this casmilarly as with the
rescue experiments, no significant increase inttammcity is detected when a
frameshift-carrying construct is used in the sam&ldions of ectopic expression
(Figure 5.5A and C). The other parameters assésséluke pnrO03;2L loss of function,
such as frequency and fractional shortening, asosunaffected by over-expression of
either peptide, with respect to thecr003;2L FScontrol line (Figure 5.5B). These
results indicate that either loss or gain of fumetdf thepncrO03;2Lpeptides result in
heart arrhythmias, suggesting that the processrihalves these peptides is sensitive to

their dosage.
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Figure 5.3: Thearrhythmias presented by Df pncr003;2L are specific to

pncr003;2L and independent from the Mhc™ %%

allele. (A) Kymographs showing the
pattern of heart contractions in wild-type flie®r{R), flies expressing ancr003;2L
RNAiconstructin muscles, usin@mef2-Gal4as a driver, and in the two null
conditions forpncr003;2Lfree of theMhcd *?®%llele (Df(2L)12, gCG31739 and
Df(2L)12 / KG7247, D§-6 ). Similar irregular heart periods, as thossenbed in
Dfpncr003;2L ,are displayed by the RNAIi expressing line, andhgyttvo null
conditions fopncr003;2Lfree of theMhc **®%llele, showing that this phenotype is
specific to the removal of thencr003;2Llocus. (B) A quantification of the arrythmicity
index between these genotypes shows thatribed03;2L RNAknock-downand the
(Df(2L)12, gCG31739 and Df(2L)12 / KG7247,1586 ) pncr003;2Lnull conditions
present a significantly higher arrythmicity tharidsiypeflies, as determined by a two-
tailed Mann Whitney tesfU=57, p<0.005,), (U=46, p<0.05) , and (U=9, p<@)p0
n=10-15 flies per genotype. (C) Semi-quantitatiieRCR on mRNA extracts of whole
flies, showing that the expressionprfcrO03;2Lis visibly reduced by the expression of

thepncr003;2L RNAtonstruct (using the same primers as in Figure 4.2C
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Figure 5.4: The arrhythmias presented by Df pncr003;2L are corrected with
different pncr003;2L expression constructs. (A) Kymographs showing the pattern of
heart contractions iBf pncr003;2Lflies expressing, in muscles, eithgpracr003;2L
rescue construcDf pncr003;2L, Dmef2>pncr003;21.pr the frame shift carrying
pncr003;2L-FScontrol Of pncr003;2L, Dmef2>pncr003;2L FSYhe heart
arrythmicity phenotype observedDf pncrO03;2Lmutants is corrected in flies
expressing thencr003;2Lrescue construct, but not in flies expressingotner003;2L -
FScontrol (B) A quantification of the arrythmicity index she that the flies
expressing thencr003;2Lrescue construct have a significantly lower arrytity
index tharDf pncr003;2Lmutants (U=160, p<0.05), whereas flies exprestgiag
pncr003;2L FSontrol construgtor carrying thedmef2-GaL4driver but no UAS-
expression construct have no significant effece &rythmicity is also significantly
corrected irDf pncr003;2Lflies expressing constructs carrying only the ORBAQORF
B sequences, tagged with the N-terminal FLAG-Herhaggn tag Of pncr003;2L,
Dmef2>FH_ORFAandDf pncr003;2L, Dmef2>FH_ORFBpr not (Df pncr003;2L,
Dmef2> ORFAandDf pncr003;2L, Dmef2> ORFB)JU=103, p<0.05,), (U=97,
p<0.05,) , (U=61, p<0.05) , (U=110, p<0.005), edjvely. (C) The arrythmicity is
significantly corrected by using thimman-Gal4cardiac specific driver instead of the
pan-muscle drivebmef2-GalL4to express thpncr003;2L rescue construcDf
pncr003;2L, tin>pncr003;2L)as determined by a two-tailed Mann Whitney staast
test, ( (U=105, p<0.0005) but not the th@ncr003;2L FSontrol constructf
pncr003;2L, tin>pncr003;2L)n=15-20 flies per genotype.
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Figure5.5: pncr003;2L excess of function also leads to heart arrhythmia. (A)
Kymographs showing the pattern of heart contrastiarflies expressing, in muscles,
either thepncr003;2L FScontrol constructlmef2>pncr003;2L FS)or the constructs
expressing eithepncr003;2L ORFA(Dmef2> pncr003;2L ORFAQr pncr003;2L
ORF B (Dmef2> pncr003;2L ORFB)The over-expression of either thecr003;2L
ORFA or pncr003;2L ORFBonstructs in a wild type background, leads toydinmic
heart contractions, this is not the case whendhstcuct is expressed in the same
background. (B) A quantificatiopncrO003;2L FScontrol of heart frequency and
fractional shortening show no significant differeretween the flies over-expressing
the pncr003;2L FScontrols and the flies expressing fivecr003;2LORFA and ORF B
transcripts, regarding these parameters. (C) Atification of the arrythmicity index
shows that the flies expressing frecr003;2L ORFAr ORFBconstructs have a
significantly higher arrythmicity index than witgpe flies, as determined by a two-
tailed Mann Whitney statistical test,( (U=52, @3%), (U=108, p<0.05), respectively,
whereas flies expressing thacr003;2L FSontrol constructhave no significant

effect. n=15-20 flies per genotype.
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2.4- pncr003; 2L mutants present abnormalitiesin their intracellular action
potential recordings.
Data obtained by Jeremy Niven [33], who performedbaicellular action potential (AP)

recordings of cardiomyocytes in tBé pcncr003;2L mutant lines in order to assess the
physiological features of these cells, show thaséhmutants present specific
abnormalities in their action potential patternijlesthe wild type recordings show
uniform patterns of APs, the mutant recordings domes show failed APs, and often
show APs with a “double peak” appearance (FiguB&pb.Interestingly, these
abnormalities are not presentli pncr003;2Lanimals expressing thencr003;2L
rescueconstruct, mirroring the results described abovemdissessing the cardiac
arrhythmias. By quantifying the data provided bsedey Niven, | could show that the
incidence of double action potentials is in faghdicantly higher inDf pncr003;2L
mutant hearts than wild type, or thamimcrO03;2Lrescued hearts (Figure 5.6B). The
heart failure events do not have a significanttyhler incidence in the mutants because
of the high variability of these events (Figure@)6which is reflected by a significantly
different variance between mutant and wild-typearais regarding these particular AP
failure events. Similar to what has been observigld thre heart contraction video
recordings, the mutant condition showed no diffeesnn AP frequencies compared to
wild type flies (Figure 5.6 D). No differences wereserved in AP amplitudes either
(Figure 5.6E). These results suggest that individaediomyocytes, with their
abnormalities in AP patterns, reflect the arrhythiehaviour observed when assessing

the heart as a whole organ.
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Figure 5.6: pncr003;2L mutants have abnormal action potential patterns. (A)

Sample traces of intracellular recordings, courtdsy.E. Niven, from adult
cardiomyocytes of wild-type (greerDf pncr003;2L(red); andDf pncr003;2L
expressing thepncr003:2Lrescue construcDf pncr003;2L, Dmef2>pncr003;2L)
(blue), showing thabf pncr003;2Lflies have defects in their action potential paise
which are corrected by the expressiopoér003;2L.Arrows indicate “double” action
potentials (AP). Arrowheads indicate failed actpmtentials. Grey dashed line indicates
resting potentials. A sample peak from each tranddrlined) appears magnified. (B-C)
Quantification of action potentials from intracddlurecordings, showing average
percentage of action Potentials (APs) with the timpleak phenotype (B) and the
percentage of failed APs per cell (C). The peragntat double APs is significantly
higher inDfpncr003;2Lmutantsas assessed by a one-tailed Mann-Whitney U test, th
in wild type (U=14, p<0.005), and thanipncr003;2Lflies expressing the
pncr003;2Lrescue construct (U=7, p<0.008). Although the ddfee in number of
failed APs betweeDf pncr003;2Land the other genotypes is not statistically
significant according to a Mann-Whitney U test, do¢he high variability of the
phenotype; an F-test shows that the differencaiiance is statistically significant
(F=20.42, p<0.0001). Thus, failed APs are rareild-type but they do appear
erratically inDf(2L)scImutants. (D-E) No significant differences in neitfrequency

(D) nor action potential amplitude (E) could be etved between these genotypes. n =

8-16 cells per experiment.
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2.5- pncr003; 2L influences calcium levels during heart contraction.

Having identified thapncr003;2Lnull flies have a defect in their heart contraction
patterns, the next step in the functional char&agon of this gene would be to identify
the underlying cause of this cardiac arrhythmigChapter Il | showed that the
pncr003;2Lpeptides localise to the dyads in indirect flighistles and cardiac
muscles. As explained in that chapter, the dyagls.atructure at the centre of the
muscle contraction process. This structure regsilde release of Gafrom the
sarcoendoplasmic reticulum into the cytosolic spadech is necessary to trigger the
conformational changes upon its binding to Tropddiof the Troponin-Tropo-myosin
complex. This binding leads to the exposure of rimybsding sites on the actin
filament, necessary for the acto-myosin interact&sulting in muscle contraction.
Given the localisation of thencr003;2Lpeptides to that particular structure, one could
hypothesise that these peptides may have a rafeiregulation of Ca during heart
contraction. In order to test this possible invahant of thegpncr003;2Lpeptides in the
C&"* cycling process, | took advantage of the genkyiemcoded C# reporter G-
CaMP3 [84], a chimeric fusion of the GFP and'Galmodulin (CaM) proteins, which
acts as a fluorescent indicator ofCan its C&" free form, this chimeric protein has a
conformation, which interferes with the chromophdoenain of GFP, leading to a poor
fluorescence signal, but in the presence 6f Ghe conformational change of the’Ca
bound CaM restores the chromophore domain of GFljmg to a significant increase
in fluorescence signal [85]. | used the living higaeparations described above, in
combination with the G-CaMP3 reporter, to compae€&* -dependent fluorescence
signal, or C&' transients, between wild-type apdcr003;2Lnull flies during heart
contraction (Figure 5.7). This approach is simitathat used to measure“aandling
during heart contraction by Liet al.[34]. The main differences between the approach
implemented here, and the one previously reporyedrbet al, is that here confocal
imaging instead of epifluoresence, is used to aedune lapse series taken at 16.6
frames / second (fps), which although slower tien1t00fps obtained by Liet al, is

still sufficient to sample the contraction eventsurring at 1-3 Hz. Also, and most
importantly, here | use the G-CaMP3*Caeporter, which is significantly more
sensitive, and yields less background noise thaiGiiaMP2 indicator used by Lét

al. [84].
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The comparison between € adependent fluorescence recordings from wild-tpe
Df pncr003;2Lheartsin which GCaMP3 was expressed with the muscle Bpeci
Dmef2Gal4driver, shows that the Gatransients opncr003;2Lnull hearts have a
significantly wider amplitude, and steeper decantiwild-type (Figure 5.7A). These
results indicate thgincr003;2Ldoes indeed have a role in the regulation of caiciu
cycling during heart contraction. In order to pdoerage values of intensity over time
for these transients, and because every heart inaigj@e beating frequency, for each
peak, | focused on the decay phase, normalisingubegion of the signal in relation to
the maximum intensity value (representing thgitne point) and the lowest basal value
(representingibos). By focusing on the decay phase it was possibfit & 2 order
polynomial curve to the data points of each pedkclwvwere initially differentially
distributed across the time axis, in order to abthécay phase curves with the same
data points for each peak, which can now be avdréggure 5.7 B). Following this
procedurePf pncr003;2Lhearts show a calcium transient amplitude whicinsost
double that of wild-type hearts (Figure 5.7C).

A very similar difference in calcium amplitude,dadecay can be observed between the
Ccd " transients obf pncr003;2Lheartsexpressing the UABncr003;2Lrescue

construct, and those Bff pncr003;2Lheartsexpressing the UA$ncrO03;2L FS

control construct (Figure 5.8A), showing that therement in amplitude of the €a
dependent fluorescence signal, like the arrhythphenotype, depends on the
expression opncr003;2L.In line with these results, when thecr003;2L ORFAor the
pncr003;2L ORFBRonstructs are over-expressed in a wild-type baxkut, the

calcium transients observed during heart contractfmow the opposite effect to that
observed with th®f pncr003;2Lmutants. The calcium transientspofcr003;2L ORFA,

or pncr003;2L ORFRexpressing hearts show significantly decreaseglitude when
compared with the transients of hearts expressiegricr003;2L FSontrols (Figure
5.8B). Overall, these results show that in agre¢mwih their subcellular localisation in
the dyads, thencr003;2Lpeptides have a physiological role in the regutatd

calcium cycling during the contraction of cardiaasules, with the loss of function of
these peptides increasing the amounts of calcileased upon contraction, and their
excess of function reducing it. In these experimgnbth the loss and excess of function
of thepncr003;2Lpeptides, and therefore either higher or lowen tharmal amounts of

calcium released upon muscle contraction, have sleewn to produce arrhythmic
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heart contractions, therefore, it could be hypsiged that the regulation of calcium
needs to be tightly regulated in order to ensuealiigthmic contractions observed in

wild-type hearts.
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Figure 5.7: pncr003; 2L null mutants present Ca2+ transientswith higher
amplitudes during heart contraction. (A) Sample fluorescence confocal images of
GCaMP3 expressing hearts in systolic states, lzgid ¢orresponding traces, showing
raw calciumAF/FO fluorescence intensities from 10 second rengsy for wild-type
control hearts@mef2>GCaMP3) andf pncr003;2Lhearts Dfpncr003;2L,
Dmef2>GCaMP3), showing thaincr003;2Lnull hearts have calcium transients with
higher amplitudes. (B) Each peak was normalisedlation to its decay phase,
normalising the duration of the signal in relattorthe maximum intensity value
(representing thed,time point) and the lowest basal value (represgrtig.). By
focusing on the decay phase it was possible @i order polynomial curve to the
data points of each peak, which were initially eliintially distributed across the time
axis, in order to obtain decay phase curves wighstime data points for each peak,
which can now be averaged . (C) Averaged G-CarlymBdscence signals of calcium
transients normalised as in (B), and plotted iatreh to the wild-type average
maximum signalDf pncr003;2L hearts show significantly higher calcium transient
amplitudes than wild type hearts, as determingd two-tailed Mann Whitney
statistical test, (U=7, p<0.005,**), n=10 fliesrggenotype.
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Figure 5.8: mutant rescues and over -expression effect of pncr003;2L in calcium
transients. (A-B) Averaged GCaMP3 fluorescence signals of @ansients
normalised as in Figure 5.7B, and plotted in refato the wild-type average maximum
signal. (A)Df pncr003;2L;GCaMP3flies expressing thpncr003;2Lrescue construct
(Df pncr003;2L, Dmef2> pncr003;2hearts show significantly reduced calcium
transient amplitudes, similar to those of wild tyyparts, compared ©f pncr003;2L;
GCaMP3mutantsexpressing thencr003;2L FSontrol construct®f pncr003;2L,
Dmef2> pncr003;2LFS), which have relative amplitudes comparable todhusserved
in Df pncr003;2L mutants. Statistical significance was determined lbyo-tailed

Mann Whitney statistical test, (U=5, p<0. 05), n#ll€s per genotype.

(B) over-expression of thencr003;2L ORFAandpncr003;2L ORFBconstructs in a
GCaMP3 genetic backgroundrgef2> pncr003;2LORFA and Dmef2>
pncr003;2LORFB show significantly reduced calcium transient dtages, compared
to flies over-expressing thencr003;2L FSontrol construct in the same genetic
background Df pncr003;2L, Dmef2> pncr003;2ES) Statistical significance w as
determined by a two-tailed Mann Whitney statisttest, (U=1, p<0.005), (U=5,
p<0.05). n= 8 t010 flies per genotype.
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3. Discussion:

In this chapter, through the use of the adult hesd system to study the effects of
pncr003:2L,| provide experimental evidence showing that the Sm@®RFs encoded in
thepncr003;2Lgene, have a function in the regulation of Ga cardiomyocytes. |
have shown here that thacr003;2Lnull mutants, generated in Chapter, pfesent
heart arrhythmias, and calcium transients whickelgagnificantly higher amplitudes

than wild type heart.

Throughout the work presented here, a strong engphas been placed on showing
that these abnormalities, in heart rhythm an#f @ansient amplitudes are due to the
lack of function of thgncr003;2Lgene itself, and more specifically to the peptites

encodes.

First of all, | show that the heart morphologypoicr003;2Lmutants, which was
analysed at the whole organ, and at the ultratstraidevel, is comparable to that of
wild type flies, indicating that the origin of tlaerhythmias is physiological rather than
morphological, which fits well with the phenomengjodescribed throughout this thesis
for thepncr003;2Lgene and most particularly with the localisation of éscoded
peptides to the dyads. | show that the arrhythm&so independent of the recessive
Mhc%**%3]lele described in the previous chapter of thésth, and present, in an
heterozygous condition, in tizf pncr003;2Lnull condition, since neither thghc™2°%
-carrying deficiencyDf y-6, nor the deficiencypf(21)12, used to generate tid
pncr003;2Lnull condition, produce the arrythmicity phenotygseheterozygous. In line
with these results, and showing that these pheretgpe not due to any sort of genetic
interaction between pncr003;2Lnull condition and theMhc™**%llele , the twdVihc
FO20%free, null conditions fopncr003;2L(the CG17928%°"24" Df y-ray 6and

CG31739 (Df(2L)12,gCG3173%As well as the strong reduction of gner003;2L
expression by means of the RNAi knock-down, shaavsidime arrythmicity a3f
pncrO03;2L.

The major proof of specificity comes from the gémetscues of the arrythmicity and
c&* transient phenotypes by the differencr003;2Lconstructs generated in this work.
| have shown that the expression of imer003;2Lconstruct, in either all muscles, with

theDmef2-GalL4driver, or specifically in hearts, with thie-GalL4driver, is sufficient
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to rescue the arrythmicity phenotype. Showing bwh, the heart arrhythmias, and the
function ofpncr003;2L, are linked to the intrinsic function of tliemanexpressing

cardiomyocytes, where the expressioptrO03;2Lis detected.

This system, in which a phenotypic rescuephgr003;2Lis possible, allowed me to
prove that the function gdfncr003;2Lis conveyed by its encoded peptides and not by
thepncr003;2LMRNA itself, as shown by the lack of rescue —orresgpression
phenotypes— when using the frame-shift carryingstmect oncr003;2L FS)in which
only the smORF sequences are disrupted by a festpairchanges in the nucleotide
sequenceFurthermore, this system allowed me to individuégist the function of each
of the ORFs encoded by tpacr003;2Lgene This was particularly interesting as the
extensive similarity between these peptides apgearsntrast with the tissue-specific
expression patterns of some of the transcriptsatngahem, as has been described in
Chapter 1] and therefore the question of their functionaliealence remained open.
My results favour the hypothesis that both of teptles encoded by this gene have an
equivalent function, at least in this specific @t since they were both able to rescue
the mutant arrythmicity and €atransient phenotypes, and to induce the same over-
expression phenotypes. Importantly, | also show tieait the FH-tagged peptides are
able to rescue thencr003;2Lnull phenotypes as well, proving that the tag doss
interfere with their function, and therefore shogvthat the subcellular localisation they

reflect is unlikely to be artifactual.

Regarding the effects generated by the lack, cesxof function opncr003;2L the
fact that these two conditions have the opposfecebn the amplitude of the €a
transients, and therefore in the?Cdynamics during heart contraction, clearly potots
a regulatory role of thencr003;2Lpeptides over the aycling process. However,
the relationship between the misregulation in caccycling, by either the lack or
excess of function gincr003;2L,and the observed arrhythmias is far from clear. One
hypothesis could be that these two phenomena ae¢ated, with theoncr003;2L
performing two distinct functions, one in C.aegulation and another in the
maintenance of heart rhythm by a different mechmanfwever such a hypothesis
would still not explain that the same arrhythmiepbtype is produced by both the
excess and lack of function phcr003;2L On the other hand, because there is
evidence that the regulation of intracellula®Qavelsin vertebrate cardiomyocytes

plays an important, and even essential, role imtaaiing heart rhythm, by triggering
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and regulating different ionic currents [86,87,88)e hypothesis that iDrosophila,

the concentration of Ganeeds to be tightly regulated in order to maintaerhythmic
contractions observed in wild-typearts, seems more plausible. Indeed, there is also
evidence irDrosophila,that disruption of CZ levelsin the heart produce arrhythmias
[89]. In a way, the electrophysiological recordirgsntracellular action potentials,
provided by Jeremy Niven, which clearly show tmatividual mutant cardiomyocytes
have action potentials with significant abnorma$tcompared to wild-type —or mutant
flies expressing the rescue constructs— is inwitk this hypothesis since the action
potential of the cell is intrinsically linked todhonic currents, which in vertebrate
cardiomyocytes seem to be largely influenced by Catherwise, these results provide
another source of evidence, showing that the geestihat present arrhythmias, also
present a severe intracellular derangement whittkeily to be linked with the observed

misregulation of calcium.

Overall, it can be concluded that this work hagatizrised th@ncr003;2Lgene and
the peptides it encodes, as regulators of cardidtagcling in Drosophila
melanogasterand has linked this misregulation with heart atnhyi&s in the Fly.

These results not only show that fireer003;2LsmORFshave an important function
in flies, highlighting the importance of SmMORF geme general, but also contribute by
bringing forward thédrosophilaadult heart, and this particulpancr003;2Lmediated
Ccd" regulation system, as a possible model to stindyrelation between &a
misregulation and heart arrhythmias, and therefmmntribute to our understanding of
heart disease.



152

Chapter VI - Identification of the
pncr003; 2L smORF as a functional
homologue of the vertebrate Sarcolipin /
Phospholamban family of regulators of
the sar coendoplasmic reticulum
Ca2+ATPase (SERCA).

1- Introduction:

I have shown, in the previous chapter of this thdbiat either the lack of function, or
the over-expression, of tpecr003;2Lpeptides result in abnormal €aynamics

during heart contraction, and in heart arrhythmliasccordance with the previous
observation that thencr003;2Lpeptides localise to the dyads, where the extruash
uptake of C& during muscle contraction and relaxation occueséhphenotypes clearly
indicate thatpncr003;2Lhas an effect on the regulation of °Caycling in cardiac
muscles. However, the molecular mechanism by wthishregulation takes place

remains to be determined.

The identification of the functional context of arge could be achieved by means of a
genetic interaction screen, in order to identify genes that, in a haploinsufficient or
over-expressed condition, interact withcr003;2L,by suppressing or enhancing the
pncr003;2L associated phenotypes. Before considering suemetig screen for the
characterisation of the functional contexipoicr003;2L,and keeping in mind that this
work should ultimately serve as a case study ferftimctional characterisation of
smORFs, | explored the possibility of using an htwmgy search approach, which could
be applied in a more general way to other smORRFis. dpproach is based on standard,

and modified BLAST searches, as well as on theasse novel and powerful remote
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homology search engine (PHYREZ2) [30], which perfeeomparisons of predicted
secondary structures, as well as sequence simpjlaribrder to search for other
peptides, or protein domains, sharing some homolatythepncr003;2Lpeptides,

and whose function may already be characterisadsitah an approach, the very
specific localisation and function of tipacr003;2Lpeptides identified so far, represent
a way to narrow down the list of possible homolagteegenes with similar
characteristics. The identification of such homaleg would provide an insight into the
functional context opncr003;2L,and the basis for experimental wpitk order to

validate the homology.

An extended homology search of this kind const#ubg itself, an important part of the
characterisation of thencr003;2Lgene, by determining the extent of conservation of
this smORF gene, which so far, is only known ta@beserved ilbrosophila

pseudoobscura [24].

In this chapter, through this extended sequenceotomy search, | describe the
identification of the 30aa peptide encodedshycolipin (sIn)as a possible homologue
of pncr003;2L. Interestingly sln acts as a regulator of the sarcoendoplasmft Ca
ATPasein vertebrate muscles. | provide evidence suppottirs homology by
identifying intermediate homologues between the &iandDrosophilasequences,
and use the functional assessment methods desanil@whpter Vto provide further
evidence supporting the functional homology betwiepncrO03;2Lpeptides and the

Sarcolipin / Phospholamban family of calcium reguis.

2- Results:

2.1-A BLAST sear ch identifies homologue sequences for pncr003;3L in dipterans.

In the general introduction of this thesis, | hai&ussed how most bioinformatics
methods, are generally ill-suited to dealing wite sequences of small peptides. These
difficulties are exemplified by the use of basicdbalignment tools (BLAST) in order

to identify possible homologues fpenr003;2L In the original paper describing
pncr003;2Las non-coding [24], it was shown thgbracrO03;2Lhomologue exists in
theDrosophila pseudoobscugenome, because a probe specific tontleéanogaster
gene sequence hybridises with specific targetsuthern blots anth situ hybridisation

experiments ipseudoobscurtissues. However, no homologues for this SmORF gene
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were identified for its peptide sequences using AST search with standard
parameters, in which the peptide sequences areiuseskarch for translated
nucleotides (tBLASTn), from EST databases thatideltheDrosophila
pseudoobscurenRNA sequences (Figure 6.1A). In order to imprdwedetection of
homologues with tBLASTn, | modified the search pagters to better suit the
alignment of small sequences: | chose the PAMe&Btgution matrix instead of the
standard Blosum-32 matrix, following the recommeiwtes for sequences <35 aa long,
provided by the provisional table of recommendduakstution matrices from the NCBI
BLAST help web-site (http://www.ncbi.nlm.nih.govésit/html/sub_matrix.html), and |
relaxed the search parameters. This relaxationeoparameters was achieved by
increasing the expected threshold of matches adgmrely by chance from 10 to
1000, and by removing compositional adjustmentlamdcomplexity region filters.
With such optimised parameters it was possiblééeatify similar amino acid
sequences for these peptides in most Drosophifidiifling Drosophila
pseudoobscuragnd other dipterans, including other fly specfgébésina moristanand
Sarcophaga crassipalpighd mosquitoesAedes Aegipty, Anopheles gambiaag
Armigeres subalbat(gFigure 6.1A). In all of these cases, the confideotthe
sequence similarity between thecr003;2Lpeptides and these hits is high (most
having e-values of aroursd °¢), and therefore homology between these sequences is
quite likely. Furthermore, because the search was th EST databases, it was
possible to verify that the mMRNA sequences of thtsedid not contain other larger
ORFs, and that the hits themselves correspondsaiatl ORFs of similar sizes to the
pncr003;2Lpeptidesindicating that these atona fidlesmORF homologue#lthough
these results expand the conservatiopmafr003;2L,from what has so far been
described (with the most distant homologue fourfdreethis search, being that in
Drosophila pseudoobscuranone of the putatively homologous sequencedifiksh
have any functional annotations, which could heilih whe characterisation of the

molecular function of thencr003;2Lpeptides.
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Figure 6.1: Initial analysis of sequence conservation and structur e of the
pncr003;2L peptides.

(A) Results of the tBLASTn searches, usingpher003;2Lpeptides on EST databases,
using either standard parameters (Blosum-32 mdxpected threshold of matches
obtained purely by chance of 10, using compositiadaustment and low complexity
region filters), or maximally relaxed parameter8NMR30 matrix, Expected threshold of
matches obtained purely by chance of 1000, remosamgpositional adjustment and
low complexity region filters). The use of standpetameters identifies no
homologues, whereas relaxed parameters identifyolagues confined within the
Dipterans. Amino acid colours reflect hydropholyidivith red the most, and blue the
least hydrophobic residues). (B) Different se@mgdstructure prediction algorithms,
from a web-base secondary structure prediction(tugb://npsa-pbil.ibcp.fr) predict an
alpha-helical secondary structure for grer003;2Lpeptides. h: helical structure , c:

random structure.
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2.2- Theincorporation of secondary structure comparison, using the PHYRE2
homology sear ch engineidentifies the vertebrate sarcolipin snORF as a putative
homologue for pncr003;2L .

Interestingly, thgoncr003;2Lpeptides and their homologues have a highly hydsbjgh

amino acid constitution, rich in Phelinalanine (Bpleucine (), Leucine (L), Alanine
(A) and Valine (V) residues (Figure 6.1A). | testeldether such an evident bias in the
nature of the amino acids constituting these peptiday convey a particular secondary
structure, using a web-based bioinformatics seagrgtaucture prediction tool
(http://npsa-pbil.ibcp.fr). For each of thacr003;2Lpeptides, this software produces
ana-helical secondary structure prediction with dilthe algorithms used (Figure
6.2B). Such a hydrophobie;helical structure, along with the 28 and 29 ananml
sizes of these peptides, is reminiscent of thestrembrane domains of membrane-
bound proteins, which are often hydrophadoikelical structures themselves, of about
20 amino acids. Such a structure would be congist#h the membrane bound
subcellular localisation described so far for thesptides (Chapter )i

This prediction of ai-helical secondary structure for thecr003;2Lpeptides allowed
for a novel and powerful remote homology tool toused in order to attempt the
identification of more distarincr003;2Lhomologues, which may have a characterised
molecular function. This tool, called PHYRE2 (stamdfor

protein homology/analogy recognition engine), usas called profile-profile
algorithm, which incorporates secondary structamgarison to a conventional
sequence similarity search, in order to identifgglble remote homologous proteins,
sharing similar secondary structure predictions@adequences [30]. This kind of
algorithm, has been shown to outperform other phweemote homology search
methods such as the position-specific iterated)(BEAST method [90], which uses
iterative homology searches that take into accdangach step, statistical calculations
of mutational propensities at each position [91].

The PHYREZ2 engine was used to identify possiblediogues for one of the
pncr003;2Lpeptidesfncr003;2LORF A), and it yielded three hits (Figure 6.2A).60n
of these hits, corresponding to the Integrim protein, only shares sequence similarity
over a very small stretch of only 3 amino acidg] amas therefore discarded. Another
hit corresponds to one of the seven transmembramaids of the Bacteriorhodopsin

photoreceptor. Although such a match is interestiegause it is in line with the
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transmembrane prediction discussed above, it isergtinformative with regards to a
possible functional homology at the molecular lebelcause no function for the
Bacteriorhodopsin photoreceptor has been deschibeuiscles, nor in calcium
regulation. The third hit, however, is particulaiiyeresting: First, unlike the other two
hits, which correspond to large proteins of 1,200 a00 aa, for the Integriem and
Bacteriorhodopsin proteins, respectively, thisdhputative homologue corresponds to
another small, membrane peptide of 30 amino acideded by the humasarcolipin
(sIn) gene, which also happens to be a smORF gene (Fég2#e. Second, the Sin and
pncr003;2LORFA peptides have 7 identical residues, andidues of similar nature
over the 20 aa stretch highlighted as putativeipblogous by PHYREZ2, giving them
an overall similarity score of 35%, which is higtiean the 20% score obtained for the
Bacteriorhodopsin protein. The sequence and staictimilarities between the human
Sin and Fruit flypncrO03;2LORFA peptides, can be highlighted by a comparisahe
structural diagrams that display the configurafameach of these peptides in the
secondary structure either used, in the case ooBlyenerated, in the case of
pncrO03;2LORFA, by PHYRE2 (Figure 6.2B). Indeed, such a diagshows how, for
this 20 aa stretch, the two peptides seem to teetatddopt remarkably similar
structures, with identical, or very similar aajdentical positions of the helix. Third,
there is a striking similarity between the molectilanction of Slnand the
phenomenology so far described for the pncrOOR@htides. Likgoncr003;2L, slris
also a muscle specific gene, expressed exclusivelgrtebrate somatic and cardiac
muscles, where it has also been shown to regudddaim cycling, via a direct physical
interaction with the Sarco-endoplasmic reticulued’@TPase (SERCA)
[92,93,94,95]. Altogether, these pieces of evidand&ate thapncr003;2Lcould be

the putativeDrosophilahomologue of the vertebrasén gene family.
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Figure 6.2 The PHYREZ2, structural and sequence homology search engine
identifies SIn asa pncr002;2L homologue. (A) Results of a PHYRE2 search on EST
databases, querying tpacr003;2LORFA peptide. This search yielded three hits
(Figure 6.2 A): One of these hits corresponds éoltitegrina-m protein, but only
shares sequence similarity over a stretch of ordgnBio acids, another hit corresponds
to one of the seven transmembrane domains of theeBarhodopsin photoreceptor.
And a third hit, with the best similarity score r@sponds to the human S30 aa long
peptide involved in calcium regulation in muscl€ke colours in the aa alignments
represent the CLUSTALW standard colours, regiortk aipha-helical predictions are
indicated by green helices. (B) Structural disp&the aa configuration of the 20 aa
stretches identified by PHYRE?2 as homologous, shguhat thepncr002;2Lpeptide
and SIn could adopt very similar secondary strigstur
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2.3- A BLAST search using a phylogenetic consensus sequence between Dipteran
pncr003; 2L sequences and human Sar colipin identifies homologues thr oughout the
arthropoda phylum.

In light of the striking similarities between thgseptides, it could be argued that

pncr003;2LandsIn may belong to the same family of smORFs, havingnation in
calcium regulation which has been conserved a@wessition, and which has so far
been hidden by 1) the inaccurate annotatiogpnaf003;2Las non-coding, and 2) the
inability of standard homology search tools to tifgrdistant homologues with small
sequences. If this homology is real, one would ekpefind homologous peptides in
other intermediate species. However a BLAST seasitg thepncr003;2Lsequences
as a query has already been shown, despite theapisiised parameters, to produce

hits that remain confined within the dipteran order

| reasoned that if the homology betwgrer003;2LandslInis real, then a consensus
sequence, obtained from an alignment of the diffieDpteran pncr003;2peptides and
the human Sin peptide (Figure 6.3A), favouringré&idues conserved between any of
the members of the Diptera order, and the humatiespenay produce hits
corresponding to the sequences of intermediatéespékhis is indeed the case, as a
tBLASTn search using such a consensus sequencéhe@sdme optimised parameters
as those used for the original tBLASTn searchdyiels across the arthropoda phylum,
including sequences belonging to members of thep®da, crustacea, arachnida and
xiphosura sub-phylums (Figure 6.3A). As with th@ioral BLAST search, | verified
that the mRNA sequences encoding each of thesddit®t code for any longer ORFs,
thereby confirming that these hits also corresgor&mORF genes. Interestingly, the
polycistronic arrangement observed in Drosophilgds] other Dipterans, such as
Sarcophaga crassipalpisan also be observed in other examples of thest/n
identified arthropods, such 8embyx morandIxodes scapularisyhose transcripts
contain multiplepncr003;2Ltike ORFs (Figure 6.3A).

The relationship between the pncr003&tid Sin peptides is further supported by the
fact that sequences of the more basal arthropadhb,as those of arachnidgddes
scapularig are similar enough to the vertebrate sequencpsotiuce hits, upon the
same tBLASTtn search as that performed above, sporeling to Sin in basal
vertebrate species, and also corresponding toZtea peptide encoded by

phospholambaifpln), which is a paralogue @ln, also known to regulate calcium
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cycling during muscle contraction in skeletal aaddtac muscles through a direct
physical interaction with SERCA [96].

Unlike SIn, which is composed of a small N-termiluthinal domain 7 aa long, a
transmembrane domain, and a small C-terminal clitodomain 5 aa long, PIn has a
relatively large N-terminal cytoplasmic domain @, and a transmembrane domain,
which is related to that of SIn. An alignment o §bncr003:2LDipteran peptidesSin,

and the transmembrane domain of the human Plnaletiee patterns of conservation in
this family of peptides. In fact, several amin@athanges appear to be semi-
conservative between the PIn / SIn @amdr003;2Lsequences, like in the cases of the
phenylalanine (F)/ (Tyrosine)Y, and (Triptophan)Wiosine)Y, which represent a
conservation in aromatic residues, in positionsu3d 48, respectively, and likewise,
most of the hydrophobic aa often alternate betwseleucine (I) and Leucine (L) in
different arthropod and vertebrate species. Thiseeseems to be a prevalence of Serine
(S) and Threonine (T) residues in the N-terminualiodf these peptides, as well as
negatively charged Glutamatic acid residues (Egréstingly, the sequence of the basal
arthropod Ixodes_A peptide shows, a greater exiesgquence conservation when
compared to a basal vertebrate sequeDeip rerio), with 13 out of the 32 aa in the
Ixodes_A peptide being identical, and 4 othersrmilar nature to those of Danio_PIn,
and a conservation score of 21% as calculated bst&\W, (compared to the score of
17% for the human PIn ari@kosophila pncr003;2lalignment) (Figure 6.3B). These
results, which show patterns of conservation betvike arthropod and vertebrate
sequences, as well as higher conservation betwasai arthropods and basal
vertebrates suggest that #ia /plnandpncr003;2Lgenesare part of the same family of
smORFs, which appears to be conserved across ewpluiith its origin predating the

last common ancestor of these phyla, the UrbilateffFigure 6.4).
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Figure 6.3: A tBLASTn search using the phylogenetic consensus between the
pncr003;2L peptides and SIn, identifies inter mediate homologues. (A)The
phylogenetic consensus sequencEREL FTTEXILAILLFLL WLL YE) between the
Dipteran pncr003;2Ipeptides and Sin, obtained by favouring the resiciomserved in
the Dipteran and human sequences (underlined essidyield intermediate
homologous sequences throughout arthropods whehassa query on a tBLASTn
search with maximally relaxed parameters (PAM-3@rimaExpected threshold of
matches obtained purely by chance of 1000, remosamgpositional adjustment and
low complexity region filters). The grey line delinthe hits identified by this
consensus tBLASTn search, homologues from the ati@subphylum can be identified
by a tBLSTn search querying for the basal arthrogegliences (crustacea / arachnida).
(B) The sequence of pncr003;2L from basal arthrepedch as Ixodes A, and Ixodes B
share greater similarity to basal vertebrate setpgrsuch as those Danio rerio

(zebra fish) as shown by the alignment betweeddsd and Danio_PIn, and Ixodes B
and Danio_SIn, which shows more conservation tharatignments of thBrosophila
peptides to either human_PIn or human_SIn, andugind vertebrate hits when using
them as queries with the same tBLASTn search @&)indentical residues ( *) and

conservative residues ( : ) are indicated.
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2.4- The pncr003;2L peptides co-localise, and inter act genetically with Ca-P60A,
the Drosophila melanogaster homologue of SERCA.
The identification of theln /plnsmORF genes as possible homologuepharo03;2L,

would provide a specific molecular context for fhaction of thepncr003;2Lpeptides.
Both SIn and PIn have been shown to negativelylatgthe activity of SERCA, by
binding to a site in the transmembrane domain®iQE" ATPase SERCAis a highly
conserved gene, present in both animal and pldist[8&]. Although in vertebrates
threeSERCAparalogues have been identified, knowis&RCA-1,2and3 —all of
which can be regulated by the Sin /Pbptides—jn Drosophila melanogastex single
gene, annotated &a-P60A has been identified assERCAhomologue [98].
Importantly, theDrosophilaCa-P60Agene, which shares 72% of identity with its
vertebrate homologue [98], has been shown to reguakdcium cycling irDrosophila

neurones, and in somatic and cardiac muscles [B5,89

In order to assess the possible interaction betweepncr003;2lpeptides and the Ca-
P60A pump, | used a primary antibody specific teREOA, kindly provided by S.
Sanyal [35], to study the localisation of the C8RGump in relation to the
pncr003;2Lpeptides in IFMs and cardiac muscles. These Ca-RéfiiAody stainings,
which were performed in a genetic background exgimgsthepncr003;2L ORFA-GFP,
or N-terminal FLAG-Hemagglutinin taggenstructoncr003;2L FH-ORFAshow
that the endogenous Ca-P60A pump co-localisesgibrigith thepncr003;2L
peptides, in the dyads and perinuclear membraifeMd (Figure 6.5A) and
cardiomyocytes (Figure 6.5B). Although this co-ligation between thpncr003;2L
peptides and Ca-P60A is a pre-requisite for a prgietein interaction to occur
between these two entities, and is therefore iaeagent with such interaction, it does
not prove that this interaction actually occurse fysical interaction between the
pncr003;2Lpeptides an€a-P60Ais supported by the work of J.I. Pueyo, and F.M.G.
Pearl, performed in parallel to the work presertect (12), who performed
biochemical and bioinformatics assays, respectilmyh supporting the physical
interaction between these entities. Their workdidrassed in more detail in the

discussion of this chapter.

The evidence presented so far in this work —arttienwork of J.I Pueyo and F.M.G
Pearl—, strongly supports the homology betweernptie003;2L,and thesarcolipin

andphosholambagenesin order to reflect this homologgnd becauspncrO03;2Lis
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in fact a coding gene and not a non-coding RNA §mORF gene was renamed

sarcolamban (scl).

I have so far shown that the lack of functiorsoff in aDf pncr003;2L(or Df scl)
backgroundproduces heart contractions which are arrhythnmd,during which the
calcium transients have larger amplitudes than tyje. If the function o$clis indeed
homologous to that giln andsin, which have been thoroughly proven to act as
inhibitors of SERCA in vertebrates [92,94,95,96]19®,101], it could then be stated
that the arrythmicity and abnormal calcium transerbserved isclnull flies would be
due to the release of the inhibition of Ca-P60At®y Scl peptides

In order to assess wheth@a-P60Ahas an effect on these arrythmicity and calcium
transient phenotypes, | performed a genetic intenraassay betweesicandCa-P60A
taking advantage of @a-P60Ahomozygous lethal allel€a-P60A"™ 2y generated by
Sanyal et.al[35]. For this assay, th@a-P60A"™ ***allele was introduced, as
heterozygous, into thef sclbackground. This genetic conditiobf(y-ray 6, Ca-
P60A™ 2% Df(2L) 12,+) was achieved by placing over the deficieBd(2L) 12 a
recombinant chromosome in which tBa-P60A“™**allele was linked with th®f y-
ray 6. This recombinant chromosome was obtained by sargehe F1 progeny df Df
y-ray 6 sp [Ca-P60A ™ **femalesfor the loss of thepmarker and retention of the
marker and by testing the resulting recombinants fordkityr over bothDf y-ray 6and
Ca-P60A"™ ** Interestingly, the heart arrythmicity is signiiutly corrected ifDf -
ray 6, Ca-P60A"™ 2°Y Df(2L) 12,+ flies compared t®f sclflies (Df y-ray 6, +/ Df(2L)
12,+) (Figure 6.6A and B). Similarly, the calcium tsdents ofDf sclhearts have
significantly larger amplitudes than thoseldfy-ray 6, Ca-P60A"™ ° Df(2L) 12,+
hearts, which have the same amplitudes as wild-tgpérols (Figure 6.6C). These
results indicate that the hemizigous conditiolCafP60Ais able to rescue the
arrythmicity phenotypeas well as the abnormal calcium transient amplgusteserved
in Df sclhearts. This correction of ttsel null phenotypes, by the reduction of @e-
P60Agenetic dosage, is in line with an inhibitory rofethe Sclpeptideson the Ca-
P60A enzyme, and most importantbypves thasclandCa-P60Aare functionally
linked.
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Phalloidin

Figure 6.5

Figure 6.5: The pncr003;2L peptides co-localise with Ca-P60A, the Drosophila
SERCA homologue, in the dyads. (A-A™’) Confocal microscopy images showing the
co-localisation of the pncr003;2L-GFP tagged pestiyreen) and Ca-P60A SERCA
(red) in the SER and dyads (arrowheads) surrourtiegarcomeres of indirect flight
muscle myofibrils. (B-B”") Confocal microscopy ingas showing the co-localisation of
the pncr003;2lFH-ORFA tagged peptides (green) and Ca-P60A SERE®A in the
SER and dyads (arrowheads) surrounding the saresnfieiue, phalloidin) of adult
cardiomyocytes. Scale bars: (A-A”) = 10um; (B-BZpum.
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Figure 6.6: pncr003;2L interacts genetically with Ca-P60A. (A) Kymographs
representing the pattern of heart contractiori3fi(L)scl (Dfy-ray 6,+ /Df(2L) 12,+)
flies, showing an arrhythmic pattern of heart cadtions, andf(2L)sclcarrying a Ca-
P60A null allele Df y-ray 6, Ca-P60A"™?%Y Df(2L) 12,+), showing a regular pattern of
heart contractions. (B) A quantification of theydinmicity index between these
genotypes shows that tBé y-ray 6, Ca-P60A"™ 2% Df(2L) 12,+ flies have a
significantly lower arrythmicity thapncrO03;2Lnull hearts, as determined by a two-
tailed Mann Whitney tesflJ=22, p<0.003,). n=15-20 flies per genotype. (@graged
G-Camp3 fluorescence signals of calcium transieatmalised as in Figure 5.7B, and
plotted in relation to the wild-type average maximsignal.Df y-ray 6, + / Df(2L) 12,+
hearts show significantly higher calcium transi@mplitudes thaf y-ray 6, Ca-
P60A“™ 299 Df(2L) 12,+ hearts, as determined by a two-tailed Mann Wiitne
statistical test, (U=5, p=0.0017), n=10 flies genotype.
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2.5- Thevertebrate Sin and PIn peptides partially recapitulate the function of the
Scl peptidesin flies.
In order to further assess the homology betwahenpln,andscl at the functional level

| tested the functional equivalence between theeheate androsophilapeptides
within the context oDrosophila melanogasteFor this, different constructs were
generated, and transfected into flies, in ordeyetioerate transgeniRrosophilalines

expressing the vertebrate peptides.

First, in order to compare the subcellular locdiisaof the vertebrate aridrosophila
peptides, transgenic lines carrying N-terminal Fl-A@magglutinin tagged SIn (FH-
SIn) and PIn (FH-PIn) constructs were generateds@&iN-terminal tagged constructs
were obtained by cloning the Sin or PIn ORFs ihtogame N-terminal FLAG-
hemaglutinin tag vector as that used for the FH-@RRd FH-ORFB constructs. The
FH-SIn and FH-PIn constructs were co-expressed seit®ORFA-GFP in muscles —
driven with theDmef2-GalL4driver— and their subcellular localisation assedsed
immunohistochemistry (Figure 6.7). These doubl:stg experiments show a perfect
co-localisation between the SIn and Scl ORFA pegtidFigure 6.7A), and between the
PIn and ScORFA peptides (Figure 6.7B) in the dyads and petear membrane of
IFM, which, is in agreement with the hypothesig thlhof these peptides interact with
the same protein (SERCA/Ca-P60a).

Second, in order to compare the function of the Bln, and Scl peptides, | tested the
ability of the vertebrate peptides to induce similger-expression phenotypes as those
obtained by over-expressisgl, or to rescue thecl null condition. For this, transgenic
constructs were generated, in which $bORF was substituted by either tla or pin
OREF, in the differenscl constructs used for the rescue or over-expressioerenents
presented in Chapter. Whis ORF substitution strategy was implementedrder to
ensure that the expression context of the vertelp@ptides is as similar as possible to

that of the Scl peptides.

The over-expression of these constructs in a wite-tbackground, like the over-
expression of Scl itself, leads to an increaséenatrrythmicity index (Figure 6.8A). In
the case of Sin, the increase is very similar & tbserved with the Scl peptides,

compared to the over-expression of fimer003;2L FSontrol, or to the control
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experiments in which each of the UAS lines wereseng, but not th®mef2-GalL4

driver. The over expression of PIn, on the otherdhaproduces a more pronounced
arrythmicity, which is almost two fold in comparswith that produced by either the
SIn or the Scl peptides. Interestingly, the owgrression of either Sin or PIn leads to a
similar reduction in the amplitude of the calciuansients as that observed with the Scl
peptides (Figure 6.8B), indicating that in this eegpression conditions, the vertebrate
SIn and PIn peptides affect the activity of SER@Aisimilar way as the over-

expression of Scl (Figure 5.8)

When either of the constructs carrying the Sinlarg@ptides, are expressed in e
sclbackground, using themef2-GaL4driver, a small correction in the arrythmicity
index can be observed compared vidihScl flies expressing thpncrO03;2L FS
control construct, however neither of these chamgestatistically significant (Figure
6.8C). Interestingly, the expression of Sin leada very minor reduction in the
amplitude of the calcium transientsf sclmutants, compared to the expression of the
pncr003;2L FSontrol, which is not statistically significant (feire 6.8D), and is
therefore consistent with the minor effect thas thérticular vertebrate peptide has in
the arrythmicity of thédf sclmutant hearts. On the other hand, the express$iBman
the Df sclmutant background, leads to a significant redudtaine calcium transient
amplitude, compared withf sclhearts expressing thipecr003;2L FSontrol (Figure
6.8D), which is comparable with the reduction inpditnde induced by the expression

of sclin this same mutant background.

Regarding Sin, it seems as though the effect efghrticular peptide could be
synergistic with the inhibition of Ca-P60A by S, produce the observed arrythmicity
and reduction in calcium transients upon its exgoesin a wild-type background,
where Scl is normally expressed. However, the efie&In on its own seems

insufficient to rescue the mutant phenotypes indumethe loss of function of Scl.

In the case of PIn, it is interesting that its eféeon calcium are similar to those of Scl,
in both the rescue and over-expression conditibhere is however a discrepancy
between the inability of this particular vertebrpeptide to fully rescue the arrhythmic
phenotype, and its capacity to restore the cal¢cramsients, which is almost as efficient

as that ofcl itself.
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Figure 6.7: The pncr003;2L peptides co-localise with Sin and PIn in the dyads.

(A-B) Confocal microscopy images showing tlo-localisation of thepncr003;2I-GFP
taggedpeptides (green) a (A) N-terminal FLAG- Hemagglutinitagged Sin (F-Sin)
(red), or (B) NterminalFLAG-Hemagglutinin PIn (FH-PIn) (redy the perinuclear
SER (arrowspand dyads (arrowheads) surrounding the sarcoi of indirect flight

muscle myofibrilsScale bar: (~-B”)=10um.
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Figure 6.8: Vertebrate Sin and PIn peptides partially recapitulate the function of
the Scl peptides.

(A) Quantification of the arrythmicity induced bye over-expression of the vertebrate
SIn and PIn peptides, compared to Bresophila pncr003;2LORFA and ORF B
peptides. When either SiIn or PIn are over-expressadvild-type background
(Dmef2>SIn and Dmef2>PIr) they induce a significant increase in arrythnyiaitdex,
compared to the over expression of pimer003;2L FSontrol construct, as determined
by a two-tailed Mann Whitney statistical test, (251 p<0.0005) and (U=108,
p<0.0005), respectively. Notice the increase igthmicity by the over-expression of
SiIn is similar to that previously observed with Br@sophilapeptides, while the
increase in arrythmicity induced by the over-expi@s of PIn, is greater compared to
the other conditions. The expression of the PlSlnrconstructs, without tHemef-

Gald4driver has no effect on arrythmicity. n=10 fliesr genotype.

(B) Averaged GCaMP3 fluorescence signals of caldi@ansients normalised as in
Figure 5.7B, and plotted in relation to the wilgh¢yaverage maximum signal. Hearts
over-expressing the PIn construbingef2>PIn)show significantly reduced calcium
transient amplitudes compared to hearts expresisayncr003;2L FSontrol
(Dmef2>pncr003;2L FSas determined by a two-tailed Mann Whitney statidtiest,
(U=11, p=0.05)The hearts of flies expressing the SIn constiDotgf2>SIn }show a
smaller reduction in calcium transient amplitudempared tdf(2L)Sclhearts
expressing thencr003;2L FJU=12, p=0.019). n=8-10 flies per genotype.

(C) A quantification of the arrythmicity gincrO03;2Lmutant conditiongDf(2L)scl), in
which thevertebrate Sin or PIn peptides were expressedtditeir capacity to perform
a phenotypical rescuéf(2L)scl mutants expressing either Sin or Hi(2L)scl,
Dmef2>SIn and Df(2L)scl, Dmef2>PIn) show a small reduction in arrythmicity index
compared tdf(2L)scl mutant hearts, ddf(2L)scl expressing thpncr003;2L FS
control, these reductions however were not sigaifity different. n=15-20 flies per

genotype.
(D Averaged G

Camp3 fluorescence signals of calcium transientsabsed as in Figure 5.7B, and

plotted in relation to the wild-type average maximsignal.Df(2L)sclhearts
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expressing the PIn constru@f(2L)scl, Dmef2>PIn )show significantly reduced
calcium transient amplitudes comparedf@2L)sclhearts expressing tipacro03;2L
FScontrol (Df(2L)scl, Dmef2>pncr003;2L FS)ks determined by a two-tailed Mann
Whitney statistical test, (U=4,P<0.005pPf(2L)sclhearts expressing the Sln construct
(Df(2L)scl, Dmef2>SIn show a very small reduction in calcium transienphimdes
compared tdf(2L)sclhearts expressing thcr003;2L FSonstruct, which is not
statistically significant. n=8-10 flies per genogyp
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3- Discussion.

3.1 A phylogenetic analysis supports the homology between Scl and PIn/SIn

The work presented in this chapter proposes a mialetunction for the regulation of
pncr003;2Lon C&* cycling during cardiac muscle contraction by idBfitig the
vertebratesin /plngene family, which are the main regulators of $laeco-endoplasmic
reticulum Ca2+ ATPase, as functional homologugsnaf003;2L.This homology was
initially identified by the PHYREZ2 homology searehgine, and is supported by the
existence of intermediate homologue sequenceshwiice identified in a tBLASTn
search, using the phylogenetic consensus sequehwedn the Dipterapncr003;2L
peptides and human Sin.

Although homologous sequences were not identifiealliintermediate phylogenetic
ranks between the arthropoda and craniata sub-phgdomology between the
vertebrate and arthropod sequences is still faxbhyethe higher conservation of the
more basal arthropod and vertebrsgguences, and by the prevalence of semi-
conservative amino acid changes between the Rindrsl pncr003;2L(Scl)
sequencesFurther supporting this homology, the work of £Buso [33], who
performed an extended phylogenetic analysis oktseguences, shows that it is
possible to reconstitute, using the Sin, PIn arlds&guences, and an unrelated control
sequence of similar size paylogenetic tree which clusters the Sin, PIn acidg®ups
together, while effectively out-grouping the untethsequence, and which accurately

reconstitutes the phylogenetic distances betweesetkequences.

The lack of homologues in the other intermedidigqgenetic ranks, could be
explained by the loss or divergence of these regulaeptides, which may have either
only been maintained in arthropods and vertebrateshich may still be present in the
other ranks, but with divergence to an extenttiatBLAST search fails to identify
them, similarly as when a query with the Scl segadails to identify SIn.

Alternatively, it is possible that other intermeediapecies where these sequences have
been conserved do not have enough coverage inBBdidibraries to allow the
identification of these sequences. If it is theectmt this family of genes is conserved
in other intermediate species, the ongoing germarati higher quality sequence
libraries for these intermediate phyla and the tgraent of increasingly powerful
methods for remote homology identification, wilkznly lead to their identification in

the near future.
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3.2 Evidence supporting the physical interaction between Scl and Ca-P60A
Regarding the functional relation betweshandCa-P60A | firstly show that the Scl

tagged peptides, whose subcellular localisatiorbleas proven to be real throughout
this work by different observations such as thé& lafcsuch patterns in other membrane
bound markers, or the ability of these tagged peptio rescue thaclnull phenotypes,
co-localise extensively with the endogen@esP60AINn the dyads and perinuclear
region of IFMs and cardiac myocytes. As statedheresults section of this chapter,
this co-localisation is a pre-requisite for a pioferotein interaction to take place
between Scl and Ca-p60A, but does not prove ie ghysical interaction between the
pncr003;2Lpeptides an€a-P60Ais supported by the work of J.I. Pueyo, and F.M.G.
Pearl [33], who parallel to the work presented hpegformed biochemical and
bioinformatics assays, respectively, with both suppg the physical interaction
between these entities. J.I. Pueyo performed arumoprecipitation assay, in
DrosophilaS2R+ cells co-expressing either of the N-terminafhtdgglutinin-FLAG
taggedpncr003;2LORFA (FH-ORFA),pncr003;2LORFB (FH-ORFB), Sin (FH-SIn)
and PIn (FH-PIn) peptides, and Ca-P60A. In thisgssit was shown that both
Drosophilapeptides, and both vertebrate peptides, co-localiteCa-P60A in S2R+
cells and were able to co-immunoprecipitate Ca-R&bwing that thencr003;2L

peptides, as well as the vertebrate peptides,deat@bind Ca-p60A

This binding is further supported by the work d¥IFG Pearl, who modelled
computationally the docking of thecrO03;2LORF A and ORFB peptides onto Ca-
P60A, after building a structural model for the &atl Ca-P60A protein structures by
threading their sequences onto the secondary stascof Pln, Sin, and SERCA.
Importantly, these vertebrate structures werelatioed from an X-ray crystallography
structural model of the SIn-Serca complex [102]ichfalso served to guide the virtual
dockings. The calculated binding energies obtafoethe Scl peptides were very
similar to those obtained for the Sin and PIn pkgstj with their respective Ca-P60A or
SERCA targets (See Annex 4). The Scl peptidesraia&ci predicted to be able to dock
into the same transmembrane pocket, as SIn anavRinall of these peptides
producing similar predicted energy shifts in theml structure, which essentially
indicates that th®rosophilaand vertebrate peptides have comparable properiiles
respect to their binding their respective Ca-P60SBRCA targets. Furthermore, the
results of F.M.G Pearl also show that the key ressdor the Sin and PIn binding to
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SERCA, determined by the crystal structures anthbybioinformatics analysis, are

conserved in thpncr003;2Lpeptides.

3.3 Experimental evidence supporting the functional relation between Scl and Ca-
P60A, and the functional homology between Scl PIn/Sin
In agreement with a physical interaction betwedra8d Ca-P60A and the functional

homology between Scl and the SIn/PIn peptideswitrix presented here provides
evidence of a functional interaction between Sd @a-P60A through the genetic
interaction observed between these two genes.&dudts of this genetic interaction, in
which the hemizygous condition of Ca-P60A reschesatbnormal calcium transients
and the arrythmicity aécl null flies, are in line with the peptides encodbgdthis gene
having an inhibitory effect on Ca-P60A. These Hssiit with a model where thscl

null condition would lift the Scl-mediated inhilati of Ca-P60A, leading to a
constantly up-regulated enzymatic activity for t8i&* ATPase, which would be
responsible for the abnormal Caransients and arrhythmia phenotypes. In such a
model, the reduction of the genetic dosageClasP60would indeed be expected to

compensate for its excessive activity in the absefiScl.

Regarding the effects of Scl on the?Gaansients, and its inhibitory relation with Ca-
P60A, it needs to be highlighted that differentdgts, which have focused on the loss or
excess of function of the SIn and PIn peptidesinebrate cardiomyocytes, show
changes in CGa transient amplitudes in these conditions, whighramarkably similar

to those presented in this work (See Annex 5) [@8),lwith the lack of function of the
vertebrate peptides producing calcium transientis lmigher amplitudes, and their

excess of function, transients with lower amplitutti@an wild type.

The model to explain these variations in calciuamsients in vertebrates, is that the
enhanced activity of the SERCA pump, in PIn or@lfi conditions, is more effective

in replenishing the sarco-endoplasmic reticulumRB&ith C&*, leading to higher
concentrations of luminal calcium in this organeBecause the rates of calcium release
through the activated RyR, are regulated by theeotmation of luminal C4 and the
intracellular cytoplasm [104,105], this higher lumai concentration leads to higher
amounts of calcium being released, and to the higimplitude in calcium transient. In
over-expression conditions the opposite occurslitiggto lower amounts of Gastored
and released by the SER, and t§'Geansients with lower amplitudes. Evidence

supporting this model has recently been provideal study which shows that both the
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SERCA C4' uptake and the SER calcium content, which was fiethby caffeine-
induced SER depletion, are both enhanced in SIrP&mdouble knock-down mice,
with the mutant calcium transients being proposido this elevated content [106].
Since the lack of function or over-expression dfis®rosophilahas similar effects in
ca*dynamics to what has been described for vertehrétisssame model could also

explain the differences in €amplitude observed iBrosophila.

Finally, in this work, | have assessed the funalayguivalence of the vertebrate and
Drosophilapeptides, in light of the extensive evidence sugggsheir functional
homology. Although the vertebrate peptides do aoapitulate completely the function
of the Scl peptides, which is not entirely unexpddjiven the extent of divergence
between these sequences, their effects on tial@amics, in either thecl mutant
rescue, or in over-expression experiments, argreesment with these peptides having a
similar function to that of the Scl peptides. Om¢he factors, which may contribute to
these functional differences, is that in vertelwditdas been shown that although both
SIn and PIn are inhibitors of SERCA, the mechasisifthis inhibition are slightly
different between these peptides with the inhiliffect of PIn on SERCA calcium
uptake being relieved at high calcium concentratid®3]whereas Sin is inhibitory
even at high calcium concentrations [99,107]. Ak & discussed in the general
discussion, these differences arise from a diffesémctural interaction between Sin
and PIn. Since such differences exist already leweese paralogues, it is conceivable
that more or less subtle differences in the meamasiof regulation dBERCA or Ca-
P60Amay exist between the vertebrate @rdsophilahomologues, which may
account for the lack of a full functional equivaten particularly in the case of Sin,
which was generally less effective in mimicking #féects of Scl than PIn. Another
factor which may be important to consider is thdais been reported in the litterature
that SIn and PIn can form a ternary complex wittR68 [108], and that this binding of
SIn and PIn would be energetically more stablegiting to bioinformatics models,
than the binding of Sin alone [92]. Since SIn gmlgduces a significant change in
arrythmicity and calcium transient amplitude inauer-expression condition, and
therefore in the presence of Scl, a similar maaleyhich SIn potentiates the Scl/Ca-
P60A interaction, may explain this seemingly syrsig effect, if a similar ternary

complex occurred between Scl, SIn, and Ca-P60a.
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In these experiments PIn, was able to recapittiteeffects of Scl on the €a

transients, but was unable to completely rescuartyghmicity phenotype, while
producing a much higher arrythmicity than SIn ahdiR an over-expression condition.
This inability of PIn to fully rescue the arrythriticphenotype oDf sclmutants could

be linked with the much higher arrythmicity indexserved in flies over-expressing

PIn. It could be possible, for example, that treptxle, which is relatively different to
both Scl and SIn, because of its larger cytoplagtomain, may have an independent
effect on heart rythmicity in flies, with regardsits regulation oCa-P60A which

would explain the higher arrythmicity observed dgrits over-expression, and the lack
of a full rescue of the arrhythmic phenotype, diesips behaviour, similar to Scl,
regarding the calcium transients in these diffecemditions. It is important to note
however, that the arrythmicity produced by the esgpression of PIn has a component,
which is synergistic with the function of Scl, basa the arrythmicity produced by the
expression of PIn is much lower in alnull background than in a wild-type
background (compare Figures 6.8A and 6.8C). Indisse, one needs to bear in mind
that the arrythmicity phenotype, as discussederptievious chapter, could be
considered as a secondary effect of th& @abalance, whose cause is yet unclear, and
therefore the rescue of the2Cdynamics should be considered the most relevanttre

which in this case, proves the functional homolbgyween these peptides.

3.4 Conclusion
Thescl / pIn / sinfamily of smORFs, conserved frobrosophila to humans, represent

an ancient system for the regulation of Gzycling in muscles, and is one of the very
few examples of small open reading frame genesetweed across such an evolutionary
distance. The RpL41 ribosomal protein is the ortheoexample of a peptide of under
30 aa, conserved between flies and humans [109,at6pugh the functional

homology between thBrosophilaRpL41 and its human orthologue have not been
thoroughly assessed yet. These results are therefortant for the field of SmORFs,
as they show that such conservation is possitid¢hiar small peptides, and most
importantly, that it is possible to detect it whesing the right methods. While this work
exposes the limitations of conventional BLAST hoanyl searches when applied to

small sequences, it also shows how a more soptisticiomology search method, like
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PHYREZ2, can be remarkably effective in identifymggnote homologues for small

sequences, and in unveiling their biological fuprasi.
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Chapter VII - General Discussion.

7.1 The Functional homology between Scl Sin and PIn.
The work presented here supports the functionalohogy between the Scl, PIn, and

SIn peptides, with regards to their inhibitory role C&* uptake by SERCA. The
regulatory mechanisms leading to this inhibitiod &s effects in specific muscles and
in the whole organism are beginning to be undedstoanammals, where the
relationship between PIn, Sin and SERCA is theetanf extensive research. From my
results, it is clear that the regulation ofChy Sclis necessary for the adequate
function of the heart in flies. However, the compimtterns of expression, of the
differentsclisoforms show that a regulatory mechanism is ajréagblace to control
the expression, and therefore the function of tipeggides in different kinds of
muscles. My work provides a good starting pointftaure work to characterise the full
extent of the effects of this Scl-mediated”Qaptake regulation in flies, and the full
extent of homology of this ancestral®#afficking regulation mechanism between
mammals and flies.

7.1a Sn and PIn arereversibleinhibitors of SERCA, regulated by their
phosphorylation state.
In vertebrates, both PIn and SiIn constitute arsdivie mechanism to down-regulate the

activity of SERCA by lowering its apparent affinfiyr C&*, based on the
phosphorylation state of these peptides. ThisaRthSIn-dependent inhibition is lifted
upon activation of th@-adrenergic pathway lyagonists such as epinephrine [96]. The
activation of the3-adrenergic pathway leads to the phosphorylati@hia&ctivation of
both PIn and SIn, throughout protein Kinase A (PKwich mediates the
phosphorylation of PIn, at its Ser-16 residue, #mdughout the Ca /calmodulin
dependent kinase Il (CaMKII), which mediates thegghorylation of both PIn and Sin,
at their Thr-17 and Thr-5 residues, respective]i(Figure 7.1). These
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phosphorylation events lead to the inactivatiothefinhibitory effects of Sin and PIn
on SERCA, and therefore to the upregulation ofSE®RCA activity, which is reflected

by an increase in the force of muscle contractgdj. [

The regulation of Scl on Ca-P60A could also be rgifsée, in which case it would be
important to determine whether the regulation dfiSalso dependent on its
phosphorylation state. Although the phosphorylatbPIn takes place in its N-
terminus region, which is not conserved in Sindr e SIn threonine-5 residue
appears to be conserved in different arthropodsu@ing Bombus, Apis, Bombyx,
AnophelesandDrosophila mojavensisjut not inDrosophila melanogasteHowever,
a common feature of Scl in arthropods is the preseh serine residues in the N-
termini of their sequences; fBrosophilids,includingD. melanogasteithese are in
positions 2 or 6. Similarly, threonines 9 and 1feqr to be conserved across insects
(Figure 7.2). The presence and conservation of swtieese residues in arthropods,
which are potential targets of phosphorylation, #redfact that during vertebrate
evolution, different residues have been selectethi®phosphorylation of PIn and Sin,
allow for the idea that Scl could also be reguldigdas phosphorylation state. This

hypothesis would have to be tested experimentaylyn-vitro phosphorylation assays.

7.1b Regulation of Ca-P60A by a p-adrenergic-like pathway?
Another important element is thatosophilalacks an adrenergic system, with neither

epinephrine nor norepinephrine occurring normailflies. Instead the fly uses
octopamine (OA), which performs roughly similar étions in the fly as the adrenergic
agonists in mammals, by stimulating different faesilof adrenergic-like OA receptors
[112]. It would therefore be interesting to deterenif the OA pathway regulates the
inhibition of Ca-P60A by Schs the-adrenergic pathway regulates the inhibition of
SERCA by SIn/PIn.

Although OA is found at high levels in the centrnad peripheral nervous tissues of the
fly [113], where it acts as a neurotransmitterguiating levels of OA have been
observed in the haemolymph, particularly duringditons of stress, where OA plays a
neurohormonal role [114]. Interestingly, in a reicetiody aimed at identifying the
different effects of OA in the muscle physiologylosophilalarvae, it has been
reported that although OA has an effect on synaptidulation, potentiating

neuromuscular transduction, it also has an effe¢he contractile force of the muscles
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—as measured through a sensitive tension trans@iLC®}. Importantly, this effect is
independent of its neuro-modulatory effect, anchésliated by a molecular mechanism
intrinsic to the muscle cell [115]. In that studywas proposed that the OA-mediated
intramuscular effect, leading to muscle contracstength-enhancement, would most
likely occur through the activation offiaadrenergic-like receptor, localised post-
synaptically on the muscle membrane, which wousghoad by inducing a second
messenger system, possibly involving cyclic adenesnophosphate (CAMP), and
PKA, and which would ultimately act on a yet unitifsed target. A hypothesis, which
was suggested to explain the intracellular mechateading to this increase in
contraction strength, implicated the stiffeningled giant muscle protein Titin, which
has a structural role in sarcomeres but also iin ghastic properties [116].These
observations are interesting, because they shavibtiesophilamuscles can respond
directly to OA. One could even go further and hyyesise that Scl may be involved in
those intramuscular effects. As shown in this wedkjs highly expressed in larval
muscles and modulates Caynamics in hearts. This hypothesis would makseen
considering that such an increase in muscle cdidrastrength, induced by an intrinsic
molecular mechanism within the muscle, and whidcisvated by th@-adrenergic-

like pathway, is in line with the effects of PIn®in on mammalian muscles. A similar
study, assessing the strength of muscle contraatidrcalcium dynamics in larval
muscles —or cardiac muscles, with a sensitive emdeigsion transducer— would offer
a particularly interesting context in which to sgutle relation between Scl and fhe
adrenergic-like pathway, and therefore the relatietween the regulatory pathways
that govern the activity of the Scl peptides iedliand the PIn/Scl peptides in
mammals. Furthermore, such a study would provideitied function forsclacross

different types of muscles.

OA has an effect oBrosophilalarval muscles, similar to that of adrenaline in
mammalian muscles, increasing muscle contractiity results do not reflect an effect
of Scl on the contractility of the heart. It is ionpant to keep in mind, however, that in
my case, the contractility was measured by thedfices in fractional shortening,
betweerSclmutants and wild-type animals, which may not neasly reflect the
strength with which the cardiomyocites are coninactin fact, in mice doubly mutant
for SIn and PIn, where the link between Sin, Pld eardiomyocyte contractility is well

established, although young mice present an entabeé uptake activity by SERCA,
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and higher amplitudes in their €aransients, no differences were observed in the
cardiac fractional shortening of those animals.eDldice even presented a lower
fractional shortening than wild-type, which is thgposite as would be expected from
an enhancement in contractile strength, althoughvihs attributed to the effects of
cardiac hypertrophy on these mice [101]. Thesdtesuggest that the heart, in
Drosophilaand mammals, may already contract to its maximupacigy in wild-type
animals, and therefore it may not be possible seole larger than wild-type fractional

shortenings.

Regarding the behavioural observations presentddsrstudy, showing no differences
betweerscl null and wild-type adult flies, and stating thatatwvious behavioural issues
were observed in larvae, if Scl like PIn and Sk lan effect on the contractile strength
of the muscle, it is not necessarily easy to imaguhat such effects would represent for
the behaviour of the animal. Interestingly, evesutih Sin and Pln are also known to
regulate C% in skeletal muscles, SIn/PIn double knock downenzice viable, have a
normal morphological appearance, and there areehawoural phenotypes reported for
these mutants either, apart from the signs of aardypertrophy in the heart with age
[106]. It is possible, however, that a more mebtagl analysis of larval motility, and
flight capabilities, inDrosophila,which would take into account parameters such as
crawling or flying speeds, for example, may shgttlion the effect of this

misregulation of C& dynamics in somatic muscles and on the organisawesole.

7.1c Mechanistic differences between the PIn and Sin inhibition of SERCA.
In mammalssin andpln are expressed in different kinds of muscles, withbeing

preferentially expressed in cardiac muscles,sintdeing preferentially expressed in
skeletal muscles and cardiac atrial muscles [1B],The different paralogues of
SERCAthemselves are expressed in different tissueb, SERCAIbeing expressed in
skeletal muscleSERCAZn both skeletal and cardiac muscles, SERCA3Nn non
muscle cells [97]. The expression of differ&HERCAparalogues has been shown to
coincide with the different patterns of Sln and,Blaggesting that Sln and Pln may
preferentially inhibit specific SERCA paraloguessmme contexts [108]. This
differential expression of thaln andsin genes could reflect their different mechanisms
regarding the inhibition of SERCA. As mentioneddrefin this work, Sin is able to
inhibit the apparent Gaaffinity of SERCA at high concentrations, wher&s cannot.

The mechanisms of these differences have receadly bddressed by a study which
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shows that SIn can bind to SERCA throughout théaramational changes of the
ATPase, either in its Garich form, or in its calcium depleted form [118}en though

it does so preferentially in an ATP enriched intediary state, as the one used to model
the Scl and Ca-P60A interaction by F.M.G Pearltl@dnother hand PIn is only able to
bind the calcium depleted conformation of the AT ahis implies that SIn can
uncouple the ATP pump from Earansport, as it can maintain its inhibition whihe
ATP is hydrolysed, leading to a “futile” action thfe pump, which has been associated
with a function of SIn in muscle-based thermogemnasmammals, and in which PIn is
not implicated [120]. This particular mechanism eaplain the higher expression of
SIn in skeletal muscles, which have a more impotantribution to thermogenesis
than cardiac muscles. Another important differeisaddat even though PIn and Sin
share extensive sequence similarities in theistrambrane domain and bind to
SERCA within the same transmembrane groove, wisiech accordance with the
computational docking results of F.M.G. Pearl, & PIn have been shown to interact
with distinct SERCA residues within that groove 1.1

Because the Scl sequence has diverged from thda@a ahd PIn, it could be possible
that Scl itself interacts with different amino agidithin the transmembrane groove of
Ca-P60A, for which the SIn peptide may have lefisigf. Such a scenario would
explain that Sin is still able to bind Ca-P60A saswn in the co-immunoprecipitations
of J.I. Pueyo, but not with the sufficient affinity entirely fulfil the function of Scl, as
shown by the very limited rescue of tha null calcium transients in this work. PIn on
the other hand seems to be able to interact witRP&»A almost in the same way as Scl,
at least with regards to calcium regulation. Tlsutt is interesting as it would place the
PIn peptide, whose unique function is to damperatiiity of SERCA as opposed to
SIn, which also participates in the generationezttthrough this inhibition, as more
closely related to Scl, despite its longer N-terhohomain. In agreement with these
observations, the amino acid alignments for theggiges (Figure 6.3) seem to show
consistently more similarity between the arthrogatiand vertebrate PIn sequences
than between Scl and SIn. Altogether, these resaiikl indicate that the ancestral
function of these peptides, conserved throughoolugon, was to dampen the activity
of SERCA, with SIn then acquiring the ability to-opt this process to generate heat.
On the other hand, endothermy has long been knowrist in insects [121] with the

activity of IFMs, wheresclis expressed, being the main mechanism resporisibilee
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increase in insect body temperature. This increatEmperature can be dramatic, with
the thorax of some flying insects, like bumblebaed moths, being able to reach
temperatures above 4D solely through the activity of IFMs [122]. In ntdlying

insects this high muscle temperature is not ordgresequence of IFM activity, but also
a requirement to allow the muscles to generatedtyeired wingbeat frequencies
necessary for flight [121]. What is particularlyeresting is that it has been
demonstrated that honeybees have a mechanism amnityadly modulate their
metabolic heat production, depending on the tentperaf the air [123]. Furthermore,
in Sphinx moths, it has been shown that the hdaysmn essential role in regulating
the thoracic temperature, by allowing thermal excfes between the heat producing
thorax and the cooler abdomen of the animals, ptengthe thorax from overheating
and allowing flight at higher ambient temperatdz?]. Overall, these observations
indicate that in some insects, cardiac and IFM< leafunctional relationship as, either
direct or indirect, thermoregulators. It would béeresting to explore whether Scl, as
SIn in vertebrates, is at all implicated in thisrtinogregulatory process, as this would
provide another evolutionary context for the comagon of this mechanism for the

regulation of C&" uptake.

In this work | have shown that liken andpln, scl also presents tissue-specific
expression for each of its different isoforms, whinay lead to different ratios of
ORFA / ORF B peptides being expressed in diffenenscles (like cardiac muscles and
IFMs). The conservation of a mechanism betwsssophilaand vertebrates that
confers such a muscle-specific expression to SER{QAlators is very interesting as it
indicates that this mechanism must be ancestréchn if theDrosophilapeptides were
not found to be regulated by their phosphorylatitate, nor by th@-adrenergic-like
pathway, one could then hypothesise that the aratesgulation of SERCA activity
would have occurred through the regulation of taegcriptional expression of its
inhibitors, in a “static” manner, possibly deperglon the dosage of inhibitors
expressed by different muscles, thereby confesirgle physiological differences to
different muscles. In this case, the acquisitioplusphorylation as a mechanism to
regulate the inhibitory effects of the peptidesitaecurs in vertebrates, would have
then allowed this regulatory process to become mynand responsive to the
physiological needs of the organism. In the cad@roophila,and considering the

“static” regulation scenario, although my resuliggest that both of these peptides are
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equivalent in function (because they can both reslea arrythmicity and calcium
transients opncr003;2Lmutants, and induce the same over-expression pfEFs)t it

is also possible that like SIn and PIn, they maxelgubtle differences in their
mechanism of inhibition of SERCA, which would cobtrte further to the

physiological differentiation of muscles, beyonditmere dosage. It would therefore
be interesting to perform similar €auptake assays on Ca-P60A, with the two Scl
peptides, as have been performed in mammals faafIrSIn [92,94], because such
assays, which directly measure the enzymatic éetvand rates of the ATPase, may be
sensitive enough to detect subtle differences vzl ORF A and Scl ORB if these

exist.

7.1d Drosophila asa model for heart disease
Finally, my results show that the misregulatiorcafdiac calcium ilDrosophilais

linked to heart arrhythmias. This relation betwedracellular calcium alterations and
heart arrhythmias is not new. In fact, the misratioh of C&* represents a hot topic in
cardiac research, because it is one of the maiticatipns in heart disease [88], and
within this topic, a great focus has been laid &REA. As it has been discussed in this
work, the SER has the primary function of & Gsiore, which regulates muscle
contraction by releasing €dnto the cytosol, and relaxation by active re-uptak
calcium into the SER. SERCA induces muscle relaxably transporting calcium into
the SER, therefore lowering the cytosolic“Cegoncentration. This Guptakealso has
the effect of replenishing the SER, with a concaidn of C&", which will influence

the amounts of CGareleased in the subsequent contraction eventg.[O24er channels
like the Plasma membrane & TPase (PMCA), or the Sodium /Calcium exchanger
channel (NXC) also participate in the maintenarfd8a" homeostasis in the cell, but
their contribution is significantly less than tleitSERCA, contributing to 2%, 28%,
and 70% of C& depletion from the cytosolic space, respectivdBi[The cytosolic
concentrations of Gacan not only induce muscle contraction, by actiimgadly on the
sarcomeres, but can also play a feedback roleginating the currents that lead to
muscle contraction in the first place. For examgiie,L-type voltage-dependentCa
channel, which allows the entry of calcium into dyosol, giving rise to the &
induced C4' release by the RyR, is regulated by the cytosmiwentrations of Ga

[124]. Similarly, C&" concentrations have also been shown, in humareotly
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regulate a specific Nachannel (hH1), through the action of CaM, witrstiniteraction
leading to a reduction in the inactivation rateéta$ channel, in similar way as has been

associated with heart arrhythmias [87].

On the one hand, cardiac dysfunction is often aagsetwith reduced levels of SERCA
expression [125,126,127]. This has led to the rebean the effects of gene transfer
mediated over-expression of SERCA as a therapaliémative for cardiac
dysfunctions associated with this down regulatiimese kinds of studies have reported
promising results, showing the improvement of rmeedels of cardiac hypertrophy,
upon adenoviral gene transfer of SERCA [128]. Hoavethere is a sense of caution for
this sort this approach, as over-expression of SER&> also been shown to
significantly increase the risk of acute arrhythsréend death in rat models for

myocardial infarction [129].

The Drosophilamodel, as has been presented in this study, shewsluable for

future research to elucidate the links between SERI" misregulation and cardiac
dysfunction. On the one hand,Dmosophila,the misregulation of Ca-P60 has also been
shown to associated with heart arrhythmias [89]@rdiac dysfunction [130] . On the
other, | have shown that in the adDhosophilaheart, like in vertebrate hearts, the
misregulation of C& dynamics, by either the lack or excess of functibscl, is
associated with a significant increase in cardrdeyghmias, which can be corrected by
either restoring the levels of expressiorscif or by modulating those @a-P60A,as
shownin the case ofcllack of function. Therefore, in tHerosophilaadult heart, it is
possible to measure consistenf Geansient differences between the different geneti
conditions forscland the net result of these on heart function.|&\this system

benefits from the genetic tools available for Dresophilamodel, it is also accessible

to pharmacological experimentation, as differemhpounds such as specific channel
inhibitors, can be added to the saline in whichstmi-intact preparations bathe, as has
previously been reported in larval preparations [132]. Furthermore, the work of
Jeremy Niven has shown that it is also possiblag¢asure the intracellular action
potentials oDrosophilacardiomyocytes in these live semi-intact prepareti

Altogether, theDrosophilaheart model represents a truly comprehensive syistem
which it could be possible to elucidate the effeftSERCA and Cd misregulation in
the heart by precisely depicting the contributibthe different ion channels and

currents, as well as the intracellular moleculahyays governing them.
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7.2 Implications of thisresearch on the field of SnORFs

7.2a The potential of SnORFs

In the general introduction of this thesis, | addie the challenges that small ORFs
represent for genome annotation and portrayedraasoen which the current repertoire
of coding genes for most organisms may be sigmiflgancomplete because we may
have missed potentially thousands of small opedimgarames, encoding functional
peptides such &al, which codes for 11 aa -33 aa peptides, and whigh havital role

in Drosophila | addressed how different bioinformatics studiepport such a scenario,
by predicting the existence of hundreds of putdficeding, and therefore functional
smORFs, in organisms that range from yeast to raieeé how further studies have
provided experimental evidence that many of thes®RFs are functional, leading to
morphological defects when over-expressed, in #se of theArabidopsisstudy [23],

or to lack of growth in different mediums when esed, in the case of the yeast study
[22].

In this work, | carried out a study, with the aiondetermine the specific function of
pncr003;2L,a gene that was initially annotated as a non-@p&NA, but which had
elements suggesting that it may be a protein cogiémg, according to one of those
bioinformatics studies [19]. Through my work, | lrashown thatpncr003;2Lis indeed
a protein coding gene, therefore validating the patational prediction methods and |
have proven that these peptides, through theiugwolarily conserved mechanism of
regulation for C&' trafficking during muscle contraction, participaean ancestral and
major cellular process. Overall, these results usy carefully consider the potential
of sSmORFs which can be hidden in the genome, andwiould have major

implications in the biology of the organisms encagihem.

7.2b putatively non-coding RNAs could represent arich sour ce of SmORFs
Recently, the development of techniques which aothie ability to globally assess the

transcription of genomes (initially through tilliregrays, and subsequently through
RNA sequencing) portray an unexpected scenarioevyeito 70% of the genome
appears to be transcribed in humans and flies B33, A large proportion of that
transcriptional signal corresponds to long interg@on-coding RNAs (lincRNAs),
which are putatively non-coding sequences, mostlyhe basis of their lack of a long

ORF, generally thought to act as “RNA guides” tieatruit protein regulatory
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complexes to specific genomic loci to control gerpression [135]. Current statistics
from the genome reference consortium [136] inditlad¢ in humans, there are 13,564
lincRNAs, a huge number compared with the 20,76®gannotated as protein coding
[137]. In Drosophila,the current number of annotated non-coding ges@dso
considerable although more modest, with 1,331 IMBR and 13,937 coding genes
[138,139].

From the example afcl presented here, and from thataif it would be conceivable to
believe that such a vast proportion of putativedp4toding genes may represent a rich
source of smORFs with important functions. This ledn fact seem to be the case, as
recent studies based on ribosome profiling (a tejcien which uses ribosome protection
to nucleases treatment in combination with RNA-®egbtain a global snapshot of
ribosome rich, and therefore translation prone seges) suggest that at least half of the
lincRNAs in mice and zebra fish have translatiqraffiles similar to those of canonical
protein-coding genes, which indicates that smORfodimg [140,141]. Therefore, the
misannotation of incRNAs may be widespread, witn;smORFs awaiting
characterisation in these transcripts. Another o technical development which
may influence the discovery of new smORFs, is #netbpment of more sensitive
peptidomics techniques, which are able to detee¢lnremall peptides, by using ORF
libraries built from RNA-seq readings to analyse tlata obtained from mass-
spectroscopy, instead of sequences for existingiordatabases. A study using these
methods has already identified 90 peptides, coomdipg to novel SmORFs, in a

specific human cell line [142], of which 30 are en@0 aa long.

7.2 c Contributions of thiswork as a case study for the functional characterisation
of snORFs
Given that the experimental evidence that suppbéa®xistence of large numbers of

smORFs seems to be growing, it would be conceividlaie likescl, other smORFs may
be conserved between remotely-related specieBidsénse, this work has shown that
standard BLAST searches are rather limited in thieility to identify homologues for
sequences of small sizes, and may therefore hawe tomplemented with the use of a
more sophisticated engine such as PHYRE2, whichalksto identify thescl
homologue in humans. The PHYRE2 prediction wasqadarly convincing after

taking into consideration the expression pattefriceDrosophilaand vertebrate

genes, as well as their subcellular localisatibwmauld therefore be conceivable to use
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this kind of information for large scale annotatafrsmORFs, or functional assays, if
this engine was used to search for homology betweegal sets of sequences. In that
case, in order to support the homology one coutdpare the RNA-seq expression
profiles of putative SmMORF homologues, in most sasailable in data repositories,
and their subcellular localisation in cell cult@®says. For this to be possible, however,
the PHYREZ2 engine would have to integrate the pdggito search for similarities
between custom libraries of predicted structumsesponding to novel sequences,
instead of comparing the predicted structure afierysequence with the structures and

sequences from a library of annotated proteins.

Regarding the use of transposon based strateggengrate mutants for novel SmORFs
for a reverse genetics approach, as a case shuslyyark shows that these methods are
effective, because it was possible to obtain acuardition forscl, but it also exposes
some of their weaknesses. Apart from the, appareshote possibility of having
associated alleles (only 0.3-0.5% of the pBac @snerated for the Exelixis

collection were reported to have background mutat{64]), these weaknesses also lay
on the extensive work required to generate andthmpew mutations, and

importantly, on the fact that other genes can bésaffected by them, such as the
CG31739CG13282andCG1328genes in this case. These kinds of issues mafyjusti
the lack of functional studies undertaken on n@egles, such as smORF genes, despite
having transposon insertions in, or near to, mestg in thérosophilagenome. As

new methods and tools to target specific genesraerging in the field ofenetics,

such as the recent improvement and simplificatioth® ends-out homologous
recombination method, which used to be extremddgrimaus and very ineffective
(requiring several generations of genetic crossmed the screening hundreds of
thousands of flies, in order to obtain a posite@eombinant [143]), but would now yield
a fair amount of positive recombinants in only ape of generations of flies [144], it

is possible that the functional characterisation@fel genes, and particularly novel

sSmORF genes, may become a more feasible, and widad practice in the near future.
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Figure7.1: Theinhibition of SERCAZ2ain cardiac muscles by the Sin and PIn
peptidesisregulated by the B-adrenergic in vertebrates. Diagram representing the
regulatation of SIn and PIn by tReadrenergic pathway, modified from [96]. SIn and
PIn are inhibitors of SERCAZ2a, in cardiac musclé® signal from th@-adrenergic
receptor proceeds through @oteins to stimulate the formation of cyclic ANBAMP)
by adenyl cyclase. Elevations of cCAMP activate cAl#pendent protein kinase A
(PKA) and C&'calmodulin dependent kinase Il (CaMKIl). PKA and\@é|
phosphorylate Phospholamban (PLN) and Sarcolipih(8aN), and release their
inhibitory effect on SERCAZ2a, leading to increagia®+ uptake, and release from the

cytoplasmic stores, and to increased cardiomyacoitgractility.
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Annexes

Currently annotated genes coding for peptides uddera long
in Drosophila melanogaster
size(aa) name function
11 tal-1A actin filament organisation; morphogenesis
11 tal-2A of an epithelium; imaginal disc-derived wing
11 tal-3A morphogenesis
21 CG43178 unknown
21 CG43200 unknown
22 CG43172 unknown
23 CG43171 unknown
23 CG43201 unknown
25 RpL41 ribosomal protein
25 Acp98AB accessory gland protein
Annex 1

Annex 1: List of currently annotated genes coding for peptides under 30 amino
acidslong in Drosophila melanogaster.
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Generation of an FRT-mediated specific deficiency:

Crossl
Q w / FM7;b F02056 cn X 3 w hs-Flp ; AdvWQyO FLP is homozygous on the X chromosome, so this

cross needs to be set up with Females FLP and
males carrying the transposon, in order to ensurg
that all males in the F1 carry the transposon.

F1 ? w hs-FIp /FM7; b FO205&n /CyO

Cross?2

. . FLP is under a heat-shock response promoter, sp at
9 whs-Flp /FM7 ; b F02056n /CyO X g w; e0160Bw this stage the F2 progeny needs to be submitted|to

Heats-hock treatments (1 hour /37 C°, starting 2
days after mating, and during 4 more Days), in
order to activate the enzyme and promote the
F2 < w hs-Flp /w ;b FO2056¢cn / e01605hw recombination of the 2 transposons at the FRT sfte.

Cross3 This step selects and isolates recombinant
events leading to the generation of a specific

3 whs-Flp /w ;b F02056cn / €0160%w X w;bcnbw 9| geficiency.

\

4 possible classes can be obtained:

genetic
chromosome class: genotype: markers: phenotype:
arental black,
P w ; b FO2056 cn / b cn bw cinnabar black cuticle, orange eye
parental w; e0160%w / bcnbw brown pale pink eye
recombinant:
duplication by-product w ; b F02056-e01605 bw b cn bw black, brown  black cuticle, pale pink eye

recombinant:
specific deficiency w ; e01605-F02056n / b cnbw  cinnabar dark orange eye

N\

Make stable stmakverCyO Balancer, confirm by PCR

Annex 2 (1/2)
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Reversion protocol using a Pbac F02056 -element and the pbac transposase :

Cross1 Q
w; pBac{WH} F02056 X w ; CyO/lh A2-3 transposase, Sb / TM6b
F1 w; pBac{WH} F02056 / CyO AB-3 transposase, Sb / +

The F1 is mosaic as the transposition event doesnlir in all the cells of the flies. A reversioillw
only be maintained in the progeny if it occurreagigerm-cell, and this contributes to the ferttlsa
event. The dysgenic flies are distinguishable lgjrtmosaic eyes.

Cross2 o

F1 w; pBac{WH} F02056 / CyO ; h2-3 transposase, Sb/+ X w; CyO /if ; MKRS f

\Vj)

F2 w: pBac{WH} F02056 / CyO ; MKRS or TM6b / +

This step isolates
each reversion
event. White
eyed F2 male
revertants were
selected to
generate isogeni¢
stable stocks.

Annex 2 (2/2)

Annex 2: Genetic protocolsfollowed for the generation of the Specific FRT-
mediated deficiency and for the pBac{WH}F02056 r eversion



Or-R

206

S0 100 110 120 130 140 150 160

GCCAARAGGCTTTCACCAGTTAATAGCACAARATTGTGTCTTTCCCCAGCGAACARAARARCCAAGCAAATTCAATCARGA

GCCRARGGCTTTCACCAGTTAATAGCACAARATTGTGTCTTTCCCCAGCGAACARAARRACCARGCAARTTCAATCARGA
GCCAARAGGCTTTCACCAGTTAATAGCACAARATTGTGTCTTTCCCCAGCGAACARAAAAACCARGCAARTTCAATCAAGA

Rv2
F02056 GCCAAAGGCTTTCACCAGTTAATAGCACAAAATTGTGTCTTTCCCCAGCGARCAAAAARACCARGCARATTCAATCARGA

or-R

170 180 190 200 210 220 230 240
1 1 1 1 1 1 L 1 L 1 L 1 1 1 1 1
TGAGCGAAGCCCGCAACTTGTTCACCACCTTTGGCATCCTGGCCATCCTGCTTTTCTTCCTCTACCTCATCTATGCCGTA

TGAGCGAAGCCCGCAACTTGTTCACCACCTTTGGCATCCTGGCCATCCTGCTTTTCTTCCTCTACCTCATCTATGCCGTA
TGAGCGAAGCCCGCAACTTGTTCACCACCTTTGGCATCCTGGCCATCCTGCTTTTCTTCCTCTACCTCATCTATGCCGTA

V.
F02056 TGAGCGAAGCCOGCAACTTETTCACCACCTTTGGCATCCTEGCCATCCTGCTTTICTTCCTCTACCTCATCTATGCCGTA

Or-R

250 260 270 280 290 300 310 320
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
TTIGTAARATGTTTCCGGAAAGTAGATGGTCCTTAGGGCAGGACCAAAGCCAGCASCCARATCGAAYCARTCAAAATGAAT

TTGTARAATGTTTCCGGARAGTAGATGGTCCTTAGGGCAGGACCAAAGCCAGCAGCCAAATCGAACCAATCAARATGAAT
TTGTARAATGTTTCCGGARRGTAGATGGTCCTTAGGGCAGGACCAARGCCAGCACCCARATCGAATCARTCARARTGRAAT

F02056 TIGTAARATGTTTCCGGAAAGTAGATGGTCCTTAGGGCAGGACCAAAGCCAGCACCCARATCGAATCAATCAAAATGAAT

Or-R

330 340 350 360 370 380 390 400
1 1 1 1 1 1 1 1 1 1 L 1 1 1 L 1

GAGGCARAAAGTTTGTTCACCACCTTCCTCATCCTGGCCTTCCTGY TGTTCCTGCT CTATGCCTTCTACGARGCCGCCTT

GAGGCARAAAGTTTGTTCACCACCTTCCTCATCCTGGCCTTCCTGTTGTTCCTGCTCTATGCCTTCTACGARGCCGCCTT
GAGGCARARAAGTTTGTTCACCACCTTCCTCATCCTGGCCTTCCTGCTGTTCCTGCTCTATGCCTTCTACGARGCCGCCTT

Rv2
F02056 GAGGCAARRRGTTTGTTCACCACCTTCCTCATCCTEECCTTCCTGCTETTCCTGCTCTATGCCTTCTACGARGCOGCCTT

Or-R
Rv2

410 420 430 440 450 460 470 480
1 L 1 1 1 1 1 1 1 1 L 1 1 1 1 1
CTAGGCCCACAGCCCCAAGTCACCCATGACCATCACCAACCACCACCCACCAACCACCCATCaAGGATAGCTTACATGTT

CTAGGCCCACAGCCCCAAGTCACCCATGACCATCACCAACCACCACCCACCAACCACCCATC-AGGATAGCTTACATGTT
CTAGGCCCACAGCCCCAAGTCACCCATGACCATCACCAACCACCACCCACCARCCACCCATCARGGATAGCTTACATGTT

F02056 CTAGGCCCACAGCCCCAAGTCACCCATGACCATCACCAACCACCACCCACCAACCACCCATCAAGGATAGCTTACATGTT

Or-R
Rv2

490 500 510 520 530 540 550 560

GAATTTCAATTCCAAGCCGCCGGCCATGCCATCATCTTGTGGTCCGGTGGAGCTTCTAGGACCCTACGCGTTTAAGATGT

GAATTTCAATTCCAAGCCGCCGGCCATGCCATCATCTTGTGGTCOGGTGGAGCTTCTAGGACCCTACGCGTTTAAGATGT
GAATTTCAATTCCAAGCCGCCGGCCATGCCATCATCTTGTGGETCOGGTGGAGCTTCTAGGACCCTACGCGTTTAAGATGT

F02056 GARATTTCAATTCCAAGCCGCCGGCCATGCCATCATCTTGTGGTCCGGTGGAGCTTCTAGGACCCTACGCGTTTAAGATGT

Or-R

570 580 590 600 610 620 630 640
1 1 1 1 1 1 1 1 1 1 1 | 1 1 1

TTAGCATTTAATGGATTTCTACTAGTAACCTARGCCAGATGACGTCAATGCCACCAGTTGCCARAATCGAAGGCTCGGCG

TTAGCATTTAATGGATTTCTACTAGTAACCTARGCCAGATGACGTCAATGCCACCAGTTGCCARAATCGARGGCTCGGCG
TTAGCATTTAATGGATTTCTACTAGTAACCTAAGCCAGATGACGTCAATGCCACCAGTTGCCARAATCGARAGGCTCGGCG

V.
F02056 TTAGCATTTAATGGATTTCTACTAGTAACCTAAGCCAGATGACGTCAATGCCACCAGTTGCCARAATCGAAGGCTCGGCE

OorR

570 580 590 600 610 620 630 640

TTAGCATTTAATGGATTTCTACTAGTAACCTAAGCCAGATGACGTCARTGCCACCAGTTGCCAARRTCGAAGGCTCGGCG

TTAGCATTTAATGGATTTCTACTAGTAACCTAAGCCAGATGACGTCARTGCCACCAGTTGCCARAATCGAAGGCTCGGCG
TTAGCATTTAATGGATTTCTACTAGTAACCTAAGCCAGATGACGTCAATGCCACCAGTTGCCARAATCGAAGGCTCGGCG

Rv2
F ﬂ 20 5 B TTAGCATTTAATGGATTTCTACTAGTAACCTAAGCCAGATGACGTCAATGCCACCAGTTGCCAAAATCGAAGGCTCGGCG

Or-R
Rv2

6 ?0 '
ATCAGGATGAGCACTTTGATGGGTAACCCCTGCCATGTGTGCTCTGCCACATTTCATTCATCTTTGAGGCGCTGCAGGAT

660 670 680 690 700 710 720
1 1 1 1 1 1 1 1 L 1 1 1 1

ATCAGGATGAGCACTTTGATGGGTARCCCCTGCCATETGTGCTCTGCCACATTTCATTCATCTTTGAGGCGCTGCAGGAT
ATCAGGATGAGCACTTTGATGGGTAACCCCTGCCATGTGTGCTCTGCCACATTTCATTCATCTTTGAGGCGCTGCAGGAT

F02056 ATCAGGATGAGCACTTTGATGGGTAACCCCTGCCATGTGTGCTCTGCCACATTTCATTCATCTTTGAGGCGCTGCAGGAT

Oor-R
Rv2

Or-R
Rv2

Oor-R
Rv2

730 740
1 1 1 1 1 1

CGATTTATTTTGAAAACTGTGCTGCCGECCTTGGCGTCATCTGCTCTAATCATAAATATAGT TTTGTGATCTTTTTTTEA

750 760 770 780 790 800
1 1 1 1 1 1 1 1 1 1

CGATTTATTTTGAAAACTGTGCTGCCGECCTTGGCGTCATCTGCTCTAATCATAAATATAGTTTTGTGATCTTTTTTT-A
CGATTTATTTTGAAARCTGTGCTGCCGGCCTTGGCGTCATCTGCTCTAATCATARATATAGTTTTGTGATCTTTTTTITA

810 820 830 840 850 860 870 880
[EETETTY P FTET PP T PP PR TS ST PP ST PR ST ST P P

TTAtTTTTTGTTCGGCAATGGAATCTACTTAGTTTGCARTTCATAGACCAYGATGTACAGTATAAGCARATWRAGARCAA

TTA-TTTTTGTTCGGCARTGGAATCTACTTAGTTTGCARTTCATAGACCACGATGTACAGTATAAGCAAATAGAGARCAA
TTATTTTTTGTTCGGCAATGGAATCTACTTAGTT TGCARTTCATAGACCATGATGTACAGTATAAGCAAATTAAGARCAA

890 900 910 920 930 940 950 960
EETTI FETT FFET FETT PR T FTET PR PR STETY FETTE FETT FTTTE SRR T peerd Feeey

CATCAGYAATCAATGTGCACCAYCGATATTATTTCATTGTTARACAGCCACGTTTATTTCGCACTCGTACATATTAAGAC

CATCAGTAATCAARTGTGCACCATCGATATTATTTCATTGTTARACAGCCACGTTTATTTCGCACTCGTACATATTARGAC
CATCAGCAATCAATGTGCACCACCGATATTATTTCATTGTTAAACAGCCACGTTTATTTCGCACTCGTACATATTAAGAC

Annex 3(1/2)

ORFA

ORFB
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pocrd03; 2L FE . s=g(lx1017) —*
pocrl03; 2L. seqg (1>1005} —

pocrlild; 2L FE.seg(l=1017) —* ATTCARTCARGATE GOGAMGCOCOCARCTTGTTCACCACCTTIGECATCCTOOCCATCCIGCITITCTTOCICTIACCTC
poerd03; 2L.seq(1-1005) T AT TR ARG A A T T A R T T TG T O OGO R T OO T TP ICTT COTCTAOOTC

170 180 190 200 210 220 230 240
e N T H R R R N T T T T T P T AT T PR T FE T Fe i P

AT CTATG Mg TAT g TRWARRA TG T T T COGG ARG TAGA TGO T O T TAGGECAGGANCAAAGICAGCAGOTARTOGAATC

poerd03; 2L FE_s=qg(ls101T7) =% ATCTATG-s  tabgTas ARARTOTTTOOGGE AAGTAGATEETCCTTAGGECAGEACCAANGCCAGCAGOCARATOGARTD
pocrll3; 2L seqg(l>1005} =+ ATCTATGCOGTAT TOTARARTGTTTCOGGCAAGTAGATGETOCTTAGGGCAGGRCARAGOCAGCAGOCARATOGANTC

250 260 270 280 290 200 1o azo
—vna il s sl b L L L s L lasan ]

poerlD3; 1L FE.seq(l-101T7) =" AATCARARTG ATGROGCAMAACTTTOTTCACCACCTIOCTCATCCTOOCCTTOCTOCTET TOCTBCTCTATGOCTICT
poerd03; 2L seq (1=1005) = AR AT A AR ARG TTTO T IO CAC T T U TCAT U TOGC T TUUTBC ST TOC DT TATGOUTICT

pocrll3; 2L FE.seq(l=101T) —
poorlld; 2L s=g (1=1005} —

pocrd03; 2L FE . s=g(l»1017) =
pocrl03; 2L. seqg (1>1005} —

pocrll3; 2L FS.seq(l»101T7) =
pocrl03; 2L . sag (L=1005} -

poord0d; 2L FE _s=q(l=1017) -
pocrl03; 2L. seqg (1>1005} —

pocrl03; 2L FE.s=g(l>1017) -
poerld03; 2L seq(1=1005) = GOECTGCRGEATOGATTTATTTTGARARCT TG TGO DEECCTTGE0GTCATCTGCTCTARTCATARATATASTTTTGTG

pocrll3; 2L FE.s=q(l=-101T) =" ATCTTTTTTTATTATTTTTGTTOGGCAATGAAATCTACTTASTTTGCAATTCATAGRCCATGATGTACAGTATARCARA
pocrild; 2L. seg (1=1005) =4 ATCTTTTTTTATTATTTTTGTTOGGECARTGOAATCTACTTAGT TTGCAATTCATAGACCATGATGTACAGTATARGCRAR

pocrd03; 2L FE . s=g(l»1017) =
pocrl03; 2L. seqg(1>1005) —

Annex 3 (2/2)
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Annex3:DNA alignments of pncr003;2L, from the pBac{WH}F02056 lines, and
pncr003;2L FS construct.

Annex 3(1/2): DNA alignment of thencr003;2L RE2891%equence frordr-R, and

the pBac{WH} F02056, and pBac{WH} F02056 revertdR\V2) showing that the ORF
sequences (pink) are conserved in all these conditnotice that few other point
mutations are present elsewhere in the transdiiyg. T/C nt substitution in position 361
gives rise to a synonymous L/L mutation in ORF BeTegion in blue represents the

approximate insertion site of the pBac{WH}F0205&nsposon.

Annex 3(2/2): DNA alignment of thencr003;2L RE2891%equences used for the
pncr003;2Lconstruct and thpncr003;2L FSconstruct. Showing the nt substitutions
(red) made to generate frame-shifts in both ORF)p
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Annex 4: The Scl peptides can be bioinformatically docked into Ca-P60A, similarly
asthevertebrate Sin and PIn peptidesinto SERCA. (A-D) Molecular models of the
Interaction between tHarosophilaScl peptides and Ca-P60A, and between the
vertebrate PIn and Sin peptides and SERCAla, cyuaieF.M.G Pearl. For this model
the structure of Ca-P60A was modelled on the sireatf SERCAla in its “El”
intermediate structural conformation, using thelishled crystal structure of SERCA
bound to Sarcolipin [102]. (A) Scl ORFA (magentajigB)Scl ORFB (purple) dock
onto Ca-P60A (green) similarly as (C) Phospholam(lyatiow) and (D) Sarcolipin
(cyan) dock onto human SERCAla. Peptide C-termfacing downwards.
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Annex 5. Sin and PIn inhibit the activity of SERCA, and their mutants produce
cardiac calcium transients compar able to those of Scl null mutants.

(A) Schematic representation modified from [94]tleé homology between the PLB
and SLN protein sequence, according to their difiedomains. Horizontal lines denote
the membrane boundaries, and amino acidstexen in circles using their one letter

code.

(B) lllustration, modified from [94] , showing thifferent functional effects of PLB
and SLN on SR GAuptake in vertebrate cardiomyocytes: In over esgion
conditions the inhibitory effect of PLB (PLB O.E) SERCA calcium uptake is
relieved at high calcium concentrations [108jereas the SLN over-expression (SLN
O.E) is inhibitory even at high calcium concentvas [99,107], indicating subtle

differences in the mechanism of action of the tegutators.

(C) Effects of the loss of function of the PIn &ld inhibitors in the activity of SERCA
in vertebrate cardiomyocytes, as presented by [Xlfijand PIn double mutants show
an important increase in calcium uptake by SERCAmared to wild-type conditions
(Left), The Calcium transient recordings of wiigs¢ (Right, Top) and SIn and PIn
double mutant cardiomyocytes (Right, Bottom), sleomarked increase in calcium

amplitude, very similar to that observed in Scl amis .
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Appendix

Appended to this thesis is the manuscript, as gl in theSciencgournal, in which
much of the work presented in this thesis was el
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Conserved Regulation of Cardiac
Calcium Uptake by Peptides Encoded
in Small Open Reading Frames

Emile G. Magny,” Jose Ignacio Pueyo,* Frances M.G. Pear

1,2 Miguel Angel Cespedes,*

Jeremy E. Niven,® Sarah A. Bishop,* Juan Pablo Couso™*

Small open reading frames (smORFs) are short DNA sequences that are able to encode small
peptides of less than 100 amino acids. Study of these elements has been neglected despite
thousands existing in our genomes. We and others previously showed that peptides as short as
11 amino acids are translated and provide essential functions during insect development. Here,
we describe two peptides of less than 30 amino acids regulating calcium transport, and hence
influencing regular muscle contraction, in the Drosophila heart. These peptides seem conserved for
more than 550 million years in a range of species from flies to humans, in which they have
been implicated in cardiac pathologies. Such conservation suggests that the mechanisms for heart
regulation are ancient and that smORFs may be a fundamental genome component that should

be studied systematically.

(smORFs) exist in animal and plant ge-

nomes, yet their relevance and functional-
ity has rarely been addressed because of their
challenging properties (/). Detection of small
peptides requires specific biochemical and bio-
informatics techniques that are rarely used in the
characterization of whole genomes. Thus, the num-
ber of translated smORF's and their biological func-
tions are still unknown. We and others previously
characterized a Drosophila gene, tarsal-less (tal/pri),
encoding four smORFs as short as 11 amino acids
that are translated and provide essential functions
during development (2—). These results demonstrate
that extremely short smORFs can be functional
and suggest, when extrapolated by bioinformatics
and combined with the latest data from deep RNA
sequencing, that hundreds of smORF-encoding
transcripts exist in the fly genome (5). However, the
tal gene is a single example and seems present only
in arthropods (2, 3, 6), leaving the questions about
the conservation and wider relevance of smORFs
unanswered. The characterization of several sSmORFs
displaying conservation of amino-acid sequence,
translation, and biological function of the encoded

Thousands of small open reading frames
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peptides throughout evolution would be a power-
ful indicator that smORFs represent an important
but neglected part of our genomes.

Using a bioinformatics method (5), we scruti-
nized the pool of polyadenylated, polysome-
associated putative noncoding RNAs in which
tal was initially included (7) and identified two
potentially functional smORFs of 28 and 29 amino
acids in the transcript encoded by the gene putative
noncoding RNA 003 in 2L (pncr003:2L) (Fig. 1A)
(6). As with tal, these smORFs have similar amino
acid sequences to one another and follow strong
Kozak sequences (fig. S1A). These peptides are
highly hydrophobic, with a predicted alpha-helical
secondary structure (fig. S1B).

We corroborated the structure and sequence
of the pncr003.2L transcript by means of reverse
transcription polymerase chain reaction (RT-PCR).
Next, we studied prcr003.2L expression by means
of in situ hybridization, which showed strong ex-
pression in somatic muscles and in the post-
embryonic heart (Fig. 1, B to D, and fig. S2, A to
F). We tested the in vivo translation and subcel-
lular localization of these peptides by generating
C-terminal green fluorescent protein (GFP)-tagged
fusions within the pncr003:2L ¢cDNA of each
ORF and expressing these UAS-smORF-GFP
fusions (fig. S8) in muscles with Dmef2-Gal4.
‘We observed the GFP signal at the dyads (Fig. 1E
and fig. S1, C and D) (8)—the structures in which

the sarco-endoplasmic reticulum (SER) membrane
lies closest to both the plasma membrane and the
sarcomeres—in order to facilitate the conversion
of the voltage signal into calcium release and mus-
cle contraction (fig. S2G). Similar results were ob-
tained with N-terminal Flag-hemaglutinin-tagged
smORFs (UAS-FH-smORF) (Fig. 1F and figs. S1,
E and F, and S8).

To obtain a null mutant for pncr003:2L, we
generated two small overlapping deficiencies around
the {WH} 02056 insertion (Fig. 1A). Together,
these two deletions generate a synthetic homo-
zygous deficiency [“Dff2L)scl”’] eliminating the
pncr003:2L transcript and the CG13283 and
CG13282 genes and represents our null condition
for the pncr003:2L locus, as corroborated with RT-
PCR and in situ hybridization (fig. S2, A to F).

Df{2L)scl mutants showed no behavioral or
morphological muscle phenotype, even at the ul-
trastructural level (fig. S2, H to Q). We analyzed
muscle function using time-lapse recordings of adult
fly hearts (9), which provide an excellent read-out of
muscle contraction (Fig. 2A). Df2L)sc/ mutants
showed significantly more arthythmic cardiac con-
tractions than those of wild-type flies (Fig. 2, A and
B; tables S5 and S6; and movies S1 and S2). These
effects are due to a requirement for prcr003.2L pep-
tides and not the other genes removed in Df2L)scl
because the phenotype (i) is mimicked by RNA in-
terference on pncr003:2L and (i) is rescued by
restoring expression of UAS-pncr003:2L or either
of its encoded peptides in Df{2L)scl mutants, but is
not rescued by smORFs carrying frameshifts in the
peptide sequence (Fig. 2B, figs. S3A and S8, and
tables S5 and S6). Correspondingly, intracellular
electrophysiology recordings in cardiac cells show
irregular action potentials (APs), involving “dou-
ble” and occasionally failed APs in the nonrescued
mutants (Fig. 2C, fig. S3C, and table S7).

Because the smORF peptides localize in the
dyads, we checked a possible physiological func-
tion related to Ca®" trafficking during muscle
contraction by visualizing intracellular Ca>* (9).
During heart contraction, the Ca”" transients of
pncr003:2L mutants showed significantly higher
amplitudes and steeper decay than those of wild-
type controls (Fig. 2D; fig. S3, D and E; and table
S8). Overexpression of either peptide in a wild-
type fly—but not of frameshifted smORFs—
produced reciprocal effects on Ca®" transients but
similar arthythmias to Df{2L)scl. Altogether, these
results suggest (i) a primary role for the pcnr003:2L
gene during Ca®" trafficking at the SER, which

SCIENCE www.sciencemag.org
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Fig. 1. pncr003:2Lpeptide expression in muscles and A
heart. (A) Annotated genomic region from the Flybase Genome
Browser displaying pncr003:02L, nearby genes and deficiencies ma” T oo

16830k 16840k

0613283 pncro03:2L. 0613284

generated in this work, Df2L)sct™? (green bar), and Df2L)scl% o
(dark blue bar). As transheterozygous, these two deficiencies
generate a homozygous deletion (Df(2L)scl, red bar), eliminating
the pcnr003:2L transcript and the CG13283 and CG13282 genes.
(B to D) Expression of pncr003:2LmRNA in Drosophila muscles
(arrowhead), in (B) stage 17 embryos; (C) larval somatic muscles B
(arrowhead) and heart (arrow), and (D) in the adult heart (ar-
row). (E to E”') ORFA-GFP expression (green; arrowheads) sur-
rounding the phalloidin-stained sarcomeres (magenta) in adult
transversal heart fibers. (F to F"') FH-ORFA peptides display a
reticular pattern (green; arrowheads) in adult longitudinal
heart fibers labeled with phalloidin (magenta). Blue, 4°,6-
diamidino-2-phenylindole (DAPI)—stained nuclei.
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Fig. 2. Role of pnrc003:2L in cardiac muscle contraction. (A) Kymo-
graphs comparing the pattern of heart contractions for wild-type and Df(2L)scl
hearts. The mutant shows irregular periods, some being abnormally long
(asterisk). A normal heart period is indicated (green). (B) Arrythmicity index of
pncr003:2L loss-of-function and rescue genotypes (left) and excess of function
genotypes (right), normalized to age matched wild-type controls (9). Columns
represent mean, and error bars represent SE. (C) Sample traces of intracellular
recordings from adult cardiomyocytes of wild-type (green); Df(2L)scl (red); and
Df(2L)scl rescued by UAS-pncr003:2L (blue). Arrows indicate “double” action
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pear magnified. (D) Ca®* transients during heart contraction of Df(2L)scl and
rescue genotypes (left) and gain-of-function genotypes (right) color-coded as
in (B). The fluorescent Ca®* sensor G-CaMP3 was used to visualize calcium
levels. Y axis values are ratios of calcium dependent fluorescence on its decay
phase normalized to basal intensities and presented as percentages relative to
wild-type controls; x axis values are percentage of time from the point of
maximum transient amplitude.
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Fig. 3. Putative homology of sequence and structure A

between human and Drosophila peptides. (A) Secondary
structure of the conserved domain [underlined in (B)] of
Sarcolipin (top) and Drosophila pncr003:2LORFA peptide (bot-
tom). Blue, nitrogen atoms; red, oxygen atoms. (B) Phyloge-
netic tree of vertebrate and arthropod (pncr003:2L, labeled
“Sarcolamban”) peptides. Asterisks indicate sequences identi-
fied in this study (supplementary data file S1). Putative an-
cestral consensus sequences (left) and further analysis (fig. S4)
(9) suggest that the two vertebrate peptides arose from a du-
plication of a single ancestor that also diverged independently
into the different arthropod Sarcolamban peptides. Analysis of
RNA (cDNA) sequences (arrows) indicates that all peptides arise
from single smORFs (red boxes) uninterrupted by exons, sug-
gesting that ancestral peptides were also encoded by smORFs.
(C) Western blots from Drosophila S2 cells showing that the
antibody to human Sarcolipin (left lanes) recognizes the Dro-
sophila FH-tagged Sarcolamban18-kD peptides SclA and SclB,
but not the 10-kD FH-tag alone. Right lanes show positive
controls, with antibody to HA recognizing all peptides. (D)
A compatible structure for Sarcolamban-A (magenta) is ob-
tained by threading it onto the C-terminal domain of ver-
tebrate Phospholamban (green). (E to E™) Drosophila FH-SclA
peptides (arrowheads) surrounding the sarcomeres (red) are
recognized by antibodies to Sarcolipin (green) and Flag (blue)
in larval somatic muscles.
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would be secondarily required for regular muscle
contraction; and (ii) that such a role is mediated
by the peptides encoded by the 28— and 29—-amino
acid smORFs.

We searched for conservation of these sSmORFs
in other species by using Basic Local Alignment
Search Tool (BLAST) and only identified them in
other Drosophilids [with K,/K scores of <0.2 sup-
porting translation (/0)]. Because the pncr003:2L
peptides have a predicted helical structure, we
searched for possible structural homologs (9) and
retrieved the 30—amino acid human sarcolipin
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(Sln) peptide (Fig. 3A and tables S1 and S2) (/7).
However, the Sln and pncr003:2L peptides dis-
play noticeable differences in their amino acid
sequences (Fig. 3B). If they were true homologs,
peptides with intermediate sequences should exist
in the stem lineages to both flies and humans. We
devised a bioinformatics protocol (9) to identify
possible pncr003:2L homologs in arthropods
(Fig. 3B and fig. S4) plus nonannotated homologs
of sln and its longer paralogue phospholamban
(pln) (Fig. 3B and fig. S4) (12), until basal arthropod
smORFs identified basal vertebrate homologs with

the expected intermediate amino acid changes
(fig. S4, A to C). Supporting their putative homology,
we found that (i) antibodies to sarcolipin recognize
the pncr003.:2L peptides (Fig. 3, C and E, and fig.
S5, A and B), and (ii) threading the pncr003:2L
amino acid sequences on the Pln three-dimensional
(3D) structure (13) also produces a compatible
structure (Fig. 3D and tables S1 and S2).

A phylogenetic tree of all these peptides sug-
gests that Sln and Pln emerged from a gene du-
plication in vertebrates, whereas an independent
and more recent duplication in flies gave rise to

SCIENCE www.sciencemag.org



Fig. 4. Sarcolamban interacts with Ca-P60A SERCA. (A to A"") Co-
localization of sarcolamban FH-SclA peptides (green) and Ca-P60A SERCA
(red) in the SER and dyads (arrowheads) surrounding the adult heart sar-
comeres (blue, phalloidin). (B and C) Interaction between the Drosophila SclA
(magenta) and Ca-P60A, modeled from vertebrate SERCAla in the El con-
formation (9). SclA docks onto Ca-P60A similarly as Phospholamban (yellow)
and Sarcolipin (fig. S5, D and E) onto human SERCA1a (C). Peptide C-termini

REPORTS

D WB: Anti-Ca-P60A
FLAG-SclA FLAG-ScIB FLAG-only FLAG-Snl FLAG-PIn

—— 3 =
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(] "
75KDa ’ }

FLAG ONLY FLAG ONLY FLAG ONLY FLAG ONLY FLAG ONLY
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E!”

are down. (D) FH-tagged Drosophila SclA and SclB and the human Sln and
Pln peptides pull-down the 100-kD Drosophila Ca-P60A (revealed with
antibody to Ca-P60) from transfected S2 cells. Negative control lanes with
Flag-only peptides or beads without antibodies (“ONLY beads”) do not show
similar Ca-P60A signal. (E to E"") Human Sln peptides (green; arrowheads)
expressed in the Drosophila adult heart surround the sarcomeres (red; labeled
with antibody to Tropomyosin1). Blue, DAPI-stained nuclei (arrow).

pncr003:2L ORFA and ORFB peptides. The tree,
sequence alignments, and further bioinformatics
analysis (fig. S4, supplementary data file S1,
and tables S1 and S2) (9) are altogether compati-
ble with a single origin for the Sln, Pln, and
pncr003:2L peptides from an ancestral peptide-
encoding smORF of ~30 amino acids (Fig. 3B and
fig. S4B). We suggest that pncr003:2L and its ar-
thropod homologs should be renamed sarcolamban
(scl) in order to reflect their similarity and prob-
able homology to vertebrate s/n and pin.
Conservation of smORFs across such an evo-
lutionary distance (>550 million years of diver-
gence) has not been described; therefore, we
scrutinized their functional homology. Sln and
Pln regulate Ca** traffic in mammal muscles by
dampening the activity of the Sarco-endoplasmic
Reticulum Ca”" adenosine triphosphatase (SERCA),
whose function is to retrieve Ca®" from the cy-
toplasm back into the SER, leading to muscle
relaxation (fig. S2G) (/4). The effects of remov-
ing sin upon the vertebrate muscle Ca®* tran-
sients are remarkably similar to the effects we
observed in Df{2L)sc/ mutants (Fig. 2D) (15).
Furthermore, abnormal levels of Sln expression
have been related to human heart arrhythmias
(16), and SIn and Pln have been shown to bind
SERCA (17). In flies, the Scl peptides colocalize
with Drosophila SERCA (Ca-P60A) (Fig. 4A and
fig. S5C) and coimmunoprecipitate with it (Fig. 4D).
Furthermore, the arrhythmia and abnormal tran-
sients of Dff2L)scl mutants are corrected by re-
ducing the function of Ca-P604 (Fig. 2, Bto D), a
genetic interaction that is consistent with a down-
regulating role of Scl upon SERCA activity (/8).
Last, threading the sequence of Ca-P60A onto the

www.sciencemag.org SCIENCE VOL 341

3D structure of vertebrate SERCA produces a com-
patible structure that seems able to dock Scl sim-
ilarly to Sln and Pln binding to SERCA (Fig. 4, B
and C; fig. S5, D and E; and tables S3 and S4) (17).

Our studies suggest that Sln and Pln can bind
fly Ca-P60A and can resemble Scl function. Mod-
eling suggests that fly and vertebrate peptides
could bind each other’s SERCA (tables S3 and
S4), and indeed human peptides can pull down
fly Ca-P60A (Fig. 4D). Sln and Pln expressed in
fly muscles and cultured cells localize similarly to
Scl and Ca-P60A (Fig. 4E and figs. SSF and
S6) and produce arrhythmias and Ca?* transients
similar to those produced by overexpressing fly
Scl peptides (Fig. 2, B and D). Furthermore, ex-
pression of human Pln in Df{2L)scl flies can
rescue the mutant Ca" transients toward wild type,
and the strong arrhythmia phenotype of ectopic Pln
is itself reduced (Fig. 2, B and D).The human
peptide overexpression and rescue effects do not
completely reproduce those observed with fly pep-
tides, and this suggests that although this family
of peptides may share a regulatory function on
Ca®" pumps, each seems finely tuned to its own
species-specific SERCA regulation.

Altogether, our results suggest that this family
of peptides may represent an ancient system for
the regulation of Ca*" traffic, whose alteration
can result in irregular muscle contractions. We
propose that the Drosophila sarcolamban (scl)
gene, previously annotated as the long noncoding
RNA pncr003:2L, actually encodes two func-
tional smORFs of 28 and 29 amino acids that are
translated into bioactive peptides. The analysis
of related amino acid sequences across multiple
species is compatible with a conservation of these

6 SEPTEMBER 2013

peptides and their putative molecular structure
from flies to vertebrates, correlated with the con-
servation of their biological role in regulating
Ca®" uptake at the SER. We speculate that this
remarkable conservation, together with previous
reports on the fal gene (2—4), might indicate that
smORFs can reveal both sequence conservation
and important biological functions. Bioinforma-
tics predictions (/, 5) and recent ribosomal pro-
filing data from vertebrates (/9) suggest that
translated smORFs may be abundant. We believe
that smORFs cannot be dismissed as irrelevant,
but that their functionality should be considered
whenever encountered.
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A Causative Link Between Inner
Ear Defects and Long-Term

Striatal Dysfunction

Michelle W. Antoine,* Christian A Hiibner,? Joseph C. Arezzo,* Jean M. Hébert™3*

There is a high prevalence of behavioral disorders that feature hyperactivity in individuals with
severe inner ear dysfunction. What remains unknown is whether inner ear dysfunction can alter the
brain to promote pathological behavior. Using molecular and behavioral assessments of mice
that carry null or tissue-specific mutations of Slc12a2, we found that inner ear dysfunction causes
motor hyperactivity by increasing in the nucleus accumbens the levels of phosphorylated adenosine
3',5"-monophosphate response element—binding protein (pCREB) and phosphorylated extracellular
signal-regulated kinase (pERK), key mediators of neurotransmitter signaling and plasticity. Hyperactivity
was remedied by local administration of the pERK inhibitor SL327. These findings reveal that a
sensory impairment, such as inner ear dysfunction, can induce specific molecular changes in the
brain that cause maladaptive behaviors, such as hyperactivity, that have been traditionally

considered exclusively of cerebral origin.

he inner ear contains the cochlea, devoted

I to hearing, and the vestibular end organs,
dedicated to balance. In 20 to 95% of chil-

dren with severe hearing loss, auditory and ves-

tibular dysfunction occur concurrently (7, 2). In
such cases, there is a high incidence of behavioral

Fig. 1. Slc12a2"®%2"842" mutants display a
dopamine receptor—mediated increase in loco-
motor activity that cannot be explained by dis-
ruption of Slc12a2 in the brain. (A) Traces and
(B) quantification of mouse locomotion in an open
field showing that haloperidol alleviates locomotor
activity and circling in Slc12a24*276%2" mice with-
out affecting grooming [***P < 0.0001; repeated
measures analysis of variance (ANOVA) with Bonferroni
post hoc comparison]. (C) Germline recombination
of Slc12a2™ mice recapitulates the increased loco-
motion of the Slc12a2"¢*?7¢%2" mutant (P = 0.0032,
unpaired two-tailed test). Mice lacking Slc12a2 in the
neocortex and hippocampus (Emx1®*;Slc12a2%"®),
striatum (DIx5/6-Cre;Slc12a2™7), cerebellum
(En17%*;Slc12a2™), and CNS (Nestin-Cre:Slc12a2)
display normal levels of motor activity (unpaired
two-tailed test). (D) Germline recombination of
Slc12a2™* also recapitulates the circling behavior
of the Slc12a2"4*2"8%2" mutants. n = 4 to 11 mice
per genotype. All data are means + SEM.
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disorders that feature hyperactivity as a core di-
agnostic symptom (3-5). Although socioenviron-
mental variables have been proposed as risk
factors (6), it is unclear whether sensory impair-
ments, such as inner ear defects, can directly
induce specific changes in the brain that lead to

A

+/+ K842*/K842*

vehicle

haloperidol

B controls
[] mutants

Distance
traveled (m)
=)

o

50

0
Q @ < @ <
™ d N d N
NIES N N O
& P & © Qo 4
@ N &
§E & P < &

maladaptive behavior. In nonhuman vertebrates,
including rodents and frogs, surgical or pharma-
cological lesions to the vestibulo-auditory system
are also linked to long-term changes in locomotor
activity, although, to date, the associations be-
tween ear dysfunction and behavior remain un-
explained (7-9). Genetic mouse models of inner
ear dysfunction can exhibit increased levels of
locomotor hyperactivity (/0), but because the
gene is mutated in the brain, as well as the inner
ear, the causal neural underpinnings of this be-
havior remain unknown.

Slc12a?2 (also known as Nkccl) is a gene that
encodes a sodium-potassium-chloride cotrans-
porter broadly expressed in tissues, including
the inner ear and central nervous system (CNS)
(11, 12). The Slc12a2 mutant mice used in this
study arose spontaneously in our mouse colony
and exhibit increased levels of motor hyperac-
tivity, including locomotion, circling, and head
tossing (Fig. 1, A and B; movie S1; and fig. S1A),
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