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Abstract

Human oocytes can stay dormant for several decades in meiotic arrest, before
reactivation and maturation. Similar, Drosophila oocyte is mostly transcriptionally
guiescent during prophase I-arrest, transiently reactivating gene expression just before it
progresses into metaphase I. Our aim is to better understand such reactivation and its

role for oocyte maturation and female fertility.

This work is divided in 3 chapters. In chapter | we use an isolated loss of function
allele of dkdmb5 to characterize the function of this enzyme during oogenesis. The results
obtained with the loss of function allele of dkdm5 are consistent, albeit stronger, with the
phenotypes previously observed after RNAI depletion and hypomorphic allele of dkdmb5.
Yet, a qualitatively distinct phenotype has also been identified, suggesting a new function

of dkdm5 during oocyte maturation.

In chapter Il we try to access chromatin quality and synaptonemal complex
assembly throughout oocyte development. Proteins from chromatin remodelling
complexes, as dkdm5, have been shown to disrupt the synaptonemal complex further
leading to problems in meiotic progression. Here we observed that two core components
of the pho repressive complex are required for female fertility. Further, we show that
specific germline dSfmbt depletion leads to an abnormal increase of Corolla and defective

synaptonemal complex morphology in the oocyte chromatin throughout development.

Chapter lll is an independent chapter where we reveal Nine Teen Complex Protein
Salsa as being particularly rate limiting for efficient splicing of short proximal introns and
dorsoventral patterning of the Drosophila egg. We observed that, upon specific germline
depletion of Salsa, Gurken transcript is poorly spliced leading to an abnormal localization,
subsequentially leading to defects in the eggshell dorsoventral patterning and female
fertility. Further we show that ectopic Gurken expression can suppress the dorsal ventral
patterning defects after Salsa depletion. Our work aims to mechanistically understand our

observations.

Keywords: Drosophila, oogenesis, dkdm5, meiosis, synaptonemal complex.



Resumo

Os od6citos humanos tém a habilidade de para o seu ciclo celular na meiose durante
diversas décadas, num estado de dorméncia transcricional, antes de reativarem a sua
transcricdo e maturarem. Semelhante ao que ocorre em humanos, os o06citos de Drosofila
também estéo, na grande parte do seu desenvolvimento, com o seu ciclo celular parado
na profase | da meiose num estado de quiescéncia transcricional. Antes da progressao
meidtica para a metafase |, existe uma reativacao transiente da transcricdo no nucleou

do odcito.

Este trabalho esta dividido em trés capitulos. No primeiro capitulo, focamo-nos em
utilizar um alelo isolado com a perda de funcgéo total de dkdm5 para tentar caracterizar a
funcdo desta enzina durante a oogénese. Os resultados obtidos sdo semelhantes aos
observados anteriormente em experiéncias feitas através de deplecdo por RNAI ou pelo
uso de um alelo hipomorfico. Contudo os fenétipos observados na perda da funcéo total
de dkdm5 sédo mais acentuados. Também, com este trabalho conseguimos desvendar
alguns dos processos que sdo dependentes ou independentes da atividade de
demetilase de dkdm5. Contudo, observamos um fendtipo qualitativamente distinto na
cromatina do nucleo do odcito o que sugere uma nova funcdo de dkdm5 durante a

maturagéo do odcito.

No segundo capitulo, avaliamos a qualidade da cromatina e a formacao
synaptonemal complex ao longo do desenvolvimento do odcito. Proteinas que integram
complexos responsaveis pela remodelacdo da cromatina, como dkdm5, tem vindo a ser
descritos como necessario para a correta formagdo do synaptonemal complex e
subsequentemente uma correta progressdo meiotica. Neste capitulo, mostramos que
dois dos principais componentes de pho repressive complex, sdo necessarios para a
fertilidade feminina. Alem disso, mostramos também que apés uma delecdo especifica
de dSfmbt na linha germinal, existe um aumento da expressdao de Corolla e o

aparecimento de morfologias defeituosas do SC durante o desenvolvimento do odcito.

O terceiro capitulo € um capitulo independente. Neste capitulo n6s descobrimos

gue a proteina Salsa do Nine Teen Complex protein como sendo particularmente limitante



para a eficiéncia de splicing em intrdes proximais curtos e padronizac¢ao dorsoventral do
ovo de Drosofila. Observamos que, apos deplecéo especifica da linha germinal de Salsa
gue, o splincing do transcrito de Gurken ndo é feito corretamente levando a uma
localizacdo anormal desta proteina, subsequentemente levando a defeitos de
padronizacdo dorsoventral dos ovos e defeitos na fertilidade feminina. Contudo,
mostramos que a expressao ectopica de Gurken pode suprimir os defeitos de
padronizacdo dorsoventral apdés a deplecdo de Salsa. O nosso objetivo reside em

entender os mecanismos que estao por detrds das nossas observacgoes.

Palavras chave: Drosdfila, oogénese, dkdm5, meiose, synaptonemal complex.
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1 Introduction.

1.1 Oogenesis overview.

1.1.1 Homo sapiens oogenesis.

Human oocyte development is mainly supported on the ability from the
mother to provide nutrients required for oocyte maturation and embryonic
development with the main role of reproductive success [1]. Oocyte development
starts at around 6 weeks of gestation in female fetus. This event starts with the
migration of the primordial germ cells to the genital ridges, generating millions of

oogonia cells that will peak at over six million by the 26 gestation weeks [2-5].

As oogonia proliferate by asymmetric mitotic division, it gives rise to two
daughter cells, specifically the future primary follicle and another oogonium. The
future primary follicle ends proliferation and enters in prophase | of meiosis.
During the fetal stages of female gametogenesis, oocytes advance through
various stages of prophase I: leptotene, zygotene, pachytene, and transiently
arresting their development at the diplotene stage of prophase I, acquiring a
quiescent state [2,6]. Although the oogonia keeps proliferating throughout fetal
stages of female gametogenesis, most of them die by apoptosis and only the

survivors will continue differentiation [2].

In humans, the diplotene | arrest of the quiescent primary oocyte can last
several years, or even decades, from fetal development until the onset of
ovulatory cycles at puberty, being these dormant oocytes progressively

reactivated during the entire women’s fertile period (Figure 1) [7].

Has oocyte differentiation proceeds, the layer of somatic cells that
surrounds the oocyte and supports its development, further matures in a process
called folliculogenesis [8]. This process begins in the fourth month of gestation
and remains active until birth, when the containing primordial follicles arrested at
the diplotene stage of prophase | are fully formed [8,9]. This layer of flatten
granulosa cells, surrounding the arrested primordial follicles are also arrested at

the GO phase of the cell cycle, that will allow the production various growth factors



and cytokines that are crucial the viability, maturation and further oocyte
development. The mechanisms underlying oocyte dormancy and follicular

guiescence are still poorly understood [10,11].

At birth, the number of oocytes formed at the initial stages of development
has already declined by 80% through a process of follicle degeneration,
commonly known as atresia [12]. After puberty and until the onset of menopause,
groups of primordial follicles are continuously reactivated for further oocyte
maturation [13]. However, since the process of atresia continues after birth and
throughout the reproductive life span of the individual, at puberty there are only
around 400,000 primary oocytes from which only approximately 500 oocytes will

fully mature and ovulate [5].

Follicle growth initiation and maturation result from crosstalk between the
developing oocyte and the supporting somatic cells [14]. From the initial
population of primordial follicles, there is an irreversible growth initiation of a pool
of primordial follicles followed by the proliferation of cuboidal granulosa cells
forming a structure that is the primary follicle (Figure 1). These morphological
changes are associated with a significant change of the primary follicle

transcriptome [15].

As granulosa cells continuously proliferate, theca cells are recruited to the
growing secondary follicles. With the continuous proliferation of the granulosa
cells, the follicle will reach the preantral stage were the capillary vessels form
within the thecal layers, blood begins to circulate create the follicle and the oocyte
becomes surrounded by a zona pellucida. Antral follicles (also known as tertiary
follicles) are produced upon fluid accumulation in the antrum, dramatically
expanding the oocyte volume (Figure 1). During the antral follicle development,
the oocyte becomes competent and is finally released from the prophase I-arrest,
progressing into meiosis Il and transiently arresting once more in metaphase |l
until fertilization [16]. Meiotic resumption results from an endocrine cascade that

induces a peak of luteinizing hormone (LH) secretion leading to ovulation.

After ovulation, the corpus Iluteum is formed from the terminal
differentiation of remaining theca and granulosa cells which maintains the

endometrium by secreting progesterone and estrogen [11,15,17].
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Figure 1 - Homo sapiens oogenesis. In Homo sapiens (human), the developing primary oocyte
arrests for several decades in a dormant state, before reactivation after puberty. Reactivation of the
dormant primordial follicle is associated with a dramatic change in the oocyte transcriptome and rapid

growth

1.1.2 Drosophila melanogaster oogenesis.

Drosophila melanogaster has two ovaries, both are composed by 16 to 20
independent ovarioles, each with their own germ-line stem cell population [18,19].
Each ovariole is composed by a progression of distinct follicles, starting with the
germarium at the anterior tip of the ovariole and progressing to a fully developed
oocyte at the posterior end, all connected by somatic stalk cells [19]. Each
Drosophila ovariole contains two main stem cell populations, the germ-line stem
cells (GSC) and follicle somatic stem cells (FSC), which are harboured in an
anterior structure named the germarium. Oogenesis takes approximately one

week to be completed [20-22].



Drosophila female meiosis takes place at the anterior tip of the germarium
where 2-3 GSCs divide asymmetrically to produce another stem cell and a
daughter cell that will soon differentiate into a cystoblast. The newly formed
cystoblast undergoes four mitotic divisions with incomplete cytokinesis forming a
16-cell cyst interconnected by the ring canals and a cytoskeleton structure known
as fusome [20-22]. The synaptonemal complex (SC) assembly between the
paired homologous chromosomes is the first cytological evidence of meiotic

initiation occurring in region 2A of the germarium [18].

.- Diplotene arrest of prophase | -

E
Stage 9 gg

oocyte

Stage 7 Stage 8
) Stage 3 Stage 5 oocyte oocyte
Germarium  oocyte oocyte

Transcriptionally

quiescent oocyte
Transcriptionally Meiotic
active oocyte ' progression
Oocyle nucleus
chromatin architecture

Figure 2 - Drosophila melanogaster oogenesis. In Drosophila melanogaster (fruit fly), the
developing oocyte arrests at the diplotene stage of prophase |, with its nucleus forming a highly
condensed structure, known as the karyosome, and becoming transcriptionally quiescent. Such
guiescence does not impair oocyte growth as it mostly relies in the supporting nurse cells. The
transcriptionally quiescent oocyte transiently reactivates gene expression before it progresses into

metaphase suggesting a role in meiotic progression.

The pairing and synapsis of homologous chromosomes by the SC is
essential for subsequent meiotic processes including recombination and
chromosome segregation [23]. After initiation of SC assembly between the paired

homologous chromosomes attaching them together until anaphase, double-



stranded breaks (DSBs) are generated in order to create crossing over loci [24].
In region 3 only one cystoblast will remain in meiosis, whereas the other 15 cells
of the 16-cell cyst will endoreplicate their own genome giving rise to the
supporting polyploid nurse cells. This results in a single pro-oocyte by region 3
that maintains full-length SC along the arms of the chromosomes with most DSBs
are already repaired [25], while the supporting nurse cells are required to
transport and synthetize nutrients, cytoplasmic components, mRNAis and
proteins that are important for correct oocyte growth and development. The
oocyte is the only cell within the egg chamber that will progress through meiosis
[21,26,27].

When the cystoblast leaves the germarium, an egg chamber is formed. The
egg chamber is composed by the oocyte, the nurse cells and the somatic follicle
cells that surround both the oocyte and the nurse cells. Drosophila oocyte
Prophase | starts early in the region 2A of the germarium and arrests during the
diplotene stage of prophase | at stage 5 during Drosophila oocyte development,
with the oocyte chromatin compacted and condensed into a structure that is the
karyosome [26—28]. In terms of meiotic progression, only a few events have been
documented during stages 2-12 of oocyte development, namely karyosome

formation and SC disassembly.

The arrangement of the karyosome relies, among other factors, on the ability
of the oocyte nucleus chromatin to detached completely from the nuclear
envelope allowing it's the full condensation and compaction. The phosphorylation
of Barrier to autointegration factor (Baf) by Nucleosomal histone kinase-1 (nhk-
1) is one of the elements that is required for the correct detachment of the oocyte
chromatin from its nuclear envelope [29]. Loss of nhk-1 is associated with a delay
in the disassembly of euchromatic SC [30], creating aberrant chromosomal
arrangements in the polar body, mitotic spindle defects, and metaphase | spindle
defects [31]. Although, why the oocyte nucleus chromatin needs to detach from
the nuclear envelope and form a highly condensed structure is still not well
understood, Drosophila mutants that disrupt the karyosome architecture lead to
female sterility, suggesting a correlation between the karyosome formation and
female fertility [31], [32].



The oocyte nucleus arrest between stage 5 and 9 of Drosophila oogenesis,
at the diplotene stage of prophase I, in a transcription quiescent stage with its
chromatin condensed. Before the meiotic progression, there is however, a
transient reactivation of gene expression accompanied by a remodelling of the
oocyte chromatin architecture during late diplotene I-arrest (stage 9-10). During

this period, the oocyte rapidly grows in size [32], [33].

The functional relevance of such transcriptional reactivation for meiotic
progression and female fertility is still poorly understood, however Histone
demethylase dkdm5/Lid not only avoids precocious reactivation of oocyte
transcription [32], but is also important for the correct levels of Histone H3K4
trimethylation, karyosome architecture, SC maintenance, centromere pairing,

meiotic progression and female fertility [32,34].

For Drosophila oocyte growth, the oocyte mostly relies in the ability of the
supporting nurse cells, to synthetize and transport RNAs, proteins and other
cytoplasmic components into the developing oocyte [27]. Such transport can be
divided in two phases [35—-37], a slow-initial phase that occurs between stage 2
until stage 10A and a rapid phase that occurs between stage 10B and 12 (nurse
cell dumping), where an actin-myosin contraction of the nurse cells push their

cytoplasm contents rapidly into the oocyte, through the connecting ring canals.

Once oocyte growth stops and the migrating follicle cells cap the oocyte,
closing the connecting ring canals, meiosis progresses into metaphase I, where
it is arrested again until egg activation [38]. Drosophila egg activation occurs
independently of fertilization, being induced by the physically stimulated passing
of the egg in the oviduct and rehydration [39]. During egg activation, there is
considerable change of the oocyte transcriptome and proteome, which prepares

the female gamete for fertilization and the oocyte-to-zygote transition [40,41].

1.2 The First meiotic arrest.

Prophase | during meiosis is divided in 5 stages. The first stage is
designated has leptotene and during this stage of meiotic prophase | the
chromosomes are unpaired and small segments of chromosome core structure

appear in the nucleus. When the homologous chromosomes begin to pair and



synapse, the zygotene stage of prophase | take place. This stage is characterized
in Drosophila by the observation of short patches of SC in early region 2A of the
germarium. Pachytene is the third stage where the full-length SC is established
allowing chromosomal crossover between paired chromosomes and
recombination. The final stage of meiotic prophase | is the diplotene stage where
meiotic recombination is already accomplished and in Drosophila, the SC
disassembles from the chromosome arms, being still attached to the centromeric
regions. During the diplotene stage, the oocyte enters a prolonged resting period
[23], [42]. This meiotic arrest at the diplotene stage of prophase | is highly
conserved across metazoans and it's important for oocyte differentiation and

accumulation of maternal components [32].

Although the oocyte is arrested at the diplotene | stage, often the oocyte
chromatin is associated with dramatic architecture rearrangements. Different
species have different strategies to assure the correct maturation of oocyte at this
stage. Mammal oocytes are smaller in size when compared to other vertebrates
because they do not need to accumulate large stockpiles of storage proteins to
sustain embryonic development after fertilization, has seen in Xenopus laevis and
Danio rerio oocytes. Before birth, the primary oocytes enter meiotic diplotene |
arrest, being surrounded by supporting granulosa cells and forming long-lived
quiescent ovarian structures named primordial follicles [10]. After puberty
initiation, there’s a continuous activation of the primordial follicles, where the
granulosa cells change from flat to a cuboid structure followed by a global
alteration of the oocyte transcriptome. Subsequently, there is the resumption

meiotic progression, oocyte growth and maturation [10].

Drosophila oogenesis has a prolonged meiotic arrest at the diplotene
stage of prophase I. The oocyte arrests at diplotene stage of prophase I, being
this arrest accompanied by condensation of the oocyte chromatin into the
karyosome inducing a transcriptional quiescence of the oocyte between stage 5
and 9. Although the oocyte nucleus is in a quiescence state, this does not impair
oocyte maturation as the nurse cells supports the oocyte with its requirements for
growth and development [43,44]. Despite the supporting role of the nurse cells,

prophase | arrested oocytes transiently reactivate gene expression just before



progress into metaphase |. This transient reactivation of transcription is

associated with a global change in oocyte chromatin architecture. [32,33].

1.3 Oocyte Epigenetic Regulation.

Epigenetic modification play an important role guaranteeing a temporally
and spatial regulation of gene expression during Drosophila oogenesis [45].
Although the prophase I-arrested oocyte is in a highly condensed and compact
structure, its epigenome is quite dynamic, presenting an arrangement of
euchromatic and heterochromatic markers that vary during oocyte quiescence

and reactivation [32].

Although the biological significance of many of these epigenetic
modifications is still poorly understood, the regulation of histone H3 lysine 4
trimethylation (H3K4me3) that is an well-known euchromatic marker and histone
H3 lysine 27 trimethylation (H3K27me3) that is an well-known heterochromatic
marker, have been reported to be rate-limiting for Drosophila oocyte chromatin
architecture, meiotic completion and female fertility. During the transcriptional
guiescence of Drosophila oocyte, H3K4me3 remain at low levels when compared
to H3K27me3. Subsequentially, when the oocyte transiently reactivates its
transcription before meiotic progression it has been reported a significant
decrease in the H3K27me3 levels without any detectable change in the levels of
H3K4me3, suggesting that the balance between these two epigenetic markers

controls oocyte dormancy and reactivation [32].

Similar to Drosophila, Mammalian oocytes also present an assortment of
euchromatic and heterochromatic markers. The correct regulation of H3K4me3
and H3K27m3 levels is important for meiotic progression and transcriptional
reactivation, has these markers are dynamically regulated during oocyte
development. The impaired regulation of these epigenetically markers can lead

to an abnormal meiotic progression [10].

1.4 Histone Demethylases.

Mammalian cells encode four KDM5 paralogs, KDM5A, KDM5B, KDM5C,
and KDM5D whereas organisms with smaller genomes, such as Drosophila that
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have a single KDM5 ortholog. Drosophila kdm5 histone demethylase (dkdmb5;
also known as Lid) is a strict H3k4m3 demethylase that localizes to the
transcription-start site (TSS) of actively transcribed developmental genes and
negatively regulates the levels of H3K4me3 by removing methyl marks from
lysine 4 [46]. Not only dkdm5 can repress gene expression through its
demethylase activity, it can also act as a gene expression activator in a
demethylase independent manner, by interacting with other proteins positively
regulating gene expression [47]. Such dual function of dkdm5 potentially explains
why the expression of different subsets of genes are positively or negatively

regulated.

Female germ-line specific depletion of dkdm5, leads to a significant
increase in the levels of H3K4me3 and precocious transcriptional reactivation of
the quiescent prophase I-arrested oocytes without disturbing other epigenetic
markers. Although, upon female germ-line specific depletion of dkdm5 the egg
chamber growth and development are not impaired, the architecture of the oocyte
chromatin is highly abnormal with a defective SC assembly leading to an
abnormal meiotic progression and a significant reduction of female fertility [32],
[34].
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1.5 Aim of this work.

This work is divided in 3 chapters. In Chapter | we aim to define the roles of
the histone demethylase dkdm5 during oocyte reactivation, since previous
experiments have been done in hypomorphic conditions. With the new isolated
dkdmb loss of function we are able to completely abolish dkdm5 [48] throughout
oogenesis and not only we can distinguish the processes that are dependent or
independent of dkdm5 demethylase ability, but also hypothesize that dkdmb5 is

required for other processes during oogenesis that yet have not been described.

In Chapter Il we try to access chromatin quality and SC assembly throughout
the prophase | arrested oocyte. The SC assembly is required for the correct
meiotic progression. Chromatin remodelers or proteins that are associated to
chromatin remodelling complexes such as dkdm5 have been shown to disrupt
the SC assembly further leading to problems in meiotic progression leading to
female infertility [32,34]. Therefore, we hypothesize that there are other chromatin
remodelers and polycomb subunits required for the correct SC assembly. Further
in this chapter we characterize two proteins that form the pho repressive complex,
Pho and dSfmbt, to be required for female fertility. Collectively, we hypothesise
that, if Pho and dSfbmt are important for the correct architecture and remodelling
of the oocyte chromatin during prophase I, then Pho and dSfomt should regulate

SC assembly and/or disassembly during meiosis.

The third chapter is an independent chapter based on the work of Om
Rathore where | was integrated. In this chapter we undercover Nine Teen
Complex (NTC) protein Salsa as being particularly rate limiting for efficient
splicing of short proximal introns and dorsoventral patterning of the Drosophila
egg. We observed that Gurken transcript is poorly spliced and abnormally
localized after depletion of Salsa. Gurken protein expression was similarly
affected, as its localization was abnormal, leading to the working hypothesis that
Salsa is required for dorsoventral patterning through its regulation of Gurken
expression. Interestingly, we observed that splicing of the first intron of Gurken
transcript was significantly more affected than the second and third introns.

Consistently, genome-wide analysis confirmed that splicing of short proximal
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introns is particularly sensitive to depletion of Salsa. Our ongoing work aims to

mechanistically understand our observations.
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2 Methods.

2.1 Drosophila husbandry.

2.1.1 Stocks and Crosses.

All  Drosophila stocks were kept under standard procedures.
Approximately, 15 virgin female flies were mated with 8 male flies for all crosses.
After every forty-eight hours flies were transferred to fresh vials. Virgin female
flies were collected during the day from vials kept at 25°C. To maximize the
number of virgins collected, vials were placed at 18°C overnight and virgens
collected in the morning. Female virginity was confirmed by absence of larvae
after forty-eight hours at 25°C. After this period, the vials were checked for larvae
growth. If larvae were found, this indicates that at least one of the females was
not virgin and the vial was discarded. Both females and males selected flies were
between 3 to 6 days old to maximize the cross progeny. The cross date was also
taken in count, in the view that after 18 days the second-generation progeny will
start to hatch, whose genotype would be a complete mystery since it's almost

impossible to deduce who the parents are.

2.1.2 Anesthetizing flies.

D. melanogaster flies were anesthetized with carbon dioxide (COz2). First,
a hose is inserted to the vial or bottle and COz2 is administered to the flies. The
anesthetized flies are gently poured in a porous flat surface that delivers low
levels of CO2 gas making it possible to sort out the flies without them flying away.
The administration of CO2 to D. melanogaster flies will decrease the sensitivity of
glutamate at the neural muscular junction, therefore, impairing motor ability [49].
There’s no method of anesthetizing flies without risks. While the use of CO2 isn’t
toxic, it may induce headaches or dizziness to the user while prolonged exposure
and some studies [50] suggest that longevity and fecundity of the flies is affected
as well as reproductive behaviour [51]. After the use of COz2, flies were left to

recover twenty-four hours before any experiment was conducted.
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2.2 Fly work and genetics.

2.2.1 Additional Drosophila stocks.

Genomic dkdmb5 transgenes were generated as previously described in
[32]. Briefly, the demethylase-dead construct of dkdm5 containing two-point
mutations were generated with the following primers, JmjC_F: 50-
CGCAGCCTTCTGCTGGGCCAACGCGGACCACTGGAGTA-30; JmjC_R: 50-
TACTCCAGTGGTCCGCGTTGGCCCAGCAGAAGGCTGCG-30. For controls,
an 11.4 kb wild type dkdm5 genomic rescue transgene was generated. To
generate this transgene, the following primers were used: pBGR_F1: 50-
CTAAAGGGAACAAAAGCTGGCGCAGTGCGACGGCTCCAAATAC-30;
pBGR_R1: 50-CGTGTTGTCCGCCTCAGTTTTGGCGGACATAGCTTTAAGA-
30; pBGR_F2: 50-
CATCTTAAAGCTATGTCCGCCAAAACTGAGGCGGACAACA-30; pGR_R2:
50-CCCCGGGCTGCAGGAATTAACTCGGACTTGCACAAGCAGAAC-30;
pBGR_F3: 50-CTAAAGGGAACAAAAGCTGGCGGCGGAGATTGTG
GCCAGCTT-30 and pBGR_RS3: 50-
CCCCGGGCTGCAGGAATTGCTTACGCCGATTGCATGTC-30.

Both transgenes contain a C-terminal 3xHA-tag and were subsequently
analysed in a dkdm5 null mutant background showing equal expression (Figure
3B). The dkdm5 null allele we generated by imprecise excision of a P element
inserted in the kdm5 promoter region resulted in the deletion of three coding
exons of the kdm5 gene [52]. No full length or truncated KDM5 protein(s) were
present in kdm5 null flies and homozygous kdm5 adult mutants are 100% lethal
[52].

2.2.2 Germline clones.

Since homozygous and transheterozygous kdm5 mutants is lethal, we
performed germline clones using the FLP/FRTovoD system[53] in order to obtain

heterozygous adult flies carrying homozygous mutant oocytes. For this purpose

KDM5140FRT404 KDM5140FRT404 gKDMS:HAWT
we crossed w; w; S
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heat shocking at 37°C the progeny during second and third larval instar for one

_ P(NeoFRT)40A,P(FRTw[hs])G13

hour. For control w; females were crossed with

Cyo

FRT ovoP

whsFLP22; -
Cyo hsHid

males followed by the heat shock.

2.2.3 Egg hatching and ventralized eggshell defects scoring.

Cages containing 50 virgin females with control or kdm5 germline clones
and 20 wild type (Oregon R; OR) males, with ages between two and five days,
were prepared. For wild-type control, 20 wild type females and 10 wild type males
with ages between two and five days were also prepared. We reduced the
number of flies in wild-type control in order to have equivalent number of eggs
between wild-type control and germline clones. All cages were maintained at
25°C. Eggs were collected in plagues containing agar, sugar and apple juice.
Overnight egg collections were obtained since the germline clone females egg
laying is extremely low. Upon collecting the agar plaques, the total number of
eggs laid were scored and checked for dorsal-ventral patterning defects (with the
criteria shown in figure 6). Subsequently, the plaques were incubated at 25°C for

forty-eight hours. After this period, the number of hatched eggs was counted.
2.3 Drosophila ovaries dissection, fixing and storage.

2.3.1 Dissection and fixing.

Adult ovaries from females keep for 2 days in food vials supplemented with
fresh yeast paste were dissected according to the standard procedures. To this
purpose, flies were anesthetized by cold (5 minutes in -20°c) and ovaries were
dissected in 1x PBS pH=7,4. After dissection, ovaries were fixed for twenty
minutes in fixing solution (PBS with 4% of formaldehyde (Thermo Fisher
Scientific, cat. #28906), and 0.5% NP-40 (Sigma, cat. #18896)) and mixed with 2
volumes of heptane (Fluka, cat. #34495) at 1:3 ratio. Subsequently, ovaries were
washed in 0.2% PBST (PBS with 0.2% Tween-20 (Sigma, cat. #P5927)).
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2.3.2 Storage.

Fixed Drosophila ovaries were de-hydrated in Methanol (MeOH; Sigma,
cat. 322415) by consecutive 10 minutes incubation in a solution made of 0.2%
PBST and increased concentrations of methanol (30%MeOH, 50%MeOH,
70%MeOH, 100%MeOH). Afterwards, the ovary samples were stored at -20°C.

2.4 Ovary immunofluorescence.

Adult ovaries (10 ovary pairs per sample per experiment) were dissected
according to the standard procedures as described previously. For
immunofluorescence, fresh ovaries were used without MeOH storage since,
some antibody epitopes are particularly sensitive and MeOH may reduce the
antibody - epitope affinity. After fixation, ovaries were gently detached into single
ovarioles and incubated for 2h in a blocking and permeabilization solution (PBS
with 0.2% Tween 20 (Sigma)), 1% Triton X-100 (Sigma, cat. #T8787), 1% (w/v)
bovine serum albumin (BSA; Sigma, cat. #A7906) and 1% (w/v) donkey serum
(Sigma, cat. #D9663)). Primary antibodies incubation was performed overnight
at 4 °C, with gentle rotation, in 0.2% PBST supplemented with 1% BSA and 1%
donkey serum. Primary antibody was washed with 0.2% PBST and the secondary
antibody incubation was performed at room temperature during 1h. Afterwards,
secondary antibody was washed in 0.2% PBST and DNA was stained for 30
minutes at room temperature with DAPI (1: 10,000) (Fluka, cat. # 32670-5MG-F)
diluted in 0.2% PBST. Subsequently, DAPI staining was washed with 0.2%
PBST. Prior to mounting, ovaries were rinse in 1x PBS and mounted with

mounting medium (DAKO; Lusopalex, cat. #411144).
2.5 Protein immunoblotting.

2.5.1 Protein extraction from ovaries.

Ovary protein extraction was performed as described by P. Prudéncio and
L. G. Guilgur (2015). Briefly, Drosophila ovaries were dissected as described
above, and transferred to an ice-cold lysis buffer containing 150mM NaCl, 50mM
Tris-HCL (pH 7.5), 2mM EDTA, 0.1% NP-40 2mM DTT, 10mM NaF and protease
inhibitor (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail; Roche). Then,
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samples were manually homogenized ensuring the complete breakdown of the
tissue and centrifuged for twenty seconds at ~10,000 rcf (4°C). Manual
homogenization was repeated and then the samples were centrifuged for three
minutes at ~20.000 rcf (4°C). This step was repeated two times and between
centrifugations the supernatant was transferred to new tubes, avoiding the lipid
layer. The total protein extract was quantified in a spectrophotometer according
to the Bradford protein assay. After quantification, all samples were diluted to a
final concentration of 1 pg/uL and 2x Laemmli sample buffer was added (half of
the final volume). After a quick spin down, samples were heated for five minutes
at 100°C and immediately frozen at -20°C.

2.5.2 SDS-Page.

Protein samples were run at 6% SDS-polyacrylamide electrophoresis gel.
Samples were loaded into the gel and remaining empty wells was loaded with the
same volume of sample buffer. The voltage for sample running started at 60v and
after the stacking the voltage was increased to 90v. Afterwards, the protein was
transferred to a nitrocellulose membrane at 100v for sixty minutes. After transfer,
the membrane was briefly washed and blocked in a PBST 0.1% and 5% milk
solution for one hour with orbital shaking. Following the blocking, the first antibody
incubation was performed overnight at 4°C in 50mL falcons with a PBST 0.1%
and 5%milk, diluted according to the desired antibody. After, membranes were
washed three times for fifteen minutes in PBST 0.1% and blocked for fifteen
minutes in a PBST 0.1% and 5% milk solution. Following, the second antibody
incubation was performed for two hours at room temperature on a roller in 50mL
falcons with a PBST 0.1% and 5%milk, diluted according to the desired antibody.
After the second antibody incubation, the membranes were washed three times

for 10 minutes.

2.5.3 Enhanced chemiluminescence Detection (ECL).

10mL of a homemade ECL solution (1M Tris-HCL pH 8.5, 250mM luminol,
90mM DMSO and water) supplemented with 6uL of 30% hydrogen peroxide was
equally distributed this solution across the membranes. After one minute, the

membranes were transferred to a cassette. In a dark room, the films were
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exposed to the membrane with different time periods in order to have more or
less exposure and were submerged in a developing solution following a fixing

solution. Afterwards, the films were washed with water and dried.

2.6 Antibodies.

For immunofluorescence, the following antibodies were used: anti-
phospho-Ser 5 CTD RNApol Il rat (1:500 dilution, Merck Millipore 04-1572-I). For
western blot, rat anti-HA (1:500 dilution, Roche 11867423001) and mouse anti-
a-Tubulin  (1:10,000 dilution, Sigma T6199). Secondary antibody for
immunofluorescence detection was performed with Alexa 488 (Molecular Probes)
at 1: 1,000 dilution and for western blot HRP-conjugated antibody at 1:4,000

(Jackson ImmunoResearch).

2.7 Protein immunoprecipitation.

For immunoprecipitation of the HA-tag in ovaries, ovary dissection and
protein extraction protocol were performed as described previously. Per
condition, 3mg of Pierce™ Anti-HA Magnetic Beads (Thermofisher, cat. #88836)
were washed in protein lysis buffer. Subsequently, 1mg of protein extract diluted
in protein lysis buffer was added to the beads following a one-hour incubation
(4°C). After incubation, the beads were washed, and all samples were diluted in
2x Laemmli sample buffer (half of the final volume). Input and supernatant

samples were taken for western control and immunoprecipitation efficiency.
2.8 Quantitative imaging analysis.

Oocyte chromatin was assessed by using an automated global thresholding

method (Huang’s fuzzy thresholding; ImageJ).

Oogenesis stages were defined accordingly standard morphological
components has described by Jia, Dongyu et al. 2016 [54]. For signal

guantification, in each oocyte
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2.9 Statistical analysis

Statistical analysis was performed using Prism six software. To analyse
egg hatching and dorsal ventral patterning a statistical analysis of variance was
used to evaluate the differences among group means in each sample. Signal
guantification analysis scatter plots only present the mean of each sample and

standard deviation.
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3 Results

Previously our lab, with a work mainly performed by Paulo Navarro-Costa
[32], showed that dkdm5 histone H3K4me3 demethylase is a key regulator of
Drosophila oocyte reactivation. Germ line-specific depletion of histone
demethylase dkdm5 remodels Drosophila oocyte epigenome by drastically
increasing H3K4me3 levels (euchromatic mark associated with the transcription
start site of active genes) in prophase | oocytes, without affecting other epigenetic

markers.

The dramatic increase of H3K4me3 levels in the oocyte nucleus, leads to
premature transcription reactivation of the quiescent oocyte, abnormal
remodelling of the oocyte chromatin during prophase | and deficient meiotic
progression leading to a dramatic reduction in female fertility. Although, multiple
functions have been described for dkdm5 during Drosophila development, the
phenotypes observed during oogenesis after dkmd5 depletion are specific to the

oocyte chromatin.

\
6(\

< N
X @® (@®
B & O s

1kb
dKDMS:HA

& (sse— KDM5 ™

Figure 3 - KDM5wt and KDMb5Jimjc* genomic constructs are equally
expressed in Drosophila oocytes. (A) dkdm5 genomic sequence contains 3
alternative transcription start sites indicated by an arrow and depending on the
TSS between 5 and 7 exons. dkdmb5 null allele was generated by Julie et al (2018)

through P element imprecise excision that resulted in the deletion of all isoforms
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of kdm5 gene [52]. dkdm5 demethylase-dead (KDM5Jamjc* mutation [55]) enclose
two point mutations that changed His637 and Glu639 to Alanine. For control, a
wild type dkdm5 (KDM5wT) genomic rescue transgene was generated. Both
KDM5Jmjc» and KDM5wrT transgenes contain a C-terminal 3xHA-tag (B) Western

blot analysis confirming similar expression of KDM5wt_HA and KDM5Jmjc* HA
constructs in Drosophila ovaries. Ovaries dissected for Wild type (Oregon R/OR)
were used as control. Three biological replicas were performed for this

experiment.

In contrast, other labs have not only reported that dkdm5 regulates the
H3K4me3 levels of the oocyte nucleus, but also that dkdm5 depleted oocytes
have meiotic recombination defects, chromosome alignment difficulties during
Metaphase Il and that dkdm5 demethylase activity is not required for prophase |

chromatin organisation [34].

All of the previous experiments done by both groups were performed in
hypomorphs and under UAS-GAL4 RNAI system conditions. This system is
known to lead to slightly different levels of protein depletion and may explain the
discrepancies in the results obtained by both labs. Recently, a dkdm5 null allele
was generated by a P element imprecise excision that removed 3 exons from
dkdmb5 coding region abolishing all possible transcripts. (Figure 3A) [52]. In this
work we aim to use this allele as a tool to clarify the divergent phenotypes
previously described and further characterize what is the function of dkdmb5 in

chromatin architecture.

3.1 dkdm5 is required for female fertility.

To investigate if dkdm5 compromises female fertility we utilize dkdm5 null
flies (Figure 3A) provided by Julie Secombe [52] to generate germline clones of
dkdm5 using FLP/FRT system in order to obtain homozygous mutant ovaries in
heterozygous flies. To test the impact of dkdm5 demethylase activity, a dkdm5
with impaired demethylase activity were generated (KDM5amjc) and expressed in

flies with homozygous mutant ovaries. Conversely, as control wild type rescue

transgene (KDM5wT) was also expressed in this background (Figure 3A).
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In dkdm5 null germline clones we observed that 99% of the maternal
mutant eggs do not hatch (99 +0.1% of eggs that didn’t hatch, n= 1566). As
germline clone control, almost all eggs were hatched (93 £3.1% of eggs hatched,
n= 596). Also, wild type flies (Oregon R; OR) were used as control showing the
standard egg hatching (97 £2.7%). dkdm5 null with the rescue transgene
(KDM5wrt) were able to rescue the loss of dkdm5 hatching (91 +2.6% eggs
hatched, n=830).

To test if female fertility is dependent of dKDM5 demethylase ability a
demethylase-dead mutant allele of dkdm5 (KDM5Jmjc*) was used in dkdm5 null
background. We observed that in this condition egg hatching was significantly
impair identical to dkdm5 null conditions (99 +0.3% of eggs didn’t hatch, n= 1800)
(Figure 4 A). To be confident that the difference in egg hatching between rescue
and demethylase-dead condition has not because of protein instability caused by
the transgene insertion, a western blot analysis was performed (Figure 3B). Wild
type flies that do not contain HA-tags were used as control. Western blot for the
HA-tagged dKDMS5 versions of rescue and demethylase-dead transgenes show
that both are similarly expressed. As control, wild type flies without any construct
were used. These results suggest that dkdmb5 is required for female fertility and

this function is dependent of dAKDM5 demethylase ability.
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Figure 4 dKDM5 demethylase activity is required for female fertility. (A)
Fertility was assessed after crossing virgin females with wild type males and egg
hatching frequency was scored. KDM5wT but not KDM5Jmjc* genomic transgene

was able to fully rescue dkdm5 null egg hatching. n represents the sum of eggs

evaluated in at least four biological replicas.

3.2 dkdm5 regulates the levels of RNA polymerase Il and

chromatin architecture in prophase | arrested oocytes.

To confirm that as previously reported, dkdm5 null flies also have abnormal
oocyte chromatin architecture and an early loading of RNA polymerase Il during
prophase |, we investigated Drosophila egg chambers [32]. First, with a DNA
staining in Drosophila ovaries we investigated egg chamber morphology and
development in dkdm5 null conditions and found it overall identical to the control
and wild type (Figure 5 A). This indicates that dkdm5 is not required for most
developmental processes during oogenesis.

Then, we investigate if in dkdm5 null conditions the oocyte chromatin
behaves as in RNAI depleted dkdm5 conditions [32,34]. We found that in dkdm5
null conditions the oocyte chromatin also presents an abnormal morphology and
a wider openness throughout oogenesis stages (Figure 6 A, B). In our control
background, the oocyte chromatin has characteristic compact and round shape,
until stage 8 of oogenesis were chromatin remodelling and transcription
reactivation occurs as previously reported in the literature [33] . Rescue and
demethylase dead construct (KDM5wr and KDM5Jamjc* respectively) in dkdm5

null background, rescues the chromatin remodelling defects during prophase |

observed in dkdm5 homozygous mutant egg chambers.
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Control

dkdmb5
null

Figure 5—-dkdm5 is not required for most developmental processes during
oogenesis. Morphology of the developing egg chamber’s throughout oogenesis
stages 7 (a, d), 8 (b, €) and 9 (c, f) in control (a, ¢c) and dkdm5 null (d, f)
backgrounds. Scale bar 10 um.

Also, we investigate if in dkdm5 null conditions oocyte transcription occurs
earlier as in RNAI depleted dkdm5 conditions [32]. Phosphorylation of the C-
terminal domain of RNAPII regulates the polymerase activity and specifically
phosphorylation of Serine 5 (pSer5) is suggestive of a promoter poised RNAP 1.
We observed by immunostaining, a significant increase of pSer5 RNA
polymerase Il levels in dkdm5 null oocytes and premature loading to the prophase
| arrested nucleus (oogenesis stage 5 versus stage 8), as previously showed for
RNAI depleted dkdm5 conditions [32]. Under control conditions, pSer5 RNA
polymerase Il levels are lower than what is observed in dkdm5 null conditions,
having an increase in signal by stage 8 of oogenesis (Figure 6 A, C). Rescue and
demethylase dead construct (KDM5wr and KDM5Jamjc* respectively) in dkdm5

null background, rescues transcription reactivation defects during prophase |

observed in dkdm5 homozygous mutant egg chambers.

26



Control

dkdm5 null

+
KDM5WT

Oocyte chromatin openness
Stage 6 Stage 7~8 Stage 9~10

20+ ‘} ~@ —I—%'}

TE

Oocyte chromatin perimeter

540- 4}
e W I

&

0 T T T T T T T T T T

(pSer5 RNAPII levels)

© \\:\\fo\ 3 c,*‘\\f:‘“ & °°\\§l‘”
[9) 0
*9\&*08&\00\&\ o&&é‘o@

Transcription reactivation

Stage 6 Stage 7~8

Relative pSer5 RNAPII signal intensity
(a.u.)
2

Figure 6 - dkdm5 modulates transcription reactivation apparently
independent of the demethylase ability. (A-C) Loss of germline dkdmb results
in precocious transcription reactivation and abnormal chromatin architecture in
prophase | arrested oocytes. Oocyte nucleus openness (karyosome openness)
and polymerase loading into the oocyte chromatin is increased in dkdm5 null
stage 7 egg chambers and this phenotype is rescued by the KDM5wT genomic
construct. Chromatin openness was detected earlier in loss of dkdmb5 (blue) when
compared to the control (red), rescue construct (yellow) and the demethylase-
dead construct (green). Karyosome morphology (DAPI) and detection of

polymerase Il (phospho-RNA polymerase Il CTD (pSer5)) in control (a-a"), dkdm5
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null (b-b") and dkdm5 null carrying a KDM5wT genomic construct (c-c') stage 7
egg chambers. (B) Chromatin openness quantification by measurement of the
oocyte chromatin perimeter (um) in control, dkdm5 null and dkdm5 null carrying
a KDM5wrt genomic construct stages 6-10 egg chambers. (C) Signal
quantification of RNA polymerase Il CTD (pSer5) throughout oogenesis. Oocyte
RNA polymerase Il loading was detected earlier in loss of dkdm5 (blue) when

compared to the control (red) and the rescue construct (yellow).

Together, these results suggest that dkdm5 is required for chromatin
architecture remodelling and loading of RNA polymerase Il into prophase |
arrested oocytes and that dkdm5 null phenocopies these RNAI depleted dkdm5
phenotypes.

3.3 dkdm5is required for the correct dorsoventral patterning of

Drosophila eggs.

During dkdm5 null egg chamber analysis, we observe that some prophase
| arrested oocytes had a very distinct morphology of what has been described
earlier, presenting a threadlike or fragmented DNA morphology versus a round

and compact shape as seen in the control (Figure 7 A).

Similar morphology for prophase | arrested oocyte nucleus has been
previously described by Trudi Schiipbach group in spindle B (spn-B) and spindle
D (spn-D) mutant ovaries (Figure 7 B) [56]. Spn-B and spn-D (Drosophila
orthologs from the human RAD51) are two proteins required for DNA repair in
homologous recombination during meiosis by resolving double strand breaks
(DSB) induced during recombination [57] leading us to hypothesise that dkdm5
is required DNA repair in oocyte nucleus.

Since dkdmb5 null oocyte nucleus presents morphology resemblances with

the ones previously described in RAD51 mutants (without spn-B or spn-D).
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Figure 7 - Highly abnormal oocyte nucleus morphology after dkdmb5
depleted mutant. (A) Karyosome morphology in ovaries from control and dkdm5
null. Ovaries from dkdm5 null flies present several oocyte nuclei with
morphologies that resembled the DNA repair mutant phenotypes previously
described in the literature (example shown in figure 5B). Scale bar 5 um. (B)
Typical karyosome morphology in the presence of extensive DNA damage
induced by RAD51 mutant with chromatin extended (a) or shattered (b) across
the nuclear envelope actin (red), chromatin (green) (adapted from [56]). (C)
Quantification of oocyte nucleus morphology. n represents the number of oocytes

nucleus summed from at least three independent biological replicas.
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To test this hypothesis, we performed germline clones to obtain dkdm5
homozygous mutant ovaries in heterozygous flies and analysed the dorsoventral
patterning of mutant eggs by scoring the position of the eggshell dorsal
appendages. It is known that accumulation of DNA damage during Drosophila
meiotic recombination will prolongate the meiotic checkpoint arrest, leading to an
inefficient increase TGFa-like protein Gurken (Grk) affecting its localization and
translation, creating an improper dorsoventral patternization of Drosophila eggs
[58]. Therefore, analysis of dorsoventral patterning of mutant eggs can be used

as a proxy for DNA damage in Drosophila oocyte nucleus.

For the analysis of dorsoventral patterning in kdm5 null Drosophila eggs
we scored the mutant eggs appendages in classes. We divided the observed
phenotypes in four different classes: 1) wild type dorsal appendages, 2) partially
merged dorsal appendages (merged at bottom), 3) complete merged dorsal

appendages, and 4) short or extremely dorsal appendages (Figure 8 A).

In dkdm5 null mutant homozygous eggs we observed mild defects in the
dorsal appendages of these eggs been 65 +10% of the mutant eggs class 1, 20
15% class 2, 13 £5% class 3 and 2 +2% class 4 (Figure 8 B). As germline clone’s
control, almost all eggs showed wild type dorsal appendages, 98 +2% class 1, 2
+1% class 2, 0 £0.3% class 3 and 1 £+0% class 4. Wild type flies (OR) were also
used as control showing normal morphology of the dorsal appendages 99 +0.1%
class 1, 0 £0.1% class 2 and no other classes recorded. The rescue transgene
(KDM5wr) in dkdm5 null background was able to rescue de mild phenotypes
observed in the homozygous mutant eggs showing 93 +4% of class 1 eggs, 4
+2% class 2 eggs, 2 +2% class 3 eggs and no class 4 eggs recorded. To test if
the dorsoventral patterning is dependent of the demethylase ability of dkdm5, we
used demethylase-dead mutant allele of dkdm5 (KDM5Jmjc*) in dkdm5 null
background. In this condition we observed that the mild phenotypes present in
dkdmb5 null eggs were rescued presenting 90 +5% of class 1 eggs, 7 £4% of class
2 eggs, 3 £0% of class 3 eggs and 1 +0% of class 4 eggs. These results suggest
that dkdmb5 is required for the dorsoventral patterning of Drosophila eggs. Also,

we found that this function is independent from the demethylase ability of AKDM5.

30



Eggshell dorsal appendages scored classes

Eggshell dorsal appendages phenotypes

100
%*3 804 Bl Class 1
g% Bl Class?2
2 g 604 J Class 3
: & B Class 4
S5 40
25
o
g % 204
('8
0-

> \ Y N
& \ggg (\0\ é(\ g ¥
QA SYLGR N o
\\ /n_, o < 6\ '19 0 é
$ & *6 & + 0 o
x\céﬁ (l‘
NV e
o¢ T &
& @
& &

Figure 8 — dKDM5 demethylase activity is not required for dorsoventral
patterning of the eggs. (A) Ventralization of Drosophila eggs was assessed by
position of the dorsoventral appendages base. The observed phenotypes were
categorized in four different phenotypic classes based on the eggshell dorsal
appendages: class 1 (wild type appendages; two individualized dorsal
appendages); class 2 (appendages fused at the bottom); class 3 (appendages
totally fused; spindle phenotype); class 4 (short eggs without or with short dorsal
appendages). (B) Quantification of ventralized eggshell phenotype. Both rescue
construct and demethylase dead construct supresses the dorsoventral patterning
defects. n represents the sum of the embryos evaluated in more than three

biological replicas.
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3.4 dkdmb5 interacts with Brca2 during recombination to avoid

accumulation of DNA damage

Drosophila Brca2 mutants also show a similar threadlike or fragmented
DNA morphology of oocyte nucleus as seen in dkdm5 null egg chamber [59].
Further it was shown that Drosophila Brca2 is required for the repair of meiotic
double-stranded breaks and the efficient activation of the meiotic recombination

checkpoint [59] leading to mild defects in the dorsoventral patterning of the eggs.

Immunoprecipitation
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CG9088 Lid/KDM5 +++ - -
CG30169 BRCA2 & 44+ ++++
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CG7123 LanB1 +++

CG3322 LanB2 ++

Figure 9 — Absence of detectable protein interaction between dKDM5 and
BRCAZ2 in protein immunoprecipitates from Drosophila ovaries. (A) Western
blot analysis of total extracts (left panel) and immunopurified extracts (right panel)
obtained from ovaries of flies expressing dKkDM5-HA and BRCA-HA. Ovaries
from OR flies were used as control. (B) LC-MS analysis of immunopurified
dKDM5-HA and BRCA-HA from ovaries. (=), (+), (++), (+++) correspond to 0, 1—
9, 10-19, and >20 non-repeated peptides, respectively.

In mouse, it has been shown that KDM5B is a bona fide DNA damage
response protein and its recruitment to the double strand break sites is required
for efficient BRCA1 binding, promoting the accumulation of BRCA1 during

recombination [60]. These finding, together with our results led us to hypothesise
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that dkdmb5 is important for Brca2 recruitment to avoid the accumulation of DNA

damage during meiotic recombination.

To test this hypothesis, we prepared protein extracts from ovaries of
dKDM5wt endogenous flies that contain three HA-tags and a specific germline
induced Brca2 with three HA-tags. In both extracts we immunoprecipitated
dKDMA5-HA or Brca2-HA using anti-HA couple dynabeads (Figure 9). After
Liquid chromatography—mass spectrometry (LC-MS) analysis of dKDM5 and
Brca2 ovary protein immunoprecipitates, we failed to see an interaction between

these two proteins in Drosophila ovaries.

Possible
accumulation of
DNA damage

Figure 10 — Proposed model of dKDM5 interaction with the nuclear
envelope. Under normal conditions, dKDM5 (green) interacts with components
of the nuclear envelope (blue ball and grey square) allowing the correct
detachment of the oocyte chromatin and correct establishment of the oocyte
chromatin architecture (pink lines). Abolisment of dKMD5 leads to a atypical
detachment of the oocyte chromatin from the nuclear envelope, leading to a

possible accumulation of DNA damage.
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Although, the interaction between dKDM5 and Brca2 was not detected,
LC-MS analysis of dKDM5 revealed a strong association with components of the
nuclear envelope. Barrier to autointegration factor proteins are core components
of the nuclear envelope that are essential for the crosstalk between chromatin
and the nuclear envelope. During Drosophila development, for the correct
formation of the oocyte nucleus, nucleosomal histone kinase-1 is required for
BAF phosphorylation allowing the oocyte chromatin to detach from the nuclear
envelope [29]. Prolonged activation of the meiotic checkpoint, provoked by
defective DNA breaks repair, suppresses nhk-1 activity preventing the
detachment of the oocyte chromatin to the nuclear envelope, further on impairing
the formation of the prophase | oocyte nucleus [30]. Therefore, our current
working hypothesis is that Drosophila dkdm5 is important for oocyte chromatin
architecture because it regulates the crosstalk between oocyte chromatin and the

nuclear envelope (Figure 10).
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4 Discussion.

In this chapter we characterised dkdm5 loss of function in Drosophila
melanogaster oogenesis. dkdm5 null allele was generated by Julie Secombe
from Albert’'s Einstein College of Medicine and the loss of function is
characterized by a P element imprecise excision that abolishes all dkdm5

transcripts [52].

Previously in our lab, we described histone H3K4me3 demethylase
dkdm5 to be required to set the correct H3K4me3 levels in the developing
Drosophila oocytes nucleus [32]. Also, we have shown that specific germline
depletion of dkdm5 results in a premature reactivation of gene expression in
otherwise transcriptionally quiescent oocytes anticipating transcriptional
reactivation by approximately 14h. Jointly with the premature transcription
reactivation there is also a precocious prophase | oocyte chromatin remodelling.
Although we did not detect any metaphase | defects, we shown that upon dkdm5
specific germline depletion, meiosis completion is impaired further leading to

female fertility defects.

Other research groups have also shown that dkdm5 is a major H3K4me3
regulator and is required for the correct Drosophila oocyte nucleus chromatin
architecture. Conversely, it was also shown that dkdmb5 is required for the correct
assembly of the SC complex during Drosophila meiotic recombination and correct

centromere positioning throughout the oocyte development [34].

Regarding the relevance of dkdm5 demethylase activity, in our lab, we
observed that loss of dkdm5 demethylase activity resulted in similar defects to
those recorded after dkdm5 germline depletion, showing premature oocyte
transcription reactivation, increased oocyte pSer5 RNAPII levels, precocious
oocyte chromatin remodelling, impaired entry into embryogenesis after
fertilization and reduced fertility. On the other hand, it was also shown that dkdm5
flies carrying the catalytically inactive transgene KDM5umjc* present a largely

normal karyosome morphology, centromere clustering and SC morphology.

Having in account that most of the experimental procedure were

performed under hypomorphic and under UAS-GAL4 RNAI system conditions,
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where the target protein is not completely abolished but it is depleted within a
certain spectrum, which can give raise to phenotypical divergences as referred
previously. Additionally, although dkdmb5 is a strict H3K4me3 it has distinct
functions during Drosophila development; such as been required to establish
oxidative stress response [47], dMyc-induced cell growth [55], regulation of the
circadian rhythms periods [61], female fertility [32] and being required for
proliferation and differentiation of Drosophila larval hemocytes [62], it seems that
during Drosophila oogenesis dkdm5 has a specific role on the regulation of the

oocyte chromatin without affect other cellular structures.

We hypothesise that with a loss of function of dkdm5 we can undercover
new mechanisms that dkdm5 can regulate during oogenesis, regarding not only
in terms of the oocyte chromatin architecture, but also unravelling the

demethylase dependent and independent processes.

In this chapter we observe that in dkdm5 null oocytes, dkdm5 seems to be
dispensable for most developmental processes during Drosophila oogenesis,
since no morphological structure, besides the karyosome, are affected
throughout oogenesis. In addition, the oocyte has the correct development from
the starting of germarium continuously progressing to a fully developed oocyte.
Therefore, with this observation we assume that the role of dkdmb5 is not required

for most developmental processes during oogenesis.

We observe that female fertility in dkdm5 null flies is severally impaired,
albeit the phenotypes are more emphasised when compared to experiments
done in hypomorphic or under UAS-GAL4 RNAI system conditions. Further, it is
noteworthy to mention that dkdm5 demethylase activity is required for female
fertility showing comparable fertility defects has the ones observed in dkdm5 null

conditions.

Concurrently with the results previously shown in our lab, dkdm5 is
required for the correct Drosophila oocyte transcription reactivation and normal
oocyte chromatin architecture throughout oogenesis. Drosophila oocyte
chromatin remodelling in normal condition takes place in oogenesis stage 9. Our
observations regarding Drosophila oocyte chromatin architecture in dkdm5 null

egg chambers suggest even more accentuated defects in oocyte chromatin when
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compared with the same developmental stages both in normal conditions and in
hypomorphic conditions. Importantly, it seems that oocyte chromatin architecture
remodelling is mostly independent of dkdm5 demethylase activity, since the
demethylase dead construct in a homozygous mutant background egg chambers
rescues the premature and abnormal chromatin architecture remodelling
phenotypes. These results, confirm has suggested in UAS-GAL4 RNAI [34], that
the demethylase activity of dkdm5 may not be required for prophase | oocyte

chromatin architecture.

We observed that, although in dkdm5 null flies the oocyte chromatin
architecture is abnormal with a wider openness, some of them had a very specific
structure that fell into two categories: threadlike or fragmented DNA morphology
(Figure 7A). These structures have been previously described in RAD51 (spn-B
or spn-D) mutant , where the oocyte nucleus chromatin is represented has an
aberrant condensed nucleus [56]. During oogenesis, the activation of the meiotic
DNA damage checkpoint after the induce DSB during meiotic recombination is
required for the DNA damage repairing mechanism to take place. DSBs triggers
the activation of a pathway that halts the cell cycle until the damaged DNA is
repaired. The delay induced from the activation of the meiotic checkpoint is
sufficient to allow a full repair of all DNA breaks. Under conditions in which DNA
damage cannot be fully repaired, such as in RAD51 mutants, there is a
persistence accumulation of unrepaired DSBs that are not resolved leading to a
prolonged activation of the meiotic checkpoint and eventually oogenesis will
proceed without DNA repairing. The prolonged meiotic checkpoint arrest results
in Vasa phosphorylation that will further block the efficient translation of Grk. Has
mentioned before Grk is required for the correct dorsoventral patterning of
Drosophila eggs, therefore, if the efficient translation of Gkr is affected, this will
lead to axial patterning defects in Drosophila eggs such as seen in RAD51
mutants and other well-known DNA damage repairing mutants such as Brca2
[58,59].

Considering that in dkdm5 null flies the oocyte chromatin architecture
defects resembles the ones reported in RAD51 mutants, we hypothesise that

dkdmb5 is required for the correct dorsoventral patterning of Drosophila eggs.
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Accordingly to our hypothesis, we show that dkdmb5 is required for the
correct dorsoventral patterning of Drosophila eggs. The observation of a
threadlike or fragmented DNA morphology in Drosophila oocyte chromatin and
egg pattering defects haven't yet been described in previous works. This may
possibly result due to the fact that the experimental procedures done in the past
were performed in hypomorphic or RNAI conditions, were gene expression is
reduced and not completely abolished, and low dkdmb5 levels can still accomplish
their role during meiotic recombination. However, it is notable to mention that in
this chapter we observed that dkdm5 demethylase activity seems to be
dispensable for Drosophila eggs dorsoventral patterning since, homozygous
mutant eggs with dkdm5 demethylase activity impaired show normal dorsoventral

patterning, rescuing the effects observed in dkdm5 null eggs.

Even though, we fail to show a direct connection between dkdm5 and DNA
damage (data not shown), we can establish a correlation since the observed
phenotypes in dkdm5 null oocytes and eggs are comparable the ones reported
in DNA repair mutants. In addition to what was previously mentioned regarding
RAD51 mutants, it has been shown in the literature that Drosophila Brca2 is
required for homologous DBS repair during meiotic recombination. Drosophila
Brca2 absence has been associated with defects in DNA damage repair with
abnormal DNA morphology showing threadlike or fragmented structures and
defects in the dorsoventral patterning of Brca2 mutant eggs, similar to the ones

we report in this work [59].

Further, it has been described that mouse KDM5B is a bona fide DNA
damage response protein, being its recruitment to the DSB sites upon ionizing
radiation required for efficient BRCAL local accumulation and binding to DSBs
during recombination [60]. Therefore, we hypothesise that dkdmb5 is important for
Brca2 recruitment to avoid the accumulation of DNA damage during meiotic
recombination, being this function independent from dkdm5 demethylase since,
there is no correlation regarding oocyte chromatin morphology or egg
dorsoventral defects in the results observed under demethylase impaired activity

conditions.

To test this hypothesis, we tried to investigate if there is a protein

interaction between dkdm5 and Brca2 in Drosophila ovaries by co-
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immunoprecipitation and LC-MS analysis. Although we failed to see any
interaction between these two proteins, it is noteworthy to notice that upon LC-
MS analyses of dkdm5 immunoprecipitated ovaries there is a strong association
between dkdm5 and components of the nuclear envelope more specifically

nuclear lamins.

During Drosophila development, nhk-1 is required to the correct oocyte
nucleus formation. Mutants for nhk-1 result in an anchorage of the meiotic
chromosomes to the nuclear envelope forming an aberrant oocyte chromatin
structure has the ones observed in dkdm5 null oocyte nucleus. The anchorage
between the oocyte chromatin and the nuclear envelop have been described to
be mediated by the phosphorylation of BAF proteins [29]. BAF proteins are a
specific substrate of nhk-1 and constitute core components of nuclear envelope,
being essential for the crosstalk between the nuclear envelope and oocyte

chromatin.

For the correct Drosophila oocyte development, it is required for the oocyte
chromatin to completely detached from the nuclear envelope to form the
karyosome. Therefore, has shown in the literature, nhk-1 is required for BAF
phosphorylation allowing the oocyte chromatin to detach from the nuclear
envelope, has expression of non-phosphorylated BAF disrupts karyosome
formation [29]. Subsequently, it has been shown that unrepaired DNA breaks
suppress nhk-1 kinase activity, being this suppression mediated by the meiotic
checkpoint. Prolonged delay in the resumption of the meiotic checkpoint, induced
by defects in DNA damage repair mechanisms, will suppresses nhk-1 activity
leading to an accumulation of non-phosphorylated BAF. This accumulation will
prevent the correct detachment of the oocyte chromatin to the nuclear envelope,
impairing the formation of the prophase | oocyte nucleus, has oogenesis will
eventually proceed [30]. Our current working hypothesis is that Drosophila dkdm5
is important for oocyte chromatin architecture because it regulates the crosstalk

between oocyte chromatin and the nuclear envelope.
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Collectively, our work regarding the loss of function of Drosophila kdm5
revealed that, although dkdm5 is involved in plenty of processes during
Drosophila development it seems that its role is not required for most
developmental processes during oogenesis. In addition, we show that dkdm5 not
only is required for female fertility, but also its demethylase activity is necessary.
Regarding the oocyte chromatin architecture, we show that dkdmb5 is required for
normal oocyte chromatin architecture although this process is mostly
independent from its demethylase ability. Furthermore, we unravel a new
undocumented phenotype regarding the oocyte chromatin morphology. Although
we fail to prove a direct connection between dkdm5 and DNA damage we show
that dkdmb is required for correct dorsal ventral patterning, mostly independent
of its demethylase activity. As far as we are aware, this is the first time that DNA
damage like structures and defects in the dorsoventral patterning are seen in

depleted dkdm5 conditions.
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5 Introductory concept.

The synaptonemal complex is a protein complex that is assembled
between homologous chromosomes during prophase | of meiosis being essential
for recombination and chromosome segregation. Defects of SC assembly have
been associated with meiotic recombination defects, further compromising
female fertility [63]. dkdm5 was also shown to be required for the correct
formation and stability of the SC during meiotic recombination and further been
crucial for female fertility, without depending on dKDM5 demethylase function
[34].
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Polycomb subunits
Chromatin remodelers

Phenotype classification

34 No phenotype
4 Female fertility defects
1 Female fertility / Short eggs
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Figure 11 — Chromatin remodelers RNAi screen. (A) Schematic representation
of the performed RNAI screen. We analysed a total of 39 polycomb subunits and
chromatin remodelers related RNAI lines that are summarized in the pie chart.
The primary screen was further characterized according to the egg shape, egg
laying, and embryo eclosion rates. Total of 34 RNAI lines tested had no
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phenotype (blue), 4 of the lines presented female fertility defects (green) and 1
presented not only fertility problems as well as dorsoventral patterning defects

(orange).

In our lab we also shown that dkdm5 affects the assembly SC protein
Corolla during Drosophila oocyte development (data not shown). We hypothesize

that there are other proteins capable of regulating the SC assembly.

To test this hypothesis, we performed an RNAi screen for known
chromatin remodelers. To investigate the SC assembly, we used flies that contain
an endogenous construct of Corolla with a GFP-tag and a specific germline
promoter (Nanos-Gal4) to achieve a germ line-specific expression of the RNAI
(Gal4-UAS system [64]). In this screen we analysed 39 RNAI stocks for known
chromatin remodelers (Table 1) and investigated the impact of RNAi-mediated
knockdown by assessing defects in female fertility and abnormal dorsoventral

patternization of Drosophila embryos (Figure 11).

5.1 Drosophila dSfmbt and Pho are required for female fertility.

From the 39 tested RNAI's, 34 RNAI lines do not present any detectable
phenotype and female fertility was not comprised. 4 RNAI lines are associated to
areduction in female fertility and 1 RNAI line is associated to a reduction in female

fertility and to a high percentage of short eggs laid by female flies (Figure 11).

We further characterized these 5 RNAis (Pho RNAI I, Pho RNA: I, dSfmbt,
PCL and BRM) assessing female fertility and eggshell appendages position using
apple agar plaques (Figure 12). Egg hatching in females with germline-specific
depletion of dSfmbt is severely impaired when compared to the control (0% of the
eggs hatch, n= 285). Germline-specific depletion with both Pho RNAI's leads an
equivalent reduction in egg hatching, with 50 +0.5% of egg hatching for Pho RNAI
| (n=732) and 54 +1% of egg hatching for Pho RNAi Il (n= 811). Similar to Pho,
germline-specific depletion BRM leads to a reduction of egg hatching (52 £0.5%;
n=1074). In this second analysis we were unable to confirm the previous results
for germline specific depletion of PCL (93 £1% eggs hatched, n=601) which

indicates that this RNAi was a false positive in our first analysis.
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Table 1 — Representation of the RNAIs that were tested for the preformed
screen. This table represented the complexes that each tested RNAI belongs to,
the RNAI/’s tested and their Bloomington number. Also, in this table we have a
preliminary analysis of egg eclosion and dorsoventral patterning defects (DV
defects). The preliminary analysis was done by looking at the crosses food vial.
RNAIs were the flies had no egg laying could be discarded. Egg eclosion is shown

in percentage and none of the test RNAIis presented problems in dorsoventral

patterning.
Egg Dv Egg
Complex = Symbol BL# eclosion  defects Complex Symbol BL# eclosion
ph-p 35207 95% None Sfmbt 32473 0%

Psc 35297 95% None pho 35206 30%

PhoRC
Psc 38261 95% None pho 42926 30%
Prel Su(z)2 57466 80% None phol 64945 95%
ph-d 63018 90% None
Pc 36070 95% None calypso 56888 95%
ph-p 33669  90%  None Pr-DUB Asx 51677 95%
Scm 55278
Psc 35297 95% None
Psc 38261 95% None 5 brm 35211 30%
rm
Su(z)2 57466 80% None complex osa 35447 90%
dRaf  sy@z)2 33403  80%  None mor 35630 '\l'o egg
aying
Sce 35446 95% None
Kdm2 33699  90%  None B'fé':' 35642  80%

Jarid2 =~ 32891 95% None
Su(z)12 33402 10% None
Pcl 33945 30% None
Pcl 33946 10% None

Remodellers pgc 33720 90%
pgc 32386 95%

Med 43961 0%

CG7839 63648 90%

Cafl 34069 0% None

Jarid2 40855 90% None

Prc2
Ez) 36068 '\I‘O egq
aying
Ez) 33659 '\I'O egg
aying
jng 55633 '\I'O.egg None
aying

jing | 35750  90%
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To confirm that the results obtained are not due to a genetic interaction
with the Corolla GFP construct, we crossed the selected RNAI's with the specific
germline promoter only. We observed similar results as seen previously for egg
hatching and dorsoventral patterning. We observed 94 +1% of eggs hatched in
control conditions, 0% of eggs hatched in dSfmbt RNAIi, 39 +0.5% of eggs
hatched in Pho RNAI |, 55 +3% of eggs hatched in Pho RNAI II, 95 +1% of eggs
hatched in PCL and 55 +0.5% eggs hatched in BRM RNAI (Figure 12A). The

observed results suggest that Drosophila dSfmbt and Pho are required for female

fertility.
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Figure 12 - dSfmbt is required for female fertility. (A) Frequency of egg
hatching after specific germline depletion of Pho I, Pho II, dSfmbt, PCL and BRM
by RNAIi in females carrying a Corolla-GFP transgene and in a control
background to prevent background or Corolla-GFP insertion specific phenotypes.
Pho | and Pho Il depletion results in a reduction of about 50% in egg hatching,

compromising female fertility. PCL depletion does not affect the ration of egg
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hatching. dSfmbt depletion dramatically decreases egg hatching compromising
female fertility. n represents the sum of the embryos evaluated in two biological
replicas. (B) Quantification of ventralized eggshell phenotype after specific
germline depletion of Pho, dSfmbt, Pcl and BRM by RNAI in females carrying a
Corolla-GFP transgene and in a control background. Only dSfmbt depletion
induces ventralization phenotypes. Scored classes are the same and shown in

figure 6B.

Eggshell dorsal appendage position was normal for most of the analyzed
genes when compared to the control (94 1% class 1 eggs, n= 621) displaying
96 +1% class 1 eggs for Pho RNAI | (n=506) , 97 +2% class 1 eggs for Pho RNAI
Il (n=640), 97 £2% class 1 eggs for Pcl RNAI (n= 644) and 96 +1% class 1 eggs
for BRM RNAI (n= 842). Nonetheless, SFMBT RNAI presents a very specific
phenotype with most eggs classified in class 1 (40 +14%, n= 209) or class 4 (57
+18%, n=209) (Figure 12B).

Previously in our lab, we showed that homozygous mutant’s eggs for pkn
were significantly shorter, yet the position of dorsal appendages was normal in
most cases, due to nurse cell dumping defects [36]. These shorter eggs resemble
the class 4 eggs laid by females with germline specific depletion of dSfmbt,

suggesting that dSfmbt also induces nurse cell dumping defects.

5.2 dSfmbt regulates synaptonemal complex components

oocyte development.

To further examine the female fertility defects, we hypothesise that Pho and
dSfmbt are important for the correct oocyte chromatin architecture and
remodelling during prophase I. To test this hypothesis, we investigate SC integrity
during oocyte development. In control conditions, Corolla-GFP co-localizes with
the oocyte chromatin and its signal decreases throughout oocyte development.
Beyond stage 8 Corolla-GFP signal is undetectable. Upon RNAI for dSfmbt,
although the oocyte chromatin has a normal morphology, Corolla-GFP signal
shows a very distinct scattered to flamentous like threads unseen in the control.

Also, the signal intensity of Corolla-GFP upon dSfmbt RNAI is increased by two-
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fold throughout oogenesis and its signal is still detectable at stage 10 whether in
control conditions is not detectable. Both RNAJ’s for Pho showed a Corola-GFP
behaviour similar to the control, with a decreasing expression along oogenesis
and an undetectable signal beyond stage 8. With the observed results we
conclude, Pho apparently is not essential for localization of Corolla to the oocyte
nucleus and dSfmbt is required for the correct morphology and expression levels
of Corolla in the oocyte nucleus. Currently, our on-going hypothesis is that dSfmbt

Is required for the correct SC assembly/disassembly during oocyte meiosis.
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Figure 13 — dSFMBT is required for the correct regulation of Corolla. (A)
Corolla-GFP localization and karyosome morphology (DAPI) in control (a-
¢’) and specific germline depletion of SFMBT (d-f') and Pho (g-I'). Depletion
Pho does not lead to detectable changes in SC assembly. SFMBT
depletion leads to a strong accumulation of Corolla-GFP in the nucleus
and appearance of abnormal structures. (B) Relative chromatin signal
intensity quantification of Corolla-GFP throughout oogenesis represented
per karyosome and is expressed in fluorescence arbitrary units (a.u.). For
each graph it’s represented together the total sample of three independent

biological replicas. Scale bars 5 pm.
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6 Discussion.

The SC assembly between the paired homologous chromosomes is the
first cytological evidence of meiosis initiation. The correct assembly of the SC is
required the correct pairing and synapsis of the homologous chromosomes being
also required for the subsequentially meiotic processes that occur during meiosis,
such as recombination and chromosome segregation. Previous in the literature it
has been shown that defects in SC assembly are associated with aberrant
chromatin architecture leading to filamentous DNA structures [30] and defects in

meiotic recombination that further will compromise female fertility [63].

dkdmb5 has been shown to also have a role during the SC assembly being
required for the correct SC assembly along chromosome arms without affecting
C(3)G at centromeres [34]. Previously in our lab, by the work of Ines Tinoco we
have also reported defects in the SC assembly upon dkdm5 specific germline
depletion (data not shown). Due to the importance of the correct assembly of the
SC during meiotic recombination we hypothesis that, such as dkdmb5, there are
other chromatin remodeler or polycomb subunits that are capable of regulating
the SC assembly or disassembly.

To access our hypothesis, we performed a specific germline RNAIi screen
for known chromatin remodelers an DSBs triggers the activation of a pathway
that halts the cell cycle until the damaged DNA is repaired. d polycomb subunits.
In this screen we analyzed female fertility, eggshell dorsoventral patterning,
oocyte chromatin morphology and the SC complex. In most of the tested RNA/’s,
we did not observe any defects in female fertility or eggshell dorsoventral
patterning. Although many of the RNAI’s that were tested are supposed to target
genes that are required for the regulation of many processes during Drosophila
development, we cannot take direct conclusions since negative results in a RNAI
may be due to the fact that the levels of protein depletion that are being archived

may not be sufficient to impair the processes that these proteins regulate.

From this screen, we were able to observe that Drosophila dSfomt and
Pho, two proteins that compose the core pho repressive complex, are required
for female fertility. Additionally, we observed that specific germline depletion of

Brm leads to defects in female fertility. Due to the extended literature that is

50



already done in this gene and due to the its pleiotropic effects, we choose not to

pursue our analyses with this gene.

Regarding eggshell morphology, we observed that although depletion of
Pho and dSfomt was sufficient to impair female fertility, only dSfomt is required
for normal egg growth. Furthermore, we analyse the eggshell morphology of
these specific germline depleted eggs by categorizing dorsoventral patterning
defects from a phenotypical spectrum in four classes: 1) wild type dorsal
appendages, 2) partially merged dorsal appendages (merged at bottom), 3)
complete merged dorsal appendages, and 4) short eggs or extremely reduce
dorsal appendages. When analysing specific germline depleted dSfmbt eggshells
we noticed that we only had two classes, wild type dorsal appendages and eggs
with short or extremely reduced appendages. Due to the polarizing phenotype
observe and taking in count that the short eggs analysed had normal appendages
morphology we conclude that the morphological defects that we are observing

are not related to dorsoventral patterning defects.

Previously in our lab, by the work of Tania Ferreira, we showed that
homozygous mutant eggs for pkn are shorter when compared to normal
conditions and, in most cases, the dorsal appendages morphology was normal.
Also, we show that the defects observer in the egg’s morphology were due to
nurse cell dumping defects that affect the normal egg growth [36].
Consequentially, we assume that the defects observed in specific germline
depletion of dSfmbt eggs are a result of nurse cell dumping defects and not

because dorsoventral patterning defects caused by Grk miss localization.

We hypothesize that Pho and dSfomt are important for the correct
architecture and remodelling of the oocyte chromatin during prophase |I. If this is
correct than, Pho and dSfomt should regulate SC assembly and/or disassembly
during meiosis. To access this hypothesis, we took advantage of flies that carry
an endogenous construct of a core component of the SC with a GFP tag. Normal
Corolla protein expression co-localizes with the oocyte chromatin throughout
oogenesis and its expression progressively decreases during prophase I-arrest,
being detectable until stage 8 of Drosophila oocyte development. Upon specific
germline depletion of Pho there are no significant changes regarding Corolla
protein expression during oocyte development when compared to control
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condition. With this observation we conclude that Pho apparently is not essential
for localization of Corolla to the oocyte nucleus. However, upon specific germline
depletion of dSfmbt we observe that, although the oocyte chromatin remains
normal, there is an overload of Corolla protein early on oogenesis and aberrant
Corolla filamentous structures that are observed throughout the prophase |
arrested oocyte until stage 10 of oocyte development. As far as we are aware,
this is the first time that these abnormal loading and morphological SC structures
were described. Therefore, we show that dSfobmt is required for the correct

morphology and normal levels of Corolla expression in the oocyte nucleus.

Collectively, in this chapter we show that dSfmbt, a core component of the
Pho repressive complex, is required for female fertility and normal egg growth.
Regarding the SC, we show that dSfmbt is required for setting the correct levels
of Corolla protein in Drosophila oocytes and for the correct morphology of Corolla
expression. Our future work will be focused on testing if the germline depleted
dSfmbt short eggs are driven from nurse dumping defects and distinguish if the
observed phenotypes regarding Corolla aberrant filamentous structures are due
to a specific effect of dSfmbt to the Corolla protein assembly or, in fact, there is
defective assembly or disassembly the entire SC during the prophase | arrest

oocyte, since these results are only focused on one core protein of the SC.

52






Chapter Il



Chapter lll is an independent chapter. Here | was integrated in the doctoral
work of Om Rathore and performed the experimental procedures shown in figure
1C, figure 1D, figure 4A, figure 4B, figure 5, figure S3. All other figures were

performed by Om Rathore and other collaborators. The text was written by Rui
Martinho.

55



7 NineTeen Complex-subunit Salsa is required
for dorsal-ventral patterning and splicing of

small first introns.

Om Singh Rathore1, Ricardo Matos1, Mariana Ascenséo-Ferreira2, Margarida N.
Tiago1, Pedro Prudéncioi,2, Rui D. Silvai, Raquel P. Andradei1, Jean-Yves

Roignants, Nuno L. Barbosa-Morais2, Rui Gongalo Martinho1,2,4, *

1 Center for Biomedical Research (CBMR), Universidade do Algarve, Faro,

Portugal.

2 Instituto de Medicina Molecular Jodo Lobo Antunes, Faculdade de Medicina,

Universidade de Lisboa, Lisboa, Portugal
3 Institute of Molecular Biology (IMB), 55128, Mainz, Germany

aDepartment of Medical Sciences and Institute for Biomedicine (iBIMED),

Universidade de Aveiro, Aveiro, Portugal

* Corresponding author: Rui Gongalo Martinho (rgmartinho@ua.pt)

56



8 Abstract

The NineTeen Complex (NTC), also known as Pre-mRNA-processing factor 19
(Prp19) complex, regulates distinct spliceosome conformational changes
necessary for splicing. Splicing is particularly sensitive to mutations in NTC-
subunit Fandango during Drosophila midblastula transition (MBT), suggesting
differential requirements of NTC during development. Accordingly, we show that
NTC-subunit Salsa, the Drosophila orthologue of human RNA helicase Aquarius,
Is particularly rate-limiting for splicing of a subset of small first introns during
oogenesis, including the first introns of gurken and transformer 2 transcripts.
Germ line depletion of Salsa reduces female fertility, being oocyte dorsal-ventral
patterning significantly impaired due to an abnormal expression of Gurken.
Previously, it was shown that Drosophila first introns are more likely to be co-
transcriptionally-retained than internal and terminal introns. We propose that
Salsa RNA helicase is particularly rate-limiting for splicing of small first introns
with weak 3’splice site, potentially minimizing the interference effect of

transcriptional initiation factors binding to U1 snRNP.

Keywords: Drosophila / Splicing / NineTeen Complex / Dorsal-ventral patterning

/ Gurken / Tra2
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9 Introduction

During Drosophila oogenesis, gurken mRNA localizes to the posterior
cortex of the developing oocyte and Gurken signal is restricted to the underlying
posterior follicle cells [65—-68]. In response to a signal from the posterior follicle
cells, there is a major reorganization of the cytoskeleton and a microtubule-
dependent migration of the oocyte nucleus to the anterior cortex [65,68—70]. The
anterior localized nucleus defines the dorsal-anterior region and provides the first
detectable dorsal-ventral (D/V) asymmetry of the oocyte, being expression of
both gurken mRNA and protein restricted to the cytoplasmic perinuclear region
of the oocyte [66,68].

D/V patterning of the developing Drosophila egg is dependent on the
dorsal-anterior localization of Gurken during mid-oogenesis [66,68,71]. Gurken is
the ligand for the Torpedo/EGF receptor that locates to the apical surface of
follicle cells that surround the developing oocyte [65—-68]. Activation of Torpedo
modifies the cell fate of the dorsal follicle cells and restricts the formation of
Spatzle ligand to the ventral region of the [72,73], which is essential for normal
morphogenesis of the eggshell dorsal appendages.

gurken mRNA is transcribed in the supporting nurse cells [74] and actively
transported to the dorsal-anterior region of the oocyte by a dynein-mediated
[75,76] dorsal-anterior localization of gurken mRNA relies on multiple elements
localized to the transcript 5’UTR, 3"UTR and open-reading frame [77-79] being
this localization crucial for its efficient [66,68,80] to the absence/low levels of
0018-RNA binding protein (Orb), the Drosophila homolog of cytoplasmic
polyadenylation element binding protein (CPEB), gurken mRNA is not fully
polyadenylated in the nurse cells and its translation is repressed [80,81] Orb is
mostly absent from the nurse cells, it is nevertheless present at high levels in the
oocyte [80,82,83] facilitating efficient translation of gurken transcript [80]. Casein
kinase 2 (CK2) phosphorylation of Orb positively regulates its function [84],
potentially facilitating posterior and, subsequently, dorsal-anterior translation of
gurken mRNA [85].
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The spliceosomal NineTeen Complex (NTC), also known as Pre-mRNA-
processing factor 19 (Prpl9) complex, regulates distinct spliceosome
conformational changes necessary for efficient pre-mRNA splicing [86,87]
composition is dynamic and comprises a subset of conserved core subunits and
many transiently associated ones [86]. NTC also has a significant role in the
crosstalk between transcription, co-transcriptional processing of the nascent
RNA, and DNA repair, as distinct NTC subunits have been reported to be
important for transcriptional elongation and genomic [87-89]. Human NTC-
subunits PRP19, XAB2 and CDC5L are important for transcriptional elongation,
transcription-coupled DNA repair, and activation of the ATM-related (ATR)-
dependent DNA damage checkpoint [90-93] RNA Polymerase Il (RNA Pol II)

also promotes splicing activation through the recruitment of NTC [94].

Splicing during Drosophila early embryonic development is particularly
sensitive to mutations in NTC-subunit Fandango [95], suggesting differential
requirements of NTC during development [88]. Our working hypothesis is that
NTC-dependent plasticity of the spliceosome is important for differential
regulation of gene expression. To test this possibility, we decided to investigate
the role of other NTC-subunits during Drosophila oogenesis and early embryonic
development. We focused our initial work on gene CG31368, which encodes the
ortholog of human Aquarius [96,97]. Since there is already a non-related

Drosophila protease named Aquarius, we decided to rename CG31368 as Salsa.

Human Aquarius (AQR) (also known as intron-binding protein 160,
IBP160) is an ATP-dependent RNA helicase that associates with NTC during
spliceosome activation and formation of the activated B complex (Bact) [97,98]
AQR binds to introns independently of sequence, but usually upstream of the
branch-site (BS) and close to the associated U2 snRNP SF3a and SF3b proteins,
being essential for intron-binding complex formation and efficient splicing [97,98].
Aquarius has also been suggested to be important for deposition of the exon
junction complex (EJC) during the splicing reaction [99] and formation of intron-
encoded snoRNAs [98], suggesting it regulates the cross-talk between splicing

and other RNA processing events.
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Here we found that female germ line depletion of Salsa, the Drosophila
ortholog of AQR, is associated with a decrease in female fertility and significant
D/V patterning defects of the eggshell. Salsa is required for efficient splicing of
the first intron of gurken mMRNA and normal dorsal-anterior expression of Gurken.
Supporting the hypothesis that NTC-dependent plasticity of the spliceosome is
likely to be important for differential regulation of gene expression, Salsa is
particularly rate-limiting for splicing of a subset of small proximal introns, including
the first intron of sex-determining gene transformer 2 (tra2). We propose that
Salsa potentially minimizes the interference effect of transcriptional initiation

factors binding to U1 snRNP, by facilitating U2 snRNP spliceosome function.
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10 Results

10.1 NTC-subunit Salsa is required for female fertility and

eggshell dorsal-ventral patterning.

Our working hypothesis is that NineTeen Complex (NTC)-dependent
plasticity of the spliceosome is important for differential regulation of gene
expression. To test this possibility, we decided to investigate the role of distinct
NTC-subunits during Drosophila oogenesis and early embryonic development.
We focused our initial work on gene CG31368. Bidirectional blast analysis
showed that Drosophila gene CG31368 encodes the ortholog of human Aquarius
(AQR) [96]. CG31368 physically interacts with NTC-subunits Fandango and
Prp19 [95], and this interaction is independent of RNA (S1 Fig.). Since there is
already a non-related Drosophila protease named Aquarius, and given its

interaction with Fandango, we decided to rename CG31368 as salsa.

To test the hypothesis that Salsa is rate-limiting during Drosophila
oogenesis and early embryonic development, we depleted this RNA helicase
specifically within the female germ line using nanos-Gal4 (nos-Gal4) germ line
driver [100] and the upstream activating sequence (UAS)/Gal4 system [101-103]
To confirm that the observed phenotypes were due to Salsa depletion, and not a
conseguence of an off-target effect of the used salsa RNAi construct, three non-
overlapping short hairpin RNAs (SshRNAs) were designed against salsa (salsa
RNAI-1, salsa RNAI-2, and salsa RNAI-3). Depletion of Salsa within the female
germ line resulted in a strong reduction of salsa MRNA levels in the ovaries and
unfertilized eggs/embryos (Fig.1A, S2A Fig.). Depletion of salsa mRNA was
stronger in unfertilized eggs/embryos (maternal contribution) than in the ovaries
(S2A Fig.). This is most likely because Salsa is expressed in the soma
(modEncode project; [104]) and the dissected ovaries contain supporting somatic
cells not affected by the germ line-specific RNAI depletion. We next tested the
effect of Salsa depletion in female fertility and observed that after being mated

with wild-type males, there was a strong reduction in egg hatching (Fig.13B).
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The reduced fertility of Salsa-depleted females was most likely related to the
observed eggshell dorsal appendages defects (Fig.13C), as this is suggestive of
dorsal-ventral (D/V) patterning defects [66,105]. For phenotypic quantification, we
divided the observed eggshell dorsal appendages phenotypes in four different
classes: class 0: wild-type dorsal appendages, class 1: dorsal appendages only
fused at bottom, class 2: fused dorsal appendages (spindle phenotype), and class
3: short eggs without or with extremely short dorsal appendages (S3 Figure).
Eggs laid by control females (mCherry RNAi) showed wild-type dorsal
appendages, suggestive of normal D/V patterning of the oocyte, whereas a
significant proportion of the eggs laid by females whose germ line was depleted
for Salsa showed ventralized eggshells, with highly abnormal (fused or partially-
fused) dorsal appendages (Fig.13C, D) (for more experimental detail see material
and methods). Altogether these results show that Salsa is required within the
germ line for female fertility, possibly because it is important for D/V patterning of

the developing oocyte.
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Figure 14 - Drosophila Salsa is required for female fertility and eggshell dorsal-
ventral patterning. (A) Efficient depletion of salsa mRNA after germ line-specific RNAI
(nanos-Gal4 and UAS-salsa RNAI). RT-gPCR analysis of salsa mRNA in control
(mCherry RNAI) and Salsa-depleted ovaries (two non-overlapping shRNAs: salsa RNAI-
1 and salsa RNAI-2). Relative normalized expression corresponds to values normalized
with two distinct reference genes (3-actin and GAPDH) and relative to negative control
(mCherry RNAI). At least three biological replicates were used for all shown results. Error
bars indicate standard deviation. (B) Female fertility (egg hatching) was significantly
reduced after germ line-specific depletion of Salsa. Virgin females were crossed with
wild type males, and female fertility was calculated by the frequency of egg hatching
48 hours post oviposition. Number of eggs scored for each experiment are indicated
above the bar plot. (C, D) Germ line-specific depletion of Salsa (three non-overlapping
shRNAs: salsa RNAI-1, salsa RNAI-2, and salsa RNAI-3) impaired eggshell dorsal-
ventral patterning. (C) A significant proportion of the eggs laid by females whose germ
line was depleted for Salsa showed ventralized eggshells, with highly abnormal (fused
or partially-fused) dorsal appendages (D) Quantification of eggshell dorsal appendages
defects (eggshell ventralization). Observed phenotypes were categorized in four
different phenotypic classes based on the eggshell dorsal appendages: class 0: wild type
dorsal appendages - two individualized dorsal appendages); class 1: dorsal appendages
only fused at bottom; class 2: fused dorsal appendages - spindle phenotype; and class
3: short eggs without or with extremely short dorsal appendages. Number of eggs scored
for each experiment are indicated above the bar plot. Examples of scored phenotypes

are shown in S3 Figure.

10.2 Salsa is particularly rate limiting for splicing of the first

intron of gurken mRNA.

The gurken gene encodes a single transcript with three introns [66], with
the first intron localized to the gene 5°"UTR, and the second and third introns
localized to the gene open-reading frame (Fig.14A). Since the observed Salsa-
depleted eggshell phenotypes were reminiscent of hypomorphic alleles of gurken
[67] and Salsa is a highly conserved subunit of NTC [86,95,96] we hypothesized

that Salsa was required for efficient splicing of gurken mRNA. To test this
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A

Primers used for RT-PCR and RT-qPCR of gurken mRNA

hypothesis, we performed reverse transcription PCR (RT-PCR) using the exonic
flanking primers for each intron of gurken transcript (open arrows shown in
Fig.14A). Retention of the first, but not of the second and third introns, could be
easily detected after germ line depletion of Salsa (Fig.14B). Subsequently, we
performed quantitative RT-PCR (RT-gPCR) analysis of gurken transcript to
qguantify the relative levels of intron retention. Specific primers flanking the
3’splice site of all three introns of gurken were designed so that signal
amplification would only occur in the presence of the intron (black arrows shown
in Fig.14A) (for used primer sequence see S1 Table). Consistent with our
previous RT-PCR results, after depletion of Salsa there was a significant retention
of the first intron, but not of the second and third introns, of gurken mRNA
(Fig.14C). Altogether these results show that Salsa is particularly rate limiting for

efficient splicing of the first intron of gurken mRNA.
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Figure 15 - Salsa is particularly rate limiting for splicing of the first intron of
gurken mRNA. (A) The gurken gene encodes a single transcript with three
introns. 5” and 3"UTRs are shown in white, whereas the open-reading frame is
shown in grey. Introns are represented as a thin black line. White and black
arrows indicate, respectively, primers used for RT-PCR and RT-gPCR of gurken
transcript. (B, C) Germ line-specific depletion of Salsa is associated with a
significant increase in the retention of the first intron, but not of the second and
third introns, of gurken transcript. (B) RT-PCR analysis of gurken mRNA using
exonic flanking primers for each intron of gurken transcript and an iScript cDNA
library (random hexamer and oligo (dT) reaction mix). Control ovaries yielded
PCR products with the size predicted for the correctly spliced gurken transcripts
(green dots, grkl: 363 bp; grk2: 528 bp; grk3: 882 bp). DNA sequencing of the
isolated bands confirmed correct splicing of gurken transcript. Salsa-depleted
ovaries showed an increase retention of the first intron of gurken mRNA (red dot,
grk: 505bp), whereas the second and third introns were correctly spliced (green
dots, grk2: 528 bp; grk3: 882 bp). PCR and RT controls used in all reactions. ‘RT
controls' (absence of reverse transcriptase (RT) reaction) vyielded no
amplification, meaning there was no contamination with genomic DNA in all
samples tested. (C) RT-qPCR analysis of gurken transcript using intron-exon
primers and an iScript cDNA library (random hexamer and oligo (dT) reaction
mix). Germ line-specific depletion of Salsa induced a significant retention of the
first intron of gurken transcript, whereas the second and third introns were
correctly spliced. Shown are the fold changes of intron retention. Relative
normalized expression corresponds to values normalized with two distinct
reference genes (-actin and GAPDH) and relative to control conditions (mCherry
RNAI). At least three biological replicates were used for all datasets. Error bars

indicate standard deviation.
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10.3 Salsa is required for dorsal-anterior localization of gurken
MRNA.

The correct dorsal-anterior localization of gurken mRNA relies on multiple
elements localized to the transcript 5"UTR, 3"UTR and open-reading frame [77—
79]. Since the 5"UTR of gurken mRNA is necessary for its correct dorsal-anterior
[77,78] and Salsa depletion was associated with retention of the 5"UTR-localized
first intron, we hypothesized that Salsa was required for dorsal-anterior

localization of gurken mRNA.

To test this hypothesis, we performed fluorescence in situ hybridization
with antisense RNA probes against gurken mRNA. Consistent with the observed
eggshell dorsal appendages defects, depletion of Salsa was associated with a
reduction of the dorsal-anterior localization of gurken mRNA (Fig.15A). For
phenotypic quantification, we divided the observed gurken mRNA localization in
three different classes: i) normal localization, ii) partial localization, and iii) no
localization. Examples of scored phenotypes are shown in S4 Figure (for more
experimental detail see material and methods). Egg chambers from control
females (mCherry RNAI) showed a normal dorsal-anterior localization of gurken
MRNA during mid-oogenesis, whereas a significant proportion of egg chambers
from females whose germ line were depleted for Salsa showed a detectable
reduction of dorsal-anterior localized gurken mRNA (Fig.15A, B). Interestingly,
the reduction of localized gurken transcript was proportional to the severity of
eggshell ventralization and gurken mRNA splicing defects (compare salsa RNAI-
1 and RNAI-2 in Fig.13D, Fig.14C, and Fig.15A, B).

Since abnormally processed mMRNAs are usually targeted for
degradation [106], we next tested if the steady-state stability of gurken mRNA
was reduced after salsa depletion, as this could easily explain the reduced levels
of localized gurken transcript. We failed to detect any significant reduction in the
levels of gurken mRNA in the ovaries (Fig.15C) and in unfertilized eggs/embryos
(S2B Fig.) after depletion of Salsa. Furthermore, and consistent with the
hypothesis that Salsa depletion did not elicit a significant degradation of gurken

transcript and did not inhibit nuclear export from the nurse cells, significant levels
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of intron retention could be detected within the maternally loaded embryonic

gurken mRNAs (S2C Fig.).
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Figure 16 - Salsa is required for dorsal-anterior expression of Gurken. (A,
B) Salsa is required for oocyte dorsal-anterior localization of gurken mRNA. (A)
Germ-line specific of depletion of Salsa impaired dorsal-anterior localization of
gurken mRNA during mid-oogenesis. Fragmented digoxigenin-labeled antisense
RNA probes were used to detect gurken mRNA in situ. Visualization of probes
was done using an anti-Digoxigenin Cyo3 secondary antibody. DNA (Blue) and
gurken mRNA (red). Scale bar 10um. (B) Quantification of anterior dorsal
localization defects of gurken mRNA in stage 8/9 egg chambers using three

phenotypic classes: "normal localization”, "partial localization® and "no
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localization". Additional examples of scored phenotypes are shown in S4 Figure.
Negative control (mCherry RNAI): 100% "normal DV localization" (n=19); Salsa
depletion (salsa RNAI-1): 16% "normal DV localization”, 56% "partial DV
localization”, and 28% "no DV localization" (n=18); Salsa depletion (salsa RNAI-
2): 0% "normal DV localization", 28% "partial DV localization", and 72% shows
"no DV localization" (n=25). (C) Salsa is not required for stability of gurken mRNA.
Real-time gPCR analysis detected no significant reduction of total levels gurken
MRNA after depletion of Salsa. Relative normalized expression corresponds to
values normalized with two distinct reference genes (B-actin and GAPDH) and
relative to negative control (mCherry RNAI). At least three biological replicates
were used for all datasets. Error bars indicate standard deviation. (D, E) Salsa is
required for oocyte dorsal-anterior localization of Gurken. (D) Immunostaining of
Gurken during mid-oogenesis (stage 8/9 egg chambers). Gurken was detected
with an anti-Gurken monoclonal antibody and DNA was visualized with DAPI
staining. DNA (Blue) and Gurken (green). Scale bar 10um. (E) Relative oocyte
Gurken dorsal anterior signal (arbitrary units (a.u.)) corresponds to Gurken signal
pixel intensity (average of three different measurements taken from the oocyte
dorsal-anterior region with the highest perinuclear signal) divided by the
respective background signal (average of three different measurements from the
respective nurse cells cytoplasm). To minimize sample variation all
measurements were obtained from maximum intensity projections obtained from
confocal Z stacks of stage 8/9 egg chambers. Each dot represents an individual
stage 8/9-egg chamber. Horizontal lines specify mean values and asterisks

indicate significant difference (two tailed unpaired t test; P<0.001).

10.4 Salsa is required for dorsal-anterior localization of Gurken

protein.

Since dorsal-anterior localization of gurken mMRNA was reduced after
depletion of Salsa (Fig.15A, B), we hypothesized that a similar reduction was
likely to occur for Gurken protein. To test this hypothesis, we did
immunofluorescence with an anti-Gurken antibody [107] in Drosophila egg

chambers. Gurken accumulated at high levels in the cytoplasmic perinuclear
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dorsal-anterior region of control oocytes (mCherry RNAI) (Fig. 15D), whereas
such expression was significantly reduced after depletion of Salsa (Fig.15D, E)
(see material and methods for Gurken levels quantification). We failed to detect
the total levels of Gurken protein in the ovaries by western blot using currently
available antibodies. Altogether, our results show that Salsa is required for normal
dorsal-anterior expression of Gurken, possibly because it is rate limiting for

efficient splicing of the first intron of gurken transcript.

10.5 The first intron of gurken is not required for Gurken

expression and function.

The first intron of oskar is required for posterior localization of oskar
MRNA, as its splicing recruits the exon junction complex (EJC) and generates a
short RNA stem-loop structure both important for kinesin 1-dependent transport
to the posterior [108,109]. In order to investigate if the first intron of gurken is
similarly important for gurken mRNA localization, we decided to test if a genomic
construct of gurken with its own endogenous promoter but without the first intron
could complement a loss-of-function allele of gurken (grkdettarrT) [110]. Females
homozygous for grkdetarrT are viable but sterile, with eggs lacking detectable
gurken mRNA [110]. Egg chambers and eggs produced by grkdetarrT Show
severe anteroposterior and dorsoventral patterning defects and egg laying is
severely compromised [110]. Genomic constructs of gurken, with its own
endogenous gurken promoter and integrated in the same attP-site, but with or
without the first intron (respectively, grkwr and grkno ist intron), showed identical
expression levels (S5 Fig.). Since both constructs could similarly rescue the
fertility (Fig.16A), egg laying, eggshell dorsal appendages (Fig.16B), and Gurken
dorsal-anterior expression (Fig.16C) of gurken mutant females, we concluded
that, contrary to oskar, the first intron of gurken is not required for expression of

Gurken during oogenesis.

69



Egg hatching rate (%)

B Eggshell dorsal appendages phenotypes

Female fertility § 861 1453
50 1022 o 100~ —— o
ooy B Hatching % o
No hatching ] M

80+ © BN Class?2
o
2 60-

60- 2

5
.: 20+

20+ % -
o 0 —

0- g AN N\
Y &N\
& S
+® a g &
HW *‘. 3 \Q
(‘: -Q.\\ Q& "\3'
D) "V *
g ¢
o
gurken + 1x (grk WT) gurken + 1x (grk no 1st intron)

DNA Gurken

Figure 17 - The first intron of gurken is not required for Gurken expression
and function. Females homozygous for grkdetarrT are viable but sterile, being
egg laying severely compromised [110]. (A) Expression of a genomic construct
of gurken with its own endogenous promoter (two copies), with (grkwt) or without
the transcript first intron (grkno 1st intron), rescued the egg laying and fertility (egg
hatching) of females mutant for grkdettarrT (grk4). Number of eggs scored for each
experiment are indicated above the bar plot. (B) Expression of a genomic
construct of gurken (two copies), with (grkwt) or without the transcript first intron
(grkno 1st intron), rescued the eggshell dorsal appendages defects (eggshell
ventralization) of eggs laid by females mutant for grkdetarrT (grks). For
guantification of eggshell dorsal appendages defects (eggshell ventralization),
observed phenotypes were categorized in four different phenotypic classes
based on the eggshell dorsal appendages: class 0: wild type dorsal appendages

- two individualized dorsal appendages); class 1: dorsal appendages only fused
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at bottom; class 2: fused dorsal appendages - spindle phenotype; and class 3:
short eggs without or with extremely short dorsal appendages. Number of eggs
scored for each experiment are indicated above the bar plot. Examples of scored
phenotypes are shown in S3 Figure. (C) Eggs from females mutant for gurken
(grkadeitarrT / grkur) lack detectable Gurken. Expression of a genomic construct of
gurken (one copy), with (grkwt) or without the transcript first intron (grkno 1st intron),
rescued the dorsal anterior expression of Gurken. Gurken was detected with an
anti-Gurken monoclonal antibody and DNA was visualized with DAPI staining.
DNA (Blue) and Gurken (green). Scale bar 30um.

10.6 Increased levels of gurken expression rescue the D/V

patterning defects observed after depletion of Salsa.

Our results show that Salsa is particularly rate-limiting for efficient splicing
of the first intron of gurken mMRNA and its depletion is associated with significant
defects in Gurken dorsal-anterior expression. Since the 5"UTR of gurken mRNA
Is required for dorsal-anterior expression [77,78] and retention of the first intron
of gurken is likely to severely affect the structure of its 5"UTR, we hypothesized
that Salsa is required for D/V patterning because it regulates efficient splicing of
the first intron of gurken transcript. Consistently, expression of a genomic
construct of gurken lacking its first intron (grkno 1stintron) efficiently suppressed the
ventralized eggshell phenotypes observed after depletion of Salsa (compare
salsa RNAI with salsa RNAI + 1x (grkno 1stintron) in Fig.17A). Nonetheless, since
expression of a wild-type genomic construct of gurken (grkwt) also suppressed
eggshell ventralization compare salsa RNAi with salsa RNAi + 1x (grkwr) in
Fig.17A) then it is still possible that Salsa regulates Gurken dorsal-anterior

expression by additional mechanisms beyond splicing of gurken transcript.

10.7 Salsa is required for eggshell dorsalization after increased

gurken dosage

Expression of a genomic construct containing wild-type gurken (grkwr), in

an otherwise wild-type genetic background, induced eggshell dorsalization
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(Fig.17B; dorsalization corresponds do class -2 and -1). This is most likely due to
an increase in gurken copy number (3 copies of gurken: two endogenous and
one corresponding to the genomic transgene), as D/V patterning is sensitive to
gurken dosage [105]. Interestingly, depletion of Salsa partially suppressed this
phenotype (compare wild-type genomic construct of gurken (grkwr) in Fig.17A
and B), further confirming the requirement of Salsa for dorsal-anterior expression

of Gurken during oogenesis.

Contrary to wild-type gurken, expression of gurken lacking its first intron did
not induce eggshell dorsalization defects (compare grkwt with grkno 1st intron in
Fig.17B). Since gurken mRNA expression levels were equivalent in both
constructs (S5 Fig.), and regardless of the fact that gurken first intron is not
required for gurken expression and function in an otherwise wild type background
(Fig.16), this suggests that splicing per se might nevertheless facilitate, similarly

to other 5"UTR localized introns [111], expression of Gurken protein.
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Figure 18 - Increased levels of gurken rescues Salsa depletion eggshell D/V
patterning defects. (A) Eggs laid by control females (mCherry RNAI) showed
wild type dorsal appendages (WT), whereas a significant proportion of the eggs
laid by females whose germ line was specifically depleted for Salsa (hanos-Gal4
and salsa RNAI-2) showed eggshell ventralization (V), with highly abnormal
(fused or partially-fused) dorsal appendages (classes 1 and 2). Expression of a
genomic construct of gurken, with (grkWT) or without the first intron of gurken

MRNA (grkno 1st intron), suppressed the eggshell ventralization defects of eggs
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laid by females whose germ line depleted for Salsa. (salsa RNAIi-2). (B)
Expression of a genomic construct of gurken (grkWT) in an otherwise wild-type
genetic background (1x grkWT; 3 copies of gurken: two endogenous and one
corresponding to the genomic transgene) induce a significant dorsalization of the
eggshells (D) (classes -2 and -1). Eggshell dorsalization was not observed after
expression of a genomic construct of gurken without the first intron of gurken
MRNA (1x grkno 1st intron). (A, B) Salsa is required for eggshell dorsalization (D)
after increased gene copy number of gurken. For quantification of eggshell dorsal
appendages defects, the observed phenotypes were categorized in six different
phenotypic classes based on the eggshell dorsal appendages. Class 0
corresponds to wild type eggshell dorsal appendages (WT). Eggshell
ventralization (V) of the eggshells corresponds to classes 1 to 3. Eggshell
dorsalization (D) corresponds to classes -1 and -2. Class 0 (wild type dorsal
appendages): two individualized dorsal appendages); class 1. dorsal
appendages only fused at bottom; class 2: fused dorsal appendages - spindle
phenotype; and class 3: short eggs without or with extremely short dorsal
appendages. Class -1: corresponds to short eggs with dorsalized appendages;
class -2: corresponds to a broad and thick crown of appendage material or a
broad/fused appendage that covers the entire width of the eggshell. Examples of

scored phenotypes are shown in S3 Figure

10.8 Depletion of Salsa does not impair anterior cortical

migration and normal morphology of the oocyte nucleus.

Caenorhabditis elegans EMB-4, which is the ortholog of human Aquarius
and Drosophila Salsa, has recently been reported as playing an important role in
the Piwi-interacting RNAs (piRNAs) pathway for efficient silencing of
transposable elements [112]. Drosophila mutants for piRNAs biogenesis are
similarly associated with reactivation of transposable elements and the
accumulation of DNA [113,114] Accumulation of persistent DNA damage during
oogenesis leads to the activation of the meiotic checkpoint that severely disrupts

oocyte nucleus [114,115] and embryonic anterior-posterior and dorsal-ventral
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axis specification by inhibiting the function of Vasa [114,115], which is a DEAD
box RNA helicase required for efficient translation of gurken [116].

Although depletion of Salsa impaired the dorsal-anterior expression of
gurken and D/V patterning of the eggshell was severely compromised, the
microtubule-dependent migration of the posterior oocyte nucleus to the anterior
cortex was mostly unaffected (Fig.15 and S4 Fig.). Furthermore, and contrary to
the highly abnormal oocyte nucleus observed after the accumulation of persistent
DNA damage [115], we failed to detect any oocyte nuclear abnormalities after
Salsa depletion (S6 Fig.), clearly suggesting that the observed D/V patterning
phenotypes were not mediated by persistent activation of meiotic checkpoint.

10.9 Salsa is required for nurse cells nuclear dispersal.

Heterogeneous nuclear RNA-binding protein (hnRNP) Squid (Sqd)
interacts with Hrb27C, also an hnRNP, and Ovarian tumor (Otu) [117], and their
respective mutants show mislocalized gurken mRNA, ectopic Gurken translation,
and dorsalized eggshells [117,118] half pint (hfp) is the Drosophila ortholog of
human PUF60, being its loss similarly associated with mislocalized gurken mRNA

and dorsalized eggshell phenotypes [119].

During early oogenesis, the nurse cell chromosomes undergo several
rounds of endoreplication that results in a characteristic polytene blob-like
appearance [120]. This chromatin architecture disappears by stage 5/6 with the
dispersal of the nurse cells polytene chromosomes. Besides the previously
described D/V patterning defects, mutants for sqd, hrb27C, and hfp also show
defects [117,119] suggesting that these proteins regulate multiple processes
during oogenesis. Interestingly, whereas alternative splicing of otu was abnormal
in sqd and hfp mutants, ectopic expression of the 104 kDa Otu isoform was
sufficient to rescue the nurse cells nuclear dispersal phenotype of these mutants
[117,119]

Although germ line depletion of salsa was associated to D/V patterning
defects, there were however other phenotypes likely to contribute to the observed
reduction of female fertility. For example, ovaries depleted for Salsa showed

nurse cells nuclear dispersal defects (Fig.15D) identical to the ones previously
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observed in sqd and hfp [117,119] Nonetheless, Salsa is most likely not
functionally related with Sqd and Hfp, as Salsa depletion is associated with
eggshell ventralization, and not dorsalization, there was no detectable physical
interaction between Salsa and these two proteins, and Salsa depletion did not
significantly impair alternative splicing of otu (S7 Fig.). Altogether our results
suggest that during oogenesis Salsa regulates pre-mRNA splicing of other

transcripts beyond gurken.

10.10 Salsa is particularly rate-limiting for splicing of a small

subset of introns.

Our working hypothesis is that Salsa RNA helicase is particularly rate-
limiting for efficient splicing of a small subset of introns. To identify the nature of
such introns, and better understand the function that Salsa plays during
development, the transcriptome from control and Salsa-depleted ovaries was
sequenced. To minimize the identification of introns whose splicing was non-
specifically affected by Salsa depletion, a salsa RNAI hairpin (salsa RNAI-1) with
a mild D/V patterning defect (Fig. 13D) but without detectable egg chamber
necrosis was used for this study. To better understand the function of Salsa in
splicing plasticity, we focused our analysis on introns with good sequencing
coverage and performed differential intron retention analysis between control and
Salsa-depleted samples (for more experimental detail see material and

methods).

Genome-wide analysis of the splicing defects observed after germ line
depletion of Salsa showed that this RNA helicase is particularly rate-limiting for
splicing of a small subset of introns, being the large majority of alternative splicing
defects related to increased levels of intron retention (IR) upon Salsa depletion
(S8 Fig.). Considering as biological relevant a difference in percent of intron
retention (PIR) of at least 10% (see material and methods), we identified a
significant enrichment for increased intron retention after Salsa depletion, with 47
introns increasingly retained and only 6 introns less retained in Salsa-depleted
samples (red/purple and yellow points in Fig. 18A and 18B, respectively) (S3
Table). This proportion (47/53; 0.89) was significantly different from 0.5
(proportion’s test p-value=1.78E-8). The fact that most identified cases were
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related with increased levels of intron retention is consistent with the recently

proposed function of human Aquarius before splicing catalysis for increased pre-

MRNA splicing efficiency [97]. The few introns whose retention was significantly

reduced after Salsa depletion (yellow points in Fig. 18A and 18B) (S3 Table)

potentially resulted from an indirect effect on their pattern of alternative splicing.
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Figure 19 - A small subset of introns showed increased levels of intron
retention (IR) upon Salsa depletion. (A) Volcano plot for beta distribution-based
differential intron retention analysis, with differences in inclusion levels between
Salsa-depleted (salsa RNAI-1) and control samples (mCherry RNAI) (APIRbeta
= PIRsalsa RNAI - PIRcontrol) in the x-axis and probability of differential retention
(-log10(1+ - Pdiff)) in the y-axis, with 1+ = 1.001 used to avoid infinite values
when Pdiff = 1. Differentially retained introns (Affected, Affected low PIR and Less
Retained), identified by Pdiff > 0.9, are highlighted in red, purple and yellow,
respectively. Events with a APIRbeta greater than 0.15 are labeled with gene
name and the transcript’s intron position. Control, Included and Skipped introns
are also highlighted for comparison. (B) Scatterplot comparing PIRbeta values in
Salsa-depleted and control samples, with intron groups highlighted/labeled as in
(A). (C) Diagram of simplified gurken (grk) gene structure with exons (blue) and
introns (gray) and density plots (smoothed histograms) reflecting points emitted
from beta distributions used to model gurken intron 1 (right panel), 2 (middle) and
3 (left) retention for each sample and PIRbeta estimates for Salsa-depleted and
control conditions (dashed vertical lines). Rug plots below the density curves
reflect PIR values per sample. Event identifiers and genomic coordinates of the

respective alternative sequences are part of the VAST-DB dm6 annotation [121].
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Fully supporting the gurken splicing defects shown in Fig.14, splicing of
the first intron, but not of the second and third introns, of gurken was affected
after Salsa depletion, with a significant PIR increase (Fig.18C). Analysis of the
introns that were more retained after salsa depletion showed that this RNA
helicase is particularly rate-limiting, among others, for efficient splicing of the first
introns of the sex-determining gene transformer 2 (tra2) (Fig.19), suppressor of
variegation 205 (Su(var205)), phosphoribosylamidotransferase (Prat), CG18428
and multiprotein bridging factor 1 (mbfl), the second 5"UTR-localized intron of
CG7168, the fourth CG31211 intron, the third CG5746 intron and the fourth
baboon (babo) intron (red points in Fig. 18A and 18B) (S3 Table).
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Figure 20 - Salsa is particularly rate limiting for splicing of the first intron of
tra2. Increased retention of the first intron (DmeINT0037630) of sex-determining

gene transformer 2 (tra2) upon Salsa depletion (salsa RNAi-1), when compared
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to control conditions (mCherry RNAI). Diagram of simplified tra2 gene structure
with exons (blue) and introns (gray) and density plots (smoothed histograms)
reflecting points emitted from beta distributions used to model retention of the first
intron of tra2 for each sample and PIRbeta estimates for Salsa-depleted and
control conditions (dashed vertical lines). Rug plots below the density curves
reflect PIR values per sample. Event identifier and genomic coordinates for the
first intron of tra2 are part of the VAST-DB dm6 annotation [121].

10.11 Salsa is particularly rate-limiting for splicing of small first

introns

Since gene architecture influences splicing kinetics [122—-124] we decided
to investigate if there was any particular feature significantly associated to introns
whose splicing is particularly sensitive to Salsa depletion. A comparison between
differentially retained introns after Salsa depletion detected a significant bias for
small proximal introns, as the affected introns had a higher probability of being
first introns compared to control (proportion’s test p-value=0.0011) (Fig.20A, S9
Fig.) or to commonly skipped introns (proportion’s test p-value<2.2E-16) (Fig.8A,
S9 Fig.), and were typically smaller than control (Wilcoxon’s rank sum test with
continuity correction p-value=0.0046) and skipped introns (Wilcoxon’s p-
value=1.85E-5) (Fig. 20B, C, S10A Fig.).

Recruitment of Ul to the proximal region of nascent pre-mRNAS is
facilitated by interaction with the Cap-Binding Complex (CBC) [125-128] which
protects against premature polyadenylation [129-131] and facilitates splicing of
5’end localized [132,133] The effect of CBC on splicing enhancement is distance
dependent [134], with a significant positive correlation between transcription start
site (TSS) distance and 5 splice site (57ss) strength [135]. Consistent with the
hypothesis that Salsa is particularly rate-limiting for CBC-dependent splicing,
alternatively spliced introns with increased retention after Salsa depletion showed
a bias for shorter distances between the transcription start site (TSS) and their
5’ss (average of 1060 base pairs) when compared to control introns (average of
3632 base pairs, Wilcoxon’s p-value=0.0014) and typically skipped introns (6866
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Proportion

logyo(Intron length (nt))

base pairs, Wilcoxon’s p-value=3.42E-9) (Fig.20D, E). Nevertheless, since this
distance bias was not significant amongst first introns themselves (Fig.20E, S10B
Fig.), suggesting it is mostly related with a first intron position bias and not the
distance per se, and since there was no significant bias for weaker 5 splice sites
among the affected introns (S11A), it is unlikely that the observed biases are
related with CBC-dependent splicing. Interestingly, affected introns showed a
bias to weaker 3"splice sites when compared to both control (Wilcoxon’s p-
value=0.018) and typically skipped introns (Wilcoxon’s p=3.82E-6) (Fig.20F, 20G,
S10C Fig.), whereas there was no bias for higher GC content when compared to
control introns (S11B, C). Altogether our data suggests that Salsa is particularly
rate-limiting for efficient splicing of first introns independently of TSS distance,

typically smaller and with weaker 3’slice sites.
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Figure 21 - Salsa is particularly rate-limiting for splicing of small first
introns. (A) Proportion of first (white) and all other (gray) introns within each
intron class, with the # first introns / # other introns indicated on top of each bar
in color / gray, respectively. (B to G) Violin plots and boxplots (highlighting the
median, 25t and 75t percentiles per intron class) summarizing distributions of
observations (each point refers to one intron) considering all introns (left panels)
and first introns only (right panels) of: (B-C) logio of intron length (nt); (D-E) logio
of distance (nt) between intron start and the transcript transcription start site
(TSS); (F-G) Maximum entropy (MaxEnt) scores [136] for estimation of 3" splice
site efficiency, obtained with MATT [137]. Comparison of metrics in (B to G) was
performed between all intron classes and Affected: * p-value < 0.05, ** p-value <
0.01, *** p-value < 0.001, **** p-value < 0.0001 and ns non-significant (Wilcoxon

rank-sum test with continuity correction).
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10.12Salsa regulates the expression levels of a small subset of

genes

Human NTC-subunit Xab2, the ortholog of Drosophila Fandango [95], has
been reported to be rate-limiting, besides splicing, for transcription and
transcription-coupled repair [92]. Since Salsa physically interacts with Fandango
[95], itis possible that transcription was being similarly affected in Salsa-depleted
ovaries. Differential expression analysis revealed that Salsa was particularly rate-
limiting for the expression levels of only small subset of genes (Fig.21), as it
positively regulated the expression levels of CG4570 and Activity-regulated
cytoskeleton associated protein 1 (Arcl) (significantly downregulated in Salsa-
depleted ovaries) (Fig.21, S4 Table), whereas negatively regulated the
expression of death resistor Adh domain containing target (Drat), Cyp4p2,
sevenless (sev) and Insulin-like peptide 6 (llp6) (significantly upregulated upon
Salsa depletion) (Fig.21, S4 Table). Since there were no significant alterations in
alternative splicing of these genes (S12 Fig.), then these changes of gene
expression are more likely the result of a minor role of Salsa in transcription or an
indirect consequence of the splicing defects observed after Salsa depletion.
Although the phenotypic relevance of these differences is unclear, it is
nevertheless possible they give a contribution to the observed phenotypes.
Expression of nonsense-mediated decay pathway genes showed no differences
between conditions, suggesting the decay pathway is similarly efficient in control
and Salsa-depleted samples (S13 Fig.). Altogether these results suggest that
Salsa is not particularly rate-limiting for transcription and the observed splicing
defects did not elicit a genome-wide change in the transcriptome steady-state
stability. This is consistent with previously published results on fandango [95],
which raises the possibility that splicing appears to be the main function of
Drosophila NTC.
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Figure 22 - Salsa regulates the expression levels of a small subset of genes.
Volcano plot for differential gene expression analysis upon Salsa depletion (salsa
RNAI-1), when compared to control conditions (mCherry RNAI). Each point
indicates one gene considered in the analysis. Significantly differentially
expressed genes (B statistic > 0) are highlighted in red, while salsa (CG31368)

is highlighted in black as a positive control.
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11 Discussion

11.1Salsa regulates expression and efficient splicing of gurken

Oocyte dorsal-anterior localization of gurken mRNA relies on multiple
elements localized to the transcript 5’UTR, 3’"UTR and open-reading [77-79] yet
the relative importance of each element for mMRNA localization is still unclear. The
5 and 3° UTRs of gurken were reported to be required for dorsal-anterior
localization of gurken transcript [78]. Furthermore, and using a genomic gurken
construct with a lacZ reporter inserted within the gene open-reading frame, it was
shown that whereas gurken 5"UTR is required for transcript oocyte accumulation,
its coding region and 3’"UTR are necessary for its posterior and dorsal-anterior
localization [77]. More recently it was nevertheless reported, using an oocyte
injection assay, that a small stem loop located within the open-reading frame was

necessary and sufficient for gurken transcript localization [79].

Our results suggest that efficient splicing of the first intron of gurken is
required for mMRNA dorsal-anterior localization and dorsal-ventral patterning. This
Is most likely because retention of the first intron impairs the secondary RNA
structure of gurken 5°UTR, and the function of closely located RNA element
important for its localization [78]. Furthermore, and although the first intron of
gurken is not rate-limiting for transcript localization and function, its splicing is
likely to facilitate Gurken protein expression as its presence enhanced the
dorsalization phenotype associated with increased copy number of gurken gene
[105]. Our results therefore fully support the role of gurken 5"UTR and strongly
suggest that Salsa-dependent splicing is required for transcript localization and

gurken function.

11.2Salsa facilitates efficient splicing of small first introns

The precise function of human Aquarius in splicing is still poorly
understood. This RNA helicase is recruited to the spliceosome as a pentameric
complex known as intron-binding complex (IBC), which also contains hSyfl (also
known as Xab2), hisyl, CypE and CCDC16 [97]. Co-immunoprecipitation

experiments suggest a large interaction interface between IBC and U2 snRNP,
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within the activated spliceosome (Bact stage) and just before the first splicing
reaction. Although Aquarius ability to bind and hydrolyze ATP is important for
spliceosome activation and splicing efficiency, the role of its RNA unwinding

activity is less clear.

Our work has identified a small subset of introns whose splicing is
particularly sensitive to depletion of Salsa (the Drosophila ortholog of human
Aquarius). The fact that splicing was only affected in a small number of introns is
consistent with the observation that immunodepletion of human Aquarius from
nuclear extracts only weakly impaired splicing in vitro [97]. This suggests that
although this RNA helicase is apparently not critical for overall splicing, there is
however a subset of introns whose efficient removal relies on the function of this

enzyme.

Analysis of the introns whose splicing was particularly sensitive to Salsa
depletion showed a clear bias for small first introns with weak 3’splice sites,
independently of the distance between the transcription start site (TSS), 5 splice
site strength and GC content. The bias for small introns suggests that Salsa is
mostly rate-limiting when introns are recognized by intron definition [122], where
the initial pairing between Ul and U2 snRNPs occur across the intron.
Furthermore, the bias for introns with weak 3"splice sites is in accordance with
the extensive interaction between IBC and U2 snRNP in the activated
spliceosome and implies that depletion of Salsa is likely to impair, at least in a
subset of introns, U2 snRNP function during splicing. The absence of any
detectable bias for short distances between the TSS and 5 splice site, when
evaluating affected and control first introns, or any bias for weak 5”splice site
strength, suggests that Salsa is not likely to be particularly rate-limiting for Cap-

Binding Complex-mediated splicing [134].

Drosophila first introns are more likely to be co-transcriptionally retained
than internal and terminal introns [138]. This is not consistent with the kinetic
competition model [139], where the fastest processes are the ones most likely to
occur, suggesting additional constraints to first intron splicing. Although the
precise nature of such constraints is still poorly understood, binding of
transcriptional initiation factors to the 5’splice site associated [140,141]
potentially restricts splicing efficiency, as it might impair the initial pairing between
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Ul and U2 snRNPs. Our working hypothesis is that Salsa is particularly rate-
limiting for splicing of small first introns with weak 3’splice site because this
enzyme facilitates U2 snRNP function, minimizing the interference effect of
transcriptional initiation factors on splicing. Since the number of affected introns
was low it is nevertheless likely that there are other features among these introns,
like secondary RNA structures, capable of making their splicing particularly

sensitive to depletion of Salsa.

Expression of Salsa varies during development [104], being its expression
particularly enriched in the central nervous system and in the female germ-line
[142]. We propose that the differential expression of Salsa and other NTC-
subunits gives an important contribution to spliceosome plasticity and differential

gene expression during cell differentiation.

86



12 Material and Methods

12.1 Fly Husbandry

All flies were raised at 25°C, unless otherwise indicated, using standard

techniques.

12.2 Drosophila RNAI stocks

Unless indicated, all stocks are available at the Bloomington Drosophila
Stock Center. Depletion of Salsa was obtained using three different non-
overlapping dsRNA hairpins. salsa RNAI-2 stock is available in BDSC
(Bloomington number 55172; hairpin reference; P {TRiP.HMCO03852}attP40;
Map: Chr 2,25C6, 2L:5108448..5108448.), whereas salsa RNAIi-1 and salsa

RNAI-3 were custom made.

12.3 Generation of non-overlapping salsa RNAi (salsa RNAi-1
and RNAI-3)

We designed two non-overlapping RNAI hairpins against salsa (CG31368)
using an algorithm that minimizes off target effects [143]. Based on a miR1
scaffold, for the top strand oligo (TS) of salsa, ctagcagt nucleotides were added
to the 5’ end of the passenger strand DNA and tagttatattcaagcata nucleotides
were added between passenger strand DNA and the guide strand DNA. In the
end gcg nucleotides were added to the 3’ end of guide strand DNA. The top strand

oligo (TS) of salsa 1 and salsa 3 are the following:
salsa RNAi -1 TS:

ctagcagtCGCTTGGATATGGACGATCTAtagttatattcaagcataTAGATCGTCCATA
TCCAAGCGgcg

salsa RNAI -3 TS:

ctagcagtCCACGATTATCTCCTACGCAAtagttatattcaagcataTTGCGTAGGAGAT
AATCGTGGgcg
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For the bottom strand oligo (BS) of salsa, aattcgc nucleotides were added
to the 5’ end of the passenger strand DNA, and tatgcttgaatataacta nucleotides
were added between passenger strand DNA and the guide strand DNA. In the
end actg nucleotides were added to the 3’ end of guide strand DNA. The bottom

strand oligo (BS) of salsa 1 and salsa 3 are the following:
salsa RNAi -1 BS:

aattcgcCGCTTGGATATGGACGATCTAtatgcttgaatataactaTAGATCGTCCATAT
CCAAGCGactg

salsa RNAI -3 BS:

aattcgcCCACGATTATCTCCTACGCAAtatgcttgaatataactaT TGCGTAGGAGATA
ATCGTGGactg

Annealing the top and bottom strand oligos: 10l top strand oligo (10uM)
and 10pl bottom strand oligo (10uM) were added into 80ul annealing buffer
(10mM Tris-HCI, pH 7.5, 0.1M NaCl, 1mM EDTA). The reaction mix was
incubated at 95°C for 5 min, and then, slowly cooled down to room temperature.
The resulting DNA fragment has overhangs for Nhel and EcoRI. The resulting
DNA fragments were directly cloned into a VALIUM22 vector, which has been
linearized by Nhel and EcoRI enzymes. For DNA ligation reaction, 6ul of the
annealing product mixed with 2ul of 10X ligation buffer and 1ul of T4 DNA ligase
(AU/ul). Finally, 1pl of 40ng/ul backbone (gel purified VALIUM22 digested with
Nhel and EcoRI) was added to the final reaction. The final volume of 20ul was
made up with ddH20, mixed carefully and incubated overnight at 16°C. The

reaction was stored at -20°C, until further use.

For transformation, 10ul of ligation reaction was transformed into 50l
TOP10 competent cells using electroporation method. Clones were selected
through PCR using the standard primers for pVALIUM22 (S1 Table). The correct
shRNA constructs were further confirmed by sequencing. The primer used for
sequencing is shown in S1 Table. Plasmid amplification and isolation of the
correct shRNA constructs was done using the standard protocol from NZY
Miniprep isolation kit. (NZY Tech, Genes and Enzymes, Lisbon, Portugal). For
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production of transgenic Drosophila stocks, isolated plasmids were sent for
injection (BestGene, Chino Hills, CA, USA).

12.3.1 Germ line specific depletion of Salsa

Salsa was specifically depleted within the female germ line by using the
germ line-specific driver nanos-Gal4 (nos-Gal4) [100] and the upstream
activating sequence (UAS)/Gal4 [101,103]

12.4 Ventralized eggshell phenotypes

Flies were cultured at 25°C and transferred to a new tube every 3 days. 0-
3 days old F1 females (n=20) were crossed with wild-type males (n=5) and added
to an egg collection cage supplemented with fresh yeast. Ventralized eggshell
phenotypes were scored at least 2 days after assembly of collection cage (for
optimal egg laying) and using fresh egg collections (4-5h) to facilitate unequivocal

scoring.

12.5 Egg hatching

1-3 days old F1 females (n=20) were crossed with wild-type males (n=5)
and added to an egg collection cage supplemented with fresh yeast. Eggs were
collected using freshly prepared apple juice plates. Plates were incubated for 48h

at 25°C and egg hatching was scored.

12.6 Ovaries immunostaining

Adult ovaries (20 ovary pairs per sample per experiment) were processed
according to standard procedures [32]. All incubation steps involve a gentle mix
with an orbital or nutator mixer. Briefly, ovaries were dissected from 2-4 days
old females in ice cold Phosphate-buffered saline (PBS) and fixed for 20min
with a 3:1 mix of heptane (Fluka) and fixative aqueous mix. The fixative mix
consisted of 4% formaldehyde (Polysciences) in PBS+0.5% NP-40 (Sigma)
solution. Following three 10min washes in PBST (PBS +0.2% Tween 20),
ovarioles were gently detached with a tungsten needle. Ovaries were

subsequently blocked for 1h in PBS supplemented with 1% Triton X-100
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(Sigma), 1% (w/v) bovine serum albumin (BSA; Sigma) and 1% (w/v) donkey
serum (Sigma). Primary antibodies incubation was performed overnight at 4°C
in PBST supplemented with 1% BSA and 1% donkey serum (BBT solution).
After three 10min washes in PBST, ovaries were incubated for 1h at the room
temperature with the appropriate secondary antibodies diluted in BBT solution.
DNA was subsequently stained for 30 min at the room temperature using
1:10.000 DAPI in PBST. Prior to mounting, ovaries were washed three times,
10min each, with PBST. Ovaries were mounted in dako faramount aqueous
mounting medium (Dako, California, USA) and were visualized using a Zeiss

LSM710 Confocal microscope.

12.7 Quantification of ovaries Gurken immunostaining

For quantification of Gurken signal at the dorsal anterior region of the
oocyte, maximum intensity projections of serial confocal optical sections of
individual egg chambers stained with an anti-Gurken antibody [107] were
obtained using Image J program (Grouped Zprojector, maximum pixel
intensity). The average Gurken signal intensity within three oocyte dorsal anterior
regions with highest levels of localized Gurken was obtained using ImageJ
software. For each egg chamber, obtained values were divided by the respective
average background signal intensity value obtained within three cytoplasmic

regions of the nurse cells.

12.8 Preparation of a DIG-labelled gurken probe

A plasmid carrying a gurken cDNA sequence [66] was linearized with Sal |
restriction enzyme and analyzed on agarose gel electrophoresis. The linearized
plasmid was isolated and purified with a gel purification kit (Promega), using
standard procedures. The purified linearized plasmid was subsequently
guantified with spectrophotometer (Thermo Scientific NanoDrop 2000). Synthesis
of DIG-labeled antisense gurken RNA probes, was made according to the
following reaction: 2ul of linearized plasmid (1ug) was mixed with the following
reagents, in this order and at room temperature: 1pl of 10X transcription buffer
(Roche), 1l DIG-NTP mix (Roche), 0,3ul of RNAse inhibitor (Roche) and 1 ul T7

RNA polymerase (10 U/ pl; Roche). The final reaction volume was set up to 10pl

90



of DEPC water. The final reaction mixture was subsequently incubated at 37°C
for 2h. Subsequently, 40ul DEPC water and 50ul 2X Carbonate Buffer (120mM-
Na2COs3; 80mM NaHcOs at pH 10.2) were added to the probes and the mix was
incubated at 65°C for 40min. Hydrolyzed probes were precipitated by adding
100ul 0.2M NaAc (pH 6), 10ul of 4M LiCl, 10ul of tRNA (Roche; stock solution
20mg/ul), and 600ul of absolute ethanol, on a -20°C overnight incubation. Mix
was centrifugated at 4°C for 15min. Pellet was washed twice with 70% EtOH,
dried in air (10min), and dissolved in Hybridization MIX buffer (50% formamide,
5x SSC solution, 0.1% Tween-20, 100 ug/ml heparin, 100 ug/ml ssDNA).

Probes were stored at -20°C before use.

12.9 Fluorescent in-situ hybridization of Drosophila ovaries

Adult ovaries from 2-4 days old females were dissected and fixed
according to standard procedures [32]. All incubation steps involve a gentle mix
with a nutator mixer. Ovaries were dissected from 2-4 days old females in ice
cold Phosphate-buffered saline (PBS) and fixed for 20min with a 3:1 mix of
heptane (Fluka) and fixative aqueous mix. The fixative mix consisted of 4%
formaldehyde (Polysciences) in PBS+0.5% NP-40 (Sigma) solution. After fix,
ovarioles were gently teased apart with forceps and dehydrated in methanol by
washes of 5 min with the following solutions: 30% methanol/PBT (PBS+0,2%
Tween-20), 50% methanol/PBT and 70% of methanol/PBT. Ovaries were
stored in 100% methanol at -20°C before usage.

Prior usage, ovaries were rehydrated by washes with 70% Methanol/PBT;
50% Methanol/PBT and 30% Methanol/PBT. After rehydration, ovaries were
washed with PBS+0,1% Tween-20, for 5 min, 3 times and transferred to a pre-
hybridization buffer (40% formamide, 4x SSC (20xSSC (RNAse free), 0.1%
Tween 20) and incubated for 1h at the room temperature. Ovaries were then
transferred into 200ul hybridization buffer (50% formamide, 5x SSC (20xSSC
(RNAse free), 0.1% Tween 20, 100 pg/ml heparin, 100 ug/ml ssDNA) and
incubated for 1h at 550C. RNA probes were diluted at 5:100 in a pre-heated
hybridization buffer. After removal of the hybridization solution, 50ul of pre-
heated diluted probes were added to the ovaries for overnight incubation at

55°C. Following day, used probes were collected, and ovaries were transferred
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to 1ml pre-hybridization solution for a 30min incubation at 55°C. They were
subsequently washed 5 times with 1ml of PBS+0,1% Tween-20 for 30min each
time, at the room temperature. After washes, ovaries were incubated in Roche
Blocking Buffer (1:10 in PBS-0,1% Tween-20) for 1h at the room temperature.
The mouse anti-Dig (1:400) was diluted in Roche Blocking Buffer (1:10 in PBS-
0,1% Tween-20) and incubated overnight at 4°C in a rocking shaker. The
ovaries were washed three times with 1ml PBS-0,1% Tween-20 for 10 minutes
each at the room temperature and incubated with Roche Blocking Buffer as
above for 30 minutes at the room temperature, following incubation (1h at RT)
with secondary antibody anti-mouse-Cy3 (1:1000) diluted in Roche Blocking
Buffer as above. Ovaries were washed three times with 1ml PBS-0,1% Tween-
20, for 5 minutes each time, at room temperature. DNA was subsequently
stained for 10 min at the room temperature using 1:10.000 DAPI in PBS-0,1%
Tween-20. Prior to mounting, ovaries were washed in PBS-0,1% Tween-20
three times, 5min each, then rinsed with PBS. Ovaries were mounted in
Vectashield mounting medium and they were visualized using a Zeiss LSM710

Confocal microscope.

12.10 Quantification of gurken mRNA localization

For semi-quantitative quantification of dorsal-anterior localization of
gurken mRNA, stage 8/9 oocytes were divided it into three different classes
based on gurken mRNA dorsal-anterior signal near to oocyte nucleus: a)
normal dorsal-anterior localization of gurken mRNA, with a strong signal
distributed in the periphery of the oocyte nucleus; b) partial dorsal-anterior
localization, with weaker but clearly detectable gurken mRNA nearby the
periphery of the oocyte nucleus; c) absence/almost absence of dorsal-anterior
localization, with undetectable or hardly detectable gurken mRNA signal

nearby the periphery of the oocyte nucleus.
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12.11 RT-PCR (Reverse Transcription- PCR)

Total RNA was extracted from 0-1hr embryos (after egg laying) or from 2-4
days old adult female ovaries (after pupae eclosion), whose female germ line was
specifically depleted for Salsa (salsa RNAI) or negative control (mCherry RNAI).
Extraction was performed following standard procedures (PureLink RNA Mini Kit,
Ambion, NY, USA). Genomic DNA was removed from RNA samples using
PureLink DNase (Invitrogen) on-column method. Concentration of RNA was
determined using a spectrophotometer (Thermo Scientific NanoDrop 2000)
(Thermo Scientific Massachusetts, USA). A260:A280 ratios were calculated for
each sample and ratios smaller than 1.7 or greater than 1.9 were discarded. For
reverse transcription, the iScript cDNA synthesis kit (Bio-Rad, California, USA)
was used. 200ng of RNA were used for cDNA synthesis, according to
manufacturer's standard protocol. Primer combinations were designed with
PrimerBLAST (NCBI, USA) and PCR was performed using NZYTech master mix
(Lisbon, Portugal).

12.12 Real-Time quantitative PCR (Real-time qPCR)

12.12.1 Optimization of primers efficiency for target genes and

reference genes

Primers were designed using PrimerBLAST (NCBI, USA) and optimized to
an equal annealing temperature 55°C. Primer efficiencies were initially tested
with Drosophila genomic DNA (gDNA). Five-fold serial dilutions of gDNA were
made (40ng, 8ng, 1.6ng, 0.32ng and 0.064ng) and primer efficiencies for both
target genes and reference genes were tested. Standard curves were
constructed by the Cycle of threshold (Ct) (y-axis) versus log gDNA dilution (x-
axis). The primer efficiency (E) of one cycle in the exponential phase was
calculated according to the equation: E=10¢uwslope) -1 [144]. Efficiency and
regression curves for each primer sets are shown in S4 Table. Specificity of
primer pair amplification was confirmed by melting curve analysis and the Ct

values were obtained from dynamic range of the standard curves. Only primer
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sets with specificity and good efficiency were used for subsequent RT-gPCR

analysis.

12.12.2 MRNA extraction and cDNA synthesis

Total RNA was extracted from 0-1hr embryos (after egg laying) or from 2-4
days old adult female ovaries (after pupae eclosion), whose female germ line was
specifically depleted for salsa (salsa RNAI) or negative control (mCherry RNAI).
Extraction was performed following standard procedures (PureLink RNA Mini Kit,
Ambion, NY, USA). Genomic DNA was removed from RNA samples using
PureLink DNase (Invitrogen) on-column method. Experion™ Electrophoresis
(Bio-Rad, California, USA) was used to assess the integrity and quantity of
isolated RNA. Isolated RNA with less than 8 RQI was not considered for reverse
transcription with iScript (as described above) and further Real-Time gPCR

analysis.

12.12.3 Quantitative PCR reaction (qPCR)

The equivalent to 4ng cDNA was used as template in each qPCR reaction.
gPCR reactions were performed on a CFX96 Real-Time system (Bio-Rad,
California, USA) using SsoFast EvaGreen Supermix (Bio-Rad, California, USA).
Two reference genes (Actin and GAPDH) were used for normalization. "no
template”, "no RT" and “NEG” were used as negative controls for testing the
gPCR reaction mixture contamination. As positive control it was used genomic
DNA. For each reaction, the RT-gPCR master mix included 10pl of 2X EvaGreen
mix, 1l of forward primer (10uM), 1pl of reverse primer (10uM), and 4ul of
nuclease-free water. The master mix (16ul) was added to a well of 96-multiwell
plate (Bio-Rad, California, USA) followed by the addition (when appropriate) of
4ul cDNA (4ng). PCR protocol: denaturation programme (95°C for 30 seconds),
amplification program repeated for 60 cycles (denaturation: 95°C for 5 seconds,
annealing: 55°C for 5 seconds + plate read for fluorescence measurement),
melting curve programme (65°C to 95°C with 0,5 °C increments, for 5 seconds +

plate read for fluorescence measurement), and cooling programme to 4°C.
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12.12.4 Expression Analysis

The threshold cycle (Ct) of each gene transcript was determined by setting
the threshold line above background levels in the linear region of the exponential
curve before the gene expression levels were measured. The baseline and
fluorescence signals are adjusted automatically by the CFX96 Real-Time
machine software (default parameters) to calculate the ACt value [145]. The
relative expression ratio (RE) was calculated using the difference between ACt
value of negative control (mCherry RNAI) and salsa RNAI, also known as the 2-

aact method.

RE=2 " (-(ACt sample (target-reference)-ACtcontrol (target-reference)))

ACt sample is the Ct difference of target-reference genes in salsa RNAi;
ACt control is the Ct difference of target-reference genes in control RNAI.

Total expression levels of the genes of interest were calculated by the mean
of Ct values normalized to the expression levels of two reference genes (Actin
and GAPDH) using the geNorm method [146]. Mean and standard deviation (SD)
of RE values were calculated from three biological replicates. In addition, three
technical replicates were performed for each sample. A technical replicate
corresponds to three different cDNAs synthesized from the same isolated RNA.
Biological replicates correspond to RNAs obtained from distinct biological

samples.

12.13 Protein extraction

0-1hr embryos (after egg laying) or 2-4 days old adult female ovaries (after
pupae eclosion), whose female germ line was specifically depleted for salsa
(salsa RNAI) or negative control (mCherry RNAI), were homogenized with a
pestle in ice-cold NB-lysis buffer (50mM Tris (pH 7.5), 150mM NaCl, 2mM EDTA,
0.01% NP-40 (lgepal), 2mM DTT, 10 mM NaF, and protease inhibitors
(Completetm protease inhibitor cocktail, Roche)). The sample was centrifuged
three times at 14000rpm, at 4°C, and for 5 minutes. Between each centrifugation,
the supernatant was carefully collected into a new tube, avoiding the pellet and

the upper lipid-rich layer. Bradford protein microassay (Bio-Rad) was performed
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to quantify the total amount of protein, and whenever needed, the total protein

extract was frozen with liquid nitrogen and kept at -80°C until further usage.

12.14 Western-blot analysis

For western blot analysis, total protein extracts were boiled for 5Smin at 95°C
in 2xLaemmli buffer (Sigma). 10ug of protein were loaded per lane, and run in a
SDS polyacrylamide gel electrophoresis gel (6% or 12%). Proteins were
subsequently transferred onto Hybond-ECL nitrocellulose = membrane
(Amersham) using a Bio-Rad wet transfer apparatus (100V for 60 min). Western
blotting was performed using standard procedures. Briefly, the Hybond-ECL
membrane was blocked overnight with 5% non-fat milk in PBS-T (PBS +0.1%
Tween-20) at 4°C with shaking. Primary antibodies were incubated overnight in
1% non-fat milk in PBS-T with gentle shaking at 4°C. Membranes were washed
three times with PBS-T, for 15min at room temperature and with strong shaking.
Secondary antibodies were incubated for 2h in 1% non-fat milk in PBS-T at the
room temperature with gentle shaking. After three washes in PBS-T, for 5min at
room temperature, and one quick wash with PBS, proteins of interest were
detected with an ECL Plus western blotting detection system (GE Healthcare)

and an ECL Hyperfilm (Amersham).

12.15 Expression of C-terminal Myc-tagged Salsa

12.15.1 Cloning of Myc-tagged Salsa

For cloning of a C-terminal Myc-tagged Salsa, the open reading frame of
CG31368 was amplified by Expand High Fidelity PCR System (Roche) from the
cDNA clone RE 35509 (BDGP). Please note that a point mutation present in the
original cDNA clone RE35509 was corrected by site-directed mutagenesis using
the publically available Flybase sequence of CG31368 as reference. The
QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies) was used for
site-directed mutagenesis, according to manufacturer’s standard protocol. For
primers sequence see S1 Table. For PCR amplification it was used the High

Fidelity PCR system (Roche), with the following conditions: initial denaturation for
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1st cycle (95°C for 2 min), primary amplification programme repeated for 10 cycles
(denaturation: 94°C for 15s, annealing: 55°C for 30s and elongation: 68°C for
4min), secondary amplification programme repeated for 10 cycles (denaturation:
94°C for 15s, annealing: 55°C for 30s and elongation: 72°C for 4min), final
elongation for one cycle (72°C for 10min), and cooling at 4°C for unlimited time.
The PCR product was cloned into pAMW plasmid (Gateway) using the Gateway

system (Invitrogen).
12.15.2 Culture of Drosophila S2 cells

Drosophila Schneider 2 (S2) cells were cultured in Schneider’s Drosophila
complete medium: Schneider’s insect medium (Sigma), supplemented with 1x L-

glutamine, 1x PenStrep, and 10% Fetal bovine serum (Invitrogen) at 25°C.

12.15.3 Transfection of Myc-tagged Salsa

Transient transfection in Drosophila S2 cells with a C-terminal Myc-tagged
Salsa construct was done using FUGENE® HD Transfection Reagent and
standard procedures (Promega). Briefly, a mix of 100uL of Serum Free Medium
(SFM), 400ng of DNA, and 4pL of Fugene HD were incubated at the room
temperature for 15 min. Meanwhile, cells were plated into 6 well plates at the
concentration of 2.5 x 106 cells/well in serum free medium. The mix (DNA and
Fugene) was added drop by drop on the top of cells. To stop the transfection
reaction, 2ml complete medium (with 10% Fetal bovine Serum) was added to the

cells after 4h of incubation at 25°C and cells were incubated for 48 hours at 25°C.

12.16 Co-immunoprecipitation

Co-immunoprecipitation was done using protein extracts from Drosophila
S2 cells expressing C-terminal Myc-tagged Salsa or a negative control (empty
Myc-plasmid). Briefly, 1mg of total protein extract was diluted in 1ml of ice-cold
NB-lysis buffer, and it was incubated with anti-c-Myc Magnetic beads (Invitrogen,
Grand Island, NY, USA) for 1hr at 4°C. Anti-c-Myc Magnetic beads were then
washed three times with NB-lysis buffer, and boiled for 5 min at 95°C with

2xLaemmli buffer (Sigma) for further western-blot analysis.
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12.17 Differential intron retention analysis

Overall quality of raw RNA-seq data was analyzed using fastqc version
0.11.5 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) on the
associated FASTQ files. vast-tools [121,147,148] version 2.0.0 was used for
guantification of alternative sequence inclusion levels from FASTQ files using
VAST-DB annotation for Drosophila melanogaster genome assembly dm6
[121,149] To ensure intron retention quantification with sufficient and reliable read
coverage, we considered only vast-tools’ events with a minimum mappability-
corrected read coverage score of “OK” across all samples, corresponding to at
least 20 mappability-corrected reads mapping either to the sum of skipping splice
junctions or to one of the two inclusion exon-intron junctions and at least 15 of
such reads mapping to the other inclusion splice junctions, as described in vast-
tools’s GitHub description page (https://github.com/vastgroup/vast-tools). Also,
only intron retention events without statistically significant evidence for a high
imbalance in read counts between both upstream and downstream exon-intron
junctions and the intron body [148] (binomial test’s p-value > 0.05) for all samples
were considered. Percent intron retention (PIR) [148] estimates are quantified as
the ratio between the average of exon-intron junction reads that support intron
inclusion (#inc) and the sum of these with exon-exon junction reads, supporting

intron skipping (#exc).

Precision of PIR estimates from their supporting read coverage (#inc and
#exc) was modelled using the beta distribution (conjugate prior probability
distribution for the binomial), constrained to [0,1] and defined by shape
parameters a and B and a mean of a/ (a + B). Given that, for a, B # O for the
same mean, beta distributions get narrower with increasing shape parameters,
emitting points from a beta distribution with a = #inc and B = #exc allows the
scattering of emitted values to serve as a surrogate for that PIR’s dispersion
(given the original read coverage supporting it), while the distribution’s mean
value, #inc / (#inc + #exc), is an approximation of the empirical PIR. For each
considered intron retention event with nonzero #inc and #exc, the R function rbeta
was used to emit, for each sample, 500 values from a beta distribution with shape

parameters a = #inc and B = #exc. However, while #inc or #exc can be equal to
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zero, beta distributions with aor § = 0 are single-valued as 0 or 1, respectively,
and are not appropriate to model inclusion levels. Therefore, an increment factor
(incr) proportional to global coverage was added to zero #inc (PIR = 0) or #exc
(PIR = 1) read counts, followed by emission, using rbeta, of 500 points from a
beta distribution with a = #inc + incr and 8 = #exc + incr. Increment factors per
coverage were set as the maximum value between 0.01 and 1 such that not more
than 5% of simulated 500-point beta distributions with a = incr and 3 = coverage

have a median that shows a deviation from theoretical PIR larger than 0.01.

For each considered event, rbeta-emitted values were grouped per
condition (control and salsa RNAI), with their median values set as the respective
summary PIRs (PIRbeta). The difference between these, APIRbeta = PIRsalsa RNAi -
PIRcontrol, wWas used as the magnitude of differential intron inclusion. The
significance of each APIRbeta wWas set as the ratio between the number of
differences between salsa-depleted and control emitted values that are greater
than zero and the total number of differences, reflecting the probability of PIRsalsa

RNAi being greater than PIRcontrol (Pudif).

Differentially retained introns were considered as those with Pdift > 0.9.
From these, introns that were more retained upon salsa depletion than in Controls
(APIRbeta > 0.1) were classified as Affected, while those showing decreased
retention upon salsa depletion (APIRbeta < - 0.1) were classified as Less Retained.
Irrespectively of the significance of PIR differences, Affected introns showing very
low inclusion levels in Control samples (mean PIR < 0.05) were classified into a
separate group, Affected low PIR. Included introns were set as those showing
consistently high inclusion, i.e. with a PIR > 0.75 for all samples and an absolute
APIRbeta < 0.02, while Skipped introns were classified as those always found
spliced out, having PIR = 0 for all samples. Finally, Control introns were classified
as those showing PIRsaisa Rnai and PlIRcontrol between 0.05 and 0.9 (alternatively
retained introns) but their retention does not seem to be affected by salsa

depletion (absolute APIRbeta < 0.02).

MATT [137] was used to retrieve intronic features, such as intron, upstream or
downstream exon length, splice site strength [136] and GC content across groups

using function get ifeatures. Ensembl Biomart [150] was used to extract
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transcription start sites per transcript to calculate distance between these and the
intron start (5’ss). Differential alternative splicing analysis considering all event
types annotated in vast-tools (S8 Fig.) was performed using the same filtering

criteria as described above for intron retention.

12.18 Differential gene expression analysis

Gene expression was quantified with vast-tools, that aligns RNA-seq reads
against a reference transcriptome. Differential gene expression analysis was
performed with the limma R package [151]. The magnitude of difference in
expression was measured in log2 fold-change between control and salsa RNAI.
Six genes were considered to be significantly differentially expressed (those with
an associated positive empirical Bayes statistic giving the log-odds ratio of the
gene being differentially expressed): CG4570 and Arcl downregulated and Drat,
Cyp4p2, sev and llp6 upregulated in salsa-depleted samples.
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13 Annexes

Immunoprecipitation of Salsa-myc (in Drosophila S2 cells)

Input Myc IP
Empty Salsa Empty Salsa
Plasmid Myc Plasmid Myc
RNAse + - 4 = - o+ =
k4D63 —— Prp19 (short exposure)
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Supplementary figure 1 - Drosophila Salsa physically interacts with
spliceosome NineTeen Complex (NTC). (A) Endogenous NTC proteins
Fandango and Prp19 were efficiently co-immunoprecipitated by Salsa-Myc in an
RNA-independent manner. Co-immunoprecipitation from total protein extracts
from Drosophila Schneider 2 (S2) cells expressing a Myc-tagged Salsa (Salsa-
Myc; N-terminal tag) and using dynabeads coated with an anti-Myc antibody.
Protein extracts from Drosophila S2 cells transfected with an empty plasmid were

used as negative control. Lysate were immunoprecipitated with (+) or without (-)

RNAse treatment.
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Supplementary figure 2 - Depletion of Salsa impairs splicing of the first
intron of gurken mMRNA without eliciting a significant mRNA degradation.
(A) RT-gPCR analysis showed a significant reduction of salsa mMRNA levels in
ovaries and in embryos depleted for Salsa (salsa RNAIi-2) when compared to
control conditions (mCherry RNAI). (B) RT-gPCR analysis showed no significant
reduction of gurken mRNA levels in ovaries and in embryos depleted for Salsa
(salsa RNAI-2). Ovaries results are the same shown in Fig.14C. (C) RT-gPCR
analysis using intron-exon primers showed a significant retention of the first intron

of gurken mRNA, but not of the second and third introns, in ovaries and in
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unfertilized eggs/ embryos depleted for Salsa (salsa RNAI-2). For all panels,
relative normalized expression corresponds to values normalized with two distinct
reference genes (B-actin and GAPDH) and relative to negative control (mCherry
RNAI). At least three biological replicates were used for ovaries, whereas two
biological replicates were used for embryos. mCherry RNAi was used as a control

RNAI from all panels. Error bars indicate standard deviation.
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Supplementary figure 3 - Classes of eggshell dorsal appendages defects.
Dorsal-ventral patterning defects of eggshells were categorized in four
phenotypic classes: class 0: wild type appendages - two individualized dorsal
appendages; class 1. appendages fused at their bottom; class 2: appendages
totally fused - spindle phenotype); and class 3: short eggs without or with

extremely short dorsal appendages.

o . . . l .
b}

Partial localization
)

o . l . . l

Supplementary figure 4 - Classes of gurken mRNA dorsal-anterior

localization defects. Dorsal-anterior localization of gurken mRNA in stage 8/9
egg chambers was categorized in three phenotypic classes: "normal localization”,
"partial localization" and "no localization". DNA (Blue) and gurken mRNA (red).

Scale bar 10um.
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Supplementary figure 5 - Deletion of the first intron does not impair total
expression levels of gurken mRNA. Genomic constructs of gurken, with its own
endogenous gurken promoter and integrated in the same attP-site, but with
(grkwt) or without the transcript first intron (grkno 1st intron), showed identical
expression levels of gurken mRNA. Genomic constructs of gurken (two copies)
were in grkdeitarrT mutant background. Real-time gPCR analysis of gurken mRNA
levels was done using primers for the first exon of gurken transcript. Relative
normalized expression corresponds to values normalized with two distinct
reference genes (B-actin and GAPDH) and relative to wild type. Two biological

replicates were used for all datasets. Error bars indicate standard deviation.
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control RNAI salsa RNAI-1 salsa RNAIi-2

Stage 8/9

Stage 8/9

Supplementary figure 6 - Depletion of Salsa does not impair the normal
morphology of the oocyte karyosome (chromosomes). During mid-oogenesis
the oocyte chromatin is condensed into a structure called karyosome
(arrowhead). Defects in karyosome morphology are indicative of the
accumulation of DNA damage and abnormal activation of the meiotic checkpoint
[115]. Germ line depletion of Salsa (salsa RNAI-2) did no impair the correct
morphology of the oocyte karyosome. mCherry RNAi was used as a negative
control. DNA was visualized with DAPI staining (grey). Arrowheads indicate the
oocyte karyosome. Scale bars 5 um.
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Supplementary figure 7 - Depletion of Salsa does not impair alternative

splicing of ovarian tumor (otu). Diagram of simplified otu gene structure with

exons (blue) and introns (gray) and density plots (smoothed histograms)

reflecting points emitted from beta distributions used to model inclusion levels for

alternative splicing events in otu gene. For each sample, density plots reflect

PIRbeta estimates. Mild differences in inclusion levels could be detected in some

cases between control (mCherry RNAI) and Salsa-depleted (salsa RNAI-1), yet

none was significant under our criteria for differential splicing (Pdiff > 0.9 and

|APIRbeta| > 0.10). Dashed vertical lines indicate PIRbeta estimates for Salsa-

depleted and control conditions and rug plots below the density curves reflect PIR
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values per sample. Event identifiers and genomic coordinates of the respective

alternative sequences are part of the VAST-DB dm6 annotation [121].
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Supplementary figure 8 - The most common form of alternative splicing
defects after Salsa depletion is increased levels of intron retention (IR). (A)

Violin plot of distribution and (B) proportion of positive and negative differences

129



of mean PIR for intron retention (IR, 14504 events) and PSI (percent spliced-in
[152] for exon skipping (EX, 13627 events) and alternative splice site usage
(AItSS, 8385 events) values in Salsa-depleted (salsa RNAI-1) samples compared
to control samples (mCherry RNAI) per type of alternative splicing. APIR/PSI =
PIR/PSlsalsa RNAi — PIR/PSlcontrol. (C) Volcano plot for beta distribution-based
differential alternative splicing analysis per type of alternative splicing, with
differences in inclusion levels between Salsa-depleted and control samples
(APIR/PSIbeta = PIR/PSIsalsa RNAi — PIR/PSIcontrol) in the x-axis and
probability of differential splicing (-log10(1.001 - Pdiff)) in the y-axis, with 1+ =
1.001 used to avoid infinite values when Pdiff = 1. (D) Violin plot of distribution
and (E) proportion of positive and negative differences of beta distribution-based
PIR/PSlbeta values per type of alternative splicing. (B and E) Error bars in
proportion bar plots reflect 95% confidence intervals of a proportion test against

the null hypothesis that the proportion of positive differences is 0.5 (dashed

vertical line).
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Supplementary figure 9 - Salsa is particularly rate-limiting for splicing of
small first introns. (A) Proportion of first (left) and all other introns (right) that
are part of each of the differential retention classes defined, showing increased
proportion of Affected introns amongst first introns. (B) Proportion of first (white)
and increasing rank (gradient of gray shades) of introns within each intron class,

considering the subset on introns up to the 10t position in the transcript.
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Supplementary figure 10 - Intronic features per intron position when
splicing is affected by Salsa depletion. Violin plots and boxplots (highlighting
the median, 25t and 75t percentiles per intron class) summarizing distributions
of observations (each point refers to one intron) considering, from left to right, 1st
to 5th introns of: (A) logio of intron length (nt); (B) logio of distance (nt) between
intron start and the transcript transcription start site (TSS); (C) Maximum entropy

(MaxEnt) scores [136] for estimation of 3" splice site efficiency, obtained with
MATT [137].
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Supplementary figure 11 - No obvious 5°splice site and GC content bias in
introns affected by Salsa depletion. (A to C) Violin plots and boxplots
(highlighting the median, 25t and 75th percentiles per intron class) summarizing
distributions of observations (each point refers to one intron) for (A) Maximum
entropy (MaxEnt) scores for estimation of 5° splice site efficiency, based on [136]
and % GC content for (B) all and (C) first introns. Comparison of metrics was
performed between all intron classes and Affected: * p-value < 0.05 and ns non-

significant (Wilcoxon rank-sum test with continuity correction). Intronic features
obtained with MATT [137].
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Supplementary figure 12 - Genes whose expression levels were affected by
Salsa depletion show no detectable changes in alternative splicing.
Diagram of simplified gene structures with exons (blue with alternative splice sites
highlighted in red/pink), introns (gray) and density plots (smoothed histograms)
reflecting points emitted from beta distributions used to model inclusion levels for
each sample and PIRbeta estimates for Salsa-depleted (salsa RNAi-1) and
control conditions (mCherry RNAI) for: (A) Drat intron 2 retention (left panel) and
alternative usage of a 3" (middle) and a 5 splice site (right panel); (B) Cyp4p2
two alternative 3" splice site usage events ; (C) llp6 alternative 5” splice site usage
Dashed vertical lines indicate PIRbeta estimates for salsa-depleted and control
conditions and rug plots below the density curves reflect PIR values per sample.
Event identifiers and genomic coordinates of the respective alternative

sequences are part of the VAST-DB dm6 annotation [121].
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Supplementary figure 13 - Nonsense-mediated decay pathway genes show
no change in expression after Salsa depletion. (A to F) Barplots with
expression levels of nonsense-mediated decay genes in corrected-for-
mappability reads per kilobase and million mapped reads (cCRPKM, [153]). (G)
Volcano plot for differential gene expression analysis upon Salsa depletion (salsa
RNAI-1) with nonsense-mediated decay genes Upfl (FBgn0030354), Upf2
(FBgn0029992), Upf3 (FBgn0034923), Smg5 (FBgn0019890), Smgl/nonC
(FBgn0263968) and Smg6 (FBgn0039260) [154] highlighted. Each point
indicates one gene considered in the analysis. Significantly differentially
expressed genes (B statistic > 0) are highlighted in red, while salsa (CG31368)

is highlighted in black as a positive control.
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Supplementary table 1 - List of primers.

Complete list of primers

Primer name

Primer sequence

Actin gRT Forward

TGGATACTCCTCCCGACACA

Actin gRT Reverse

AGTCTTTCGGTTTGGTGTCTCT

GAPDH gRT Forward CGGCCATAGCGAAAATCGTG
GAPDH gRT Reverse TTCTCGTGCGTCTCGTTGAT
Gurken gRT Forward GCGCGCAACAAGACCTAAA

Gurken gRT Reverse

GTTAATCTAAAGAGCAGCAAGCG

Gurken First Intron gRT Forward

GCGTTCGTGCGACAGAAAATG

Gurken First Intron gRT Reverse

GGGGTCTAAACGATCGAGGG

Gurken Second Intron gRT Forward

AAGTTGCCGCACTAAAAACTGA

Gurken Second Intron gRT Reverse

TGTGCTGATGCTGCACAATTT

Gurken Third Intron gRT Forward

TGGAACGGATGGAACTAACGA

Gurken Third Intron gRT Reverse

CGCTGTTGGAGGCGAATAGA

Salsa qRT Forward

TATCGAAGATGCCGTCAGCC

Salsa gRT Reverse

CCACTTCGACAACGGCAAAG

Gurken First Intron RT Forward

GCGCGCAACAAGACCTAAAATC

Gurken First Intron RT Reverse

CATCATTGGAAAACGCTTGGG

Gurken Second Intron RT Forward GCCACCCCAAGCGTTTTC
Gurken Second Intron RT Reverse TGGGAGTCGTGGAGTCAGG
Gurken Third Intron RT Forward GGTTGAGTTGCTCAATCGCC
Gurken Third Intron RT Reverse CTTGTGCGTCTT TTGCAAC

elF4E RB gRT Forward

GGAGACGGAGAAGTTTTTTGG
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elF4E RB gRT Reverse

GAGCGAAGCTTTTGATTTCTG

elF4E RC gRT Forward

GTAACCTACGCAGCTTGAGTG

elF4E RC gRT Reverse CGCTGGTCTTCTCCGTCTC
elF4E qRT Forward GGACGCTGTGGTACCTTGAA
elF4E qRT Reverse GGGGGCTTGATGTGGTTGTA

elF4E RT Forward

GCCCAGTAACCTACG CAGCTTGAG

elF4E RT Reverse

CTCGTTTTGCATGTCCTCCCAGG

Salsa_attB1 Fwd

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAT
GAAGCGAAGAAGTCAAACTAG

Salsa_ attB2_Rev (stop)

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA
CTAAGACTCTTCAGCTGGAGC

Salsa_ attB2_Rev (without Stop)

GGGGACCACTTTGTACAAGAAAGCTGGGTCAG
ACTCTTCAGCTGGAGCC

Salsa_ RNAi -1- TS

ctagcagtCGCTTGGATATGGACGATCTAtagttatattc
aagcataTAGATCGTCCATATCCAAGCGgcg

Salsa_ RNAi -1 -BS

aattcgcCGCTTGGATATGGACGATCTAtatgcttgaata
taactaTAGATCGTCCATATCCAAGCGactg

Salsa_ RNAi -3-TS

ctagcagtCCACGATTATCTCCTACGCAAtagttatattca
agcataTTGCGTAGGAGATAATCGTGGgcg

Salsa_ RNAi -3 - BS

aattcgcCCACGATTATCTCCTACGCAAtatgcttgaatat
aactaTTGCGTAGGAGATAATCGTGGactg

pVALIUM22- Fw

GGTGATAGAGCCTGAACCAG

pVALIUM22- Rev

TAATCGTGTGTGATGCCTACC

Tra2 -Fw

GTTGAAGCGTGCGTCTTTCT

Tra2 -Rev

CGCCGATCGCTTGTGTTTAT

139




Supplementary table 2 - Primer efficiency and regression curve (for RT-
gPCR).

No. Name of primer Efficiency Regression curve

1 Actin 108 0.994
2 GAPDH 108.9 0.992
3 Gurken total 107.1 0.981
4 Gurken- First intron 109.9 0.98
5 Gurken- Second intron 105.9 0.97
6 Gurken- Third intron 99 0.98
7 Salsa 108 0.98
8 elF4E-total 108.1 0.99
9 elF4E-RB 108.6 0.99
10 elF4E-RC 109.7 0.99

Supplementary table 3 - Differentially retained introns after Salsa depletion.
Results from beta distribution-based differential intron retention analysis. Intron
description (FlyBase gene name, vast-fools’ event identifier and Ensembl
transcript ID, as well as infron’s dm6 genomic coordinates, strand, length and
order in transcript) followed by beta distribution-based inclusion levels for each
sample, PIRvbeta for the two conditions (Salsa depletion (salsa RNAI-1) and control
samples (mCherry RNAI)), the difference between these and the probability of
differential intron retention. Final columns refer to the predicted impact of intron
retention in the protein coding and the class the intron was assigned to following

this analysis.

Supplementary table 4 - Differentially expressed genes after Salsa

depletion. Results from differential gene expression analysis performed with the
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limma R package [151]. FlyBase gene identifiers (ID and name) are followed by
the summary statistics of genes considered significantly differentially expressed:
average expression across samples in log2-counts per million (logCPM), log2
fold-change in expression between Salsa depletion (salsa RNAI-1) and control
conditions (mCherry RNAI), moderated t-statistic and respective nominal p-value
and Benjamini-Hochberg-adjusted p-value, and empirical Bayes statistic (B

statistic or log-odds ratio of the gene being differentially expressed).
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