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Resumo

O spliceosoma € uma maquina molecular extremamente dindmica com
variagdes constates na sua composicdo e conformacdo, sendo estas
modificagdes cruciais para o splicing do pré-RNA mensageiro (pré-mRNA). A
complexidade do spliceosoma contrasta com a simplicidade bioquimica da
reacdo de splicing, que consiste essencialmente em dois ataques
nucleofilicos. Esta complexidade deve-se ao facto de o spliceosoma ter de
ser extremamente preciso no reconhecimento dos splice-sites e
simultaneamente ter a plasticidade necessaria para a realizagao de inumeros
eventos de splicing diferentes essenciais para a formacado de diversidade
transcricional. Varios estudos em levedura e células humanas demostraram
que remogao de diferentes subunidades do spliceosoma afeta o splicing de
diferentes subgrupos de intrdes (Dix et al, 1999; Lygerou et al, 1999; Larson
et al, 2016), sugerindo um elevado grau de plasticidade no splicing de
diferentes tipos de intrbes.

Para compreender melhor a contribuicdo desta plasticidade para a expressao
génica durante o desenvolvimento de organismos multicelulares, realizamos
um screen geneético para identificar subunidades do spliceosoma cuja
deplecdo por RNA de interferéncia (RNAIi) estd associada a fendtipos
especificos durante a oogénese e/ou desenvolvimento embrionario. A nossa
hipétese € que essas subunidades serdo particularmente limitantes para o
splicing de pequenos subgrupos de intrbes. Com este screen noés
identificamos Salsa, uma subunidade do complexo Nine Teen (NTC) do
spliceosome, como sendo necessaria para a formagdo de um gradiente
dorso/ventral (D/V) no ovo de Drosophila.

A deplecdo de Salsa na linha germinal durante a oogénese originou um
fendtipo de ventralizagdo altamente penetrante (fen6tipo de spindle) e reduziu
drasticamente a fertilidade. Como a expressdo de Gurken (um ligante da
familia TGFa) é crucial para a formagao do gradiente D/V no odcito durante o
desenvolvimento, decidimos investigar se Salsa era limitante para expressao
de Gurken.

Observamos que o splicing do primeiro intrdo do transcrito de gurken foi
particularmente sensivel a deplegao de Salsa. Paralelamente verificamos que
a localizagdo dorso-anterior do mRNA de gurken e, consequentemente, da
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proteina de Gurken, era altamente anormal apds deple¢cdo de Salsa. Uma
vez que foi previamente observado que o 5'UTR do mRNA de gurken é
importante para sua localizagdo dorso-anterior (Saunders & Cohen, 1999b),
propomos que a retencédo do primeiro intrdo (dentro do 5'UTR do mRNA de
gurken) interfere na sua conformagao e consequentemente na formagao de
um motivo de reconhecimento de RNA importante para a sua correta
localizagéo.

Curiosamente, a analise do transcritoma de ovarios de Drosophila apés
deplegado de Salsa confirmou que esta helicase de RNA é particularmente
limitante para o splicing de pequenos intrées proximos do inicio do transcrito;
incluindo, por exemplo, o intrdo localizado no 5'UTR do mRNA de tra2, um

gene cujo splicing alternativo é crucial para a determinagao do sexo.
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Summary

The spliceosome is a very dynamic molecular machine, whose compositional
and conformational remodeling is crucial for pre-mRNA splicing. Although
splicing is biochemically simple, with essentially two nucleophilic attacks, the
spliceosome is nevertheless remarkably complex, as it needs to be in one
hand extremely precise in splice-site recognition, but in the other hand must
accommodate an array of alternative splicing events capable of generating
transcript diversity. Multiple studies in yeast and human cells have shown that
loss of distinct subunits of the spliceosome impaired splicing of distinct
subsets of introns (Dix et al, 1999; Lygerou et al, 1999; Larson et al, 2016),
suggesting a significant degree of splicing plasticity among different classes of
introns.

To better understand the contribution of such splicing plasticity to differential
gene expression during development of multicellular organisms, we
performed a screen to identify spliceosome subunits whose depletion by RNA
interference (RNAIi) was associated to specific phenotypes during oogenesis
and/or early embryonic development. Our working hypothesis is that those
subunits would be particularly rate limiting for splicing of small subsets of
introns. We identified Salsa, a subunit of the splicecosome Nine Teen Complex
(NTC), as being required for dorsal ventral (D/V) patterning of the Drosophila
egg.

Germ-line specific depletion of Salsa during oogenesis produced a highly
penetrant ventralization phenotype (spindle phenotype) and dramatically
reduced fertility. Since Gurken expression (a TGFa family signaling ligand) is
crucial for D/V patterning of the developing oocyte, we decided to investigate
if Salsa was rate limiting for Gurken expression. We observed that splicing of
the first intron of gurken transcript was particularly sensitive to Salsa
depletion, whereas anterior dorsal localization of gurken mRNA, and
consequently Gurken protein, was highly abnormal. Since it was previously
suggested that the 5°'UTR of gurken is important for its anterior dorsal
localization (Saunders & Cohen, 1999a), our current working model is that
retention of the proximal intron, within the 5’'UTR of gurken transcript, disturbs
the folding of an unknown RNA motif important for its correct localization.
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Interestingly, analysis of the Drosophila ovaries transcriptome after depletion
of Salsa further confirmed that this RNA helicase is particularly rate limiting for
splicing of small proximal introns; including for example the proximal 5’'UTR-
localized intron of tra2, a gene whose alternative splicing is crucial for sex-

determination.
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Chapter -1

1. Introductory note:

The identity of the different cells of an organism is given by the expression of
distinctive sets genes. Therefore, differential regulation of gene expression is
essential for establishing the fate of a cell and their function. Regulation of
gene expression is composed by different layer of regulatory networks that
ensure coordinated expression of required groups of genes. Defining gene
regulatory networks and obtaining insights into their relationships with each
other is essential for understanding any developmental program.

Drosophila oogenesis represents an invaluable experimental system
amenable to investigate the complex process of gene regulation in a complex
process of development. In next sections, | describe the process of
Drosophila oogenesis and how different genes and regulatory networks
contribute to patterning of the developing egg. Besides, | also provide a
general introduction about the different layers of gene expression and
regulation, where | mostly focus on splicing






Drosophila oogenesis and

axis specification

Contents

1.1.1 Drosophila oogenesis

1.1.2 Axis specification

1.1.3 Gurken and DV patterning

1.1.4 DNA damage and DV patterning
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Chapter -1

1.1.1 Drosophila oogenesis

The adult female Drosophila contains a pair of ovaries and each ovary is
composed of 16—20 developmentally ordered egg chambers called ovarioles
(King, 1970; Spradling and Mahowald, 1979). Ovarioles are the functional
units of egg production that support the development of a single oocyte/egg.
The development of egg chambers can be divided into 14 developmental
stages: early stage (1-6), mid stage (7-10), and late stage (11-14) of
oogenesis. The anterior compartment of the ovariole is called germarium that
contains several germline and somatic stem cells. The germarium is
subdivided into four regions according to the developmental stage of the cyst-
region1, 2a, 2b and 3 (Figure- 1.1.1).

Oogenesis begins in region 1, where the germline stem cell undergoes an
asymmetric division; produces daughter stem cells to self- renew and a
cystoblast. The cystoblast later undergoes four mitotic divisions, without
completion of cytokinesis so that all-16 cells remain connected via
cytoplasmic bridges, called ring canals (King, 1970; Mahowald and
Strassheim, 1970). The newly formed 16-cell cysts are located in the region
2a of the germarium and all the cells cysts are similar in the size. By region
2b of the germanium, the cell cysts become lens shaped and one of the two
cells with four ring canals becomes pro-oocyte. The remaining fifteen cells
become the nurse cells and they do not divide again, but grow and undergo
polytenization. The nurse cells transports- mMRNAs, proteins, and
endomembrane structures (e.g., ER and Golgi) via the ring canals, required
for growth and maturation of the future oocyte. In region 3 (also called stage
1) of the germarium, the oocyte is already located at the posterior pole and
somatic follicle cells migrate and surround the cyst to form an egg chamber.
The developing egg chambers are connected by stalk cells, which are
specialized inter-follicular cells. The stalk formation participates in establishing

the position of the oocyte and axis determination of the egg chamber.
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Figure 1.1.1: Drosophila egg chamber development and axis determination of egg: (A)
A diagram of the Drosophila and pair of ovary. Each ovary contains multiple ovarioles that
contains the developing egg chambers. (B) Structure and development of Drosophila ovarian
follicles. A drawing of a Drosophila ovariole, showing the anterior germarium followed by a
string of successively older ovarian follicles connected by inter-follicular stalks. The oocyte
nucleus (blue) and gurken RNA (green) move from the posterior of the oocyte to an antero-
dorsal position during mid-oogenesis. Gurken signals to the overlying follicle cells to
determine the position of the future dorsal side of the egg. (C) Detailed scheme of the
germarium structure: The germarium composed of three regions; in region 1, a single GSC
division and cystoblast division that give rise to 16 interconnected cells. In region 2, several
cells per cyst initiate the assembly of synaptic chromosomes and approximately two somatic
stem cells (SSCs) become pro-oocytes with four ring canals. By region 2b, the oocyte has
been selected and is the only cell to remain in meiosis. The somatic stem cells

produce follicle cells and start to migrate and surround the germline cells. Region 3 contains
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Chapter -1

the stage 1 egg chamber, consisting of follicle cells, 15 germline nurse cells and an oocyte at
the posterior end. (D) Dorso-ventral axis presentation of mature eggs; the gurken signaling
and oocyte nucleus acquire an asymmetrical position, which determines the dorsal side of the
egg and establishes orthogonality between the Anterior-posterior (AP) and the Dorso-ventral

(DV) axes. Figure representation adapted from: (Jagut et al., 2013; Montell, 2003).

1.1.1.1 Oocyte determination

The process of oocyte determination is very complex process, defined by the
differential accumulation of specific RNAs and factors such as Oskar (osk)
and Bicaudal-D (BicD), Egalitarian (Egl), O0o18 RNA-binding (Orb) and Cup
proteins (Ephrussi et al., 1991; Keyes and Spradling, 1997; Kim-Ha et al.,
1991; Lantz et al., 2010; Mach and Lehmann, 1997; Suter and Steward,
1991a; Wharton and Struhl, 1989). Bic-D and Egl play an important role in the
oocyte-determining processes. The mutants for BicD and egl, fail to localize
the RNAs and proteins crucial to define the oocyte (Mach and Lehmann,
1997; Mohler and Wieschaus, 1986; Schipbach and Wieschaus, 1991; Suter
and Steward, 1991b; Theurkauf et al., 1993). Consequently, Bic-D and egl
mutants produce cysts lacking an oocyte and form egg chambers with sixteen
polyploid nurse cells (Mohler and Wieschaus, 1986; Schupbach and
Wieschaus, 1991).

The microtubules (MTs) plays crucial role in the transport of different mMRNAs
and proteins to future oocyte during early oogenesis (Theurkauf, 1994;
Theurkauf et al., 1993). MTs are the largest diameter cytoskeletal filaments
and polarization emerges gradually after the last cystocyte division. The
minus ends of MTs that grow slowly are initially enriched in both two pro-
oocytes but eventually concentrate within one of them (Desai and Mitchison,
1997). The inherent polarity of the MT allows the selective transport to one
end by unidirectional MT motor proteins. Dynein proteins plays crucial role for
stable MT network, whereas BicD and Egl are cytoplasmic proteins that
associate different cargo to the dynein/dynactin motor (Bullock and Ish-
Horowicz, 2001; Mach and Lehmann, 1997). BicD and Egl have also been
shown to recruit the dynein motor complex to mRNAs and initiate minus end-

directed mRNA transport in other developmental contexts (Bullock and Ish-
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Chapter -1

Horowicz, 2001). Orb is a RNA-binding protein that facilitates translation of
localized RNAs (Derrick and Weil, 2017). These observations provide
evidence that a polarized microtubule network is necessary for the transport

of various factors to the future oocyte and its eventual determination.

1.1.1.2 Microtubule organization during Drosophila oogenesis

The large microtubule network of the Drosophila oocyte is highly dynamic
throughout oogenesis and requires precise coordination for transport and
localization of mRNA toward the oocyte (Mohler and Wieschaus, 1986;
Schupbach and Wieschaus, 1991; Suter et al., 1989; Theurkauf et al., 1993;
Tomancak et al., 1998b). The oocyte nucleus changes its position several
times during the oocyte development and this is accompanied by a
reorganization of the MT cytoskeleton (Steinhauer and Kalderon, 2006;
Theurkauf et al., 1992). Early in oogenesis, in region 2b in the germarium, a
clearly defined anterior microtubule-organizing center (MTOC) is first
observed in the oocyte and is maintained through stage 1. During stages 2-6
of oogenesis, microtubules extend from a MTOC positioned at the posterior
pole of the oocyte and pass through the ring canals adjoining the oocyte and
the neighboring nurse cells. (Theurkauf et al., 1993). Additionally, some
microtubules are also observed in the nurse cells. These microtubules in the
nurse cells do not appear to originate from the oocyte and do not nucleate
from well-defined MTOCs. During stage 7 and early 8, the posterior MTOC
degenerates as a result of a Gurken (Grk)-dependent signaling event and the
majority of the microtubules reorganize at the anterior of the oocyte
(Theurkauf et al., 1992). Microtubules are oriented in such a way that the
minus-ends, the nucleation site of microtubules, are proximal to the oocyte
cortex. The plus-ends of microtubules, the growing ends, are oriented towards
the center of the oocyte. There is an evident gradient of microtubules along
the cortex of the oocyte, with the highest abundance towards the anterior and
with a decline in density towards the posterior pole. This anterior to posterior
gradient in microtubule density is maintained throughout stages 8-10a. During
stage 10b, the next major microtubule reorganization event takes place. The

nurse cells dump their cytoplasmic content into the oocyte (fast nurse cells
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dumping), which is concomitant with oocyte subcortical bundling of the
microtubules and cytoplasmic streaming (Theurkauf et al., 1992) (Ferreira et
al., 2014).

1.1.2 Axis specification

Axis specification of the Drosophila melanogaster egg is initially established
during oogenesis by the asymmetric positioning of morphogenetic factors,
mMmRNAs and proteins, within the oocyte (Lasko, 1999; St Johnston and
Nusslein-Volhard, 1992). Through much of oogenesis, the oocyte is mostly
transcriptionally inactive, being the majority of the oocyte mRNAs and
proteins, synthesized in the nurse cells and transported into the oocyte
through the ring canals (Mahajan-Miklos and Cooley, 1994). Three major
mMRNAs oskar, bicoid, and gurken are localized to distinct compartments of
the oocyte, before fertilization, and they determine the future axis of the egg
(Riechmann and Ephrussi, 2001; van Eeden and St Johnston, 1999).
Anterior-posterior (AP) patterning of the future egg is determined by the
localization of the bicoid and oskar transcripts at the anterior and posterior
poles of the developing oocyte, respectively. Whereas accumulation of gurken
transcript at the anterior-dorsal region of the oocyte during mid-oogenesis is
important for dorso-ventral (DV) patterning of the egg.

1.1.2.1 Oskar

Oskar (osk) is one of the most important gene for germ-plasm assembly,
which is required for both primordial germ cell formation and axis formation of
Drosophila egg (Ephrussi et al., 1991; Ephrussi et al., 1991; Kim-Ha et al.,
1991; Riechmann and Ephrussi, 2001). osk mRNA, like many other mRNAs,
is transcribed in the nurse cells and transported to oocyte during early/mid
oogenesis (Ephrussi et al., 1991; Kim-Ha et al., 1991; LASKO, 1999). A highly
conserved pathway that involves two interacting proteins, Bicaudal-D (Bic-D)
and Egalitarian (Egl), is required for osk mRNA transport and its localization to
the posterior pole of oocyte (Clark et al., 1994; Riechmann and Ephrussi,
2001). The osk mRNA transport to the posterior cortical region is dependent

on Gurken signaling and involves minus-end directed movement along the
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microtubules (Gonzalez-Reyes et al., 1995; Roth et al., 1995) and several
rearrangements in microtubule cytoskeleton (Clark et al., 1994; Pokrywka and
Stephenson, 1995).

The exon junction complex (EJC) components mago nashi (mago), Y14 (also
called tsunagi) and elF4Alll have been implicated in posterior localization of
oskar mRNA (Hachet and Ephrussi, 2001). The EJC complex is required for
efficient splicing of the first intron of osk pre-mRNA, nuclear export, and
MRNAs nonsense-mediated decay during oocyte development (St Johnston,
2005). The 3' UTR of osk mRNA also contains sequence elements required
for distinct steps in the osk mRNA localization process. The region between
532-791 nucleotides of the osk 3' UTR is necessary for the transport of osk
mRNA from nurse cells into oocyte, whereas the region between 1-242
nucleotides is required for its oocyte posterior localization (Kim-Ha et al.,
1993). The other additional proteins that promote posterior localization of osk
mMRNA are putative RNA binding proteins, Ovarian tumor (Otu) and Staufen
(Stau). Otu and Hrp48 (Heterogeneous nuclear ribo-nucleoprotein) associate
with 3' UTR of osk mRNA and appear to have a direct effect on osk mRNA
localization, as the polarity of the microtubules cytoskeleton appears normal in
these mutants (McBeath et al., 2004). Stau co-localizes with osk mRNA and
regulates the microtubule-dependent localization of osk RNA to the posterior
pole of developing oocyte (Ephrussi et al., 1991; Kim-Ha et al., 1991).

The exclusive localization of osk mRNA to the oocyte posterior pole happens
by stage 9, when it is first translated (Ephrussi et al., 1991; Kim-Ha et al.,
1991). The regulation of osk translation depends on the various regulatory
elements present on both of the 3' and 5 UTRs. The 3' UTR contains
elements regulating the repression of translation (Kim-Ha et al., 1993; Kim-Ha
et al., 1995). Bruno, encoded by the arrest gene, co-localizes with osk mRNA
at the posterior pole and avoids premature translation of osk mRNA (Kim-Ha
et al., 1995; Webster et al., 1997). Bicaudal-C (Bic-C) is an RNA binding
protein that does not binds directly to osk mRNA but is implicated on its
translational repression. In Bic-C mutants, osk mRNA is dispersed in the
oocyte and is ectopically translated (Saffman et al., 1998). Various other
proteins have also been implicated in osk mRNA translation, including Osk
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itself (Markussen et al., 1995; Markussen et al., 1997), Stau (Kim-Ha et al.,
1995; St Johnston and Nusslein-Volhard, 1992; St Johnston et al., 1991), the
DEAD-box RNA helicase Vasa, and Aubergine (Kim-Ha et al., 1995;
Markussen et al., 1995; Rongo et al., 1995; Wilson et al., 1996). The
localization of osk mRNA to the posterior pole and its translational regulation
ensures the restriction of Osk protein to the oocyte posterior pole and the
correct establishment of the anterior-posterior axis of developing oocyte.

1.1.2.2 Bicoid

Bicoid (bcd) mRNA, the primary anterior defining morphogen, is synthesized
in the nurse cells and transported through the ring canals to the oocyte
anterior cortex (Berleth et al., 1988; Driever and Nusslein-Volhard, 1988a; St
Johnston et al., 1989). The transport of bcd mRNA into the oocyte and
anchoring to the anterior cortex is dependent upon exuperantia (exu), swallow
(sww), staufen (stau) and an intact microtubule network (Macdonald et al.,
1991; Pokrywka and Stephenson, 1991; Pokrywka and Stephenson, 1995).
Additionally, the 3'UTR of bcd mRNA has been identified as an essential cis-
acting element for the proper localization of bcd mRNA (Macdonald and
Struhl, 1988; MacDonald et al., 1993). Localization of bcd mRNA to the
anterior region of the oocyte is comprised of three distinct steps. Initially, bcd
MRNA associates with Exu protein in a microtubule dependent process, and
the Exu-bcd mRNA complex is then transported by microtubules into the
oocyte. Exu is not necessary for transport within the nurse cells, but is critical
for anterior localization upon entering the oocyte (Cha et al., 2001; Macdonald
and Struhl, 1988). A 53 base-pair element identified within the bcd 3'UTR, the
bicoid localization element (BLE1), is required for the Exu-dependent anterior
localization (Macdonald and Struhl, 1988; MacDonald et al., 1993). Once
localized, Swallow is responsible for maintenance of bcd mRNA in the anterior
region of the oocyte, by cortical anchoring of bcd mRNA at later stages of
oogenesis (Stephenson et al., 1988). Lastly, Staufen protein has been shown
to associate with the 3’'UTR of bcd, including the BLE1, to prevent diffusion of
the RNA once it is released into the egg cytoplasm during egg activation
(Ferrandon et al., 1994). Following fertilization, bcd mRNA is translated to
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produce a gradient of Bicoid (Bcd) protein extending over the anterior half of
the embryo (Berleth et al., 1988; Driever and Nusslein-Volhard, 1988b; St
Johnston and Nusslein-Volhard, 1992). Bed protein guides the expression of
zygotically expressed segmentation genes that establish anterior patterning in

the developing egg (St Johnston and Nusslein-Volhard, 1992).

1.1.2.3 Gurken and dorso-ventral patterning

Gurken (grk), a member of the transforming growth factor a (TGFa) family,
also transcribed in the nurse cells during oogenesis and plays a crucial role
for the establishment of future APand DV axes of Drosophila egg (Gonzalez-
Reyes et al., 1995; Neuman-Silberberg and Schupbach, 1994; Ray and
Schupbach, 1996; Roth et al., 1995). grk mRNA is transcribed and packaged
into RNPs (ribonucleoproteins) in the nurse cells, support cells that are
interconnected with each other and the developing oocyte. During early
oogenesis, a Gurken-dependent signaling assigns posterior fate to a sub-
population of follicle cells and inducing a major rearrangement of the oocyte
microtubule cytoskeleton (Gonzalez-Reyes et al., 1995; Roth et al., 1995).
This reorganization of microtubules leads to the repositioning of the oocyte
nucleus, which is essential for AP and DV polarity (Neuman-Silberberg and
Schupbach, 1994; Price et al., 1989; Spradling, 1993). During mid-oogenesis,
the oocyte nucleus, and concurrently grk mRNAs, are actively transported to
the future anterior-dorsal region of the oocyte, where subsequent localized
translation of Grk activates the Drosophila EGF receptor in the adjacent
follicle cells, specifying the anterior-dorsal fate of these cells (Gonzalez-Reyes
et al., 1995; Januschke and Gonzalez, 2008; Neuman-Silberberg and
Schupbach, 1994).

1.1.2.3.1 Localization of gurken mRNA

grk mRNA, though transcribed in the nurse cells, localizes to the peri-nuclear
region of the oocyte cytoplasm throughout of oogenesis. In early oogenesis,
the oocyte nucleus is located at the posterior pole and grk mRNA also
accumulates to posterior pole. Later, when the oocyte nucleus moves to
anterior-dorsal position, grk mMRNA forms a crescent between the apical

18



Chapter -1

surface of the nucleus and the neighboring region of the cortex. Since
grk mRNA is transcribed in nurse cells, it must be transported from the nurse
cells into the oocyte and then distributed correctly. The initial transport of grk
mRNA from the nurse cells to the oocyte requires, similarly to bcd mRNA, the
Bic-D/Egl complex pathway. grk mRNA first accumulates along the anterior
cortex, then it is transported laterally toward the oocyte nucleus (Jaramillo et
al.; MacDougall et al., 2003). The second phase of grk mRNA localization
within the oocyte also depends on dynein and the microtubule cytoskeleton,
and the oocyte nucleus appears to nucleate a distinct population of
microtubules, which are thought to mediate lateral displacement of oocyte
nucleus (Januschke and Gonzalez, 2008; MacDougall et al., 2003). Various
proteins and factors including Squid (Sqd), Hrp48, Otu, poly (A) binding
protein (PABP) and IGF-Il mRNA-binding protein (Imp) are also implicated in
grk mRNA localization and translation. Sqd, a RNA binding protein with
different protein isoforms, has multiple roles on grk mRNA localization and
translational control (Johnstone and Lasko, 2001). Imp associates with Sqd
and Hrp48, and interacts strongly with the grk mRNA S'UTR (Saunders and
Cohen, 1999a), suggesting a possible role of grk mRNA 5'UTR in localization
and translation. Half pint (Hfp), an RNA binding protein, regulates pre-mRNA
splicing of grk and is similarly required for localization during oogenesis (Van
Buskirk and Schupbach, 2002a). Studies of injected fluorescently
tagged grk mRNAs implicated an element within the protein-coding region,
termed the grk localization signal (GLS), as essential for both oocyte targeting
and anterior-dorsal localization (Van De Bor et al., 2005). However, analysis
of modified grk transgenes clearly indicated that the GLS is not sufficient for
anterior-dorsal accumulation of grk mRNA, and another RNA element is likely
to be involved during the process (Lan et al., 2010). Nuclear export of grk
requires the RNA helicase UAP56, and hypomorphic mutation alleles of
uapb6 impair efficient anterior-dorsal accumulation of grk mRNA.
Fluorescently labeled grk mRNA injected into uap56 mutant oocytes is
localized only inefficiently, further supporting a role of UAP56 in cytoplasmic
mMRNA transport and grk localization (Cohen and Greenberg, 2008; Driever et
al., 1990).
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1.1.2.3.2 gurken translation

Localized RNAs are usually translationally silent during transport, until they
reach at their prescribed destination within the cell, or here in the developing
oocyte. Translational repression during mRNA transport is imperative, as
premature or ectopic translation of RNAs leads to developmental defects.
Consistently, translation of grk mRNA only occurs once it is correctly localized
at the posterior and anterior-dorsal region of the oocytes (Driever et al., 1990;
Ephrussi and Lehmann, 1992; Gavis and Lehmann, 1992; Kim-Ha et al.,
1995; Smith et al., 1992). Various hnRNP proteins have been implicated, not
only in grk mRNA localization but also on its translational regulation. Depletion
of sqd or K10, resulted in a mis-localized and precociously translated grk
MRNAs. The strong dorso-ventralization phenotype of the oocyte results from
the abnormal induction of dorsal follicle cell fates by the ectopically produced
Grk (Johnstone and Lasko, 2001). During the transport of grk mRNA, Bruno
(Bru) directly bind to the grk 3'UTR and significantly repress the grk
translation. Furthermore, grk has an additional mode of translational
repression through the action of Cup, the Drosophila homolog of the
mammalian eukaryotic initiation factor elF4E binding protein, 4E-transporter
(4E-T) and functional homolog of Xenopus Maskin (Cao and Richter, 2002;
Kamenska et al., 2014; Nakamura et al., 2004; Nelson et al., 2004; Richter
and Sonenberg, 2005; Stebbins-Boaz et al., 1999). Grk expression in the
oocyte is also dependent in the regulation of the polyadenylation status of grk
mRNA (Norvell et al., 2015). In orb mutants, grk mRNA polyadenylation is
significantly reduced, indicating that this RNA-binding protein enhances grk
mRNA translation by increasing its polyadenylation status (Chang et al.,
2001).

1.1.2.4 DNA damage and ventralization of egg

During Drosophila oocyte development, one of the earliest events is the
formation of programmed double strand DNA breaks (DSBs) throughout the
genome (Baudat et al., 2013). This process initiates meiotic recombination,
facilitates homologous chromosome synapsis, and help to create new genetic

combinations from parental genomes. During meiosis, programmed DNA
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DSBs are generated by a highly evolutionarily conserved enzyme called
sporulation-specific 11 (SPO11); which in Drosophila is encoded by the gene
meiotic-W68 (mei-W68) (Baudat et al., 2000; Ghabrial et al., 1998; Keeney,
2008; Keyes and Spradling, 1997; McKim and Hayashi-Hagihara, 1998;
Romanienko and Camerini-Otero, 2000). The response to DSBs prior to
repair can be categorized into three events: first, sensing of the DSB,
secondly, activation of Ataxia telangiectasia-mutated (ATM) and ataxia
telangiectasia-related (ATR/MEI-41) kinases, and third is phosphorylation of
several of their targets, including checkpoint-1 (Chk1/Grapes), checkpoint-2
(Chk2/MNK), and histone H2A variant (H2AX). Phosphorylation of H2AX (In
Drosophila known as H2Av) at DSBs is an evolutionarily conserved response,
which promotes the recruitment of repair factors and remodeling the local
chromatin architecture (Madigan et al., 2002). Phosphorylated histone H2Av
has been used to quantify the presence of DSBs and their resolution during
meiotic progression (Joyce et al., 2011).

An accumulation of unrepaired DSBs during meiosis severely impairs oocyte
development, and in Drosophila it is associated with an abnormal expression
of Gurken (Grk) and DV patterning defects of the egg. Being Grk a dorsal-
determinant, low level of its expression is associated to egg ventralization and
fusion (or disappearance) of the egg dorsal appendages (known as the egg
spindle phenotype). Defects in DSBs homologous recombination repair and
defects in the Piwi-interacting RNA (piRNA) pathway are similarly associated
with an abnormal expression of Gurken, implicating two seemingly unrelated
pathways in the localization and translation of gurken mRNA. The spindle-
class of genes (spn-A, spn-B, spn-C, spn-D, spn-E and okra) encodes
homologues of yeast members of the Rad52 DSBs DNA repair and
homologous recombination pathway, which are involved in the repair of DSBs
(Abdu, 2006; Ghabrial et al., 1998; Joyce et al., 2011; McCaffrey et al., 2006).
Mutation in any of these genes causes a failure to correctly repair the DSBs
during recombination, which leads to an abnormal activation of the DNA
damage meiotic checkpoint (meiotic checkpoint) and delay in cell cycle

progression.
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The prolonged activation of the meiotic checkpoint leads to reduction in the
levels of Gurken protein, and consequently to defects in DV patterning of the
egg (Abdu, 2006; Ghabrial et al., 1998; Joyce et al., 2011; McCaffrey et al.,
2006). This phenotype is the result of meiotic checkpoint-dependent inhibition
of Vasa phosphorylation, a RNA helicase with high homology to the general
translational initiation factor elF4A and crucial for gurken translation (Klovstad
et al., 2008; Lasko and Ashburner, 1988; Styhler et al., 1998; Tinker et al.,
1998; Tomancak et al., 1998a). Interestingly, mutations in mei-41 and mnk
(which encode, respectively, Drosophila ATR and Chk2) suppress the DV
patterning defects associated with the accumulation of DSBs, but not the DV
defects seen in vasa mutant ovaries (Abdu et al., 2002; Ghabrial and
Schupbach, 1999; Ghabrial et al., 1998).

A prolonged activation of the meiotic checkpoint, due to the accumulation of
unrepaired DSBs, is similarly associated with abnormal organization of the
oocyte nucleus; which is usually organized during most diplotene I-arrest
(prophase | but after the repair of the meiotic DSBs) in a highly compacted
chromatin structure known as the karyosome (Ghabrial and Schupbach, 1999;
Lin, 2007; Mach and Lehmann, 1997). In Drosophila, highly conserved
Histone 2A kinase, called NHK-1 (Nucleosomal Histone Kinase-1), plays a
critical role in the formation and maintenance of the karyosome (Ilvanovska et
al., 2005). NHK-1 phosphorylates Barrier-to-Autointegration Factor (BAF)
(Gorjanacz et al., 2007; Lancaster et al., 2007; Nikalayevich and Ohkura) and
a mutation in BAF phosphorylation site leads to continuous association of
DNA with the inner nuclear membrane and loss of karyosome formation
(Lancaster et al., 2007). Activation the meiotic checkpoint inhibits NHK-1
activity, preventing the reorganization of the oocyte nucleus, including
karyosome formation, until DSBs are correctly repaired (Lancaster et al.,
2010).

In addition, several mutants for the Piwi-interacting RNA (piRNA) pathway
also exhibit ventralized eggshell phenotypes, including armitage, maelstrom,
aubergine, zucchini, squash, and cutoff (Barckmann et al., 2015; Cook, 2004;
Findley, 2003; Handler et al., 2013; Pane et al., 2007; Teixeira et al., 2017).
piRNA pathway represses the mobility of retro-transposons and the
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accumulation of DNA damage within the Drosophila germ line (Handler et al.,
2013; Mani and Juliano, 2013). Depletion of various spliceosome complex
including EJC (Exon-Junction complex) also modulate piwi pathway and the
transposon mobility thought splicing regulation during drosophila development
(Malone et al., 2014a). Retro-transposons are a class of mobile elements that
mediate transposition by reverse transcription of an RNA intermediate
(O’Donnell and Boeke, 2007). Inactivation of the piRNA pathway leads to a
failure in retro-transposon silencing, their retro-transposition within the germ

line, and subsequent accumulation of DSBs.
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1.2. 1 Introduction

Eukaryotic organisms contains their hereditary information encoded in
molecules called deoxyribonucleic acid (D\NA), which are packed and
organized in a structure called chromosomes into the nucleus of the cell. The
DNA monomers are called nucleotides and are organized in a double-
stranded helix (Watson and Crick, 1953; Wikins et al., 1953). Each nucleotide
constituted by a phosphatase group, a deoxyribose, and a nitrogenous base
called nucleobase. The genetic information in a DNA molecule is represented
by the sequence of nucleotides containing one of four types of nucleobases:
adenine (A), guanine (G), cytosine (C) and thymine (T). Following the
Watson-Crick model, the two strands that constitute the DNA molecule are
held together by hydrogen bonds that can only be established between
specific pairs of nucleobases: A with T and G with C. Because of this
restriction, both strains are complementary to one another and, therefore,
contain the same genetic information.

Over the course of embryonic development, a fertilized egg cell gives rise to
the entire organism with different cell types. However, each cell contains the
genetic information that is almost an exact copy of the DNA that was in the
fertilized egg cell. The distinct cell phenotypes are possible because different
cell types make use of different stretches of the DNA molecule, called genes,
to serve as templates to build functional cellular products in a process
designated by gene expression

1.2. 2 Regulation of gene expression

Gene expression is a fundamental multi-step process where DNA is
transcribed into RNA, which is then translated into protein (Jones, 2015;
Moore, 2005). Gene expression is regulated at several levels from
transcription to post-translation modifications to properly exert its biological
functions. Dysregulation of gene expression at any level can lead to many
diseases and syndromes including cancer, autoimmunity, neurological
disorders, developmental syndromes, diabetes, cardiovascular diseases, and
many more (Lee and Young, 2013). Transcription is one the first step of gene
expression and is carried out in the nucleus (Nechaev and Adelman, 2011),

under a highly structured organization (chromatin, distinct nuclear bodies,
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etc.) and controlled by a dynamic group of proteins. RNA polymerase |l has a
significant role in mMRNA processing and its largest subunit, the C-terminal
domain (CTD), plays important roles at all the steps of transcription, including
enhancing or modulating the efficiency of the RNA processing reactions
(Armache et al., 2005). In Human, the CTD is composed of 52-conserved
heptad repeats with the consensus sequence (Tyr-Ser-Pro-Thr-Ser-Pro-Ser)
and provides multiple possible sites for phosphorylation. During the
transcription cycle, the serine and tyrosine residues of each repeat undergo
sequential phosphorylation (Egloff and Murphy, 2008), and these
phosphorylation marks are critical for proper coordination of the transcription
progression (Komarnitsky et al., 2000; Peterlin and Price, 2006). Through
different patterns of phosphorylation and other modifications of CTD, the RNA
polymerase Il is processed to mature RNA through various co- and post-
transcription modifications including the 5' end capping, 3' end processing and
pre-mRNA splicing (Buratowski, 2009; Perales and Bentley, 2009; Phatnani
and Greenleaf, 2006). The following section will describe these events in

more detail.

1.2.2.1 5' end capping of mRNA

5' Capping is the first event of mRNA processing occurring during the
transcription, and is required for efficient gene expression and cell viability.
Formation of 5' Capping occurs as soon as first 25-30 nucleotides of nascent
pre-mRNA are transcribed by RNA polymerase |l (Brody and Abelson, 1985;
Coppola and Luse, 1984). Three sequential enzymatic steps are required for
the 5' Capping of pre-mRNA; 1) removal of the 5' terminal y-phosphate by
RNA triphosphatase activity (TPase); 2) transfer of a GMP group from GTP to
form diphosphate &' terminus by RNA guanylyltransferase activity (GTase)
and 3) a methyltransferase modifies the N7 amine of guanosine by adding a
methyl group by methyltransferase activity (MTase) (Ramanathan et al.,
2016). Marking the ' end of a pre-mRNA transcript with a 7-methyguanosine
(m7G) cap helps to distinguish protein-coding mRNA from other types of RNA
synthesized by RNA polymerase | or Illl (Houseley and Tollervey, 2009;
Merrick et al., 2004; Meyer et al., 2004). The RNA cap structure at the 5’ end
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of pre-mRNA is associated with the nuclear cap-binding complex (CBC),
consisting of two proteins called CBP20 and CBP80 (Gonatopoulos-
Pournatzis and Cowling, 2014; lzaurralde et al., 1994). These proteins rapidly
recruited to this structure during pre-mRNA synthesis (Lahudkar et al., 2011;
Wong et al., 2007). The CBC complex is the first protein complex that
associates with nascent pre-mRNA and recruits several transcription factors
directly and indirectly to promote the transcription elongation (Lahudkar et al.,
2011; Proudfoot, 2011; Wong et al., 2007). During the first round of
translation, the nuclear CBC is replaced by a different cap-binding protein
complex, called elF4F (Eukaryotic initiation factor 4F). elF4F consists of the
cap-binding protein elF4E, the RNA helicase elF4A, and the large scaffold
protein elF4G that facilitates circularization of pre-mRNAs via an interaction
with polyA-binding protein 1 (PABP1) (Tarun and Sachs, 1996; Wakiyama et
al., 2000). PABP1 serves as a central regulator of mRNA fate in the
cytoplasm, coordinating the regulation of mRNA utilization and destruction
(Brook et al., 2009; Kumar and Glaunsinger, 2010). This protein complex is an
important regulator of bulk protein synthesis by recruiting the ribosomal pre-
initiation complex to pre-mRNA and initiating ribosomal scanning (Sonenberg
and Hinnebusch, 2009).

Several other 3' end-processing proteins have been identified including the
poly (A) binding proteins (PABPs) and these are an important class of gene
regulatory proteins that are required for the correct and efficient
polyadenylation (Kuhn and Wahle, 2004). PABPs affects both nuclear and
cytoplasmic mRNA metabolism, where they control the length of the poly (A)
tail. Cytoplasmic PABP are highly conserved throughout eukaryotes and plays
a crucial role during translation initiation and mRNA surveillance by interacting
with the m7G-cap and forming a ‘closed loop’ between the §' end and the 3'
end of the transcript (Kahvejian et al., 2001). Tight coupling of mMRNA 3’ end
processing, maturation and export ensures that only correctly terminated
transcripts are transported to the cytoplasm (Hocine et al., 2010; Proudfoot,
2011).
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1.2.2.3 3’ end processing of mMRNA

Similar to capping of the 5' end, formation of the 3' end of the mature mRNA is
a well-orchestrated process that involves components of the transcription,
splicing and translation machinery (Drummond et al., 1985). With the
exception of some histone mRNAs, all eukaryotic mRNAs possess poly(A)
tails at their 3 end, which are produced by a two-step reaction involving
endonucleolytic cleavage and subsequent addition of poly(A) tail (Proudfoot,
2004). The site of 3’ end cleavage requires multiple proteins and complex,
which are highly conserved to regulate the 3’ end processing. These proteins
include a poly (A) polymerase that is exposed on cleavage and 4 multi-subunit
complexes: cleavage polyadenylation specificity factor (CPSF), cleavage
stimulation factor (CSTF) and two cleavage factors (CF1A and CF1B)
(Mandel et al., 2008; Proudfoot, 2004). Cleavage polyadenylation specificity
factor (CPSF) is core component of the 3’ end-processing complex and
recognizes the core sequence element AAUAAA in the polyadenylation site
and catalyzes the cleavage (Chan et al., 2014; Schonemann et al., 2014). The
cleavage stimulation factor (CSTF) specifically recognizes the U/GU-rich
elements, and is required for cleavage but not polyadenylation (Mandel et al.,
2008; Takagaki and Manley, 1997). The cleavage factors (CF) complex
binding to the RNA element UGUA and facilitates assembly of the 3’ end-
processing complex. The CF complex also enhances the efficiency of
polyadenylation site cleavage (Chan et al., 2011; Tian and Graber, 2012).
Polyadenylation is a dynamic process and up to 70% of human genes
express mMRNAs with different 3' ends, owing to alternative polyadenylation.
Alternative polyadenylation produces mRNA with different 3'UTRs that
influence the gene expression through mRNA stability, localization or
transport (Liu et al., 2017). Lot of evidences suggests that transcripts with
aberrant 3' end processing are retained in the nucleus and less stable
(Burkard and Butler, 2000; Hilleren et al., 2001).

1.2.3 Pre-mRNA splicing

Pre-mRNA splicing is one of the most critical mMRNA processing events, which

consist the removal of noncoding intervening sequences, or called introns and
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joining of exons of a pre-mRNA (Braunschweig et al., 2013a; Papasaikas and
Valcarcel, 2016). In Eukaryotes the splicing reaction is catalyzed by a large
multi-unit ribonucleoprotein (RNP) complex called the spliceosome (Bertram
et al., 2017; Brody and Abelson, 1985). The introns vary considerably in
length but flanked by conserved sequence elements consisting of 5' and 3’
splice sites (SS) and contain a branch point sequence (BPS). Most of
eukaryotic introns contain highly conserved GU dinucleotide at the 5’ splice
site and is preceded by a G in the exon. The intronic sequence normally ends
with an AG dinucleotide, followed by a G as the first nucleotide of the 3’ splice
site (Rogozin et al., 2012). The branch point sequence are highly conserved
adenosine and is located 18-40 nt upstream of the 3’ splice site (Figure-1.2.1).
Major-class of introns often contain a polypyrimidine tract consists of 10-15
pyrimidine nucleotides between the BPS and the 3’ splice site, whereas the
conservation of the described consensus sequences is less stringent in

mammalian pre-mRNAs (Jurica and Moore, 2003).

5' splice 3' splice
site branch point site
1 hi 1
5'exon AG GUéAG—CU%ACU—(Yn)—SAG G 3'exon

l

polypyrimidine
tract

Figure-1.2.1: Consensus sequences of pre-mRNAs. The conserved consensus sequences
of the 5’ splice site (5’ SS), 3’ splice site (3° SS), and branch point sequence (BPS) (derived
from diverse mammalian organisms) are shown. The branch point adenosine is indicated in
bold lettering and the poly-pyrimidine tract by (Yn), where Y indicates a pyrimidine base. Two
bases on top of each other illustrate an equal frequency of both bases in the consensus
sequence. The exons are represented by shaded box and the intron by lettering or a solid
line. Figure adapted from (Patel and Steitz, 2003).

Pre-mRNA splicing entails two consecutive, energy independent SN2-type
trans-esterification steps (Moore and Sharp, 1993). In the first, the 2’-hydroxyl
group of an adenosine of the BPS in the intron carries a nucleophilic attack at
the 5’SS and generating a 2-5'phosphodiester bond (see Figure-1.2.2). This
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results in a free 5-exon and a lariat-exon intermediate consisting of the
branched intron and 3'-exon. In the second step, the free 3’ hydroxyl of the &'
exon attacks the phosphate group between the intron and the 3' exon, which

joints two exons and release the lariat intron.

5' splice site e Sie 3' splice site
A DH ’

Exon 1 [SVRICH umuw;c—meim

branchpoint

Intron

transesterification 1

o
(g_ lariat intermediate
I
[ Exon 1 ¥ R xon 2 |
N < - _ '
transesterification 2
=)
A
| Exon 1 [ Exon 2 | A
P A YAG
MmRNA lariat Intron

Figure-1.2.2: Splicing takes place in two catalytic steps involving two consecutive
trans-esterification reactions. In the first step, the 2'-hydroxyl group of the A residue at the
branch site attacks the phosphate at the GU 5'-splice site. This leads to cleavage of the 5'
exon from the intron and the formation of a lariat intermediate. In the following step, a second
trans esterification reaction, which involves the phosphate (p) at the 3' end of the intron and
the 3'-hydroxyl group of the detached exon, ligates the two exons. This reaction releases the
intron, still in the form of a lariat. In both steps, the nucleophilic attack is indicated by arrow.
The consensus sequences (see Figure 1.2.1) and the branch point adenosine highlighted in
red. The reactive groups of the pre-mRNA are indicated with the “p” for the phosphate groups,
and “OH” for the hydroxyl group, together with their position on the ribose. (Adapted from

(Chen and Cheng, 2012).

32



Chapter -1

1.2.3.1 The dynamics of spliceosome complex

The splicing reaction is catalyzed by the spliceosome, a highly dynamic
complex molecular machine composed by small nuclear RNPs (snRNPs). The
major spliceosome is composed by five snRNPs the U1, U2, U4, U5, and U6
that sequentially associate with the pre-mRNA during the splicing reaction
(Wanhl et al., 2009). Interestingly, the prevailing view of the spliceosome is that
it does not act as a preformed complex, but instead assembles stepwise on
the pre-mRNA (Chen and Moore, 2014; Papasaikas and Valcarcel, 2016). In
order to distinguish the individual shRNP complexes that form during splicing,
the splicing intermediates have been designated as E, A, B, B* and C
complex (Figure-1.2.3).

The first step of the splicing process is the assemble of E complex: the 5’
splice site (GU, &' SS) is bound by the U1 snRNP, and the splicing factors
SF1/BBP and U2AF cooperatively recognize the branch point sequence
(BPS), the polypyrimidine (Py) tract, and the 3’ splice site (AG, 3' SS). The
subsequent step is ATP-dependent and lead to the formation of pre-
spliceosome or complex-A through base pairing of U2 snRNP with BPS of
pre-mRNA. The next step leads to the binding of the U4/U5-UG6 tri-snRNP
to the 5’ splice site region and generate the B complex that is still catalytically
inactive. The spliceosome undergoes a dramatic compositional and structural
remodeling events including the loss of the U1 and U4 snRNPs and binding of
the NineTeen Complex (NTC). The NTC complex is highly conserved protein
complex and essential for pre-mRNA splicing activation and correct
progression (next paragraph). These remodeling facilitate the first step of
splicing and formation of the activated spliceosome (B* complex). Complex C
is responsible for the two trans-esterification reactions at the splice sites.
Additional rearrangements result in the excision of the intron, which is
removed as a lariat RNA, and the ligation of exons. The U2, U5, and U6
snRNPs are then released from the complex and recycled for subsequent

rounds of splicing process.
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Figure-1.2.3: Schematic representation of the spliceosome assembly. The formation
of spliceosome complex is a dynamic process, where spliceosomal snRNPs (indicated by
colored circles) are assemble on the pre-mRNA. Spliceosome assembly is initiated by the
binding of U1 and U2 snRNPs to the 5 SS, followed by the stable association of U2
snRNP with the branch site. After binding of the U4/U6.U5 tri-snRNP and NTC complex
the spliceosome is catalytically activated, leading to the dissociation of U1 and U4
snRNPs. After splicing reaction, the spliceosome disassembles, and the snRNPs and
NineTeen Complex (NTC) are recycled for subsequent rounds of splicing. The distinct

spliceosomal complexes are indicated. (Adapted from (Chen and Moore, 2014).

1.2.3.2 Roles of different proteins in pre-mRNA splicing

The spliceosome is very complex and dynamic molecular machinery
composed of more than 170 highly conserved proteins and 45 are snRNP-
associated proteins (Wahl et al., 2009). Various other regulatory proteins and
complexes also plays critical roles in splicing modulation and regulation. Since
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most RNA-RNA interactions in the spliceosome are very short, many proteins
required for the stability of spliccosome. U1 snRNP and SR proteins (serine-
arginine-rich domains) stabilize the initial interactions of the U1 snRNA with
the 5 SS (Bertram et al., 2017; Plaschka et al., 2017; Will and Luhrmann,
1997). Prp8, Brr2 and Snu114 are integral components of the U5 snRNP. The
highly conserved nuclear protein U5-specific protein Prp8 occupies the central
position of spliceosome, interacting with many other spliceosomal proteins,
snRNAs and both 5’ and 3’ splice sites (Boon et al., 2006; Grainer and Beggs,
2005). The DExD/H-box RNA helicase Brr2, is required for the release U4
from the spliceosome and provides a platform for interaction with other
spliceosomal components (Bertram et al., 2017; Chang et al., 2009;
Raghunathan and Guthrie, 1998). The Snu114 contain GTPase domain
essential for the assembly of the U5 snRNP and it has been proposed to
regulate spliceosome dynamics together with Brr2 (Absmeier et al., 2016;
Small et al., 20006).

Several other DExD/H-box proteins are required for the splicing process
including modulation and rearrangements of the spliceosome at different
steps during splicing reaction (Awasthi et al., 2018; Staley and Guthrie, 1998;
Wassarman and Steitz, 1991). For instance, Sub2 and Prp5 two ATP-
dependent DExD/H-box proteins are involved in early steps of spliceosome
assembly facilitating U2 binding to the spliceosome (Liang and Cheng, 2015;
Libri et al., 2001). Other members of this family are also found to associate
with the spliceosome during all steps of spliceosome assembly and
maturation. Spliceosome rearrangements required for step | and Il are
catalyzed by Prp2 and Prp16, respectively (Egloff and Murphy, 2008; Lee and
Young, 2013; Libri et al., 2001; Phatnani and Greenleaf, 2006) and US5-
100K/Prp28, Prp22, and Prp43, catalyze the dynamic rearrangements of
RNA-RNA and RNA-protein network (Papasaikas and Valcarcel, 2016;
Schneider and Schwer, 2001; Staley and Guthrie, 1998).
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1.2.3.2.1 The NTC complex is a part of the heteromeric complex of
spliceosome

The NTC complex (NineTeen Complex) plays an important role in regulating
spliceosome conformations and fidelity. The molecular organization of NTC
complex is considerably different but still evolutionary conserved from yeast to
human. The NTC complex also known as Prp19 complex (Pre-mRNA-
processing factor 19), composed in humans by eight highly conserved core
proteins (Prp19, Cef1, Snt309, Xab2, Syf2, CIf1, Isy1, Ntc20) and thirteen
associated proteins (Cdc5, Spf27, Prl1, AD-002, Skip, Syf3, ECM2, Aquarius,
GCIPp29, MGC23918, G10, Cyp-E, PPlase-like1). NTC complex joins the
spliceosome together with the U4/U6.U5 tri-snRNP, and form a stable
heteromeric complex in human (the hPrp19/CDC5L complex; (de Almeida and
O’Keefe, 2015; Grote et al., 2010; Proudfoot, 2011; Zhang et al., 2018) and
yeast (Nature reviews. Genetics., 2000; Tarn et al., 1994; Zhang et al.; Zhang
et al., 2018).

The NTC complex is recruited to spliceosome during the formation of the B
complex and release of U1 and U4. (Tarn et al., 1994). The abundance of
NTC proteins is greatly increased after activation of the B complex and plays
important roles in spliceosome dynamics (De et al., 2015; Fabrizio et al.,
2009). The NTC complex and NTC related proteins are stably associated with
U5 snRNP during catalytic activation of the spliceosome and remain
associated during both catalytic steps (Kuhn and Wahle, 2004; Nancollis et
al.; Nguyen et al., 2016). This complex specifies the dynamic interactions
between both exon and U5, and between U6 and the 5'SS during
spliceosome activation (Chan and Cheng, 2005; Chan et al.,, 2003).
Therefore, it is suggested that NTC complex and related proteins play an
important role for specifying snRNA interactions with the pre-mRNA during
splicing process. The best-characterized function of NTC complex is in
splicing, however NTC have also been implicated in many other non-splicing
functions, including cellular senescence, DNA damage response, pi-RNA
pathway, and miRNA biogenesis (Akay et al., 2017; Hogg et al., 2010; Jia et
al., 2017; Kuraoka et al., 2008).
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Prp19 (Pre-mRNA-processing factor 19), the core protein of the complex is
required for the integrity of the NTC complex and facilitates spliceosomal
rearrangements through ubiquitination activity (Song et al., 2010). The Human
PRP19 protein was also found to have an important role in transcription-
coupled RNA processing and genomic stability (David et al., 2011; Paulsen et
al., 2009). CDC5L, one of the interacting partners of Prp19, is a known key
regulator of mitotic progression and has been implicated in ATR (ATM (ataxia
telangiectasia mutated) and Rad3-related signaling (Mu et al.,, 2014).
Syf1/XAB2/Fandango, a tetratricopeptide-repeat (TPR) containing protein,
interacts with most NTC/Prp19C components and play crucial role in splicing
by mediating the assembly of early spliceosome (Guilgur et al., 2014; Kuraoka
et al., 2008; Xu et al., 2002). Syf1 the yeast orthologous of Fandango/XAB2 is
crucial for the recruitment of a coiled-coil protein called Yju2, an associated
component of NTC complex and required for pre-mRNA splicing both in vivo
and in vitro. Yju2 is associated with the spliceosome at nearly the same time
as NTC but destabilized after the first catalytic reaction, and subsequently
stabilize for further spliceosome activation (Liu et al., 2007).
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1.2.4 Aim of the work

Spliceosome is an exquisitely dynamic macromolecular machine, and it is
clear that the NTC is an integral component of the active spliceosome
complex. NTC core and associated proteins are tightly coordinated in order to
carry splicing activation and splicing process. Studies using budding yeast as
model system have played an instrumental role in deciphering splicing
mechanisms but the biggest challenge of the field is to understand the
physiological relevance of splicing. Interestingly, Fandango, the Drosophila
orthologue of human XAB2 (XPA binding protein 2), and core component of
the Prp19 complex is particularly rate limiting for efficient splicing of early
embryonic transcripts during Drosophila development. Since Fandango
depletion causes a very specific phenotype, we hypothesize that other
splicing factors are likely to be differentially rate limiting for splicing during
development.

The aim of this wok was the identification of spliceosome subunits capable of
modulating splicing efficiency during the development, and whose depletion
produced specific phenotypes during oogenesis and early embryonic
development. To identify such proteins, we performed a screen using the
UAS/Gal4 system and a germ-line specific Gal4 driver (Nanos-Gal4), to
specifically knockdown during oogenesis distinct spliceosome subunits. This
screen identified the Nine Teen Complex (NTC) subunit Salsa, as being
required during oogenesis, for dorsal ventral (DV) patterning of the Drosophila
egg.

We showed that Salsa, the Drosophila orthologue of human Aquarius RNA
helicase, is required for the correct splicing, localization, and expression of
Gurken during oogenesis. Gurken is a TGF-alpha-like protein expressed in
the female germ-line and whose function is crucial for DV patterning of the
Drosophila egg. We showed that Salsa function is particularly rate limiting for
splicing of the first intron of gurken mRNA, when compared to the second and
third introns of this transcript. Interestingly, and further confirming such bias,
transcriptome wide analysis during oogenesis suggested that splicing of a
subset of small introns localized to the 5°-region of transcripts are particularly
sensitive to Salsa depletion.
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Currently, we are planning to do iCLIP (individual-nucleotide resolution UV
crosslinking and immunoprecipitation), in collaboration with Dr. Jean Yves and
Dr. Julian Konig (Institute of Molecular Biology, Mainz), to mechanistically
understand such observation, as it is likely to give an important insight about
spliceosome plasticity during development. Our aim is to identify genome
wide RNA-binding sites of Salsa at individual-nucleotide resolution, providing
an insight into a potential novel function of Salsa in splicing.
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2.1 Introduction

Drosophila forward genetic screens are powerful tools to identify novel genes
and pathways required for distinct biological process (St Johnston, 2002). Our
working hypothesis is that splicing plasticity is important for differential gene
expression during development. To test this hypothesis, we performed an
RNAI screen for conserved spliceosome subunits, and other splicing factors,
whose knockdown in the female germ line was associated with specific
phenotypes during oogenesis and early embryonic development (Figure- 2.1).
Our aim was to identity subsets of introns, whose splicing was particularly
sensitive to depletion of distinct splicing factors, rationalize why splicing was
affected, and contextualize some of the observed splicing defects with the
observed developmental defects.

We performed an RNAI screen for distinct core-subunits of the spliceosome,
and other highly conserved splicing factors, using female germ-line specific
Gal4 drivers (e.g. Nanos-Gal4), and we identified 13 highly conserved splicing
proteins, whose depletion lead to apparently specific developmental defects
during oogenesis or early embryonic development. Based on the observed
phenotypes, these hits were divided in three different classes: embryonic
lethal, dorsal ventral patterning (DV) defects, and short eggs.

Since many of the depleted splicing proteins are essential for cell viability, the
observed developmental phenotypes most likely resulted from the fact that
RNAi-mediated knock-down of proteins was only partial, allowing for most
splicing events to occur normally, whereas splicing was only affected in small
subsets of introns. Better understanding the nature of such introns, and why is
their splicing particularly sensitive to depletion of a given splicing factor, will
give an important insight into spliceosome plasticity, and its role for differential
gene expression during development.
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2.2 Materials and methods

2.2.1 Fly husbandry
All flies were raised at 25°C unless otherwise indicated, under standard

procedures.

2.2.2 Drosophila strains

Nanos-Gal4 maternal drivers were used for germ line specific depletion during
Drosophila oogenesis (Nanos::Gal4-VP16) (Van Doren et al., 1998). The
UAS-shRNA vector used in this screen is the VALIUM22, which carries the P-
transposase core promoter, known to effectively expressing the RNAI
sequences within the female germline. Details of the lines used in this study

can be found in Supplementary Table 1.

2.2.3 Details of Drosophila screen

The crossing scheme and summary are illustrated in Figure 2.1.
Approximately 10 virgin females of Nanos-GAL4 were crossed with 5 UAS-
shRNA homozygous or heterozygous males at 25° C. F1 Females with
Nanos-GAL4 and UAS-shRNA were collected from the previous cross and
mated to wild type males. Egg and embryos were collected in apple juice
plates supplemented with fresh yeast. The percentage of embryos hatching
was determined by counting approximately two hundred embryos. The
percentage of embryos that arrest at later stages of embryogenesis (embryos
with a brownish color) was also evaluated. Whenever embryonic lethality was
observed, embryos were examined morphologically and stained for early
embryonic defects.

2.2.4 Fluorescence analysis

0-3h embryos (after egg-laying) were collected, dechorionated with 50% of
bleach, fixed with 4% of formaldehyde, and devitellinized by vigorously
shaking during 1 min in methanol. After rehydration, with a progressively
increased percentage of PBST, DNA staining was performed with DAPI
(1:10000) and nuclear envelopes were stained with Cy5-
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conjugated WGA (1:1000). Embryos were mounted in dako faramount
aqueous mounting medium (Dako, California, USA) and were visualized

using a Zeiss LSM710 confocal microscope.

2.2.5 Sequence alignment and functional domain arrangement.

For identification of conserved helicase domains, orthologs of CG31368 from
6 distinct species representative of the higher eukaryotes (Homo sapiens,
Mus musculus, Caenorhabditis elegans, Danio rerio, Xenopus tropicalis,
Drosophila melanogaster) were retrieved using reciprocal bidirectional protein
BLAST analysis. These retrieved sequences were multiple aligned using
ClustalW84 program in the Geneious software (version 6.1.8) with default

values.
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2.3 Results and discussion

2.3.1 Overview of screen results

We performed an RNAI screen for conserved spliceosome subunits, and other
splicing factors, whose depletion in the female germ line was associated with
specific phenotypes during Drosophila oogenesis and early embryonic
development. To achieve germ line-specific expression of the RNAi construct
we used the UAS/Gal4 system (St Johnston, 2002) and the Nanos-Gal4
Driver (Van Doren et al., 1998).In this screen (Summarized in Figure- 2.1) we
tested 140 RNAI stocks targeting highly conserved splicing factors (Herold et
al., 2009). Initially, we investigate the impact of RNAi-mediated knock down in
egg laying rate. Further we classified the laid eggs/embryos (hereafter
referred to as knockdown embryos) in three different classes: embryonic
lethal, dorsal ventral patterning (DV) and short eggs phenotype. Most of the
tested RNAI (127 lines) either produced no detectable embryonic phenotype,
with normal egg eclosion, or induced significant (apparently pleiotropic)
oogenesis defects with a dramatic reduction of egg laying. In addition, 5 RNAi
lines were associated to dorsal ventral patterning (DV) defects (eggshell
defects; fused dorsal appendages), 6 RNAi lines were associated with
morphologically normal eggs that failed to hatch, even when females were
crossed with wild type males, and 2 RNAI lines were associated with

abnormally short eggs (Summarized in Figure-2.2).

2.3.2 Preliminary analysis of isolated RNAI

2.3.2.1 Phenotype: Embryonic lethality

To better characterize the RNAi lines whose embryos failed to hatch, we
stained the laid embryos for DNA (DAPI) and nuclear envelope (WGA).
Control embryos (mCherry RNAIi) showed normal blastoderm cellularization,
gastrulation, and germ-band extension, with correctly formed pole cells
(Figure-2.3.) (Data not shown). The preliminary observation form embryonic
phenotypes after RNAi-mediated knockdown (Acinus, Aubergine, NonA,
Caper, exu and SMU1) are the following:
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Figure 2.1. Maternal screen for spliceosome subunits whole depletion is associated
with specific phenotype during oogenesis and early embryonic development: A
Drosophila maternal screen was performed by crossing male carrying UAS responder (UAS-
RNAI), with the females contains Nanos - GAL4 driver that specifically expressed in female
germ cells. Total 140 spliceosome specific genes were screened as part of this project; those
are highly conserved spliceosome protein from yeast to human. The F1 female progeny
containing both elements (UAS RNAi and Nanos Gal4) of the system are produced were
mated with wild type male and scored the egg/ embryonic phenotype derived from them. The
phenotypes were classified based on morphological characterization and embryonic lethality.
The phenotypes were divided into main three groups: embryonic phenotype, spindle

phenotype and short eggs, depending upon the nature of the observed effect.
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No Phenotype/
Germline lethal/
Adult lethal(127)

Embryonic lethal (6)

DV patternining defectts (5)

Short Eggs (2)

Figure 2.2: Classification of the phenotype based on morphological features of eggs:
We analyzed total 140 spliceosome related RNAI lines that summarized in pie chart. The
primary screen was further characterized according to their egg shape, egg laying, and
embryo eclosion rates. Their embryos were stained with DAPI and analysed by confocal
microscopy. Total five RNAI lines (in blue) gave rise to dorsal ventral (DV) patterning defects
including positive control, squid. Six RNAI lines (in green) gave rise to distinct embryonic
phenotypes, two with short egg phenotype (in yellow) and 127 RNAI lines (in gray) gave rise
either no obvious embryonic phenotype or dramatically impaired oogenesis with a significant

reduction in egg laying.

Caper

Caper is a highly conserved RNA binding protein that regulates alternative
splicing in breast adenocarcinoma cell lines (Brooks et al., 2015; Huang et al.,
2012; Stepanyuk et al., 2016). In Drosophila, Caper is required for the
development of distinct mechanosensory neuron subtypes at multiple stages
of development (Olesnicky et al., 2017). In our screen, germ-line specific
depletion of Caper impaired in embryonic development, but embryos only
showed weak syncytial blastoderm nuclear division defects with normal
blastoderm cellularization (Figure-2.3). Germ-band extension defects could be
observed in some embryos but the overall observed phenotype was extremely

heterogeneous.
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SMU1

SMU1 (Small mushroom bodies) is highly conserved spliceosome protein
known to regulate alternative splicing in C. elegans (Lundquist et al., 1996). In
A. thaliana, smu1 is important during the first catalytic step of splicing and
modulates alternative splicing (Kanno et al., 2017). In Drosophila, the
functional role is not well characterized, but we observed that germ-line
specific depletion of SMU1 did not impaired the syncytial blastoderm nuclear
divisions and blastoderm cellularization was normal (Figure 2.3). We failed to
identify the cause of the observed embryonic lethality, with no obvious defects
during early embryonic development.

Exuperantia

Exuperantia (Exu) is a putative exonuclease and a highly conserved splicing
factor. In Drosophila, exu is required for spermatogenesis, as well as for
antero-posterior polarity of the developing oocyte; being required for anterior
localization of bicoid mMRNA (Lazzaretti et al., 2016). In our screen, germ line
specific depletion for exu, as expected, to major morphogenetic defects of the
developing early embryos (Figure- 2.3). Blastoderm cellularization was
normal, with a mild bi-caudal phenotype.

Aubergine

Aubergine is a member of piwi family proteins and crucial for a wide variety of
developmental processes, including retrotransposon silencing and
maintenance of genome integrity during Drosophila oogenesis (Ku and Lin,
2014; Ma et al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>