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ABSTRACT

The Drosophila mfl/Nop60b gene belongs to a highly conserved family
whose members encode the ubiquitous pseudouridine synthase
component of H/ACA snoRNPs. These nucleolar complexes are involved
in essential cellular processes, such as ribosome biogenesis and RNA
pseudouridylation. Loss of function mutations of the mfl/Nop60b human
orthologue cause X-linked Dyskeratosis Congenita, a multisystemic
syndrome accompanied by telomerase defects, premature aging, stem cell
dysfunction and increased cancer susceptibility. The striking conservation
of snoRNP functions, coupled with a highly divergent mechanism of
telomere elongation, makes Drosophila an ideal animal model in which to
assess non-telomerasic functions of eukaryotic pseudouridine synthases.
Since Drosophila imaginal wing discs represent an ideal system to
investigate cell death, proliferation and patterning, I focused on the
effects triggered by myfl-slencing in this tissue. Here, I show that localized
depletion of Mfl protein in the Drosophila wing discs not only triggers
apoptosis, but induces Wingless (Wg) secretion, promoting the
occurrence of regenerative phenomena. I demonstrate that loss of Mfl can
induce apoptosis-induced proliferation mediated by Wg and correlated
with JAK/STAT pathway activation. Intriguingly, I show that Mfl
depletion can also stimulate cell non- autonomous events of cell fate

changes that result in Epithelial Mesenchymal Transition (EMT).



Furthermore, my experiments reveal that, upon myfl silencing, Caspase3-
mediated cell death is induced by JNK activation, while mfl and jnk
simultaneous silencing causes a dramatic overgrowth. These results
suggest that mfl acts as a tumor suppressor and that JNK activation may
represent a mechanism able to prevent the overgrowth of Mfl-depleted
cells. The possibility that the interplay between pseudouridine synthase
and the JNK pathway may be evolutively conserved could gain further
insight into the so far unexplained high susceptibility to malignancy

exhibited by X-DC patients.



AIMS OF THE STUDY

In eukaryotic cells, conversion of selected uridines to pseudouridines is
one of the most common modifications of cellular RNAs (Kiss et al.,
2006; Schwartz et al., 2014). RNA site-specific pseudouridylation is
performed by box H/ACA snoRNPs, that are composed of a molecule of
a box H/ACA snoRNA (small nucleolar RNA), which select by base-
pairing the specific site to be modified, and a set of four highly conserved
associated proteins, one of which acts as catalytic pseudouridine synthase
(reviewed by Kiss et al., 2006). snoRNP pseudouridine synthases are
highly conserved from Archaea to man, and include the Drosophila
MfI/NOP60B (Giordano et al., 1999) protein and human dyskerin,
encoded by the DKC1 gene (Heiss et al., 1998).

Reduced levels or hypomorphic mutations in the DKC/ gene cause the X-
linked Dyskeratosis (X-DC) multisystemic disorder (Heiss et al., 1998).
X-DC 1is characterized by abnormal pigmentation of the skin, nail
dystrophy and oral leukoplakia. Other symptoms include chronic bone
marrow failure (which represents the main cause of death), stem cell
dysfunction, testicular atrophy, premature aging, pulmonary fibrosis,
increased susceptibility to cancer (which is the second leading cause of
death), and a series of additional defects (reviewed by Angrisani et al.,
2014). The broad spectrum of X-DC symptoms reflects the multiple roles

played by dyskerin. Indeed, dyskerin is not only a H/ACA snoRNPs core
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component, but participates also in the formation of active telomerase
complex. This protein is thus is involved in at least two essential but
distinct nuclear functional complexes, one involved in ribosome
biogenesis and snoRNA stability, and the other in telomere maintenance.
Therefore, the distinction between the effects caused by telomere
shortening and those related to impaired snoRNP functions is one of the
main challenges posed by the pathogenesis of the X-DC disease.
Considering the availability of sophisticated genetic tools, Drosophila
melanogaster can represent an advantageous model organism to dissect
the multiple roles played by pseudouridine synthases. Drosophila
dyskerin is 66% identical and 79% similar to human dyskerin, and is
equally involved in rRNA processing and pseudouridylation (Giordano et
al., 1999); however, it has no role in the maintenance of telomere
integrity, since fly telomeres are maintained by insertion of specific
retrotransposons at chromosome ends (Pardue et al.,, 2005). This
divergent procedure of telomere maintenance makes Drosophila an ideal
organism to delineate the range of biological effects specifically triggered
by loss of H/ACA snoRNP activity. In particular, the Drosophila
imaginal wing disc represents an ideal system to investigate growth,
proliferation, patterning and cell death.

Previous studies showed that localized depletion of Drosophila dyskerin

in the wing discs not only causes cell death, but additionally triggers a
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variety of developmental defects (Tortoriello et al., 2010). More recently,
these defects were studied in further detail. It was demonstrated that Mfl
depletion induces simultaneous Caspase3 (Cas3) activation and Wingless
(Wg) secretion in the wing disc, suggesting the occurrence of
regenerative phenomena (Vicidomini et al., 2015). Loss of Mfl can in fact
induce apoptosis-induced proliferation mediated by Wg and JAK/STAT
pathway; moreover, it can also stimulate cell non autonomous events of
cell fate changes that result in Epithelial Mesenchymal Transition (EMT).
On the basis of these results (Vicidomini et al., 2015), I further
investigated the effects triggered by Mfl depletion and deeply analysed
the MflI/JNK functional interplay. Interestingly, the genetic dissection of
the regenerative process revealed that Caspase3 activation is mediated by
JNK, and that simultaneous silencing of mfl and jnk genes causes an
unexpected overgrowth of the wing disc. These results show that mfl acts
as a tumor suppressor, and that JNK activation can prevent iper-
proliferation of Drosophila Mfl-depleted cells. Worth noting, the mfl
tumor suppressor function may be evolutively conserved and possibly
account for the high susceptibility to malignancy showed by X-DC

patients.



INTRODUCTION

The genetic and molecular organization of Drosophila melanogaster
minifly (mfl) gene

Drosophila melanogaster minifly gene is a member of the highly
conserved protein family encoding for eukaryotic pseudouridine
synthases. These ubiquitous nucleolar proteins play a central role in
ribosomal RNA processing and pseudouridylation (reviewed by
Angrisani et al., 2014). The Drosophila minifly gene maps on the
chromosome arm 2R, at the 60B-60C polytene subdivisions boundary,
and proved to be essential for Drosophila viability and female fertility
(Giordano et al., 1999).

The first minifly allele, mfl', was isolated in the course of a PZ-element
mutagenesis screen on the second chromosome as a viable, recessive
mutation causing a variety of phenotypic abnormalities. The mfl'
pleiotropic phenotype included an extreme reduction of body size,
developmental delay, defects in the abdominal cuticle, strong reduction in
the length and thickness of abdominal bristles (Fig. 1) and reduced
female (Giordano et al., 1999) and male fertility (Kauffman et al., 2003).
Most traits of the mfl' phenotype largely overlapped those caused by the
Drosophila Minute (Kay and Jacobs-Lorena, 1985), mini (Procunier and
Tartof, 1975) or bobbed mutations (Boncinelli et al., 1972) that affect,

respectively, the synthesis of ribosomal proteins, 5S, 18S and 28S
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rRNAs.

C

Fig. 1 mfl' phenotype (Giordano et al., 1999). m/!’ flies female (a) and male
(b) were compared to wild-type. Both mfl' flies are characterized by strong
reduction of the body size, reduction in the number of abdominal bristles and
abdominal cuticular defects (c). (d) Hybridization of a P-element probe to
polytene chromosomes from myfl' heterozygous larvae. The hybridization
signal (arrowhead) maps the single P-element insertion at the 60B-60C

Other two mfl alleles, mfI” and mfI"°, were obtained by P-clement
insertion on the coding region. These two alleles showed a strong
reduction of mfl expression, causing larval lethality (Giordano et al.,
1999). Since the viable hypomorphic m/I' allele showed only a modest
reduction of mfl expression, these data indicated that gene expression
level may be critical for Drosophila viability.

mfl encodes for two main transcripts, respectively of 1.8 and 2.0 kb in

length (Fig. 2). These two species have different expression profiles: the
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1.8 kb mRNA is constitutively expressed in both sexes throughout the life
cycle, while the 2.0 kb species is mainly expressed in females and is
maternally transmitted to the developing embryos (Giordano et al., 1999).
The 1.8 and 2.0-kb mfl mRNA isoforms share a common coding region
and differ from each other only at their alternatively spliced 3’ un-
translated region, where two additional exons (7 and 8) are specifically
included in the 2.0-kb mRNA.

In addition, mfl produces two minor coding transcripts (Fig. 2; Riccardo
et al., 2007). One of these less abundant transcript is about 2.2 kb length
and is characterized by an extended 3'UTR, while a second is about 1 kb,
accumulates mainly in females and is characterized by the skipping of
five internal exons and by the absence of any internal stop codon,
indicating that it encodes a rare variant spliced protein isoform, called

Mfla (Riccardo et al., 2007).

A S E B s 8§ EN N
1 1 1 | | 1 1 1
1.8 kb constitutive Cm m— — T— . AAAAAA
20kb Om m——— i - O O OAAAAAA
B 2.2 Kb T N —— — .- O = 0 a a CAAAAAA
C 1.0 kD o m—— = om X DAAAAA
Fig. 2 Molecular organization of the mfl gene. Organization of the 1.8, 2.0, 2,2
and 1.0 kb transcripts. Exonic regions spanned by mfl ORF are depicted in black.
(A) From Giordano et al., 1999; (B) from Riccardo et al., 2007
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The mfl open reading frame (ORF), identically present in 1.8, 2.0 and 2.2-
kb subforms, encodes a predicted protein of 508 amino acids (called Mfl),
with a calculated molecular mass of 56 kD. This protein belongs to the
Cbf5p/NAP57/dyskerin family. The Cbhf5 yeast gene was the first
member of this gene family to be identified (Jiang et al., 1993).
Immediately after, a mammalian orthologue, named Nap57, was
recognized in rats, and postulated to be involved in nucleo-cytoplasmic
shuttling of pre-ribosomal structures (Meier and Blobel 1994). Later on,
yeast Cbf5 inactivation was shown to be lethal, and the lethality was
attributed to defective processing and pseudouridylation of rRNAs
precursors (Cadwell et al., 1997; Zebarjadian et al., 1999). In the same
period, a Drosophila orthologue, named Nop60B/minifly, was recognized
(Phillips et al., 1998) and shown necessary for proper maturation and
pseudouridylation of rRNAs precursors (Giordano et al., 1999).
Furthermore, the human orthologue, named DKC/ gene, was identified
on 1998 (Heiss et al., 1998) and it was found to be causative of the X-
linked dyscheratosis congenita disease (reviewed by Angrisani et al;
2014).

The Drosophila Mfl polypeptide is highly related with other members of
the family, particularly with human dyskerin, sharing with it 66% identity
and 79% similarity (Fig. 3). The conservation increases remarkably

within functional domains, indicating that their function has been
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preserved during evolution.
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Fig. 3 Alignment of Mfl and dyskerin amino acid sequences (Giordano et al.,
1999). The alignment of two proteins show that proteins have 66% of identity and
79% of similarity; black boxed letters highlight identical amino acids, different yet
conserved amino acids are on a gray backgrounds; block letters on a white
background indicate different and non-conserved amino acids.
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The H/ACA snoRNPs complexes and their functions

MfAl protein, as all members of CbfSp/NAP57/dyskerin family, has a
prevalent nucleolar localization. Within the nucleolus, this protein
participates to the formation of the H/ACA small nucleolar
ribonucleoparticles (snoRNPs) complexes (Kiss et al., 2006), whose
activity is known to be involved in rRNA processing and site-specific
pseudouridylation of rRNA and snRNAs (reviewed by Angrisani et al.,
2014), as well as of mRNAs and of additional classes of ncRNAs

(Schwartz et al., 2014).
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H/ACA snoRNPs are hetero-pentameric complexes in which Mifl
associates with one molecule of small nucleolar RNA (snoRNA) of the
H/ACA class and three highly conserved proteins: NOP10, NHP2 and
GARI (Kiss et al., 2006). The specific snoRNA that is recruited by the
complex determines both the target recognition and the biological role of
snoRNP complexes (Fig. 4; reviewed by Angrisani et al., 2014). By
acting as guide, each assembled snoRNA selects by base
complementarity the target RNA and the specific site to be
pseudouridylated  (Lafontaine and Tollervey, 1998). In the
pseudouridylation process, Mfl directs the isomerisation of specific
uridines to pseudouridines, acting as catalytic pseudouridine synthase.
Most common targets are rRNAs and are modified in the nucleoli, while
snRNAs of the Ul spliceosome are modified in the Cajal bodies, and thus
have been named Cajal body-specific RNAs (scaRNAs; Richard et al.,
2003).

Furthermore, H/ACA snoRNPs also direct the endonucleolytic cleavages
required for rRNA processing, under the guide of Ul7, E2 and E3
H/ACA snoRNAs, all essential for cell growth (reviewed by Angrisani et
al., 2014). Worth nothing, beside H/ACA snoRNPs, mammalian dyskerin
is also a component of the active telomerase complex. The involvement
of dyskerin in maintenance of the telomere ends was established by

Cohen et al. (2007), that identified dyskerin as a component of the

14



telomerase active holoenzyme (Fig. 4).
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Fig. 4 H/ACA snoRNPs complexes and their functions. Mature H/ACA snoRNPs are
composed by a dyskerin/Mfl-NOP10-NHP2-GARI tetramer assembled with a molecule of
H/ACA RNA. These complexes localize in the nucleus where, depending on the specific
recruited RNAs, play different functions. While RNPs assembled with essential snoRNAs
direct pre-rRNA processing, those assembled with canonical snoRNAs direct RNA
pseudouridylation. If assembled with a scaRNA, the tetramer composes the scaRNPs, that
localize in the Cajal bodies and direct pseudouridylation of snRNAs. In humans, the whole
tetramer also participates in the formation of the telomerase active complex

Dyscheratosis congenita: ribosomopathy or telomere disease?

Mutations in factors that allow synthesis, processing and modification of
rRNA, assembly and nuclear export of pre-ribosomal particles or
ribosome translational efficiency cause tissue- or cell-specific phenotypes

and produce a variety of diseases, collectively known as ribosomapathies
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(McCann and Baserga, 2013). Eukaryotic rRNA pseudouridine synthases
are among these factors. The high biological relevance of rRNA
pseudouridine synthases is testified by the fact that reduced levels or
hypomorphic mutations in the human coding gene cause the human X-
linked dyskeratosis (X-DC) multisystemic disorder.

Dyskeratosis Congenita (DC) is a disease characterized by a classic triad,
made up of abnormal pigmentation of the skin, nail dystrophy and oral
leukoplakia. Other symptoms include testicular atrophy, stem cell
deficiency, chronic bone marrow failure (which represent the main cause
of death), premature loss of teeth, premature graying and/or loss of hair,
pulmonary fibrosis, increased susceptibility to cancer (which is the
second cause of death), and a series of other defects (Fig. 5).

X-DC is caused by mutations in the dyskerin-encoding DKCI gene.
Dyskerin contains at least three preserved functional domains: the
dyskerin-like domain (DKLD; 48-106 aa) so far with unknown function,
but typical of this protein family; the TruB N pseudouridine synthase
catalytic domain, that includes the active site (110-226 aa) directly
involved in the pseudouridylation process, and the PUA RNA binding
domain (297-370 aa), involved in recognition of snoRNAs of the H/ACA

family.
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Maln symptoms of X-DC

X Abnormal pigmentatior
of the skin

Leukoplakia of the muct

x
x
x
x
X Horseshoe kidney
X
x
x

Chronic bone marrow

Sy
failure (first cause of death)

X Increased risk of malignancy
(second cause of death)

Fig. 5. Symptoms shown by DC patients. The main symptoms of DC patients are:
abnormal pigmentation of the skin, nail dystrophy, leukoplakia of the mucous (on the
top). Loss of teeth, testicular atrophy, horseshoe kidney, pulmonary fibrosis (on the
middle). Chronic bone marrow failure, Cerebellar hypoplasia, increased risk of
malignancy, squamous carcinoma of the mouth, squamous carcinoma of the skin,
pancreatic carcinoma and Acute Myeloid Leukemia (on the bottom)

As mentioned above, human dyskerin is an essential and evolutively
conserved multifunctional protein that associates with two nuclear
complexes: the H/ACA snoRNPs, that control ribosome biogenesis, RNA
pseudouridylation, and stability of H/ACA snoRNAs, and the telomerase
active holoenzyme, that safeguards telomere integrity. This dual role
makes it difficult to distinguish between the effects related to loss of
snoRNP functions and those caused by telomere attrition. As a
consequence, whether X-DC must be regarded primarily as a
ribosomopathy or as a telomere disease is still on debate.

Considering the availability of sophisticated genetic tools, Drosophila

melanogaster can represent an advantageous model organism to dissect
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the multiple roles played by pseudouridine synthases. Indeed, Drosophila
pseudouridine synthase is 66% identical and 79% similar to human
dyskerin (see Fig. 3), and is equally involved in rRNA processing and
pseudouridylation (Giordano et al., 1999); however, it has no role in the
maintenance of telomere integrity, since fly telomeres are maintained by
insertion of specific retrotransposons at chromosome ends (Pardue et al.,
2005). This divergent procedure of telomere maintenance makes
Drosophila an ideal organism to delineate the range of biological effects
specifically triggered by loss of H/ACA snoRNP activity. In particular
one anatomical structure of the Drosophila can furnish an excellent and
well studied model to investigate developmental events: the imaginal

disc/adult wing system. This system will be described in next sections.

Drosophila wing disc: a useful system to investigate growth
proliferation and differentiation

Drosophila imaginal wing disc represents an ideal system to investigate
cell growth, proliferation and patterning. Drosophila imaginal discs are
larval epithelial organs from which, following metamorphosis, the adult
body structures and appendages originate. The imaginal wing disc,
precursor of the adult wing, appears formed by two cell types: the upper
squamous peripodial cells and the pseudostratified columnar epithelium

made of undifferentiated, proliferating cells that represent the actual
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imaginal disc (Fig. 6). The first will originate the epithelial veil that
welds the structures, the second will originate the integument and the

wing (Bate and Martinez-Arias, 1993).

Squamous Epithelium

Fig. 6 Schematic representation of Drosophila wing disc (Vicidomini,
PhD thesis, 2014). The imaginal wing disc, on the right, shows a schematic
representation of the pseudostratified columnar epithelium (in gray), the
squamous epithelium (in orange) and the precursors of muscle cells. On the
left, a representation of a wing imaginal disc as it appears under the
stereomicroscope

When it is formed during embryonic development, the wing imaginal disc
comprises around 20 cells (Bate and Martinez-Arias, 1993). These cells
intensely proliferate during second and third larval instars to generate a
disc of around 50,000 cells in the late third instar. By this stage, the wing
primordium is established and its major elements can be identified. The
centrifugal regions of the imaginal disc will give rise to the thorax
structures, the notum and the pleura. The middle region will give rise to

the hinge region, while the central region, the wing pouch, is the
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presumptive territory that will form the wing lamina (Fig. 7).

Notum

" Pleura Hinge

Pleura

Wing ' v
Hinge Pouch

Fig 7 The imaginal wing discs and the adult wing (Vicidomini, PhD thesis,
2014). During metamorphosis, the presuntive regions of pleura (in gray), notum
(in blue), hinge (in yellow) and wing pouch (in green) will give rise to the
respective adult body regions

Since the imaginal wing disc is morphologically and biochemically very
similar to mammalian epithelia and encounters a dramatic increase in cell
number in a relatively short length of time (Garcia-Bellido and Merriam,
1971), it represents a useful model for studying how growth and

proliferation are regulated in epithelial tissues.

Determination of Anterior/Posterior and Dorsal/Ventral axis of
imaginal wing disc

As mentioned above, the imaginal wing disc provides an ideal system in
which to investigate how growth, proliferation and differentiation are

coordinated in the context of a developing organ. Indeed, cell
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proliferation is essentially uniform across the whole disc (Potter and Xu,
2001) and is controlled by the same morphogens that govern wing
patterning. Gradients of two morphogens, Decapentaplegic (Dpp), a
member of the TGF-f family, and Wingless (Wg), a member of the Wnt
family, establish a link between cell proliferation and developmental
programs. During disc development, a gradient of Dpp determines the
Anterior/Posterior (A/P) axis, while a gradient of Wg subsequently
defines the Dorsal/Ventral (D/V) axis, giving rise to the A/P and D/V
compartments (Dahmann et al., 2011).

More in detail, in the developing imaginal discs of Drosophila, a small
number of lineage restrictions prevent the mixing of cells in adjacent
compartments. The A/P boundary 1is established during early
embryogenesis. In fact early evidence from Garcia-Bellido et al. showed
that this restriction occurs no later than the first blastoderm division
(Garcia- Bellido et al., 1973). Anterior/Posterior axis is triggered by the
activation of the engrailed (en) gene (Fig. 8). en is specifically expressed
within the Posterior compartment and induces the expression of hedgehog
(hh) in this compartment (Tabata and Kornberg 1994; Zecca et al. 1995).
Hh protein is a morphogen that spreads in a line of cells along the
Anterior/Posterior border, where it induces the expression of another
morphogen, Decapentaplegic (Dpp) (Tabata and Kornberg 1994; Zecca et

al. 1995). This process leads to the activation and the repression of a large
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number of regulatory genes that finally will result in the definition of the

Anterior/Posterior axis.

Larvae

Posterior *,

Anterior ———

i Compartment .

9BP en

A-P Boundary

= , Compartment *,

Anterior-Posterior Axis Specification

................

Compartment(}\ N
I

Adult
i\ %
Anterior 7} Posterior
Compartment

i,— A-P Boundary

wing (on the right)

Fig. 8 Anterior/Posterior axis specification. Representation of the Anterior/Posterior
compartmentalization in a third instar wing imaginal disc (on the left) and in an adult

Unlike the A/P boundary, the D/V boundary is established only in the

middle stages of larval development. The Dorsal/Ventral restriction

border is triggered by the transcription factor encoded by apterous (ap)

gene (Fig. 9). ap is expressed in what appears to be the Dorsal region of

the wing disc beginning in the middle of the second instar (Williams et

al., 1993). The Ap protein induces Fringe (Fng; Irvine and Wieschaus

1994) and Serrate (Ser; Kim et al., 1995) expression in the Dorsal cells,

while restricts Delta (DI) expression to Ventral cells. Delta and Serrate

are two Notch (N) ligands (Milan and Cohen 2000), while Fringe is a
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secreted glycosil transferase that modifies Notch receptor affinity for
ligands. Delta and Serrate are able to activate Notch only in two cell
stripes at the Dorsal/Ventral boundary (de Celis et al. 1996). At this

region, Notch activates the expression of wingless (wg), cut (ct) and
vestigial (vg) and, as a consequence, the D/V restriction boundary is

formed and the wing blade presumptive territory begins to be defined.

Dorsal-Ventral Axis Specification

Adult
Larvae Dor+sal

— — Margin:*-..

o Dbféél-Ventral
) Ventral  Boundary
“.. Compartment ’( ’ m

................................................. Ventral Compartment

Fig. 9 Dorsal/Ventral axis specification. The panel shows the Dorsal-Ventral
compartmentalization in the third instar wing disc (on the left) and in the adult wing
(on the right)

Drosophila adult wing: structure and organization

The imaginal wing disc is the precursor of the adult wing. During
prepupal and initial pupal stages, the wing disc everts and the centrifugal
regions of wing disc originate the Dorsal and Ventral body wall thorax

structures: notum and pleura. The middle region of wing disc gives rise to
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the hinge, while from the central region, called wing pouch, the wing

lamina differentiates (see Fig. 7).

For this reason, the wing pouch is defined as the distal region of the wing

disc, while hinge and pleura are considered proximal. The hinge connects

the wing to the Dorsal (notum) and Ventral (pleura) thorax. The wing

lamina, called wing blade, in the Anterior border presents three series of

sensorial bristles and two types of cells that form vein and intervein

territories. In each wing blade are present five veins (Fig. 10) formed by

live epithelial cells composing tubular structures. These structures give

Fig. 10 Organization of Drosophila adult wing.
Drosophila adult wing is composed by five longitudinal
veins (L1, L2, L3, L4, LS in the figure) and by anterior
cross vein and posterior cross vein (acv and pcv respectively
in the figure)

stiffness to the
wing and
accomodate the
tracheas and the
neuronal sheafs.
Intervein  cells
are instead dead
and  chitinized,

and are

characterized by the differentiation of a single trichome per cell.

Induction of mfl gene silencing by the Gal4/UAS system

As mentioned above, Drosophila is a useful model system to evaluate the
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telomerase-independent roles played by pseudouridine synthases.
Hypomorphic mutations in mfl gene causes developmental delay,
defective maturation of rRNA, small body size, alterations of the
abdominal cuticle and reduced fertility, while null mutations causes larval
lethality. All these phenotypes make difficult to use the mutants to
perform a detailed analysis of the molecular mechanisms that underlie X-
DC. This problem could be overcome by triggering gene silencing by
using the Gal4/UAS system to trigger the RNA interference (RNA1)
process in vivo. In Drosophila, the Gal4-UAS system (Fischer et al.,
1988; Brand and Perrimon, 1993) is routinely used to analyze the
function of developmental genes. This technique is based on two different
kinds of transgenic strains, called “driver” and “responder” lines. In a
driver line the gene for the yeast transcriptional activator Gal4 is placed
under the control of a specific promoter, while in the responder line the
gene of interest is fused to the UAS (Upstream Activating Sequence)
DNA-binding motif of Gal4. The effector gene will be transcriptionally
silent unless animals carrying it are crossed to those of a driver line. In
the progeny of this cross, expression of the effector gene will reflect the
pattern of expression of Gal4 in the driver, which is ultimately dependent
on the promoter that has been used to control it. Thus system allows to
target gene expression in a temporal and spatial fashion. In our

experiments, we silenced mfl gene by using the Gal4—UAS system to
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trigger the UAS-dependent expression of a mfl-RNA1 effector line. In
particular, in my experiments I used the en-Gal4 and the omb-Gal4 driver
lines that will be active only within specific anatomical regions (Fig. 11)
and at specific developmental times.

In previous experiments, it was demonstrated that localized depletion of

Drosophila Mfl causes apoptosis and triggers a variety of developmental

en-Gal4/UAS-GFP omb-Gal4/UAS-GFP

P S,

)

74\

Fig. 11. Expression pattern of the en and omb Gal4 driver lines. The en-Gal4
lines expresses Gal4 in the P compartment of the columnar epithelium of the wing
disc and in same cells above the Anterior compartment of the peripodial membrane
(left). The omb-Gal4 line expresses Gal4 in the central region of the columnar wing
disc (right).

defects in the wing discs (Tortoriello et al., 2010). In my work, using the
en-Gal4 and omb-Gal4 driver lines, these defects were studied in more
detail. In particular, I analysed the Mfl/JNK functional interplay and I
demonstrated that loss of Mfl can induce apoptosis-induced proliferation
mediated by Wg and JAK/STAT pathway. A brief summary of these

pathways is shown in the next two sections.

26



The role of JNK pathway

The JNK signal transduction pathway has been implicated in several
aspects of tumour development and is an evolutionarily conserved stress-
induced MAPK cascade involved in multiple cellular processes, including
proliferation, differentiation, morphogenesis and apoptosis. The mitogen-
activated protein kinase (MAPK) pathway is one of the major systems
that transduces extracellular signals into cells. MAPK cascades includes
at least 3 protein kinases in series: MAPK kinase kinases (also known as
MEKK) and MAPK kinases (also known as MEK and MAPK). MAPK
kinase kinases phosphorylate and activate the downstream MAPK
kinases, which in turn phosphorylate and activate MAPK. These kinases
are activated by dual phosphorylation. In Drosophila, only the JNK
protein Basket (Bsk) is phosphorylated and activated by the upstream
JNK kinase (JNKK) Hemipterous (Hep), which is in turn a substrate for
several upstream JNKKKs that respond to a variety of internal and
environmental stimuli. Activation of this cascade results in
phosphorylation of several JNK targets, among which the AP-1 family
transcription factors Jun and Fos. The cascade is negatively regulated
through a negative feedback loop by the phosphatase Puckered, that is

itself a Jun/Fos transcription target (Fig. 12).
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Fig. 12 JNK signaling in Drosophila (Vicidomini, PhD thesis, 2014).
The Drosophila JNK protein is phosphorylated and activated by the
upstream JNK kinase (JNKK) Hemipterous (Hep) which is in turn a
substrate for several upstream JNKKKs. Activation of this cascade
results in phosphorylation of several JNK targets among which the AP-
1 family transcription factors, and is negatively regulated through a
negative feedback loop by the phosphatase Puckered (Puc) that is itself
a transcription target of the pathway

The JAK/STAT Pathway

Janus kinase/signal transducers and activators of transcription
(JAK/STAT) pathway is a pleiotropic cascade used to transduce a
multitude of signals regulating development and homeostasis from

humans to flies. In mammals, the JAK/STAT pathway is the principal
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signaling mechanism for a wide array of cytokines and growth factors.
JAK activation stimulates cell proliferation, differentiation, cell migration
and apoptosis. These cellular events are critical to hematopoiesis,
immune development and other processes (reviewed by Rawlings et al.,
2004). JAK/STAT signaling is relatively simple, with only a few
principal components (Heinrich et al.,, 2003), and its intracellular
activation occurs when ligand binding induces the multimerization of
receptor subunits. The cytoplasmic domains of two receptor subunits
must be associated with JAK tyrosine kinases. In mammals, the JAK
family comprises four members: JAK1, JAK2, JAK 3 and Tyk2. JAKs
activation occurs upon ligand-mediated receptor multimerization. The
activated JAKs subsequently phosphorylate additional targets, including
both the receptors and the major substrates, STATs. STATs are latent
transcription factors that reside in the cytoplasm until activated. The
seven mammalian STATSs bear a conserved tyrosine residue near the C-
terminus that is phosphorylated by JAKs. Phosphorylated STATSs enter
the nucleus where bind specific regulatory sequences to activate or
repress transcription of target genes. JAK/STAT pathway has three major
classes of negative regulator: SOCS (suppressors of cytokine signaling),
PIAS (protein inhibitors of activated stats) and PTPs (protein tyrosine
phosphatases; see Fig. 13). SOCS proteins are a family of at least eight

members containing an SH2 domain and a SOCS box at the C-terminus
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(Alexander, 2002). The SOCS complete a simple negative feedback loop

in the JAK/STAT circuitry: activated STATs stimulate transcription of

VA Transcription I

Nature Reviews | Immunology

Fig. 13. The JAK/STAT pathway (Shuai and Liu,
2003). The Drosophila JAK activation occurs upon
ligand-mediated receptor  multimerization. The
activated JAKs phosphorylate the receptors and
transcription factor STAT. Phosphorylated STAT
enters the nucleus where activates or represses
transcription of target genes

the SOCS genes and
the resulting SOCS
proteins bind
phosphorylated JAKSs
and their receptors to
turn off the pathway.
The JAK/STAT
pathway is ubiquitous
from humans to flies
(reviewed by
Rawlings et al,
2004), and a complete
but simplified
JAK/STAT signaling

pathway is found in

Drosophila (Hombria and Brown, 2002). There are single homologues for

JAK and STAT, as well as three SOCS homologues. Furthermore, there

is a single JAK/STAT pathway receptor, Domeless. Each of these

components acts in the same fashion as its mammalian counterpart.
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MATERIALS AND METHODS

Drosophila strains

Flies were raised on standard Drosophila medium at 25°C. The en-Gal4,
omb-Gal4/FM7, UAS-GFP/CyO, 10XSTAT92E-dGFP/TM6C, UAS-
RedStinger, UAS-FLP, Ubi-p63E(FRT.STOP)Stinger, UAS-IRmf!
(#36595), strains were obtained from the Bloomington Drosophila Stock
Center at Indiana University (BDSC, USA); UAS-IRmfl (v46282) and
UAS-IRbsk (#104569) strains were obtained from the Vienna Drosophila
RNAi Center (VDRC, Austria). wg-lacZ/CyO and UAS-p35/TM3Sb
stocks were kindly provided by L. Johnston (Columbia University, USA).
M-,en-Gal4,UAS-GFP/In(2LR)Gla,Bc strain was kindly provided by D.

Grifoni ( Bologna University, IT).

Mounting adult wings

Wings were removed from adult flies and dehydrated in 100% ethanol for
5 min. The wings were placed on a microscope slide, and ethanol allowed
to evaporate. A small drop of Euparal Mounting Medium (Roth,
Karlsruhe, Germany) was dropped onto the wing and a glass coverslip
placed on top. Images were captured with a Spot digital camera and a

Nikon E1000 microscope.

31



Immunofluorescence stainings

Drosophila Larvae were dissected in PBS (Phosphate Buffer Saline, pH
7.5) and fixed in 3,7% formaldehyde (Sigma) in PBS. Tissues were
permeabilised in PBS-Triton 0,3% for 45 at room temperature, blocked
for 1 hour in PBS-Triton 0,3%, 2% BSA (Bovine Serum Albumine,
Sigma) and incubated overnight at 4°C in PBS-Triton 0,3%, 2% BSA
with primary antibody. Tissues were then incubated with secondary
antibody for 1 hour at room temperature. Accurate washes in PBS- Triton
0,3% were performed following each step. Wing discs were then
mounted on microscopy slides using anti-quenching slide mounting
medium Fluoromount (Beck- man Coulter). The following antibodies and
dilutions were used: customer rabbit polyclonal antibody against Mfl
(Sigma-Aldrich Inc., St. Louis, MO, USA; dilution 1: 100); mouse
monoclonal antibodies against Wingless, Cut, p-Galactosidase,
Ultrabithorax (Hybridoma Bank, University of Iowa, lowa City, IA,
USA; dilution 1:50 anti-Wg, 1:100 anti-Cut; 1:250 anti-B-Gal and 1:50
anti-Ubx); rabbit polyclonal antibody against Twist (dilution 1:50; gift
from M. Frasch); rabbit polyclonal antibody against cleaved Caspase-3
(Cas3) (Cell Signaling Tech., Danvers, MA, USA; dilutions 1:500 anti-
Cas3); rabbit polyclonal antibody against aPKC (Santa Cruz
Biotechnology, dilution 1:200); Rabbit polyclonal antibody against d-

Myc (dilution 1:5; gift from D. Grifoni). Rabbit polyclonal antibody
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against Yorkie (dilution 1:400; gift from K. Irvine). Fluorescent
secondary antibodies were from Jackson ImmunoResearch (Dianova,
Hamburg, Germany) and used at a final dilution of 1:200. Rhodamine
Phalloidin Conjugate for actin cytoskeleton staining was obtained from
Molecular Probes (Eugene, OR, USA; dilution 1:250). Confocal images

were obtained with a Zeiss LSM510 confocal microscope.

S-Phase Marker

For EAU immunohistochemistry, we used the Click-iT EdU imaging kit
(Invitrogen, Carlsbad, CA, USA). Discs were dissected and incubated in
10 uM EdU in Ringer’s for 20 min or 2h. Following EdU labeling, discs
were fixed in 3,7% formaldehyde (Sigma) in PBS. Tissues were
permeabilised in PBS-Triton 0,3% for 45’ at room temperature, blocked
for 1 hour in PBS-Triton 0,3%, 2% BSA (Bovine Serum Albumine,
Sigma) and incubated overnight at 4°C in PBS-Triton 0,3%, 2% BSA
with primary antibody. Tissues were then incubated with secondary
antibody for 1 hour at room temperature. Accurate washes in PBS were
performed following each step. The discs were then incubated in 1x

Click-1T reaction cocktail for 30’ and mounted.
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Z-stack analysis
All captured pictures (in RAW format) have been analyzed and processed
with ImagelJ v1.440 software. Z-stack analysis was performed by using

STACK>ZProjection and STACK>Orthogonal views ImageJ plug-in.

34



RESULTS

Effects of Mfl depletion on wing disc homeostasis

In previous experiments, it was demonstrated that Mfl depletion in
Drosophila wing disc causes two opposite effects in the silenced domain:
while patches of cells around the A/P margin undergo apoptosis, those
surrounding - located more distally respect to the A/P boundary - secrete
the Wg morphogen, as a sort of homeostatic compensatory mechanism
(Vicidomini et al., 2015). Since these coupled phenomena typically occur
in regenerative processes (Ryoo et al., 2004), I decided to further dissect
the events occurring in the silenced disc. In order to define in more detail
how MHI loss can affect growth and development, I used the Gal4/UAS
system (Brand and Perrimon, 1993) to silence Mfl activity in a restricted
area of wing disc. To this aim, I used the optomotor-blind-Gal4 (omb-
Gal4) and engrailed-Gal4 (en-Gal4) driver lines. The engrailed driver is
expressed only in the posterior compartment of discs, while the
optomotor-blind is expressed in a central domain that broadly spans from
presumptive veins 1 and 2 in the anterior compartment to the presumptive
veins 4 to 5 in the posterior compartment (Grimm and Pflugfelder, 1996).
I used two different UAS-IRm/I lines (v46282 and #36595) both giving
identical results and proving to knock-down efficiently all mfl mRNAs

(Fig. 14).
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Fig. 14 Structure of mfl-silencing constructs. Schematic structure of the four mfl
mRNA isoforms (Riccardo et al., 2007). Coding regions are in black. The red and
green line on the top show the position of the DNA segment employed in the
v46282 and #36595 RNAI construct, which targets all mRNA isoforms.

Wingless ectopic secretion is essential for the occurrence of
regenerative growth in mfl silenced discs

As mentioned above, mfl silencing induces apoptosis in the central part of
the wing disc (Vicidomini et al., 2015; see Fig. 15). I confirmed that cell
death is a major consequence of mfl down-regulation by detecting the
presence of pyknotic nuclei located basally in the pseudostratified
epithelium. As show in Fig. 16, the intense staining of DAPI marks in
fact a degenerative state of cell nuclei. Beyond the high level of activated
Cas3, high levels of Wg protein were detected along the entire A/P
boundary and in both dorsal and ventral compartments of the inner ring
(Vicidomini et al., 2015; see Fig. 15). The activity of Wg signaling is

known to be required for the specification, growth and morphogenesis of
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the wing pouch (Gonsalves and DasGupta, 2008). Moreover, several

omb-Gal4/+ ; UAS-IRmfl/+ (96h AED)

25x

apical

basal

omb-Gal4/+ ; UAS-IRmfl/+ (120h AED)

Fig. 15 Mfl depletion induces both Cas3 and Wg activation in the wing discs
(Vicidomini et al., 2015). omb>IRmfl silenced discs collected at two developmental
times: 96 h (left) and 120 h (right) After Egg Deposition (AED). At 96h AED,
clusters of Cas3-positive spots mark the A/P boundary, flanked by Wg ectopic
induction. At 120h AED, the number of Cas3-positive spots increase, together with
Wg ectopic induction. Cas 3 is in red; Wg in blue

authors showed that ectopic secretion of Wg at the edge of the dying

omb-Gald/+; UAS-IRmfl/+
- A apical . s

Fig. 16 Mfl depletion induces apoptosis in the wing discs (Vicidomini et
al., 2015). DAPI staining of omb>IRmfl discs shows basal clusters of
pyknotic nuclei within the silenced domain. Note that the basal focal plans
are separated by apical focal plans and pyknotic nuclei are detected only
basally. DAPI is in gray; Mfl in green
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tissue is essential for regenerative growth (Pérez-Garijo et al., 2004;
Smith-Bolton et al., 2009). In order to define whether Wg over-
expression is essential for the occurrence of the regenerative processes
observed in the silenced discs, I utilized the wg-lacZ insertion, a wg loss-
of-function allele that also acts as wg transcriptional reporter. Since the
wg gene is mutant due to the /acZ insertion (Oh et al., 2003), these IRmf!
silenced larvae have only one active copy of the wg gene. I noticed that
these larvae, in the 95% of cases, had poor viability; moreover, a few
adult escapers (5% of total) all developed highly deformed wings with
dramatic growth defects and the central omb domain often missing (Fig.
17B).

Thus, with respect to mfl silencing alone, that led to disturbed wing
morphology typified by a detachment of the two wing layers and blistered
wings (Fig. 17A), the heterozygous wg background markedly worsened
the wing phenotype. This enhancement is consistent with a dose-effect,
and suggests that high-level of Wg is required to contrast the

developmental defects caused by Mfl depletion

38



A omb-Gald/+ ; UAS-IRmfl/+ . . .
: . o Fig. 17 Wingless ectopic

secretion is essential to
contrast development
defects caused by Mfl
depletion (Vicidomini et
al., 2015). A. omb>IRmfl
silenced wings, whose
blade appears crumpled
and highly disorganized. B.
omb>IRmfl silenced larvae
carrying only one active
copy of the wg gene, in the
95% of cases, have poor
viability (left). An
omb>IRmfl;wg-lacZ wing
of few adults escapers, in
which Wg
haploinsufficiency strongly
enhances the  growth
defects (right).

I then took advantage of the wg-lacZ as transcriptional reporter to
visualize wg transcriptional activity in these silenced discs. As shown in

Fig. 18, beta-Galactosidase staining revealed that wg expression fully

omb-Gald/+; UAS-IRmfl/wg-acz

Merge

Fig. 18 Mfl depletion causes wg transcriptional iper-activation (Vicidomini
et al., 2015). Expression of the wg-lacZ reporter in omb>IRmfl silenced discs
confirms that wg expression is transcriptionally up-regulated in the same areas
where Wg protein accumulates. DAPI is in blue; $-Gal in red
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overlaps the areas previously marked by Wg protein accumulation,
confirming that cells surrounding the apoptotic foci are involved in

producing high-level of Wg.

Upon p35 expression, Mfl-depleted undead cells are formed along the
A/P border

In Drosophila wing discs, regenerative processes based on apoptosis-
induced proliferation are usually visualized in conditions of apoptotic
block. These conditions, obtained upon over-expression of the
baculovirus p35 protein, known to inhibits the function of Cas3 but not its
activation (Hay et al., 1994; Callus and Vaux, 2007), lead to formation of
large “undead cells” that produce large amount of Wg (Martin et al.,
2009). To this aim, I over-expressed the baculovirus p35 protein into Mfl
depleted discs. In these experiments, the omb-Gal4 driver line directed
simultaneous expression of UAS-IRmfl and UAS-p35 transgenes, and the
morphology of the epithelium was monitored by following the formation
of F-actin with phalloidin staining. As shown in Fig. 19, in the silenced
discs the tissue appears wrinkled and folded with fractures along the A/P
border, where clusters of Cas3-positive cells were previously observed

(Fig. 19B).
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Fig. 19 In the mfl silenced discs, UAS-p35 expression generates patches of l