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Abstract
Merlin is a tumour suppressor protein, the loss of which is linked to the inherited
nervous system tumour syndrome Neurofibromatosis type 2 as well as sporadic tumour
development. It is related to the ERM (ezrin-radixin-moesin) protein family, which is
involved in linking the cytoskeleton to membrane associated proteins and thereby
coordinating processes such as cell shape and polarity. However, Merlin’s activity as a
tumour suppressor is not clearly defined, nor is it clear why tumours form primarily in
the nervous system although Merlin is broadly expressed. Merlin has numerous
interacting partners, and a possible explanation for nervous system specific tumour
development is that one or more Merlin interacting proteins modifies its tumour
suppressor activity in these cell types. In Drosophila melanogaster, a non-canonical
translation initiation factor eIF4E-3 was previously identified as genetically interacting
with Merlin. In this study, the interaction between Merlin and eIF4E-3 was further
characterised in the nervous system and male germline of Drosophila as eIF4E-3
expression appears to be restricted to these tissues. Thus, eIF4E-3 may be a candidate for
cell type specific modification of Merlin activity. Merlin and eIF4E-3 genetically interact
to affect the abundance of neuroblasts in the larval central brain, morphology of the
mature testis, and subcellular localisation of eIF4E-3 and Merlin in spermatocytes.
Preliminary evidence indicates that Merlin and eIF4E-3 may be able to both increase and
decrease translation of transcripts identified as bound to both proteins in vivo,
suggesting multiple translational regulatory complexes including Merlin and eIF4E-3
may be formed.
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Introduction
1.1 | Neurofibromatosis Type 2
1.1.1 Genetics of Neurofibromatosis Type 2

Neurofibromatosis type 2 (NF2) is a tumour syndrome that is inherited in an
autosomal dominant fashion (Asthagiri et al. 2009). It is caused by mutation in the gene
Neurofibromin 2 (NF2), which is located at chromosome 22q12 and encodes the tumour
suppressor protein merlin (Rouleau et al. 1993; Trofatter et al. 1993). Tumour
manifestations follow the two-hit model (Knudson 1971): one mutated copy of NF2 is
inherited and tumours arise from cells in which the second allele is mutated somatically.
Loss or inactivation of both NF2 alleles is also the most common genetic driver of
sporadic meningiomas, and is associated with sporadic schwannomas and
ependymomas (Riemenschneider, Perry, and Reifenberger 2006; Dumanski et al. 1987;
Gonzalez-Gomez et al. 2003; Gutmann et al. 1997; Lomas et al. 2005) as well as a variety
of malignant non-nervous system cancers, including mesothelioma (Bianchi et al. 1995;
Sekido et al. 1995), melanoma (Bianchi et al. 1994; Murray, Lau, and Yu 2012), breast
cancer (Yaegashi et al. 1995; Sjöblom et al. 2006), and colorectal cancer (Cačev et al. 2014).
Severity of NF2 can vary in terms of disease features present, age of onset, tumour
burden, and early mortality, and NF2 mutation type is often correlated with disease
severity – mutations causing frameshift, truncation, or altering a splice site within the
first five exons are linked to more severe presentation, whereas missense mutations,
in-frame deletions, and other splice site mutations correspond with milder disease
(Ruttledge et al. 1996; Parry et al. 1996; Evans et al. 1998; Baser et al. 2002; Baser et al.
2004; Baser et al. 2005). Mosaicism is also frequent in NF2, leading to disease
heterogeneity; it is estimated that at least 33% of people diagnosed with NF2 without a
family history of the disease and having bilateral schwannomas of the auditory nerve
are genetically mosaic for NF2 (Evans et al. 2007; Evans, Wallace, et al. 1998; Kluwe et al.
2003). Generally, disease features are similar within affected families, supporting the
genotype-phenotype correlation, but variation is sometimes seen within families (Kluwe
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and Mautner 1996; Mautner, Baser, and Kluwe 1996; Bruder et al. 1999) and among
individual tumours (Asthagiri et al. 2009). It has been suggested that some variability in
manifestations and progression of NF2 may be owing to modifier loci (Bruder et al.
1999).
1.1.2 Disease manifestations

NF2 is estimated to occur in 1/25 000 live births and show complete penetrance by
age 60 (Evans et al. 2005). It is heterogeneous in appearance, with manifestations in the
nervous system, eyes, and skin; however, the hallmark of the syndrome is the
development of bilateral schwannomas on the eighth cranial (auditory) nerves. These
tumours almost never progress to metastasis, but can cause significant problems
including hearing loss and tinnitus, loss of balance, dizziness, compression of the facial
nerve, and compression of the brainstem (Blakeley et al. 2012; Slattery 2015).
Schwannomas may also form on other cranial nerves, most commonly the trigeminal or
oculomotor nerves (Slattery 2015), or on spinal or peripheral nerves, or in the skin
(Asthagiri et al. 2009; Parry et al. 1994; Mautner et al. 1997). In addition, other nervous
system tumour types are seen at higher incidence in people with NF2 compared with the
general population, such as meningiomas, ependymomas, astrocytomas, and
neurofibromas (McClatchey 2007; Asthagiri et al. 2009). These tumours can arise in the
brain, spinal cord, or peripheral nerves; although generally benign, they can cause
morbidity by exerting pressure on the nervous system. Tumours in the brain may cause
headaches or migraines, loss of vision, speech, or memory, or lead to seizures
(McClatchey 2007; Slattery 2015), while nerve compression from spinal or peripheral
nerve tumours can lead to numbness, loss of motion, and potentially paralysis (Slattery
2015). Polyneuropathy can also be observed without tumours compressing the nerve,
demonstrating a non-tumour related disease manifestation (Hanemann, Diebold, and
Kaufmann 2007; Schulz et al. 2013). Other non-tumour presentations include the
formation of juvenile cataracts and epiretinal membranes (Bouzas et al. 1993; Parry et al.
1994; Bosch et al. 2006).
3
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1.1.3 Treatments for NF2

As the tumours that arise as a result of NF2 are nearly exclusively benign, they are
generally not immediately acted upon, but monitored (McClatchey 2007). Tumours that
cause morbidity are most often treated by surgical removal, although proximity of the
tumours to nerve structures renders a high risk of nerve damage during surgery and
makes it likely that not all of the tumour will be removed, allowing it to regrow
(McClatchey 2007; Blakeley et al. 2012). Chemotherapeutic agents are largely ineffective
as a treatment for NF2, potentially due to the slow growth rate of the tumours (Blakeley
et al. 2012). Alternatively, radiotherapy may be effective in managing some NF2
tumours; however, it adds the risk of development of malignant tumours resulting from
radiation (Baser et al. 2000; Balasubramaniam et al. 2007), and would not be useful in
patients with a large tumour burden. Therefore, it is important to understand at a
molecular level how tumours arise and progress in people with NF2 in order to consider
targeted therapeutic interventions.

1.2 | Merlin
1.2.1 Merlin structure and relationship to ERM proteins

The NF2 gene product merlin (moesin-ezrin-radixin-like protein) is so named for its
structural similarity to the ezrin, radixin, and moesin (ERM) cytoskeleton-associated
proteins (Trofatter et al. 1993; Rouleau et al. 1993). ERM proteins provide a link between
the actin cytoskeleton and transmembrane or membrane-associated proteins (Tsukita et
al. 1994; Reczek, Berryman, and Bretscher 1997; Yonemura et al. 1998; Jankovics et al.
2002), and function as membrane domain organisers, important for epithelial integrity,
polarity, and structures such as microvilli (Fehon, McClatchey, and Bretscher 2010;
Louvet et al. 1996; Polesello et al. 2002; Speck et al. 2003; Saotome, Curto, and
McClatchey 2004). Merlin shares some binding partners with the ERM proteins,
including F-actin (James et al. 2001), the cell adhesion protein CD44 (Morrison et al.
2001), and Rho-GDI (Maeda et al. 1999), which inhibits activation of Rho, a regulator of
actin cytoskeleton organisation. However, merlin clearly also has a unique function from
4
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the ERM proteins as it functions as a tumour suppressor, negatively regulating growth
(Tikoo et al. 1994; Lutchman and Rouleau 1995). Merlin and the ERM proteins have
similar domain structures, with an N-terminal FERM (band four-point-one, ezrin,
radixin, moesin) domain, an α-helical coiled-coil domain, and a short C-terminal domain
(Rouleau et al. 1993; Bretscher, Edwards, and Fehon 2002). ERM proteins link the
cytoskeleton to membrane associated proteins by binding actin via a conserved domain
in the C-terminus (Algrain et al. 1993; Turunen, Wahlström, and Vaheri 1994;
Pestonjamasp et al. 1995), but the C-terminal actin-binding region is not conserved in
merlin (Turunen, Wahlström, and Vaheri 1994; Gary and Bretscher 1995). Instead, merlin
binds actin via a region in the N-terminal FERM domain (Xu and Gutmann 1998; James
et al. 2001). The C-terminal domain of merlin can also interact with the FERM domain of
the same protein to form a closed conformation, or the FERM domain of ERM-merlin
family members ezrin and moesin (Gary and Bretscher 1995; Gonzalez-Agosti et al. 1999;
Grönholm et al. 1999; Pearson et al. 2000). Intramolecular interaction in ERM proteins is
inactivating as it inhibits both the FERM and C-terminal domains from interacting with
other partners (Gary and Bretscher 1995; Pearson et al. 2000), but while this
conformational state also prevents merlin interaction with F-actin and membrane
proteins, intramolecular binding is required for the tumour suppressive activity of
merlin (Sherman et al. 1997; Gonzalez-Agosti et al. 1999; James et al. 2001; Shaw et al.
2001). The FERM domain of merlin, while structurally very similar to that of the ERM
proteins, contains a series of residues known as the ‘blue box’ that differ from the ERM
proteins, but are conserved in Drosophila and human merlin (LaJeunesse, McCartney,
and Fehon 1998) and are located on the surface of the protein (Kang et al. 2002),
suggesting that this region may be necessary for binding interactions and differentiate
the function of merlin from ezrin, radixin, and moesin. In fact, deletion or mutation of
these residues to a stretch of alanine results in a dominant-negative phenotype, causing
over-proliferation when expressed in the Drosophila wing (LaJeunesse, McCartney, and
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Fehon 1998), as well as disrupting adherens junctions and leading to malignant
transformation in mammalian cells (Johnson et al. 2002; Lallemand et al. 2003).
1.2.2 Function of merlin in organisation of the actin cytoskeleton

Part of merlin function involves influencing the arrangement of the actin
cytoskeleton, which may be achieved through multiple mechanisms. Merlin-deficient
schwannoma cells have abnormal organisation of actin causing disorganised stress fibres
and membrane ruffling (Pelton et al. 1998). These cytoskeletal phenotypes are rescued
by expression of merlin (Bashour et al. 2002) or by dominant negative forms of Rho and
Rac GTPases (Pelton et al. 1998), indicating that merlin normally functions to inhibit
activation of Rho and Rac, members of the Rho family of small GTPases which function,
in part, to promote actin remodeling (Hall 1998). In Schwann cells, negative regulation of
the Rho GTPases RhoA, Rac1, and Cdc42 by merlin has been confirmed by numerous
studies and linked to activities that are related to tumour formation and progression,
including cytoskeleton organisation as well as inhibition of growth, migration,
angiogenesis, and formation of focal adhesions (Shaw et al. 2001; Morrison et al. 2007;
Flaiz et al. 2007; Flaiz et al. 2009; Zhan et al. 2011; Wong et al. 2012). Rac, in turn,
phosphorylates merlin leading to merlin inactivation, thus forming a negative regulatory
loop (Shaw et al. 2001). Conversely, merlin can bind RhoGDI in epithelial cells (Maeda et
al. 1999), and in peripheral nerve axons, merlin isoform-2 binds RhoGDI and
p190RhoGAP, promoting activation of Rho and subsequent phosphorylation of
neurofilaments which is required for the maintenance of axonal integrity (Schulz et al.
2013). The ability of merlin to both upregulate and downregulate activity of the Rho
GTPases suggests that merlin function may differ among cell types, perhaps depending
on the availability of interacting partners. However, the Rho GTPase family is not the
only mechanism by which merlin can modify actin structures; another modulator of
actin cytoskeleton organisation, N-WASP is also negatively regulated by merlin
(Manchanda et al. 2005). Furthermore, although regulation of Rho GTPases or N-WASP
does not necessitate direct association of merlin with actin, binding of merlin to F-actin
6
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has been found to be necessary for re-organisation of the cytoskeleton and formation of
actin-based cell membrane protrusions, although this activity is not linked to its ability
to suppress Schwann cell growth (Lallemand, Saint-Amaux, and Giovannini 2009).
Merlin’s activity in regulating organisation of the actin cytoskeleton is one of several
currently identified ways merlin inhibits growth and tumour progression in NF2 and in
other tumours.
1.2.3 Merlin activity in adhesion and contact-dependent inhibition of growth

Merlin has a role in sensing intercellular contact and inhibiting proliferation when
this contact is established. Merlin localises to sites of cell-cell contact in Drosophila
(McCartney and Fehon 1996). Similarly, merlin is present at adherens junctions of
mammalian cells and interacts with adherens junction components, potentially linking
these structures to the actin cytoskeleton (Lallemand et al. 2003; Gladden et al. 2010),
and is also a component of a complex with angiomotin associated with the tight junction
(Yi et al. 2011). Specifically in schwannoma primary cell culture, loss of merlin leads to a
lack of mature adherens junctions, disrupting cell-cell adhesion (Flaiz et al. 2008). Loss of
intercellular adhesion likely contributes to the ability of merlin-deficient cells to
overcome contact-dependent inhibition of proliferation, promoting both tumour
formation and metastasis. In contrast to decreasing cell-cell adhesion, loss of merlin
appears to increase adhesion to the extracellular matrix. Using cultured Schwann cells,
merlin has been shown to bind β1 integrin, paxillin, and CD44 transmembrane receptor
(Obremski, Hall, and Fernandez-Valle 1998; Fernandez-Valle et al. 2002; Morrison et al.
2001), which are all linked to the extracellular matrix, and overexpression of merlin
decreases cell attachment (Gutmann et al. 1999). Additionally, merlin-deficient
schwannoma cells were found to form more focal contacts, leading to increased
adhesion to the extracellular matrix (Flaiz et al. 2009). Merlin association with
extracellular matrix-contacting proteins is also likely important in its role in inhibiting
proliferation dependent on contact with the extracellular matrix and places it in a
position to respond to signals from the extracellular matrix.
7
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1.2.4 Merlin regulates signalling pathways to inhibit proliferation

Merlin can disrupt signalling by directly binding signalling pathway components.
For example, merlin binding to PI3-kinase activator PIKE-L inhibits activation of
PI3-kinase by preventing its interaction with PIKE-L (Rong et al. 2004). PI3-kinase
signalling is important for Schwann cell survival (Li et al. 2001), and phosphorylated
PI3-kinase and downstream targets including AKT and mTOR have been shown to be
elevated in schwannomas (Jacob et al. 2008; Hilton, Ristic, and Hanemann 2009). Merlin
also inhibits activation of mTORC1 through an unknown mechanism which appears to
depend on extracellular matrix anchorage via integrins (James et al. 2009; Lopez-Lago et
al. 2009). Recently, merlin has been shown to affect gene expression through microRNA
regulation by binding Lin28, an inhibitor of the let-7 microRNA (Hikasa, Sekido, and
Suzuki 2016). let-7 represses translation of growth-promoting factors, so merlin binding
and sequestration of Lin28 negatively regulates proliferation by permitting let-7 activity.
In mammalian cells, interaction of merlin with the actin cytoskeleton prevents
downstream EGFR signalling by inhibiting its internalisation (Curto et al. 2007; Cole et
al. 2008). Recently, roles of merlin in cytoskeleton organisation, cellular adhesion
formation, interaction with ERM proteins, and inhibition of proliferation were found to
be integrated: loss of merlin in mouse liver-derived epithelial cells leads to increased
ezrin at the apical domain of cells, alterations in cytoskeleton dynamics, mechanical
tension on cell-cell junctions, and inability to hold EGFR at the membrane in a contactdependent context (Chiasson-MacKenzie et al. 2015).
Hippo pathway signalling has been linked to merlin function. The Hippo pathway,
originally discovered in flies but with orthologues in mammals, effects control of
proliferation and organ size, and is therefore highly relevant to tumour formation. It
functions as a kinase cascade and ultimately phosphorylates a co-transcriptional
activator, YAP in mammals or the Drosophila orthologue Yki, to inhibit its activity by
preventing nuclear translocation (Yu, Zhao, and Guan 2015). It was also in flies that
Merlin, together with Expanded, another FERM domain-containing tumour suppressor,
8

Introduction
was discovered to participate in Hippo pathway regulation (McCartney et al. 2000;
Hamaratoglu et al. 2006; Maitra et al. 2006; Pellock et al. 2007). Intriguingly, the Merlin
associated branch of the Hippo pathway is required for regulation of proliferation of glia
in Drosophila (Reddy and Irvine 2011). Merlin was confirmed as a regulator of Hippo
signalling in mammalian cells, where overgrowth phenotypes caused by loss of merlin
were rescued when the downstream effector, YAP, was reduced to a single functional
allele (Zhang et al. 2010). Merlin has been shown to act on the Hippo pathway by
recruiting the kinase Wts (Drosophila) or Lats (mammals) to the plasma membrane to
enable its phosphorylation by Hippo/Mst (Yin et al. 2013), and this association is
regulated by binding to angiomotin (Li et al. 2015). Alternatively, merlin may have a role
in the nucleus affecting the Hippo pathway. Merlin can translocate to the nucleus where
it binds and inhibits CRL4DCAF1, an E3 ubiquitin ligase, preventing it from promoting
degradation of the Hippo pathway Lats 1 and 2 kinases; therefore, functional merlin
permits Hippo signalling (Li et al. 2010; Li et al. 2014).
1.2.5 Merlin interacting proteins

As NF2 mutation type does not completely predict phenotype and NF2 disease
severity, and since merlin appears to be widely expressed (Trofatter et al. 1993; Rouleau
et al. 1993), but disease manifestations occur only in certain cell types, there is a strong
indication that proteins that interact with merlin contribute to its efficacy as a tumour
suppressor. A number of such proteins have been identified (Scoles 2008), including the
ERM proteins, members of signalling pathways described above, cytoskeleton
components and organisation regulators, as well as others which regulate merlin
phosphorylation and conformation, or whose activity in conjunction with merlin is not
well defined. Studying proteins that interact with merlin physically or genetically is
valuable for gaining new insights into its tumour suppressor activity. For example, in
addition to functioning in pathways that regulate expression of specific proliferationpromoting factors, merlin may affect proliferative capacity by regulating overall levels of
translation through its interactions with transactivation-response RNA-binding protein
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(TRBP) and eIF3c. TRBP inhibits PKR, preventing inactivating phosphorylation of eIF2α
and therefore promoting translation, but merlin binding to TRBP inhibits its activity
thereby downregulating translation and growth (Lee et al. 2004; Lee et al. 2006). A direct
interaction with eIF3c has also been demonstrated, indicating merlin may be able to
affect translation by direct binding to translation factors, although this effect has not
been demonstrated (Scoles et al. 2006).

1.3 | Initial observations of Merlin and eIF4E-3 interaction and hypothesis
eIF4E-3 was identified in a genetic screen in Drosophila as an enhancer of dominantnegative Merlin phenotype, which results in over-proliferation when expressed in the fly
wing (LaJeunesse, McCartney, and Fehon 2001). In addition to this genetic interaction,
work in the Hughes lab has demonstrated that eIF4E-3 and Merlin interact
biochemically as immunoprecipitation of Merlin from lysates of pupae pulls down
eIF4E-3, and, reciprocally, Merlin is present when eIF4E-3 is immunoprecipitated. Their
association is likely direct, as interaction can be observed by an in vitro GST binding
assay. Additionally, RNA immunoprecipitation followed by microarray analysis
(RIP-Chip) with pupal lysates demonstrates that eIF4E-3 and Merlin bind specific
mRNAs, including transcripts implicated in nervous system development and function,
and transcripts related to male fertility. As the expression of eIF4E-3 appears restricted
to the male germline and the nervous system (Hernández et al. 2012, this study), it is a
candidate for modifying the role of Merlin in the nervous system and linking nervous
system specific NF2 features to loss of Merlin. We hypothesise that a complex including
Merlin and eIF4E-3 executes at least one function of Merlin tumour suppressor activity
by regulating translation of targeted mRNAs in specific cell types.

1.4 | eIF4E
1.4.1 Role of canonical eIF4E

Initiation of translation in eukaryotes is a multi-step process involving a number of
proteins known as eukaryotic initiation factors (eIFs). The eIF4F group of proteins is
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required for cap-dependent translation initiation (Grifo et al. 1983) and consists of the
cap binding factor eIF4E, an RNA helicase eIF4A, and an adaptor protein eIF4G. eIF4G,
linked to the cap by eIF4E, recruits the 43S pre-initiation complex to the 5' end of the
transcript, which includes the 40S ribosomal subunit along with eIFs 1, 1A, 2, 3, 5a, and
the initiator methionine tRNA. Coupled with unwinding of 5' UTR structure by eIF4A,
this complex scans for an AUG start codon and, upon reaching it, is joined by other eIFs
and the large ribosomal subunit and translation begins (Dever 2002; Richter and
Sonenberg 2005).
Nearly all messenger RNA molecules (mRNAs) in eukaryotes are capped at the 5'
end by 7-methyl-guanosine-triphosphate (m7GTP), which facilitates translation initiation
(Shatkin 1976; Both, Banerjee, and Shatkin 1975; Rose 1975). eIF4E was identified as a
protein that binds the eukaryotic 5' cap (Sonenberg et al. 1978). The folded protein has
an inner, cupped hydrophobic surface that binds the 5' cap, with the outer surface
available for binding interacting proteins including eIF4G (Marcotrigiano et al. 1997;
Matsuo et al. 1997) (see Figure 1 for an overview of the role of eIF4E in translation
initiation). There is evidence that eIF4E may also interact with nucleotides adjacent to
the cap (Matsuo et al. 2000; Tomoo et al. 2003) and that the neighbouring nucleotides can
modify the affinity for eIF4E (Carberry et al. 1992; Niedzwiecka et al. 2002).
Furthermore, one or two nucleotides following the m7GTP cap may also be methylated
in select transcripts (Shatkin 1976). It has been suggested that these circumstances which
modify the affinity of eIF4E for the cap may permit control of translation efficiency in a
transcript-specific manner (von der Haar et al. 2004).
Over-expression of eIF4E causes cells to become malignant and promotes
development of tumours in mice (Lazaris-Karatzas, Montine, and Sonenberg 1990;
Ruggero et al. 2004). Accordingly, increased expression of eIF4E is observed in many
cancer cell lines (Miyagi et al. 1995) and in a broad array of human tumours including
breast carcinoma, head and neck cancer, non-Hodgkin’s lymphoma, adenocarcinoma,
clear cell renal carcinoma, colorectal cancer, and multiple myeloma (Kerekatte et al.
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1995; Nathan et al. 1997; Wang et al. 1999; Seki et al. 2002; Campbell et al. 2015; Xu et al.
2016; Li et al. 2016). However, it appears that the effect on translation is not equal among
transcripts, rather translation of proto-oncogenes and growth factors appears to be
especially upregulated (De Benedetti and Graff 2004; Lazaris-Karatzas et al. 1992;
Rosenwald et al. 1993; Bommer et al. 1994; Kevil et al. 1996). This is thought to be due to
a combination of the eIF4F complex, and eIF4E in particular, as a limiting factor for
translation initiation and a more complex secondary structure in the 5' untranslated
region (UTR) of these mRNAs (Koromilas, Lazaris-Karatzas, and Sonenberg 1992; De
Benedetti and Graff 2004). In this model under normal conditions, transcripts with less 5'
secondary structure are rapidly translated upon association with eIF4E, whereas those
with greater secondary structure are not efficiently translated as there is a lag in
scanning for the initiation codon due to the need to unwind the secondary structure.
When eIF4E is more readily available, although there is still a delay in initiation codon
scanning, more transcripts can be associated with eIF4F, therefore increasing translation
more dramatically compared with transcripts lacking extensive secondary structure
which will more quickly reach a saturation of translation initiation upon over-expression
of eIF4E (De Benedetti and Graff 2004). In addition to its contribution to cancer
development and progression, deregulation of eIF4E has been linked to autism spectrum
disorder (Neves-Pereira et al. 2009; Gkogkas et al. 2013).
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Figure 1 | The role of eIF4E in eukaryotic cap-dependent initiation of translation.
eIF4G binding to eIF4E and eIF4A forms the eIF4F complex, which is recruited to mRNA
by eIF4E binding of the 5' m7G cap. The ability of eIF4E to promote translation is
augmented by its phosphorylation mediated by the Mnk kinases. Increased function
may be effected by enhanced binding to the cap and/or eIF4G. eIF4G also binds to
poly-A binding protein (PABP), promoting circularisation of the mRNA which primes it
for multiple rounds of translation, and to eIF3, which is associated with the 43S
pre-initiation complex (PIC). Also included in this complex are the 40S small ribosomal
subunit and initiation factors eIF1, eIF1A, eIF5a, and eIF2-GTP, as well as methionine
initiator tRNA. Following association of the 43S PIC with eIF4F at the 5' end of the
mRNA, the complex scans for an AUG start codon, aided by unwinding of the 5' UTR
secondary structure by eIF4A helicase activity. Once the start codon is reached, other
initiation factors and the large ribosomal subunit are recruited, and polypeptide
synthesis commences. As eIF4E connection between the cap and eIF4G is a critical step
in translation initiation, it is also highly regulated. 4E binding proteins (4E-BP) bind
eIF4E at the same site as eIF4E, so when a 4E-BP is associated, recruitment of eIF4G and
subsequent initiation factors is inhibited and the mRNA is not translated. 4E-BP
mediated inhibition of translation can be reversed when 4E-BP is phosphorylated via
TOR, causing it to release eIF4E which is then free to join eIF4G to promote translation.
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1.4.2 Alternative eIF4Es in vertebrates and in Drosophila

Four isoforms of eIF4E have been identified in mammals – eIF4E, or eIF4E-1a, is the
canonical protein which primarily promotes translation as described above. eIF4E-2, or
4E-HP (4E-homologous protein), is broadly expressed and is able to bind the m7GTP cap
and 4E-binding proteins (4E-BPs), but cannot interact with eIF4G, nor can it restore
growth of yeast lacking eIF4E (Rom et al. 1998; Joshi, Cameron, and Jagus 2004). 4E-HP
was therefore predicted to function as an inhibitor of translation, and was confirmed to
function in this capacity, which is required for mouse embryonic development (Morita
et al. 2012) and together with Prep1 to specifically repress translation of Hoxb4 in mouse
oocytes (Villaescusa et al. 2009). The expression of eIF4E-3, on the other hand, is
restricted to muscle, spleen, and lung in mice; it binds the m7GTP cap, but with lower
specificity as binding of a cap analogue can be competed with non-methylated GTP, and
it binds eIF4G but not 4E-BPs, however it does not rescue eIF4E-deficient yeast (Joshi,
Cameron, and Jagus 2004). Recent studies have shown that mammalian eIF4E-3, in
contrast to the canonical and proto-oncogenic eIF4E, acts as a tumour suppressor by
competing with eIF4E for cap binding of transformation promoting transcripts, and this
appears to be relevant to cancer progression as eIF4E-3 was found to be decreased in
acute myeloid leukemia (Osborne et al. 2013; Landon et al. 2014). eIF4E-1b also shows
restricted expression, to oocytes of vertebrate species including mice, zebrafish, and
Xenopus, and has reduced affinity for the m7GTP cap compared with eIF4E (Evsikov and
de Evsikova 2009; Kubacka et al. 2015). It has been shown to have a role in a
translationally repressive complex in Xenopus oocytes (Minshall et al. 2007), but its
function has not otherwise been studied.
In Drosophila there are eight isoforms of eIF4E encoded by seven genes; isoforms
eIF4E-1 and eIF4E-2 result from alternative splicing (Hernández et al. 2005). As in the
mammalian system, eIF4E-1 is the canonical factor which functions to promote
translation and can rescue growth of yeast lacking eIF4E (Hernandez and Sierra 1995;
Hernández et al. 2005). The Drosophila eIF4E isoforms are all very similar in the
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C-terminal region of the protein, but differ at the N-terminus (Hernández et al. 2005).
eIF4E-8, or 4E-HP, in Drosophila is homologous to 4E-HP in mammals and functions as a
repressor of translation (Hernández et al. 2005; Cho et al. 2005). By complexing with
different proteins during embryogenesis, maternally contributed 4E-HP inhibits
translation specifically of caudal and hunchback mRNAs in order to establish protein
gradients necessary for anterior-posterior patterning (Cho et al. 2005; Cho et al. 2006).
4E-HP also represses translation of belle, encoding an RNA helicase, in the oocyte,
although whether this is specified by additional binding proteins has not been
determined (Yarunin et al. 2011). An additional requirement for 4E-HP later in
development was recently elucidated. Loss of 4E-HP was found to prevent the transition
from the larval to pupal life stage by loss of expression of enzymes required for
synthesis of the steroid hormone ecdysone via an unknown mechanism (Valzania et al.
2016). A third eIF4E family member, eIF4E-3, is highly expressed in testes and is
required during spermatogenesis (Hernández et al. 2012; Ghosh and Lasko 2015). This
isoform, along with eIF4E-6 but unlike the remaining family members, does not have the
serine residue equivalent to mammalian S209 which is phosphorylated to promote its
cap binding activity (Hernández et al. 2005; Joshi et al. 1995). Furthermore, these two
isoforms in addition to 4E-HP are unable to rescue eIF4E-deficient yeast, correspondent
with a lack of binding to eIF4G in the case of eIF4E-6 and 4E-HP and weak eIF4G
binding in the case of eIF4E-3 (Hernández et al. 2005). However, loss of eIF4E-3 reduces
translation during spermatogenesis, indicating it is likely required to promote
translation (Hernández et al. 2012). eIF4E-3 can also bind an alternative eIF4G, eIF4G2 or
off-schedule, which is required for spermatogenesis and has strong testes expression
(Hernández et al. 2012; Baker and Fuller 2007; Franklin-Dumont et al. 2007). Binding is
also observed between eIF4E-3 and a translation activating 4E-BP Mextli (Hernández et
al. 2013). Potentially, there is a preferential interaction between eIF4E-3 and either
eIF4G2 or Mextli to initiate translation rather than the canonical eIF4G and this is
perhaps why it is incapable of rescuing loss of eIF4E in yeast. The ability of eIF4E-3 to
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bind Thor, the canonical 4E-BP that inhibits translation, is unclear as it was shown to
have a weak interaction by a yeast two-hybrid method (Hernández et al. 2005), but did
not co-immunoprecipitate with eIF4E-3 in testes lysates (Hernández et al. 2012).
Additionally, eIF4E-3 has the greatest affinity for the m7GTP cap among Drosophila eIF4E
isoforms and interacts with the adjacent nucleotide (Zuberek et al. 2016), suggesting a
potential role for eIF4E-3 in recognising altered cap structures. The remaining Drosophila
eIF4Es – eIF4E-2, eIF4E-4, eIF4E-5, eIF4E-6, and eIF4E-7 – have not been characterised for
their biological function, but, excepting eIF4E-6, are capable of binding eIF4G and the
4E-BP Thor as well as rescuing eIF4E-deficient yeast (Hernández et al. 2005) indicating
they likely promote translation initiation.
1.4.3 Cap binding proteins as regulators of translation

eIF4E activity is regulated by phosphorylation at mammalian residue S209 (Joshi et
al. 1995) via the MAPK-interacting kinases Mnk1 and Mnk2 (Waskiewicz et al. 1997).
Phosphorylation of eIF4E promotes translation, potentially by enhancing its ability to
interact with both the cap and eIF4G (Lamphear and Panniers 1990; Minich et al. 1994).
Similarly, phosphorylation of eIF4E S209 augments its ability to promote malignant
transformation (Topisirovic, Ruiz-Gutierrez, and Borden 2004). eIF4E is also regulated
by binding 4E-BPs (Figure 2A), which prevent eIF4E binding to eIF4G by binding the
same site, and thereby inhibiting translation initiation (Mader et al. 1995; Marcotrigiano
et al. 1999; Ptushkina et al. 1999). There are three identified homologues of 4E-BP in
mammals (Pause et al. 1994; Lin et al. 1994; Poulin et al. 1998) and two in Drosophila
(Bernal and Kimbrell 2000; Hernández et al. 2013), although the Drosophila 4E-BP Mextli
has been found to activate rather than repress translation (Hernández et al. 2013).
Mammalian 4E-BPs are regulated by phosphorylation by mTOR; phosphorylation
prevents association of the 4E-BPs with eIF4E, thus permitting translation initiation
(Gingras, Raught, and Sonenberg 2001; Pause et al. 1994). Drosophila Thor is similarly
regulated, with phosphorylation as a result of signalling to TOR causing release from
eIF4E (Miron et al. 2001; Miron, Lasko, and Sonenberg 2003). Increased activity of the
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mTOR signalling pathway and phosphorylated 4E-BPs, in particular 4E-BP1, are
associated with disease progression in various human malignancies (Rojo et al. 2007;
Petricoin et al. 2007; Qu et al. 2016). Thus, phosphorylation of inhibitory 4E-BPs and of
eIF4E itself upregulates global translation.
Translational regulation mediated by eIF4E can also be transcript specific (Figure
2B). In Xenopus oocytes and developing embryonic nervous system, translation of a
group of mRNAs with a cytoplasmic polyadenylation element (CPE) is inhibited by
binding to this sequence of cytoplasmic polyadenylation element binding protein
(CPEB), and bridging of CPEB to eIF4E via Maskin or Neuroguidin (Stebbins-Boaz et al.
1999; Jung, Lorenz, and Richter 2006). Similarly, patterning in Drosophila embryos
requires repression of translation of the oskar transcript in the oocyte, which is achieved
by binding of Bruno to Bruno response elements (BREs) in the 3' UTR of the oskar
mRNA, and binding of both Bruno and eIF4E by Cup (Kim-Ha, Kerr, and Macdonald
1995; Nakamura, Sato, and Hanyu-Nakamura 2004). Translational regulation by Cup
binding to eIF4E is also important in dorsoventral axis determination, where it interacts
with Squid to repress translation of gurken in the oocyte (Clouse, Ferguson, and
Schüpbach 2008). Cup also takes a position as an adaptor between eIF4E and Smaug,
which binds Smaug recognition elements in the 3' UTR of nanos mRNA to repress its
translation in the anterior portion of the embryo (Smibert et al. 1996; Smibert et al. 1999;
Dahanukar, Walker, and Wharton 1999; Nelson, Leidal, and Smibert 2004). The RNA
helicase Belle has also been shown to bind eIF4E and is predicted to negatively regulate
translation of the bruno transcript in Drosophila oocytes, although a direct link between
Belle and bruno mRNA has not been confirmed (Yarunin et al. 2011). In mammals, CYFIP
was shown to bind both eIF4E and FMRP, effecting translational silencing of
FMRP-bound transcripts in neurons (Napoli et al. 2008). Also, 4E-T (4E transporter),
another eIF4E binding protein, represses a group of mRNAs including transcription
factors promoting neuronal differentiation by sequestration in P-bodies, sites of
translation repression and mRNA decay (Yang et al. 2014). Each of these interactions
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inhibits translation of the bound mRNA by occupying the same eIF4E binding site that is
recognised by eIF4G, so association with the translation initiation complex is prevented.
Alternatively, translation may be inhibited by competition for the cap with different
eIF4Es (Figure 2C). During early Drosophila embryogenesis the protein Bicoid provides
both sequence recognition, to a Bicoid binding region (BBR) in the 3' UTR of caudal
mRNA, and binding to the cap binding isoform 4E-HP in order to repress translation of
caudal in the anterior portion of the embryo (Rivera-Pomar et al. 1996; Cho et al. 2005).
4E-HP also participates in negative regulation of translation of hunchback at the embryo
posterior by binding a complex of Nanos, Pumilio, and Brain tumour, which recognise
Nanos response elements (NRE) in the hunchback 3' UTR (Wharton and Struhl 1991;
Sonoda and Wharton 2001; Chagnovich and Lehmann 2001; Cho et al. 2006). Transcriptspecific repression of translation has also been shown in mammalian oocytes, in which
Prep1 recognises the 3' UTR of the transcript of the patterning gene Hoxb4 as well as
4E-HP (Villaescusa et al. 2009).
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Figure 2 | Modes of cap binding protein mediated inhibition of translation
initiation. (A) Interacting proteins such as the 4E-BP family (4E-BP1-3 in mammals, Thor
in Drosophila) bind eIF4E at the same site that eIF4G binds, so interaction between eIF4E
and a 4E-BP prevents eIF4E association with eIF4G and therefore precludes translation
initiation. Since 4E-BPs do not interact with RNA sequences, translation of all transcripts
is inhibited. (B) Prevention of translation of only specific mRNAs can also be achieved
via eIF4E interacting proteins. In this case, a protein or group of proteins binds eIF4E as
well as a specific sequence in the 3' UTR of the targeted transcript. The mechanism of
preventing translation initiation is similar to that of the 4E-BPs in that eIF4E is
disallowed from interacting with eIF4G to promote translation. (C) An alternative
method of inhibiting translation of certain transcripts through cap binding regulation
involves recognition of the cap by a non-canonical eIF4E, such as 4E-HP, that also
interacts with another protein partner or complex recognising specific 3' UTR sequences.
Initiation of translation is prevented because eIF4E cannot bind the cap when it is
occupied by 4E-HP, and 4E-HP cannot bind eIF4G to initiate translation.

21

Introduction
1.5 | Regulation of translation is an important mechanism for controlling
gene expression
Regulation of a gene at the level of translation allows for precise control of the level,
location, and timing of protein expression. The importance of localised translation has
been well studied in the nervous system. Translation is cued at precise locations within
neuronal growth cones in response to extracellular ligands, permitting growth only in a
certain direction (Campbell and Holt 2001), and re-sensitising the growth cone to a
stimulus by on-site translation of receptors (Piper et al. 2005). Translational regulation
keeps neurons primed for restricted and rapid response both pre- and post-synapse
(Wang et al. 2009; Taylor et al. 2013). Spatial or temporal restriction of protein expression
is also vital during oocyte maturation and early embryogenesis of Xenopus and
Drosophila, as evidenced by the requirement of multiple known mechanisms for
restricting translation of particular transcripts via blocking of eIF4F complex formation
(Stebbins-Boaz et al. 1999; Jung, Lorenz, and Richter 2006; Nelson, Leidal, and Smibert
2004; Nakamura, Sato, and Hanyu-Nakamura 2004; Cho et al. 2005; Cho et al. 2006).
The finding of distinct preferred codon usage between mRNAs highly expressed in
proliferating versus differentiated cells, concomitant with expression of corresponding
tRNAs, implies an important role for translation in regulating the switch from
proliferating to differentiating cell types (Gingold et al. 2014). In neuronal stem cells a
translation repression program involving 4E-T binding to eIF4E inhibits expression of
differentiation promoting transcription factors, demonstrating that there is more than
one level of transcriptional regulation separating proliferating and differentiating cells
(Yang et al. 2014). During Drosophila spermatogenesis, Mei-P26 is required for
accumulation of bam, promoting proliferation, but increasing levels of bam inhibit
translation of mei-P26 so bam accumulation is no longer promoted, and a switch is made
from a transit amplifying to differentiating cell type (Insco et al. 2012).
There is evidence that global translation dysregulation can contribute to disease. For
example, decreased translation resulting from phosphorylation of eIF2 in response to
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misfolded proteins that accumulate in Parkinson’s, Alzheimer’s and prion diseases has
been determined to contribute to death of those neurons, as promoting
dephosphorylation of eIF2 increases neuronal survival (Moreno et al. 2012). It has also
been proposed that aggregation of RNA binding proteins mutated in amyotrophic
lateral sclerosis leads to neuronal death by preventing translation of proteins required to
promote neuron survival (Jung et al. 2014). Dysregulated translation is also linked to
disorders of nervous system development including Fragile X syndrome, Down’s
syndrome, Rett’s syndrome, and autism spectrum disorders (Napoli et al. 2008; Darnell
et al. 2011; Gkogkas et al. 2013; Troca-Marín, Alves-Sampaio, and Montesinos 2012).

1.6 | Using Drosophila to investigate Merlin and eIF4E-3 function
1.6.1 Drosophila as a model to study Merlin function

Although Drosophila do not have Schwann cells, the primary cell type affected in NF2,
they are a good model to study Merlin function in the context of a whole organism.
Animal models (both mouse and Drosophila) have demonstrated that Merlin function is
developmentally required, as null mutations exhibit lethality during development
(McClatchey et al. 1997; Fehon et al. 1997). There are some differences between
Drosophila and mammalian Merlin proteins, for example two isoforms of the merlin
protein are present in humans and mice which differ at the C-terminus and result from
alternative splicing (Huynh, Nechiporuk, and Pulst 1994) but in Drosophila there is a
single expressed isoform. Nevertheless, Drosophila Merlin, like its mammalian
orthologue, is involved in regulating proliferation and adhesion (LaJeunesse,
McCartney, and Fehon 1998; McCartney et al. 2000; Hughes and Fehon 2006; Yang et al.
2012; Abeysundara et al. 2014). Drosophila Merlin is 55% identical to human merlin
(McCartney and Fehon 1996), and expression of human NF2 is sufficient to rescue Merlin
null flies (LaJeunesse, McCartney, and Fehon 1998; Gavilan et al. 2014), indicating they
are functionally identical. Additionally, some functions of Merlin, such as involvement
in the Hippo pathway, were first identified in flies and later found to hold true in
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mammalian systems (Hamaratoglu et al. 2006; Zhang et al. 2010), proving utility of
Drosophila for uncovering the mechanisms of Merlin tumour suppressor activity. The
profusion of technologies and techniques available for studying gene function in
Drosophila contribute to its utility as an excellent model system for functional and genetic
analysis of Merlin.
Since Merlin has a role in the nervous system and both Merlin and eIF4E-3 have been
shown to function in spermatogenesis (Dorogova et al. 2008; Hernández et al. 2012),
Merlin and eIF4E-3 interaction was examined in the nervous system and testes tissues in
this study.
1.6.2 The central nervous system of Drosophila

The central nervous system of Drosophila is formed throughout the developmental
stages of the fly, and consists of two brain lobes and a ventral nerve cord (see Figure 3
for an overview of the structure and some major cell types of the central nervous system
in third instar larvae). Each brain lobe can be subdivided into an optic lobe and a central
brain region. Stem cells that give rise to the central brain and ventral nerve cord of the
fly are specified from the neurectoderm in the embryo (Campos-Ortega 1993). Division
and differentiation of the embryonic neuroblasts form the brain and ventral nerve cord
of the larva, whereupon the majority of the neuroblasts in the abdominal region undergo
apoptosis (White et al. 1994) while the remainder enter a quiescent state. Late in the first
instar larval stage, neuroblasts exit quiescence and continue to divide through the larval
stages, producing the majority of adult CNS neurons, including 90% of the neurons in
the thoracic region (Truman and Bate 1988; Prokop and Technau 1991; Ito and Hotta
1992). Neuroblasts continue to divide into the pupal stage until they either undergo
apoptosis or a final non-self-renewing division (Cenci and Gould 2005; Maurange,
Cheng, and Gould 2008). Most neuroblasts in the central brain and all ventral nerve cord
neuroblasts are designated type I: these cells divide to self-renew and produce a
ganglion mother cell which in turn divides to generate two differentiated neurons or glia
(Homem and Knoblich 2012). In each brain lobe, eight neuroblasts are of the type II
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lineage: division of a type II neuroblast results in self-renewal and generation of an
intermediate neural progenitor that multiplies through transit amplifying divisions
before asymmetrically dividing to renew itself and produce a ganglion mother cell that
will produce two post-mitotic cells (Bello et al. 2008; Bowman et al. 2008; Boone and Doe
2008). The portion of the brain dedicated to the visual system, the optic lobe, is derived
very differently. Precursors are specified during embryogenesis, but are an epithelial
rather than a neuroblast cell type (Green, Hartenstein, and Hartenstein 1993; Egger et al.
2007). In larvae, the neuroepithelial cells divide symmetrically, then neuroblasts are
derived from the expanded neuroepithelial pool (Egger et al. 2007). The optic lobe
neuroblasts function in a similar manner to those of the central brain and ventral nerve
cord, dividing asymmetrically to self-renew and produce a ganglion mother cell that
subsequently divides into two differentiated cells. The proliferating cells of the larval
optic lobe are present in two distinct regions: the outer proliferation centre from which
neurons of the lamina and outer medulla are derived, and the inner proliferation centre
which produces neurons of the inner medulla, lobula, and lobula plate (Meinertzhagen
and Hanson 1993). The optic lobe is innervated by the cells of the retina during the third
instar larval stage. Each ommatidium of the Drosophila compound eye consists of eight
different photoreceptor cells (R1-R8). The axons from these cells innervate the lamina
and medulla neuropils of the optic lobe (Fischbach and Hiesinger 2008). Following
differentiation of the photoreceptor cells in the eye disc of the larva, the axons project to
the brain neuropils by growing through the optic stalk, a structure created by a
surrounding layer of surface glia. R1-R6 axons responsible for spatial vision terminate in
the lamina, while colour vision-associated R7 and R8 axons progress through the lamina
to the medulla (Fischbach and Hiesinger 2008). Growth of photoreceptor axons into the
optic lobe influences the architecture of the optic lobe by promoting division and
organisation of neuronal precursor cells in the lamina (Selleck and Steller 1991; Selleck et
al. 1992; Huang and Kunes 1998; Huang, Shilo, and Kunes 1998), and differentiation of
laminar glia (Winberg, Perez, and Steller 1992).
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Figure 3 | Third instar larval central nervous system and visual precursors. The
central nervous system of a larva is comprised of two brain lobes and a ventral nerve
cord. Within each brain lobe, there is an optic lobe region and a central brain region.
Neuroblasts (green) in the optic lobe are specified from the neuroepithelium (grey) and
divide to form the glia and neurons of the visual centre of the brain. These neurons are
innervated by the axons of photoreceptor cells (red), which reach the brain by travelling
through the optic stalk from the eye disc where the cell bodies are located posterior to
the morphogenenetic furrow that separates differentiated from undifferentiated cells. In
the central brain region, type I neuroblasts self-renew and produce a ganglion mother
cell (blue) that will divide once more to generate two differentiated cells, neurons or glia.
Division of type II neuroblasts results in self-renewal and generation of an intermediate
neural progenitor that expands by transit amplifying division. The intermediate neural
progenitors self-renew alongside generation of a ganglion mother cell, which divides
into two differentiated cells. In the ventral nerve cord, all neuroblasts follow the type I
lineage.
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1.6.3 Spermatogenesis in Drosophila

The testes of adult Drosophila melanogaster are coiled tubes containing germline cells
and somatic support cells, surrounded by a sheath of muscle and pigment cells (Fuller
1993). The final structure of the adult testes is derived from two larval precursor tissues:
germline cells, somatic support cells, and muscle cells originate in the gonad, and
pigment cells in the genital disc (Kozopas, Samos, and Nusse 1998). During
metamorphosis these two tissues contact each other, inducing migration of muscle cells
over the genital disc-derived seminal vesicle and of pigment cells to the gonad,
concomitant with a morphological change of the gonad to its elongated and coiled adult
structure (Stern 1941a; Kozopas, Samos, and Nusse 1998).
The Drosophila testis has a stem cell population at the closed end (tip), permitting
continued gamete production through the lifespan of the fly (Fuller 1993) (see Figure 4
for an overview of spermatogenesis). At the testis tip is a cluster of somatic cells called
the hub, surrounded by both germline stem cells and somatic cyst stem cells (Hardy et
al. 1979). The hub provides structural and signalling support for both stem cell types
(Tulina and Matunis 2001; Yamashita, Jones, and Fuller 2003). Asymmetric division of
the germline stem cell results in self-renewal and production of a gonialblast, which is
enveloped by two daughter cells of somatic cyst stem cell division (Fuller 1993).
Throughout the process of spermatogenesis, the somatic cyst cells that surround the
gonialblast remain associated with the germline cyst and grow as the cyst grows to
accommodate it. Transit amplifying mitotic divisions of the gonialblast produce a cyst of
16 spermatogonia, which then differentiate to spermatocytes. Following meiotic
division, the cyst is composed of 64 haploid spermatids which are characterised by their
mitochondrial structure: the mitochondria aggregate and fuse to form two large
mitochondrial structures that wrap around each other in such a way that their
appearance by transmission electron microscopy resembles a cut onion (Tokuyasu 1975).
Subsequently, the cyst polarises to orient all nuclei toward one end of the cyst and to
orient the nuclear end toward the testis base, then the spermatids elongate as their
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flagella grow and the nuclei become needle-shaped. To this point, all spermatids in a
cyst remain connected by intercellular bridges; once elongation is complete, the process
of individualisation begins with the formation of the individualisation complex. Each
spermatid forms around its nucleus an investment cone from filamentous actin that
progresses down the length of the spermatid toward the testis tip, containing each
spermatid within its own membrane and extruding much of the cytoplasmic contents
into a ‘waste bag’ which is degraded (Tokuyasu, Peacock, and Hardy 1972a; Fabrizio et
al. 1998). Finally, the mature sperm is coiled before release into the seminal vesicle
(Tokuyasu, Peacock, and Hardy 1972b).
Regulation of translation is important in spermatogenesis. Radioactive nucleotide
incorporation studies did not detect transcription past the primary spermatocyte stage,
although protein synthesis continues during the spermatid stages (Olivieri and Olivieri
1965; Gould-Somero and Holland 1974). Therefore, a mechanism of repression is
required to maintain mRNAs transcribed in spermatocytes in a translationally silent
state until they are needed later during spermiogenesis (Schäfer et al. 1993). Drosophila
eIF4E family members eIF4E-3, eIF4E-4, eIF4E-5, and eIF4E-7 are highly expressed in
testes compared with other tissues (Graveley et al. 2011), so potentially they have a role
in regulating translation of specific mRNAs.
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Figure 4 | Testis structure and spermatogenesis in Drosophila melanogaster.
Spermatogenesis begins at the testis tip, where both somatic cyst stem cells and germline
stem cells are in contact with somatic hub cells. Asymmetric division of the germline
stem cell results in self-renewal and production of a gonialblast. Somatic cyst stem cells
also divide asymmetrically to self-renew and produce daughter cells that associate with
the gonialblast, with two somatic cyst cells surrounding each gonialblast. Mitotic
division with incomplete cytokinesis of the gonialblast creates a two-cell spermatogonial
cyst, which undergoes three more rounds of mitosis resulting in sixteen connected
spermatogonia. The two somatic cyst cells associated with the gonialblast remain and
grow to accommodate the expanding cyst. The sixteen spermatogonial cells increase in
volume substantially as primary spermatocytes before undergoing two rounds of
meiotic division to form a cyst of sixty-four round, haploid spermatids. At this stage the
mitochondria aggregate and fuse to form the Nebenkern (represented by white
structures) which has an ‘onion-like’ appearance, and these cells are known as onion
stage spermatids. The spermatid cyst becomes polarised, with all nuclei directed toward
the head somatic cyst cell at side of the cyst relatively nearer to the testis base than the
tip, and the spermatids elongate with their tails growing toward the tip. The tail cyst cell
must expand greatly to accommodate the growth of the spermatid tails. During
elongation, chromatin is also compacted and the nuclei (blue) become needle-like in
morphology. Completely elongated spermatids then undergo individualisation, in
which an actin-rich individualisation complex is formed (green) that travels down the
length of the spermatid, encasing each in its own membrane and removing excess
cytoplasm. Finally, at the base of the testis, the sperm are coiled before release into the
seminal vesicle.
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1.7 | Project Overview
Merlin and eIF4E-3 are hypothesised to form a complex that regulates translation of a
set of target mRNAs in specific cell types as one mechanism of Merlin tumour
suppressor activity. To investigate this, the expression pattern of eIF4E-3 was examined
by immunofluorescence, RNA fluorescence in situ hybridisation, and reporter
expression. Two new null alleles of eIF4E-3 were created in order to investigate the
function of eIF4E-3 and its genetic interaction with Merlin in the nervous system and
testes of Drosophila, and the effect these proteins have on translation of the transcripts
they bind.
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2.1 | Drosophila culture
Flies were raised on media described by Schwarz et al. (2014), modified to 5 g/L agar
and 2.5 g/L methyl 4-hydroxybenzoate, at 25°C.
To facilitate survival of mutant animals to appropriate stages, vials of each mutant
and control genotype (15 females:7 males) were transferred daily, and approximately 24
hours after adults were transferred out of a vial, non-GFP balancer larvae were
transferred to a new vial in which the food had been stirred with additional water.
Animals in which Merlin mutations were rescued with a Myc-tagged transgene were
also collected in this manner.
Fertility assays were performed as described by Hernández et al. (2012).
Table 1 | Drosophila stocks
Genotype
w1118
Actin5C-GAL4 / CyO Act-GFP
en-GAL4
w, Mer3, P{neoFRT}19A / FM7 Act-GFP
y,w, Mer4, P{neoFRT}19A / FM7 Act-GFP
w; UAS-MerΔBB 24c / CyO
w;; UAS-Myc-Mer
y,w;; P{lacW}eIF4E-3L0139 / TM3 Ser, Act-GFP
w;; e, eIF4E-3IIIa239 / TM3 Ser, Act-GFP
w;; e, eIF4E-3IIIa278 / TM3 Ser, Act-GFP
w;; eIF4E-3excision6 / TM3 Ser, Act-GFP
w;; eIF4E-3null,mCherry / TM3 Ser, Act-GFP
w;; Df(3L)BSC732 / TM3 Ser, Act-GFP
w;; UAS-FLAG-eIF4E-3
w;; ry506, Dr, P{Δ2-3}99B / TM6C Sb
w; P{w+mC =UAS-myr-mRFP}

Stock Number/Reference

(Fehon et al. 1997)
(Fehon et al. 1997)
(LaJeunesse, McCartney, and Fehon 1998)
SCH0627 6232-1-4 M chr 3
BL10169 (Bier et al. 1989)
(LaJeunesse, McCartney, and Fehon 2001)
(LaJeunesse, McCartney, and Fehon 2001)
This study
This study 18738-1-1M-Ch3
BL26830
SCH0648 6232-4-2 M chr 3
BL5908
BL7118

*BL indicates stock number at Bloomington Drosophila Stock Center, Indiana University
**SCH indicates Hughes lab stock number

2.2 | Generation and isolation of a new eIF4E-3 allele by P-element excision
eIF4E-3 null flies were generated by imprecise excision of a P-element marked with
w+ from eIF4E-3L0139/TM3 Ser Actin-GFP stock. Virgin females of this stock were crossed to

34

Materials and Methods
w1118/Y;;ry506 Dr P{Δ2-3}99B/TM6C Sb males. w+ Dr male progeny were selected and
crossed to w;;TM6 Tb/MKRS virgin females. Single male progeny that had lost the
P-element (selected for by loss of w+) and did not have the chromosome with transposase
to prevent further mutation (selected for by absence of Dr phenotype) were crossed to
w;;TM6 Tb/MKRS virgin females. Both male and female progeny from these crosses were
selected to start new stocks with the potentially mutant chromosomes balanced with
MKRS.
Loss of all or a portion of the eIF4E-3 gene was screened for by PCR, using the KAPA
Mouse Genotyping Kit (KAPA Biosystems KK7352) for both DNA extraction and PCR
genotyping. DNA extractions were performed as half-reactions according to the
manufacturer’s protocol, with one adult fly per reaction. PCR genotyping was also set
up in half-reactions according to manufacturer’s protocol, using 1 μl of adult fly DNA
extract as template, and primers published by Hernandez et al. (2012) for the eIF4E-3
locus and the upstream P-element. PCR cycles were as follows: 94°C—3 min, 94°C—
45 sec, 56°C—45 sec, 68°C—2 min, repeat steps 2-4 34 times, 68°C—5 min. PCR products
were resolved on 0.8% agarose gels at 95 V for 45 min, which were subsequently stained
with RedSafe Nucleic Acid Staining Solution (iNtRON Biotechnology 21141) at 1:20 000
in TAE overnight and visualised using a blue light plate. One fly stock that did not
produce a PCR product with either the endogenous eIF4E-3 primers or those specific to
the L0139 P-element was further analysed with primers further out from the eIF4E-3
locus. The sequences of these primers (synthesised by Integrated DNA Technologies)
were (5’-3’): fwd, ACGTAGCGACTCACATATTTTATTATCTGCAC; rev,
CATATCAATTCACATTACGGTCCGAATAACTGC. Subsequently, males from this
stock, hypothesised to have a deletion at the eIF4E-3 locus, were crossed to
w;Df(3L)BSC732/TM3 Ser Actin-GFP virgin females. Thirty adult flies from this cross
(w;;eIF4E-3*/Df(3L)BSC732) were collected, and genomic DNA was extracted as
described by Huang et al. (2009). The primers described above were used to amplify the
region surrounding the eIF4E-3 locus, and the product was sequenced using the same
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primers at The Applied Genomics Core, University of Alberta. The resulting sequence
was compared to that of the eIF4E-3 extended gene region, available at FlyBase
(flybase.org, version FB2014_03).
The deletion allele resulting from this screen was isogenised by outcrossing to w1118/Y
flies for four generations. For each cross, virgin female progeny from the previous cross
were individually genotyped by extracting DNA using a non-lethal PCR genotyping
technique described by Carvalho et al. (2009), in which wings were cut from adults for
DNA extraction and individual flies were distinguished by maintaining them in separate
vials. Reaction and cycle conditions were modified from the original protocol as follows,
and primers used are defined above. Final concentrations per reaction: 1xHF Buffer,
0.5 µM each forward and reverse primers, 0.25 mM dNTPs, 3 µL wing DNA extract,
3% DMSO, 0.02 U/µL Phusion DNA Polymerase (Thermo Scientific F530S); PCR cycles:
95°C–3 min, 95°C–45 sec, 56°C–45 sec, 72°C–2 min, repeat steps 2-4 34 times, 72°C–
5 min. PCR products were resolved as described above. Individual females determined
to carry the deletion allele were then pooled and crossed to w1118/Y males. Following the
last outcross, single males carrying the deletion allele were crossed to virgin female
w;;Df(3L)BSC732/TM3 Ser actin-GFP flies. Progeny from these crosses were also
individually genotyped by the non-lethal method and both male and female progeny of
a single male were pooled to initiate a stock. Five fly stocks resulted from this selection:
eIF4E-3excision4/TM3 Ser Actin-GFP , eIF4E-3excision5/TM3 Ser Actin-GFP ,
eIF4E-3excision6/TM3 Ser Actin-GFP , eIF4E-3excision7/TM3 Ser Actin-GFP ,
eIF4E-3excision10/TM3 Ser Actin-GFP.

2.3 | Immunofluorescence (IF)
2.3.1 Tissue dissection

Testes were dissected from adult flies 0-24 hours post-eclosion, or from pharate adults
about 24 hours after pigmentation for y,w,Mer4/Y and y,w,Mer4/Y;;eIF4E-3excision6
genotypes. Larval tissues were dissected from wandering third instar larvae. To dissect
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pupal wings, white pre-pupae were selected and aged in a Petri dish with wet Whatman
paper in the bottom.
2.3.2 Fixation and IF of larval tissues and adult testes

For IF analysis of adult or pharate testes and brains or wing discs from third instar
larvae, tissue was dissected in PBS and fixed in freshly prepared 4% paraformaldehyde
(Sigma P6148) in PBS for 20 minutes at room temperature. After several PBS washes,
tissue was blocked with PTN (PBS, 0.1% Triton X-100, 1% normal donkey serum) at
room temperature for a minimum of 1 hour. Tissue was then incubated with primary
antibodies (Table 2) diluted in PTN at 4°C overnight, washed with PTN at room
temperature 30 minutes, incubated with secondary antibodies (Table 2) diluted in PTN
at room temperature 2 hours, and washed again with PTN at room temperature 30
minutes. DAPI (5 mg/ml) diluted 1:10 000 in PTN was used to stain nuclei at room
temperature for 10 minutes. Tissue was washed with PBS and then mounted in ProLong
Gold Antifade Mountant (Molecular Probes P36934). Larval brains were mounted on the
coverslip with the dorsal side facing the coverslip.
2.3.3 Fixation and IF procedure for α-eIF4E-3 Ab#53

For larval brains labelled with α-eIF4E-3 Ab#53, a periodate-lysine-paraformaldehyde
(PLP) fixing procedure was used. Dissections were performed in 0.072 M sodium
phosphate dibasic, 0.028 M sodium phosphate monobasic. Brains were fixed with PLP
(0.01 M sodium periodate, 0.075 M lysine, 2% paraformaldehyde, 0.038 M sodium
phosphate dibasic, 0.011 M sodium phosphate monobasic) at room temperature for 45
minutes, then washed (0.072 M sodium phosphate dibasic, 0.028 M sodium phosphate
monobasic, 0.1% Triton X-100) at room temperature for 45 minutes. Brains were blocked
with wash buffer + 10% normal donkey serum at room temperature for 1 hour,
incubated with primary antibody (Table 2) diluted in wash solution at 4°C overnight,
washed 3 times, 10 minutes per wash, and incubated with secondary antibody (Table 2)
diluted in wash buffer at room temperature for 2 hours. Brains were then washed again

37

Materials and Methods
3 times, 10 minutes per wash, with DAPI (5 mg/ml) diluted to 1:10 000 added to the
second wash, and mounted, dorsal side facing the coverslip, in ProLong Gold Antifade
Mountant (Molecular Probes).
2.3.4 Fixation and IF of pupal wings

Once pupae had reached the desired age (indicated in figure legends) post-puparium
formation, pupae were removed from the pupal case using sharp forceps and fixed in
fresh 4% paraformaldehyde in PBS for 1 hour at room temperature. Paraformaldehyde
was removed and wings were dissected off the pupa and out of the covering membrane
in PBS, then fixed in 4% paraformaldehyde for 20 minutes at room temperature. After
washing several times with PBS, wings were blocked with PTN (PBS, 0.1% Triton X-100,
1% normal donkey serum) at room temperature for a minimum of 1 hour, then
incubated with primary antibodies (Table 2) diluted in PTN at 4°C overnight. The wings
were then washed with PTN at room temperature for 30 minutes, incubated with
secondary antibodies (Table 2) diluted in PTN at room temperature for 2 hours, then
washed again with PTN at room temperature for a minimum of 30 minutes. DAPI
(5 mg/ml) was diluted 1:10 000 in PTN and wings were incubated at room temperature
for 10 minutes, after which they were washed briefly with PBS and mounted in ProLong
Gold Antifade Mountant (Molecular Probes).
2.3.5 Fixation and IF of embryos

Embryos were collected in small fly cages on apple juice agar plates. Embryos were
dechorionated in 50% bleach for 90 seconds and rinsed thoroughly with water, then with
embryo wash solution (0.7% NaCl, 0.03% Triton X-100). The embryos were then
transferred to a scintillation vial with 8 ml heptane, 2.5 ml PBS, and 250 µl 40%
paraformaldehyde, and agitated for 20 minutes at room temperature. Embryos were
then transferred to a 1.5 ml tube for removal of the vitelline membrane using 1:1
heptane:methanol and shaken vigorously for 30 seconds. The solution was replaced with
methanol and shaken again, then methanol was removed as well as any embryos that
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had not settled to the bottom of the tube, and embryos were rinsed twice more with
methanol. Embryos were then rinsed twice with PBTBB (PBS, 0.1% Tween-20, 0.5% skim
milk powder, 0.05% BSA) and blocked with PBTBB for a minimum of 2 hours at room
temperature. Primary antibodies (Table 2) were diluted in PBTBB and embryos
incubated at 4°C overnight, then washed with PBTBB at room temperature 30 minutes,
incubated with secondary antibodies (Table 2) diluted in PBTBB at room temperature for
2 hours, washed with PBTBB at room temperature for 30 minutes, and incubated with
1:10 000 DAPI (from 5 mg/ml stock solution) in PBTBB at room temperature for 10
minutes. After rinsing with PBS, embryos were mounted in ProLong Gold Antifade
Mountant (Molecular Probes).
2.3.6 Image acquisition and analysis

Images were acquired with a Zeiss LSM 700 confocal microscope with a 20x / NA 0.8
lens or a 40x / NA 1.4 lens.
Measurements of the lamina plexus length for brains labelled with α-chaoptin were
made using the line tool in ImageJ (National Institutes of Health). A two-tailed T-test
was performed for statistical significance using Microsoft Excel.
To count central brain neuroblasts, z-stacks were taken of whole brain lobes, one lobe
per mounted brain. Neuroblasts, identified as cells labelled with α-deadpan and
including both type I and type II neuroblasts but not intermediate neural progenitor
cells, were counted in each z-plane in Zeiss Zen software. Statistics were calculated
using Mann-Whitney U-Tests.

2.4 | Western blot analysis
2.4.1 Preparation of testes lysates

Testes were dissected in PBS with protease and phosphatase inhibitors [Roche:
complete mini EDTA-free tablet (cat. no. 04 693 159 001), PhosSTOP tablet (cat. no. 04 906
837 001)]. Up to 25 pairs testes were lysed in 10 µl of 2x SDS sample buffer (0.0625 M
Tris-HCl pH6.8, 2% SDS, 0.04% bromophenol blue, 5% β-mercaptoethanol, 0.5x PBS) and
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heated to 95°C for 10 minutes. A volume equivalent to approximately 3 testes pairs per
lane was used to observe eIF4E-3 expression.
2.4.2 Preparation of lysates for target protein analysis

Wing discs from 10 wandering third instar larvae were dissected in Schneider’s Insect
Medium (Sigma S0146), then treated to inhibit proteasomal degradation as described by
Lim and Kelly (2012), incubating at room temperature for 3 hours in Schneider’s
Medium with 10 µM MG132 (Sigma C2211) dissolved in DMSO, or with an equal
volume of DMSO only. Media was removed and tissue lysed in 10 µl of 2x SDS sample
buffer, then heated to 95°C for 10 minutes. The whole lysate volume was loaded on the
gel.
2.4.3 SDS-PAGE and Western blotting

Lysates were separated on 12% polyacrylamide gels when probing for eIF4E-3, or
10% polyacrylamide gels for other antigens with Precision Plus Protein Standards
(Bio-Rad 161-0374) as molecular weight markers, and transferred to nitrocellulose
membranes (Bio-Rad electrophoresis and Western blotting systems), then blocked in
LI-COR Odyssey Blocking Buffer (PBS) at room temperature for 2 hours. Membranes
were incubated with primary antibody (Table 2) diluted in 1:1 PBT:Odyssey Blocking
Buffer at 4°C overnight, then washed 4 times with PBT, minimum 5 minutes per wash,
and incubated with secondary antibody (Table 2) diluted in PBT at room temperature for
45 minutes. After washing three times each with PBT and PBS, minimum 5 minutes per
wash, blots were scanned using an Odyssey Infrared Imager (LI-COR).

2.5 | Wing measurements
The UAS-MerΔBB transgene was recombined with the en-GAL4 driver, and
recombinant flies were crossed to each mutant allele of eIF4E-3. Wings were prepared for
measuring as described previously (LaJeunesse, McCartney, and Fehon 2001): adult
male flies of appropriate genotype were submerged in 70% ethanol for a minimum of 24
hours, then wings were removed and mounted in Aquamount (Thermo-Fisher 14-390-5).
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Images were obtained using Zeiss Axioskop with Zeiss CP-Achromat 5x / NA 0.12 lens
and a Coolsnap HQ (Photometrics) camera. The area measurements from vein IV to the
posterior margin were made using the polygon tool in ImageJ (National Institutes of
Health). Between 18 and 24 wings were measured per genotype, and statistics were
calculated by two-tailed T-test in Microsoft Excel.

2.6 | RNA Fluorescence in situ hybridisation (RNA FISH)
2.6.1 eIF4E-3 probe synthesis

An antisense eIF4E-3 run-off probe was generated using as a template a vector
containing the sequence encoding the N-terminal region of eIF4E-3, as this portion of the
sequence is unique compared with other eIF4Es (Hernández et al. 2005). The probe was
labelled with digoxigenin (DIG) by synthesising using a DIG RNA Labeling Kit (Roche
cat. no. 11 175 025 910).
2.6.2 RNA FISH in adult testes

Adult testes were dissected from 0-24 hour post-eclosion w1118/Y males. FISH was
carried out as previously described (Toledano et al. 2012). Signal was detected using
peroxidase (POD)-conjugated α-DIG (Roche cat. no. 11 207 733 910) at 1:500 and a TSA
Plus Cyanine 3 kit at 1/50 (PerkinElmer NEL744001KT).
2.6.3 RNA FISH in larval tissues

w1118 wandering third instar larvae were dissected in PBS and fixed as described in
(Pattatucci and Kaufman 1991). Post-fixation FISH steps were then carried out as
previously described for dissected tissue (Wilk et al. 2010). POD-α-DIG (Roche) at 1:400
and TSA Plus Cyanine 3 at 1/50 (PerkinElmer) were used for probe detection.

2.7 | Generation of a new eIF4E-3 allele using CRISPR-Cas9 and
homologous recombination
A targeted mutation in eIF4E-3 was carried out with a modified version of the
protocol described in Baena-Lopez et al. (2013). Two kilobases immediately upstream of
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the transcription start site of eIF4E-3 (5’ homology arm) and two kilobases immediately
downstream of the polyadenylation site (3’ homology arm) were amplified from w1118
genomic DNA and inserted into the pTVCherry targeting vector (Baena-Lopez et al. 2013).
An injection mix consisting of pTVCherry-eIF4E-3 (600 ng/µl), synthetic CRISPR targeting
RNA (crRNA) targeting the first exon of eIF4E-3 (Dharmacon; sequence
5’-CAACGGAUUGCAGAAUGCUGGUUUUAGAGCUAUGCUGUUUUG-3’ 50 ng/µl),
and synthetic trans-activating crRNA (tracrRNA, Dharmacon U-002000-05; 50 ng/µl) in
10% glycerol, 0.5x PBS was prepared and sent to BestGene Inc for injection into vas-Cas9
embryos and transformant selection.
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Table 2 | Antibodies / stains used for immunofluorescence and Western blotting
Antigen

Species

β-galactosidase
β-tubulin

Mouse
Mouse

Boule

Rabbit

Chaoptin
Cleaved Caspase-3
Dachshund
Deadpan
Deadpan
DIG
dsRed
E-cadherin
eIF4E-3
eIF4E-3
eIF4E-3
eIF4E-3

Mouse
Rabbit
Mouse
Rabbit
Guinea Pig
Sheep
Mouse
Rat
Mouse
Rabbit
Rabbit
Rabbit

ELAV
FLAG
Futsch
Held-out-wings

Rat
Mouse
Mouse
Rabbit

Merlin
Myc-Tag
phospho-Histone H3
Prospero
Repo
Sip1

Guinea Pig
Mouse
Mouse
Mouse
Mouse
Guinea Pig

DAPI
Phalloidin AF488
AF488/AF555/AF647
conjugated against
various species
Mouse IgG AF680
Rabbit IgG AF790

Donkey

Donkey
Donkey

Source
Promega Z378A
Developmental Studies
Hybridoma Bank (DSHB) E7
S. Wasserman (Cheng, Maines,
and Wasserman 1998)
DSHB 24B10
Cell Signaling 5A1E
DSHB mAbdac2-3
Y. Jan (Bier et al. 1992)
J. Skeath
Roche 11207733910
Santa Cruz Biotechnology E-8
DSHB DCAD2
N-term affinity purified
#23 – peptide Ab
#53 – N-term affinity purified
#968 – peptide Ab, P. Lasko
(Hernández et al. 2012)
DSHB 7E8A10
Sigma M2
DSHB 22C10
T. Volk (Nabel-Rosen et al.
1999)
#93
Cell Signaling 9B11
Abcam ab5176
DSHB MR1A
DSHB 8D12
#1475
Invitrogen D3571
Invitrogen A12379
Abcam
Jackson ImmunoResearch
Abcam
Abcam

Concentration
IF
1:200

WB
1:3000

1:1000

1:1000

1:200
1:400
1:1000
1:1000
1:500
1:400
1:75
1:200
1:1000
1:1000
1:500
1:1000

1:2000
1:2000
1:1000
1:2500

1:500
1:20 000
1:500
1:100

1:3000

1:500
1:4000
1:1000
1:500
1:500
1:1000
1:10 000
1:1000
1:2000

1:20 000
1:10 000
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3.1 | Generation and characterisation of a null eIF4E-3 mutation by Pelement excision
3.1.1 P-element mobilisation results in a deletion of eIF4E-3

A new eIF4E-3 null allele was created in order to ensure that observed effects result
only from loss of eIF4E-3, as the eIF4E-3L0139 allele exhibits lethality due to background
effects (Hernández et al. 2012). To create the new allele, a P-element mutagenesis
method was used (Hummel and Klämbt 2008), wherein the P-element from the
eIF4E-3L0139 allele, which is inserted 14 nucleotides upstream of the eIF4E-3 transcription
start site (Hernández et al. 2012), was mobilised by crossing eIF4E-3L0139 flies to flies
carrying Δ2-3 transposase. Flies in which the P-element was excised, identified by loss of
the positive eye colour marker, were screened by PCR for loss of flanking genomic DNA
in addition to the P-element, resulting in one line which was further analysed.
Sequencing of the genomic region surrounding eIF4E-3 revealed that 1224 bp of genomic
DNA were deleted, including the entire coding region of eIF4E-3 (Figure 5A). This stock
was subsequently isogenised by outcrossing to w1118 flies for four generations, resulting
in three fly lines which were viable as homozygotes.
Each of these excision alleles was tested for loss of eIF4E-3 transcript by quantitative
RT-PCR, which showed greater than 99.5% loss of transcript for each allele in trans with
the deficiency chromosome Df(3L)BSC732 (analysis done by David Primrose). The
eIF4E-3excision6 allele was selected for further experimentation as it showed the greatest loss
of transcript by qRT-PCR. Loss of eIF4E-3 protein was examined using α-eIF4E-3
Ab#968, an antibody previously used to characterise eIF4E-3L0139/Df(3L)BSC732 in
Drosophila testes (Hernández et al. 2012). By Western blot analysis, eIF4E-3 protein is
absent in testes lysates from animals heterozygous for each excision allele and
Df(3L)BSC732 or homozygous for eIF4E-3excision6 (Figure 5B). Similarly, no fluorescence
signal is observed above background in whole mount eIF4E-3excision6/Df(3L)BSC732 testes
as in eIF4E-3L0139/Df(3L)BSC732 testes (Figure 5C), indicating absence of protein.
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Figure 5 | A novel eIF4E-3 mutation created by P-element imprecise excision is a
null allele. (A) Schematic indicating the deleted portion of eIF4E-3. Shaded boxes
represent exon coding regions, lines represent intron regions, and unshaded boxes
represent untranslated regions. (B) Western blot analysis of testes lysates using a
characterised antibody raised against an eIF4E-3 peptide (Hernández et al. 2012). A band
at the approximate size predicted for eIF4E-3 (28.5 kDa, arrowhead) is present in w1118
lysates, but not in eIF4E-3L0139/Df(3L)BSC732 (eIF4E-3 null) lysates. Likewise, there are no
corresponding bands in lysates from any of the outcrossed P-element excision mutant
alleles in trans with Df(3L)BSC732 or homozygous eIF4E-3excision6. Asterisks indicate nonspecific bands. (C-E) IF analysis using the same antibody shows an absence of
fluorescence above background levels in eIF4E-3excision6/Df(3L)BSC732 testes as in
eIF4E-3L0139/Df(3L)BSC732 testes, which have been previously established as lacking
eIF4E-3 expression (Hernández et al. 2012).
Scale bars: 20 µm
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3.1.2 eIF4E-3excision6 exhibits previously reported eIF4E-3 mutant phenotypes

The eIF4E-3excision6 allele was further characterised by comparing the mutant phenotype
to previously identified effects of loss of eIF4E-3. Loss of eIF4E-3 causes complete
sterility in male flies (Hernández et al. 2012). Male flies heterozygous for eIF4E-3L0139 or
eIF4E-3excision6 with Df(3L)BSC732 produced no progeny in a fertility test (Figure 6A).
Sterility caused by eIF4E-3 loss is a result of an inability to produce mature sperm, due
at least in part to defective meiotic cytokinesis which leads to early spermatids with
multiple nuclei and expanded Nebenkern structures (a mitochondrial derivative)
(Hernández et al. 2012). Examination of the base of testes, where nearly fully mature
spermatid bundles are normally found, showed a lack of spermatid bundles in
eIF4E-3excision6/Df(3L)BSC732 testes as in eIF4E-3L0139/Df(3L)BSC732 testes (Figure 6B-D). It is
common for antibodies to non-specifically bind to mitochondria in immunofluorescence
analyses of testes (Julie Brill, personal communication). Using α-Merlin, which acts in
this manner, large Nebenkern structures were observed in eIF4E-3excision6 early spermatids
compared with early spermatids in w1118/Y testes (Figure 6E,F). These data indicate that
eIF4E-3excision6 replicates spermatogenesis defects previously observed for loss of eIF4E-3.
The excision mutant allele was also tested for its ability to modify dominant-negative
Merlin phenotype. In the genetic screen that first identified eIF4E-3 as a Merlin
interacting gene (LaJeunesse, McCartney, and Fehon 2001), EMS-induced mutations in
complementation group IIIa, corresponding to eIF4E-3 (Sarah Hughes, unpublished
data), enhanced the dominant-negative Merlin overgrowth phenotype caused by
expressing MerΔBB in the posterior region of the wing with en-GAL4. In order to replicate
these findings and test the new allele, all available eIF4E-3 mutations, including two
from the screen (eIF4E-3IIIa239 and eIF4E-3IIIa278), were crossed to flies with a recombined
chromosome including en-GAL4 and UAS-MerΔBB, a dominant-negative Merlin allele
(LaJeunesse, McCartney, and Fehon 1998). The area of the posterior region of adult male
wings was then measured, and was found to be significantly larger when any of the
eIF4E-3 mutant alleles is combined with en>MerΔBB as compared with en>MerΔBB alone
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(Figure 7B). This confirms that eIF4E-3excision6 acts in a similar manner to previously
described eIF4E-3 alleles, and that it is eIF4E-3 and not a secondary mutation that
modifies dominant-negative Merlin phenotype.
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Figure 6 | Infertility and spermatogenesis defects caused by the P-element excision
allele eIF4E-3excision6 are consistent with those of previously reported eIF4E-3
mutations. (A) As loss of eIF4E-3 is reported to lead to male sterility, male and female
flies of each indicated genotype were assayed for ability to produce progeny when
mated to w1118 flies. Complete sterility is seen in male eIF4E-3L0139/Df(3L)BSC732 flies as
previously described (Hernández et al. 2012), and complete male sterility is also seen in
eIF4E-3excision6/Df(3L)BSC732 flies, demonstrating consistency and specificity of the
phenotype. (B-D) Maximum intensity projection images of the base region of testes.
Bundles of needle-shaped spermatid nuclei are abundant in w1118 testes (arrow), and are
absent in eIF4E-3L0139/Df(3L)BSC732 testes. Similarly, no spermatid bundles are seen in
eIF4E-3L0139/Df(3L)BSC732 testes. In the mutant testes, scattered spermatid nuclei are
observed, but they have not appropriately condensed to the needle-shaped form, nor are
they bundled as in control testes. (E,F) Mitochondrial structures, non-specifically
labelled by α-Merlin (arrows), are enlarged in eIF4E-3excision6 spermatids compared with
w1118 control, which is consistent with a reported phenotype of eIF4E-3L0139/Df(3L)BSC732
(Hernández et al. 2012).
Scale bars in B-D: 20 µm; scale bars in E,F: 5 µm
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Figure 7 | The P-element excision allele eIF4E-3excision6 interacts with MerΔBB in a
manner consistent with previously reported alleles. eIF4E-3excision6 was tested for ability
to interact with MerΔBB (dominant negative Merlin) in the wing like eIF4E-3IIIa239 and
eIF4E-3IIIa278, which were identified as enhancers of MerΔBB phenotype in a genetic screen
(LaJeunesse, McCartney, and Fehon 2001). Results from this screen indicated that when
eIF4E-3 mutant alleles are combined with over-expression of MerΔBB in the posterior of
the wing using en-GAL4, there is greater over-proliferation, measured by wing area, than
occurs with over-expression of MerΔBB on its own. (A) Representative image showing the
area of adult male wings measured, from vein IV to the posterior margin, using ImageJ
software. (B) Measured wing area replicated findings from the genetic screen with all
eIF4E-3 mutant alleles tested, including eIF4E-3excision6, confirming specificity of the
genetic interaction to eIF4E-3. Statistical differences were determined by two-tailed Ttests. *p<0.05 compared with w1118, †p<0.05 compared with en> MerΔBB, ‡p<0.05 compared
with respective eIF4E-3 allele alone.
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3.2 | Characterisation of eIF4E-3 antibodies
3.2.1 α-eIF4E-3 antibody #23 is valid for Western blotting and for IF in testes only

Antibody #23 (Ab#23) was produced in rabbit against an N-terminal peptide of
eIF4E-3, amino acids 39-60 (ELMSGNEEELQPSLNRVMKNID; Hernández et al. 2005),
the same peptide used to produce Ab#968 (Hernández et al. 2012). On Western blots of
testes lysates, Ab#23 identifies a double band near the expected size of 28.5 kDa (Figure
8A). These bands are not apparent in lysates from eIF4E-3L0139/Df(3L)BSC732 flies or any
of the excision mutants, indicating that Ab#23 is specifically recognising eIF4E-3 in testes
lysates. Ab#23 also recognises eIF4E-3 in fixed tissue, as a fluorescent signal greater than
background overlaps with α-FLAG when a UAS-FLAG-eIF4E-3 transgene is expressed in
the posterior compartment of the larval wing disc with en-GAL4 (Figure 8B''',C''').
Spermatocytes and spermatids are shown to express eIF4E-3 when Ab#23 is used to
label fixed testes (Figure 8F), as has been previously described (Hernández et al. 2012).
eIF4E-3 null testes do not show any fluorescent signal above background (Figure 8G),
indicating Ab#23 is suitable for IF with this tissue. When Ab#23 was tested on embryos
12-16 hours after egg laying (AEL), a repeating pattern of two cells per segment within
the ventral nerve cord was observed (Figure 8D,D'); however this pattern was also seen
in eIF4E-3L0139/Df(3L)BSC732 embryos of the same age (Figure 8E). A similar pattern was
also seen in both control and mutant embryos using Ab#968. Likewise, a distinctive
pattern which appeared to be a pair of cells and axonal projections was observed in third
instar larval brains, but was also seen in eIF4E-3excision6 brains (Figure 8H,I); this same
pattern is seen using Ab#968 in either control or mutant brains. Ab#23 also marks wing
veins in pupal wings; a pattern that is also observed in eIF4E-3excision6 pupal wings 26
hours after puparium formation (APF) (Figure 8J,K). Therefore, while Ab#23 is reliable
for use in Western blot analysis and IF in adult testes, it is not suitable for IF with other
tissues.
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Figure 8 | Ab#23 is reliable for Western blots and for IF on testes only. (A) Western
blot analysis of testes lysates using Ab#23. A double band near the expected size of
28.5 kDa is present in w1118 and Df(3L)BSC732 lysates (arrowheads), but not in lysates of
eIF4E-3 null testes. (B-B''') Wing disc from a third instar larva expressing the
UAS-FLAG-eIF4E-3 transgene with en-GAL4. The signal intensity of Ab#23 is greater in
the en expressing area as indicated by FLAG expression. (C-C''') Higher magnification
images of the area indicated in B'''. (D-E) IF using Ab#23 on embryos 12-16 hours AEL. In
w1118 embryos, two cells per segment within the ventral nerve cord (marked by ELAV)
are labelled. The same cells are labelled in eIF4E-3 null embryos, indicating the pattern is
non-specific. (F,G) Ab#23 shows cytoplasmic eIF4E-3 expression in spermatocytes and
spermatids, indicated by arrow, and no fluorescence above background is seen in
eIF4E-3 null testes, suggesting Ab#23 is reliable for IF in testes. (H-K) Ab#23 labelling for
endogenous eIF4E-3 is non-specific in tissue other than testes: (H,I) Ab#23 labels specific
cells and apparent axonal projections in third instar larval brains, but the same pattern is
seen in eIF4E-3 null brains (arrows). (J,K) Forming veins in 26h APF pupal wings are
labelled with Ab#23 in both w1118 and eIF4E-3excision6/Df(3L)BSC732 animals (arrows).
All scale bars 20 µm except in C''', 2 µm
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3.2.2 α-eIF4E-3 antibody #53 is appropriate for Western blotting and for IF in testes
only

Antibody #53 (Ab#53) was raised in rabbit and affinity purified using the N-terminal
portion of eIF4E-3, which is unique compared with other Drosophila eIF4E proteins
(Hernández et al. 2005). This antibody recognises a band at the appropriate molecular
weight for eIF4E-3 when lysates of w1118/Y testes are analysed by Western blotting, and
this band does not appear in blots of eIF4E-3L0139/Df(3L)BSC732 or excision mutant testes
lysates (Figure 9A). Ab #53 recognises eIF4E-3 by immunofluorescence analysis of fixed
tissue, as there is overlapping signal with α-FLAG in larval wing discs when
FLAG-eIF4E-3 is expressed with the en-GAL4 driver (Figure 9B''',C'''). IF with Ab#53 in
adult testes shows eIF4E-3 expression in spermatocytes and spermatids, as has been
described (Hernández et al. 2012), and no signal above background is seen with the loss
of eIF4E-3 (Figure 9E). Ab#53 was also tested for use in IF analysis of third instar larval
brains. When the standard paraformaldehyde fixation procedure was used, Ab#53 did
not label anything, so a variety of alternative methods of tissue fixation were attempted.
With a periodate-lysine-paraformaldehyde fix, fluorescence in a cluster of cells as well as
apparent axonal projections was seen in w1118 larval brains (Figure 9F); however, the
same labelling was seen in eIF4E-3excision6/Df(3L)BSC732 brains (Figure 9G), indicating that
Ab#53 is not suitable for IF in this tissue type.
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Figure 9 | Ab#53 is reliable for Western blots and for IF in testes only. (A) Western
blot analysis of testes lysates shows Ab#53 recognises a band near the expected size of
eIF4E-3 (28.5 kDa, arrowhead) which is not present in lysates from animals with eIF4E-3
null mutations. Asterisks indicate non-specific bands. (B-B''') In en>FLAG-eIF4E-3 wing
discs, greater intensity of signal with Ab#53 overlaps with α-FLAG in the en region,
indicating the antibody recognises eIF4E-3 in fixed tissue. (C-C''') Higher magnification
of the region indicated by the white square in B''', showing correspondence between
Ab#53 and α-FLAG labelling. (D,E) Using Ab#53 to immunolabel adult testes shows
eIF4E-3 in spermatocytes and spermatids as expected (arrow), and this signal is absent
in eIF4E-3 null testes, showing specificity. (F,G) Third instar larval brains fixed with PLP
and labelled with Ab#53 show fluorescence in a cluster of cells in each brain lobe near
the ventral nerve cord as well as toward the anterior portion of each brain lobe (arrows).
This pattern is seen in both w1118 and eIF4E-3excision6/Df(3L)BSC732 brains, indicating that it
is non-specific and that Ab#53 is not appropriate for IF in this tissue.
All scale bars 20 µm except in C''', 2 µm
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3.2.3 Mouse-α-eIF4E-3 is suitable for Western blotting and for IF in testes only

An antibody raised in mouse against eIF4E-3 (msAb) and purified against the unique
N-terminal region of the protein was also tested for various applications. In Western blot
analysis of testes lysates, the msAb shows a double band near the expected size for
eIF4E-3 of 28.5 kDa, with fewer background bands than the antibodies produced in
rabbit (Figure 10A). These bands were absent when testes lysates of eIF4E-3 null animals
were analysed. To test the ability of the msAb to recognise eIF4E-3 in fixed tissue,
en-GAL4 flies were crossed to flies carrying the transgenes UAS-FLAG-eIF4E-3 and
UAS-Myr-RFP so that cells expressing the eIF4E-3 transgene would be positively labelled
with membrane-targeted RFP. Signal from the msAb overlapped with RFP expression in
wing discs of the resulting progeny (Figure 10B''',C'''), indicating that this antibody
could be used for IF. The antibody was found to be reliable for IF in adult testes, as it
recognised protein expression in spermatocytes and spermatids in w1118/Y testes, but
nothing above background in eIF4E-3excision6/Df(3L)BSC732 testes (Figure 10D,E). While an
expression pattern is seen in w1118 third instar larval brains with the msAb, this same
pattern of fluorescence is seen in eIF4E-3excision6/Df(3L)BSC732 brains, indicating the
pattern is non-specific (Figure 10F,G). In IF analysis of pupal wings, the msAb labels
large cells within the developing wing veins (Figure 10H). In eIF4E-3excision6/Df(3L)BSC732
pupal wings, the fluorescent signal with the msAb is more diffuse in the wing vein, but a
few of the large cells are recognised as well (Figure 10I), indicating that the antibody is
not reliable for IF in this tissue.
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Figure 10 | msAb is reliable for Western blots and for IF in testes only. (A) msAb is
appropriate for Western blot analysis as it recognises a double band near the expected
size of 28.5 kDa in w1118 testes lysates (arrowheads) and no bands in eIF4E-3 null testes
lysates. (B-B''') msAb recognises eIF4E-3 in fixed tissue. Labelling with msAb is
congruent with RFP expression in the en region of the wing disc when en-GAL4 is used
to drive expression of both UAS-myr-RFP and UAS-FLAG-eIF4E-3. (C-C''') Higher
magnification of the region shown in B''', showing msAb recognition only where RFP is
expressed. (D,E) msAb is appropriate for IF analysis of testes as it labels spermatocytes
and spermatids in w1118 testes, but no signal above background is seen in eIF4E-3 null
testes. (F-I) msAb is not appropriate for IF analysis of other tissues: (F,G) A few scattered
cells in each third instar larval brain hemisphere and an area near the anterior portion of
the brain lobe are labelled with msAb (arrows). However, the same pattern in w1118
brains is seen in eIF4E-3excision6/Df(3L)BSC732 brains. (H,I) msAb stains large cells along
the w1118 developing wing vein at 26 hours APF, and although this pattern is slightly
altered in eIF4E-3 null wings with more ubiquitous fluorescence in the vein, some large
cells are still seen (arrow).
All scale bars 20 µm except in C''', 2 µm
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3.3 | Generation of a null eIF4E-3 mutation and expression reporter using
CRISPR-Cas9 and homologous recombination
3.3.1 CRISPR-Cas9 targeted mutation of eIF4E-3 results in a null allele

As none of the antibodies tested reliably showed expression of eIF4E-3 in tissue other
than testes, replacement of eIF4E-3 at the endogenous site with a fluorescent reporter
was used as an alternative approach to investigate the expression pattern of eIF4E-3.
Successful replacement would also result in a null allele of eIF4E-3. The method used to
generate this allele involved using CRISPR-Cas9 to target eIF4E-3, and homologous
recombination to replace the endogenous sequence with the reporter. CRISPR (clustered
regularly interspaced short palindromic repeats) and CRISPR-associated (Cas) nucleases
are a mechanism used by bacteria and archaea to defend against foreign plasmids and
viruses (Barrangou et al. 2007). In the type II CRISPR-Cas9 systems, the Cas9 nuclease
cleaves double-stranded DNA, sequence-specified by complementarity to a targeting
CRISPR RNA (crRNA) and short protospacer adjacent motif (PAM), and in the presence
of the structure formed by crRNA bound to trans-activating crRNA (tracrRNA) (Jinek et
al. 2012). Jinek et al. (2012) demonstrated that double-stranded breaks could be induced
at specific sites by engineering a chimeric crRNA:tracrRNA with sequence targeting the
site of interest, and the CRISPR-Cas9 system has since been used for targeted genome
alteration in a variety of cells and model organisms (reviewed in Doudna and
Charpentier 2014) , including Drosophila (Gratz et al. 2013; Bassett et al. 2013; BaenaLopez et al. 2013).
Double-stranded DNA breaks can be repaired either by non-homologous end joining,
which, in the context of targeted genome alteration, would result in a deletion mutation,
or by homology directed repair/homologous recombination (HR), allowing for sequence
alterations and knock-ins. Baena-Lopez et al. (2013) devised a targeting plasmid for use
in HR genome modification in Drosophila, which includes an mCherry reporter among
other features. This pTVCherry plasmid was used to target eIF4E-3 by cloning genomic
regions 2kb upstream of the transcription start site and 2kb downstream of the
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polyadenylation site of eIF4E-3 into the respective multiple cloning sites of pTVCherry. The
objectives of using this plasmid were to create a complete knock-out of eIF4E-3 and to
make a reporter of endogenous eIF4E-3 expression. A modified version of the described
direct injection protocol (Baena-Lopez et al. 2013) was used, in which embryos
expressing Cas9 under control of the vasa promoter were injected with pTVCherry-eIF4E-3,
synthetic tracrRNA, and a synthetic crRNA targeted to the first exon of eIF4E-3. The
resulting allele was analysed for presence of the mCherry reporter and for insertion at the
correct genomic location by PCR. A 776bp mCherry verification product indicated that
mCherry was present in the genome, and downstream of the sequence used for eIF4E-3
upstream homology (Figure 11B). A 659bp insert site verification product indicated that
pTVCherry appropriately integrated into the genome at the eIF4E-3 site, and did not
integrate any part of the vector outside the homology regions (Figure 11B).
This allele, eIF4E-3null,mCherry, was also examined for congruency with known
phenotypes caused by loss of eIF4E-3. Western blot analysis of testes lysates showed that
eIF4E-3 protein is absent in eIF4E-3null,mCherry testes as in eIF4E-3excision6 testes (Figure 11C). IF
analysis of eIF4E-3null,mCherry testes also shows an absence of fluorescent signal, indicating
that eIF4E-3 expression is lost (Figure 11F). Male flies homozygous for eIF4E-3null,mCherry
are completely sterile (Figure 11D), consistent with the eIF4E-3excision6 allele and with
eIF4E-3L0139/Df(3L)BSC732 (Hernández et al. 2012). Defects in spermatogenesis initially
reported for eIF4E-3L0139/Df(3L)BSC732 (Hernández et al. 2012) are also seen in
eIF4E-3null,mCherry testes: the testis base is completely void of sperm bundles (Figure 11H),
and Nebenkern structures in spermatids as visualised by non-specific antibody labelling
are enlarged as a result of a defect in meiosis (Figure 11J). eIF4E-3null,mCherry therefore
appears to be a functional null mutation with phenotypes consistent with previously
described mutations.
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Figure 11 | eIF4E-3null,mCherry, generated using CRISPR-Cas9 and homologous
recombination, is a null allele. (A) Schematic of eIF4E-3 gene region showing sites
cloned for 5' and 3' homology into pTVCherry, site of eIF4E-3 targeted crRNA
complementarity, and region deleted in eIF4E-3null,mCherry. Shaded boxes represent regions
coding for exons, lines represent introns or genomic regions outside the transcribed
eIF4E-3 sequence, and unshaded boxes represent untranslated regions. (B) Confirmation
of pTVCherry insertion by PCR from genomic extracts. Primers for mCherry verification
were designed to amplify a 776 bp region from a site within the 5' homology region to a
site within the mCherry sequence, in order to confirm integration of the vector. Primers
for insert site verification were designed to amplify a 659 bp region from within the 3'
homology region to a site further downstream, not included in the pTVCherry-eIF4E-3 vector,
in order to show the vector was inserted at the appropriate site and that no regions
outside the cloned genomic homology were integrated. (C) Western blot analysis of
testes lysates shows absence of protein in eIF4E-3null,mCherry animals as in eIF4E-3excision6
animals. (D) Males and females of the indicated genotypes were assessed for fertility
when mated to w1118 females or males, respectively. As with eIF4E-3excision6, eIF4E-3null,mCherry
males do not produce any offspring, while females remain fertile. (E,F) IF analysis of
adult testes shows absence of protein in eIF4E-3null,mCherry animals. (G,H) Maximum
intensity projection images of the base of testes demonstrates loss of sperm bundles in
eIF4E-3null,mCherry testes, a known phenotype of eIF4E-3 null animals. (I,J) Nebenkern
mitochondrial structures (arrows) in eIF4E-3null,mCherry spermatids, visualized by nonspecific α-Merlin signal, are larger than those in w1118 spermatids, a phenotype
previously described for loss of eIF4E-3 (Hernández et al. 2012).
Scale bars in E-H: 20 µm; scale bars in I,J: 5 µm
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3.3.2 mCherry reporter analysis shows nervous system expression of eIF4E-3

As the eIF4E-3null,mCherry allele replaces all of the eIF4E-3 sequence that would be
transcribed with vector DNA including mCherry, it is predicted that mCherry would be
expressed under endogenous eIF4E-3 regulation. An antibody to dsRed was used to
detect mCherry in fixed tissue. mCherry appears to be expressed in a semi-circular
pattern in the brain lobe of third instar larvae apparently in the area of photoreceptor
axon projections, similar to the expression pattern of chaoptin (Figure 12B,C). mCherry
does not, however, appear to be expressed in spermatocytes (Figure 12A), a cell type in
which eIF4E-3 is known to be expressed and function (Hernández et al. 2012; Ghosh and
Lasko 2015). Potentially, the reporter is not capturing the whole expression of eIF4E-3
due to deletion of regulatory elements when creating the eIF4E-3null,mCherry allele.
Nevertheless, mCherry reporter data indicate that eIF4E-3 is expressed in the central
nervous system of Drosophila.
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Figure 12 | mCherry reporter of eIF4E-3 expression is seen in the central nervous
system of third instar larvae. (A,D) Although eIF4E-3 is known to be expressed in
spermatocytes, mCherry expression visualised using α-dsRed is not observed in
eIF4E-3null,mCherry testes. (B) mCherry is specifically recognised in the brain lobe of third
instar larvae, in a region which appears to correspond to innervation by photoreceptor
axons in the lamina and medulla, noted by the white arrow (compare expression of
chaoptin in Figure 16). (C) Higher magnification of the area indicated by dashed lines in
B, maximum intensity projection. Fluorescence is seen in a semi-circular pattern with a
more prominent line at the base, potentially corresponding to photoreceptor axons in the
medulla and the lamina plexus. (E) Some of the sites recognised by α-dsRed are nonspecific as they are seen in negative control w1118 brains as well (red arrows); however,
the site that resembles chaoptin expression is not seen in w1118 brains.
Scale bars: 20µm
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3.4 | eIF4E-3 is expressed in the nervous system
3.4.1 RNA fluorescence in situ hybridisation demonstrates eIF4E-3 expression in the
larval brain and imaginal discs

As an alternative to determining eIF4E-3 expression pattern by protein localisation,
expression of eIF4E-3 mRNA was examined by RNA fluorescence in situ hybridisation
(RNA FISH). Using an antisense probe to the sequence coding for the N-terminal region
of eIF4E-3, which is unique compared with other Drosophila eIF4E isoforms (Hernández
et al. 2005), eIF4E-3 transcript was detected in spermatocytes in w1118/Y adult testes
(Figure 13A). This is consistent with protein expression seen with IF analysis (see Figure
8F, Figure 9D, Figure 10D) and with previously described protein expression data
(Hernández et al. 2012). RNA FISH with the same probe in third instar larval tissues
shows eIF4E-3 transcripts in the brain toward the anterior part of the lobe (Figure 13C).
This pattern is somewhat similar to what is seen with two of the α-eIF4E-3 antibodies
tested, Ab#53 and msAb (Figure 9F, Figure 10F). eIF4E-3 transcripts are also detected in
the wing disc (Figure 13E), and in the eye-antennal disc apparently at the morphogenetic
furrow, a boundary beyond which cells have differentiated into photoreceptors (Figure
13G). The RNA FISH data indicate that eIF4E-3 is expressed in the developing wing and
nervous system of the fly.
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Figure 13 | eIF4E-3 RNA FISH demonstrates transcript expression in testes, brains,
and imaginal discs. (A) eIF4E-3 transcripts are detected in primary spermatocytes,
consistent with protein expression seen using antibodies to eIF4E-3. (C) eIF4E-3
transcripts are seen in the anterior region of each brain lobe of third instar larvae, in an
area similar to expression seen using Ab#53 or msAb (see Figure 9F, Figure 10F).
(E) eIF4E-3 transcripts in wing imaginal discs of third instar larvae, at the periphery of
the wing pouch. (G) eIF4E-3 transcripts are expressed in third instar larval eye-antennal
discs, potentially at the morphogenetic furrow, which indicates the boundary between
undifferentiated cells and cells differentiated to photoreceptors. (B,D,F,H) Fluorescent
signal is not detected in these tissues when the RNA FISH procedure is carried out in the
same way, but no DIG-labelled antisense probe is added.
Scale bars in A,B: 50 µm; scale bars in C-H: 20 µm
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3.4.2 β-galactosidase expression from an eIF4E-3 enhancer trap indicates nervous
system expression

In addition to acting as a null allele of eIF4E-3, the P-element insertion of the
eIF4E-3L0139 allele also functions as an expression reporter as the P-element contains lacW,
which encodes β-galactosidase (β-gal) (Bier et al. 1989). Therefore, β-gal expression
should mimic the endogenous eIF4E-3 expression pattern, at least in part. IF using
α-β-gal in eIF4E-3L0139/TM3 Ser, Act-GFP testes shows expression in spermatocytes
(Figure 14B), congruent with previously described eIF4E-3 expression (Hernández et al.
2012) and IF and RNA FISH observations. α-β-gal signal is observed in the Nebenkern in
early spermatids, but this is also seen in testes from w1118/Y negative control (see arrows
in Figure 14A,B), supporting non-specific antibody binding. In
eIF4E-3L0139/TM3 Ser, Act-GFP third instar larval brains, specific β-gal expression is seen
at several sites: a small cluster of cells at the antero-medial portion of the brain lobe
(Figure 14D,H) as well as a few individual cells in the medial part of the lobe, a group of
cells in the interior of the brain lobe (Figure 14D,G), another at each end of the arc of
neuroepithelial cells of the optic lobe (Figure 14D,E), and cells in the optic stalk (Figure
14D,F). Wing and eye-antennal imaginal discs were also examined, but no signal specific
to eIF4E-3L0139/TM3 Ser, Act-GFP was observed.
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Figure 14 | eIF4E-3L0139 functions as an enhancer trap and shows β-galactosidase
expression in testes and nervous system. (A-B') β-gal is expressed in spermatocytes of
eIF4E-3L0139/TM3 Ser, Act-GFP testes. This antibody recognition is specific as it is not
observed in control w1118 testes, but Nebenkern labelling is seen in both genotypes (red
arrows) and is therefore not indicative of eIF4E-3 expression pattern. (C-D') α-β-gal is not
seen in brain lobes of w1118 third instar larvae, but is apparent in multiple areas of
eIF4E-3L0139/Df(3L)BSC732 brains, indicated by coloured arrows. (E-H) Maximum
intensity projections of areas of the brain with β-gal expression: (E) β-gal is expressed in
cells adjacent to the ends of the arc of neuroepithelial cells, indicated by white arrows in
D. (F) β-gal expression in the optic stalk, purple arrow in D. (G) β-gal expression in a
group of cells toward the interior of the brain lobe, blue arrow in D. (H) A cluster of cells
in the anterior region of the brain lobe expresses β-gal, yellow arrow in D.
Scale bars: 20µm
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3.5 | Mutations in Merlin and eIF4E-3 lead to nervous system phenotypes
3.5.1 eIF4E-3 and Merlin may interact to affect photoreceptor axon distribution in
brains of third instar larvae

Expression of eIF4E-3 in the central nervous system was examined by Western blot
analysis, and impact of its loss or over-expression on nervous system development was
investigated by IF to visualise proteins characteristic of particular nervous system cell
populations in third instar larval brains. Bands corresponding to eIF4E-3 were not
observed by Western blotting against lysates of up to 50 w1118 third instar brains (Figure
15), indicating that although eIF4E-3 is expressed in the nervous system (Figure 12,
Figure 13, Figure 14), the level of expression in this tissue is low. Both loss and overexpression of eIF4E-3 were examined by IF, using the eIF4E-3excision6 allele and
UAS-FLAG-eIF4E-3 expressed with Actin5C-GAL4, respectively. The majority of the
markers analysed were not obviously changed with either loss or over-expression of
eIF4E-3 (Table 4). However, chaoptin (chp), a protein expressed in photoreceptor axons,
appeared to be expressed in a slightly larger area in eIF4E-3excision6 larval brains compared
with control w1118 brains. Initial experimental observations also indicated that this
expression area was more similar to the control phenotype when Merlin mutation was
introduced (Mer4/Y;;eIF4E-3excision6), suggesting a repressive genetic interaction. However,
subsequent biological replicates did not clearly corroborate these initial observations, as
the phenotypes were found to be fairly variable even within the control genotype, and
accurate analysis is highly dependent on subtle orientation of the mounted brains.
Maximum intensity projections of confocal z-stacks taken of the chp-expressing area of
w1118 and eIF4E-3excision6 brains at similar orientations (n=9 per genotype) were generated to
quantify the domain of chp expression (Figure 16). Image J software was then used to
measure the length of the lamina plexus (demarcates lamina from medulla, formed by a
dense layer of expanded growth cones from R1-R6 cells [Garrity et al. 1999]). While a
subtle trend toward greater lamina plexus length was observed for eIF4E-3excision6 brains,
the difference was not statistically significant (p=0.63, two-tailed T-test).
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Figure 15 | eIF4E-3 expression in third instar larval CNS is not detectable by
Western blot analysis. Increasing numbers of brains/ventral nerve cords were dissected
from w1118 third instar larvae, lysed, and separated on a polyacrylamide gel. Adult testes
from w1118/Y and eIF4E-3L0139/Df(3L)BSC732 males were used as a positive and negative
control, respectively. Blot was probed with α-eIF4E-3 Ab#23. Although a double band is
seen in the positive control testes lysates, corresponding bands are not observed in CNS
lysates.
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Table 4 | Proteins marking specific cell populations examined for changes in
expression or localisation in the larval nervous system with loss or general overexpression of eIF4E-3. Brains from third instar larvae eIF4E-3excision6/Df(3L)BSC732 and
Act5C>FLAG-eIF4E-3 were dissected and labelled by immunofluorescence for each
protein alongside w1118 control brains.
NS = not significant

Protein

Structure/Cell Type

Loss or Over-expression of eIF4E-3

Chaoptin
Dachshund
Deadpan

Photoreceptor axons
Optic lobe lamina
Neuroblasts

E-cadherin
ELAV
Futsch
Merlin
Prospero
Repo
Sip1

Cell membranes
Neurons
Nervous system, axons
Ubiquitous
Ganglion mother cells
Glia
Neuroblasts and
progeny

Larger area covered with loss (NS)
No change
Increased number in central brain with loss
(NS)
No change
No change
No change
No change
No change
No change
Increased number of neuroblasts with loss
(see deadpan)
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Figure 16 | The distribution of chp+ axon projections in third instar larval brains
trends greater in eIF4E-3excision6 compared with w1118. (A) Representative image of chp
labelling in a third instar larval brain lobe. Maximum intensity projections taken at
approximately the same angle were used to measure the length of the lamina plexus (red
dashed line) using ImageJ software. (B) The difference in lamina plexus length is not
statistically significant (two-tailed T-test, p=0.63, n=9 per genotype).
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3.5.2 Merlin and eIF4E-3 genetically interact to influence central brain neuroblast
abundance

In addition to the potentially expanded expression of chp, eIF4E-3excision6 brains also
appeared to have fewer neuroblasts in the central brain compared with the w1118/Y
control, as initially observed with Sip1 expression. Central brain neuroblast count was
further analysed including Mer4/Y and Mer4/Y;;eIF4E-3excision6 third instar larval brains in
order to determine whether there is a genetic interaction with this phenotype, and using
deadpan (Dpn) as a neuroblast marker, as it is more specific than Sip1 which is also
expressed in ganglion mother cells. For each genotype, brains were analysed from male
larvae only. Data pooled from two biological replicates indicate a trend toward a greater
number of central brain neuroblasts in both Mer4/Y and eIF4E-3excision6 larvae than w1118/Y,
and significantly fewer central brain neuroblasts in Mer4/Y;;eIF4E-3excision6 brains
compared with either mutant genotype alone (Figure 17B). To ascertain whether
differences in neuroblast number may arise from changes in the mitotic neuroblast
population, male third instar larval brains of each genotype were co-labelled for Dpn
and phosphorylated histone H3 (pH3) to mark mitotic cells. More central brain
neuroblasts marked with pH3 were observed in Mer4/Y;;eIF4E-3excision6 animals versus
both w1118/Y and Mer4/Y (Figure 17D), indicating that there are more mitotic neuroblasts
although there are significantly fewer neuroblasts overall in this genotype than in
Mer4/Y. Neuroblasts were also analysed for co-expression of cleaved caspase-3 (casp-3)
to determine if there are differences in apoptotic neuroblasts leading to altered overall
counts between genotypes (Figure 17E). Casp-3 was not found in neuroblasts of any
genotype, indicating that apoptosis is not a factor determining central brain neuroblast
numbers in larvae with Merlin or eIF4E-3 mutations.
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Figure 17 | Merlin and eIF4E-3 affect the number of neuroblasts present in the
central brain of third instar larvae. (A) Single focal plane image showing the area in
which neuroblasts (Dpn+ cells) were counted. Z-stacks of the whole brain lobe were
obtained to count cells. (B) There is a non-significant trend toward a greater number of
central brain neuroblasts in both eIF4E-3excision6 and Mer4/Y third instar larval brains, and
significantly fewer neuroblasts in Mer4/Y;;eIF4E-3excision6 compared with single mutant
genotypes (p<0.05, Mann-Whitney U-test). (C) Neuroblasts labelled for both Dpn and
pH3 in the central brain were counted as a ratio to the total number of Dpn+ cells.
(D) The proportion of mitotic neuroblasts is not changed in either Mer4/Y or eIF4E-3excision6
brains, but is significantly greater in Mer4/Y;;eIF4E-3excision6 brains compared with w1118/Y
and with Mer4/Y (p<0.05, Mann-Whitney U-test). (E-E'') Neuroblasts were labelled with
α-Dpn, and the central brain populations (indicated by the area enclosed by the dashed
line) were examined for co-labelling with cleaved caspase-3. Some casp-3+ cells were
observed (arrow); however, no co-labelling neuroblasts were seen in any genotype.
Scale bars: 20 µm
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3.6 | Loss of Merlin or eIF4E-3 results in defects in the male germline
Both eIF4E-3 and Merlin are known to be involved in spermatogenesis and male
fertility (Hernández et al. 2012; Ghosh and Lasko 2015; Dorogova et al. 2008), so
spermatogenesis was used as a second system in which to investigate the interaction
between Merlin and eIF4E-3. Both loss of eIF4E-3 and a hypomorphic allele of Merlin
have been shown to cause abnormalities in spermatocyte meiosis and in shaping nuclei
post-meiosis. Germ cells in eIF4E-3L0139/Df(3L)BSC732 (eIF4E-3 null) males fail to progress
to the individualisation stage (Hernández et al. 2012); Mer3/Y (Merlin hypomorph) and
Mer4/Y (Merlin null) flies are able to generate individualising sperm, albeit at a lower
quantity compared with control males, and the sperm bundles at individualisation stage
have scattered rather than neatly aligned nuclei (Dorogova et al. 2008). eIF4E-3 null
adult males are completely sterile (Hernández et al. 2012), as are Mer3/Y adults
(LaJeunesse, McCartney, and Fehon 1998). Mer4/Y animals do not survive to the adult
stage (Fehon et al. 1997), so fertility cannot be assayed; all experiments subsequently
described with Mer4/Y or Mer4/Y;;eIF4E-3excision6 testes were completed using animals at
the pharate stage, approximately 24 hours after pigmentation of the pupae, and
compared with testes from other genotypes 0-24 hours post-eclosion.
3.6.1 A Merlin–eIF4E-3 genetic interaction in testes morphology

Mutations in Merlin alter morphology of the testes. Control (w1118/Y) testes are
elongated and coiled, while Mer3/Y testes are often smaller or sometimes absent, and
testes from Mer4/Y animals are approximately spherical (Figure 18C), more closely
resembling the morphology of larval testes than that of adults. This is a specific effect of
disruption of Merlin, as it is partly or fully rescued when Act5C-GAL4 is used to drive
expression of wild-type Merlin (Myc-Mer) (Figure 18E). The effect of loss of Merlin is
partially rescued by loss of eIF4E-3: about 50% of Mer4/Y;;eIF4E-3excision6 pharate adults
have spherical testes, while the remainder have partially elongated testes (Figure 18D).
Therefore, eIF4E-3 acts as a genetic suppressor of Merlin mutant testes morphology
phenotype.
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The testis sheath, and in particular the muscular layer, is important for determining
the outgrowth and final shape of the testis (Stern 1941a; Kozopas, Samos, and Nusse
1998). The pigment cells of the sheath did not appear to be affected in Mer4/Y testes
(Figure 19H); therefore, the testis muscle sheath was also examined in Merlin and eIF4E-3
mutant animals to determine if the differences in morphology could be attributed to
differences in the surrounding musculature. Muscle of eIF4E-3excision6 testes, as observed
by phalloidin staining of F-actin, appeared the same as in w1118 testes, in a pattern similar
to that of smooth muscle in vertebrates (Susic-Jung et al. 2012) (Figure 19A,B). Mer4/Y
testis sheath, on the other hand, appeared very disorganised, with bundles of fibres
oriented in multiple directions and parts of the testis left uncovered by the muscle layer
(Figure 19C). Muscle filament organisation is restored when the loss of Merlin is rescued
by Act5C>Myc-Mer expression (Figure 19E), indicating that like testis morphology,
muscle sheath arrangement defects are specific to loss of Merlin. Mer4/Y;;eIF4E-3excision6
testes have a variable phenotype that falls in line with the variability observed in testis
morphology. The testes that are partially rescued in terms of morphology have muscle
sheaths which are similar to control sheaths (Figure 19F), while the testes that are
spherical have muscle sheaths similar to those seen with Mer4/Y testes (Figure 19D).
Thus, testis muscle sheath architecture appears to be well correlated with final testis
morphology in Merlin and eIF4E-3 mutant flies.
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Figure 18 | Mer4/Y testes have abnormal morphology that is partially rescued by
addition of a null eIF4E-3 mutation. (A) Control testes are elongated and coiled.
(B) Morphology of eIF4E-3excision6 testes is not different from that of the control. (C) Mer4/Y
testes are relatively spherical, and this phenotype is specific to loss of Merlin, as it is
rescued by expression of Myc-Mer with Act5C-GAL4 (E). Testes from animals with null
mutations in both Merlin and eIF4E-3 may be partially elongated, as in (D), or spherical.
Scale bars: 50 µm
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Figure 19 | Testis muscle sheath is disrupted by loss of Merlin, and is partially
rescued by additional loss of eIF4E-3. (A) Muscle filaments, visualised with F-actin
labelled by phalloidin, are arranged parallel to the circumference of the testis tube, and
cover the whole testis in the w1118 control genotype. (B) The muscle sheath of eIF4E-3excision6
testes does not appear different from that of the control. (C) Muscle filaments
surrounding Mer4/Y testes are not regularly patterned and do not completely encompass
the testis, an effect that is rescued by expression of Myc-Mer with the Act5C-GAL4
driver (E). The appearance of the filaments of the muscle sheath in double mutant
Mer4/Y;;eIF4E-3excision6 testes is correlated with their morphological appearance: testes that
remain spherical like Mer4/Y testes also have a similar muscle appearance with filaments
in disarray (D), whereas testes that elongate somewhat have more orderly muscle
filaments (F). (G,H) The pigment cell population of the testis sheath, identified by large
nuclei (arrowheads), does not appear to be altered in Mer4/Y testes.
Scale bars: 20 µm
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3.6.2 Merlin and eIF4E-3 have reciprocal effects on localisation in spermatocytes

Merlin and eIF4E-3 have both been reported to be expressed in primary
spermatocytes, and loss of Merlin or eIF4E-3 to impact meiosis of these cells (Dorogova
et al. 2008; Hernández et al. 2012). Using any of the eIF4E-3 antibodies described in (3.2),
eIF4E-3 expression is seen in spermatocyte through spermatid stages as previously
described (Hernández et al. 2012). In w1118/Y spermatocytes, eIF4E-3 is cytoplasmic but
also appears very distinct at the plasma membrane (Figure 20A). Mer4/Y spermatocytes
exhibit a range of eIF4E-3 localisation phenotypes: about 20% of spermatocyte cysts in
late prophase show eIF4E-3 membrane localisation that approximates that observed in
the control, 30% have much reduced membrane localisation (Figure 20B), and the
remainder display a mid-range phenotype in which membrane localisation is still
distinguishable, but is less distinct than in the control spermatocytes (Figure 20C). This
phenotype is observed when either the msAb or Ab#23 is used to detect eIF4E-3
expression. Additionally, the reduction of eIF4E-3 membrane localisation is specific to
loss of Merlin, as expression of Myc-tagged wild-type Merlin with Act5C-GAL4 restores
eIF4E-3 localisation (Figure 20D).
A polyclonal antibody raised against Merlin is detected by IF in a similar pattern to
what has been previously described (Dorogova et al. 2008); however, this antibody
labelling is mostly retained in Mer4/Y testes, indicating that the signal is non-specific
(Figure 21B). To better understand where Merlin is expressed and localised in the testes,
Myc-Mer was expressed with Act5C-GAL4 in a Mer4/Y background and Merlin was
visualised by IF using α-Myc (Figure 21C-E). Mitochondrial labelling observed with
α-Merlin is not observed with α-Myc (red arrows in Figure 21). However, the labelling at
the outside edge of the cysts, potentially corresponding to the tail somatic cyst cell, and
at the anterior end of elongated spermatid bundles is observed with both antibodies,
suggesting these are real sites of Merlin localisation (Figure 21C-C'',D-D''''). In primary
spermatocytes, faint cortical fluorescence with α-Myc is observed only as spermatocytes
approach meiosis (Figure 21E'). Nevertheless, a subtle difference in pattern was
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observed with α-Merlin in eIF4E-3 null spermatocytes. While in w1118/Y spermatocytes
Merlin appears ubiquitous and non-distinct at the cortex (Figure 22A), its appearance in
eIF4E-3excision6 spermatocytes is much more distinctive, displaying a somewhat striated
pattern (Figure 22B). The change in localisation is also seen in eIF4E-3null,mCherry testes
(Figure 22C). This suggests that eIF4E-3 may affect Merlin function in spermatocytes by
directing its subcellular localisation, either directly or indirectly.
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Figure 20 | Loss of Merlin alters localisation of eIF4E-3 in late prophase
spermatocytes. (A-A') In control w1118 spermatocytes in late prophase (staged by
appearance of chromatin according to [Cenci et al. 1994]), eIF4E-3 is localised to the
cytoplasm of spermatocytes and also appears distinct at the plasma membrane.
(B-B') Approximately 30% of cysts of late prophase spermatocytes observed in Mer4/Y
testes have greatly reduced membrane localisation of eIF4E-3, although there is a
phenotypic range with about 20% of cysts appearing similar to control, and 50% of cysts
with somewhat reduced membrane localisation compared with the control (C-C').
(D-D') Membrane localisation of eIF4E-3 in late prophase spermatocytes is rescued when
Myc-Mer is expressed using the Act5C-GAL4 driver in a Mer4/Y genetic background.
Scale bars: 10 µm
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Figure 21 | Expression and localisation of Merlin during spermatogenesis.
(A-A'') In control w1118/Y testes, α-Merlin labels germ cells beginning with primary
spermatocytes, especially the mitochondrial derivatives (red arrows). Particularly
strong localisation is also seen anterior to the needle-shaped nuclei of elongated
spermatid bundles (white arrow in A'', also in inset). α-Myc does not show any
fluorescence above background. (B-B'') The majority of the α-Merlin labelling seen in
w1118/Y testes is also observed in Mer4/Y testes, including the mitochondria (red arrows).
However, no fluorescence is seen near elongated spermatid nuclei (inset in B''). α-Myc
does not show any fluorescence above background in Mer4/Y testes. (C-C'') Testes in
which Myc-Merlin is expressed in a Merlin null background reveal Merlin localisation
by α-Myc, which is seen at the outside edge of cysts and anterior to needle-shaped nuclei
of spermatid bundles (arrows in C'', spermatid bundle also in inset). (D-D'''') Both
α-Merlin and α-Myc are observed at the anterior end of the nuclei in individualising
spermatid bundles, identified by the presence of actin cones of the individualisation
complexes posterior to the nuclei. (E-E''') α-Myc labelling is observed at the cell cortex in
spermatocytes undergoing meiosis I.
Scale bars in A'',B'',C'': 20 µm; scale bars in D'''',E''': 5 µm
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Figure 22 | Cortical Merlin localisation is altered in late prophase spermatocytes of
eIF4E-3 null mutant testes. (A) Merlin, as visualised with α-Merlin, appears ubiquitous
and lacking a distinctive pattern in control w1118 spermatocytes in late prophase (A',
staged according to chromatin appearance described by Cenci et al. [1994]).
(B) Spermatocytes from the same stage (B') in eIF4E-3excision6 testes show Merlin
localisation as a more definitive, striated pattern. (C) A similar striated Merlin
localisation is also observed in eIF4E-3null,mCherry late prophase spermatocytes, indicating
this appearance of Merlin is specific to loss of eIF4E-3.
Scale bars: 10 µm
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3.6.3 Loss of Merlin affects spermatid bundle integrity

Mer3/Y animals are known to have spermatid bundle defects: cysts that progress to
the individualisation stage have scattered nuclei and actin cones of the individualisation
complex (IC), and fewer than 64 nuclei (Dorogova et al. 2008). Mutations in Merlin also
affect the orientation of the bundles with respect to the tip-base axis of the testes (Figure
23). This phenotype has been observed mainly in Mer3/Y animals, as the spherical nature
of the Mer4/Y testes prevents axis definition. Normally, sperm nuclei are oriented toward
the testis base, with tails and individualisation cones toward the tip relative to the
nuclei, as observed in w1118/Y control testes (Figure 23A-A''). In Mer3/Y testes, the sperm
bundles appear to be randomly oriented (Figure 23B-B''). Additionally, in Mer3/Y
animals, bundles are found throughout the length of the testis, whereas in w1118/Y testes
they are exclusively located near the base. These phenotypes are direct effects of loss of
Merlin function, as sperm bundle orientation and location within the testis, as well as
organisation of the nuclei and actin cones, can be rescued by expression of Myc-Mer
driven by Act5C-GAL4 in a Mer3/Y background (Figure 23C-C''). Similarly, Act5C>MycMer in a Mer4/Y background restores bundle organisation, and restores morphology
fully or in part such that a tip-base axis can be defined, with sperm bundles
appropriately aligned, oriented, and localised with respect to the axis (Figure 23E-E'').
Furthermore, male fertility is rescued when Myc-Merlin is expressed in the Mer3/Y
background, demonstrating the functional requirement of Merlin in sperm maturation
(Figure 23F).
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Figure 23 | Bundles of individualising spermatids are disorganised and randomly
oriented relative to the testis axis in Merlin mutant testes. (A-A') Control w1118
spermatid cysts with needle-shaped nuclei have neatly aligned nuclei and are oriented
with nuclei near the testis base and tails toward the tip, such that the ICs (indicated by
F-actin staining) move toward the testis tip. In these and subsequent panels, white
arrows point to the nuclei of spermatid bundles correctly oriented within the testis, with
nuclei toward the base relative to the IC. (B-B') As previously reported (Dorogova et al.
2008), elongated spermatid bundles in Mer3/Y testes have fewer nuclei than control
bundles, and both nuclei and actin cones are scattered. Additionally, the individualising
spermatid bundles appear to be randomly oriented within the testis as some have nuclei
toward the base and tails toward the tip (white arrow) and others are in the reverse
orientation (red arrow). (C-C') Addition of Myc-Mer expressed with Act5C-GAL4 in the
Mer3/Y genetic background rescues both the scattering and the orientation defects
observed in Mer3/Y testes. (D-D') In Mer4/Y testes, nuclei and actin cones are scattered as
in Mer3/Y testes, and appear randomly oriented, although there is no clear testis axis as
these testes are relatively spherical (see Figure 18C). (E-E') Using Act5C-GAL4 to drive
expression of Myc-Mer in the Mer4/Y genetic background rescues morphology of the
testes (see Figure 18E), so an axis can be defined, and spermatid bundle orientation
relative to this axis is normal (white arrow). Alignment of nuclei and ICs is also rescued.
(F) Expression of Myc-Merlin in a Mer3/Y background restores male fertility in addition
to spermatid bundle integrity and orientation.
Scale bars: 10 µm
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3.7 | Effect of Merlin and eIF4E-3 on translation
To investigate how the association between Merlin and eIF4E-3 affects the translation
of their target mRNAs identified by RIP-Chip, two target transcripts – boule (bol) and held
out wings (how) – were chosen based on their expression patterns to analyse protein
levels among animals lacking Merlin, eIF4E-3, or both by Western blotting and IF. Bol is
an RNA binding protein that is highly expressed in the male germline and is required
for meiosis by promoting translation of the Cdc25/Twine phosphatase in late
spermatocytes (Cheng, Maines, and Wasserman 1998; Maines and Wasserman 1999). Bol
also functions in the nervous system, in part by inhibiting ecdysone-stimulated axon
pruning (Joiner and Wu 2004; Hoopfer et al. 2008). HOW is also an RNA binding
protein. It is developmentally required and functions in muscle development and
migration, adhesion, and glial migration and axon wrapping (Zaffran et al. 1997;
Baehrecke 1997; Lo and Frasch 1997; Edenfeld et al. 2006). HOW is also required in the
male germline to maintain the germline stem cell population and to permit mitotic
divisions of spermatogonia (Monk et al. 2010).
Western blots to examine Bol levels were carried out using lysates of third instar
larval testes that were treated with the proteasome inhibitor MG132 so that changes in
protein level could be attributed to increased or decreased translation and not masked
by changes in the amount of degradation. Although there was variability between
replicates, expression of Bol appears to be decreased in eIF4E-3excision6 larval testes
compared with w1118/Y larval testes (Figure 24). In some replicates Bol was decreased
while unchanged in others in Mer4/Y larval testes. The amount of Bol protein was also
decreased in Mer4/Y;;eIF4E-3excision6 testes compared with control, but was not consistently
higher or lower when compared with eIF4E-3excision6 alone. By IF analysis in testes, Bol
expression does not appear different from the w1118/Y control genotype in Mer4/Y or
eIF4E-3excision6 animals (Figure 25). Likewise, there is no apparent difference in
Mer4/Y;;eIF4E-3excision6 testes; in particular, Bol can accumulate in late spermatocytes in
each of these genotypes (arrows in Figure 25). These data indicate that eIF4E-3 is
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important, but not absolutely required, for translation of bol and that Merlin plays a
minor role, if any, in bol translation.
Western blot analyses of HOW were carried out on lysates from third instar larval
wing discs treated with MG132. Loss of eIF4E-3 results in an increase in the amount of
HOW protein in wing discs (Figure 26). HOW levels were relatively unchanged, with
observations of both slight increase and slight decrease, in Mer4/Y wing discs, but were
increased in Mer3/Y wing discs in two of three experimental replicates.
Mer4/Y;;eIF4E-3excision6 wing discs, like eIF4E-3excision6, showed increased HOW expression.
In adult testes, expression of HOW, as observed by immunofluorescence, does not
appear to be altered by loss of eIF4E-3 or Merlin; HOW protein is seen in germline stem
cells, gonialblasts, and early spermatogonia as reported previously (Monk et al. 2010)
and observed in w1118/Y control testes (Figure 27). However, Mer4/Y;;eIF4E-3excision6 testes
frequently have fewer spermatogonia, identified by bright appearance of nuclei near the
testis tip, compared with w1118/Y (Figure 27D). An opposite phenotype of increased
spermatogonial numbers was previously described when the long isoform of HOW was
over-expressed in the male germline (Monk et al. 2010). Therefore eIF4E-3, and
potentially Merlin, act to repress translation of how in the wing disc, and they interact to
affect spermatogonial numbers which could be through regulation of how translation.
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Figure 24 | Protein levels of the target transcript bol are decreased with mutations
in eIF4E-3 and Merlin. (A) Expression of Bol in third instar larval testes treated with
MG132 to inhibit proteasomal degradation and analysed by Western blot; two bars in
each genotype represent two separate experiments. The intensity of bands
corresponding to Bol was normalised to intensity of β-tubulin in the same lane, and is
depicted for each genotype as a ratio to normalised intensity of Bol in w1118/Y larval
testes. In eIF4E-3excision6 and Mer4/Y;;eIF4E-3excision6 larval testes, the amount of Bol protein is
decreased. The effect of Merlin is less conclusive, as Bol was consistently decreased in
Mer3/Y animals, but may be either decreased or unaffected in Mer4/Y animals. (B) Blot for
Bol represented by the light grey bar in A. Bands indicated by the square bracket were
measured as Bol protein.
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Figure 25 | Expression and localisation of Bol in testes does not appear to be
altered in eIF4E-3 or Merlin mutants. (A) In control w1118/Y testes, Bol accumulates in the
cytoplasm of late primary spermatocytes (arrow) and remains through spermatid stages.
(B) Bol accumulates in late primary spermatocyte cytoplasm in eIF4E-3excision6 testes as in
the control (arrow), and in the spermatid stages that are present. (C) There is no
observable difference in cytoplasmic Bol in spermatocytes of Mer4/Y testes (arrow). (D)
Loss of both Merlin and eIF4E-3 does not affect the cytoplasmic accumulation of Bol
(arrow).
Scale bars: 20 µm
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Figure 26 | HOW protein is increased in wing discs with loss of eIF4E-3.
(A) Expression of HOW in third instar larval wing discs treated with MG132 to prevent
degradation by the proteasome and analysed by Western blotting; three bars for each
genotype represent separate experiments. For each genotype, the intensity of the HOW
band was normalised to the intensity of the β-tubulin band. The protein levels are
presented as a ratio relative to HOW in w1118/Y wing discs. A modest increase in HOW
protein was consistently observed with eIF4E-3excision6 and Mer4/Y;;eIF4E-3excision6 genotypes.
HOW was also increased in Mer3/Y wing discs albeit with more variability as it was
unchanged in one replicate. The effect of Mer4/Y was not consistent with the Mer3 allele,
and showed variable minor modifications of HOW protein level, wherein slightly
reduced HOW was observed in two experimental replicates, but HOW was slightly
increased in a third replicate. (B) Blot for HOW represented by the light grey bar in A.
Bands indicated by arrowheads were measured as HOW.
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Figure 27 | Expression and localisation of HOW in testes is not obviously different
in eIF4E-3 or Merlin mutants, but loss of both Merlin and eIF4E-3 reduces the number
of spermatogonia. (A-A'') HOW is expressed in hub cells (marked by E-cadherin, green
in merge) and surrounding germline stem cells and gonialblasts (arrow). The population
of spermatogonia, identified by bright DAPI staining, is outlined in A. (B-B'') No change
is observed in expression of HOW in eIF4E-3excision6 testes (arrow), nor is the number of
spermatogonia visibly different (outline in B). (C-C'') Mer4/Y testes show HOW
expression similar to control (arrow). Abundance of spermatogonia, outlined in C, does
not appear to be altered compared to the control genotype. (D-D'') Mer4/Y;;eIF4E-3excision6
double mutant testes do not have apparent alterations in HOW expression (arrow in D');
however, the population of spermatogonia appears reduced compared with w1118/Y
control testes.
Scale bars: 10 µm
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4.1 | New alleles of eIF4E-3
In this study, two new alleles of eIF4E-3 were created: eIF4E-3excision6 and
eIF4E-3null,mCherry. Both were verified to be null mutations which are viable but cause
sterility in males (Figure 5, Figure 11). These alleles will be useful for further study of
eIF4E-3 function as they avoid the background lethality of the eIF4E-3L0139 chromosome.
By confirming that phenotypes previously reported as resulting from mutations in
eIF4E-3 are also observed in the eIF4E-3excision6 and eIF4E-3null,mCherry alleles (Figure 6, Figure
7, Figure 11), it can be concluded that these effects – abnormal spermatogenesis resulting
in infertility and absence of mature sperm, and enhancement of MerΔBB overgrowth in
the adult wing – are specific to loss of eIF4E-3 and not due to genetic background effects.

4.2 | Determining eIF4E-3 expression outside the male germline
Several approaches were undertaken in an effort to determine if eIF4E-3 is expressed
in tissues other than spermatocytes, using this known expression pattern as a positive
control. Each of the three antibodies tested shows specific recognition of eIF4E-3
demonstrated with Western blots and with IF, both by overlap with an antibody against
a peptide tag in transgene-expressing animals and by absence of signal in eIF4E-3 null
testes (Figure 8A-C''',F-G; Figure 9A-E; Figure 10A-E). However, in larval brains, each
antibody uncovers a pattern different from the others that appears to be precise, in that
only a few particular cells are labelled, but is not specific as eIF4E-3 null brains are
identically labelled (Figure 8H-I; Figure 9F-G; Figure 10F-G). A similar trend was seen in
other tissues examined, including pupal wings and embryonic nervous system,
indicating that the patterns recognised are not specific to eIF4E-3. These antibodies
might be recognising other epitopes. Precise but non-specific antibody signal in the
Drosophila nervous system has been previously described (Saez and Young 1988), and
was also observed in this study with other antibodies: α-dsRed was found to label some
cells in negative control w1118 brains (see Figure 12E) and both α-dsRed and α-β-gal label
cells in w1118 larval ventral nerve cords.
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Using FISH to analyse distribution of eIF4E-3 mRNA in larval tissue, expression was
seen in wing and eye-antennal imaginal discs and in brains in addition to the
spermatocyte positive control (Figure 13), although the high level of background signal
makes precise interpretation somewhat difficult. Some attempts were made to improve
signal to noise ratio, including addition of detergents to wash buffers as described to
visualise transcripts with low expression in planaria (King and Newmark 2013), which
helped reduce the background but also resulted in little to no signal. It would be helpful
to continue optimisation of the protocol for a reliable overview of eIF4E-3 transcript
expression, or perhaps to try chromogenic visualisation of the probe (Tautz and Pfeifle
1989) rather than fluorescence, which is more readily monitored over time and can be
stained for longer periods, potentially improving signal for low level expression.
β-gal from an eIF4E-3 enhancer trap expresses in the positive control cells
(spermatocytes) and in multiple separate areas of the larval brain lobe and optic stalk
(Figure 14). The expression patterns seen by RNA FISH or with the mCherry reporter
are not accounted for in this method; it is possible that the enhancer trap does not reflect
all cells in which eIF4E-3 is normally expressed, as similar expression discrepancies have
been noted with multiple enhancer traps in Drosophila (Calleja et al. 1996; Cabrera et al.
2002; Mayer et al. 2013).
Expression of the mCherry reporter, which replaces the eIF4E-3 coding region, was
not seen in the spermatocytes, but was in the larval brain in the area of the lamina and
medulla of the optic lobe (Figure 12). A conceivable reason no reporter expression was
seen in spermatocytes despite evidence these cells highly express eIF4E-3 is because a
regulatory element for eIF4E-3 transcription is missing, maybe contained within an
intron. It is therefore also possible that one or more regulatory elements for expression
outside the male germline are absent and that the whole of eIF4E-3 endogenous
expression is not captured by this reporter. This would align with the lack of congruence
between mCherry expression and expression of the β-gal reporter or of the RNA FISH
signal.
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In addition to spermatocytes, eIF4E-3 appears to be expressed in the central nervous
system of Drosophila. Although each method used to investigate eIF4E-3 expression
pattern gives slightly different results, there is currently nothing known regarding the
regulation of eIF4E-3 expression, so these discrepancies may simply reflect the capturing
of different regulatory elements. Alternatively, because eIF4E-3 expression in the
nervous system is likely at very low levels, as supported by the inability to detect it in
larval brain lysates (Figure 15), it is possible that the sensitivity of some of these
detection methods is not great enough to reflect the full pattern of expression. Taking
into account all observed patterns of eIF4E-3 expression in the Drosophila larval brain,
this translation factor appears to be expressed in, at minimum, cells associated with the
visual region of the brain including adjacent to optic lobe neuroblasts, within the optic
stalk, and in the medulla, as well as in an area at the anterior of the central brain and in
an unidentified group of cells in the brain interior. Expression of eIF4E-3 specifically in
the nervous system supports the idea that it may contribute to the nervous system
specificity of NF2 tumours by adjusting Merlin activity in these cell types.

4.3 | Potential Merlin and eIF4E-3 interaction in photoreceptor axon
guidance
The lamina plexus is formed by the termination of axon growth cones of
photoreceptor neurons R1-R6, which occurs between a row of marginal glial cells and a
row of epithelial glial cells (Winberg, Perez, and Steller 1992). These glia signal for the
growth cones to stop at this stage (Poeck et al. 2001), where they pause before forming
final synaptic connections (Fröhlich and Meinertzhagen 1982). This is necessary because
the photoreceptor projections not only receive signals from the environment including
glial cells, but they also influence the proliferation and differentiation of these cells in the
brain environment (Huang and Kunes 1998; Huang, Shilo, and Kunes 1998). In
eIF4E-3excision6 larvae, the size of the lamina plexus was found to be on average slightly,
though not significantly, larger than that of w1118 larvae (Figure 16B). While the
difference is not significant as measured over several replicates, it remains a possibility
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that this is a true phenotype that is attenuated when Merlin is lost as well, and that the
non-significance reflects either subtlety of the phenotype or incomplete penetrance. In
larvae mutant for the activin receptor babo, the lamina plexus was found to be smaller
and have fewer, less organised surrounding glia as a result of attenuated neuroblast
proliferation and therefore a reduced pool of progenitor cells (Zhu et al. 2008). eIF4E-3 is
potentially acting in an opposite manner, causing excess glia or lamina neuropil
production and thereby affecting photoreceptor axon targeting. This could result from
altered progenitor availability, as in babo mutants, or perhaps loss of eIF4E-3 changes the
signalling capacity of the glia or of the axons in turn affecting the distribution of their
synaptic targets. It would be interesting to examine the distribution of glia surrounding
the lamina plexus by IF using an antibody to the glia marker repo. Appearance of glia in
eIF4E-3excision6 larvae could be compared with a control to see if there is a difference in
glial number or organisation, which may only be apparent in brains in which the lamina
plexus is obviously longer than normal, and if so whether this difference is mitigated in
animals null for both eIF4E-3 and Merlin. Cell type requirement for eIF4E-3 function
could also be analysed using the GAL4-UAS system to generate either cell type specific
knock-down or rescue of the eIF4E-3excision6 allele; however, this would likely be quite
difficult to achieve considering the variability of the mutant phenotype.

4.4 | Merlin and eIF4E-3 interaction in central brain neuroblasts
Approximately 100 central brain neuroblasts for each brain lobe are specified from
the procephalic neurogenic region of ectoderm by embryonic stage 11 (Urbach,
Schnabel, and Technau 2003), and enter a quiescent state at the end of embryogenesis.
Neuroblasts in the larval brain arise from the embryonically derived population by
exiting quiescence beginning at the end of the first instar larval stage and reaching a
peak of about 85 proliferating neuroblasts per brain lobe in third instar larvae (Ito and
Hotta 1992). Within this population, eight neuroblasts are classified type II because they
divide to produce intermediate neural progenitor cells, themselves having limited selfrenewal capacity (Bello et al. 2008; Bowman et al. 2008; Boone and Doe 2008), and can
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therefore generate large quantities of differentiated cells compared with type I
neuroblasts, which produce ganglion mother cells that divide once and terminally
differentiate (Boone and Doe 2008). However, this difference also makes type II lineages
more prone to tumour formation, as deregulated self-renewal can occur in the
neuroblast or intermediate neural progenitors (Kang and Reichert 2015). Interestingly,
the canonical Drosophila eIF4E is important in progression of type II neuroblast-derived
brain tumours, as neuroblast-specific depletion of eIF4E prevents tumour formation in
mutant backgrounds that cause over-proliferation in type II lineages (Song and Lu 2011).
However, eIF4E knock-down does not prevent tumour development in type I
neuroblasts or alter the number of normal neuroblasts (Song and Lu 2011), so it is
possible that one or more of the alternative eIF4E isoforms is more important in normal
maintenance and division of neuroblasts. eIF4E-3 potentially participates in this process,
as its loss caused a trend, albeit non-significant, toward more central brain neuroblasts
(Figure 17B). Similarly, loss of Merlin trends toward a greater number of central brain
neuroblasts, indicating it may also be involved in regulation of neuroblast maintenance.
It is intriguing that the combination of the two mutations leads to a significantly reduced
neuroblast count compared with either mutation on its own, more similar to the count in
control brains. This suppressive interaction suggests that the functions of Merlin and
eIF4E-3 in neuroblasts are linked, consistent with the idea that eIF4E-3 may enhance the
tumour suppressor activity of Merlin in certain cell types.
Markers of mitosis and apoptosis were investigated to determine whether differences
in cell division or cell death among Merlin and eIF4E-3 mutant genotypes might account
for the variation in overall neuroblast numbers. It was initially surprising that the brains
of larvae which are null for both Merlin and eIF4E-3 had more dividing neuroblasts than
the control genotype or loss of Merlin alone (Figure 17D), but a lower overall number of
neuroblasts than loss of Merlin. However, as neuroblasts are normally specified in
embryogenesis, an increased mitotic neuroblast population does not necessarily signify
that more neuroblasts would be expected unless the divisions are symmetric. Given that
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the overall neuroblast count is similar to that in control brains, it is more likely that these
divisions are asymmetric. It is possible, therefore, that there is an increase in
differentiated neurons/glia in Mer4/Y;;eIF4E-3excision6 brains. The abundance and relatively
non-distinct appearance of ELAV, the marker for differentiated neurons, in the larval
brain makes it difficult to quantify the abundance of neurons accurately enough to
determine what may be a subtle difference. On the other hand, differentiated glia could
be quantified using repo as a marker in order to assess a potential increase in
asymmetric divisions.
Neuroblasts are not found in normal adult brains as they cease dividing by the end of
the pupal stage (Ito and Hotta 1992). In the central brain, some neuroblasts undergo
apoptosis during the pupal stage (Cenci and Gould 2005), while others stop self-renewal
and divide into two post-mitotic cells (Maurange, Cheng, and Gould 2008), and the
mechanism of termination in type I neuroblasts that generate the mushroom body and
in type II neuroblasts is unknown (Reichert 2011). Cleaved caspase-3 would therefore
not be expected in Dpn+ neuroblasts in the central brain of third instar larvae as this is
prior to the stage in which neuroblast divisions are terminated, and this corresponds to
what was observed in control larval brains co-labelled with α-Dpn and α-casp-3. Neither
the single nor the double mutant brains had casp-3+ neuroblasts either, demonstrating
that the number of neuroblasts present in these genotypes is not being affected by
apoptosis, at least at this developmental stage. It would be interesting to examine Mer4
and eIF4E-3excision6 adult brains to see whether any neuroblasts remain at this stage as a
means of determining if stem cell termination might be defective. Since neither
proliferation nor apoptosis seem to be influencing the neuroblast number in third instar
larvae, Mer4 and eIF4E-3excision6 brains could be assessed for symmetric cell divisions as a
source of extra neuroblasts by inducing single neuroblast mutant clones in larvae using
the MARCM technique (Lee and Luo 1999): clones containing more than one neuroblast
would be indicative of symmetric divisions producing an overabundance of cells.
Alternatively, it is possible that an abnormal number of central brain neuroblasts are
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specified during development, which could be determined by counting neuroblasts at
late embryonic or early larval instar stages.

4.5 | Merlin and eIF4E-3 interact to alter testis morphology
Drosophila testes undergo a morphological change during the pupal life stage from
the spherical larval gonad to the fully developed adult structure. This transformation
begins around 30 hours after puparium formation (Stern 1941a; Gärtner et al. 2014),
when contact is established between the seminal vesicle, which is derived from the
genital disc, and the testis (Dobzhansky 1931; Stern 1941a; Stern 1941b). Contact induces
a reciprocal cell migration: muscle cells originating in the genital disc migrate to
encapsulate the testis, and pigment cells of the testis cover the seminal vesicle (Kozopas,
Samos, and Nusse 1998) forming a bilayered sheath that encloses the testis and seminal
vesicle. Both muscle cell migration and presence of pigment cells are required for shape
change to occur, as testes have abnormal morphology if the testis fails to make contact
with the genital disc (Stern 1941a), if muscle cell migration is defective (Kozopas, Samos,
and Nusse 1998), or if the pigment cells are not specified (Kozopas, Samos, and Nusse
1998) or are lost during development (Nanda et al. 2009). In Mer4/Y pharate adults, the
testes are connected to seminal vesicles, indicating that their failure to elongate is not
caused by failure to make contact with the genital disc. Mer4/Y testes also have a
population of pigment cells (Figure 19H), so the morphological defect does not result
from absence of these cells; however, this does not preclude the possibility that they are
functionally defective. More likely though, is that the failure of testes to elongate and
coil when Merlin is lost is due to abnormalities in the muscle layer of the sheath, as some
testes are not fully enclosed in muscle, and the muscle that is present lacks normal
organisational integrity (Figure 19C). The muscle of the testis sheath is unique in
Drosophila in that it is similar to vertebrate smooth muscle rather than striated muscle
(Susic-Jung et al. 2012). Interestingly, Merlin is highly expressed in human smooth
muscle (den Bakker, Riegman, et al. 1995), so there may be a particular requirement for
its activity in this tissue type. Partial suppression of the testis morphological defect and
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of fibre disorder in the muscle sheath when eIF4E-3 is lost in addition to Merlin indicates
a genetic interaction between the two proteins. The phenotypes apparent when Merlin is
lost could represent misregulated translation of one or more of the target transcripts
identified by RIP-Chip. Perhaps Merlin interacts with eIF4E-3 to suppress translation of
a certain transcript or transcripts, and in the absence of Merlin, eIF4E-3 is able to
associate with other translation initiation factors and promote translation. If this is true,
then when eIF4E-3 is lost in addition to Merlin translation would not occur, barring
compensation by other eIF4Es, and the protein would not be expressed, similar to
wild-type in which translation is actively repressed. Since loss of eIF4E-3 does not fully
rescue the phenotypes seen, it is likely that there are other factors contributing to muscle
sheath migration and organisation and testis morphology, including potential
translational compensation by other eIF4E family members, or other functions of Merlin
not related to translation. Knock-down of proteins involved in cellular adhesion
including dumbfounded/kin of irre, sticks and stones, and hibris results in disorganised
muscle filaments in addition to a normal underlying muscle sheath (Susic-Jung et al.
2012), a phenotype that is independent of the capacity for myoblast fusion (Kuckwa et
al. 2016), indicating a role for adhesion in organisation of the testis muscle sheath.
Merlin is known to localise and function at adherens junctions in both mammals and
Drosophila, promoting cellular adhesion (McCartney and Fehon 1996; Lallemand et al.
2003; McLaughlin et al. 2007; Flaiz et al. 2008; Flaiz et al. 2009; Gladden et al. 2010);
therefore, loss of Merlin function in adhesion may also contribute to the disorganisation
of muscle fibres seen in Merlin null testes.

4.6 | Localisation of Merlin and eIF4E-3 in spermatocytes
When Merlin is lost, eIF4E-3 is redistributed such that it is less concentrated near the
plasma membrane in late prophase spermatocytes (Figure 20B,C). Whether or not this is
a direct effect was not determined, but Merlin is able to localise to the plasma membrane
(den Bakker, Riegman, et al. 1995; Gonzalez-Agosti et al. 1996; McCartney and Fehon
1996; LaJeunesse, McCartney, and Fehon 1998), and it appears to be localised cortically
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in spermatocytes (Dorogova et al. 2008), so it may be required to directly tether eIF4E-3
to the membrane. The functional significance of eIF4E-3 at the membrane is unclear. It
may be that localised translation is required for some transcripts, or, alternatively,
eIF4E-3 might be sequestered at the membrane to prevent activation of translation. Very
little transcription occurs after meiosis, so most gene products required for post-meiotic
stages are transcribed in spermatocytes and translationally silenced until needed
(Schäfer et al. 1995). Possibly, Merlin association with eIF4E-3 and certain transcripts
restricts them to the plasma membrane and prevents translation. It would be interesting
to carry out RNA FISH/IF to see if any of the identified target mRNAs of Merlin and
eIF4E-3 are localised near the spermatocyte membrane, and if so, whether the protein
products are similarly localised as an indication of translational repression versus
activation.
Conversely, loss of eIF4E-3 causes cortical Merlin localisation to change from an
indistinct to a striated appearance (Figure 22B,C). Since eIF4E-3 does not appear to be
specifically localised to the cortex, it is unlikely that Merlin cortical localisation depends
on direct tethering by eIF4E-3. Perhaps association with eIF4E-3 is required for a
particular conformation of Merlin that permits binding to partners causing it to be
cortically localised whereas loss of eIF4E-3 leads to a different conformation of Merlin
that binds different partners. For example, intramolecular binding leading to closed
Merlin conformation is predicted to mask other binding sites in the FERM domain and
prevent it from association with the actin cytoskeleton (James et al. 2001; Fehon,
McClatchey, and Bretscher 2010). Alternatively, absence of eIF4E-3 may leave a site on
Merlin that would normally be bound to it free to associate with another protein,
potentially causing Merlin localisation to appear striated.

4.7 | Role of Merlin in post-meiotic spermatid cysts
Following meiosis of spermatocytes in Drosophila, the resulting 64 spermatids must
polarise within the cyst, by gathering all nuclei to one side, and the cyst itself must
polarise within the testis such that the nuclei are oriented toward the testis base (where
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the seminal vesicle attaches) and the tails grow toward the testis tip (where the hub and
stem cells are located). A defect in the former level of polarisation has been described for
Merlin mutant cysts (Dorogova et al. 2008); although this was not observed in this study,
it is possible that it is not as easily observed by the method used in this study (whole
mount vs. squash). The second type of polarisation, however, could not be monitored by
testes squash, but defects were observed in whole mount IF presented here (Figure
23B,D). Each cyst is enveloped by two somatic cells that correlate with the polarity of the
cyst: one surrounds the nuclei, and the other extends around the sperm tails (Tokuyasu,
Peacock, and Hardy 1972b). These somatic cyst cells become structurally divergent as
the cyst matures – the tail cyst cell must grow much more than the head cyst cell in
order to accommodate the lengthy sperm tails – and have differential gene expression
(Gönczy, Viswanathan, and DiNardo 1992; Papagiannouli and Mechler 2009). Since they
are distinguishable, the somatic cyst cells are plausible candidates for determining cyst
polarity. Xu et al. (2014) have reported a requirement for atypical protein kinase C
(aPKC) and the cytoplasmic polyadenylation element binding protein Orb2 at the tail
end of elongating spermatid cysts to determine polarisation in terms of the tip-base axis
of the testis. Hypomorphic alleles of these genes result in random orientation of
spermatid cysts (Xu, Tyagi, and Schedl 2014). Similarly, arbitrary cyst polarisation was
observed in Mer3/Y testes (Figure 23B); however, Merlin does not localise to the tail end
of the cyst as aPKC and Orb2. Instead, based on IF analysis of Mer4/Y;Act5C>Myc-Mer
testes, Merlin appears to be localised post-meiotically potentially to the tail cyst cell. A
possible function for Merlin in determining spermatid cyst polarity with respect to the
testis axis then, is as part of a signal upstream of Orb2 and aPKC, originating in the tail
cyst cell. This possibility could be explored by observing whether aPKC is mislocalised
in Mer3/Y or Mer4/Y cysts, or whether RNAi mediated knock-down of Merlin specifically
in cyst cells, for example with eya-GAL4 or T155-GAL4 which express in late somatic cyst
cells, is sufficient to cause the polarisation defect.
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Merlin is also localised to the anterior of elongated spermatid nuclei (Figure 21D),
which may correspond either to the acrosome or to the actin-enriched cap that develops
in the head cyst cell to form projections that interdigitate with the elongated nuclei
(Tokuyasu, Peacock, and Hardy 1972b; Desai, Shirolikar, and Ray 2009; Rotkopf et al.
2011). If the Merlin expression is in the head cyst cell, it should not affect the ability of
Merlin to determine axis-base polarity from the tail cyst cell, as the head cyst cell
expression does not appear to turn on until after the spermatid bundles have completed
elongation and are preparing to individualise, at which point the polarity has long been
determined. Merlin expression in the head cyst cell cap may nevertheless help explain
another defect seen in sperm bundles: disorganisation of the nuclei and IC actin cones.
Scattered nuclei and actin cones were reported in Merlin mutant cysts by Dorogova et al.
(2008) by IF analysis of testes squashes, and were confirmed here by whole mount IF,
but the mechanism by which loss of Merlin leads to scattering has not been determined.
This phenotype has been described for a number of genes (Castrillon et al. 1993; Fabrizio
et al. 1998; Ghosh-Roy, Desai, and Ray 2005; Robida et al. 2010) and has been termed the
“expressway mutant” class (Fabrizio et al. 1998). It has been suggested that there are at
least two possible mechanisms leading to this phenotype (Fabrizio et al. 1998): elongated
spermatid nuclei begin in register but are pulled apart by a defective IC, or nuclei enter
individualisation scattered and the actin cones form normally around each nucleus.
Additionally, phenotypes may be either germ-cell intrinsic (Ghosh-Roy, Desai, and Ray
2005) or result from a flawed actin cap in the head cyst cell (Desai, Shirolikar, and Ray
2009). Like other ERM family proteins, merlin interacts with the actin cytoskeleton in
mammalian cells (den Bakker et al. 1995; Sainio et al. 1997; den Bakker et al. 2000; James
et al. 2001; Bashour et al. 2002; Cole et al. 2008), and Drosophila Merlin localises near the
plasma membrane (McCartney and Fehon 1996; LaJeunesse, McCartney, and Fehon
1998) and appears to functionally interact with the actin cytoskeleton (Yin et al. 2013)
and thus likely functions similarly to mammalian merlin. Therefore, Merlin could have a
role in maintaining organisation of F-actin in the head cyst cell cap, which is required to
118

Discussion and Future Directions
maintain a compact and in register bundle of nuclei (Desai, Shirolikar, and Ray 2009).
Microfilaments and cellular adhesion proteins are also essential for cap maintenance
(Rotkopf et al. 2011), which could also be related to the role of Merlin as it is known to
localise to adherens and tight junctions (McCartney and Fehon 1996; Lallemand et al.
2003; Gladden et al. 2010). The potential effect of Merlin on the organisation of nuclear
bundles and ICs as an organiser of the actin cap could be examined by specific
knock-down or rescue in late cyst cells. To look at the role of Merlin more precisely in
either the head or tail cyst cell, potentially an enhancer trap that is expressed only in
either the head cyst cell or the tail cyst cell (Gönczy, Viswanathan, and DiNardo 1992)
could be converted to a GAL4 line (Sepp and Auld 1999) and then used to drive
knock-down of Merlin by RNAi, or to rescue Mer3/Y or Mer4/Y phenotypes by expressing
a wild-type Merlin transgene. It is of note that Merlin has also been implicated in
spermatogenesis in mammals as its loss leads to defects in mature sperm, and is
expressed in early and late germ cells and potentially also Sertoli cells, the mammalian
equivalent of the somatic cyst cells in Drosophila (Zoch et al. 2015).

4.8 | Role of Merlin and eIF4E-3 in regulating translation
Loss of eIF4E-3 was previously shown to lead to an overall reduction in translation
during Drosophila spermatogenesis based on incorporation of radiolabelled methionine
and cysteine (Hernández et al. 2012). However, this same study found, by twodimensional difference gel electrophoresis analysis of eIF4E-3 null testes lysates, that
while a number of proteins were observed at lower levels, expression of some proteins
were increased (Hernández et al. 2012). Similarly, both increase and decrease in protein
levels of eIF4E-3 target transcripts selected in this study were observed (Figure 24,
Figure 26). It was suggested that increased protein levels may be due to an indirect effect
wherein the loss of eIF4E-3 reduces translation of a regulator of these genes, or these
transcripts may be translated by other members of the eIF4E family, which may be
expressed at higher levels to compensate for the loss of eIF4E-3 (Hernández et al. 2012).
Alternatively, it is possible that the role of eIF4E-3 in translation is context-dependent, as
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the Drosophila CPEB homologue Orb2 was recently shown to have both repressive and
activating roles in translation depending on its status as a monomer or oligomer and on
its interaction with partner proteins (Khan et al. 2015). Therefore, the proteins which
eIF4E-3 complexes with may be either permissive or repressive of translation, potentially
in a transcript-specific manner. In Western blot analyses of Merlin and eIF4E-3 target
transcripts how and bol, loss of eIF4E-3 affected translation in opposite directions as
HOW protein levels were increased, indicating de-repression of translation, and Bol
protein levels were decreased, indicating loss of translation activation. The effect of loss
of Merlin on bol translation is uncertain as it was decreased in one experiment and
unchanged in another (Figure 24) – due to variability between blots, more replicates
would be required to make a clear conclusion; however, Bol was consistently decreased
in Mer3/Y testes, suggesting Merlin may be involved in positive regulation of bol
translation. Bol protein is decreased in Mer4/Y;;eIF4E-3excision6 larval testes compared with
the control, but it is not clear if Merlin contributes to this loss of translation or if it is
primarily due to loss of eIF4E-3. Merlin’s effect on how translation is similarly
ambiguous. Two of three experiments showed slightly decreased HOW protein in
Mer4/Y wing discs compared with w1118/Y control, while in the third blot HOW was
slightly increased (Figure 26). Mer3/Y wing discs, on the other hand, had either increased
or unchanged levels of HOW compared with the control. In the double null mutant,
Mer4/Y;;eIF4E-3excision6, HOW protein was increased similarly to loss of eIF4E-3 alone.
Overall, eIF4E-3 appears to be positively regulating translation of bol and negatively
regulating translation of how, while the contribution of Merlin to translational regulation
of these two transcripts is unclear. It is not unreasonable that eIF4E-3 may both enhance
and repress translation, as it is able to bind proteins known to promote translation,
eIF4G (Hernández et al. 2005) and Mextli (Hernández et al. 2013), and potentially the
translation repressive 4E-BP Thor (Hernández et al. 2005). It is not known whether
eIF4E-3 binds any of these proteins when it is complexed with Merlin, or how the
Merlin/eIF4E-3 complex may be selecting specific transcripts. A possible reason that loss
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of Merlin does not significantly affect protein levels is that the targets examined are not
true targets for translational regulation by Merlin, as not all target transcripts identified
in the RIP-Chip experiment have been confirmed. Individual target transcript candidates
could be validated by immunoprecipitation of Merlin or eIF4E-3 together with qRT-PCR,
or by RNA affinity purification, in which biotin-labelled mRNA would be synthesised,
then incubated with lysate of either wild-type whole animals or specific tissues such as
testes, and purified by streptavidin binding. eIF4E-3 and Merlin bound to the mRNA
could then be assessed by Western blotting. It could also be that their association is
tissue specific, since both bol and how are expressed in tissues other than testes and wing
discs respectively, or that the role of Merlin associated with eIF4E-3 is connected more to
localisation of translation rather than to the level of translation.
The differences in translation of bol and how were not readily apparent by IF analysis
in adult or pharate adult testes as expression of both was seen in the same cells as in the
control, and localisation did not appear to be altered (Figure 25, Figure 27). However, it
was noted that Mer4;;eIF4E-3excision6 testes appear to have fewer spermatogonia compared
with the control genotype, which would be consistent with reduced levels of HOW as
loss of HOW has been shown to result in loss of germline stem cells while its
over-expression leads to an expansion of the spermatogonial population (Monk et al.
2010). Although this is not consistent with the Western blotting data, which showed
increased HOW in Mer4/Y;;eIF4E-3excision6 wing discs, it is possible that translation even of
the same transcript is differentially regulated tissue-specifically potentially due to
availability of different interacting partners. There may also be multiple modes of
regulation on these transcripts, so the effect of loss of one part of a regulatory complex
could be masked if other regulatory elements increase in response. Also, since Merlin
and eIF4E-3 may be regulating translation of a number of transcripts including a group
highly expressed in testes, possibly another of these targets affects either the regulation
of others or phenotypes like the spermatogonial population.
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4.9 | Conclusion and general future directions
The Drosophila alternative cap binding protein eIF4E-3 interacts with Merlin
genetically and biochemically, and possibly modifies Merlin activity in specific cell types
as it has a restricted expression pattern that includes the nervous system, where NF2
tumours develop in humans. Merlin and eIF4E-3 were each found to modify the other’s
localisation in spermatocytes and to interact to influence adult testis morphology. In the
central nervous system, Merlin and eIF4E-3 interaction affects the number of neuroblasts
in the larval central brain and potentially distribution of photoreceptor axons in the optic
lobe. eIF4E-3 appears to be able to both positively and negatively regulate translation of
specific transcripts, possibly with the involvement of Merlin although this interaction is
not clear.
As Merlin lacks known RNA binding domains, and eIF4E-3 binds RNA via the m7G
cap, which is present on all cellular mRNAs, yet Merlin and eIF4E-3 associate with only
a subset of transcripts, there is likely at least one additional protein in the complex that
provides RNA recognition specificity. Further partners of Merlin and eIF4E-3 could be
identified by determining what proteins can bind a particular mRNA that is known to
be bound by Merlin and eIF4E-3. Transcripts identified as eIF4E-3/Merlin targets would
be tagged, for example with biotin, and then captured on a streptavidin column.
Subsequently, lysates of wild-type animals would be incubated with the bound column
to allow interaction with potential binding proteins. This step could also be used to
determine if there are differences in interacting proteins throughout development by
using lysates of each developmental stage of Drosphila, or by using lysates from specific
tissues. Finally, proteins binding the tagged mRNA would be eluted from the column
and analysed by mass spectrometry, then confirmed with co-immunoprecipitations with
Merlin and with eIF4E-3.
It would also be interesting to investigate biochemically how eIF4E-3 and Merlin
interact, for example, whether eIF4E-3 preferentially binds either phosphorylated or
non-phosphorylated Merlin or has equal affinity for both forms. Since
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non-phosphorylated, closed conformation Merlin is generally considered to be active as
a tumour suppressor (Shaw et al. 2001; Sherman et al. 1997), potential differences in
binding affinity for eIF4E-3 could provide insight into how their association is regulated.
This could be accomplished by co-immunoprecipitation of non-phosphorylable and
phospho-mimetic forms of Merlin with eIF4E-3 and comparison of the two band
intensities to determine the amount of associated protein. Additionally, determining
which site of eIF4E-3 is bound by Merlin could yield insight into the mechanism of their
association; for example, if Merlin binding blocks the site for eIF4G association, it would
be acting in a similar manner to the 4E-BPs. The Merlin binding site of eIF4E-3 could be
determined by creating constructs containing deletions or targeted mutation of segments
of the protein, such as the site that binds eIF4G/4E-BP, and looking for loss of
co-immunoprecipitation with full-length Merlin. Once the binding region is determined,
the deletion construct could perhaps be used in vivo to confirm that physical interaction
is necessary for genetic interaction phenotypes, such as rescue of testes morphology.
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Appendix
Additional IF labelling observed with α-eIF4E-3 antibodies #23 and #968

In addition to embryos, testes, third instar larval brains, and pupal wings, labelling
by Ab#23 was observed in brains and retinae of w1118 animals beginning in third instar
larvae, throughout pupal development, and in adults. In the larval eye disc, Ab#23 signal
is observed at the membrane of photoreceptor cells (Figure A1A), and this localisation is
preserved in pupae 13h APF (Figure A1C) and 25h APF (Figure A1E). In eyes 48h APF
and in the adult retina, Ab#23 signal shifts to accessory cells (Figure A1G,I). The two
most prominent cells and their axons observed with Ab#23 in third instar larval brains
(arrows in Figure A1B) are seen throughout pupal development (arrows in Figure
A1D,F,G) and in adult brains (arrows in Figure A1J). Additional labelling is seen in 24h
APF and 48h APF brains and in adult brains, most notably at the anterior of the brain
and the distal tip of the ventral nerve cord. With the exception of third instar larval
brains, tissues described here were not examined for specificity of the labelling by IF
using tissue from eIF4E-3 null animals.
Embryos 12-16h AEL were observed to be labelled by Ab#23 in a pattern of two cells
per segment within the ventral nerve cord (Figure A2A-B'), but these cells were also
labelled in eIF4E-3 null embryos, indicating that the pattern is non-specific (see Figure
8D-E'). With Ab#968, embryos 12-16h AEL were labelled similarly, although more than
two cells appeared to be labelled in each segment (Figure A2C-D'). This antibody was
not tested against eIF4E-3 null embryos. IF with Ab#53 was also attempted with
embryos of the same age, but no signal was observed. In larval brains, labelling with
Ab#53 was not seen except when a PLP fix was used, so potentially the antibody is not
compatible with the standard fix used for embryo IF, but no additional fixation methods
were tested. Additionally, the embryo IF protocol was carried out with embryos 12-16h
AEL, incubating with rabbit pre-immune serum instead of an α-eIF4E-3 primary
antibody as a negative control. No labelling above background was observed (Figure

156

A2E-E'), indicating that the precise but non-specific pattern seen with Ab#23 is not
caused by a factor particular to normal rabbit serum.
Before the labelling seen in third instar larval brains and in embryos with Ab#23 was
determined to be non-specific by pattern retention in confirmed null mutants,
identification of the apparent cell bodies labelled by Ab#23 was attempted (Table A1).
For some markers an antibody was available, so IF was carried out on w1118 larval brains
or embryos 12-16h AEL, incubating with both Ab#23 and the antibody marker tested,
and tissues were observed for overlap in fluorescent signal. For other markers, GAL4
lines were used to drive expression of GFP in specific cells, and IF was carried out on
embryos or dissected brains with Ab#23 to look for overlap between the antibody and
GFP signals. Some of the tests using driver lines were inconclusive as GFP did not
appear to be expressed where it was expected to be, and may have been more successful
if an α-GFP antibody was used or if crosses were kept at 29°C.
In the male germline, eIF4E-3 expression has been previously reported to be in
spermatocytes and early spermatids based on IF analysis with Ab#968 (Hernández et al.
2012). This expression pattern was observed with all antibodies tested and by FISH;
however, with Ab#23 additional localisation of eIF4E-3 was observed associated with
individualising spermatid bundles (Figure A3). In cells at this stage in spermatogenesis,
Ab#23 signal was observed at the front of the actin cones as the individualisation
complex moves away from the needle-shaped nuclei. Furthermore, when observed from
an angle directly facing the front of the individualisation complex, Ab#23 labelling is
restricted to a ring on each actin cone. As eIF4E-3 null animals have defective
spermatogenesis that does not progress to the individualisation stage, it was not possible
to test the specificity of this localisation by examination of eIF4E-3 mutants. Perhaps if
eIF4E-3 could be specifically knocked down post-meiosis, the lack of localisation in
individualising spermatid bundles could be confirmed and its effect determined.
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Figure A1 | IF analysis with Ab#23 in larval, pupal, and adult retinae and brains.
(A-A') Ab#23 signal is seen at the membrane of photoreceptor cells in the eye disc of
third instar larvae. (B) Two cell bodies (arrows) and apparent axon projections down the
length of the ventral nerve cord are labelled by Ab#23 in the central nervous system of
third instar larvae. (C-C') Fluorescent signal corresponding to Ab#23 is seen at
photoreceptor cell membranes in 13h APF eyes. (D) The two cell bodies seen in larval
brains are also labelled in the 12h APF brain (arrows). (E-E') In 25h APF eyes, signal for
Ab#23 continues to be observed at photoreceptor cell membranes. (F) In the 24h APF
brain, Ab#23 labels two cell bodies as seen in larval and 12h APF brains (arrows), as well
as two additional cell bodies at a more anterior position. (G-G') Ab#23 labelling in the
retina is altered compared with previous developmental stages at 48h APF; rather than
photoreceptor cell membranes, Ab#23 appears to be labelling accessory cells. (H) Ab#23
continues to label two prominent cell bodies (arrows) in brains 48h APF. (I-I') IF in the
adult retina shows labelling of accessory cells, as in the 48h APF retina. (J) Two cell
bodies are still labelled in the adult brain (arrows). Additional signal is seen toward the
anterior of the adult brain, and in cell bodies at the tip of the ventral nerve cord.
Scale bars in A',C',E',G',I': 2 µm ; scale bars in B,D,F,H,J: 50 µm
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Figure A2 | IF of embryos 12-16h AEL shows similar signal with two peptide
antibodies, Ab#23 and Ab#968. (A-A') Ab#23 labels two cells per segment in the ventral
nerve cord of embryos. (B-B') Higher magnification of A-A'. (C-C') Ab#968 signal is very
similar to that of Ab#23, but up to four cells per segment are labelled. (D-D') Higher
magnification of C-C'. (E-E') Embryos incubated with rabbit pre-immune serum rather
than primary antibody, as a negative control, have high background but no specific
signal.
Scale bars in A',C',E': 20 µm ; scale bars in B',D': 10 µm
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Table A1 | Markers tested for identification of cells labelled by Ab#23 in embryos
12-16h AEL and third instar larval brains.
Marker/Driver Antibody / Fly Stock

12-16h Embryos

Larval Brains

Chaoptin
Engrailed
Futsch
Pericardin
Single-Minded
Wrapper

DSHB 24B10
DSHB 4D9
DSHB 22C10
DSHB EC11
DSHB
DSHB 10D3

not tested
no overlap
no overlap
inconclusive
no overlap
no overlap

overlap
not tested
not tested
not tested
not tested
no overlap

Ilp2
dMP2
Mz97-GAL4
Per
Ple
Vglut
R15E08
R20D07
R22G09
R32F03
R33G09
R41D06
R42B10
R73H06

Ilp2-GAL4
dMP2-GAL4
Mz97-GAL4 (BL9488)
Per-GAL4 (BL7127)
Ple-GAL4 (BL8848)
Vglut-GAL4 (BL24635)
Janelia line BL47324
Janelia line BL49848
Janelia line BL48040
Janelia line BL45588
Janelia line BL49365
Janelia line BL38876
Janelia line BL50146
Janelia line BL47396

not tested
not tested
not tested
not tested
inconclusive
not tested
not tested
not tested
not tested
not tested
not tested
not tested
not tested
not tested

potential overlap
no overlap
no overlap
no overlap
no overlap
no overlap
inconclusive
no overlap
inconclusive
inconclusive
inconclusive
no overlap
no overlap
inconclusive

161

162

Figure A3 | IF analysis of the male germline with α-eIF4E-3 Ab#23 shows labelling
of individualising spermatid bundles. (A-A'''') Ab#23 labels individualising spermatid
bundles, identified by presence of the actin-based individualisation complex, at the
advancing end of the individualisation complex. (B-B''') When spermatid bundles are
viewed end-on, Ab#23 labelling is restricted to a ring at the front of each actin cone in
the individualisation complex.
Scale bars: 2 µm
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Potential alteration of eIF4E-3 post-translational modification in eIF4E-3IIIa239 and
eIF4E-3IIIa278

Western blot analysis was carried out with lysates of testes and ovaries from animals
with the alleles eIF4E-3L0139, eIF4E-3IIIa239, and eIF4E-3IIIa278 in trans with Df(3L)BSC732
alongside w1118 control tissues to confirm absence of detectable eIF4E-3 expression in
ovaries, and to determine if eIF4E-3 is expressed in the male germline with each allele.
As observed previously, eIF4E-3 is recognised as a double band in w1118 testes lysates
(Figure A1). No eIF4E-3 band is recognised in lysates of ovaries or in
eIF4E-3L0139/Df(3L)BSC732 testes lysates. Lysates of eIF4E-3IIIa239/Df(3L)BSC732 testes show
an absence of the higher molecular weight band, while the lower band is missing in
eIF4E-3IIIa278/Df(3L)BSC732. The two group IIIa alleles in trans with each other have a
double band as in the control; however, the upper band is more prominent than the
lower, which is opposite of what is observed in w1118 lysates. Potentially the appearance
of two bands indicates post-translational modification, as phosphorylation or
sumoylation of eIF4E has been shown to occur and to affect its function (Joshi et al. 1995;
Xu et al. 2010), and the group IIIa alleles affect the capacity to be modified. Although
Drosophila eIF4E-3 lacks the phosphorylation site equivalent to mammalian S209
(Hernández et al. 2005), it is not known if eIF4E-3 is post-translationally modified.
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Figure A4 | eIF4E-3IIIa239 and eIF4E-3IIIa278 alleles each cause loss of part of the
eIF4E-3 band doublet in Western blot analysis of testes lysates. Lysates of adult testes
and ovaries of each genotype were analysed by Western blot with Ab#53 to determine
presence or absence of protein in each tissue and in each genotype. A double band near
the predicted molecular weight of eIF4E-3 (28.5 kDa) is observed in lysate of w1118 testes,
but not ovaries. Similarly, no bands are observed in ovary lysates from any other
genotype. No bands are present in eIF4E-3L0139/Df(3L)BSC732 testes lysate, indicating
absence of protein with the eIF4E-3L0139 allele. With the eIF4E-3IIIa239 allele, protein is not
absent, but only a single band is observed, apparently corresponding to the lower
molecular weight band of the doublet observed in w1118 testes lysate. Only the higher
molecular weight band is observed in eIF4E-3IIIa278/Df(3L)BSC732 testes lysate. When the
two group IIIa alleles are together in trans, two bands are present in the testes lysate, but
the band at a higher molecular weight is more prominent whereas the lower molecular
weight band is more prominent in w1118.
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