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ABSTRACT

Translational readthrough (TR) is extensively used by viruses to expand their limited genome

capacity. The pervasiveness of TR across eukaryotic genomes is only recently being explored.

Systems biology approaches such as comparative phylogenetics, combined with ribosome profiling

studies have led to the identification of several hundred genes that can undergo TR in Drosophila

melanogaster. However, only limited number of these genes have been experimentally studied.

Due to the lack of systemic biochemical studies, the actual mechanism of TR regulation and the role

of regulated TR in proteome expansion in D. melanogaster remains largely unexplored.

In this study, we develop a dual luciferase reporter assay system to analyze a set of genes from

D. melanogaster that have been phylogenetically predicted to undergo TR. We provide

experimental validation and quantification of the extent of TR in these genes and also analyze the

impact of immediate stop codon context on TR modulation. For one particular candidate, aPKC, we

use systematic mutational analysis to delineate the minimal primary sequence motif responsible

for driving efficient TR. Furthermore, in order to understand the biological significance and

phenotypic outcome of gene-specific TR, we employ CRISPR/Cas9-based genome editing to create

genetic mutants of the large Maf transcription factor, traffic jam (tj), that exhibit constitutive TR or

abolished it. We identify tissue-specific regulation of TR in tj, wherein the expression of Tj-TR

isoform is restricted to the nervous tissues. The TR extension selectively attenuates the native Tj

function, specifically in the determination of morphogenetic behavior and spatial distribution of

cap cells in adult ovaries. Conversely, the TR extension positively amplifies the selective gene

regulatory function of native Tj in downregulation of the adhesion protein Fasciclin III.  Using high-

throughput RNA sequencing, we further dissect the role of TR in tj in shaping the transcriptome

profile in adult brains. Our results hint towards a complex mode of regulation of Tj function by TR

that operates via conditional fine-tuning of its specific gene regulatory functions.
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1. INTRODUCTION

The flow of genetic information from DNA to RNA to protein governs the cellular basis of life.

The information present in the DNA is transcribed into RNA by RNA polymerases. Some RNAs can

further propagate the information as coding molecules called messenger RNAs (mRNAs). Other

non-coding RNAs act as functional components of the ribosome, the protein synthesizing machinery

in a cell (ribosomal RNA, rRNA), or as adapter molecules (transfer RNA, tRNAs). The ribosome scans

the information encoded in mRNAs as triplet codons and translates it into a sequence of

polypeptide with the help of tRNAs carrying amino acids.

The ribosome follows strict rules of decoding by scrutinizing the complementarity between the

codons in the mRNA and the anticodons of the tRNAs, which dictates the fidelity of translation.

However, non-canonical decoding events might take place that defy the conventional genetic code

resulting in the production of altered protein products. At times, such reprogramming aids in the

fitness of the organism by allowing an extra step of post-transcriptional regulation as well as

expanding the coding capacity of the genome. Recoding events have garnered great scientific

interest owing to their implication in clinically relevant genetic disorders.

1.1 Protein synthesis

1.1.1 The translational machinery

Translation is the final step of gene expression. The key player of translation is the ribosome, a

large ribonucleoprotein complex consisting of two unequal subunits. In bacteria, the large 50S

subunit (LSU) (S, Svedberg unit which denotes the rate of sedimentation) and the small 30S subunit

(SSU) constitute the 2.5 megadalton (MDa) 70S ribosome. In eukaryotes, the 80S ribosome is

composed of a 60S and a 40S subunit. The size of eukaryotic ribosomes ranges from 3.3 MDa in

lower eukaryotes to 4.3 MDa in higher eukaryotes (Melnikov et al., 2012).

Each ribosomal subunit is composed of highly structured rRNA and a set of ribosomal proteins

(Fig. 1). The interface between the ribosomal subunits defines three stable tRNA binding sites: the

acceptor site (A site), which accepts the incoming aminoacylated tRNA (aa-tRNA), the peptidyl site

(P site), which houses the tRNA bearing the growing polypeptide chain, and the exit site (E site),

which holds the deacylated tRNA. The functional centers of the ribosome, the decoding site in the

SSU and the peptidyl transferase center (PTC) in the LSU, are mostly composed of rRNA. The

decoding center plays an important role in ensuring translational fidelity by recognizing the Watson-

Crick base pairing between the three bases of the codon in mRNA at the A site with the anticodon

bases of aa-tRNA. In order to adapt to the degeneracy of the genetic code, the third position

(wobble position) of the codon can accept non-Watson-Crick pairing. The formation of the correct



Introduction

3

codon-anticodon interaction leads to conformational changes in the decoding center that are

crucial for discrimination between near-cognate and cognate tRNAs (Battle and Doudna, 2002; Ogle

et al., 2001; Ogle et al., 2002; Rodnina et al., 2017; Saint-Leger and Ribas de Pouplana, 2015).

Figure 1. Conserved common core of bacterial and eukaryotic ribosomes.
The architecture of bacterial and eukaryotic ribosomes with conserved rRNA core (light blue) and conserved
proteins (light red) are depicted. Conserved rRNA and protein domains specific to each kingdom are
highlighted in red and blue, respectively. The molecular weight, protein and RNA composition of LSU and SSU
for bacterial as well as eukaryotic ribosomes are listed below the structures. The figure is adapted from
Melnikov et al. (2012).

1.1.2 The translation cycle

The cycle of translation can be divided into four stages:  initiation, elongation, termination and

recycling (Fig. 2). Translation initiation is the rate-limiting step of protein synthesis and is strictly

regulated. In prokaryotes, three initiation factors (IF1, IF2 and IF3) act together to recruit the mRNA

and the initiator tRNA, fMet-tRNAfMet, to the P site of the SSU (Milon and Rodnina, 2012). Initiation

in eukaryotes is more complex and involves a minimum of eleven different initiation factors (eIFs)

(Rodnina and Wintermeyer, 2009). Eukaryotic initiation starts with the recruitment of a ternary

complex (TC) composed of Met-tRNAMet, eIF2 and GTP to the SSU with the help of eIF1, eIF1A and

eIF3 to form a 43S preinitiation complex (43S PIC) (Aylett et al., 2015; Hashem et al., 2013). Binding

of these factors induces an open state of the SSU, which facilitates the binding of TC (Aitken and

Lorsch, 2012). The cap-binding complex formed by eIF4F, eIF4A and eIF4B, bound at the 7-

methylguanosine-capped 5’ end of the mRNA, recruits the 43S PIC (Jackson et al., 2010). The

poly(A)-binding protein (PABP) binds to the 3’ poly(A) tail of mRNA and circularizes it, synergistically

promoting translation (Munroe and Jacobson, 1990; Nicholson and Pasquinelli, 2018). This
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complex, in a conformation with partially accommodated Met-tRNAMet, scans the mRNA until it

encounters the start codon AUG. AUG recognition induces a conformational change of the SSU head

relative to its body leading to complete accommodation of Met-tRNAMet in the P site (closed state),

thus forming the 48S initiation complex (IC) (Hinnebusch and Lorsch, 2012; Llacer et al., 2015). eIF5

binds to eIF2 and stimulates the GTPase activity of the γ-subunit of eIF2 (Paulin et al., 2001), which

results in dissociation of both factors. eIF5B binding to the complex promotes the joining of the LSU

as well as the dissociation of eIF1, eIF1A and eIF3 to form the 80S complex (Pestova et al., 2000).

GTP hydrolysis by eIF5B is required for its release from the 80S complex which is then committed

to the elongation step (Lee et al., 2002).

Translation elongation is a cyclic process, in which the three steps of aa-tRNA selection

(decoding), peptide bond formation and translocation repeat until the ribosome encounters a stop

codon on the mRNA (Fig. 2). Translation elongation is highly conserved across all kingdoms of life

and is mediated by two elongation factors (EFs): eEF1A and eEF2 in eukaryotes, and the functional

homologs EF-Tu and EF-G in prokaryotes, respectively. EF-Tu/eEF1a forms a tight ternary complex

with aa-tRNA and GTP and delivers aa-tRNA to the A site of the ribosome. The cognate codon-

anticodon base pairing between the mRNA and the aa-tRNA triggers EF-Tu/eEF1a to hydrolyze GTP

(Rodnina et al., 1995). This results in the release of EF-Tu/eEF1a (Rodnina, 2012), which allows the

aa-tRNA to accommodate into the PTC in the LSU (Dever et al., 2016; Pape et al., 1998; Schuller and

Green, 2018). The amino group of the aa-tRNA in the A site attacks the ester bond on the peptidyl-

tRNA in the P site to form the peptide bond (Beringer and Rodnina, 2007). The ribosome undergoes

an inter-subunit ratcheting motion to adopt a ‘hybrid’ state (Behrmann et al., 2015; Budkevich et

al., 2011; Frank and Agrawal, 2000). EF-G/eEF2 facilitates the translocation of the ribosome to the

next codon (Ferguson et al., 2015; Ling and Ermolenko, 2016; Taylor et al., 2007). The deacylated

tRNA is released from the E site and the complex is ready to undergo subsequent cycles of

elongation.

The cycle of elongation continues until the ribosome encounters one of the universal stop

codons UAG, UAA or UGA, which triggers the termination of protein synthesis. Translation

termination involves recognition of the stop codon, peptide hydrolysis and dissociation of release

factors (RFs). Recognition of stop codons is mediated by class I release factors (RF1 and RF2 in

bacteria and eRF1 in eukaryotes) that act as tRNA mimics. RF1 recognizes UAG and UAA, RF2

recognizes UGA and UAA (Freistroffer et al., 2000; Kisselev et al., 2003), while eRF1 recognizes all

three stop codons (Bertram et al., 2000; Dever and Green, 2012). Class I RFs catalyze the hydrolysis

of the ester bond of the peptidyl-tRNA with the help of a universally conserved GGQ motif that

reaches the PTC (Frolova et al., 1999; Jin et al., 2010; Laurberg et al., 2008; Seit-Nebi et al., 2001)
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and shields nucleophiles larger than water (Shaw and Green, 2007). Class II RFs (RF3 in prokaryotes

and eRF3 in eukaryotes) are GTPases with little homology limited to their GTP binding domains

(Kisselev and Buckingham, 2000). While RF3 accelerates the dissociation of RF1 and RF2 from

posttermination complexes (postTCs) (Adio et al., 2018; Koutmou et al., 2014; Pallesen et al., 2013;

Peske et al., 2014; Shi and Joseph, 2016; Zavialov et al., 2001; Zavialov et al., 2002), eRF3 facilitates

binding of eRF1 to pretermination complexes (preTCs) by forming a ternary complex eRF1-eRF3-

GTP (Dever and Green, 2012; Frolova et al., 1996; Mitkevich et al., 2006; Pisareva et al., 2006).

The final step of translation is ribosome recycling, which allows the use of ribosomal subunits

for subsequent rounds of translation. In prokaryotes, the ribosome recycling factor (RRF) binds to

the A site of the ribosome, mediating the recruitment of EF-G (Gao et al., 2005). GTP hydrolysis by

EF-G and Pi release result in the splitting of the ribosome into its subunits. Binding of IF3 promotes

dissociation of the tRNA from the SSU and provides the first step of the new round of translation

(Peske et al., 2005; Savelsbergh et al., 2009; Seo et al., 2004). In eukaryotes, the highly conserved

ATPase, ABCE1 mediates recycling (Franckenberg et al., 2012; Khoshnevis et al., 2010; Pisarev et al.,

2010); ribosome splitting depends on the presence of eRF1 in the A site and dissociation of eRF3

(Pisarev et al., 2010). ABCE1 also promotes eRF1-mediated peptide hydrolysis in an ATP-

independent manner (Shoemaker and Green, 2011). ABCE1 seems to serve additional roles in

regulating initiation (Mancera-Martinez et al., 2017). The deacylated tRNA and the mRNA that are

bound to the SSU are released by eIF1, eIF1A and eIF3 along with its weakly associated eIF3j subunit

(Fraser et al., 2007; Pisarev et al., 2007; Pisarev et al., 2010).

Efficient translation relies on the coordinated dynamics of the ribosome and of the translation

factors. The major conformational rearrangements during translation involve the relative rotation

of the ribosomal subunits, the swiveling of the head of the SSU, the movement of tRNAs and of

ribosomal protein L1. These motions aid the ribosome to progress through different steps of

translation and are crucial for the maintenance of translational accuracy and processivity (Adio et

al., 2015; Belardinelli et al., 2016; Frank and Gonzalez, 2010; Ling and Ermolenko, 2015; Myasnikov

et al., 2005; Rodnina et al., 2017; Sharma et al., 2016).
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Figure 2. Scheme of prokaryotic and eukaryotic translation cycles.
The key steps of the translation cycle: initiation, elongation, termination and recycling are depicted. The
protein factors that mediate each step of the process are shown. The figure is adapted from (Melnikov et al.,
2012)

1.1.3 Prokaryotic translation termination

Translation termination in prokaryotes utilizes the dynamic properties of the ribosome, induced

by binding of the release factors to navigate through loosely coupled motions in order to achieve

peptide hydrolysis and release. Structural and smFRET studies have shown that binding of RF1

stabilizes the non-rotated state of the ribosome (Laurberg et al., 2008; Petry et al., 2005;

Weixlbaumer et al., 2008) while RF2 bound preTCs are dynamic with higher fraction of rotated

states (Adio et al., 2018). RF1 and RF2 recognize their respective stop codons with the help of the

conserved PVT and SPF motifs in domain 2 respectively (Korostelev et al., 2008; Korostelev et al.,

2010; Laurberg et al., 2008; Weixlbaumer et al., 2008). When bound to the A site, RF1 and RF2

adopt an open conformation where the GGQ motif extends into the PTC and catalyzes the

hydrolysis of the peptidyl-tRNA (Laurberg et al., 2008; Petry et al., 2005; Weixlbaumer et al., 2008).

The role of RF3 in termination and its mechanism of action is controversial. Binding of RF3-GTP

alone induces the rotated state of the ribosome (Gao et al., 2007; Jin et al., 2011; Sternberg et al.,
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2009). Previous studies highlighted the role of RF3 in the GTP dependent release of RF1 and RF2

(Koutmou et al., 2014; Peske et al., 2014; Shi and Joseph, 2016; Zavialov et al., 2001; Zavialov et al.,

2002) while recently, it has been shown that RF2 is less dependent of RF3 for dissociation (Adio et

al., 2018). Comparable affinity of RF3 towards GTP and GDP suggests that, at cellular

concentrations, RF3 exists predominantly in GTP bound state (Koutmou et al., 2014; Peske et al.,

2014). Recently, we have shown that the recruitment of RFs to the preTCs follows a stochastic

order: RF1 can bind to preTCs and catalyze peptide hydrolysis, after which RF3-GTP is recruited or

both factors can be recruited simultaneously after which peptide is hydrolyzed (Adio et al., 2018).

RF3-induced subunit rotation as well as conformational adjustments conferred by peptide release

jointly accelerate the dissociation of RF1 and RF3-GTP from the postTCs. Overall, translation

termination in prokaryotes is non-deterministic and driven by multiple steps of subunit rotation,

peptide hydrolysis, conformational rearrangements and GTP hydrolysis that exhibit minimal

dependence on kinetic coupling (Fig. 3).

Profound differences with the eukaryotic mechanism (see section 1.1.4) make the bacterial

termination step an optimal target for drug development. Only one inhibitor has been characterized

so far that targets bacterial termination complexes. Apidaecin 37 (Api37) belongs to the proline-

rich antimicrobial peptides (PrAMPs), a class of natural peptides that targets the translational

machinery to inhibit bacterial growth (Gagnon et al., 2016; Li et al., 2014). While most PrAMPs bind

to the peptide exit tunnel and prevent aa-tRNA binding (Roy et al., 2015b; Seefeldt et al., 2016);

Api37 traps RF1 and RF2 on the ribosome after the hydrolysis of the nascent peptide (Florin et al.,

2017). RF3 is unable to facilitate the recycling of RF1 or RF2 trapped on the ribosome, which results

in the depletion of free release factors in the cell such that the translating ribosomes are stalled at

the stop codon.
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Figure 3. Model of prokaryotic translation termination
The conformation of ribosome in the rotated state and the non-rotated state are indicated. RF1 is depicted
in green, RF3 in red and nascent peptide chain in grey (triangle). Red arrows indicate fast reactions, blue
arrows indicate static reactions while single headed arrows indicate irreversible step of peptide hydrolysis.
The color gradient in the arrows depicts the preferred direction of reaction. The figure is adapted from Adio
et al. (2018).

1.1.4 Translation termination and stop codon recognition in eukaryotes

Eukaryotic termination largely differs from prokaryotic termination in the sequence of binding

of RFs, interactions between class I and class II RFs, mechanism of stop codon recognition and role

of GTP hydrolysis by class II RF.
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Figure 4. Structures of eRF1 and eRF3.
(A) Ribbon diagram of human eRF1 with GGQ motif in domain M and NIKS motif in domain N highlighted (PDB
1DT9). (B) S. pombe eRF3 (215-662) with GMPPNP in stick model (PDB 1R5B). The figure is adapted from
Jackson et al. (2012).

eRF1 is composed of  three domains (Fig. 4A). The N-terminal domain binds to the decoding

center of the ribosome and recognizes the stop codon (Bertram et al., 2000; Brown et al., 2015;

Preis et al., 2014). The middle domain contains the universally conserved GGQ motif that extends

into the PTC and catalyzes the hydrolysis of the nascent polypeptide chain (Frolova et al., 1999;

Song et al., 2000). The C-terminal domain interacts with eRF3 as well as ABCE1 (Preis et al., 2014;

Zhouravleva et al., 1995). eRF3 consists of an N-terminal domain that is dispensable for its function

in termination but is able to interact with PABP (Kozlov and Gehring, 2010) and with UPF3B, which

is implicated in the non-sense mediated decay pathway machinery (Neu-Yilik et al., 2017) (Fig. 4B).

The functional C-terminal region consists of the GTP-binding domain (domain G) and two β-barrel

domains that share significant homology with translational GTPases such as EF-Tu and eEF1A

(Andersen et al., 2000; Kong et al., 2004; Song et al., 1999).
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Figure 5. Overview of the conformations attained by eRF1 and eRF3 during termination.
(A) PreTC assembled with eRF1 (purple) and eRF3 (orange). (B) The middle domain (M) of eRF1 (purple) is
tucked between the G domain (orange) and domain 2 (yellow) of eRF3 in the pre-accommodated state. (C)
eRF1 (purple) in pre-accommodated state (left) and post-accommodated state (right) where the middle
domain undergoes a 140o rotation to position the GGQ motif in the PTC. The image is adapted from Shao et
al. (2016).

eRF1 and eRF3 interact with each other via their C-terminal domains (Cheng et al., 2009; Ito et

al., 1998; Kononenko et al., 2008; Merkulova et al., 1999) and enhance their translational activities.

The stable binding occurs in solution, irrespective of the presence of the ribosomal machinery. eRF1

stabilizes the binding of GTP to eRF3 by lowering its dissociation rate constant and forming a stable

eRF1-eRF3-GTP ternary complex (Hauryliuk et al., 2006; Mitkevich et al., 2006; Pisareva et al., 2006).

The ternary complex binds to the empty A site of the preTC (Fig. 5A), where eRF1 is positioned in a

pre-accommodation state until GTP is hydrolyzed by eRF3 (Fig. 5C). In this conformation, the middle

domain of eRF1 is tucked into the cleft between the G-domain and domain 2 of eRF3 (Fig. 5B), such

that the catalytic GGQ motif is located >80 Å away from the ester bond of the P site tRNA in the

PTC. eRF3 is docked to the GTPase associated center of the ribosome, between the sarcin-ricin loop

of the 60S subunit and helices h5 and h14 of the 18S rRNA on the SSU (des Georges et al., 2014;

Preis et al., 2014; Shao et al., 2016).
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Upon binding, the N-domain of eRF1 creates a tight pocket that accommodates the stop codon

as well as the following nucleotide (+4) in a geometry that resembles an RNA U-turn motif (Fig. 6A)

(Brown et al., 2015; Matheisl et al., 2015; Shao et al., 2016). Induction of such conformation is a

distinct property of the eukaryotic translation machinery, and provides a basis for discrimination

against sense codons. The mRNA compaction depends on the flipping out of base A1825 in h44 of

the 18S rRNA, which allows stacking with the second base of the stop codon that in turn stacks on

the third base (Fig. 6B). This configuration allows stacking of the +4 base with G626 of the 18S rRNA,

which leads to compaction of the mRNA (Fig. 6B), in agreement with toeprinting data (Alkalaeva et

al., 2006). The interaction of G626 with the +4 nucleotide is favored in case of purines, which also

supports the significant bias for A and G at the position +4 (Brown et al., 1990a).

Figure 6. Stop codon configuration in the decoding center.
(A) Cryo-EM densities of the mRNA in mammalian termination complexes containing UAA, UAG and UGA stop
codons. The +1 to +3 bases of the stop codons and the following +4 base are indicated. (B) Interactions formed
by the stop codon at the decoding center. eRF1 (AAQ) recognizes +1 to +4 bases (grey) in the A site. A1825 of
h44 stacks with the +2 and +3 bases of the stop codon while +4 base stacks with G626 of 18S rRNA. Image is
adapted from Brown et al. (2015).

The N-domain of eRF1 reaches deep into the decoding center where it establishes contacts with

the components of the ribosomal complex that govern the recognition and decoding of the stop

codon. The TAS-NIKS (residues 58-64), YxCxxxF (residues 125-131), E(55) and the GTS (31-33) motifs

(human eRF1 numbering) are crucial for stop codon recognition (Blanchet et al., 2015; Bulygin et

al., 2010; Chavatte et al., 2002). The invariant +1 U is recognized by residues in the TASNIKS motif

(Fig. 7A), whereas only purines in the +2 and +3 position can interact with residues of the YxCxxF

motif and E55 (Fig. 7B) (Brown et al., 2015). Finally, the conformation adopted by the GTS motif

explains how UAG and UGA codons are recognized via discrete interactions. In the case of UAG, T32

faces the +3 base and forms hydrogen bond with N2 of guanosine. The +2 G in UGA is

accommodated by a movement of the YxCxxxF motif that is relayed into a 4 Å movement of GTS
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motif such that T32 faces away from the stop codon and does not interact with +3 base. The UGG

codon for tryptophan is discriminated against by steric repulsion between the O6 atoms of G with

E55 of eRF1. The differences in interactions of eRF1 with the three stop codons form the basis for

the fidelity of stop codon recognition (Fig. 7C).

Figure 7. Interactions between eRF1 and stop codon.
(A) Hydrogen bonds between +1 U of the stop codon with the NIKS motif of preTC bound eRF1 (purple)
compared to eRF1 crystal structure (grey) (PDB 1DT9). (B) Interactions between UAG stop codon with
YxCxxxF, E55 and T32 motifs of eRF1. (C) Differences in T32 interaction between eRF1 bound to UGA (purple)
compared to eRF1 bound to UAG (grey). Adapted from (Brown et al., 2015).

The GTPase activity of eRF3 is ribosome-dependent, and is accelerated by stop codon

recognition (Hellen, 2018) (Fig. 8). Following GTP hydrolysis, the middle domain of eRF1 undergoes

a 140o rotation relative to the N-domain thereby assuming an extended conformation and

positioning the catalytic GGQ motif in the PTC of the preTC (Matheisl et al., 2015; Shao et al., 2016)

(Fig. 5C). Although eRF1 can perform peptide hydrolysis alone, its activity is strongly enhanced by

eRF3 (Alkalaeva et al., 2006; Eyler et al., 2013), either due to a more efficient recruitment of eRF1

or an enhanced rate of peptide hydrolysis. The GTPase activity of eRF3 couples stop codon

recognition and peptidyl-tRNA hydrolysis by eRF1 and also increases the kinetic fidelity of

termination by introducing an irreversible step (Hellen, 2018; Salas-Marco and Bedwell, 2004). The

DEAD-box RNA helicase Dbp5 is known to genetically interact with the release factors and modulate

the efficiency of termination in eukaryotes (Gross et al., 2007). Its role in in stepwise assembly of

termination complex at the stop codon and prevention of premature dissociation of eRF1 and eRF3

from the termination complex has recently been identified (Beissel et al., 2019).
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Figure 8. Scheme of canonical translation termination in eukaryotes.
The TC formed by eRF1, eRF3 and GTP binds to preTC. Stop codon recognition involves compaction of the
mRNA that results in accommodation of the +4 base into the pocket formed by eRF1 and the SSU. Stop codon
recognition is followed by structural changes within the TC that result in GTP hydrolysis by eRF3.
Accommodation of the GGQ motif into the PTC induces the hydrolysis and release of the nascent peptide
chain, resulting in the formation of the post-TC. The figure is adapted from Hellen (2018).

1.2 Translational recoding

In order to maintain cellular homeostasis, translation needs to be fast and accurate. Protein

products formed erroneously might fold and function aberrantly, which is detrimental to cell

viability. The frequency of amino acid misincorporation in eukaryotic organisms has been reported

to be between 10-6 to 10-3 (Kramer et al., 2010; Stansfield et al., 1998). Several proofreading steps

ensure accurate aminoacylation of tRNA and mRNA decoding during translation elongation (Guo

and Schimmel, 2012; Hati et al., 2006; Ibba and Soll, 1999; Moras, 2010; Rodnina, 2012; Rodnina et

al., 1996; Rodnina and Wintermeyer, 2001). Errors that occur due to misacylation or miscoding

generally result in a point mutation that does not pose deleterious effects unless it affects the active

site or the residues crucial for folding. Under normal conditions, such errors are non-redundant,

stochastic and relatively rare. However, the translational machinery can adopt surprisingly high

levels of flexibility when it comes to coding of certain mRNAs containing signal sequences that

interfere with standard decoding. In some cases, the deviations from the standard genetic code can

be exceptionally high, reaching up to 80% (Caliskan et al., 2015; Grentzmann et al., 1998; Huang et

al., 1988; Loughran et al., 2014; Namy et al., 2001; Pennell et al., 2008; Tsuchihashi and Kornberg,

1990); such events are known as ‘translational recoding’.

Recoding events such as ribosomal frameshifting, translational readthrough and ribosomal

bypassing (Fig. 9) have been identified in all domains of life and serve to expand the coding capacity

of the genome. The majority of these events are guided by the presence of cis-acting elements

embedded in the mRNA and the resulting polypeptide possess altered biological properties.
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Figure 9. Recoding events during translation.
The green and blue regions indicate different reading frames in case of frameshifting and bypassing. In
readthrough, an amino acid (yellow) is incorporated at the stop codon (red). The black arrow depicts the
direction of translation. The figure is adapted from Caliskan et al. (2015).

Programmed ribosomal frameshifting (PRF) leads to the synthesis of a polypeptide from an

altered frame, slipping one base either forwards (+1 PRF) or more commonly backwards (-1 PRF) on

the mRNA. Specific slippery sites induce stalling of the translating ribosome leading to slippage

(Caliskan et al., 2015; Plant and Dinman, 2006). PRF was initially identified in viral genomes where

it plays an important role in viral propagation by modulating synthesis of viral proteins in specific

stoichiometric ratios (Jacks and Varmus, 1985; Plant et al., 2010). Over the recent years, -1 PRF has

been found to occur in all three domains of life (Dinman, 2012; Namy et al., 2004).

Ribosomal bypassing involves skipping of a portion of the mRNA by the translating ribosome

leading to the production of an altered polypeptide from a discontinuous frame. Bypassing was first

identified in the translation of the gene 60 of bacteriophage T4 (Huang et al., 1988; Weiss et al.,

1990), where the ribosome translates the mRNA until it reaches a GGA (Gly) codon, positioned

upstream of a UAG stop codon. Stimulatory signals in the mRNA, together with the nascent peptide

chain and the presence of the stop codon induce the peptidyl-tRNA to disengage its pairing with

the GGA codon, which triggers the sliding of the ribosome on a 50-ntd non-coding mRNA gap. The

ribosome “lands” on another GGA codon, where decoding is resumed (Agirrezabala et al., 2017;

Herr et al., 2000; Samatova et al., 2014). Bypassing has also been identified in the mitochondrial

genome of the yeast Magnusiomycetes (Lang et al., 2014).

Translational readthrough or stop codon readthrough involves decoding of a stop codon as a

sense codon by a near-cognate tRNA (nc-tRNA), or a natural suppressor tRNA. TR does not alter the

reading frame of translation, but rather extends the polypeptide C-terminally. Readthrough has

evolved as a highly programmed and regulated mode of translational recoding. Particular examples
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of TR include the recoding of the UGA stop codon to selenocysteine or of UAG to pyrrolysine, both

of which expand the capacity of the genetic code by introducing non-canonical aminoacids and

require dedicated tRNAs and protein factors (Blight et al., 2004; Bock et al., 1991; Forchhammer et

al., 1991).

1.2.1 Translational readthrough (TR)

Translation termination is an efficient process with an intrinsic error rate of ≤ 0.1%. (Floquet et

al., 2012; Harrell et al., 2002; Namy et al., 2001; Schueren and Thoms, 2016). Despite the high

fidelity, the ribosome occasionally decodes the stop codon as a sense codon, leading to the

incorporation of a standard amino acid at the stop signal. In such cases, translation continues until

the next in-frame stop codon is encountered. This phenomenon is known as ‘Translational

Readthrough’ (TR). Stop codon suppression via TR appends a C-terminal extension to the native

protein allowing the production of two protein isoforms from the same transcript. TR relies on the

competition between decoding of stop codons by release factors and by nc-tRNAs. nc-tRNAs are

cellular tRNAs that act as suppressors by pairing with the stop codon at two out of the three

positions of the codon-anticodon duplex. The extent of misincorporation of nc-tRNA at the stop

codon is influenced by many factors (described in detail in section 1.2.2). Under normal

circumstances, a gene will undergo TR at a rate dictated by normal translation fidelity. However, in

some genes, where the stop codon is present in a context that favors termination suppression, TR

levels are elevated by several hundred-fold, ranging from 1% to 40% (Loughran et al., 2014; Namy

et al., 2001). TR, in these cases, is highly programmed and gives rise to specific stoichiometric ratios

of functional protein isoforms (Csibra et al., 2014; Irigoyen et al., 2018).

TR is widely employed by viruses to expand the coding potential of their limited genome

(Felsenstein and Goff, 1988; Firth et al., 2011; Hofstetter et al., 1974; Pelham, 1978). TR was first

detected in E. coli phage Qβ (Weiner and Weber, 1973), following which many viral genes were

identified that utilize TR to produce extended proteins with functional roles (Table 1). In recent

years, extensive TR has been reported in higher eukaryotes where the addition of a C-terminal

extension adds cellular localization signals, homo/heterodimerization domains, alters ligand

binding properties or even confers antagonistic properties (Table 1).
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Table 1. Examples of TR in genes from different kingdoms of life.

Gene RT % Function of TR Reference
Virus
Coliphage Qβ Minor coat protein

A1
5% Formation of infectious

particles
Hofstetter et al. (1974);
Weiner and Weber (1973)

Tobacco mosaic
virus

Replicase 10-35% RNA polymerase domain Beier et al. (1984); Pelham
(1978)

Sindbis virus nsP4 10% Viral replication Li and Rice (1993)

Luteovirus
(BYDV, BWYV)

Coat protein Aphid transmission Brault et al. (1995); Brown et
al. (1996); Filichkin et al.
(1994)

MuLV gag-pol 5% Replication by Gag-pol
fusion protein

Csibra et al. (2014);
Yoshinaka et al. (1985)

Bacteria
B. subtilis sacB levansucrase Modification of

enzymatic properties
Chambert et al. (1992)

Eukaryotes
S. cerevisae PDE2 0.5-2.2% Proteasome dependent

degradation
Namy et al. (2002)

U. maydis PGK PTS1 Freitag et al. (2012)
A. nidulans GAPDH PTS1
Rabbit β-globin Chittum et al. (1998); Geller

and Rich (1980); Hatfield et
al. (1988)

Vertebrates MPZ 14% Role in myelination Yamaguchi and Baba (2018);
Yamaguchi et al. (2012)

Mammals VEGFA 10-85% Anti-angiogenic activity Eswarappa et al. (2014)
MTCH2 13%
AGO1 24%
OPRL1 31% Loughran et al. (2014)
OPRK1 13%
MAPK10 14%
AQP4 7%

Humans LDHB
MDH1

1.5-5% PTS1
PTS1

Schueren et al. (2014);
Stiebler et al. (2014)

VDR 6.7% Reduced transcriptional
response to calcitriol

Loughran et al. (2018)

1.2.2 Factors influencing TR

TR is an evolutionarily conserved phenomenon. A large number of biochemical experiments in

several systems, backed by comparative genomics, have identified many factors that modulate TR

(Dabrowski et al., 2015; Harrell et al., 2002; Jungreis et al., 2011; McCaughan et al., 1995; Schueren

and Thoms, 2016; Tork et al., 2004). These factors include cis elements on the mRNA as well as trans

factors (Fig. 10).

Not surprisingly the first element that influences TR is the identity of the stop codon: UAA was

reported to have the highest fidelity in termination, while UGA demonstrated the highest potential

to undergo TR (Cridge et al., 2018; Howard et al., 2000; Loughran et al., 2014; Manuvakhova et al.,

2000). Curiously, although UAA is the most represented stop codon in genes with higher expression

and housekeeping functions; UGA is the most frequent stop codon in humans (Trotta, 2016).



Introduction

17

Figure 10. Schematic representation of factors affecting translational readthrough.
cis factors that affect TR include sequences upstream of stop codon (light grey), identity of the stop codon
(red), the +4 nucleotide (blue) and the downstream sequences that occupy the mRNA channel (green). Distal
cis element includes downstream mRNA secondary structure. Among several trans factors that affect TR, a
specific case of hnRNP A2/B1 is depicted in the figure. hnRNP A2/B1 binds a cis element in 3’ UTR of
mammalian gene VEGFA and promotes TR.

The 5’ context of stop codons shows a non-random distribution of nucleotides in E. coli and in

humans (Arkov et al., 1995). Initial studies in yeast found an influence of -2 codon relative to the

stop codon on termination efficiency, which suggested that acidic amino acids would favor efficient

termination. The influence of -1 codon was attributed to the identity of P site tRNA (Mottagui-Tabar

et al., 1998). However, a later study in yeast suggested that the major effect was imposed by only

two bases immediately upstream of the stop codon with no correlation with the penultimate and

ultimate amino acid residue in the polypeptide chain nor the structure of P site tRNA (Tork et al.,

2004). The presence of two adenines immediately upstream of the stop codon induces elevated

levels of readthrough, perhaps by modifying the mRNA structure in the P site which in turn alters

decoding at the A site through distortion of the ribosome structure (Tork et al., 2004). U at the -1

position is associated with the lowest levels of TR (Cassan and Rousset, 2001; Loughran et al., 2014).

Interestingly, adenines at -1 and -2 positions are conserved in the majority of plant and animal viral

genes that undergo TR (Bonetti et al., 1995; Tork et al., 2004).

The 3’ context of the stop codon has a major role in determining TR. In the phage Qβ coat

protein (Hofstetter et al., 1974; Weiner and Weber, 1973) as well as nsP4 polymerase in Sindbis

virus (Li and Rice, 1993), a single cytidine downstream of the UGA stop codon, i.e at the +4 position

was found to be important for TR. This observation is true in both prokaryotes and eukaryotes,

despite the different mechanisms of stop codon recognition (Brown et al., 1990a, b; McCaughan et
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al., 1995; Pedersen and Curran, 1991; Tate et al., 1995). In higher eukaryotes, the effect of the +4

nucleotide on TR modulation was found to vary between the three stop codons (Dabrowski et al.,

2015). Nevertheless, the presence of a C immediately downstream of the stop codon consistently

increased TR with the most striking effect exerted on UGA. Notably, the stop codon context with a

C downstream of UGA or UAG are rarely used as termination contexts in mammals (McCaughan et

al., 1995). The identity of the stop codon together with the +4 nucleotide is referred to as the

immediate stop codon context hereon.

Context-dependent effects can often be attributed to a broader stretch of nucleotides

downstream of the stop codon. In Tobacco Mosaic Virus (TMV), the consensus sequence CARYYA

(purines: R, pyrimidines: Y) triggers TR at all stop codons (Skuzeski et al., 1991). The nucleotides +4

to +6 in the context of UGA-CUA or UGA-CGG are essential to induce TR at the UGA  stop codon in

a number of plant and animal viral genes using natural suppressor tRNAs (Beier and Grimm, 2001;

Urban et al., 1996). UGA-CUA seems to be the most efficient autonomous TR signal in mammalian

cell lines (Cridge et al., 2018). The stretch of six nucleotides downstream of a stop codon is inferred

to be occupying the mRNA channel (Ingolia et al., 2012; Ingolia et al., 2009) where it makes

extensive contacts with rRNA and ribosomal proteins until the solvent front is reached (Cridge et

al., 2018; Shao et al., 2016). The nucleotides occupying the mRNA channel, along with the two

nucleotides upstream of the stop codon (-2 to +9) comprise the minimal cis primary sequence motif

that modulates TR (Fig. 10).

In addition to the immediate context, more distal stimulatory 3’ cis elements involving mRNA

structures have been identified in several viruses as well as eukaryotic mRNAs that play an

important role in regulating termination efficiency. (Feng et al., 1992; Firth et al., 2011; Jungreis et

al., 2011; Wills et al., 1991, 1994). Well studied examples of TR stimulatory RNA structures do not

show conservation in the nucleotide span that comprise the secondary structure (pseudoknot) or

the spacer region between the stop codon and the stem loop akin the mRNA secondary structure

elements enhancing programmed ribosome frameshifting (Brown et al., 1996; Firth et al., 2011).

Cis-acting RNA structures are proposed to modulate TR by (i) interfering with release factor

recruitment to preTC by steric hindrance or sequestration, (ii) modulating ribosome function by

direct interaction with ribosomal proteins or rRNAs, (iii) inducing ribosomal stalling during

termination by impeding mRNA unwinding or (iv) recruiting trans factors (Eswarappa et al., 2014;

Firth et al., 2011; Napthine et al., 2012). In any case, such interference allows enough time for the

aa-tRNA to decode the stop codon thereby leading to TR. It is worthy to note that the sequences

downstream of the primary stop codon are subject to evolutionary selection against stop codon
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readthrough, as in-frame stop codons are significantly over-represented immediately downstream

of the primary stop signal, which limits leaky termination (Williams et al., 2004).

In addition to the elements in the mRNA, several trans factors may influence the efficiency of

termination by various mechanisms. Recently, eIF3 was proposed to promote TR at all three stop

codons in leaky context by preventing eRF1 from recognizing the third position of the stop codon

(Beznoskova et al., 2015). Depletion of termination factors eRF1 and/or eRF3 results in increased

levels of stop suppression in humans (Carnes et al., 2003; Chauvin et al., 2005). Readthrough by

altering eRF levels is independent of the codon context. The [Psi+] strain of S. cerevisiae exhibits the

epigenetically inherited prion state of termination factor eRF3 where translation termination is

heavily compromised. In these strains, eRF3 forms amyloid fibrils that aggregate, thereby

sequestering a part of the release factor pool and rendering them non-functional (Liebman and

Sherman, 1979; Paushkin et al., 1996). The amyloid state of eRF3 causes increased misreading of

stop codons and can be propagated to daughter cells. The switch of the normally soluble eRF3

protein to prion state possibly reprograms gene expression to aid survival and fitness during stress

conditions (True and Lindquist, 2000; Tyedmers et al., 2008). Similarly, the abundance of specific

suppressor tRNAs also influences the cellular levels of TR (Beznoskova et al., 2016; Blanchet et al.,

2014; Roy et al., 2015a). For example, the relative abundance of the major tRNAGln isoacceptor with

5’-UUG-3’ anticodon compared to the minor tRNAGln with 5’-CUG-3’ explains why glutamine is

selectively incorporated at UAA compared to UAG, despite the same non-conventional G-U base

pairing that occurs with both tRNAs. Furthermore, modification of the bases within the anticodon

or in its vicinity affects the ability of tRNAs to read stop codons (Beier and Grimm, 2001). In the case

of the mammalian vascular endothelial growth factor A (VEGFA) gene, the heterogenous nuclear

ribonucleoprotein (hnRNP) A2/B1 was identified as a trans factor that binds the hnRNP A2/B1

recognition element (A2RE) in the readthrough region to positively regulate TR (Eswarappa et al.,

2014).

1.3 TR in Drosophila

While biochemical assays and comparative genomics have aided the identification of TR

candidates in yeast and in mammals, a major breakthrough was achieved by studies performed in

the Drosophila species, which have the highest number of TR genes reported among eukaryotes.

Drosophila melanogaster, colloquially known as the fruit fly, has been used as a model organism for

more than a hundred years. Low cost of maintenance, short generation time, ease of genetic

manipulation and extensive exchange of knowledge and resources within the fly research

community has allowed scientists to use Drosophila as a model system to perform analytical

investigations to address large number of biomedical problems. In addition, with the advancement
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in genome-wide surveys and gene engineering techniques in Drosophila, novel findings in modern

biology are often pioneered using Drosophila and then tested and generalized to higher organisms

such as humans.

The first gene reported to undergo TR in Drosophila was kelch which encodes a short native

protein and a longer extended TR protein via suppression of a UGA codon (Xue and Cooley, 1993).

The regulation of TR in kelch was found to occur temporally during development with the ratio of

the extended protein to the native protein reaching 1:1 during metamorphosis. The increase in

expression of Kelch-TR isoform also occurs in a tissue-specific manner with highest expression

observed in the imaginal discs (Robinson and Cooley, 1997). Successively, synapsin (syn), headcase

(hdc), non-sense alleles of embryonic lethal abnormal vision (elav) and wingless (wg) were also

identified to undergo TR (Chao et al., 2003; Klagges et al., 1996; Samson et al., 1995). The native

Hdc protein was found to be four times more abundant that the longer TR isoform in embryos.

(Steneberg et al., 1998).

1.3.1 System biology of Drosophila genes

A major advancement in the identification of TR genes in Drosophila was brought about by the

availability of sequenced genomes from 12 Drosophila species (Clark et al., 2007; Stark et al., 2007).

This allowed the identification of recurrent patterns of evolutionary signatures that are specific to

protein coding sequences. Using these signatures to examine the 3’ untranslated region (UTR) of

genes across the entire Drosophila genome, 283 TR candidates were identified (Jungreis et al., 2011;

Lin et al., 2007). Analysis of the stop codon context of the putative TR candidates showed that UGA-

C is the most common stop codon context (32.2%) compared to non-TR transcripts (3.1%).

Transcripts containing UGA-C are 10 fold more likely to be TR candidates. The frequency of stop

codons in the TR candidates was found to be in the order UGA>UAG>UAA while that of 4’ nucleotide

is C>U>G>A. UGA is the stop codon in 64% of these genes, while C is present in the +4 position in

51% of these genes (Jungreis et al., 2011).

Algorithm-based phylogenetic tools employ cross-species comparisons to identify

evolutionarily conserved signatures. Therefore, they are incapable of identifying evolutionarily

novel TR events. The use of ribosome profiling, which involves deep sequencing of ribosome-

protected footprints along the mRNA (Ingolia et al., 2009), addressed these issues and made it

possible to annotate 350 functional TR candidates in the Drosophila genome (Dunn et al., 2013) .

By comparing footprint densities obtained from Schneider 2 cells (S2 cells) and early embryos,

several transcripts were found to undergo TR to different extents, indicating differential regulation

across cell types.
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While phylogenetics and ribosome profiling are complementary methods that identify TR

events, they do not provide information on the spatio-temporal regulation of TR or the functional

relevance of TR extension in an organism. Only few of the predicted TR extensions in D.

melanogaster contain annotated protein domains, such as nuclear localization signals (NLS),

peroxisomal targeting signal 1 (PTS1) or transmembrane domains, which hints that the majority of

the TR isoforms function in unknown ways (Dunn et al., 2013). Computational analyses of TR genes

have revealed that TR mostly affects long, modular proteins that possess intrinsically disordered C-

termini with low sequence complexity (Kleppe and Bornberg-Bauer, 2018; Pancsa et al., 2016). Lack

of structurally ordered C-terminus could provide conformational pliability and accessibility that

allows the TR extensions to perform functions without distorting the native protein. The majority

of TR genes identified in D. melanogaster have regulatory roles, and appending a functional C-

terminal extension may confer conditional advantage to the gene function. The abundance of

ribosomal components and translation initiation factors among TR candidates suggests that TR

might help to fine tune the function of ribosomes by affecting its stability, fidelity of translation or

even giving rise to specialized ribosomes that preferentially translate specific mRNAs (Pancsa et al.,

2016). Our understanding of the functional significance of TR extensions is largely impeded by the

lack of biochemical studies that characterize TR isoforms.

1.4 traffic jam as a TR candidate

Traffic jam (tj) is the only large Maf transcription factor in Drosophila and has been predicted

to be a TR candidate by phylogenetic studies (Jungreis et al., 2011). tj was initially identified as a

regulator of multiple processes during gonad morphogenesis including stem cell specification

during spermatogenesis and collective cell migration during oogenesis (Gunawan et al., 2013; Li et

al., 2003; Wingert and DiNardo, 2015). Tj is translated from a single-exon open reading frame (ORF)

comprised of 509 amino acids that terminates with the leakiest stop codon context of UGA-C. The

TR extension would append an additional 44 amino acids to the native Tj.

Maf transcription factors have been identified in a wide range of higher metazoans. Tj is a

homolog of the retroviral oncoprotein v-Maf and large Mafs of vertebrates (Blank and Andrews,

1997). Tj shows extensive sequence similarity with its mammalian orthologues c-Maf and MafB

especially within the conserved domains (Li et al., 2003). They contain a highly conserved, basic

leucine zipper structure (bZip) and an extended homology region (Motohashi et al., 2002) (Fig. 11).

bZip transcription factors can form homo- or heterodimers via their leucine zipper domain in order

to bind target DNA (Franza et al., 1988; Lamb and McKnight, 1991). Maf factors are known to

modulate tissue-specific gene expression and cell differentiation by binding to the regulatory
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regions of target genes and by interacting with other transcription factors (Blank and Andrews,

1997; Kataoka et al., 2002; Kurokawa et al., 2009; Ogino and Yasuda, 1998; Rehemtulla et al., 1996).

Figure 11. Protein domains in Tj.
Tj contains an N-terminal acidic domain followed by a low complexity domain consisting of Ser/Pro rich
sequence, two Ala repeats, region containing His repeats and Gly/Ser rich sequence. C-terminal domain
contains an extended homology domain, a basic domain and a leucine zipper motif.

1.4.1 Function of tj in Drosophila gonad development

Tj is a nuclear protein that is extensively studied in the somatic cells in the gonads. Somatic

gonadal cells interact with germline cells throughout development and the interaction is crucial for

normal development and differentiation of the germline. The somatic and germline cells in fly

gonads arise from stem cells that reside in a specialized microenvironment called the ‘niche’. The

stem cell niche provides instructive cues that guide stem cells to self-renew or differentiate

(Morrison and Spradling, 2008). In male gonads, the stem cell niche is located at the apical tip of

the testis and is composed of approximately ten post-mitotic somatic cells called the hub (Hardy et

al., 1979) (Fig. 12). The germline stem cells (GSCs) and somatic cyst stem cells (CySCs) are in direct

contact with the hub cells. The hub cells secrete protein factors and cytokines that maintain the

self-renewal of GSCs and CySCs (Wingert and DiNardo, 2015). Each GSC is ensheathed by two CySCs

via cytoplasmic extensions. The GSCs divide asymmetrically to generate one stem cell that

maintains contact with the hub and one gonialblast (GB) that initiates differentiation. A GB

undergoes four rounds of divisions to produce a cluster of 16 spermatogonial cells that further

develop into spermatocytes, spermatids and eventually mature sperms (White-Cooper, 2010). The

CySCs also divide asymmetrically to give rise to CySCs and two somatic cyst cells that ensheath the

GB. The cyst cells grow but do not divide while maintaining the encasement around GB and its

progeny throughout spermatogenesis (de Cuevas and Matunis, 2011). Tj is mainly expressed in the

CySCs and early cyst cells that encapsulate mitotically active germline. Weak expression of Tj is also

found in hub cells (Li et al., 2003; Okegbe and DiNardo, 2011; Voog et al., 2008).
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Figure 12. Schematic drawing of Drosophila GSC niche.
The organization of the GSC niche depicting hub/cap cells (green), germline cells (yellow) and somatic cells
(blue) in apical tip of testis (A) and in the germarium of ovaries (B). Terminal filament cells at the tip of
germarium are shown in pink.

The female GSC niche is located at the anterior-most tissue in the Drosophila ovary called the

germarium. The female GSC niche consists of cap cells, escort cells and terminal filament (TF) cells

(Fig. 12). GSCs are in direct contact with the cap cells. Cap cells secrete different factors (similar to

the hub cells) that repress differentiation of GSCs (Song et al., 2004; Xie and Spradling, 1998). GSCs

divide asymmetrically to produce daughter cystoblasts that lose contact with the cap cells.

Cystoblasts divide four times with incomplete cytokinesis to form a germline cyst composed of 16

cystocytes. Escort cells ensheath the GSCs and cystoblasts with their cytoplasmic projections. In the

germarium, Tj is expressed in cap cells, escort cells and also weakly in newly identified transition

cells that lie between cap cells and TF cells. The 16-cell cyst passes the follicle stem cells where the

follicle cells encapsulate the cyst to form an egg chamber. The egg chamber buds off from the

posterior end of the germarium whilst still being attached via stalk cells. One of the 16 cells in the

cyst assumes the oocyte fate while the remaining 15 become nurse cells (Waghmare and Page-

McCaw, 2018). Tj is also expressed abundantly in the ovarian follicle cells (Gunawan et al., 2013).

Expression of Tj in SGCs begins at stage 12 of embryogenesis (Li et al., 2003). Tj expression is

concomitant with the timeline when the primordial germ cells (PGCs) travel through the gut and

establish first contacts with the somatic gonadal precursor cells (SGPs). After coalescence, PGCs

intermingle with the SGPs to form the presumptive gonad. The intermingling of PGCs and SGPs is

crucial for proper development and differentiation of the germline and is mediated by a differential

expression of several cell adhesion molecules such as Fascilin III (Fas3), DE-cadherin (DEcad) and
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Neurotactin (Nrt) (Li et al., 2003). The expression of Tj in somatic gonadal cells is maintained

throughout development.

tj is essential for gonad morphogenesis, as tj null mutants (tj-/-) were found to be viable but

sterile (Li et al., 2003). tj mutants display highly defective gonads without other morphological and

developmental anomalies. Adult testes in tj-/- mutants are reduced to distorted ball-like structures

with very few germ cells that cluster together and are arrested in the pre-spermatocyte state (Fig.

13). The somatic cells are segregated from the germ cells and are distinct from the wild-type testes

in that the contact between the somatic cyst cells and differentiating germline cyst via cellular

ensheathing is completely absent. About 25% of the ovaries of 1-2 day old tj-/- flies lack germline

cells completely and the remaining ones lose them over time. The persisting germ cells form

randomly placed, irregular clusters that reach different levels of early differentiation. The mutant

ovaries also lack somatic follicle cells, thereby the germ cells that reach follicle stage cannot get

enveloped by follicle cells.

In stage 15-16 tj-/- embryos, the PGCs and SGPs coalesce and form the embryonic gonad. SGPs

are properly specified as they express several SGP-specific markers. However, the number of PGCs

does not increase in a normal way and the mixing between PGCs and SGPs is hindered such that

the SGPs remain in the periphery of the gonad (Fig. 13B). The segregation of SGPs and germ cells is

Figure 13. Defects in the interaction between
somatic cells and germ cells in tj mutants.
(A,B) Embryonic gonads at stage 15-16. Tj (red)
labels nuclei of SGPs and Vasa (green) labels PGCs.
In wild-type (A), the SGPs and PGCs are
intermingled while in tj-/- mutants (B), the SGPs are
restricted to the periphery of the gonad. (C, D) Late
third instar larval ovaries. Tj (red) labels nuclei of
somatic interstitial cells and Vasa (green) labels
germ cells. In wild-type larval ovaries (C) the germ
cells and interstitial cell form an interspersed
population while in tj-/- ovaries (D), they form
segregated populations with germ cells clustered at
the center. (E, F) Late third instar testes. Tj (red)
stains hub cells and somatic cyst cells. Vasa (green)
stains germline cells. (E) Magnified view of apical tip
of wild-type testis shows Tj-positive hub cells at the
center (arrow) with somatic cyst cells ensheathing
mitotically active early germ cells. (F) Cross-section
of tj-/- mutant testis with small germ cells clustered
together and somatic gonadal cells restricted to the
periphery. The figure is adapted from Li et al.
(2003).
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even more distinct in late third instar larval testes and ovaries (Fig. 13 D, F). The germline cells

cluster together, distinctly separated from Tj-positive somatic cells.

The intermingling of somatic and germ cells is guided by principles of cell sorting that originate

from differences in the expression levels of cell adhesion molecules in the participating cell lines.

Differential adhesive properties of cells allow them to sort into a defined three-dimensional

structure (McNeill, 2000, 2003). tj-/- testes express Fas3 not only in the hub cells but also ectopically

in the cyst cells (Fig. 14B). tj-/- follicle cells show ectopic expression of Fas3, DEcad and Nrt, which

are all cell adhesion molecules (Fig. 14 D,F). Thus, tj regulates the expression of several cell adhesion

molecules that are crucial for cell sorting and gonad morphogenesis. Removal of tj function results

in upregulation of adhesion molecules and defective germline-soma interaction. However, it is not

known whether the interaction between the transcription factor and its targets is direct.

tj plays an additional important role in the specification of the stem cell niche in both male and

female gonads (Panchal et al., 2017; Wingert and DiNardo, 2015). In male gonads, hub cell

specification begins after Notch activation in SGPs located at the anterior end of embryonic gonads.

Activation of Notch results in downregulation of tj, which is crucial for hub cell specification. Loss of

tj function results in generation of dispersed ectopic hub cells that are capable of recruiting stem

cells. Thus, tj functions downstream of Notch in suppressing hub cell fate (Wingert and DiNardo,

2015). In ovaries, tj controls specification and morphogenetic behavior of cap cells. tj depletion

results in development of additional terminal filament cells at the expense of cap cells. Hypo-

expression of tj causes cap cells to acquire shape and spatial organization of terminal filament cells.

In ovaries, tj and Notch are proposed to act in distinct ways to specify cap cells. tj promotes cap cell

fate and regulates niche architecture by blocking terminal filament cell fate, while Notch supports

cap cell fate by preventing escort cell fate (Panchal et al., 2017).

Figure 14. Effect of tj on the expression of
cell adhesion molecules.
(A, B) Late third instar larval testes. In wild-
type (A), Fas3 (red) is only expressed in the
hub cells while in tj-/- mutants (B), Fas3 is
ectopically expressed in somatic cells along
with hub cells. (C-F) Ovarian follicles
containing tj-/- mutant follicle cells recognized
by lack of GFP (green) (arrows). (C, D) Ovarian
follicles at stage 7 of oogenesis where Fas3
(red) is specifically upregulated in tj-/- follicle
cells that are GFP-negative. (E, F) Ovarian
follicles at stage 9 where only polar cells and
tj-/- follicle cells exhibit elevated levels of
DEcad expression (red). The figure is adapted
from Li et al. (2003).
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The 3’UTR of tj codes for a Piwi-interacting RNA (piRNA) cluster that gives rise to sense-oriented

piRNAs via a conserved primary piRNA biogenesis pathway. The tj-3’UTR derived piRNAs are then

loaded on to Piwi, whose expression is positively controlled by Tj, and together, they silence specific

target genes, usually transposable elements (Robine et al., 2009; Saito et al., 2009). The target

genes of tj-derived piRNAs have not been discovered yet, however some of the piRNAs have been

shown to demonstrate strong complementarity to Fas3 primary transcript. Fas3 has already been

identified as a target whose expression is negatively regulated by tj (Li et al., 2003). Thus, it is

probable that the downregulation of Fas3 is achieved by a composite action of Tj protein together

with tj-3’UTR derived piRNAs. Tj is also known to activate the expression of Piwi in ovarian follicle

cells (Saito et al., 2009).

1.4.3 tj expression in nervous tissue

Apart from somatic gonadal cells, restricted expression of tj transcript has been observed in

embryonic and larval central nervous system (CNS) (Fig. 15), adult heads as well as adult fat bodies

(Gelbart and Emmert, 2013; Li et al., 2003), where its function is largely unknown.

Figure 15. tj transcript distribution in embryos stage 15-16.
(A) Dorsal and (B) ventral view of wild-type embryos where tj transcript can be detected in embryonic gonads
as well as in a subset of cells of the central nervous system (arrowheads). Scale bars represent 50 µm. The
figure is adapted from Li et al. (2003)

tj was predicted to be responsible for glutamatergic neuronal fate in the optic lobe of adult

brain (Konstantinides et al., 2018). RNAi-based knock-down of tj resulted in downregulation of

Vesicular glutamate transporter (VGlut) in specific synaptic boutons in the medulla region of the

brain. Tj is also expressed in glutamatergic, cholinergic and GABAergic interneurons of the ventral

nerve cord (VNC) from embryogenesis to third instar larval stage. The Tj-positive cholinergic

neurons control body posture in Drosophila larvae, while Tj-positive glutamatergic neurons control

locomotion and Tj-positive GABAergic neurons control the speed of locomotion (Babski et al.,

2018). Tj is also known to control the cell fate of photoreceptor type 8 (pR8) by regulating the

expression levels of three different genes: melted (melt), warts (wts) and Rhodopsin 6 (Rh6) (Jukam

et al., 2013).
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1.5 Scope of the thesis

Translational readthrough (TR) is a recoding mechanism that is extensively utilized by viruses,

bacteria and eukaryotes. Comparative phylogenetic analysis of 12 Drosophila species has identified

283 putative TR candidates, revealing the pervasiveness of TR within the Drosophila genome.

Despite the abundance, only limited number of predicted TR genes have been verified

experimentally and the biological significance of TR in Drosophila remains unknown. In this work,

we developed an in vitro reporter assay to study TR in a selected set of candidate genes that have

been predicted to undergo TR in Drosophila. We used this assay to experimentally validate TR as

well as quantify the extent of TR in these genes using S2 cells. In addition, we analyzed the impact

of the immediate stop codon context on the extent of TR in these genes. In the case of one particular

candidate, aPKC, we used systematic mutational analysis to delineate the minimal sequence

context that is responsible for driving efficient levels of readthrough. Furthermore, to understand

the biological significance of gene-specific readthrough in another candidate gene, traffic jam, we

utilized CRISPR/Cas9 genome editing to create genetic mutants that exhibit constitutive or

abolished TR. We utilized immunohistochemistry to study how TR affects tj-specific phenotypes in

embryonic as well as adult gonads. Finally, by using high throughput RNA sequencing combined

with qPCR gene expression analysis, we studied the role of TR in tj in shaping the transcriptome

profile in adult fly brains.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment

Table 2. List of equipment

Device Manufacturer
Milli-Q Advantage Millipore
pH-meter, pH electrode WTW
Water bath E100 Lauda
Benchtop centrifuge 5415R and 5810R Eppendorf
Thermomixer comfort Eppendorf
Vortex Genie 2 Scientific industries
Centrifuge Avanti J-26 XP Beckmann Coulter
Centrifuge Avanti J-30I Beckmann Coulter
Dri-Block DB-2D heater Techne
Mini star Silverline Microcentrifuge VWR
JA-30.1 rotor Beckmann Coulter
JLA-8.100 rotor Beckmann Coulter
Nanodrop 2000C Peqlab Biotechnologie
Electrophoresis power supply EV261 Peqlab Biotechnologie
Agarose gel electrophoresis chamber Peqlab Biotechnologie
PCR thermocycler Peqstar Peqlab Biotechnologie
SDS PAGE electrophoresis equipment BioRad
Incubator shaker series Innova 44 New Brunswick
ÄKTA FPLC GE Healthcare
Bio-vision imaging system Peqlab Biotechnologie
Bio-5000 plus Microtek
Incubator INE600 Memmert
Branson Sonifier W-250D G. Heinemann
Luminometer Sirius Single, Berthold
Confocal LSM 700 Zeiss
ZEN microscope Zeiss
Step One Plus Real Time PCR System Applied Biosystems

2.1.2 Chemicals and consumables

Chemicals were purchased from Sigma Aldrich (Steinheim, Germany), Merck (Darmstadt,

Germany), Carl Roth (Karlsruhe, Germany), Roche Diagnostics (Mannheim, Germany) and Serva

(Heidelberg, Germany), unless indicated otherwise. DNA SmartLadder was from Eurogentec

(Seraing, Belgium), Stain G was from PeqLab (Erlagen, Germany), 2-log DNA ladder and DNA gel

loading dye purple (6x) were from New England Biolabs (NEB) (Frankfurt, Germany), Oligo (dT)20

primer was from Jena Bioscience (Jena, Germany). Kits for DNA purification, Nucleospin® plasmid

and NucleoSpin® Gel and PCR clean up kits were from Macherey-Nagel (Düren, Germany). DNA

oligonucleotides were purchased from Eurofins Genomics (Ebersberg, Germany). Substrates for
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luciferase assay, Beetle Juice and Renilla Glow Juice were from PJK GmBH (Saarland, Germany).

Invitrogen™ TRIzol™ reagent was from Thermo Fisher Scientific (Braunschweig, Germany).

2.1.3 Enzymes

Table 3. List of enzymes

Cloning Enzymes Manufacturer
Phusion® High-Fidelity DNA Polymerase NEB
DpnI NEB
T4 Polynucleotide Kinase NEB
T4 Quick Ligase NEB
T4 DNA Ligase NEB
T5 Exonuclease NEB
Taq DNA ligase Biozymes
Reverse Transcription and qPCR
DNaseI Jena Bioscience
High Capacity Reverse Transcriptase Beckmann Coulter
Fast SYBR™ Green Master mix Thermo Fisher

2.1.4 Media and buffers

Table 4. List of Solutions

Media Recipe
LB medium 10 g/l NaCl, 10 g/l tryptone, 5 g/l yeast extract
LB agar 10 g/l NaCl, 10 g/l tryptone, 5 g/l yeast extract, 15 g/l agar
Buffers Recipe
TBE 0.1 M Tris-HCl, 0.1 M boric acid, 2 mM EDTA (disodium salt)
PBS 0.137 M Nacl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4

PBT 0.2% Triton™ X-100 in PBS
PBTB 2 g/l BSA, 5% Normal goat serum, 0.5 g/l NaN3 in PBT

2.1.5 Bacterial strains and plasmids

All strains used are classified under biosafety level BSL-1. Genetic sub-cloning and mutagenetic

experiments were performed in E. coli NovaBlue Singles™ competent cells.

Table 5. List of bacterial strains

E. coli Strain Genotype Company
NovaBlue endA1 hsdR17 (rK12

– mK12
+) supE44 thi-1 recA1 gyrA96

relA1 lac Fʹ[proA+B+ lacIqZΔM15::Tn10] (TetR)
Novagen, Merck

Table 6. List of plasmid vectors used

Vectors Description Company
psiCHECK™-2 SV40 promoter - Rluc, HSV TK promter - Fluc, AmpR Promega
pHD-DsRed LoxP-3xP3-DsRed-LoxP, AmpR Addgene
pU6-BbsI-chiRNA DmU6 promoter-gRNA scaffold, AmpR Addgene
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2.1.5 Software

Softwares used for DNA sequence analysis, data representation, qPCR data analysis, image

build up and processing are listed in Table 7.

Table 7. List of software

Software Provider
Adobe Illustrator CS5 Adobe Systems
CorelDRAW X7 Corel
DNA Star Lasergene 12 DNASTAR Inc.
SnapGene Viewer v4.1.3 GSL Biotech
GraphPad Prism 5.0 GraphPad Software
Fiji (ImageJ) NIH
StepOne Software v2.3 ThermoFisher Scientific

2.1.6 Services

DNA sequencing services of Microsynth Seqlab, Göttingen were used. RNA sequencing services

were provided by Transcriptome and Genome Analysis Laboratory (TAL), Göttingen. CRISPR/Cas9

injection and recombinant screening services were provided by BestGene, Chino Hills, CA, USA.

2.2 Molecular biology protocols

2.2.1 Polymerase chain reaction

Phusion polymerase was used for all molecular cloning procedures. Each 50 µl PCR reaction

consisted of 100 ng template DNA (plasmid or gDNA or cDNA), 0.5 mM forward and reverse primers,

0.2 mM dNTPs and 1 unit of Phusion polymerase. The PCR reaction was performed in a

thermocycler with an initial DNA denaturing step at 98 °C for 5 min followed by 30-35 cycles of

denaturation at 98 °C for 3 min, annealing at a suitable temperature for 30 s and elongation at 72

°C for 30 s per kb of amplicon. Following each PCR reaction, the template DNA in the reaction mix

was digested using DpnI. The PCR products were analyzed by agarose gel electrophoresis and

visualized using Stain G. When required, the desired PCR products were purified using NucleoSpin®

Gel and PCR clean up kit.

2.2.2 Site-directed mutagenesis using QuikChange protocol

Point mutations were introduced into plasmid vectors using The Agilent QuikChange II site-

directed mutagenesis protocol. The first five rounds of amplification were performed separately for

each template using forward or reverse primers in a final volume of 25 µl each. The reaction mixes

were then pooled together and subsequent rounds of amplification were performed. The PCR

products were digested with DpnI and transformed directly into chemically competent cells.
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2.2.3 Mutagenesis using blunt-end ligation

Insertional and deletion mutagenesis was performed using a blunt-end ligation method. For

insertional mutagenesis (up to 32 bp), forward and/or reverse primers containing a 5’ overhang

corresponding to the sequence to be inserted were designed. For deletion mutagenesis, primers

complementary to the sites flanking the region to be deleted were designed. Standard PCR

amplification was performed and the template was digested using DpnI. The blunt-end linear

products were purified using NucleoSpin® Gel and PCR clean up kit. Phosphorylation and ligation

reactions were performed using T4 Polynucleotide kinase and T4 ligase according to manufacturer’s

protocol. The ligated products were transformed into competent cells.

2.2.4 DNA cloning using Gibson assembly

Molecular cloning of TR test cassettes into psiCHECK™-2 vector, homology arms (HA) and

template for recombination (TfR) into pHD-DsRed was achieved by isothermal assembly (Gibson

assembly) (Gibson et al., 2009). Insert sequences were amplified from gDNA or cDNA using primers

containing 18 bp overhangs that overlap with the blunt-ends of PCR amplified linearized vectors.

Isothermal assembly was performed by incubating the purified inserts and 100 ng linearized vectors

in a molar ratio of 3:1 with ‘lab made’ Gibson assembly mix for 1 h at 50 °C in a total volume of 15

µl. 1 µl of end product was transformed into competent cells.

2.2.5 Bacterial transformation

 50 µl of chemically competent NovaBlue cells were used for transformation. Thawed cells were

incubated with 1 to 5 µl of PCR, ligation or Gibson assembly products on ice for 20 min. The cells

were heat shocked by incubating at 42 °C for 45 s. The transformed cells were kept on ice for 2 min,

supplemented with 450 µl Luria-Bertani (LB) media and incubated at 37 °C for 1 hour. 100 µl of the

culture was plated on LB agar containing the appropriate selection antibiotic. Positive colonies were

screened via plasmid DNA sequencing.

2.3 Luciferase assay

2.3.1 Construct design for readthrough reporter assay

To quantify the TR efficiency in putative candidate genes, an in vitro Drosophila Schneider 2 (S2)

cell culture-based dual reporter assay was developed. psiCHECK™-2 (Promega) vectors contain

Renilla (Rluc) and Firefly (Fluc) luciferases under the control of SV40 and HSV TK promoters

respectively. The commercial vector was modified by deleting the Rluc Poly(A) signal and the Fluc

HSV TK promoter using blunt-end ligation, such that both the reporters are transcribed as a single

transcriptional unit from a monocistronic mRNA controlled by SV40 promoter. A self-cleaving P2A
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sequence (66 bp) was inserted between the two reporters using two-step insertional blunt-end

ligation mutagenesis. The start codon of Fluc was deleted using blunt-end ligation mutagenesis. The

primers used for vector modification are listed in Table 8. TR motifs (105 bp) from the candidate

genes containing the leaky stop codons were amplified from w1118 cDNA using primers with 18 bp

overhangs and inserted into modified linearized vector using Gibson assembly. UGA to UUC and

UAAA point mutations were introduced into each construct using blunt-end ligation mutagenesis.

The primers for cloning of TR motifs and point mutations are listed in Supplementary Table S1.

Table 8. List of primers used for psiCHECK™-2 vector modification

Name Primer Sequence 5’ to 3’ Comments
CM135_F ATGGCCGATGCTAAGAACATTAAG Amplification of psiCHECK™-2 template at Fluc start.
CM138_R GTTGGTGGCGCCGGAGCCCTGCTCGTTCTTCAGCAC Insertion of 1-18 bp of P2A after Rluc stop.
CM141_F GAGGAGAACCCCGGCCCCATGGCCGATGCTAAGAAC Insertion of 49-66 bp of P2A before Fluc start.
CM146_F CAGGCCGGCGACGTGGAGGAGAACCCCGGCC Insertion of 34-48 bp of P2A.
CM147_R CTTCAGCAGGGAGAAGTTGGTGGCGCCGGAGCC Insertion of 19-33 bp of P2A
PK27_F GCCGATGCTAAGAACATTAAGAAGGGC Deletion of Fluc AUG from modified psiCHECK™-2 P2A

constructsPK28_R GGGGCCGGGGTTCTCC

2.3.2 Maintenance of Drosophila Schneider 2 cells

Drosophila S2 cells were cultured in 25 cm2 flasks at 25°C in a CO2 incubator in Schneider’s

Drosophila medium (Gibco®), supplemented with 10% heat-inactivated fetal bovine serum (GE

healthcare), 100 units/ml penicillin and 100 µg/ml streptomycin (Gibco®) in a total volume of 6 ml.

The cells were passaged every 3-4 days by splitting them in 1:6 ratio.

2.3.3 Transfection of S2 cells

Prior to transfection, S2 cells were split 1:6, and 150 µl of the cell suspension was seeded into

flat bottomed 96-well plates (Sigma Aldrich) and incubated overnight. Transfection reactions were

prepared using Effectene® Transfection Kit (Qiagen) according to the manufacturer’s protocol. 100

ng of dual reporter construct was used to transfect each well. Transfections were carried out when

the cells reached approximately 70% confluency. The cells were incubated for 72 hours before

measuring the reporter activities. Transfections were performed in three technical replicates. After

72 hours, cells from the 96 well plates were resuspended and transferred to microfuge tubes and

pelleted at 800 xg. The cell pellets were shock frozen in liquid nitrogen and stored at -80 oC.

2.3.4 Measurement of luciferase reporter activity

For measurement of luciferase activity, cell pellets were thawed and lysed using 40 µl Lysis-

juice (PJK GmbH). To measure Fluc activity, 20 µl of cell lysate was mixed with 100 µl of Beetle juice

and incubated for 10 min at room temperature (RT). To measure Rluc activity, 20 µl of same cell

lysate preparation was mixed with 100 µl Renilla Glow juice and incubated for 10 min at RT.
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Measurements were performed in a luminometer with a delay time of 2 s and an integration time

of 5 s. The background luminescence obtained from cell lysates prepared from S2 cells transfected

with empty transfection mixes was subtracted from the raw readouts of the luminescence signals.

The ratio of Fluc:Rluc signal was calculated for each construct containing the native and the UAA-A

stop codon context in their TR motif, as well as for the corresponding constructs where the stop

codon is mutated to UUC. To calculate TR efficiency of test constructs with native and UAA-A stop

codon context, their respective Fluc:Rluc values were divided with Fluc:Rluc values of constructs

containing UUC codon, which serve as positive controls. Non-paired two-tailed Student’s t-test was

used to analyze the results.

2.4 Drosophila handing and maintenance

2.4.1 Stock maintenance

Fly stocks were maintained in vials containing cornmeal-agar prepared with 6.25 g/L agar

(Serva), 18g/L dry yeast (Saf-Instant), 80 g/L corn flour (Zieler & Co.), 22 g/L beet syrup (Ferdinand

Kreutzer Sabamühle GmbH), 80 g/L malt (Ulmer Spatz), 0.625 % propionic acid (Merck), 1.5 g/L

methylparaben (Sigma). Flies were kept in a controlled environment with constant temperature of

25 °C, constant humidity and 12 hr-12 hr light-dark cycle.

2.4.2 Creation of transgenic flies

CRISPR/Cas9-based genome editing was employed to create three different genetic mutants of

D. melanogaster that harbor mutations in and around the stop codon of the traffic jam (tj) gene

(sequence location 2L:19,64,267 to 19,467,758), using the RH genome engineering services offered

by Best Gene Inc. Chino Hills, CA, USA for injection. The following constructs were designed to

introduce the desired mutants:

a) Two pU6-BbsI-chiRNA vectors (Addgene) expressing the guide RNA (gRNA) scaffold with 5’-

appended protospacer adjacent motif (PAM) sites under the control of a DmU6 promoter.

The gRNA scaffold primes to specific PAM sites in the fly genome and recruits Cas9 nuclease

that introduces a double stranded break in the chromosome.

b) pHD-DsRed vector (Addgene) containing two ~1 kb long homology arms (HA) derived from

Drosophila gDNA that flank the region that provides the template for recombination (TfR).

The TfR harbors all the desired mutations and also includes a loxP-flanked DsRed-SV40

poly(A) region that enables the screening of recombinants by eyes fluorescence.
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The fly strain used for injection had the following genotype: y1w1118; attP2(nos-cas9)/TM6C,

Sb Tb. These flies express Cas9 protein under the control of nos regulatory sequences inserted at

the chromosome III and bear white eyes.

2.4.3 Construct design for CRISPR/Cas9 injection

The CRISPR target finder tool (http://tools.flycrispr.molbio.wisc.edu/targetFinder/) was used to

find optimal CRISPR target sites or PAM sites on the tj gene that flank the readthrough region

between the first and the second stop codon of the tj ORF. The proximal PAM site was 5’

AGAGCTTT|GGCTATCGCCGC CGG 3’ and the distal PAM site was 5’ ACACAATG|TATAAGGTAAAT

TGG 3’, where the NGG motifs are highlighted in bold. The 20 bp proximal and distal PAM regions

were introduced separately upstream of gRNA scaffold in separate pU6-BbsI-chiRNA vectors via

blunt-end ligation mediated insertional mutagenesis using primer pairs PK241_F/PK243_R and

PK242_F/PK243_R respectively (Table 9).

pHD-DsRed vectors carrying the homology arm 1 (HA1), the TfR and the homology arm 2 (HA2)

were generated in subsequent steps using Gibson assembly. HA1 (1100 bp) + TfR (250 bp) was

amplified from gDNA obtained from w1118 as a single fragment and inserted upstream of loxP-

DsRed-SV40poly(A)-loxP sequence. HA2 (1144 bp) was amplified and inserted immediately

downstream of this sequence. QuikChange mutagenesis protocol was used to introduce

synonymous mutations into the proximal PAM sequence that borders HA1 and TfR, in order to

prevent Cas9 from cleaving the vector once injected into the embryos. UGA to UUC mutation was

then introduced in the TfR at the tj stop codon by QuikChange mutagenesis and 3xUAA was inserted

downstream of the tj stop codon by blunt-end ligation method. 3xFlag was inserted upstream of

the second stop codon by Gibson assembly. These cloning steps were performed in pHD-DsRed

vector where loxP1 site had been deleted in order to avoid complications associated with redundant

primer binding sites. Finally, the loxP1 site was reinserted. Additionally, the dispensable phage pC31

attP site was removed from the pHD-DsRed vector during PCR amplification. The primers used for

Gibson assembly, point mutations and blunt-end ligation cloning are listed in Table 9. Due to the

introduction of an independent SV40 transcription termination signal in the TfR, the biogenesis of

tj derived piRNAs in the CRISPR-derived recombinants is inhibited. To overcome this limitation, the

loxP-flanked DsRed-SV40 poly(A) marker cassette was removed by Cre-Lox recombination, which

restored the native tj 3’ UTR in tj-TR mutants (tjmut). The introduction of the desired mutations was

verified via sequencing of a genomic DNA derived amplicon. DsRed deletion was confirmed via

screening of eyes for negative fluorescence as well as sequencing.

http://tools.flycrispr.molbio.wisc.edu/targetFinder/
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Table 9. List of primers used for preparing constructs for CRISPR/Cas9 injections

Name Primer sequence 5’ to 3’ Comments

PK241_F GAGAGCTTTGGCTATCGCCGCGTTTTAGAGCTAGAAATAGC Insertion of proximal PAM site at 5’ end of gRNA
scaffold in pU6-BbsI-chiRNA vector

PK242_F GACACAATGTATAAGGTAAATGTTTTAGAGCTAGAAATAGC Insertion of distal PAM site at 5’ end of gRNA
scaffold in pU6-BbsI-chiRNA vector

PK243_R GAAGTATTGAGGAAAACATA Reverse amplification of pU6-BbsI-chiRNA for
PAM insertion

PK77_F ATATGCACACCTGCGATCGGTGAACACATCTTCGGG Amplification of HA1+TfR from gDNA with 18 bp
overhangs for Gibson assemblyPK135_R TGAATTAGATCCCGTACGTACCTTATACATTGTGTCTAGGA

AAAGC
PK132_F CGTACGGGATCTAATTCAATTAGAGACTAATTCAATTAGAG Amplification of pHD-DsRed without loxP1 and

attP site for HA1+TfR insertionPK71_R GATCGCAGGTGTGCATATGTCCG
PK153_F TAAGTAGAGAGCGTTCCGTGTTTAAGG Amplifcation of pHD-DsRed for 3xFlag insertionPK154_R GTTGACCAGCTGCTGGGGATTC
PK147_F CCCCAGCAGCTGGTCAACGACTACAAGGACCACGACGGTG

ACTACAAGGACCACGACATCGACTACAAGGACGACGACGA
CAAGTAAGTAGAGAGCGTTCCG Insertion of 3xFlag upstream of tj second stop

codon by Gibson assemblyPK148_R CGGAACGCTCTCTACTTACTTGTCGTCGTCGTCCTTGTAGTC
GATGTCGTGGTCCTTGTAGTCACCGTCGTGGTCCTTGTAGT
CGTTGACCAGCTGCTGGGG

PK207_F TGTATGCTATACGAAGTTATAATTGGTTTGATTCCAAGAAT
GTTTTC Amplification of HA2 from gDNA with 18 bp

overhangs for Gibson assembyPK208_R ATCTTTACTAGTGCTCTTCTCGCGTGTGTTTCTTCTAG
PK209_F AGAAGAGCACTAGTAAAGATCTCCATGC Amplification of pHD-DsRed for HA2 insertionPK210_R ATAACTTCGTATAGCATACATTATACGAAGTTATACCG
PK83_F CAACCGCGGGCGGAGATAGCCAAAG Introduction of synonymous point mutations at

proximal PAM site in the HA1+TfR cloned pHD-
DsRed vector by QuikChange mutagenesis

PK84_R CTTTGGCTATCTCCGCCCGCGGTTG

PK21_F GGAATTCTACCTCTTCCGCCAGCTGGCGG Mutation of tj stop codon UGA to sense codon
UUC coding for Phe by QuikChange mutagenesisPK22_R CCGCCAGCTGGCGGAAGAGGTAGAATTCC

PK229_F TAATAATAACGCCAGCTGGCGGTGG Insertion of UAAUAAUAA after tj stop codon UGA
by blunt-end ligationPK230_R TCAGAGGTAGAATTCCGGAGAGCTTTGGC

PK277_F CGAAATCTAAGAAACCGGCATCGAAG Generation of gDNA amplicon for sequencingPK278_R GGTGGTAATGGGAATGCACTTCTCTTG
PK279_F GCGACGCACCCTGAAGAATCG Sequencing primer for genotyping mutants

2.4.4 Drosophila genetics

DsRed-positive CRISPR mutants were crossed with Sco/CDY balancer lines to obtain CDY

balanced mutant lines for second chromosome. tjmut(+DsRed)/CDY lines were crossed with Sco/Cre

lines in order to achieve Cre recombinase mediated removal of DsRed marker. The progenies,

tjmut(±DsRed)/Cre were back crossed with Sco/CDY balancer lines to obtain DsRed deleted tjmut/CDY

flies that served as stocks. DsRed deletion was confirmed by screening individual balanced flies for

the absence of DsRed. The tjmut/tjmut obtained by back crossing of tjmut/CDY flies were used for

experimental purposes. gDNA was extracted from the homozygous mutant flies (section 2.5.1).

Using it as template, the genomic region flanking PAM sites was amplified using primers PK277_F

and PK278_R and sequenced using primers PK277_F and PK279_F to confirm the introduced

mutations (Table 9). w1118 flies were used as wild-type controls as they have the closest genetic

background to the mutants. The fly stocks used are listed in Table 10.
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Table 10. List of fly stocks

Short name Genotype Ref./ Source
wt-control w[1118]; +/+; +/+ VDRC60000
Sco/CDY w[*]; sna[Sco]/CyO, P(w[+mC]=Dfd-EYFP)2 BDSC 8578
Sco/Cre y[1] w[67c23]; sna[Sco]/CyO, P(w[+mC]=Crew)DH1 BDSC1092

2.5 Gene expression analysis

2.5.1 gDNA extraction

Standard miniprep protocol for D. melanogaster genomic DNA extraction was followed as

described in Huang et al. (2009). 10 adult male flies were used for each extraction.

2.5.2 RNA extraction and cDNA synthesis

Total RNA was extracted from heads and ovaries of 3-4 days old adult flies of each genotype.

15-20 heads and five pairs of ovaries were dissected in cold PBS and immediately transferred to 200

µl TRIzol™ reagent and homogenized. Total RNA extraction was performed using manufacturer’s

protocol. Extracted RNA was quantified and treated with DNaseI (2 units per µg of RNA). Total cDNA

was prepared using random primers with High Capacity Reverse Transcriptase following

manufacturer’s instructions. 20 µl RT reactions were set up for 1 µg RNA template.

2.5.3 Real-time quantitative PCR (RT-qPCR)

RT-qPCR was performed for gene expression analysis using Quantitect SYBR Green PCR kit. Each

reaction was performed in 15 µl volume using 20 ng cDNA template and 200 nM primers. All

reactions were performed in triplicates. Control reactions were set up for each target gene using

non-RT templates. The primers used for each transcript quantification were obtained from DRSC

primer bank and are listed in Table 11.

The qPCR reaction conditions used were according to manufacturer’s instructions. αTub84B

was used as endogenous control and w1118 flies were used as control samples. The analysis of the

acquired threshold cycle (CT) values was performed using StepOne Software. CT value denotes the

fractional cycle number at which the fluorescence signal for each test sample passes a defined

threshold. Average CT values from three technical replicates of respective genes were subtracted

from that of the αTub84B control to obtain ΔCT. These ΔCT values for each gene was normalized

again by subtracting the ΔCT of the control sample from the ΔCT of the test sample. The ΔΔCT values

thus obtained were used to calculate gene expression levels by using the formula RQ = 2−ΔΔCT. Non-

paired two-tailed Student’s t-test was used for calculating p values.
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Table 11. List of primers used for qPCR

Flybase ID Gene Primer sequence (5’ to 3’)
FBgn0000964 tj Forward: GGCGGTTAAATGGACGACAAT

Reverse: AAGGACCTCAGCTTGATGTGC
FBgn0015609 CadN Forward: CCCCGCTTGTCAATCGTCC

Reverse: CCACTGGCATCGAGTAGGGA
FBgn0003391 DEcad Forward: CCATCAGCCTTCTGTCACCC

Reverse: CCTCTTTGACCTTAGGAGCGTAT
FBgn0000636 Fas3 Forward: ATATGTCTCGCAGCCATCTTAAC

Reverse: GGATCTGCCGTACCGACAG
FBgn0004108 Nrt Forward: GTCTCAAACTGCCTGGTTTCT

Reverse: TCTCCATTGGCTTCCTTATCCT
FBgn0031424 VGlut Forward: CCTTCGGCATGAGGTGCAATA

Reverse: CGAGTCCACATGGCTCTCC
FBgn0003884 αTub84B Forward: CACACCACCCTGGAGCATTC

Reverse: CCAATCAGACGGTTCAGGTTG
FBgn0033257 sand Forward: GGTTTATAGCACGGAACTTCAGT

Reverse: GGTGGTCGAAGAAGCTGATGT
FBgn0035789 mthl6 Forward: AACTGGCGGATGGATCACAG

Reverse: AGCAGAATCGGATACAAGGTTTT
FBgn0027348 bgm Forward: TGGACAAGATTCACGCCATTC

Reverse: CGACCACCTGTAGTAGCCATC
FBgn0032706 Irk3 Forward: CTGCCACGGATTCCCTAACC

Reverse: CCGTCTCCTTTTCGGAGGAAC
FBgn0002939 ninaD Forward: TGTGGGGTGACCCAACAAAAG

Reverse: CCCTGAGTCTATAAAGCCAGGC
FBgn0039678 Obp99a Forward: TTGCCATCTGCGTGCTGATT

Reverse: TTGGGGTACTCCCACTTCTGG
FBgn0038914 fit Forward: ATGCACAAGGTGGATAAGCGA

Reverse: ACTGCCTCAACTGATTGACGG
FBgn0010381 Drs Forward: CTGGGACAACGAGACCTGTC

Reverse: ATCCTTCGCACCAGCACTTC
FBgn0260446 GABA-B-R1 Forward: AACCGCAAAAGCTGATGCTG

Reverse: CCGTAGCAGAGCACAATTAGATT
FBgn0053310 CG33310 Forward: GAGCAACGCGAATCAACTAACG

Reverse: ATCTTGGAACCCTTCACTTCATC
FBgn0053200 VepD Forward: CCAGGAACATACACGCTCCAC

Reverse: CAAGGGCCTCCCAGTGAAG
FBgn0029823 Shmt Forward: CTTGACGCACGGTTTCTTCAC

Reverse: TCTCCGGGTTCACTTTGTACG
FBgn0001187 Hex-C Forward: CCCGGTGTGGACCTATTCG

Reverse: GTGGCAGATATGCGGTCTTCA
FBgn0044810 TotX Forward: AGAGAATACCGGGCAGTTTTG

Reverse: ATATACCGGGTTCCGACTCTG
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2.6 Immunohistochemistry

2.6.1 Embryo collection

Flies were kept in embryo collection cages and placed on apple juice-agar plates, smeared with

fresh yeast paste at the center. The agar plates provide a substrate for egg laying and fresh yeast

promotes the process. The flies were kept in the cages for 2-3 days at 25 °C to allow them to adjust.

After the habituation period, the agar plates were replaced with fresh ones to start embryo

collection. To obtain embryos staged 15-16 (12-16 h), timed collection was carried out for 4 hours

after which the agar plates with eggs were removed from the collection cages and set aside for 12

hours at 25 °C. The egg-laden plates were then cleared off any dead flies. The eggs were gently

dislodged from the plates and transferred to a microcentrifuge tube containing wash buffer (120

mM NaCl, 0.03% TritonX). Embryos were rinsed two times with wash buffer and two times with

water. 50% commercial bleach was added for 2-3 min. Wash buffer was added until the embryos

started to sink. Two more washes were performed with water. 4% paraformaldehyde (in PBS): n-

Heptane (1:1) was added to the embryos and shaken vigorously for 30 s. Embryos were then placed

on a rotating wheel for 25 min to allow fixation. The lower phase containing the fixing solution (4%

paraformaldehyde) was removed and equal amount of methanol was added and shaken

immediately for 15 s. The upper liquid and floating embryos were removed. The embryos were

rinsed with methanol two more times. The fixed embryos were stored at -20 °C and rehydrated by

washing with PBT.

2.6.2 Tissue dissection and antibody staining

Tissue dissection was performed in cold PBS. All tissue samples, brains, testes and ovaries were

collected from 3-4 days old adult flies that were kept on food vials containing yeast. Dissected

tissues were fixed in 4% formaldehyde in PBT (pH 7.4). Ovaries were fixed for 13 min on high speed

rotator, brains were fixed for 25 min on nutator while testes were fixed for 20 min horizontally on

bench top. Post fixing, the tissues were washed in PBT. Washed tissues were blocked in PBTB for 1

h at room temperature. Incubation with primary antibodies (diluted in PBTB to desired

concentrations) was allowed overnight at 4 °C on a nutator. The specimens were then washed with

PBT, followed by 1 hour incubation with PBTB at RT. Secondary antibody solution (diluted in PBTB)

was added and incubation was allowed overnight at 4 °C in a nutator. The samples were washed in

PBT, followed by a 10 min wash in 10 mg/l DAPI (Sigma) in PBT. The samples were washed in PBT

and mounted in VECTASHIELD medium (VectorLabs) on glass slides (76x26 mm, Thermo Scientific)

and imaged. The primary and secondary antibodies used for immunohistochemistry studies are

listed in Table 12.
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Table 12. List of antibodies used for immunohistochemistry

Type Specificity Dilution Source
Guinea pig Anti-Tj 1:10,000 D. Godt, University of Toronto, Canada
Rabbit Anti-Vasa 1:5000 Herbert Jäckle, MPI-bpc, Göttingen
Mouse M2 Anit-Flag 1:500 Sigma Aldrich
Secondary goat Anti-guinea Alexa 647 1:500 Life Technologies, A-21450
Secondary goat Anti-mouse Alexa 488 1:500 Molecular Probes
Secondary goat Anti-rabbit Alexa 568 1:500 Molecular Probes

2.6.3 Imaging

Fluorescence images were taken using a confocal laser-scanning microscope (Zeiss LSM 700).

The images were processed with Fiji (ImageJ) and Adobe Illustrator.
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3. RESULTS

3.1 Dual luciferase reporter construct design

Dual luciferase reporter assays have long been used as a method to study translational recoding

in different systems (Grentzmann et al., 1998; Harger and Dinman, 2003; Sherf et al., 1996). We

developed a psiCHECK™-2-based dual luciferase reporter assay to quantify TR efficiency in D.

melanogaster genes in vitro using S2 cell lines. S2 cells are commonly used Drosophila cell lines that

are derived from primary culture of late stage embryos and can be subjected to transient

transfection with several vectors. We modified the psiCHECK™-2 vector by deleting the Rluc poly(A)

signal, the promoter of the Fluc gene and the start codon of Fluc ORF to generate a single ORF that

codes for both luciferases (Fig. 16B). In traditionally used dual luciferase reporter constructs, a

positive recoding event produces a minor ratio of Rluc-Fluc fusion protein, whereas a standard

decoding event produces native Rluc protein. Rluc enzymatic activities in such constructs arise from

a mixture of native Rluc and Rluc-Fluc fusion proteins. Normalization with Rluc activity from

constructs with constitutive recoding event eliminates the probability of errors that arise from

differential transfection efficiency, technical experimental errors and cell viability. However, the

differences in reporter activity in a fused protein product and the contribution of translated test

sequences on enzymatic activities might lead to discrepancies in data calculation and

interpretation. To address these issues, we inserted a self-cleaving P2A peptide (Donnelly et al.,

2001; Doronina et al., 2008; Ryan and Drew, 1994), upstream of Fluc reporter or downstream of

test sequences to allow the expression of luciferase genes as independent polypeptide products

(Fig 16B).

Figure 16. Dual luciferase reporter constructs for TR quantification in S2 cells.
(A) Plasmid map of commercial psiCHECK™-2 vector coding for Renilla and Firefly luciferases under the
transcriptional control of SV40 and HSV TK promoters, respectively. (B) Modification of psi-CHECK™-2 vector
to replace HSV TK promoter with TR test sequences and self-cleaving P2A sequence.
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3.2 Quantification of TR in phylogenetically predicted genes in
Drosophila

Phylogenetic analyses have predicted a total of 283 TR candidates in Drosophila (Jungreis et al.,

2011), the majority of which have not been experimentally verified. We narrowed down our study

to a set of 11 candidate genes that perform biologically significant functions during fly development.

These candidates have varied TR length, ranging from 11 to 236 amino acids, several of which

possess distinct peptide profiles (Table 13). With the only exception of wishful thinking (wit), the 3’

UTR of these genes do not form secondary structures; furthermore, their gene functions have been

well characterized and are associated to traceable phenotypes. Among the selected genes,

klumpfuss (klu), doublesex (dsx), traffic jam (tj), seven up (svp), chronologically inappropriate

morphogensis (chinmo), fruitless (fru) and broad (br) encode transcription factors or transcriptional

regulators. wit, atypical protein kinase C (aPKC) and discs large 1 (dlg1) encode protein kinases

involved in cell signaling. Kinesin heavy chain 73 (Khc-73) encodes a motor protein that regulates

cell polarity.

Table 13. List of TR candidates selected for TR validation

Gene TR length,
codons

Region Profile Peptide feature Expression

br 131 Ala/Gly/His rich Disordered Embryonic/larval CNS
klu 15 - - Embryonic neuroblasts, larval CNS
chinmo 236 Thr rich BTB domain,

disordered
Embryonic/larval nervous system, eye disc,
adult testes

wit 10 - - Embryonic/larval/adult CNS, mid gut, eye,
salivary gland

dsx 23 - Non-cytoplasmic/
signal peptide

Embryonic gonad, embryonic/larval/adult CNS,
testis

Khc-73 58 - - Enriched in larval/pupal CNS, ubiquitous
fru 187 Gln/Asn rich Polar, disordered Ubiquitous in embryos, larval/pupal/adult CNS
svp 11 - Embryonic neuroblasts, larval photoreceptor

cells, fat body, adult optic lobe, photoreceptors
aPKC 131 Asn/Gln rich Polar, disordered Ubiquitous in early embryos, larval/pupal/adult

CNS
dlg1 41 - - Embryonic/larval/adult CNS, salivary glands, fat

bodies
tj 44 - Disordered Gonadal somatic cells, embryonic/larval CNS

The expression patterns of the majority of these genes indicate that their gene products are

enriched in embryonic neuroblasts as well as specific neurons and glia of the CNS (central nervous

system) and PNS (peripheral nervous system) from larval to adult stages (Gelbart and Emmert,

2013). These genes perform important functions associated with the maintenance of neuroblast

polarity during proliferation and self-renewal, synaptic homeostasis, neurotransmission,

neurogenesis, etc. (Table 13).
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We created dual luciferase reporter constructs for the 11 candidate genes in order to validate

and quantify TR in vitro in S2 cell lines. The sequence comprising the test cassette cloned into the

dual luciferase reporter vector are listed in Table 14. For each gene construct, constitutive TR

controls were generated by mutating their native stop codons to UUC sense codon, coding for

phenylalanine. Additionally, the +4 stop codon context for each of these genes were mutated to

UAA-A to obtain constructs with highly efficient translation termination. alpha-Tubulin 84B

(αTub84B), a globular protein that performs housekeeping functions related to cytoskeletal

organization, was used as negative control. In our assay system, αTub84B undergoes TR with an

efficiency of 0.35% (Fig. 17). Basal translation termination error rate of 0.02-1.4% has been

observed in control non-readthrough reporter constructs in yeast and mammalian cells lines

(Bonetti et al., 1995; Fearon et al., 1994; Firth et al., 2011; Keeling et al., 2004; Namy et al., 2002;

Napthine et al., 2012). Mutating the native stop codon context of αTub84B from UAA-G to UGA-C

did not increase TR values, indicating that the 105 bp αTub84B test cassette represents a robust

sequence with efficient termination, independent of the immediate stop codon context.

Table 14. Test sequence of putative TR candidates cloned into dual luciferase reporter constructs
The primary TR motif is highlighted in red with the leaky stop codon in bold. Sequence involved in forming a
potential secondary structure is highlighted in blue.

Gene Sequence
Khc-73 ATGACACGCTCCAAGAGCCGCGGCGATTCGCTAAACCTTTCGGCGCGTAAATGATTGTACCCAAAGTGTTCGCA

TCAGCTGCAGCGTTGGACTAATTGCAGG
fru CAATTGCAGCCGCAACACCACCAGCAGCAGCAGCACAATGCCACAAGTGAATGATACAGTCAGTACCTGGGCT

GGAACTACGGCGCCTGGCGTCCCGATGACCCC
chinmo GCAGCTGCAGCATCAGCAGCGGCTACAGCGGCAGCCAGCAATCATTCACCATAGGAAGCAGCCGCAACAGCAG

CGGCATCAGTAGTCATGAACGCCAACAAGGAG
wit CTGAGCTTGTACGACGATCGGATGATGGACTCCTCCCTGCTCAACATTCTCTAGCATGAGGAGGTTCTGCTGCTG

GAGCTATAAACTAATCGAATGCAGCAGAAC
dsx AACGGAGCCTACCACCACGGCCACCACCTGGTCAGCTCCACGGCTGCCACGTAGCAGTATCGCAACGTTGCTGC

CGCCGTGGCAGCAGCAGCAGCGGCCGCTGTC
br CAGCAGCAGCAACAGTCGTCGCCGGGCATTGTCAAACCGTGCATGGACTTCTTATAAGATCAGCAGCAACTCTT

GCAGCAGCTGTTCCACGTGGCGCTCAACAACTCC
klu CTAACCCTGGGTGGACCCATGCCACTGGTTGTCAAGACGGAGAGCGCCTAACGGTGTCTGTATGCAGCAGCATC

CAGACCATTTATGACCTGT
aPKC GAGTATGTAAACCCCTTGCTGATGTCTCTGGAGGATTGCGTCTGACACCACGAAATGTGCGACTTACATCCGTAT

AACATGCGGCTCTATGGCGAG
dlg-1 ATTTGGTCCCAGTCGGGACCAACCATTTGGGTACCTTCCAAGGAATCTCTATGACCAACAGCCACCACAACTTGG

ACACTGCCGCCTCGAGTTCGATGTCGACCA
tj GGAGGTGCAACCGCCGGCGGCGATAGCCAAAGCTCTCCGGAATTCTACCTCTGACGCCAGCTGGCGGTGGCCA

GCGGCTCCTCCGCATCCTCATCCTCCTCCTCG
svp GATATGCTGCTGAGCGGCAACAGTTTCTCCTGGCCCTATCTGCCTTCGATGTGACACACGATGTGGCGCCAATTG

ACAACAACT
αTub84B GAGGTCGGCATGGACTCCGGTGACGGCGAGGGTGAGGGCGCTGAGGAGTACTAAGCGTCACGCCACTTCAAC

GCTCGATGGGAGCGTCATTGGTGGGCGGGG

Among the candidate genes selected, three genes, dsx, Khc-73 and fru, showed basal TR levels,

indicating that the list of phylogenetically predicted TR genes contains false positives, or that the

translational machinery in S2 cells does not accommodate specific cases of recoding that are spatio-

temporally regulated in the living organism.
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br and klu harbor a UAA stop codon followed by G and C, respectively. The dual luciferase assay

showed that br undergoes TR with an efficiency of 2% and klu with an efficiency of 4.5%

respectively. Mutating the stop codon context to UAA-A had minimal effect on the levels of TR in

both the genes (Fig 17). The identity of the nucleotides beyond the +4 context in these cases

probably modulates TR efficiency in highly sequence specific manner.

Figure 17. Translational readthrough efficiencies for putative candidate genes determined by dual
luciferase reporter assay in S2 cells.
TR efficiencies of putative genes with UAA, UAG and UAA stop codons are represented by dark grey bars. The
+4 nucleotide comprising the stop codon context for each gene is indicated by the letter above each bar. Light
grey bars represent TR efficiencies for corresponding genes upon mutating the native stop codon context to
UAAA. αTub84B represents a non-readthrough negative control. The bar graphs indicate (avg ± SD). p-values
are calculated using two-tailed unpaired Student’s t-test. (*p<0.05, ***p<0.0005).

Of the three genes containing a UAG stop codon, chinmo has the stop codon context of UAG-G

and undergoes TR with an efficiency of 7.4%. Replacing UAG-G with UAA-A reduced TR in chinmo

to 4.4 %. Possibly, the presence of -1 A (Table 14), together with the stop codon context, plays a

role in modulating TR in chinmo. The presence of A in -1 and/or -2 position has been previously

linked to high levels of TR (Cassan and Rousset, 2001; Mottagui-Tabar et al., 1998; Tork et al., 2004).

UAG-C to UAA-A mutation reduced the TR values in wit, from 7.3 % to 4% (Fig 17). The 3’UTR of wit

forms a potentially stable stem loop structure that is accommodated within the test cassette

(Jungreis et al., 2011). Introduction of a strong stop codon context exerted only modest effects in

lowering TR values in all genes ending with UAG.

We also studied TR in six genes containing UGA as stop codons. As expected, the four genes

with a stop codon context of UGA-C: svp, aPKC, dlg1 and tj, exhibited the highest TR efficiencies,

ranging from 6.7% to 11%. Mutating the stop codon context to UAA-A in dlg1 and tj abolished TR,

indicating that the immediate nucleotide context is the only requirement to drive TR in these cases.

TR levels in svp and aPKC were unaffected upon mutating UGA-C to UAA-A. TR in these two genes

might be modulated by wider stretches of mRNA signals that extend beyond the +4 context.
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3.3 Analysis of sequence determinants for TR in aPKC

Because the relatively high levels of TR in svp and aPKC were unaffected by the mutation to a

strong stop codon context, we decided to look further into the sequence elements that promote

TR in these candidates. Both svp and aPKC possess an in-frame AUG downstream of their primary

stop codon at positions +10 and +13 respectively (Table 14). Although the phylogenetically

predicted TR candidates were manually curated to rule out possible events of alternative splicing,

RNA editing and internal ribosome entry site dependent initiation (Jungreis et al., 2011), we cannot

exclude initiation at an in-frame AUG present in close proximity to the primary stop codon. We

decided to focus on aPKC and performed systematic mutational analysis in order to delineate the

primary sequence requirement responsible for efficient TR.

Nucleotide sequence-dependent effects on translation termination efficiency might originate

from sequences upstream or downstream of the stop codon. Proximal 5’ nucleotides (-1, -2

positions) potentially affect termination by conformational modification of the mRNA structure

(Tork et al., 2004), whereas distal 5’ nucleotides might affect termination by coding for nascent

arrest peptides (3 to 99 amino acids) (Chiba et al., 2009; Cymer et al., 2015; Gumbart et al., 2012;

Sarker et al., 2000). Specific cases of translational arrest have been identified in TnaC, AAP, CMV

and SAM-DC uORF, where the nascent chain interacts with the components of the ribosomal

peptide tunnel leading to ribosomal stalling at the stop codon (Ito and Chiba, 2013; Wilson et al.,

2016). The influence from downstream nucleotides can originate from interactions of nucleotides

within the mRNA channel with components of rRNA or recruitment of trans factors (Cridge et al.,

2018; Eswarappa et al., 2014; Namy et al., 2001). In order to rule out what part of the mRNA is

important for TR in aPKC, we created two chimeric dual luciferase constructs by alternatively

replacing the 51-ntd long upstream and downstream segments of aPKC with that of αTub84B (Fig.

18A). In the first construct, we introduced the 5’ nucleotide sequence of aPKC (-51 to -1) into the

αTub84B control construct. The TR efficiency in the 5’-aPKC-STOP-αTub84B-3’ construct was

extremely low indicating that the nascent chain peptide comprising the C-terminus of aPKC does

not play a role in modulating TR. Interestingly, the introduction of the 3’ sequence (+4 to +54) of

aPKC into the control construct containing the αTub84B 5’ segment was able to induce efficient

readthrough. The TR values obtained for the 5’-αTub84B-STOP-aPKC-3’ constructs harboring UGA-

C and UAA-A contexts were 5.8% and 7.4% respectively, confirming that TR is not due to the stop

codon contexts in this particular context.
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Figure 18. Analysis of the sequence determinants for TR in aPKC.
(A) Chimeric dual luciferase constructs with aTub84B TR motif containing (i) -51 to -1 aPKC sequence and (ii)
+1 to +54 aPKC sequence. (B) TR efficiencies for constructs (i) and (ii). Dark grey bars represent TR efficiencies
in constructs containing UGA stop codon and light grey bars represent TR efficiencies in constructs where the
stop codon context is mutated to UAA-A. Error bars represent the SD of three technical replicates.

Next, we sought to delineate the minimal sequence required to induce TR in aPKC. We created

sequential deletions in nucleotide the sequence downstream of the aPKC stop codon. Progressive

deletions of +48, +30, +21, +18 and +15 nucleotides did not result in the attenuation of TR in the

aPKC constructs with both UGA-C and UAA-A stop codon contexts, resulting in TR values of ~20%

(Fig. 19A). This indicates that the distal downstream sequence does not affect translation

termination in aPKC. Further truncation up to +12 position drastically reduced TR efficiency to 1.3

%. Stepwise truncations to +9 and +6 nucleotides showed basal levels of TR indicating that the

minimal context to drive efficient TR in aPKC comprises a stretch of nucleotides downstream of the

stop codon at positions +5 to +15.

A minimal +7 sequence context of UGA-CUAG drives efficient readthrough of up to 31% in

mammals (Loughran et al., 2014). In yeast, a consensus sequence immediately downstream of the

stop codon: -CARYYA (R: A/G, Y: C/U) is known to upregulate readhtrough (Namy et al., 2001). The

+9 downstream sequence context of aPKC, UGA-CACCAC shows limited nucleotide conservation

with known TR promoting primary motifs. The nucleotides up to +9 position occupy the mRNA

channel and influence termination efficiency by potentially establishing interactions with the

components of the translation machinery (Cridge et al., 2018; Namy et al., 2001). In the case of

aPKC, the minimal determinant for TR extends beyond the +9 context and thus is exposed to the

solvent front while the stop codon is positioned in the A site. In order to preclude the possibility of

an initiation event at the in-frame AUG at position +13, we created point mutations at all three

bases of the AUG codon. The TR values were unaffected by the identity of the codon (Fig. 19C),

indicating that the high levels of Fluc expression are in fact solely due to TR and not because of an

independent initiation at the in-frame AUG.
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Figure 19. Delineating of the minimal sequence determinant for TR in aPKC.
(A) TR efficiencies for truncation variants of the dual-luciferase constructs containing the TR motif from aPKC.
The X-axis represents the extension beyond the aPKC stop codon. Dark grey dots represent TR efficiency for
constructs with the native aPKC stop codon context. Light grey dots represent the TR efficiency for constructs
where UGA-C is mutated to UAA-A. (B) TR efficiency when the +13 AUG is mutated to CUG, AAG, and AUC
respectively. Error bars represent the SD of three technical replicates.

In order to test whether the aPKC sequence downstream of the stop codon can independently

induce TR in an otherwise stringent termination context, we introduced the +4 to +21 sequence

from aPKC into αTub84B construct (Fig 20A). This short nucleotide stretch was able to induce

efficient TR in the chimeric construct indicating that this sequence can independently regulate

termination irrespective of the stop codon context, upstream and distal downstream sequences

(Fig 20B). To further understand the mechanism of TR regulation by this sequence, we looked for

potential RNA binding protein (RBP) binding sites within the +4 to +21 sequence in aPKC using

RBPmap tool (http://rbpmap.technion.ac.il/index.html). We were able to map several short regions

that served as potential binding sites for RBPs (Fig 20C). From our mutational analysis, the minimal

sequence context driving efficient TR in aPKC is +15. RNA-binding protein 1 (RBP1) has a binding

site spanning +5 to +11 region from aPKC. However, because the truncation variant comprising +12

aPKC sequence was unable to induce significant readthrough, the implication of a potential trans

factor in TR modulation in aPKC is unlikely. The TR-inducing properties of the aPKC downstream

sequence can be attributed to the conformational limitations exerted on the mRNA in the decoding

center that interferes with stop codon recognition by eRF1. Structural studies would facilitate

further understanding of the mechanistic principle of TR regulation by aPKC TR motif.

http://rbpmap.technion.ac.il/index.html
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Figure 20. Induction of TR in αTub84B by aPKC TR sequence.
(A) (i) Native TR sequence of αTub84B, (ii) αTub84B sequence where +4 to +21 nucleotides are replaced with
that of aPKC. (B) TR efficiencies of constructs (i) and (ii). (C) Predicted binding sites for potential RNA binding
proteins within the aPKC TR motif.

3.4 CRISPR/Cas9 induced mutations of tj stop codon in D. melanogaster

 So far, very little is known about the physiological relevance of TR in the identified candidates

in D. melanogaster. Based on sequence predictions, signal motifs such as nuclear localization signal,

peroxisomal targeting signal 1 and transmembrane domain signal have been detected in the TR

region of several candidates (Dunn et al., 2013). However, the significance of the appended TR

motifs in biological contexts and how they affect the native protein function has not been studied.

Because the stop codon context in tj seems to be the only element required to induce TR (Fig. 17),

and because of the absence of introns in its coding sequence, which avoids the complications

associated with genetic manipulation involving multiple splice isoforms, we chose tj as a candidate

to study the biological relevance of TR in vivo. tj encodes a large Maf transcription factor whose role

in gonad development has been well documented (Li et al., 2003; Panchal et al., 2017; Wingert and

DiNardo, 2015). Furthermore, the phenotypes associated with the loss of function or hypomorphic

alleles of tj have been described, making the effect of TR potentially interesting and phenotypically

traceable. The TR sequence in Tj does not contain any conserved signal motifs.

 We created three D. melanogaster mutants that harbor chromosomal mutations in and around

the tj stop codon using CRISPR/Cas9-based genome editing (Fig. 21). All three mutants were

designed to code for a 3xFlag epitope tag, upstream of the stop codon that terminates the Tj-TR

isoform. The first mutation, tjnat does not alter the primary stop signal that terminates the tj ORF;

TR event in this mutant is expected to occur at the same frequency as that of the native tj. The tjTR

mutation replaces the primary tj stop codon with a UUC sense codon, such that the mutants

produce only the 3xFlag-tagged TR isoform. Finally, the tjnTR mutation introduces multiple stop

codons immediately after the primary tj stop codon, which leads to complete abolition of TR in tj.
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The homozygotic flies for three genomic tj-TR mutations do not exhibit any defects in growth and

viability.

Figure 21. Construct design for CRISPR/Cas9 mediated genome editing to create tj-TR mutants
 (A) Gene locus surrounding the TR region of tj with proximal and distal PAM sites for gRNA directed Cas9
cleavage is depicted above the modified pHD-DsRed attP vector containing the Template for Recombination
(TfR) flanked by 1-Kb homology arms. Dotted lines indicate the region of homology between the gene locus
and the modified vector. The TfR contains modifications to introduce the desired mutations at the primary tj
stop codon, 3xFlag upstream of the second stop codon and a loxP-flanked DsRed marker. (B) Sequence
depicting the modifications introduced in the tj locus in tj-TR mutants post CRISPR/Cas9 editing. (C) Cre
recombinase-mediated removal of loxP flanked DsRed marker restores the native 3’ UTR in tj-TR mutants. (D)
Sequence verification of tjnat, tjTR and tjnTR mutations in homozyotic mutant flies.

3.5 Tissue-specific regulation of TR in tj during embryogenesis

Expression of Tj begins at stage 12 of embryogenesis, when somatic gonadal precursors (SGPs)

first establish contacts with the primordial germ cells (PGCs) (Li et al., 2003). Accumulation of Tj in

SGPs has been used as a marker for somatic cell specification in stage 13-16 embryos (Jemc et al.,

2012; Okegbe and DiNardo, 2011; Wingert and DiNardo, 2015).  Disruption of the tj function in SGPs

has been associated with defects in the arrangement of SGPs and PGCs that eventually lead to

defective gonad development and sterility. In order to study the effect of TR on the SGP-specific

function of tj, we analyzed embryonic gonads at stage 15-16. We stained embryos for Tj, Flag and
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Vasa, an RNA helicase widely used as germline specific marker. In all three tj-TR mutants, the

embryonic gonads coalesce into a round organ, as reported for wild-type embryonic gonads.

Furthermore, the SGPs and PGCs are properly specified (Fig. 22).

Figure 22. Embryonic gonad development in tj-TR mutants.
Stage 15-16 embryos immunostained with anti-Tj (red), anti-Flag (cyan) and anti-Vasa (yellow). (A-A’) Under
native stop codon context, tjnat/nat embryos express Tj in SGPs but not the Flag-tagged Tj-RT isoform. (B-B’)
tjTR/TR embryos exhibit constitutive expression of Tj-TR isoform. (C-C’) tjnTR/nTR embryos only express native Tj
in SGPs. PGCs in the embryos of all mutants express the germline marker Vasa (A’’, B’’, C’’). All three mutants
exhibit proper intermingling of SGPs and PGCs (A’’’, B’’’, C’’’). Scale bars represent 10 µM in all panels.

Furthermore, the SGPs were nicely intermingled with the PGCs, indicating proper incorporation

of PGCs into the embryonic gonads. Constitutive TR or complete abolition of TR did not affect the

intermingling of the embryonic somatic and germ cells. Interestingly, we could not detect Flag

expression in tjnat/nat embryos, indicating that tj does not undergo readthrough in the embryonic

gonads. High termination fidelity during the translation of tj transcript in tjnat/nat embryonic gonads

and the absence of phenotypic effect of TR abolition in tjnRT/nRT embryos demonstrate that TR in tj

does not play a role in gonad development during embryogenesis. Furthermore, constitutive TR in

tj does not affect the gonadal soma-specific tj function during embryogenesis.
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Figure 23. Tissue-specific regulation of TR in tj during embryogenesis.
Embryos at stage 15-16, stained with nuclear stain DAPI (blue), anti-Tj (red) and anti-Flag (cyan). (A-A’’) Under
native stop codon context, tjnat/nat embryos express Tj in the neural cells of embryonic VNC as well as SGPs of
embryonic gonads (arrow) (A’). Flag tagged Tj-TR isoform is selectively expressed in embryonic VNC and
excluded from SGPs in these embryos (A’’). (B-B’’) tjTR/TR embryos exhibit constitutive expression of Tj-TR
isoform in VNC, as well as SGPs. (C-C’’) tjnTR/nTR embryos only express native Tj in VNCs as well as SGPs (C’) and
do not express Tj-TR isoform in any embryonic tissues (C’’). Scale bars represent 50 µm in all panels.

Expression of the tj transcript in the embryonic CNS has been observed in in situ hybridization

studies of stage 14-16 embryos (Li et al., 2003). The embryonic CNS is composed of a ventral nerve

cord (VNC) and the embryonic central brain. The VNC runs ventrally along the anterior-posterior

axis. The function of Tj in CNS during embryogenesis is however largely unexplored. We analyzed

the expression pattern of Tj in the embryonic CNS of tj-TR mutants. Tj is expressed in the nuclei of

a subset of neural cells in the VNC along the cephalic, thoracic and abdominal region (Fig. 23), as

well as in the central brain (data not shown). Interestingly, we could observe remarkable expression

of the Tj-TR isoform in the VNC in tjnat/nat embryos (Fig. 23). Expression of the Tj-TR isoform is

completely excluded from the SGPs in the embryonic gonads of the same mutants. tjTR/TR mutants

constitutively express the Tj-TR isoform in the VNC as well as SGPs while tjnTR/nTR mutants only

express the native Tj. Selective expression of the Tj-TR isoform in the CNS of tjnat/nat mutants

suggests that TR in tj is regulated in a tissue-specific manner during embryogenesis.
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3.6 Regulation of TR in tj in adult tissues

In order to assess whether the tissue-specific regulation of TR is maintained throughout

development, we examined the brains of 3- to 4-days old adult flies. We could identify Tj-positive

neurons in adult brains of all tj-TR mutants. Tj-positive neurons were scattered throughout the optic

lobe with specific enrichment at the junction of the lobula and the protocerebrum. Tj-positive

neurons were also scattered throughout the mid brain (data not shown). The neurons expressing

Tj in the tjnat/nat brains also expressed the TR isoform, indicating that the nervous tissue-specific

regulation of TR in tj is maintained until adulthood (Fig. 24). We could not detect any abnormal

morphological or anatomical phenotypes associated with constitutive induction or abolition of TR

in tj in tj-TR mutants.

Figure 24. Regulation of TR in tj in the optic lobes of adult brains.
Optic lobes of adult brains immunostained with DAPI (blue), anti-Tj (red) and anti-Flag (cyan). (A-A’’) tjnat/nat

flies express Tj (A’), along with the flag tagged Tj-TR isoform (A’’) in the neurons of the optic lobe. Tj-positive
neurons are particularly enriched in the region between the lobula and the ventrolateral protocerebrum
(arrow). (B-B’’) Brains from tjTR/TR flies exhibit constitutive neuronal expression of Tj-TR isoform. (C-C’’) tjnTR/nTR

brains express only the native Tj protein (C’) and do not express Tj-RT isoform in any neurons (C’’) Scale bars
represent 50 µm in all panels.

Next, we checked if the TR isoform of tj is expressed in the adult gonads. We first tested the

fertility of mutant adult males by crossing them with females from a wild-type strain: all tj-TR

mutant males were fertile. Furthermore, the testes did not exhibit any visible anatomical defects.

Adult testes expressed Tj in the CySCs as well as early cyst cells (Fig. 25). Consistent with our
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observations in embryonic gonads of tjnat/nat flies, the gonadal somatic cells in the testes of these

mutants did not express the Tj-TR isoform; thus the tissue specific exclusion of TR in tj in the gonads

persists until adulthood. Constitutive TR or abolition of TR in tj did not affect the development of

germline as observed from the distribution and developmental pattern of Vasa-positive germ cells.

This further supports our observation that TR in tj does not play a role in gonad morphogenesis of

adult males.

Figure 25. Exclusion of TR in tj from somatic cells in adult testes.
DAPI (blue) stains the nuclei, anti-Tj (red) stains the CySCs and early cyst cells, anti-Flag (cyan) stains the Tj-
TR isoforms in somatic cells and anti-Vasa (yellow) stains the germline. (A-A’) tjnat/nat flies express native Tj in
the early somatic cells of the testes. (A’’) Expression of flag tagged Tj-TR isoform is excluded from somatic
cells in testes. (B-B’’’) tjTR/TR testes constitutively express Tj-TR isoform. (C-C’’) tjnTR/nTR ovaries only express the
native Tj (C’) and do not express Tj-RT isoform (C’’). The Vasa-positive germline cells exhibit wild-type like
developmental pattern (A’’’, B’’’, C’’’). Scale bars represent 25 µm in all panels.

Finally, we analyzed the germaria of tj-TR mutant ovaries for possible defects in the

organization of the female GSC niche. The female GSC niche architecture in tjnat/nat ovaries

resembled that of the wild-type (Fig. 26). The cap cells were arranged in a symmetrical streak at the

base of the terminal filament. Two somatic cell types of the female GSC niche, the cap cells and

escort cells, exhibited expression of Tj. Consistent with the embryonic gonads and adult male testes,

tjnat/nat ovaries did not express the Tj-TR isoform in the somatic gonadal cells, confirming the

observation that TR in tj does not occur naturally in the gonadal soma. Strikingly, the GSC niche of

tjTR/TR ovaries revealed several defects in the architectural properties of the Tj-positive cap cells.

Such defects resemble the phenotypic outcomes observed in the ovaries of hypomorphic tj (tjhypo)

mutants, where the reduction of Tj activity leads to the development of abnormally long terminal
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filaments (Panchal et al., 2017). Some of the Tj-positive cells in the germarium from the tjhypo

mutants were integrated into the terminal filaments, while the remaining were clustered at the tip

of the germarium. We observed similar phenotypes in the tjTR/TR ovaries (Fig. 26). While most of the

Tj-positive cap cells retained their native cell fate, several of them were clustered at the tip of the

germaria and a few attained the spatial organization and morphogenetic behavior of terminal

filaments cells. Similar to tjhypo mutants, several Tj-positive cells in tjTR/TR germaria lost cap cell

characteristics, and the displaced cap cells adopted the fate of terminal filaments cells.

Figure 26. Exclusion of TR in tj  from somatic cells in the germarium.
DAPI (blue) stains the nuclei, anti-Tj (red) stains the somatic cap cells and escort cells, anti-Flag (cyan) stains
the Tj-TR isoform and anti-Vasa (yellow) stains the germline. (A-A’) tjnat/nat flies express native Tj in the cap
cells (arrow) and escort cells in the germarium. (A’’) Expression of flag tagged Tj-TR isoform is excluded from
the germarium. (B-B’’’) tjTR/TR ovaries constitutively express Tj-TR isoform in the somatic cells within the
germarium and additionally in few terminal filament cells (arrow). The cap cells seem to adopt the spatial
organization of terminal filament cells. (C-C’’) tjnTR/nTR ovaries only express native Tj (C’) and do not express Tj-
RT isoform (C’’). Scale bars represent 10 µm in all panels.

Our results show that the constitutive expression of Tj-TR isoform results in phenotypic defects

that mimic the hypomorphic allelic mutation of tj. Thus, the Tj-TR isoform  represents a conditional

weaker variant of the native Tj protein. Since constitutive TR did not affect tj function during

embryogenesis and male gonad development, hypomorphism due to the appendage of TR motif is

prominent in the context of specification of cap cell fate in the female GSC; the Tj-TR isoform

otherwise retains the functional properties of the native Maf factor. Crossing tj mutant females

with wild-type males revealed that constitutive TR causes sub-fertility in adult females wherein only

few egg follicles develop to maturity (data not shown), a phenotype which is shared by tjhypo

mutants. tjnTR/nTR mutants did not show defects in fertility or in the organization of the female GSC

niche, further substantiating the dispensability of TR in tj in gonad morphogenesis.
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3.7 TR in tj affects the transcriptome profile in adult brains

Because tj undergoes TR specifically in the neural cells of CNS, we wanted to enquire how

disruption in TR affects the expression of genes regulated by tj in the adult brains. To this aim, we

first tested the transcript expression levels of known Tj targets in adult heads. Tj is known to

downregulate the expression of several adhesion molecules in ovarian follicle cells (Li et al., 2003).

tj-/- follicle cells ectopically overexpress Fas3, DEcad and Nrt; however, whether the regulation of

these molecules by Tj is direct and the regulation is sufficient to explain the phenotypes associated

with loss of tj function is not yet clear. tj-/- follicles do not show changes in the expression levels of

another adhesion molecule DN-cadherin (CadN). DEcad is ubiquitously expressed in large number

of tissues throughout development. Fas3, CadN and Nrt are particularly enriched in the larval CNS

and to some extent in the adult heads (Gelbart and Emmert, 2013). Tj also regulates the expression

of the glutamate transporter VGlut (Konstantinides et al., 2018) and determines the fate of the

photoreceptor subtype 8 by promoting the expression of melted (melt) and repressing warts (wts)

and Rhodopsin 6 (Rh6) (Jukam et al., 2013).

We performed RT-qPCR analysis with adult head tissues from tj-TR mutants to assess the effect

of constitutive and abolished TR in tj on the transcript levels of the known targets (Fig. 27A). The

expression levels of CadN, Nrt, VGlut, DEcad, Rh6, melt and wts did not show significant changes in

tjTR/TR and tjnTR/nTR mutants, indicating that the loss of TR does not affect Tj function associated with

the transcriptional regulation of these genes. Additionally, when constitutively expressed, the Tj-TR

isoform can efficiently regulate the expression of these target transcripts at levels comparable to

the tjnat/nat. Remarkably, Fas3 was highly downregulated (RQ=0.025) in tjTR/TR flies, compared to the

tjnat/nat, while Fas3 expression in tjnTR/nTR remained unaffected indicating that the TR isoform is more

efficient than the native Tj in downregulating Fas3 expression. Our previous experiments suggested

that the Tj-TR isoform acts as a hypomorphic variant in specifying cap cell fate in the female GSC

niche (Fig. 26). Conversely, in adult heads the Tj-TR isoform seems to mimic a hypermorphic variant

that efficiently downregulates the expression of Fas3. Our results, thus, hint towards a complex

mode of regulation of Tj activity by programmed TR.
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Figure 27. Effect of TR in tj on the transcriptome profile in adult CNS.
(A) RT-qPCR analysis of gene expression of targets known to be regulated by Tj in tj-TR mutant heads. Error
bars represent the range of possible RQ values (RQ Min and Max) defined by the standard error of ΔCT from
three technical replicates. (B) RNA sequencing studies on adult fly brains identified several genes that are
dysregulated in tjTR/TR (light grey dots) and tjnTR/nTR mutants (dark grey dots). Each dot represents a gene that
demonstrates a log2 fold change in expression of >1 or <-1, compared to the endogenous control tjnat/nat. tj
transcript is upregulated in the brains of tjnTR/nTR flies (red dot).

Maf transcription factors are involved in the regulation of a large number of genes. In order to

expand the set of tj targets in our study, we performed high throughput RNA sequencing (RNAseq)

on adult brain samples. We could identify several genes that are specifically dysregulated in tjTR/TR

or tjnTR/nTR brain samples compared to the reference sample tjnat/nat. Several genes were found to be

upregulated or downregulated by a log2 fold change of >1 or <-1 (Fig. 27B, Table S2). Among the

genes that were upregulated in tjTR/TR brains, Inwardly rectifying potassium channel 3 (Irk3) and

sandman (sand) are particularly interesting candidates because they both encode potassium

channel subunits, which participate in critical functions related to electrical signaling among

neurons in the brain. Irk3 is primarily expressed in Malpighian tubules, where it functions in

osmoregulation, and is moderately expressed in the adult CNS, where its function is not well

understood (Doring et al., 2002; Evans et al., 2005). sand is implicated in the circadian rhythm in

flies and it acts as a wake-promoting ion channel (Pimentel et al., 2016). GABA-B-R1, which belongs

to G-protein-coupled receptors family of receptors that binds to inhibitory neurotransmitter GABA

(γ-aminobutyric acid), was downregulated in the brains of tjTR/TR mutants. Similarly, several genes

were dysregulated in the tjnTR/nTR mutants: Tektin-C, methuselah-like 6 (mthl6) and the long non-

coding RNA lncRNA:CR45973 were upregulated while Hexokinase C (Hex-C) was downregulated.

Interestingly, tj itself was upregulated in the brains of tjnTR/nTR mutants.

In order to reproduce and verify our results, we performed RT-qPCR experiments in which we

included few other genes that showed marked differential expression between tjnTR/nTR and tjTR/TR

mutants and that carry out important regulatory functions in the cell. We tested the expression of

neither activation nor afterpotential D (ninaD), Odorant-binding protein 99a (Obp99a), female-

specific independent of transformer (fit), Drosomycin (Drs), bubble gum (bgm) and CG33310. ninaD
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codes for a scavenger receptor that is essential for the uptake of carotenoids in adult brains to

support the synthesis of 3-hydroxyretinal chromophore which is transported to the retina for

rhodopsin biogenesis (Voolstra et al., 2006; Yang and O'Tousa, 2007). Obp99a belongs to OBP family

of proteins that are components of the olfactory system. They may act as carriers that transport

odorants and facilitate their delivery to olfactory receptors on the sensory neurons (Vieira et al.,

2007; Wang et al., 2010). ninaD and Obp99a are thus implicated in sensory perceptions involving

phototransduction and olfacto-reception respectively. fit, on the other hand is a sexually dimorphic

gene that codes for a hormone that controls protein consumption-induced insulin release and

protein-specific satiety behavior (Sun et al., 2017). Drs constitutes the most expressed antimicrobial

peptide in D. melanogaster which is regulated by the toll pathway (Lemaitre et al., 1996), as well as

constitutively expressed in some parts of fly body during all stages of development (Cohen et al.,

2009; Ferrandon et al., 1998).

Figure 28. qPCR analysis of target genes identified by RNAseq.
Genes dysregulated in tjTR/TR (A) and tjnTR/nTR (B) mutant heads were analyzed by qPCR using cDNA prepared
from head tissues of all three tj-TR mutants. Error bars represent the range of possible RQ values (RQ Min
and Max) defined by the standard error of ΔCT from three technical replicates.

We confirmed upregulation of several genes: Irk3, sand, ninaD, Obp99a, fit and Drs in tjTR/TR

heads by 3-5 folds compared to tjnat/nat heads (Fig. 28A). These genes represent potential

transcriptional targets that are positively regulated by the Tj-TR isoform. However, the expression
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levels of these genes in tjnTR/nTR mutants were comparable to tjnat/nat, indicating that under natural

TR conditions, the regulation is ensured by the native Tj isoform. Alternatively, the native Tj acts as

a repressor of these genes and the TR isoform is less active in their transcriptional repression. The

TR extension may allow fine tuning of the activity of the transcription factor by regulating its

capacity to enhance or repress the expression of specific targets.  Among the genes reported by

RNAseq to be dysregulated in tjTR/TR mutants, bgm, GABA-B-R1 and CG33310, did not show marked

differential expression.

Among the candidate genes identified by RNAseq to be dysregulated in tjnTR/nTR mutants, we

could verify the upregulation of tj and the downregulation of Turandot X (TotX), while we could not

reproduce the dysregulation of Ventrally-expressed protein D (VepD), Serine hydroxymethyl

transferase (Shmt) and Hex-C. (Fig. 28B). TotX belongs to Turandot family of poorly characterized

peptides. It is mainly implicated in cellular response to stress conditions such as heat, bacteria or

oxidative stress (Ekengren and Hultmark, 2001). Upregulation of TotX in tjTR/TR mutants and

downregulation in tjnTR/nTR mutants suggests that it might be one of the specific transcriptional

targets of the tj-TR isoform. To eliminate sample heterogeneity, qPCR studies would need to be

repeated with cDNA prepared from total RNA of brain lysates. Additional targets can be tested to

further expand the list of candidates that are influenced by disruption of TR in tj. Overall, our studies

identified several genes that were preferentially upregulated upon constitutive induction of

readthrough in tj. We also identified upregulation of tj itself upon abolition of TR, which suggest a

mechanism of feedback regulation of tj. Based on the transcript expression profile, Tj-TR isoform

most likely affects CNS functions related to perception of external stimuli and homeostatic cellular

response to such stimuli. Such stimuli may include light, olfactory molecules, stress, dietary

components or even pathogenic load. The exact mechanism of regulation of such functions by Tj-

TR isoform requires further study.
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4. DISCUSSION

Translational readthrough is an important recoding mechanism that has been widely described

in viruses (Beier et al., 1984; Firth et al., 2011; Hofstetter et al., 1974). TR offers functional

advantage by expanding the genetic diversity of the limited viral genomes and by creating protein

isoforms that regulate important functions involving viral replication, transmission and infectivity.

Breakthrough studies over the last decade have revealed that TR can be highly pervasive across

eukaryotic genomes (Dunn et al., 2013; Jungreis et al., 2011; Loughran et al., 2014; Namy et al.,

2003) such as yeast, insects and humans. Eukaryotes employ several mechanisms to expand their

proteomes such as alternative splicing, alternative polyadenylation and alternative initiation (Kim

et al., 2007; Kornblihtt et al., 2013; Tian and Manley, 2017; Touriol et al., 2003). TR is one such

mechanism that gives rise to sub-stoichiometric ratios of C-terminally extended protein isoforms

with altered physiological functions. Some TR motifs are known to regulate protein function by

appending subcellular targeting motifs, reducing ligand binding properties, targeting the protein for

proteasomal degradation or even conferring antagonistic properties (Dunn et al., 2013; Eswarappa

et al., 2014; Loughran et al., 2018; Stiebler et al., 2014).

Advancements in system biology approaches have led to the identification of several hundred

TR candidates in Drosophila melanogaster, however, only few of them have been experimentally

validated. We have utilized an in vitro dual luciferase reporter assay system in S2 cells to study the

TR potential of a set of candidate genes in D. melanogaster. We selected 11 candidate genes that

were predicted by comparative phylogenetic analyses to undergo TR, based on the evolutionarily

conserved protein-coding constraints in their putative TR region (Jungreis et al., 2011; Lin et al.,

2007). We were able to validate, as well as quantify, the extent of TR in several of these candidates.

Consistent with reports in yeast and mammalian systems (Bonetti et al., 1995; Cassan and Rousset,

2001; Cridge et al., 2018; Loughran et al., 2014; McCaughan et al., 1995), we observed high levels

of readthrough in genes ending with UGA-C. This includes four genes: svp, aPKC, dlg1 and tj. The

minimal UGA-C sequence was the major determinant that drives TR in two of these candidates (dlg1

and tj). Stop codon contexts favoring leaky termination are highly under-represented in the

eukaryotic genome, especially among highly expressed genes (Bonetti et al., 1995; McCaughan et

al., 1995). UGA-C represents the least common context in non-TR transcripts while comprising a

significant 32.2% of the putative TR candidates in Drosophila (Jungreis et al., 2011).

The relative frequencies of stop codons in the putative TR candidates follows the order

UGA>UAG>UAA and that of the +4 nucleotide follows the order C>U>G>A (Jungreis et al., 2011).

However, biochemical studies are inconsistent in demonstrating the effect of the +4 nucleotide for

contexts other than UGA-C (Bonetti et al., 1995; Floquet et al., 2012; Manuvakhova et al., 2000;
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McCaughan et al., 1995). Indeed, among the candidates screened, we obtained lowest TR

efficiencies for genes br and klu that possess UAA-G and UAA-C as their stop codon contexts.

Termination efficiencies in these genes were minimally affected by the identity of +4 base. chinmo

and wit, which have UAG-G and UAG-C as their stop codon contexts, undergo efficient TR. Mutating

the native contexts to UAA-A in these genes lead to modest reduction in TR efficiencies.

The interaction of the translational machinery with different stop codons contexts explains the

observed differences in the termination fidelity. The decoding of stop codons during termination

has been proposed to occur in two steps, where an initial recognition is followed by the stabilization

of the interaction after GTP hydrolysis by eRF3. It has been proposed that the second step occurs

at a much slower rate for UGA stop codons (Fan-Minogue et al., 2008) , which allows facultative

mode of stop recognition to compete with canonical decoding by eRF1. eRF1 utilizes distinct

interactions involving three separate peptide regions to decode different stop codons, which

further contributes to the rate and fidelity of canonical decoding. UAA is decoded with the help of

the interactions between Glu55 and Tyr125 of YxCxxxF motif in eRF1, whereas recognition of UAG

involves the GTS motif. UGA recognition, on the other hand, requires elaborate accommodation of

the YxCxxxF motif and involves fewer hydrogen bonds with eRF1 (Brown et al., 2015).

The impact of the +4 nucleotide on termination fidelity might be explained by the interactions

it forms with the components of the translational machinery. Stop codon recognition in eukaryotes

involves the compaction of mRNA to form a stable U-shaped geometry that pulls the fourth base

into the A-site (Brown et al., 2015; Matheisl et al., 2015). Eukaryotic stop signals exploit the +4 base

to stabilize the compaction of the mRNA at the decoding center. The +4 nucleotide stacks with G626

of the 18S rRNA; the stacking is more favorable for purines, which corroborates the statistical bias

for +4 nucleotide in eukaryotes (Brown et al., 1990b) and ensures termination efficiency.

Crosslinking experiments have demonstrated that the +4 nucleotide interacts with eRF1 (Bulygin et

al., 2002). This observation has been supported by structural studies that have identified the close

proximity of the TASNIKS motif of eRF1 with the +4 nucleotide (Brown et al., 2015; des Georges et

al., 2014). Biochemical studies have thus proposed that the Lys63 of TASNIKS motif of eRF1 might

form distinct interactions with a +4 C, compared to the other three bases in the same position

(Beznoskova et al., 2016). Thus, weak interactions formed by +4 C with G626 of 18S rRNA and Lys63

of eRF1 possibly explains its why the +4 C influences stop codon decoding by eRF1. The inefficiency

of +4 C to form stabilizing interactions combined with weaker decoding of UGA by eRF1 might

explain why this tetranucleotide signal can serve as an independent trigger to direct readthrough

in selected genes in eukaryotes.
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Stop codon recognition by eRF1 utilizes a combination of probing the identities of individual

bases as well as monitoring the exquisite U-turn like geometry, possibly via an induced-fit

mechanism. Recognition of the U-turn geometry allows eRF1 to act as a universal release factor

capable of decoding three stop codons that differ in positions +2 and +3. This also rationalizes the

divergent evolution of eRF1 compared to bacterial RF1 and RF2 that solely rely on extensive

hydrogen bonding for decoding. Any perturbation that hinders the formation of U-turn is likely to

impede the decoding capacity of eRF1, thereby leading to TR.

Interestingly, for some of the genes we analyzed, UGA-C alone was not sufficient for triggering

TR. Systematic mutational analysis of the TR extension of aPKC, revealed that the minimal sequence

driving TR comprises a stretch of 12 bp downstream of the stop codon that extends beyond the

mRNA channel. Introduction of this short sequence from aPKC, downstream of non-readthrough

control αTub84B, lead to efficient readthrough, indicating the self-sufficiency of this sequence in

affecting termination fidelity. The interactions formed between the mRNA beyond the immediate

stop codon context and the components of the ribosomal machinery, particularly the rRNA can

influence stop codon decoding. In yeast, base pairing between a downstream hexanucleotide

stimulatory motif and regions close to h18 and h44 of 18S rRNA have been proposed to modulate

termination efficiency (Namy et al., 2001). Structural studies have identified that the +5 base can

form stacking interactions with C1695 of 18S rRNA which contributes to the stability of stacking

interactions already formed by +4 purines (Shao et al., 2016). The nucleotides in the mRNA channel,

specifically at +6 and +8 positions, influence termination fidelity in a complex manner (Cridge et al.,

2018). Any dynamic structural changes conferred by downstream or even upstream nucleotides

might be might result in subtle distortions in the positioning of RNA bases in the A site that lead to

perturbations in the eRF1-nucleotide interactions that interfere with mRNA compaction in the A

site. Thus, beyond the stop codon context, the contributions from individual nucleotides in the

mRNA can be translated into a more composite effect conferred by a broader stretch of nucleotide

sequences. Such effects are sequence-specific and hence it might be difficult to ascertain the

precise contribution of nucleotides in a certain position towards modulation of termination

efficiency.

While many studies focus on dissecting the molecular contribution of nucleotides that surround

the stop codon, there are limited studies that dissect the biological aspect of readthrough and its

regulation at the cellular level. For example, several TR candidates were identified in the Drosophila

genome, but very little is known about the mechanisms by which TR is regulated and the role it

plays in the expansion of proteome. Given the diversity in gene ontology functions of the TR

candidates identified in Drosophila, it would be interesting to explore how TR regulates protein
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function at a gene-specific level as well as at a genome-wide level. In order to understand the

biological significance of gene-specific TR in Drosophila, we chose traffic jam as our candidate. tj

codes for the only large Maf transcription factor in Drosophila, whose role in gonad morphogenesis

has been widely studied (Li et al., 2003; Panchal et al., 2017; Wingert and DiNardo, 2015). tj is also

expressed in neuronal tissues at different stages of development but its functions in these tissues

remain largely unexplored (Babski et al., 2018; Konstantinides et al., 2018; Li et al., 2003). Our initial

dual-luciferase experiment revealed that the minimal UGA-C context plays the determinant role in

promoting efficient levels of readthrough in tj. In the absence of extended mRNA elements and

trans factors, leaky termination depends solely on the competition between eRF1 and one or

several near-cognate tRNAs in decoding the leaky stop signal.

We employed CRISPR/Cas9-based genome editing in Drosophila to create genetic mutants that

exhibit constitutive or abolished TR in tj. Despite the constitutive expression of Tj in the somatic

cells of both male and female gonads, we could not detect the Tj-TR isoform in the embryonic or in

the adult gonads, indicating that translation termination occurs with highest fidelity in these tissues.

On the other hand, our immunohistochemistry data show that tj undergoes readthrough,

specifically in the neuronal tissues. The tissue-specific regulation of tj was observed starting from

embryogenesis and was maintained during adulthood. Tissue-specific regulation of readthrough

has been previously reported in Drosophila (Dunn et al., 2013; Robinson and Cooley, 1997),

however, the mechanism of such a regulatory control and its physiological significance remains

unclear.

To prevent physiological aberrations that might affect the germline and the developing

gametes, the cells that comprise the stem cell niche in gonads (e.g CySCs) might employ rigid fidelity

control during gene expression that would limit mutations in the genome, transcriptome or

proteome. It is possible that in specific neuronal cell types, translation termination is globally less

strictly regulated, and therefore, TR genes with leaky contexts such as UGA-C are more prone to TR.

This hypothesis is supported by the observation that neuron-specific genes are highly enriched in

the phylogenetically predicted list of TR candidates in Drosophila (Jungreis et al., 2011). Because

UAA is the preferred stop codon in genes with housekeeping functions and with high breadth and

level of expression, such leaky termination profile is unlikely to pose drastic effects on basic

homeostatic functions in a cell (Trotta, 2016). Additionally, the over-abundance of in-frame stop

signals downstream of the primary stop signal (up to 3 codons downstream) in non-TR genes

decrease the occurrence of TR (Williams et al., 2004). Understanding the mechanistic aspects of TR

regulation in tj would require identification of the amino acid that is incorporated at the primary
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stop codon and profiling the abundance of specific tRNA isoforms that might code for the identified

amino acid via near-cognate pairing with the UGA stop codon.

Given that the Tj-TR isoform is not expressed in the gonadal somatic cells and that disruption

of TR did not affect gonad specific functions of tj, we can conclude that TR does not play a role in

gonad morphogenesis and gametogenesis. Additionally, the Tj-TR isoform, when expressed

constitutively, can perform the gonadal soma-specific functions of native Tj during embryonic

gonad development as well as male gametogenesis, indicating that the TR extension does not affect

most of the regulatory functions of Tj. However, constitutive expression of the Tj-TR isoform lead

to defects in the specification of cap cells in the ovaries, such that they assume the morphology and

spatial arrangement of terminal filament cells. A similar phenotype has been previously reported in

hypomorphic tj mutants that exhibit reduced Tj expression (Panchal et al., 2017). It has been

proposed that the gene(s) involved in controlling the morphogenetic behavior and spatial

orientation of cap cells respond to high concentrations of Tj in the cap cells. Because the Tj-TR

isoform selectively affects the morphology and spatial distribution of cap cells, it mimics a

hypomorphic or weaker variant of the native protein. The TR extension might thus affect the DNA

binding properties of native Tj, such that it can no longer regulate the expression of genes that

control the morphogenetic behavior and arrangement of cap cells in the germarium.

Because TR in tj is specific to neuronal tissues, we tested the effect of TR on the expression

levels of known putative tj targets in adult heads. We did not observe differences in the transcript

expression levels of CadN, DEcad, nrt, VGlut, melt, wts and Rh6 upon constitutive induction or

abolition of TR. However, we observed significant downregulation of Fas3 in tjTR/TR mutant adult

heads. Fas3 is negatively regulated by Tj, as selective depletion of tj function in ovarian follicle cells

leads to ectopic overexpression of Fas3  (Li et al., 2003). It is likely that the Tj-TR isoform resembles

a condition-specific hypermorphic variant of native Tj that can actively repress the expression of

Fas3 by direct transcriptional regulation. Because we do not see differences in the levels of Fas3 in

tjnat/nat and tjnTR/nTR mutants, transcriptional repression of Fas3 by Tj-TR might be dose dependent.

To expand our knowledge on the effect of TR in tj on the transcriptome profile in adult CNS, we

performed high throughput RNAseq on adult brains. We were able to identify and confirm

dysregulation of several neuronal genes upon constitutive induction or abolition of TR in tj.

Constitutive expression of Tj-TR lead to upregulation of genes such as Irk3, sand, ninaD, Obp99a, fit

and Drs. The Tj-TR isoform can thus act as efficient activator of these targets. Furthermore, abolition

of TR in tj lead to severe downregulation of the TotX transcript expression, indicating that this gene

might be a dedicated target for the Tj-TR isoform. Interestingly, the tj transcript itself was

upregulated in the brains of tjnTR/nTR mutants, which hints towards a negative feedback regulation
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of tj expression by the Tj-TR isoform. The genes that are dysregulated upon constitutive induction

or abolition of TR in tj seem to be mostly involved in CNS functions that are involved in perception

of external stimuli such as photo stimuli, odorants, dietary cues, stress and pathogens and

regulation of bodily response towards such stimuli. It is not known whether the TR in tj is further

regulated in response to external cues, such that the expression of the target genes depend on the

effective concentration of Tj-TR isoform in the cell. It would be interesting to quantify the

expression levels of the Tj-TR isoform upon stress induction to correlate it with changes in the

expression profile of target genes. For example, sand is a wake-promoting ion channel that is

upregulated in tjTR/TR mutants (Pimentel et al., 2016). Analysing the sleep-wake pattern of the tj-TR

mutants under normal light-dark cycles as well as dark-dark cycles and correlating it with the

expression pattern of Tj-TR induced overexpression of sand would provide valuable phenotypic

information on the physiological function of TR in tj.

Combining our gene expression studies with immunohistochemistry in ovarian cap cells, we

conclude that TR in Tj confers diverse functional properties to the native transcription factor. The

constant nuclear expression of Flag-tagged Tj-TR isoform confirms that TR does not affect protein

stability and nuclear localization properties of Tj. The TR extension might have an overall negative

effect in cap cell specific functions of Tj, while simultaneously amplifying Fas3 repressor function of

Tj in adult heads. The repression of Fas3 by the Tj-TR isoform in the gonads needs to be verified via

RT-qPCR and immunohistochemistry analysis. Nevertheless, the Tj-TR isoform can function like the

native protein without disrupting many of its intrinsic transcriptional functions.

The exact mechanism of regulation of Tj function by TR is not clear yet. Given the proximity of

the TR extension to the DNA binding motifs (leucine zipper motif) in the C-terminal region of Tj (Fig.

11), it is possible that the juxtaposition of TR motif impedes or confers novel DNA binding

properties, or that the TR motif alters the protein-binding properties of Tj. Novel protein binding

properties might increase its affinity towards transcription activators leading to increased activity

in gene regulation (e.g. Fas3 downregulation) or sequester the protein, thereby depleting its cellular

pool. It would be thus be interesting to analyze the impact of TR motif on the interactome profile

of Tj. Furthermore, bZip transcription factors are known to form homo/heterodimers using their

dimerization domains (Kataoka et al., 1994; Kurokawa et al., 2009); therefore, the TR extension

might affect the dimerization affinity of Tj, which would lead to attenuation of gene regulatory

functions of the native Tj. TR mostly affects proteins with structurally disordered C-termini (Kleppe

and Bornberg-Bauer, 2018; Pancsa et al., 2016). This would allow increased flexibility and

accessibility to TR extensions to engage in independent interactions without affecting the native

protein function. Given the high number of TR genes involved in regulatory functions in Drosophila,
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an interaction-prone C-terminal segment would allow fine-tuning of the protein function in a

regulated manner. Such regulation can be temporal or spatial in effect. TR in tj serves as a spatially

regulated recoding mechanism that widens the gene regulatory functions of the native Maf factor.

While the TR extension does not result in detrimental effects affecting protein stability and

localization, it primarily helps to fine tune the transcription factor/enhancer activity of Tj in a tissue

specific manner.

Thus, the study of regulation of TR and its biological consequences provides new insights into

how organisms alter gene expression to yield relatively low yet constant amounts of gene products

with novel protein functions at low evolutionary cost. TR provides means to adapt to stress

conditions as well as enhance the overall fitness of the organism. Given that most of the putative

TR candidates in D. melanogaster are not conserved with their yeast orthologues TR events might

have appeared independently during the course of evolution, allowing proteins to sample selective

fitness by evolving at the C-terminus.
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6. APPENDIX

6.1 Supplementary tables

Table S1. Genes identified to be dysregulated in tj-TR mutants

tjnat/nat vs tjTR/TR

Gene ID Gene Name Log2 fold change p-value
FBgn0013673 mt:ATPase8 -2.12 4.44E-67
FBgn0013680 mt:ND2 -1.69 6.85E-47
FBgn0033792 CG13325 -1.43 2.58E-34
FBgn0029831 CG5966 -1.16 3.84E-21
FBgn0013683 mt:ND4L -1.08 5.83E-19
FBgn0260446 GABA-B-R1 -1.03 2.58E-29
FBgn0033830 CG10814 -1.00 3.77E-20
FBgn0027348 bgm 1.02 2.72E-26
FBgn0033760 CG8785 1.03 3.57E-17
FBgn0031435 Elba2 1.08 9.90E-19
FBgn0033683 CG18343 1.31 2.24E-31
FBgn0032620 CG12288 1.33 2.17E-29
FBgn0032706 Irk3 1.71 4.87E-93
FBgn0033257 sand 1.84 3.42E-51

tjnat/nat vs tjnTR/nTR

Gene ID Gene name Log2 fold change p-value
FBgn0037801 CG3999 -1.63 4.07E-36
FBgn0001187 Hex-C -1.56 1.46E-74
FBgn0264979 CG4267 -1.46 9.77E-26
FBgn0033792 CG13325 -1.30 1.15E-23
FBgn0039241 CG11089 -1.27 1.18E-25
FBgn0038467 AdSL -1.20 1.73E-26
FBgn0029831 CG5966 -1.16 1.57E-17
FBgn0029823 Shmt -1.16 4.32E-28
FBgn0033885 DJ-1alpha -1.03 1.77E-18
FBgn0035638 Tektin-C 1.04 9.79E-14
FBgn0031434 insv 1.06 6.34E-16
FBgn0260475 CG30059 1.23 6.62E-21
FBgn0035789 mthl6 1.26 6.91E-21
FBgn0031435 Elba2 1.41 7.74E-25
FBgn0000964 tj 1.43 1.85E-63
FBgn0267635 CR45973 1.64 4.59E-33
FBgn0267160 CR45600 2.12 4.80E-53

tjTR/TR vs tjnTR/nTR

Gene ID Gene name Log2 fold change p-value
FBgn0033257 sand -2.48 1.39E-53
FBgn0031701 TotM -1.72 1.05E-26
FBgn0262881 CG43236 -1.70 8.72E-27
FBgn0032706 Irk3 -1.54 9.95E-39
FBgn0032620 CG12288 -1.52 2.91E-32
FBgn0038083 CG5999 -1.48 1.21E-26
FBgn0001187 Hex-C -1.44 2.66E-55
FBgn0032754 CG10700 -1.42 5.76E-20
FBgn0032684 CG10178 -1.26 2.42E-23
FBgn0050090 CG30090 -1.13 1.80E-12
FBgn0034512 CG18067 -1.10 5.10E-36
FBgn0044810 TotX -1.10 4.69E-12
FBgn0040349 CG3699 -1.09 5.51E-13
FBgn0002939 ninaD -1.08 5.47E-12
FBgn0020513 ade5 -1.01 3.76E-20
FBgn0053310 CG33310 1.00 2.67E-10
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FBgn0013688 mt:srRNA 1.00 3.25E-10
FBgn0260446 GABA-B-R1 1.09 3.45E-20
FBgn0051832 CG31832 1.10 2.44E-12
FBgn0050083 CG30083 1.31 4.84E-16
FBgn0000964 tj 1.61 6.37E-59
FBgn0013680 mt:ND2 1.74 1.17E-29
FBgn0013683 mt:ND4L 1.79 4.80E-29
FBgn0267635 CR45973 1.92 1.16E-32
FBgn0035638 Tektin-C 2.33 1.52E-51
FBgn0013673 mt:ATPase8 2.76 9.95E-76

Table S2. List of primers used for generating dual luciferase constructs for candidate TR genes

Name Primer sequence 5’ to 3’ Comments

PK96_F GTGCTGAAGAACGAGCAGCTGAGCTTGTACGACGATCGGATG Insertion of wit TR motif into psiCHECK™ -2
vector with 18 bp overhang for Gibson cloningPK97_R GTTGGTGGCGCCGGAGCCGTTCTGCTGCATTCGATTAGTTTATAG

CTCC
PK100_F GTGCTGAAGAACGAGCAGAACGGAGCCTACCACCACGG Insertion of dsx TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK101_R GTTGGTGGCGCCGGAGCCGACAGCGGCCGCTGC
PK102_F GTGCTGAAGAACGAGCAGCAATTGCAGCCGCAACAC Insertion of fru TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK103_R GTTGGTGGCGCCGGAGCCGGGGTCATCGGGACGC
PK104_F GTGCTGAAGAACGAGCAGATGACACGCTCCAAGAGCC Insertion of khc-73 TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK105_R GTTGGTGGCGCCGGAGCCCCTGCAATTAGTCCAACGCTGCAGC
PK106_F GTGCTGAAGAACGAGCAGGCAGCTGCAGCATCAGCAGCGG Insertion of chinmo TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK107_R GTTGGTGGCGCCGGAGCCCTCCTTGTTGGCGTTCATGACTACTGA
PK108_F GTGCTGAAGAACGAGCAGCTAACCCTGGGTGGACCCATG Insertion of klu TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK109_R GTTGGTGGCGCCGGAGCCACAGGTCATAAATGGTCTGGATGCTG
PK110_F GTGCTGAAGAACGAGCAGCAGCAGCAGCAACAGTC Insertion of br TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK111_R GTTGGTGGCGCCGGAGCCGGAGTTGTTGAGCGCCAC
PK114_F GTGCTGAAGAACGAGCAGGATATGCTGCTGAGCGGCAAC Insertion of svp TR motif into psiCHECK™ -2

vector with 18 bp overhang for Gibson cloningPK115_R GTTGGTGGCGCCGGAGCCAGTTGTTGTCAATTGGCGCCACATCGT
G

PK156_F AATCAGCAGCAACTCTTGCAGC UAAG to UAAA mutation in br TR motif using
blunt end ligationPK155_R TTATAAGAAGTCCATGCACGGTTTGACAATGC

PK158_F TCGATCAGCAGCAACTCTTGCAGC UAA to UUC mutation in br TR motif using blunt
end ligationPK157_R ATAAGAAGTCCATGCACGGTTTGACAATGC

PK160_F AAAAGCAGCCGCAACAGC UAGG to UAAA mutation in chinmo TR motif
using blunt end ligationPK159_R TATGGTGAATGATTGCTGGCTGCC

PK162_F TCGAAGCAGCCGCAACAG UAA to UUC mutation in chinmo TR motif using
blunt end ligationPK161_R ATGGTGAATGATTGCTGGCTGC

PK164_F AAAGTATCGCAACGTTGCTGC UAGC to UAAA mutation in dsx TR motif using
blunt end ligationPK163_R TACGTGGCAGCCGTGGAG

PK166_F TCCAGTATCGCAACGTTGCTG UAG to UUC mutation in dsx TR motif using
blunt end ligationPK165_R ACGTGGCAGCCGTGGA

PK168_F AAAACAGTCAGTACCTGGGCTGGA UGAU to UAAA mutation in fru TR motif using
blunt end ligationPK167_R ATTCACTTGTGGCATTGTGCTGC

CM183_F TCTACAGTCAGTACCTGGGCTGGAACTACGGCG UGA to UUC mutation in fru TR motif using blunt
end ligationCM184_R ATTCACTTGTGGCATTGTGCTGCTGCTG

PK176_F AAATGTACCCAAAGTGTTCGCATCAG UGAU to UAAA mutation in khc-73 TR motif
using blunt end ligationPK175_R ATTTACGCGCCGAAAGGTTTAGC

PK178_F TCTTGTACCCAAAGTGTTCGCATCAGC UGA to UUC mutation in khc-73 TR motif using
blunt end ligationPK177_R ATTTACGCGCCGAAAGGTTTAGC

PK180_F AGGTGTCTGTATGCAGCAGC UAAC to UAAA mutation in klu TR motif using
blunt end ligationPK179_R TTAGGCGCTCTCCGTCTTGACAAC

PK182_F TCCGGTGTCTGTATGCAGCAGC UAA to UUC mutation in klu TR motif using blunt
end ligationPK181_R AGGCGCTCTCCGTCTTGAC

PK188_F AAATGCCTTCGATGTGACACACGA UGAC to UAAA mutation in svp TR motif using
blunt end ligationPK187_R AGGGCCAGGAGAAACTGTTGC

PK190_F TCCTGCCTTCGATGTGACACACG UGA to UUC mutation in svp TR motif using
blunt end ligationPK189_R AGGGCCAGGAGAAACTGTTGC

PK192_F AAAATGAGGAGGTTCTGCTGC UAGC to UAAA mutation in wit TR motif using
blunt end ligationPK191_R AGAGAATGTTGAGCAGGGAGGAGT
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PK194_F TCCATGAGGAGGTTCTGCTGC UAG to UUC mutation in wit TR motif using
blunt end ligationPK193_R AGAGAATGTTGAGCAGGGAGGAGT

PK122_F GCGAGGGTGAGGGCGCTGAGGAGTACTGACACCACGAAATGTG
C

Replacing sequences upstream of stop codon in
aPKC TR motif with αTub84B in constructs with
UGA-C SCCPK123_R CGTCACCGGAGTCCATGCCGACCTCCTGCTCGTTCTTCAGC

PK137_F GCGAGGGTGAGGGCGCTGAGGAGTACTAAAACCACGAAATGTG
CGAC

Replacing sequences upstream of stop codon in
aPKC TR motif with αTub84B in constructs with
UAA-A SCCPK123_R CGTCACCGGAGTCCATGCCGACCTCCTGCTCGTTCTTCAGC

PK120_F TGGGAGCGTCATTGGTGGGCGGGGGGCTCCGGCGC Replacing sequences downstream of stop
codon in aPKC TR motif with αTub84B in
constructs with UGA-C SCC

PK121_R TCGAGCGTTGAAGTGGCGCGACGCTCAGACGCAATCCTCCAGAG
ACATC

PK120_F TGGGAGCGTCATTGGTGGGCGGGGGGCTCCGGCGC Replacing sequences downstream of stop
codon in aPKC TR motif with αTub84B in
constructs with UAA-A SCC

PK136_R TCGAGCGTTGAAGTGGCGCGACGTTTAGACGCAATCCTCCAGAG
ACATC

PK199_F CGCTGAGGAGTACTTCCACCACGAAATGTGCG UGA to UUC mutation in 5’-αTub84B-aPKC-3’ TR
constructsPK200_R CGCACATTTCGTGGTGGAAGTACTCCTCAGCG

PK201_F GGATTGCGTCTTCGCGTCGCGCCAC UGA to UUC mutation in 5’-aPKC- αTub84B-3’
TR constructsPK202_R GTGGCGCGACGCGAAGACGCAATCC

PK244_F GGCTCCGGCGCCACCAAC Forward primer for truncations in aPKC TR motif
PK245_R GTGTCAGACGCAATCCTCCAGAGAC Truncation of aPKC +6 TR motif with UGAC SCC
PK246_R GTGGAAGACGCAATCCTCCAGAGAC Truncation of aPKC +6 TR motif with UUC SCC
PK247_R GTTTTAGACGCAATCCTCCAGAGACATCAG Truncation of aPKC +6 TR motif with UAAA SCC
PK248_R GTGGTGTCAGACGCAATCCTCCAG Truncation of aPKC +9 TR motif with UGAC SCC
PK249_R GTGGTGGAAGACGCAATCCTCCAG Truncation of aPKC +9 TR motif with UUC SCC
PK250_R GTGGTTTTAGACGCAATCCTCCAGAGAC Truncation of aPKC +9 TR motif with UAAA SCC
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6.2 List of abbreviations

A site Aminoacyl site

A2RE hnRNP A2/B1 responsive element

ATP Adenosine Triphosphate

aa-tRNA Aminoacyl-tRNA

ABCE1 ATP-binding cassette sub-family E member 1

bZip Basic Leucine Zipeer

CDY Cyo-DfD-YFP

CNS Central nervous system

Cre Cre recombinase

CRISPR Clustered regularly interspaced short palindromic repeats

CySC Cyst stem cells

dNTP Deoxyribonucleotide triphosphate

E site Exit site

EF/eEF Elongation factor/ eukaryotic elongation factor

Fluc Firefly luciferase

fMet Formyl-methionine

GABA Gamma-amino butyric acid

GB Gonialblast

gDNA Genomic DNA

GMPPNP 5’-guanylyl imidodiphosphate

GSC Germline stem cell

gRNA Guide RNA

GTP Guanosine Triphosphate

HA Homology arms

hnRNP Heteronuclear ribonucleoprotein

IC Initiation complex

IF/eIF Initiation factor/ eukaryotic initiation factor

LB Luria-Bertani

LSU Large subunit

MDa Mega Dalton

mRNA Messenger RNA

MuLV Murine Leukemia Virus

N state Non-rotated state

Nc-tRNA Near cognate tRNA
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NLS Nuclear Localization signal

NMD Nonsense-mediated decay

NTP Nucleoside triphosphate

ORF Open reading frame

P site Peptidyl site

PABP Poly(A) binding protein

PAM Protospacer adjacent motif

PCR Polymerase chain reaction

PDB Protein data bank

PGC Primordial germline cells

PIC Preinitiation complex

piRNA Piwi-interacting RNA

PNS Peripheral nervous system

postTC Posttermination complex

preTC Pretermination complex

PRF Programmed frameshifting

PTC Peptidyl transferase center

PTS Peroxisomal targeting signal

R state Rotated state

RBP RNA binding protein

RF/eRF Release factor/ eukaryotic release factor

Rluc Renilla luciferase

RRF Ribosome release factor

rRNA Ribosomal RNA

RT Room temperature

RT-qPCR Real time quantitative PCR

S Svedberg Unit

S2 Schneider 2

SCC Stop codon context

Sco Scutoid

SGP Somatic gonadal precursor

smFRET Single molecule fluorescence resonance energy transfer

SSU Small subunit

TC Ternary complex

TfR Template for recombination
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TMV Tobacco mosaic virus

tRNA Transfer RNA

UTR Untranslated region

VEGFA Vascular endothelial growth factor A

VNC Ventral nerve cord
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