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ABSTRACT
Translational readthrough (TR) occurs when the ribosome decodes a stop codon as a sense codon,
resulting in two protein isoforms synthesized from
the same mRNA. TR has been identified in several
eukaryotic organisms; however, its biological significance and mechanism remain unclear. Here, we
quantify TR of several candidate genes in Drosophila
melanogaster and characterize the regulation of TR
in the large Maf transcription factor Traffic jam
(Tj). Using CRISPR/Cas9-generated mutant flies, we
show that the TR-generated Tj isoform is expressed
in a subset of neural cells of the central nervous
system and is excluded from the somatic cells of
gonads. Control of TR in Tj is critical for preservation of neuronal integrity and maintenance of reproductive health. The tissue-specific distribution of a
release factor splice variant, eRF1H, plays a critical
role in modulating differential TR of leaky stop codon
contexts. Fine-tuning of gene regulatory functions
of transcription factors by TR provides a potential
mechanism for cell-specific regulation of gene expression.

GRAPHICAL ABSTRACT

INTRODUCTION
Eukaryotes employ several mechanisms to enlarge the coding capacity of their genomes, such as alternative splicing,
alternative polyadenylation, frameshifting and alternative
initiation of translation (1–4). Translational readthrough
(TR) is yet another strategy to increase the diversity of
the proteome by supplying C-terminally extended protein
isoforms with potentially altered physiological functions.
Studies over the last decade have revealed the occurrence of
TR in several eukaryotic systems (5–8). The TR efficiency
depends on the stop codon and its sequence context and is
lowest on the UAA and highest on the UGA stop codon
(5,9–11). A cytidine (C) at position +4 enhances TR (nucleotide numbering starting with the first nucleotide of the
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stop codon), whereas nucleotides +4 to +9 modulate TR in
a number of viral and eukaryotic genes (5,9,12–14).
The prevalence of TR varies between organisms. It is
widely employed by viruses to expand the coding potential
of their small genomes (15–18). Several cases of TR were
described in mammalian cells, yeast, and mosquito (6,8,19–
21). Analysis of the stop codon contexts of 12 Drosophila
species and ribosome profiling studies suggested potential TR in several hundred Drosophila genes (7,8,19). The
majority of TR candidate genes identified in Drosophila
have regulatory roles, suggesting that appending a functional C-terminal extension may confer conditional advantage to protein function. Computational analysis of TR
protein isoforms indicates that these are mostly long, modular proteins with intrinsically disordered C-termini of low
sequence complexity (22,23). The lack of a structurally ordered C-terminus might provide conformational pliability
that allows the TR extensions to perform functions without
distorting the native protein.
Of several hundred candidate genes that can undergo TR
in Drosophila, only a few have been validated experimentally. One of the early examples of a gene undergoing TR is
kelch, which encodes a short native protein and a longer extended TR protein (24). The TR efficiency of kelch changes
through development, approaching a 1:1 ratio of the two
isoforms during metamorphosis. The Kelch-TR isoform is
expressed in a tissue-specific manner and is particularly enriched in the larval and adult central nervous system (CNS)
and imaginal discs (25,26), but its function is not known.
Another example is the headcase (hdc) gene; the TR isoform
is necessary for Drosophila tracheal development (27). Further examples are Synapsin (Syn), nonsense alleles of embryonic lethal abnormal vision (elav), and wingless (wg) (28–30).
Recently, tissue-specific TR was identified in a transcription factor Ventral veins lacking/Drifter (Vvl/Dfr). TR in
Vvl/Dfr is necessary for regulation of several downstream
genes and is crucial for larval development (31). For the majority of the candidates, the efficiency and the biological relevance of TR are not known.
Here, we tested the TR efficiency for several candidate
genes in Drosophila. We then selected one gene, traffic jam
(tj) that shows high TR efficiency, to explore the expression and biological significance of the TR protein isoform
in vivo. tj encodes a large Maf transcription factor that regulates gonad morphogenesis, including stem cell niche specification during ovarian development (32–34) and collective
cell migration during oogenesis (35). Tj has extensive sequence similarity with its mammalian orthologs c-Maf and
MafB, which modulate tissue-specific gene expression and
cell differentiation by binding to the regulatory regions of
target genes and by interacting with other transcription factors. Like all Maf factors, Tj has a leucine-zipper domain,
a DNA-binding basic domain, and a Maf-specific extended
homology domain located at the C-terminal region of the
factor (36). Tj is expressed in the somatic cells of the gonads
where it plays a crucial role in regulating the expression of
several adhesion molecules such as Fasciclin 3 (Fas3), DECadherin (DE-Cad) and Neurotactin (Nrt) (33,35–37). Disruption of tj function causes impaired interaction between
germ cells and somatic cells, which eventually leads to defective gonad development and sterility (36). Apart from so-

matic gonadal cells, Tj is expressed in the embryonic and
larval CNS, adult heads as well as adult fat bodies (36,38).
A recent study also identified Tj as one of the transcription
factors that fine-tune the molecular and morphological features of the developing neurons, contributing to remarkable
glutamatergic neuronal cell-type diversity in the adult brain
(39).
To explore the biological significance of TR in tj, we utilized CRISPR/Cas9 genome editing to create mutant fly
lines that exhibit different levels of TR in tj. Using immunohistochemistry, we show that the expression of the longer
TR isoform of Tj is tissue-specific and is tightly translationally controlled. The expression of the Tj-TR isoform is important for the cells of the nervous system but is detrimental for the correct development of the gonads. Furthermore,
we show that there exist considerable tissue-specific differences in the relative abundance of various protein factors
that are directly or indirectly involved in translation termination. In particular, we identify a strong link between the
tissue-specific distribution of eRF1H, a splice variant of eukaryotic release factor eRF1, and its capacity to enhance
readthrough of leaky stop codon contexts. Strict control of
TR in a transcription factor provides a yet unidentified link
between transcription and translation, which may be particularly relevant for the nervous cells that are under pressure
to rapidly adapt to external stimuli and conditions.
MATERIALS AND METHODS
Plasmid construction
Vector templates and/or inserts for molecular cloning were
amplified by PCR using Phusion High-Fidelity PCR master
mix (New England Biolabs). Desired PCR products were
purified using Nucleospin® Gel and PCR clean up kit.
Point mutations were introduced into plasmid vectors using the Agilent QuikChange II site-directed mutagenesis
protocol. Insertional and deletion mutagenesis were performed using a blunt-end ligation method. Phosphorylation and ligation reactions were performed using T4 Polynucleotide kinase and T4 ligase, and the ligated products were
transformed into competent cells. Molecular cloning of
TR test cassettes into psiCHECK™-2 vector was achieved
by isothermal assembly (Gibson assembly) (40). Insert sequences for Gibson assembly were amplified from gDNA
or cDNA using primers containing 18 bp overhangs that
overlap with the blunt ends of PCR-amplified, linearized
vectors. Gibson assembly was performed by incubating the
purified inserts and 100 ng linearized vectors in a molar ratio of 3:1 with ‘in-house’ prepared Gibson assembly mix
for 1 h at 50◦ C in a total volume of 15 l. 1 l of end
product was transformed into competent cells. Escherichia
coli NovaBlue Singles™ Competent cells-Novagen endA1
hsdR17 (rK12 – mK12 + ) supE44 thi-1 recA1 gyrA96 relA1
lac F (proA+ B+ lacIq ZM15::Tn1)(TetR ) were used for all
cloning and plasmid construction purposes. All primers
were ordered from Eurofins Scientific.
Dual Luciferase reporter assay
The commercial psiCHECK™-2 (Promega) vector was
modified by deleting the Rluc poly(A) signal and the fire-
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fly luciferase (Fluc) herpes simplex virus thymidine kinase
(HSV TK) promoter using blunt-end ligation, such that
both the reporters are transcribed as a single monocistronic
mRNA controlled by an SV40 promoter. A self-cleaving
P2A 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 Supplementary Table S4. TR test cassettes (105 bp) from the candidate genes containing the
leaky stop codons, flanked by 51 bp on either side, 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 bluntend ligation mutagenesis. The 39 bp Tobacco mosaic virus
(TMV) TR motif was inserted via blunt-end ligation. The
primers for cloning of TR motifs and point mutations are
listed in Supplementary Table S5. Transfections were performed in triplicates in Drosophila S2R+ cells (Drosophila
Genomics Resource Center). S2R + cells were cultured
in 25 cm2 flasks at 25◦ C in a CO2 incubator in Schneider’s Gibco® Drosophila medium (ThermoFisher), supplemented with 10% heat-inactivated fetal bovine serum, 100
units/ml penicillin, and 100 g/ml streptomycin. Transfections were performed when the cell confluency reached
approximately 70% using an Effectene® Transfection Kit
(Qiagen). 100 ng of dual reporter vector constructs were
used for transfections in 96-well plates. The activities of
Renilla (Rluc) and Firefly (Fluc) luciferases were measured 72 h after transfection using Beetle juice and Renilla
Glow Juice (PJK GmbH). Measurements were performed
in a luminometer with a delay time of 2 s and an integration time of 5 s. The absolute RLuc values of the test
(UGA/UAG/UAA), UAAA and UUC constructs for each
gene cassette tested were comparable. 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 contexts, their respective Fluc:Rluc values were
divided with Fluc:Rluc values of constructs containing a
UUC codon, which serve as positive controls. Non-paired
two-tailed Student’s t-test was used to analyze the results.
For co-transfection assays, 100 ng of ubiquitous expression
vector was used along with 100 ng of TMV dual reporter
constructs. pUb expression vectors were constructed by using a modified pUWG vector (DGRC #1284) The modified
pUGW vector with gateway cassette and mini white marker
removed, was a kind gift from Herbert Jäckle, Max Planck
Institute for Biophysical Chemistry, Göttingen. The genes
of interest were cloned into pUb expression vectors using
Gibson assembly. The primers used for cloning are listed in
Supplementary Table S9. The co-transfected S2 cells were
visualized using Olympus LV200 Microscope with objective
20× XAPO NA 0.8. Bioluminescence was measured with
an exposure time of 1 min.

Drosophila handling and maintenance
Fly stocks were maintained on standard food with yeast,
cornmeal, and agar in a controlled environment with constant temperature of 25◦ C, constant humidity, and 12 h–
12 h light–dark cycle, unless otherwise stated. For control
animals, we collected the progeny of w1118 (Bloomington
Drosophila Stock Center, BDSC #5905) males crossed to
OregonR (BDSC #5) virgin females.
CRISPR/Cas9 design
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). The CRISPR target finder tool (http://tools.
flycrispr.molbio.wisc.edu/targetFinder/) was used to find
optimal protospacer adjacent motif (PAM) sites on the tj
gene that flank the TR 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 upstream of gRNA scaffold into two separate pU6BbsI-chiRNA vectors (Addgene #45946) (41) via bluntend ligation-mediated insertional mutagenesis using primer
pairs PK241 F/PK243 R and PK242 F/PK243 R respectively (Supplementary Table S6).
pHD-DsRed vector (Addgene #51434) carrying the homology arm 1 (HA1), the Template for Recombination
(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 loxPDsRed-SV40poly(A)-loxP sequence. HA2 (1144 bp) was
amplified and inserted immediately downstream of this sequence. The 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 a pHD-DsRed vector in which the
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 Supplementary Table S6. 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
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sequencing of a genomic DNA-derived amplicon. DsRed
deletion was confirmed via screening of eyes for negative
fluorescence as well as by sequencing. The genome engineering services offered by BestGene Inc. Chino Hills, CA, USA
were used for CRISPR injections. The fly strain used for
injection had the following genotype: y1 w1118 ; attP2(noscas9)/TM6C, Sb Tb.
DsRed-positive CRISPR mutants were crossed with
Sco/CyO, Dfd-YFP (Sco/CDY) balancer lines (BDSC
#8578) to obtain CDY-balanced mutant lines for second chromosome. tjmut (+DsRed)/CDY lines were crossed
with Sco/Cre lines in order to achieve Cre recombinasemediated removal of the 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. 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 (Supplementary Table S6). w1118 flies were used
as wild-type controls as they have the closest genetic background to the mutants.

Immunohistochemistry
Immunofluorescent studies were performed using standard
procedures (König and Shcherbata, 2013). Primary antibodies used were: guinea pig anti-Tj (1:10 000; a kind gift
from Dorothea Godt, University of Toronto, Canada), rabbit anti-Vasa (1:5000; a gift from Herbert Jäckle, MPIbpc, Göttingen), mouse anti-Engrailed (1:20; Developmental Studies Hybridoma Bank, DSHB), mouse anti-Fas3
(1:20; DSHB), rat anti-DE-Cadherin (1:20; DSHB), rabbit
anti-mCherry (1:200; Abcam), and mouse anti-Flag (1:500;
Sigma Aldrich). The following secondary antibodies were
used: goat anti-guinea pig Alexa 647 (1:500; Life Technologies, A-21450), goat anti-mouse Alexa 488 (1:500; Molecular Probes) and goat anti-rabbit Alexa 568 (1:500; Molecular Probes). DAPI (Sigma) was used to stain the nuclei.
Samples were imaged using Zeiss LSM 700. ImageJ and
CorelDrawX8 were used to make Figures.

Gene expression analysis
Standard miniprep protocol for D. melanogaster genomic
DNA extraction was followed as described in Huang et al.
(44). Total RNA was extracted from heads and ovaries of
3–4 days old adult flies of each genotype using TRIzol™
reagent (Jena Bioscience) following manufacturer’s protocol. Extracted RNA was quantified and treated with DNaseI (2 units per g of RNA). Total cDNA was prepared using random primers with High Capacity Reverse Transcriptase (ThermoFisher) following manufacturer’s instructions.
20 l reverse transcription (RT) reactions were set up for
1 g RNA template. RT-qPCR was performed using Fast
SYBR® Green PCR kit (Applied Bioystems™). Each reaction was performed in 15 l 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 primer sequences used
for each transcript quantification were designed using the
Drosophila RNAi Screening Center (DRSC) FlyPrimerBank and are listed in Supplementary Table S7 (45). The
qPCR reaction conditions used were according to manufacturer’s instructions. αTub84B was used as endogenous
control and tjnat/nat 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 CT .
These CT values for each gene were normalized again by
subtracting the CT of the control sample from the CT
of the test sample. The CT values thus obtained were
used to calculate gene expression levels by using the formula: relative quantification (RQ) = 2−CT . Non-paired
two-tailed Student’s t-test was used for calculating p-values.
For quantification of individual cellular tRNAs, a modified stem-loop qPCR method was used as published by (46).
Stem-loop reverse transcription primers were used for individual tRNAs (Supplementary Table S8). A separate stem–
loop primer was also designed for 18S rRNA, which is used
as an internal control. cDNA was prepared using SuperScript III™ Reverse Transcriptase following manufacturer’s
protocol. The amplification for individual tRNAs using RTqPCR was performed using tRNA-specific forward primers
and a universal reverse primer (Supplementary Table S8).
RNA sequencing services were provided by Transcriptome
and Genome Analysis Laboratory (TAL), Göttingen.

Histology of Drosophila brains
For analysis of adult brain morphology, 7 m paraffinembedded sections were cut from fly heads. To prepare
Drosophila brain sections, the fly heads were immobilized
in collars in the required orientation and fixed in Carnoy
fixative solution (6:3:1 = ethanol:chloroform:acetic acid) at
4˚C overnight. Tissue dehydration and embedding in paraffin was performed as described previously (42). Histological
sections were prepared using a Hyrax M25 (Zeiss) microtome and stained with hematoxylin and eosin (H&E) as described previously (43). All chemicals for these procedures
were obtained from Sigma Aldrich.

Stress induction and fly survival assays
Stress induction experiments were carried out with 5–6 days
old flies. Approx. 50 flies were used for each condition. Flies
were starved by placing them in empty vials with a glass
fiber disk soaked in water. Acute heat stress was induced by
incubating the flies at 36◦ C for 3 h. Oxidative stress was induced by placing flies in vials with a glass fiber disk soaked
in 5% sucrose and 20 mM paraquat solution for 12 h. For
sleep deprivation, vials containing flies were shaken at 300
rpm under constant light source for 24 h. To study ageing,
flies were reared on standard food vials for 3 weeks, with
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food changed every week. The method for lysate preparation from stressed fly heads is described in the following section. The survivability rate of flies upon oxidative stress was
recorded by observing fly activity for 3 days upon feeding
them 5% sucrose, 20 mM paraquat solution as mentioned
above. Twenty flies were taken for each genotype and the
study was performed in five biological replicates.
Quantitative western blot
Whole tissue lysates were prepared from ovaries and heads
using RIPA buffer (Sigma Aldrich), and the protein concentration was measured using Pierce BCA Protein Assay
Kit (ThermoFisher). Equal amounts of total protein extract
were loaded as samples for western blot. Instead of using
housekeeping genes as loading controls, we utilized the total protein normalization (TNP) method (Revert™700 Total Protein Stain Li-Cor). The TNP staining gives a linear
signal range, which is especially relevant for low-abundance
proteins such as Tj. Anti-DYKDDDDK-HRP antibodies
(Miltenyi Biotec) were used to immunostain Tj-TR-3xFlag
bands. HRP signal was developed using Chemiluminescent substrates (ThermoFisher) and imaged in the Odyssey
Fc Imaging System. The anti-Flag chemiluminescent signal
from each tissue derived from tjnat/nat mutants was normalized to the respective TNP signal and compared to the antiFlag/TNP signal from tissues derived from tjTR/TR mutants
to calculate TR efficiency of Tj.
Quantification and statistical analysis
For luciferase assays, error bars show the standard deviation obtained from at least three technical replicates (n = 3).
For constructs with stop codon context of UGAC, three
independent biological replicates were performed. Statistical significance was determined by two-tailed unpaired
Student’s t-test wherein P-values of <0.05 were considered
significant in all cases. RNAfold web server was used for
prediction of secondary structures on mRNA sequences.
All western blots were performed using head samples from
three biological replicates for each mutant fly line. Two-way
tables and Chi-square testes were used to determine significant differences in the phenotypes between the mutants.
Statistical analyses were performed with Graphpad prism
8. RT-qPCR studies were performed from cDNA obtained
from three independent biological samples. Three technical replicates were used for each biological sample. StepOne
Software v2.3 was used to perform comparative CT (CT )
quantification. The data were normalized against average
CT of the housekeeping gene αTub84B. Data values from
tjnat/nat sample were used as endogenous control. P-values
are calculated using two-tailed unpaired Student’s t-test
with Welch’s correction of standard deviation from CT
values of tjnat/nat and tjTR/TR samples.
For quantification of neural lesions, CBs and OLs were
analyzed independently, and the percentage of CBs or
OLs exhibiting neural lesions, out of the total brains analyzed, was calculated for each genotype. For immunostained brains, z-stack images were acquired through the
brains using a Zeiss LSM700 confocal microscope. Examination of all slices was taken into account to identify lesions,

since they are found to occur throughout both CBs and OLs
of analyzed brains. For H&E-stained and sectioned brains,
multiple sections for each brain were viewed and assessed
for presence of lesions.
For quantification of niche, germarium, and ovariole
phenotypes, we used immunofluorescent staining for common markers to discern the presence of mutant phenotypes. Ovaries from each genotype were stained, and then
ovarioles were separated from one another on slides prior
to imaging. Each ovariole, corresponding germarium, and
germline stem cell (GSC) niche was examined, and each
was counted independently as either normal or exhibiting
mutant phenotypes. En staining was used to evaluate GSC
niches, as cap cells are countable with this marker. Vasa
staining was used to assess the health and differentiation of
the germline. Fas3 staining was used to visualize the follicular epithelium and to monitor the process of germline encapsulation in the posterior end of germaria. Finally, DAPI
combined with all other stains was used to evaluate the overall shape and size of germaria; in addition, condensed and
fragmented DAPI staining was used as an indicator of cell
death in egg chambers. Two-way tables and chi-square tests
were used to determine significant differences in the phenotypes between the mutants.
RESULTS
Quantification of TR in candidate genes in Drosophila
Phylogenetic analysis identified >300 TR candidates in
Drosophila (7), the majority of which have not been experimentally tested. We narrowed down the list of potential candidates to 11 genes that perform important functions during
fly development (Supplementary Table S1). Their functions
are well-characterized and associated with traceable phenotypes. Among the selected genes, klumpfuss (klu), doublesex
(dsx), traffic jam (tj), seven up (svp), chronologically inappropriate morphogenesis (chinmo), fruitless (fru) and broad (br)
encode transcription factors or transcriptional regulators;
atypical protein kinase C (aPKC), and discs large 1 (dlg1) encode protein kinases involved in cell signaling; wishful thinking (wit) encodes a signaling receptor; and Kinesin heavy
chain-73 (Khc-73) encodes a motor protein that regulates
cell polarity. The lengths of the expected TR extensions
range from 11 to 236 amino acids (Supplementary Table
S1). Out of the candidate genes selected, wit mRNA has a
strong propensity to form a secondary structure within the
3 UTR region accommodated by the reporter test cassette
as predicted by RNAfold (7).
To validate the TR of the candidate genes, we constructed
dual luciferase reporters for the 11 candidate genes and
tested their expression in S2 cell lines (Figure 1A). We generated a psiCHECK™-2 based dual luciferase vector in which
the Renilla and Firefly luciferase genes are fused into a single
ORF, separated by the test cassette for each gene and a selfcleaving P2A sequence. For each gene construct, we generated a positive control by mutating the native stop codons
to the UUC sense codon, resulting in constitutive Firefly
synthesis. Additionally, we mutated the extended tetranucleotide stop codon sequence to UAA-A to obtain control
constructs with a highly efficient translation termination
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Figure 1. Quantification of TR in putative candidate genes using dual luciferase reporter assay in S2 cells. (A) Construct design for dual luciferase reporter vectors. (B) TR efficiencies of putative candidate genes with UAA, UAG, and UGA stop codons determined by dual luciferase assay in S2 cells.
The +4 nucleotide for each gene is indicated by the letter above each bar. White bars represent TR efficiencies for corresponding genes upon mutating the
native tetranucleotide termination signal to UAA-A. αTub84B represents a negative control. The error bars indicate the SD from three biological replicates. P-values are calculated using two-tailed unpaired Student’s t-test from datasets generated from three biological replicates, each with three technical
replicates (*P < 0.05, ***P < 0.0005).

context. αTubulin 84B (αTub84B), which is not a TR candidate, was used as a negative control. The constructs were
introduced into S2 cells, and TR efficiency was calculated
from the activity of Renilla and Firefly reporters. TR efficiency of the control αTub84B sequence is 0.35% (Figure
1B), similar to a basal TR frequency of 0.02–1.4% reported
for yeast and mammalian cell lines (15,47–51). Mutating the
native tetranucleotide termination signal of αTub84B from
UAA-G to UGA-C does 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.
Among the candidate genes selected, dsx, Khc73, and fru
show basal TR levels, i.e. they do not undergo TR at the
conditions tested (Figure 1B). The TR efficiency of br and
klu, which harbor a UAA stop codon followed by G or C,
is independent of the nucleotide at +4 position, suggesting
that the moderate TR may be induced by elements beyond
the stop codon. For genes containing a UAG stop codon,
chinmo and wit, the TR efficiency is reduced by about a half
by mutating nucleotides +3 and +4, suggesting that TR depends not only on the extended stop codon, but also on an
external signal(s). The four genes with the UGA-C stop signal, svp, aPKC, dlg1 and tj, exhibit the highest TR efficiencies, ranging from about 7% to 11%. Mutating the tetranucleotide signal to UAA-A in dlg1 and tj abolishes TR efficiency, indicating that the immediate nucleotide context is
the only requirement to drive TR in these genes. TR in svp
and aPKC is unaffected upon mutating the tetranucleotide
termination signal to UAA-A.

Tissue-specific TR in tj during embryogenesis and in adult
Drosophila
To study the physiological relevance of TR in Drosophila,
we have chosen tj as a model TR gene. The leaky UGA-C
tetranucleotide is sufficient to induce TR in tj (Figure 1B).
Because the gene encoding tj lacks introns, genetic manipulation of the gene is relatively simple and avoids the complications of working with multiple splice isoforms. The ORF
of tj is 509 codons-long; the TR extension would append an
additional 44 amino acids, generating a larger protein that
we call the Tj-TR isoform.
To study TR in Drosophila, we created three mutant fly
lines that harbor mutations at the termination sequence of
tj using CRISPR/Cas9-based genome editing (Supplementary Figure S1). The mutants were designed to code for a
Flag epitope tag downstream of the TR extension (Figure
2A). The first mutation, tjnat , does not alter the primary stop
signal that terminates the tj ORF; TR in this mutant is expected to occur at the same frequency as in the native tj.
The tjTR mutation replaces the primary tj stop codon with
a UUC sense codon, such that the mutant flies undergo constitutive TR and produce only the Flag-tagged TR isoform.
Finally, the tjnTR mutation introduces multiple stop codons
after the primary tj stop codon, which leads to complete
abolition of TR. Homozygous flies for each of the three genomic mutations are viable and do not exhibit obvious phenotypes.
To detect the expression of Tj and Tj-TR isoforms during
embryonic development, we stained stage 15–17 embryos
with antibodies specific to Tj and Flag. Anti-Tj recognizes
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Figure 2. Tissue-specific expression of the Tj-TR isoform in Drosophila. (A) Sequence map of chromosomal modifications introduced in the tj locus by
CRISPR/Cas9 genome editing. (B–E) Adult brains and ovaries of tj-TR mutants; each column depicts brains (upper panels) and germaria (lower panels)
of the indicated genotypes. For both organs, Tj and Flag are shown in single channels below the merged images. (B) Control tissues express no Flag.
Endogenous Tj is expressed in the brain, especially in three distinct clusters (arrows) and in several types of somatic cells in the germarium. (C) tjnat/nat
brains express Tj in a pattern indistinguishable from control. In addition, brains express the Flag-tagged TR isoform, demonstrating the occurrence of TR
in neural cells. In germaria, Tj appears as in control, but no Flag staining is detectable. (D) Overlapping pattern of Tj and Flag staining in tjTR/TR brains
and germaria, consistent with constitutive induction of TR in Tj. (E) Abrogation of TR in Tj observed in tjnTR/nTR brains and germaria, evidenced by
the lack of Flag stain. Scale bars: 100 m for brains; 10 m for germaria. (F) Western blot with anti-Flag antibodies showing the relative abundance of
Flag-tagged Tj-TR isoform in adult tissues from tjnat/nat and tjTR/TR mutants. (G) TR efficiency estimated in adult heads and ovaries using quantitative
western blot using total protein normalization. P-values were calculated using unpaired Student’s t-test obtained from three biological replicates (*P < 0.05,
**P < 0.005, ***P < 0.0005). (H) RT-qPCR analysis of tj transcripts using cDNA prepared from adult heads of tjnat/nat , tjTR/TR and tjnTR/nTR mutants.
Error bars represent the upper and lower limit of RQ defined by the standard deviation of CT from three biological replicates. The data were normalized
against average CT of the housekeeping gene αTub84B. Two-tailed unpaired Student’s t-tests were performed from the CT values of tjnat/nat vs tjTR/TR
and tjnat/nat versus tjnTR/nTR (n.s., not significantly different from control).
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both the Tj and Tj-TR isoforms while anti-Flag detects only
Tj-TR. In controls and in all tj-TR mutant embryos, Tj is expressed in a subset of neural cells in the ventral nerve cord
(VNC) and brain as well as in the somatic gonadal precursors (SGPs) of the embryonic ovary (Supplementary Figure
S2). The Tj-TR isoform is expressed in the VNC but not in
the ovaries of tjnat/nat embryos, suggesting that TR in tj is
regulated in a tissue-specific manner during embryogenesis
(Supplementary Figure S2B). tjTR/TR mutants constitutively
express the Tj-TR isoform in the VNC as well as gonads,
while tjnTR/nTR mutants only express the native Tj (Supplementary Figure S2C and S2D). Furthermore, the Tj and TjTR isoforms in tjTR/TR embryonic SGPs remain strictly nuclear (Supplementary Figure S2C), indicating that the TR
extension does not affect the nuclear localization of Tj.
Next, we sought to determine whether tissue-specific expression of the Tj-TR isoform persists until adulthood.
First, we inspected adult brains. The brain is composed
of two bilateral hemispheres, each of which is divided into
a medial compartment termed the central brain (CB) and
a lateral optic lobe (OL), which receives primary visual
input from photoreceptor neurons. Marking tj-expressing
cells with membrane-bound RFP (tj > mRFP) allows the
visualization of neuronal processes and demonstrates that
the brain contains many Tj-positive neurons, especially dispersed throughout the OL; in addition, several prominent
clusters of Tj-expressing cells exist, particularly in the junction of the lobula and the CB and in some neurons of the
pars intercerebralis (PI) (Supplementary Figure S3A). Next,
we examined brains from control as well as all three tjTR mutants (Figure 2B–E). The pattern and number of
Tj-expressing cells do not appear to be different in any of
these genotypes. Interestingly, the cells expressing Tj in the
brains of tjnat/nat flies also express the Tj-TR isoform, indicating that the nervous tissue-specific regulation of TR in tj
is maintained in adults (Figure 2C). As expected, in tjTR/TR
brains, Flag expression exhibits complete overlap with Tj
(Figure 2D), while Flag expression is absent from tjnTR/nTR
brains (Figure 2E).
Next, we examined adult ovaries for the existence of tjTR. Each ovary in Drosophila is composed of about nineteen parallel egg production units called ovarioles. At the
anterior tip of each ovariole is a structure called the germarium that houses the germline stem cells (GSCs) as well
as several somatic cell subtypes that express Tj. We stained
control germaria as well as germaria from the three tj-TR
mutants with antibodies against Tj and Flag (Figure 2, bottom rows). We did not observe differences in the expression
pattern of native Tj protein in any of the mutants. As expected, Flag staining is undetectable in control and tjnTR/nTR
germaria, and Flag overlaps precisely with Tj in tjTR/TR germaria. However, in tjnat/nat germaria, in contrast to the pattern in adult brains in which Flag and Tj overlap, Flag staining was undetectable (Figure 2B, compare Flag in brain
and germarium). These results demonstrate that the tissuespecific regulation of TR in tj exists during adulthood as in
embryogenesis.
To estimate the TR efficiency in adult tissues, we utilized quantitative western blot and probed the abundance
of Flag-tagged Tj-TR isoform in tissue lysates from tjnat/nat
and tjTR/TR adult flies using anti-Flag antibodies. We es-

timated a TR efficiency of ∼20% in adult heads, whereas
adult ovaries exhibited only basal levels of TR (Figure 2F,
G). The potential differences in tj transcript levels between
the mutants were ruled out by RT-qPCR experiments (Figure 2H). Given that the Tj staining is very similar in both
tjTR/TR and tjnTR/nTR mutant lines (Figure 2 and Supplementary Figure S2), the TR extension does not seem to trigger
selective degradation of the protein. Thus, TR is regulated
on a translational level and is not caused by tissue-specific
differences in mRNA levels or protein stability or by altered
cellular localization of the two Tj isoforms.
Effect of TR induction in adult brains
Because Tj-TR is expressed in the nervous system (Figure
2 and Supplementary Figure S2), we analyzed the effect
of differential TR in adult brains. We also included brains
from tj hypomorphic flies (tjhypo ) to compare with the tj-TR
mutants. The hypomorphic flies bore the tjPL3 allele, a genetic null, in trans to tj-Gal4, which itself is reported to be
a weak hypomorphic allele (34). We stained brains with an
antibody against the cell adhesion molecule DE-Cadherin
(Cad), ubiquitous expression of which allows visualization
of the neuropils of the brain (Figure 3A). In addition, we
prepared brain sections stained with hematoxylin and eosin
(H&E) for histological evaluation. Using these methods, we
found evidence of neural lesions in tjhypo brains as well as
in both tjTR/TR and tjnTR/nTR brains (Figure 3 and Supplementary Figure S3). In immunofluorescence images, these
lesions are visible either as regions in which Cad staining is
cleared, indicating the absence of neural cells or projections
(Figure 3A–E). In H&E sections, lesions are visible as stainfree clearings (Supplementary Figure S3B). We quantified
brain lesions in the CB (Figure 3F) and in the OL (Figure
3G). The incidence of these lesions in both compartments is
significantly greater in brains of tjhypo , tjTR/TR and tjnTR/nTR
flies than in tjnat , which exhibits lesions at a rate similar to
control brains (Figure 3F and G). These results show that
in the CNS, regulation of Tj and Tj-TR expression is crucial
for neuroprotection.
Effect of TR induction in ovaries
As Tj plays an important role in gonad development, we examined how TR affects Tj function in adult ovaries, specifically focusing on germaria, the structures that house the
GSCs and GSC niches. The GSC niche comprises an anterior stack of disc-shaped terminal filament cells (TFCs)
and a cluster of 6–7 cap cells (CpCs) that make direct contact with GSCs (Figure 4A) (52). GSCs divide asymmetrically to generate cystoblasts that further divide to yield a
16-cell germline cluster. These clusters become enveloped
by somatic follicle cells to form cysts that bud off from the
posterior end of the germarium. Germline cells can be identified based on expression of Vasa, an RNA-binding protein. TFCs and CpCs express the transcription factor Engrailed (En). Tj is expressed in CpCs but not in the TFCs
(34,36). Tj is also expressed in some other somatic cells, including the follicle cells that surround the germline cysts, as
well as escort cells (ECs), which are interspersed with and
comprise a differentiation niche for germline cells in the germarium (Figure 4) (34,36). The cell adhesion molecule Fas3
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Figure 3. Neural lesions in adult brains caused by perturbation of proper regulation of tj-TR. (A–E) Young (3–4 day old) adult brains stained with DECadherin (Cad). (A, B) Cad staining usually appears homogeneous in control brains (A; e.g. green arrowheads) and is disrupted by instances of sporadic
lesions in tjhypo brains (B; red arrowheads). (C–E) tj-TR mutant brain phenotypes. tjnat/nat brains appear similar to control brains (C). Lesions occur
sporadically throughout tjTR/TR (D) and tjnTR/nTR (E) brains, similar to tjhypo . Scale bar: 100 m. (F, G) Quantifications show the percentage of CBs (F)
and OLs (G) that exhibit neural lesions, out of the total brains analyzed. At least three biological replicates were performed. n ≥ 42 CBs and n ≥ 74 OLs
per genotype. Student’s t-test was used to determine significance (*P < 0.05; n.s., not significantly different from control).

is expressed in the follicle cells in early egg chambers as well
(53).
Using En as a marker for TFCs and CpCs, it is possible
to distinguish between them based on the disc shape and
stacked organization of the TFCs and the clustered, round,
germline-adjacent nature of CpCs. Thus, we used En staining and determined that the GSC niches appear indistinguishable from control in the tjnat/nat and tjnTR/nTR flies (Figure 4), a result consistent with our observation that TR is
absent in ovaries. In contrast, constitutive TR in tj produces
diverse defects (Figure 4C–C and Supplementary Figure
S4). Whereas tjnat/nat and tjnTR/nTR germaria nearly always
have normal terminal filaments and a cluster of about six
CpCs (Figure 4B and D), tjTR/TR niches are often small or

absent (Figure 4C and C , blue arrowheads). In addition,
a small number of mutant niches appear enlarged, perhaps
resulting from two or more adjacent niches that have fused
(Figure 4C , blue arrowheads; quantified in Figure 4E and
Supplementary Table S2).
Germaria in the tjTR/TR mutants are frequently small or
exhibit deformities (Figure 4C and Supplementary Figure S4; quantified in Figure 4F and Supplementary Table
S2); these phenotypes are similar to those in tjhypo ovarioles (Supplementary Figure S4B and S4C). While in tjnat/nat
and tjnTR/nTR , En was restricted to the TFCs and CpCs, we
found that 100% of tjTR/TR germaria exhibit ectopic En expression in escort cells, albeit more weakly than in the GSC
niche cells (Figure 4C-C , red arrowheads). These results
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Figure 4. Defects in adult germaria due to constitutive TR in Tj. (A) Control germarium. Engrailed (En) is expressed in TFCs and CpCs. Fas3 is present
in follicle cells, which are present in the posterior half of the germarium (right panel from the white dashed line) and in the follicular epithelia surrounding
the early-stage egg chambers. Shown are some of the relevant cell types (CB, cystoblast; CpC, cap cell; FC, follicle cell; GSC, germline stem cell; TF,
terminal filament). Also indicated is a single Cyst, a 16-cell germline cluster surrounded by FCs. Scale bar: 10 m. (B) Wild-type-like morphology of
tjnat/nat germaria. (C–C”) Diverse phenotypes observed in tjTR/TR niches and germaria. Some niches appear small (blue arrowheads, C and C ), some are
enlarged, appearing to be composed of multiple niches that have fused (multiple blue arrowheads, C ) while some are indiscernible or absent. Similarly, a
majority of the germaria are small or deformed (C ). Ectopic expression of En is observed in a subset of escort cells in all tjTR/TR germaria (red arrowheads).
In some germaria, the Fas3-positive follicle cells fail to encapsulate the germline cells (yellow arrowheads). (D) Organization of tjnTR/nTR germaria. The
GSC niche and germaria of tjnTR/nTR ovaries appear normal and are indistinguishable from control or tjnat/nat . (E) Quantification of niche phenotypes
described above and observed in (B–D). (F) Quantification of defects in germaria observed in (B–D, n > 120 per genotype). Two-way tables and chi-square
tests were used to determine any significant differences in the distribution of phenotypes between the mutants (***P < 10–4 ; n.s., not significantly different).
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are in agreement with previous observations (54), in which
somatic knockdown of tj resulted in derepression of En in
anterior ECs, which form the differentiation niche regulating the efficiency of GSC progeny differentiation (55). Since
En is an activator of dpp expression (56), its presence in ECs
can disrupt the differentiation niche and lead to a failure
of the germline to develop properly. Thus, our data suggest
that the Tj-TR protein behaves as a hypomorphic mutant in
the somatic cells of the germarium.
In the posterior part of the germarium, germline becomes
encapsulated by follicle cells, which are derived from two
follicle stem cells (FSCs), located about halfway along the
A-P axis of the germarium. Fas3 is expressed in early follicle
cells and can be used to visualize the morphology and organization of the follicular epithelium (Figure 4A). Using
this marker, we frequently saw tjTR/TR germaria in which
follicle cells fail to surround the germline (Figure 4C, yellow arrowheads), whereas in control, tjnat/nat and tjnTR/nTR
germaria, germline cysts are consistently encapsulated by
Fas3-positive cells (Figure 4A, B and D). Germline left unprotected by the follicular epithelium is known to be susceptible to cell death; indeed, tjTR/TR ovarioles have a strong
increase in the number of dying egg chambers (Supplementary Figure S4D and Supplementary Table S2).
TR modulates selective gene regulatory properties of Tj
Because the Tj-TR isoform is specific to neural cells of the
CNS, we studied how induction or disruption of TR affects the expression of the known target genes regulated by
Tj. We performed RT-qPCR with adult head tissues from
all three tj-TR mutants. The expression levels of the VGlut,
Rh6, melt and wts, which are regulated by Tj (36,39,57), did
not change significantly (Supplementary Figure S5). Highthroughput RNA sequencing (RNA-seq) on adult brain
samples from the three tj-TR mutants identified genes dysregulated in tjTR/TR or tjnTR/nTR brain samples. Included are
genes that act in metabolic processes, stress responses, signaling pathways, and mitochondria (Supplementary Table
S3, Supplementary Figure S6). We then validated the selective dysregulation of several candidate target genes identified by RNA-seq using RT-qPCR analysis. Genes that exhibit marked upregulation upon TR induction in tj include
Inwardly rectifying potassium channel 3 (Irk3), sandman
(sand), neither activation nor afterpotential D (ninaD) and
Odorant-binding protein 99a (Obp99a) (Figure 5A). These
genes represent potential transcriptional targets that might
be positively regulated by the Tj-TR isoform. This suggests
that the Tj-TR isoform affects CNS functions related to
perception of external stimuli (such as light and olfactory
molecules) and homeostatic cellular response to such stimuli. The observation that the expression levels of these genes
in tjnTR/nTR mutants were comparable to tjnat/nat suggests
that the effects are due to the overexpression of the Tj-TR
isoform in tjTR/TR flies, whereas a moderate Tj-TR expression in controlled lab conditions do not upregulate these
genes. It is also possible that an effect could also be masked
by using whole heads instead of isolated brains.
Because several genes upregulated in tjTR/TR mutants are
largely involved in homeostatic functions, we tested whether
the TR efficiency is affected by different stress conditions.

We subjected tjnat/nat and tjTR/TR mutants to several stressors such as starvation, heat stress, oxidative stress, sleep
deprivation, and constant exposure to darkness and measured TR efficiency in adult heads using quantitative western blot. We also aged the adult flies for two weeks to test
whether TR efficiency changes with chronological ageing.
While heat stress, sleep deprivation, and darkness do not
have an effect on TR in Tj, starvation and oxidative stress
enhance the TR efficiency to ∼40%; ageing has only a modest effect (Figure 5B and Supplementary Figure S5B). Thus,
the expression level of Tj-TR can be fine-tuned at certain
stress conditions.
In order to understand the physiological relevance of
these observations, we tested the effect of stress induction
on the survival rates of 4–5 days old wild-type and mutant
flies (Figure 5C). We induced oxidative stress via paraquat
ingestion and recorded the viability of flies over three days.
Interestingly, the survival rates of the tjnTR/nTR mutants was
comparable to that of tjnat/nat and wild-type flies, while the
tjTR/TR mutants exhibited reduced survival rates. Although
we did not observe any susceptibility in tjnTR/nTR flies, we
cannot rule out the possibility that TR in Tj might aid in internal cellular responses that do not manifest in organismal
survivability. On the other hand, the importance of a proper
regulation of TR is further corroborated by the observation
that tjTR/TR mutants have decreased viability when subject
to acute oxidative stress.
The tissue-specific repertoire of factors involved in translation
termination
Tissue-specific differences in TR can be attributed to factors that can potentially upregulate global TR at leaky stop
codons or trans factors that drive gene-specific TR by binding to target mRNA elements outside the stop codon (20).
In particular, differences in the relative abundance, activity,
and modifications of eukaryotic release factors (eRF1 and
eRF3) and tRNAs that can recognize stop codons can play
a role in modulating tissue-specific TR (58–60). As our luciferase data suggest that TR in tj is solely determined by
the tetranucleotide termination signal, and is independent
of extended mRNA element (Figure 1B), the most likely
tissue-specific regulators are those interacting with the stop
codon directly.
To test this hypothesis, we first quantified the relative levels of eukaryotic release factors, eRF1 and eRF3. eRF1 in
Drosophila has 8 annotated transcript isoforms with at least
3 different predicted protein isoforms (Figure 6A). These
protein isoforms have a conserved core but possess differentially spliced C-termini. Isoforms A, B, C, E, F and G
possess the same C-terminus and give rise to a 438 aa long
protein product (henceforth, referred to as eRF1A). eRF1H
and eRF1I are unique isoforms that are 437 aa and 447 aa
in length, respectively. We performed RT-qPCR-based relative quantification of each of these factors and their isoforms using isoform-specific primer pairs. eRF1A, which
is the major eRF1 isoform, is expressed at similar levels
across different tissues tested, although its relative abundance is slightly lower in heads. Interestingly, the eRF1H
isoform is significantly more abundant in heads (∼130fold), as well as in embryos and S2 cells (∼30-fold), com-
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Figure 5. Effect of TR in Tj on the transcriptome profile in adult heads. (A) RT-qPCR analysis of genes dysregulated in tj-TR mutants using cDNA
prepared from adult heads. Error bars represent the upper and lower limits of RQ values defined by the standard deviation of CT . The data were
normalized against average CT of the housekeeping gene αTub84B. P-values were calculated using two-tailed unpaired Student’s t-test with Welch’s
correction of standard deviation from CT values of tjnat/nat and tjTR/TR samples, obtained from three biological replicates (*P < 0.05, **P < 0.005,
***P < 0.0005). (B) Effect of different stress conditions on TR efficiencies in Tj. Head lysates from stressed tjnat/nat and tjTR/TR mutant flies were used to
perform western blot. Total protein normalization was used for determining TR efficiencies. Error bars represent SD from three biological replicates. (C)
Survival rate of wild-type (w1118 ), tjnat/nat , tjTR/TR and tjnTR/nTR mutants upon stress induction via paraquat ingestion (20 mM paraquat in 3% sucrose).
Control group represents w1118 flies that were not exposed to paraquat. Error bars represent SD from five biological replicates.

pared to ovaries (Figure 6B). The relative expression levels
of eRF1H across different tissue types correlates with the
tissue-specific readthrough efficiencies (Figures 1B and 2G)
We note that the eRF1 transcript pool in ovaries is comprised almost entirely of eRF1A, whereas eRF1H constitutes 33%, 7.3% and 6.7% of the total eRF1 transcript pool
in heads, embryos, and S2 cells, respectively (Figure 6C). We
excluded eRF1I from our analyses as it comprises <0.001%
of total eRF1 transcript pool.
eRF3 has 4 annotated transcript isoforms (Figure 6D):
isoforms A, B and D give rise to full-length eRF3 (619
amino acids) and have a high degree of sequence similarity (henceforth referred to as eRF3A), whereas isoform C
possesses an N-terminal truncation of 124 aa. In the case
of eRF3, the full-length isoform, eRF3A, was relatively less
abundant in heads, and the N-terminally truncated eRF3C
isoform was three times more abundant in heads compared
to the ovaries (Figure 6E). However, the eRF3C isoform
comprises only ∼0.2% of total eRF3 pool in heads and
∼0.02% in ovaries.
Additionally, we also tested the relative abundance of
Drosophila orthologs of several factors that are directly or
indirectly implicated in eukaryotic translation termination
fidelity and ribosome recycling. eIF3 has been reported to
increase TR by interfering with eRF1 decoding of stop
codon at the third/wobble position (61). Rli1/ABCE1 fa-

cilitates recruitment of eRFs to the ribosome and promotes termination (62,63). Dbp5/DDX19 stabilizes termination complex and prevents premature dissociation of
eRFs (62,64), while Gle1 functions together with Dbp5 to
regulate termination (65). Pub1 and poly(A) binding protein (PABP) are known to interact with eRFs and stimulate termination efficiency (66,67). Upon quantification,
we did not find any difference in the relative abundance
of eIF3 (S10 and S9, orthologous to eIF3a and eIF3b)
between heads and ovaries. However, pAbp (PABP), pix
(Rli1/ABCE1) and Dbp80 (Dbp5/DDX19) were found to
be 2–3 times more abundant in heads while Gle1 and Rox8
(Pub1) were relatively less abundant in heads (Figure 6E).
Another potential mechanism for tissue-specific TR regulation might be the relative abundance of near-cognate tRNAs (nc-tRNAs) that can read stop codons due to wobble interactions with the nucleotide at the 1st or 3rd codon
position. Differences in the relative abundance of tRNAs
have been linked to modulation of recoding events such
as frameshifting (68) and TR (58,59,69). Specifically, Trp-,
Cys- and Arg-specific tRNAs can be inserted at UGA to
stimulate TR (58,70–72). We performed relative quantification of four nc-tRNA isoacceptors that can potentially be
incorporated at UGA: Arg-tRNA with the anticodon 5 UCG-3 (ArgUCG) (x4) and 5 -UCU-3 (ArgUCU) (x3),
Cys-tRNA with the anticodon 5 -GCA-3 (CysGCA) (x4)
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Figure 6. Tissue-specific differences in factors directly involved in leaky termination. Genome map depicting the ORFs of different isoforms of eRF1
(A) and eRF3 (D). (B) RT-qPCR analysis of eRF1 isoforms across different tissue types. For simplicity, isoforms A, B, C, E, F and G are collectively
depicted as eRF1A. Note the logarithmic scale for relative abundance. (C) Relative composition of total eRF1 mRNA pool across different tissue types.
(E) RT-qPCR analysis of full-length eRF3 (A, B, D), depicted as eRF3A; N-terminally truncated isoform eRF3C, and tj (left panel); and other accessory
factors implicated in termination fidelity (right panel): eIF3 subunits S10 and S9, pAbp, pix, Gle1, Dbp80 and Rox8 transcripts using cDNA prepared
from adult fly heads and ovaries. CT values for each transcript were normalized against the respective CT values for αTub84B. (F) RT-qPCR analysis of
ArgUCG, ArgUCU, CysGCA and TrpCCA isoacceptor tRNAs that are near-cognate to UGA stop codon. PheGGA serves as a control tRNA which is
non-cognate to UGA. For cases where individual isodecoders are quantified using separate primer pairs, the isodecoder identity is indicated by the number
at the end of the tRNA. CT values for each transcript were normalized against the respective CT values for 18S rRNA. The CT values obtained from
each test transcript were then compared between the tissues to derive CT . Error bars represent the upper and lower limit of RQ defined by the standard
deviation of CT from three biological replicates.

and Trp-tRNA with the anticodon 5 -CCA-3 (TrpCCA)
(x2). In Drosophila, each tRNA isoacceptor has several
isodecoders, i.e. tRNAs that have different sequences but
decode the same codon with varied gene copy numbers; the
number of isodecoders for each tRNA isoacceptor is indicated in brackets. The isodecoders for ArgUCU and TrpCCA vary considerably in sequence conservation, which

necessitates the use of separate primer pairs for quantification. The isodecoder identity is indicated by a number following the isoacceptor name (e.g.: TrpCCA1, ArgUCU1,2).
Upon quantification, we found that the levels of all three
ArgUCU isodecoders were two times more abundant in
heads compared to ovaries, while CysGCA and TrpCCA
were modestly overexpressed in heads. ArgUCG tRNAs did
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not show any difference in relative abundance. As a control,
we used the non-cognate PheGGA tRNA, which is present
in the same amounts in heads and ovaries (Figure 6F). Together, these data indicate the existence of considerable differences in the tissue-specific repertoire of eRF1 and eRF3
isoforms, accessory protein factors involved in termination
fidelity, and specific nc-tRNAs that can read the UGA stop
codon.
Role of eRF1H isoform in modulating TR
In order to test the effects of different protein factors on termination fidelity, we designed a dual luciferase reporter construct for expression in S2 cells. We used a well-established
standard TR motif from TMV harboring a UAG stop
codon, which has been extensively characterized for TR in
different eukaryotic systems. The TMV motif undergoes efficient TR at all three stop codons with values ranging from
10% to 80% (73–76). We inserted the 39 bp TMV TR motif between two luciferase genes to obtain a psiCHECK2based dual luciferase reporter vector that is similar in construction to the reporter vectors depicted in Figure 1A. We
also created mutant variants of the TMV reporter that sample all three stop codons and also a positive UUC control that undergoes constitutive Fluc synthesis (Figure 7A).
Upon transfecting S2 cells with the TMV TR constructs,
we obtained TR values of approximately 4%, 11% and 12%
for UAA, UAG and UGA stop codons respectively (Figure 7C). Next, we created ubiquitous expression vectors that
harbor the ORF of different protein factors under the control of a ubiquitin-63E promoter. By calculating the TR efficiency of the TMV TR motif upon co-transfecting S2 cells
with pUb expression vectors, we were able to estimate the effects of different protein factors on TR efficiency. We found
that despite having subtle tissue-specific differences in their
abundance, factors Dbp80, Gle1, pAbp, pix and Rox8 did
not alter TR efficiencies at any of the three stop codons.
eRF1A overexpression slightly reduced TR at all three stop
codons. In contrast, the eRF1H isoform promoted TR at
all three stop codons, with the most prominent effect being
observed for the UGA stop codon, with TR value reaching 20% (Figure 7C, Supplementary Figure S7). Given the
ability of the eRF1H isoform to promote TR of leaky stop
codon contexts and its overrepresentation in head tissues,
TR modulation by a splice variant of translation termination factor might provide an attractive explanation for the
reason behind elevated incidence of TR of leaky genes in
nervous tissues.
DISCUSSION
TR generates proteins with extended C-termini that can
change protein functions and help in adaptation and evolution. A growing body of evidence from bioinformatics
and ribosome profiling data indicates that TR is utilized by
higher eukaryotes such as Drosophila, mosquitos and mammals, but the functions of the extended protein isoforms in
an organism remain largely unexplored (7,8,19,21). Of the
11 candidate Drosophila genes tested here, several do not
undergo TR in S2 cells, which may indicate that some of
the predicted candidates are either false positives or do not

undergo TR in this particular cell type. High levels of TR in
genes ending with UGA-C, such as svp, aPKC, dlg1 and tj,
are consistent with the notion that UGA-C is the leakiest
stop codon context (5,9,48,77,78). The UGA-C sequence
can act as the major determinant of TR, as observed with
dlg1 and tj. However, in other cases, such as aPKC, a regulatory sequence outside of the stop codon context must drive
TR. The TR stimulatory elements outside the stop codon
context can be difficult to predict bioinformatically, but can
be of potential use as a synthetic biology tool to induce programmed TR in specific tissues.
Using TR in the tj gene as a model, we show that TjTR is absent in most tissues, including embryonic and adult
gonads, but is selectively expressed in the embryonic CNS
and adult brain. The different expression levels are controlled at the translation level, which is surprising given that
the UGA-C termination context appears to be necessary
and sufficient for TR in tj. Tissue-specific regulation of TR
was first reported for the Drosophila gene kelch (25). Subsequently, ribosome profiling revealed differential ribosomal footprints in several other genes that show significant
TR in samples derived from early embryos and S2 cells (8).
More recently, several studies in Drosophila and mice have
reported the highest levels of TR in tissues of the CNS,
mainly neurons (26,79–81). These observations, combined
with significant overrepresentation of neuronal genes in TR
candidates (7,19) support the idea that elevated TR in susceptible genes might be an idiosyncratic feature of neuronal
tissues, although the mechanism of such TR regulation remains unexplored.
Towards understanding the physiological basis for tissuespecific TR, we found appreciable differences in the expression levels of key factors that are directly or indirectly involved in the process of termination. First, we observed
that a specific splice variant of eRF1 (eRF1H) constitutes
a substantial portion of the total eRF1 transcript pool –
particularly in those tissues that exhibit considerable TR –
and is absent in ovaries where we only observe basal TR.
It is interesting to note that alternative splicing occurs at
a high frequency in the nervous system, allowing neuronal
cells to expand their transcriptomic diversity (82–84). Consequently, eRF1H is most abundant in head tissues (33%
of total eRF1 pool) where we observe the highest level of
TR (20%) in tj. We substantiated this correlation by overexpressing the eRF1H isoform in S2 cells, which led to enhanced TR of the TMV TR motif with an effect that was
particularly pronounced for the UGA stop codon. While
the depletion of eRF1 has been previously shown to enhance TR at all three stop codons (85–87), there are no
studies addressing the role of eRF1 isoforms in modulating
termination fidelity. eRF1H differs from the major eRF1A
isoform in its extreme C terminus (amino acid residues
422–437). The C-terminal domain of eRF1 directly interacts with domain 3 of eRF3 via hydrophobic patches in
helices ␣8, ␣11 and strand ␤10 (88,89). The structure of
the C-terminal residues of eRF1 is disordered and not resolved in the available structures from S. cerevisiae (residues
422–437), S. pombe (residues 427–433) and mammalian pretermination complexes (residues 420–437) (88–91). However, biochemical studies show that the C-terminal residues
of eRF1 are required for high-affinity interaction between
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Figure 7. Effect of different protein factors on TR modulation of TMV motif in S2 cells. (A) Construct design for a dual luciferase reporter vector containing
TMV TR motif. (B) pUb expression vector design containing ORF for the gene of interest. (C) TR efficiencies of TMV reporter constructs when transfected
into S2 cells alone (left panel) or when co-transfected with pUb expression vector containing the ORF for various protein factors as indicated. pUb
constructs expressing eGFP were used as control. The error bars indicate the SD from four to five biological replicates. P-values are calculated using
two-tailed unpaired Student’s t-test. (**P < 0.005, ***P < 0.0005).

eRF1 and eRF3 in yeast (92), wherein even a small deletion
of 4–6 amino acids form the C terminus results in decreased
interaction between eRF1 and eRF3 (93). It is thus likely
that the eRF1H isoform has reduced affinity towards eRF3
and acts as a negative inhibitor thereby affecting termination fidelity.
Another attractive explanation for tissue-specific TR is
the difference in the relative abundance of TR-prone suppressor tRNAs that can compete with release factors by
wobble base pairing at the first or third position of the leaky
stop codon (58,94). Our data indeed support this idea, as we
found subtle enrichment in heads compared to ovaries of
specific tRNA isodecoders that are near-cognate to UGA.
Apart from these core players that directly interact with
the stop codon, we also found tissue-specific differences
in the abundance of Drosophila orthologs of protein factors that interact with the translation machinery, such as
PABP, Rli1/ABCE1, Gle1, Dbp5/DDX19 and Pub1. However, our dual reporter assays did not show any strong correlation between the overexpression of these factors with
changes in TR efficiencies. Taking into account all of these
findings, it is likely that the selective elevation of TR of
leaky stop contexts in neuronal tissues is caused by differences in the cellular repertoire of factors involved in translation termination, with eRF1H isoform being one of the
prime candidates. Such tissue-specific differences are unlikely to disrupt the homeostatic cellular proteome, as UAA
is the preferred stop codon in highly expressed and housekeeping genes (95). Additionally, the presence of secondary

in-frame stop codons within a few positions downstream
of the primary stop codon or appendage of a peptide sequence that destabilizes the TR-extended protein mitigates
any dominant-negative effects that can be attributed to erroneously extended TR genes (96,97). Thus, selective upregulation of TR in genes with leaky termination contexts serves
to enrich the diversity of the neuronal proteome.
The tight control of TR is biologically important, as constitutive induction of TR in tj results in several defective
phenotypes in adult ovaries, such as abnormally assembled
niches, ectopic expression of En, deformed germaria, and
defective encapsulation of germline cysts by follicular epithelia. Several of these phenotypes are reminiscent of previously characterized hypomorphic tj variants (34,54). Since
the expression level of Tj in tjTR/TR ovaries is comparable
to that in tjnat/nat ovaries, the observed phenotypes can be
attributed to altered transcriptional activity caused by the
Tj-TR isoform in soma-specific gene regulatory functions
during gonad development.
In adult brains of tjTR/TR and tjnTR/nTR mutants, constitutive induction or abolition of TR in tj gives rise to neural
phenotypes in the OL and the CB. The phenotypes manifest in the formation of sporadic lesions in both mutants
with comparable frequencies. These results suggest that the
maintenance of a distinct ratio between the Tj and Tj-TR
isoforms is crucial for the preservation of neuronal structure in the brain (Figure 8). While the lesions that arise due
to genetic dysregulation caused by the forced presence of either Tj or the Tj-TR isoform have a similar appearance, at
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Figure 8. Scheme depicting the importance of proper regulation of Tj-TR.
In nervous tissue, TR of tj transcript results in a mixture of Tj and Tj-TR
isoforms. Abrogation of either isoform results in neural lesions, while a
properly regulated balance of isoforms is key to brain health. In the reproductive system, preventing Tj-TR is crucial for reproductive capacity.

the level of our histological analysis it is not possible to determine whether they have an identical nature or result from
the same cellular dysfunctions. Indeed, many disparate genetic defects manifest as neurodegeneration and neural lesions similar in appearance to those that we report here
(98–101). It is apparent that neural gene regulation must
be tightly controlled, and perturbations of this regulation
commonly result in neural lesions.
The results of the RT-qPCR and RNA-seq experiments
begin to uncover a network of potentially complex interactions modulated by Tj-TR. Constitutive expression of TjTR leads to upregulation of a number of genes such as irk3,
sand, ninaD and Obp99a, suggesting that the Tj-TR isoform can act as activator of these targets. The genes that
are dysegulated upon constitutive induction of TR in tj are
mostly involved in CNS functions related to perception of
external stimuli such as photo stimuli and odorants and regulation of bodily responses towards such stimuli.
Because the function of Tj in the nervous system is not
well-understood, the exact mechanism of regulation of Tj
function by TR is not clear at present. Given its proximity
to the DNA-binding leucine-zipper motif in the C-terminal
region of the protein, it is possible that the TR motif alters the DNA or protein-binding properties of native Tj.
Alternatively, as bZIP transcription factors are known to
form homo/heterodimers, the TR motif could also affect
the dimerization potential of Tj, leading to alteration of its
gene regulatory functions (102,103). The structurally disordered C-termini generated by TR (22,23) may ensure the
accessibility for new interactors or affect liquid-liquid phase
transitions involving transcription factors in the nucleus
(104,105), thereby affecting the native protein function.
The nervous system is under constant pressure to modulate the neuronal proteomic diversity in response to environmental cues and stress conditions. Indeed, regulatory
processes that occur at a post-transcriptional level such
as adenosine-to-inosine editing and alternative splicing are
known to be prevalent in neurons (83,106). Given the se-

lective enrichment of neuron-specific genes in the phylogenetically predicted list of TR candidates in Drosophila (7)
and increasing evidence of neuron-specific TR, regulation
of the neuronal proteome at the translational level via TR
represents a novel mechanism of fine-tuning neuronal gene
expression. In our study, we present one such case of tissuespecific TR in Tj, wherein the expression of Tj-TR is not
only upregulated upon exposure to selective conditions such
as heat and oxidative stress, but also plays a crucial role in
shaping the neuronal transcriptome via regulation of selective genes. It would be interesting to study the precise mechanism of TR regulation by selective stressors and the role
of TR isoforms in the pleiotropic regulatory cascades that
mediate stress responses. Exploring the repertoire of TRgenerated proteins and their functions will significantly augment our understanding of the neuronal proteomic diversity and its implications on physiological processes.
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