
Abstract. The reticulons are a recently discovered family 
of proteins that have a predominant localisation to the 
membrane of the endoplasmic reticulum. The precise 
function of the reticulons is unclear despite their pres-
ence in a wide variety of eukaryotic organisms. Here we 
describe the characterisation of the Drosophila reticulon, 
reticulon-like1 (Rtnl1), which is the only functional retic-
ulon in Drosophila. The Rtnl1 locus produces seven pre-
dicted mRNA transcripts encoding five different protein 
isoforms. The different transcripts have tissue-specific ex-

pression patterns remarkably similar to their mammalian 
counterparts. Rtnl1 protein is associated with organelles 
of the secretory pathway including the endoplasmic retic-
ulum and the Golgi apparatus. Rtnl1 function appears to 
be non-essential or redundant since loss of function Rtnl1 
mutants are viable. However, a significant reduction in 
life expectancy was seen in Rtnl1 mutant flies. This may 
point towards a possible protective role for reticulons 
against conditions of environmental stress.
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Introduction

The reticulons are a recently discovered family of proteins 
that derive their name from their predominant localisa-
tion to the membrane of the endoplasmic reticulum (ER) 
[1]. The reticulons were originally identified as markers 
for carcinomas with neuro-endocrine characteristics [2]; 
subsequently reticulons have been identified in all eu-
karyotic organisms studied to date including yeast, plants 
and fungi, suggesting an evolutionary conserved role for 
these proteins in the eukaryotic cell [3].
All reticulons possess a highly conserved ∼200 amino 
acid reticulon homology domain (RHD), generally lo-
cated at the C terminus of the protein. This RHD is char-
acterised by the presence of two large (∼35 amino acid) 

putative transmembrane hydrophobic stretches separated 
by a 66-amino acid hydrophilic loop [4]. In contrast, the 
N-terminal regions of reticulons are highly divergent, and 
share no similarity to known domains or sequence motifs 
[3].
In the chordates four major reticulon paralogues can be 
identified: RTN1, RTN2, RTN3 and RTN4/Nogo [5]. Each 
paralogue encodes several different mRNA transcripts 
that arise through alternative splicing and/or differential 
promoter usage and consequently, several isoforms are 
produced [3, 6]. These isoforms always share the same 
C-terminal RHD but differ at the N terminus. The C-ter-
minal RHD of mammalian paralogues share 70% identity 
to each other, but in contrast, no similarity exists between 
paralogous N-terminal regions [5], suggesting that a con-
served reticulon function most likely resides in the RHD 
[3]. It is possible RHD function may be modified through 
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specific properties provided by the N terminal regions and 
this notion is supported by the different tissue-specific 
expression patterns seen for different isoforms. For ex-
ample RTN2-B is localised to the nervous system, while 
RTN2-C is highly expressed in skeletal muscle [7], and 
RTN4/Nogo-B has ubiquitous expression, while RTN4/
Nogo-A and RTN4/Nogo-C are enriched in nervous and 
skeletal tissues respectively [8].
The precise function of the reticulons has been unclear but 
roles for these molecules have begun to emerge. In partic-
ular, identification of RTN4/Nogo-A as a potent myelin-
derived inhibitor of neurite outgrowth has led to intensive 
research into its potential role in prevention of axonal re-
generation following spinal injury [9, 10]. RTN4/Nogo-A 
was identified through its recognition by the monoclonal 
antibody IN-1 [5, 11, 12], which improved axon outgrowth 
and functional recovery when infused into the site of a 
neural lesion in certain animal models [13–15]. In addi-
tion, reticulons have been identified as binding partners to 
several proteins linked to neurodegenerative diseases (re-
viewed in [16]), including β-amyloid converting enzyme 
(BACE) that processes amyloid precursor protein (APP) 
in Alzheimer’s disease [17, 18], and most recently Spastin 
that is linked to hereditary spastic paraplegia [19]. Analy-
sis of RTN4/Nogo-B knockout mice suggests RTN4/Nogo-
B may regulate vascular remodelling following injury 
[20]. Reticulons have also been implicated in apoptosis 
through interactions with members of the anti-apoptotic 
Bcl-2 family [21] and the ability of RTN4/Nogo-B to in-
duce apoptosis in certain carcinoma cell lines [22]; how-
ever, this pro-apoptotic effect may be a consequence of 
protein accumulation in the ER [23]. Clues to the cellular 
function of reticulons have also come from their interac-
tion with several constituents of endocytic and secretory 
pathways including C. elegans Rme-1 [24], SNAREs [25] 
and S. cerevisiae Yip3p [26], although the functional sig-
nificance of these interactions remains largely obscure.
Reticulons are predominantly localised to the ER [1, 
21], although there is evidence that they are additionally 
localised to the Golgi apparatus [3, 17, 27]. Uniquely 
amongst the reticulons, a small proportion of the RTN4/
Nogo protein pool has been found at low levels on the cell 
surface; however, this appears to be cell type specific [5, 
28, 29]. Within the ER the reticulons may not be uniformly 
distributed, but may instead localise to a sub-compartment. 
RTN1-C has been found to co-localise with the ER marker 
SERCA2, but not with another ER marker, calreticulin 
[25]. Recently, it has been demonstrated that RTN4/NogoA 
is associated with the tubular ER and is excluded from the 
nuclear envelope and the sheet ER [30]. Voeltz et al. [30] 
also presented compelling evidence that the major function 
of RTN4/Nogo is in the formation of the tubular ER.
Here we describe the characterisation of the Drosophila 
reticulon reticulon-like 1 (Rtnl1). We describe the mo-
lecular organisation of the Rtnl1 locus and demonstrate 

that in common with their chordate relatives the locus 
encodes several isoforms that display differential patterns 
of expression in the developing embryo. Using GFP-
tagged versions of Rtnl1 and antibodies to the protein, 
we revealed that Rtnl1 is localised to a sub-compartment 
of the ER. We also showed that removal of Rtnl1 from the 
Drosophila genome decreases the lifespan of the organ-
ism, suggesting an important but non-essential role for 
this gene.

Materials and methods

Drosophila strains. The G9 insertion in Rtnl1 and G198 
insertion in Pdi were from a protein trap screen [31]. The 
NP7026 insertion was obtained from the Kyoto Drosoph-
ila Genetic Resource Center (http://www.dgrc.kit.ac.jp/
en/index.html). The Rtnl11 mutation was generated us-
ing a combination of male recombination and P-element 
excision. To put the Rtnl11 mutation in an isogenised 
background, the chromosome carrying the mutation was 
backcrossed for two generations to the second chromo-
some carrying the original P-insertion (NP7026). A chro-
mosome isogenic to this one was then derived by cross-
ing together two other Chr 2 insertions from the NP col-
lection and recombining off both P-element insertions. 
Isogenised Chr X and Chr 3 were provided by crossing 
to the isogenised stocks available from the Bloomington 
Stock Center (BL-5905, BL-5906, and BL-5907). Oregon 
R flies were used as the wild-type strain. All strains were 
raised at 25 °C on standard cornmeal agar medium.

Live GFP imaging. Embryos were dechorionated for 
5 min in 50% sodium hypochlorite, rinsed in distilled 
water, mounted in Voltalef halocarbon oil (Atofina) and 
visualised using a Zeiss LSM510 confocal microscope.

Immunohistochemistry. Embryos were staged accord-
ing to Campos-Ortega and Hartenstein [32]. Embryos 
were fixed for 20 min with 4% paraformaldehyde and 
stained according to standard protocols as described by 
Patel [33]. Following dissection, third instar eye discs and 
brains were processed in the same way. Third instar mus-
cle dissections were carried out as described by Lin et al. 
[34]. Primary antibodies were used at the following dilu-
tions: rabbit anti-GFP (Molecular Probes) 1 : 1000; Cy3-
anti-HRP (Jackson ImmunoResearch) 1 : 500; 22C10 
(Developmental Studies Hybridoma Bank, [35]) 1 : 5; rat 
polyclonal anti-Rtnl1 raised against Rtnl1-PB/PE iso-
form (gift of W. Chia, National University of Singapore), 
1 : 100. Secondary antibodies were obtained from Jack-
son ImmunoResearch Laboratories and used at a dilution 
of 1 : 300 (FITC) to 1 : 600 (Cy3). Embryos and larval 
tissue were cleared in Vectorshield (Vector Laboratories) 
and mounted on slides for viewing.
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In situ hybridisation. In situ hybridisation was performed 
as described by Tear et al. [36]. To create probes specific 
to the unique 5′ exons of each transcript precise regions 
were amplified from genomic DNA (Rtnl1-RB/RE and 
Rtnl1-RA), cDNA extracted from whole embryos (Rtnl1-
RD/RG), or expressed sequence tags (ESTs) (Rtnl1-RF 
using EST RH01247 from the Berkeley Drosophila Ge-
nome Project). These regions were either cloned into the 
dual RNA transcription vector pCRII-Topo (Invitrogen) 
for the production of sense and anti-sense riboprobes or 
amplified with a 3′ primer that included a T7 promoter 
site (underlined) and a 5′ primer that included a T3 pro-
moter site (dashed underline) and used directly as a tem-
plate for RNA transcription of anti-sense and sense ribo-
probes, respectively. Probes were purified using Ambion 
Megaclear columns. The Rtnl1-RA probe consists of a 
direct repeat of two copies of the first exon of Rtnl1-RA 
(forward primers: TTCAGACGGTCGGCCGAAT and 
TAGCTAGCGAGTTTTCCCAATCGTCCCATTCGT-
GTG; reverse primers: GGGAAAACTCGCTAGCTA-
AAGCGGCTGAAAATTGCC and TGGTCCGCGTT-
CTGGAAG). The Rtnl1-RD/RG probe consists of the 
first two exons of Rtnl1-RD (forward primer: CACGC-
TAGCCAACGTCACATTGCCCCAG; reverse: CAA-
CGACTCGCGGTTCAG). The Rtnl1-RB/RE probe 
consists of the first exon of Rtnl1-RE (forward primer: 
AATTAACCCTCACTAAAGGGGGAACGTCAAAC-
GTAGGAG; reverse primer: GTTAATACGACTCAC-
TATAGGTGGGATCGAGTATGGAGC). The Rtnl1-
RF probe consists of a 1.1-kb sequence from the open 
reading frame (ORF) of Rtnl1-RF (forward primer: AC-
GAGGACATCTTCAAGCAG; reverse primer: AGAA-
GATCTCCTCGACGGAC). The common Rtnl1-RHD 
probe hybridises to the ORF within the four RHD-en-
coding exons (forward primer: AATTAACCCTCACTA-
AAGGGTACTTGTCGCTCCTAACCC; reverse primer: 
TAATACGACTCACTATAGGGTTACTTGTCCTTCT-
CAGACTC).

S2 cell immunocytochemistry. S2 cells suspended in 
PBS were incubated in Nunc Lab-Tek II chamber slides 
and allowed to adhere for 10 min to the coated surface 
before fixing in 2% paraformaldehyde for 15 min at 
room temperature. Cells were washed three times for 
5 min in PBS, and incubated with primary antibodies 
in PBS 0.1% Tween-20, 5% normal goat serum for 1 h 
at room temperature. After three 5-min washes in PBS, 
cells were incubated in secondary antibody in PBS for 
1 h and washed again three times for 5 min in PBS be-
fore mounting in Vectorshield. Primary antibody dilu-
tions were as follows: anti-Rtnl1, 1 : 200; mouse anti-
KDEL (Stressgen) 1 : 50; guinea pig anti-Boca (gift of 
R. Mann [37]), 1 : 200; mouse anti-Golgi (Calbiochem, 
Stanley et al. [38]), 1 : 50. Secondary antibodies were as 
described above.

Rtnl1 gene model and Clustal W analysis. The gene 
model shown is based on the prediction available from 
Flybase (http://flybase.org/). Sequences corresponding to 
the RHD of each protein were aligned using Clustal W 
[39]. The resulting phylogenic tree was plotted using 
TreeView (http://taxonomy.zoology.gla.ac.uk/rod/tree-
view.html). GenBank accessions for the sequences used 
in the alignments are as follows: CAE48546, AAF52196, 
AAF54008, NP_996734, NP_996784, NP_958832, 
NP_ 008939, NP_001007597, NP_001020535, 
AAR98631, NP_077188, AY316183, AY316191, 
AY495963, AY495964, BK004058, BK004007, 
BK004057, BK004012, AAT78355, AAT64106, 
AAT64112, AAT64119, AAT64120, AAT64133, 
AAT64105, CAB37626, NP_010519, NP_010077.

Lifespan studies. Flies were reared at standard larval 
density and adults collected over a period of 24 h. Lifes-
pan was scored using males as standard [40] (10 flies per 
vial) on regular food medium at 29 °C. Increased oxida-
tive stress at this elevated temperature reduced the length 
of the assay but gave qualitatively the same outcome as 
flies raised at room temperature. Flies were scored every 
3–4 days and transferred to fresh vials. The Log-Rank test 
was performed using the R statistical software package.

Results

We identified a functional Drosophila reticulon in a 
screen to identify proteins enriched in axons of the de-
veloping Drosophila embryonic nervous system. This 
screen made use of a library of Drosophila lines express-
ing GFP-fusion proteins generated by Morin et al. [31] in 
which an exon encoding GFP is inserted within introns of 
genes at random. Each line expresses a GFP-fusion pro-
tein from their endogenous locus. One line, G9, identi-
fied a GFP-fusion protein that was expressed throughout 
the embryo but whose expression becomes upregulated 
in the axons of late stage embryos (Fig. 1a, b). This line 
was selected for further study and the insertion was iden-
tified by inverse PCR to be within a Drosophila reticu-
lon gene, reticulon-like 1 (Rtnl1, Fig. 2). We performed 
a Clustal analysis, which confirmed that Drosophila 
Rtnl1 bears no closer resemblance to RTN1, RTN3 or 
RTN4/Nogo, but is more similar to this group than it 
is to RTN2 (Fig. 2a). RTN2 has previously been identi-
fied as a particularly divergent member of the chordate 
reticulon family [3]. This suggests the cellular function 
of Rtnl1 may be common to mammalian reticulons, but 
it is unlikely Rtnl1 will share with RTN4/Nogo the more 
specialised function of neurite outgrowth inhibition. An 
additional reticulon-like sequence is also present in the 
Drosophila genome, Rtnl2, which is more similar to 
RTN2; however, no expression of this gene was detected 
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in the embryo (data not shown) and no ESTs exist in 
public databases from wild-type flies maintained under 
standard laboratory conditions.
The expression of Rtnl1-GFP extends into post-embry-
onic stages where it has a similar pattern to that seen in 
the embryo. In third instar G9 larvae, expression of Rtnl1-
GFP is also found in all cells of the animal with high 
levels obvious within neural tissue. At the neuromuscular 
junction Rtnl1-GFP is expressed within axons and within 
the synaptic boutons (Fig. 1d–g) and Rtnl1-GFP is highly 
expressed within photoreceptor axons that project from 
the developing eye disc to the optic lobes within the brain 
(Fig. 1h–j). The Rtnl1-GFP has a punctate pattern in pho-

toreceptor axons, while in muscles Rtnl1-GFP shows a 
striated expression pattern (Fig. 1d).
Closer examination of Rtnl1-GFP expression in epithe-
lial cells of gastrula stage embryos, revealed a feathery 
pattern in the cytoplasm (Fig. 1c) consistent with a lo-
calisation to the ER as reported for other members of the 
reticulon family [1, 21].

Genomic organisation of the Drosophila Rtnl-1 lo-
cus. Annotation of the sequenced Drosophila genome 
had previously identified the Drosophila Rtnl1 locus 
(see http://www.flybase.org). This annotation together 
with information from over 100 ESTs has revealed that 

Figure 1. Rtnl1 is ubiquitously expressed and up-regulated in the ax-
ons of late stage Drosophila embryos. (a–c) Rtnl1-GFP expression 
in live G9 embryos. (a) Rtnl1-GFP is expressed ubiquitously within 
the embryo. Towards the end of embryogenesis at stage 17 (b), an 
up-regulation of Rtnl1-GFP expression in axons, particularly motor 
axons, is observed. At the earlier gastrula stage (c), the localisation 
of Rtnl1-GFP in the invaginating epithelial cells of the embryo has 
a feather-like appearance, suggesting localisation to the ER. (d–j), 
Rtnl1-GFP expression in third instar larvae (fixed tissue). (d–g) 
Rtnl1-GFP (green) is expressed in a striated pattern in the muscles 
(d) and localises to the boutons of the NMJ (e–g), which are visu-
alised using anti-HRP (red) that recognises an epitope present on all 
Drosophila neuronal membranes. The region highlighted by the box 
in (d) is shown in (e–g). (h–j) Axons projecting from the photorecep-
tors towards the optic lobes in the third instar eye disc visualized us-
ing mAb 22C10 that recognizes the microtubule-associated protein, 
Futsch (red). (h) A punctate pattern of Rtnl1-GFP immunoreactivity 
(green) can be seen within the photoreceptor axons. Scale: for c, g 
and j, bar represents 20 μm; for d bar represents 50 μm. a, b and h–j: 
anterior is top. c: dorsal is top and anterior to the left.

Figure 2. The Rtnl1 locus and the relationship between Rtnl1 and 
other reticulons. (a) Cladogram obtained by performing a Clustal 
W alignment of the RHD encoded by reticulon genes identified 
in major model organisms. Both Drosophila Rtnl1 and C. elegans 
Ret-1 align closely with vertebrate reticulons, whereas yeast re-
ticulons and Rtnl2 are more distantly related. (b) Scale diagram 
of the Rtnl1 gene locus with the organization of the transcripts 
predicted by Flybase and confirmed by EST data. The common 
RHD is encoded by four exons at the 3′ of the gene. The transcripts 
Rtnl1-RF, -RA and -RC have unique 5′ exons, while Rtnl1-RB and 
-RE share exons and encode the same isoform. Similarly, Rtnl1-
RD and -RG share exons and encode the same isoform. The loca-
tions of P-element insertions used in this study are indicated by 
the coloured triangles. The mutant produced in this study contains 
a deletion of the region indicated by the red bar. The precise end-
point has not been determined but lies within the 3′UTR of Rtnl1 
(dashed red line).
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the gene is transcribed from seven promoters producing 
seven transcripts, Rtnl1-RA to Rtnl1-RF, which encode 
five different polypeptides (Fig. 2b). Each of these tran-
scripts include at their 3′ end the four C-terminal exons 
that encode the RHD. This production of multiple tran-
scripts from the reticulon locus is a common feature 
found for the reticulons. The unique N-terminal regions 
of the Rtnl1 isoforms are not homologous to N-termi-
nal regions of reticulons from other species, except for 
the closely related species Drosophila pseudoobscura. 
Nevertheless, the N-terminal regions of Rtnl1 do share 
some characteristics common to the mammalian reticu-
lons in that these N-terminal regions are generally acidic 
and contain a large number of proline residues. This or-
ganisation conforms to the model that a basic function is 
provided by the RHD that is modified by the appendage 
of unique N-terminal sequences.
The GFP-protein trap insertion in line G9 is located to the 
5′ side of the start of the Rtnl1-RD transcript, so that it can 

only be spliced into three mRNA transcripts: Rtnl1-RF,
-RB and -RE; these encode two protein isoforms: Rtnl1-
PF and Rtnl1-PB/E (Fig. 2b). Thus, the Rtnl1-GFP ex-
pression pattern represents a combination of the expres-
sion patterns of these proteins and does not give informa-
tion on the expression of individual Rtnl1 transcripts.

Rtnl1 mRNA transcripts are expressed in tissue-spe-
cific, developmentally regulated patterns. Previous 
reports describing the expression patterns of the differ-
ent reticulon isoforms encoded by each vertebrate reticu-
lon gene have revealed that they are generally expressed 
in tissue-specific and developmentally regulated pat-
terns (for example [6, 8, 41, 42]). To determine whether 
this is also the case for Drosophila Rtnl1, we designed 
in situ riboprobes recognising the short, unique 5′ ex-
ons of  several Rtnl1 transcripts and hybridised them to 
wild-type embryos (Fig. 3). Due to the short length of 
the unique Rtnl1-RB and -RE 5′ exons (Fig. 2b), we de-

Figure 3. Individual Rtnl1 transcripts are expressed in tissue-specific and developmentally regulated patterns. The expression of Rtnl1 mRNA 
transcripts as revealed by whole mount in situ hybridisation using Rtnl1 isoform-specific probes. M, medial view, a saggital optical section 
focused at the midline of the embryo. L, lateral view focused at the lateral epidermal surface. V, ventral view focused at the level of the ventral 
nerve cord. In all images, anterior is to the left. In views M and L dorsal is top, while in view V ventral is uppermost. The Rtnl1-RF and Rtnl1-
RA transcripts were visualised uniquely while the limited amount of unique sequence separating Rtnl1-RB from Rtnl1-RE, or Rtnl1-RD from 
-RG necessitated probes that recognise both Rtnl1-RB and -RE or both Rtnl1-RD and -RG transcripts. However, in both cases, the two transcripts 
encode the same Rtnl1 isoform. Arrowheads indicate expression of Rtnl1-RB/RE and Rtnl1-RF in the PNS and the arrow indicates expression of 
Rtnl1-RA in the epidermis in a segmentally repeated stripe close to the segmental boundary. No specific staining above background levels was 
observed when control sense probes corresponding to the same regions of Rtnl1 were hybridised to wild-type embryos (data not shown).
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signed a Rtnl1-RB/RE probe that recognises both tran-
scripts. However, both transcripts encode the same Rtnl1 
isoform. The same is also true of the Rtnl1-RD and -RG 
transcripts, and the Rtnl1-RD/RG probe identifies tran-
scripts encoding the Rtnl1-PD/PG isoform.
The first three transcripts (Rtnl1-RF and -RB/RE) are 
present at high levels in the syncitial blastoderm, before 
major zygotic transcription is initiated at mid-blastula 
transition, suggesting they are largely of maternal origin; 
the remaining transcripts that were studied (Rtnl1-RD/RG 
and -RA) do not appear until later (stages 5 and 12, re-
spectively), indicating they are not maternally supplied 
(Fig. 3 and data not shown).
Maternal Rtnl1-RF mRNA is steadily degraded after 
stage 5. The first zygotic Rtnl1-RF expression appears in 
the nuclei of the yolk sac (vitellophages) at around stage 
11, and increases until enclosure of the yolk sac in the 
midgut at stage 15, when Rtnl1-RF mRNA in the yolk sac 
is rapidly lost. In addition to expression in the yolk nuclei, 
Rtnl1-RF mRNA expression is initiated in the ventral 
nerve cord (VNC) from stage 12 onwards. From around 

stage 14, expression can also be seen in the peripheral 
nervous system (PNS), including the lateral chordotonal 
organs (Fig. 3, stage 17, arrowheads). By stage 17, ex-
pression in other tissues has diminished so that Rtnl1-
RF mRNA is restricted solely to the nervous system. The 
Rtnl1-RF mRNA is present in cell bodies and cannot be 
seen in axons.
Rtnl1-RB/RE expression is very similar to Rtnl1-RF, with 
the exception that yolk sac expression is absent. As a con-
sequence, lower expression levels in surrounding tissue 
allow expression in the PNS chordotonals to be seen as 
early as stage 13 (arrowheads). At stage 17, the ventral 
view of the VNC (Fig. 3, stage 17) reveals differences 
between Rtnl1-RF and Rtnl1-RB/RE: Rtnl1-RB/RE ap-
pears to be upregulated in a subset of cells in the VNC, 
with higher expression in these cells in the thoracic seg-
ments. No such variations within the VNC are seen for 
Rtnl1-RF.
Rtnl1-RD/RG expression is initiated in the yolk nuclei 
and at the posterior pole of the embryo at stage 5. During 
stages 10–11 Rtnl1-RD/RG is transiently expressed ubi-

Figure 4. Subcellular localisation of Rtnl1 in embryos and third instar larvae. Rtnl1 expression in vivo was compared with that of an ER 
resident protein, Pdi. Rtnl1 was visualised with anti-Rtnl1 (red) within G198 embryos and third instar larvae that contain a GFP-tagged 
Pdi fusion protein, visualised here with anti-GFP (green). (a–d) Pdi and Rtnl1 expression in a stage 4 embryo. The region highlighted by 
the box in (a) is shown in (b–d). (b–d) Within the syncytial blastoderm Pdi-GFP localises to the nuclear envelope (c, arrow) but Rtnl1 is 
excluded. (e–h) Stage 7 embryo. The region highlighted by the box in (e) is shown in (f–h). (f–h) In the cellular blastoderm Pdi continues 
to be visible in the nuclear membrane, while Rtnl1 is excluded from this membrane. Rtnl1 is predominantly localised to the peripheral 
endomembrane within the cell. (i–p) Pdi and Rtnl1 expression in secretory tissues within the third instar G198 larvae, (i) dissected third 
instar midgut showing the four gastric caecae and (m) salivary gland. (j–k) Confocal section through one of the midgut luminal cells. (n–p) 
Salivary gland cell highlighted in the box in (m). Rtnl1 shows extensive overlap with Pdi-GFP in the gastric caeca (i–l) and salivary gland 
(m–p). In (l) and (p), DNA is stained with ToPro3 (blue). Scale: i and m, bar represents 200 μm; d, h, l and p, bar represents 20 μm.
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quitously, after which this expression ceases and Rtnl1-
RD/RG transcripts only continue to be expressed in the 
yolk nuclei until their enclosure in the gut at stage 15.
There is no early expression of Rtnl1-RA transcripts 
in the embryo. Weak expression begins in the yolk sac 
from stage 12. From stage 13, Rtnl1-RA is expressed in 
the epidermis and gut. In the epidermis, expression is 
strongest in a series of segmentally repeated stripes ly-
ing close to the segmental boundaries (Fig. 3, arrow). 
Expression in the gut is strongest in the pharynx and 
proventriculus, but can also be seen in the hindgut. Like 
Rtnl1-RD/RG there is no expression of Rtnl1-RA in the 
nervous system.
Due to the short length (83 bp) of the unique 5′ exon of 
Rtnl1-RC, we were not able to identify the specific pat-
tern of expression of Rtnl1-RC. However, use of a probe to 
the common RHD exons revealed ubiquitous expression 

of Rtnl1 transcription (data not shown), suggesting that 
Rtnl1-RC may have widespread expression that includes 
regions of the embryo where expression is not seen for 
the alternative transcripts described above.

Subcellular localisation of Rtnl1. The reticulons have 
predominantly been described as components of the ER 
[1, 3, 21], although they additionally localise to other 
regions of the secretory pathway such as the Golgi [3, 
27]. The position of lysines present at the C terminus of 
Rtnl1 (positions -13,-12, -3 and -1 from the C terminus) 
differ somewhat from the ER retention motif consensus 
sequences KKXX or KXKXX [43], found at the C termi-
nus of most reticulons. To confirm that Rtnl1 neverthe-
less shares the same subcellular localisation described for 
other reticulon family members, we examined the subcel-
lular distribution of Rtnl1 both in vivo and in vitro.

Figure 5. Subcellular localisation of Rtnl1 in S2 cells. Expression of Rtnl1 within Drosophila S2 cells revealed with anti-Rtnl1 (red). (a) 
Rtnl1 expression displays extensive, but incomplete overlap of with an ER marker, anti-KDEL (green). (b) No overlap is seen between 
Rtnl1 and another ER resident protein, Boca (green), although (c) Rtnl1 does show some overlap with a Golgi marker (green). (d ) The 
two ER markers, Boca (green) and anti-KDEL (red), only partially overlap suggesting they mark separate compartments of the ER. Rtnl1 
appears to be mainly resident in the fraction of the ER identified by anti-KDEL. All scale bars represent 10 μm.
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To identify the ER in vivo, we made use of a GFP-pro-
tein trap insertion (line G198, [31]) in the gene Protein 
disulphide isomerase (Pdi). Flies containing this P-ele-
ment insertion express a Pdi-GFP fusion that is targeted 
to the ER [44]. The expression of Rtnl1 and GFP was 
examined in G198 embryos and third instar larvae us-
ing a monoclonal antibody against GFP and use of a 
polyclonal anti-Rtnl1 serum that recognises all isoforms 
of Rtnl1 provided by W. Chia (National University of 
Singapore). Embryos with a homozygous deletion at the 
Rtnl1 locus show no immunoreactivity, confirming the 
specificity of this antiserum for Rtnl1 (data not shown). 
In blastula and gastrula stage embryos, there is a consid-
erable but incomplete co-localisation of Rtnl1 with Pdi-
GFP (Fig. 4). In particular, Pdi-GFP localises to the nu-
clear envelope in the nuclei of the syncytial blastoderm, 
whereas Rtnl1 is excluded from the nuclear envelope 
(Fig. 4b–d, arrow). At the gastrula stage, stage 7, Rtnl1 
appears to be enriched apically within the invaginating 
blastoderm cells, in contrast to Pdi-GFP, which is found 
more uniformly throughout the cell. In third instar lar-
vae, we examined the expression of Pdi-GFP and Rtnl1 
within the large cells present in the salivary glands and 
midgut. These cells are active in secretion and contain an 
extensive ER. In both gut caeca (Fig. 4j–l) and salivary 
gland cells (Fig. 4n–p), extensive overlap between Rtnl1 
and Pdi-GFP is observed.
We also examined the expression of Rtnl1 in the Dro-
sophila S2 tissue culture cell line, in which we compared 
its expression with several endomembrane markers. As 
markers for the ER, we used a monoclonal antibody 
against the KDEL ER retention sequence (anti-KDEL, 
Stressgen), and antibodies to the low density lipoprotein 
receptor family chaperone, Boca. Boca has previously 
been described as an endogenous Drosophila molecule 
found within the ER [37]. We observed extensive co-local-
isation of Rtnl1 with the ER marker anti-KDEL (Fig. 5a) 
and a partial overlap with a marker for Drosophila Golgi 
(Calbiochem, [38]) (Fig. 5c). In contrast, the expression 
of Rtnl1 and Boca appeared to be confined to separate 
domains and little overlap was observed (Fig. 5b). When 
we examined the expression of anti-KDEL and Boca, we 
observed that these markers only showed partial co-lo-
calisation (Fig. 5d), thus Rtnl1 appears to be localised to 
a sub-domain of the ER, which is a subset of the region 
identified by anti-KDEL and separate from a compart-
ment occupied by Boca. Mammalian reticulons also do 
not localise with certain ER markers such as calreticulin 
[25]. Recently, it has been proposed that reticulons pref-
erentially localise to the peripheral tubular ER as opposed 
to the sheet ER or the nuclear envelope [30]. It is there-
fore possible that Rtnl1 localisation to a KDEL-positive, 
Boca-negative sub-compartment of the ER reflects a 
similar compartmentalisation of reticulons within the ER 
of insect cells.

A Rtnl1 loss of function mutant is viable but has a re-
duced lifespan. To gain a better understanding of reticu-
lon function, we generated a loss-of-function mutation in 
Rtnl1. To generate a mutation that removed all reticulon 
function, we used a targeted gene deletion strategy to de-
lete the RHD containing common exons. We obtained a 
P-element insertion, NP7026 (National Institute of Ge-
netics, Japan), located 3Kb upstream of the RHD-encod-
ing exons of Rtnl1. Using a combination of P-element-
mediated male recombination [45, 46] followed by im-
precise P-element excision [47], a deletion in Rtnl1 was 
generated. Inverse PCR and PCR mapping were used to 
confirm that an approximate 4-kb region extending from 
the original P-insertion site to a point within the 3′UTR 
of Rtnl1 had been deleted, removing all the RHD-encod-
ing exons (Fig. 2b, red bar). As a further confirmation 
that the desired mutation had been obtained, homozygous 
Rtnl1 mutant embryos were hybridised to a riboprobe 
recognising only the RHD-encoding exons. Even after 
allowing the histochemical reaction to proceed for an 
extended period of time, no specific Rtnl1-RHD mRNA 
could be visualised (Fig. 6a). In contrast, wild-type em-
bryos hybridised to the same probe under the same con-
ditions exhibited extensive staining reflecting the high 
levels of Rtnl1-RHD mRNA normally present in these 
animals (Fig. 6b). Similarly, when the Rtnl11 embryos 
were incubated with the polyclonal anti-Rtnl1 serum no 
immunoreactivity was observed (data not shown).

Figure 6. Rtnl1 mutants show reduced lifespan at 29 °C. A Rtnl1 
knockout mutant, Rtnl11, was generated in which the RHD was de-
leted (see text and Fig. 2). (a, b) The absence of RHD-containing 
transcripts in the homozygous mutant embryos (b) was confirmed 
by in situ hybridisation using a riboprobe that recognises the com-
mon RHD-encoding exons of Rtnl1. After extended periods, no 
hybridisation was visible when wild-type embryos (b) show high 
levels of Rtnl1 transcript. (c) Rtnl11 mutant flies kept at 29 °C show 
a significant reduction in lifespan when compared with isogenised 
w1118 control flies (p < 0.001 using the Log Rank test). For Rtnl11 
n = 99 and for w1118 n = 99.
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Flies homozygous for the Rtnl1 mutation described above 
(referred to as Rtnl11) are viable, fertile and exhibit no 
obvious developmental abnormalities. No defects could 
be observed in the ER morphology of mutant larvae us-
ing the anti-KDEL antibody (data not shown). This was 
particularly surprising considering the high conservation 
of reticulons across species. Phenotypic analysis of other 
reticulon gene knockouts has been complicated by poten-
tial redundancy due to the existence of paralogues [26, 
48–50]. To confirm that loss of Rtnl1 function removes 
all reticulon function in Drosophila, we confirmed by in 
situ hybridisation that Rtnl2 is not expressed during em-
bryogenesis and neither is it activated in Rtnll1 animals 
(data not shown).
To determine whether Rtnl11 flies nevertheless exhibit 
subtle defects, we backcrossed the Rtnl11 mutation into 
an isogenised background and compared the lifespan 
of these flies to their isogenic w1118 controls. Strikingly, 
Rtnl11 flies maintained at 29 °C show a 39% decrease in 
median lifespan from 31 to 19 days, that is highly sig-
nificant (p < 0001) when the Log Rank test is performed 
(Fig. 6c). A similar reduction in median lifespan was also 
observed for Rtnl11 flies maintained at room temperature 
(data not shown).

Discussion

The reticulons comprise a family of proteins that are asso-
ciated with the ER, yet despite the presence of conserved 
forms of the proteins in a wide variety of eukaryotic or-
ganisms their function is poorly understood. One mem-
ber of the family, RTN4/Nogo, has been implicated as 
an important regulator of axonal regeneration [5, 11, 12] 
and possible roles for the reticulons as regulators of ER 
membrane properties, membrane trafficking or apoptosis 
are emerging as interacting partners are identified [16, 
30]. Here we describe the characterisation of the major 
Drosophila reticulon and provide evidence that this gene 
shares the mammalian reticulon characteristics of pro-
duction of multiple isoforms that are incorporated into 
the ER. In addition, we report that a deletion of the Rtnl1 
locus results in the animal having a shortened lifespan.
In the course of a search for proteins enriched in the em-
bryonic Drosophila nervous system we identified the 
Drosophila reticulon, Rtnl1. We believe that this is the 
only reticulon that is normally expressed by Drosophila. 
A second Drosophila reticulon, Rtnl2, is present within 
the Drosophila genome but this is possibly a retronuon 
with pseudogene character [3]. Rtnl2 has a genomic or-
ganisation very distinct from other members of the reticu-
lon family as it bears a single intron within its RHD-con-
taining exons. Unlike Rtnl1, for which there are greater 
than 150 ESTs, there are only four ESTs identified for 
Rtnl2, all of which originate from animals that have been 

challenged with bacteria. We have also been unable to 
identify any expressed Rtnl2 transcripts in the wild-type 
animal using in situ hybridisation. In contrast, the Rtnl1 
protein is expressed ubiquitously in the embryo and 
shows increased expression within the nervous system 
at later stages of embryogenesis. The protein continues 
to be expressed throughout the animal in post-embryonic 
stages where it is retained within the nervous system with 
expression extending throughout axons and at presynap-
tic specialisations. This enrichment within the nervous 
system is characteristic of reticulons identified in other 
species.
We have confirmed that, as in mammals, the Drosophila 
Rtnl1 locus generates several mRNA transcripts through 
alternative promoter usage. A total of seven transcripts 
are predicted for the Rtnl1 locus that encode for five dif-
ferent polypeptides. Each of these transcripts includes 
four C-terminal exons that encode the conserved RHD, 
again conforming to the mammalian organisation. The 
largest transcript, Rtnl1-RF is mostly restricted to CNS 
regions with additional expression in vitellophages. The 
Rtnl1-RB and RE transcripts encode the same polypep-
tide and, although we were unable to differentiate the 
expression of the individual transcripts, it is clear that 
the encoded polypeptide is also mostly restricted to the 
nervous system. The Rtnl1-RD and -RG transcripts en-
code the same polypeptide and again we were unable to 
differentiate the expression of the individual transcripts; 
however, we could show that the encoded polypeptide is 
restricted to the extraembryonic yolk nuclei and is not 
expressed within the embryo. The Rtnl1-RA transcript 
that encodes a polypeptide that includes 26 amino acids 
in addition to the RHD is expressed in the epidermis and 
the hind- and foregut. It is clear that, like its mammalian 
counterparts, Rtnl1 transcripts are expressed in dynamic 
tissue-specific and developmentally regulated patterns. 
Interestingly, the expression patterns of Rtnl1 transcripts 
exhibit certain features reminiscent of vertebrate reticu-
lons. For example, for vertebrate reticulon genes, it is of-
ten the largest transcripts whose promotors are located 
most 5′ to the gene that show an enrichment in neuro-
nal tissues, while the medium-sized transcripts generally 
have a wider tissue distribution. Lastly, the shortest tran-
scripts with promoters closest to the RHD-encoding ex-
ons are often enriched in muscle. This has been shown to 
be the case for mammalian Nogo/RTN4 [8], RTN1 [41] 
and RTN3 [6] as well as Xenopus reticulons [42, 51]. It 
is clear that in Drosophila the largest transcripts whose 
promoters lie closest to the 5′ start of the gene are also 
predominantly expressed in the nervous system. Thus, 
reticulon function appears to be required in all cells but 
the function of the reticulon protein in individual tissues 
must be modified somehow by the specific additional N-
terminal sequences appended to the RHD. The additional 
N-terminal sequences alternatively spliced to the RHD 
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in Drosophila bear no similarity to the N-terminal se-
quences found in reticulons in other species. In particular, 
the N-terminal sequences in the largest isoform bear no 
resemblance to those found in RTN4/Nogo-A, suggesting 
that this protein is unlikely to act as an axon outgrowth 
inhibitor. The variance in N-terminal sequences added to 
the Drosophila RHD compared with those found in other 
species suggest that these molecules may have different 
partners from those previously identified for the mam-
malian reticulons.
We additionally examined the intracellular localisation of 
the Drosophila reticulon in vivo and in vitro; these experi-
ments demonstrated that Rtnl1 is distributed to the ER. 
In a recent report, Voeltz et al. [30] suggested that RTN4/
Nogo-A is localised to the tubular ER and excluded from 
sheet ER and the nuclear envelope. Our observations in 
early embryos reveal that Rtnl1 is also restricted to a pe-
ripheral sub-compartment of the ER and is excluded from 
the nuclear membrane, suggesting it too may be localised 
to the tubular ER. We also find that Rtnl1 is highly ex-
pressed in secretory tissues such as the gut caeca and the 
salivary glands; whether the ER within these cells has a 
tubular or sheet conformation is not known. Interestingly, 
we also find that Rtnl1 expression extends throughout ax-
ons and into pre-synaptic specialisations, suggesting that 
the Rtnl1-positive ER extends considerably beyond the 
cell body of Drosophila neurons.
When we examined the expression of Rtnl1 in Drosoph-
ila S2 tissue culture cells, we found that it co-localised 
with an ER marker identified by anti-KDEL but is in a 
separate domain to that occupied by Boca, another ER 
targeted protein. Thus our results are in agreement with 
previous observations that the reticulons are not ex-
pressed throughout the ER but may have a role in pro-
viding function within a sub-domain of the ER. Recent 
observations have suggested that RTN4/Nogo-A has a 
particular role to direct the formation of the tubular ER 
[30] and that RTN3 is involved in membrane trafficking 
between the ER and Golgi [52]. However, additional roles 
for the reticulons have been proposed based on the inter-
action partners that have been found in two-hybrid or co-
immunoprecipitation screens and many of these suggest 
functions outside the ER. Reticulons have been shown to 
bind the plasma-membrane protein AP2 [53], SNARES 
and Rme-1 from endosomes [24, 25], mitochondrial Bcl-
2 [21] and the Golgi protein Yip3p [26]. Differing reticu-
lons have been used in these screens and it may be the 
case that the different reticulons have a common role to 
regulate membrane traffic within the cell with individual 
reticulons functioning to regulate trafficking to particular 
organelles.
It has proven difficult to assign reticulons to particular 
roles as few investigations have identified a clear phe-
notype when reticulon function is removed. Over-ex-
pression studies have revealed a role to differentiate the 

tubular ER and a possible role in membrane trafficking 
between the ER and the Golgi [30, 52]. The absence of 
loss of function phenotypes may be a consequence of the 
reticulons acting redundantly with one another or with 
additional components within the cell. Voeltz et al. [30] 
have revealed that when reticulon function is removed 
in yeast in combination with a lack of an interaction 
partner DP1/Yop1p, which is also normally localised to 
the tubular ER, this results in the conversion of the tu-
bular ER to form sheet ER, thus one substantiated role 
for this particular reticulon may be to differentiate par-
ticular sub-domains within the ER. When reticulon alone 
is removed from yeast there is no obvious phenotype, 
although there is a disruption of the peripheral tubular 
ER in stress situations. We also found that removal of 
the major Drosophila reticulon, Rtnl1, did not result in 
any significant observable phenotypes, with the ani-
mals remaining viable and fertile, and no disruption in 
ER morphology in salivary glands from Rtnl11 animals 
could be observed (data not shown). This lack of phe-
notype is not due to activation of the second Drosophila 
reticulon, Rtnl2, as we were unable to detect transcription 
of Rtnl2 in animals deficient for Rtnl1. It is possible that 
additional ER proteins may compensate for the loss of 
reticulon function, or that reticulon function is not neces-
sary for survival under laboratory conditions. A similar 
lack of phenotypic consequence has been characterised 
in yeast, where phenotypes only become apparent under 
conditions of stress or when binding partners, such as 
Yop1p, are also removed. A Drosophila homologue of 
Yop1p exists within the Drosophila genome (CG8331); 
once mutants in this gene have been generated it would 
be of interest to examine the effect of removing this gene 
in combination with a lack of Rtnl1. We were, however, 
able to show that Drosophila lacking the Rtnl1 gene 
alone had a significantly shorter lifespan. The median 
lifespan of the Rtnl1-deficient flies was 19 days, while 
their matched controls lived almost 2 weeks longer with 
a median lifespan of 31 days; similar reductions in life 
expectancy were observed in flies reared at room tem-
perature. It is as yet unclear why mutations in Rtnl1 might 
reduce lifespan. A potential role for reticulons in ER traf-
ficking or in ER sub-compartment specification suggests 
reduced lifespan could be caused by a reduction in cell 
survival factors, receptors or other vital cell components 
reaching their correct target destination, or toxic intracel-
lular accumulations, all of which could result in reduced 
cell viability. Alternatively, reduced efficacy of ER func-
tion may reduce the animals’ ability to overcome the ac-
cumulated activity of reactive oxygen species [54]. Simi-
larly, loss of Rtnl1 activity may lead to altered apoptotic 
activity resulting in premature aging. Careful analysis of 
cell viability and ER morphology in aging animals will 
be required to determine which of these processes is most 
compromised in Rtnl1-deficient flies.
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The Drosophila reticulon, Rtnl1, shares many character-
istics of its mammalian counterparts with a similar ge-
nomic organisation and the production of numerous iso-
forms. These isoforms have specific expression patterns 
and show an enrichment within the nervous system. Rtnl1 
is also found localised to a sub-domain of the ER perhaps 
co-incident with a role in tubular ER formation. In the 
absence of Rtnl1, the longevity of the animals is reduced, 
suggesting an important but non-essential role for Rtnl1. 
The availability of Rtnl1-deficient animals will provide 
the opportunity to identify further components that act 
with Rtnl1 for the normal function of the ER and in this 
way perhaps shed more light on the roles of the reticulons 
in general and their specific roles in particular tissues.
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