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The wing images shown in the front cover represent the most common phenotypes 
observed upon the induction of cell death in the larval stages of wild type animals (top 
image) and lncRNACR40469 knock-out mutants (bottom image). 



 

 

 

 

 



ABSTRACT 
 

 

ABSTRACT 

Long non-coding RNAs (lncRNAs) are defined as transcripts longer than 200 nucleotides 

that lack protein-coding potential. Although multiple examples of functional lncRNAs 

have been described, particularly regulating gene expression at different levels, the 

function of the vast majority of them remains to be elucidated. Here, we use the 

Drosophila wing imaginal discs as a model system to study the involvement of lncRNAs 

in development and regeneration. Additionally, we also studied the role of the stress 

sensor protein Drosophila Growth Arrest and DNA Damage 45 (D-GADD45) in the wing 

disc. 

For the study of lncRNAs, we used transcriptomic data from developing and regenerating 

wing discs. We identified a set of ~200 lncRNAs expressed in development, as well as 

131 differentially-expressed (DE) lncRNAs in regeneration. Among them, we focused on 

the study of lncRNAs CR40469 and CR34335, which share 99.1% sequence identity, 

however, their expression pattern is far from similar: while CR40469 is upregulated in 

regeneration, the expression of CR34335 is inhibited upon damage. 

We generated a CR40469 knock-out mutant, for which no phenotypes were detected in 

normal conditions. Nevertheless, upon the induction of cell death, these mutants lost 

their regeneration capacity, suggesting a putative function of CR40469 in regeneration. 

Moreover, we characterised the molecular changes occurring in the mutant, revealing a 

set of 95 DE genes compared to controls. On the other hand, no phenotypes were 

detected for CR34335 mutants, neither in development nor in regeneration, suggesting 

that this lncRNA is dispensable for both processes. 

Regarding the study of D-GADD45, we activated its expression ectopically in the wing 

discs, resulting in increased apoptosis. Through genetic interaction experiments, we 

described the D-GADD45-induced cell death as dependent on the activation of the JNK 

signalling pathway. Additionally, we described a JNK-independent decrease in cell 

proliferation upon sustained activation of D-GADD45. Finally, we identified D-GADD45 

as an essential gene for the regeneration of wing discs, as the use of RNAi constructs 

against D-GADD45 severely impairs the recovery process after the induction of cell 

death. 
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LONG NON-CODING RNAs 

It is currently estimated that protein-coding genes only account for a small fraction of 
genomes, which is 1-2% in the case of the human genome. However, around 75% of the 
human genome is actively transcribed, manifesting the importance of the non-coding 
transcriptome (Djebali et al. 2012). Initially, non-coding genes were usually dubbed as 
‘junk’ DNA, as they were thought to be non-functional byproducts of transcription or 
transcriptional noise. Growing evidence on the functionalities of these non-coding 
transcripts changed this initial perception, increasing the interest in their study. 

The non-coding RNAs (ncRNAs), encoded by non-coding genes, form a very 
heterogeneous group of transcripts that lack protein-coding potential. They are classified 
depending on their size and function. Short ncRNAs, spanning less than 200 nucleotides 
(nt) in length, are composed by ribosomal RNA (rRNA), transfer RNA (tRNA), micro RNA 
(miRNA), piwi-interacting RNA (piRNA), small nuclear RNA (snRNA) or small nucleolar 
RNA (snoRNA). They participate in a variety of biological processes, including the 
translation of mRNAs (rRNAs and tRNAs), the targeting and inhibition of mRNAs and 
transposable elements (miRNAs and piRNAs), the splicing of pre-mRNAs (snRNAs), or 
the addition of RNA modifications (snoRNAs) (reviewed in Watson et al. 2019). The main 
features of the short ncRNA class are summarised in Table 1. 

 

The non-coding transcripts longer than 200 nt and that do not belong to any of the 
previously mentioned ncRNA classes, are considered as long non-coding RNAs 
(lncRNAs). Although arbitrary, the 200 nt cut-off was mainly set to exclude most 
canonical ncRNAs, including tRNAs, miRNAs, snRNAs or snoRNAs. LncRNAs are the 
most abundant class of ncRNAs in the genome, although the putative function of the 
large majority of annotated lncRNAs remains to be elucidated. In humans, there are 
currently 18,811 annotated lncRNA genes, giving rise to 53,009 transcripts (GENCODE 
v39). 

The transcription and initial processing of lncRNAs is similar to that of mRNAs, as they 
are usually transcribed by the RNA polymerase II (Pol II), their 5’ end is capped by the 
addition of a methyl-7-guanosine, their 3’ end is polyadenylated and, in the case of multi-
exonic genes, their introns are spliced (reviewed in Quinn and Chang, 2016). Compared 
to protein-coding genes, the expression of lncRNAs is less abundant and more restricted 
to specific tissues and developmental stages (Derrien et al. 2012; Djebali et al. 2012; 
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Brown et al. 2014). Many lncRNAs seem to be expressed particularly in the testes. In 
humans, an unusually high expression was observed for lncRNAs in testes compared to 
any other tissue (Derrien et al. 2012). Similar results were also observed in flies, as it is 
estimated that around 30% of the annotated lncRNAs have peak expression in testes, 
some of which are only detected there (Brown et al. 2014). 

 

Genomic context of lncRNAs 
According to NONCODE, an integrated database of lncRNAs across 16 different species 
(Zhao et al. 2016), there are currently almost 550,000 annotated transcripts from 
355,000 different lncRNA genes. However, despite the growing number of annotated 
lncRNAs, the vast majority remain uncharacterized. For this reason, to better understand 
their putative functions, multiple lncRNA classifications have been used according to 
different parameters. 

One of the more basic, yet useful ways to classify lncRNAs is based on their genomic 
context. In this way, lncRNAs can be classified into genic or intergenic lncRNAs. Genic 
lncRNAs are located overlapping the sequence of other protein-coding or non-coding 
genes. When lncRNAs are located within an intron of their overlapping gene, they are 
considered as intronic (Figure 1A). On the other hand, lncRNAs overlapping entirely or 
partially the exonic sequence of other genes are considered as exonic (Figure 1B). Both 
intronic and exonic lncRNAs can be further classified depending on the strand from which 
they are transcribed in regard to their overlapping gene. In this way, sense lncRNAs are 
transcribed from the same strand as their overlapping protein-coding gene, while 
antisense lncRNAs are transcribed from the opposite strand. Antisense lncRNAs are 
often referred to as natural antisense transcripts (NATs), and have been described in 
most eukaryotic genomes, including humans, mice and flies (Pelechano and Steinmetz, 
2013).  

Alternatively, lncRNAs positioned in intergenic regions are referred to as intergenic 
lncRNAs or lincRNAs (Figure 1C). Depending on their orientation and configuration 
relative to their closest gene, lincRNAs are classified as convergent (when their 
orientation is opposed and are configured head to head), divergent (when their 
orientation is opposed and are configured tail to tail), or same strand (when both genes 
are transcribed in the same orientation) (Derrien et al. 2012). 
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Features of lncRNAs across different species 
The number of lncRNAs varies greatly from one species to another. While in humans 
and mice the number of annotated protein-coding and long non-coding genes is quite 
similar (19,982 coding and 18,811 long non-coding genes in humans, GENCODE v39; 
21,833 coding and 13,186 long non-coding genes in mice, GENCODE M28), in 
Drosophila melanogaster or Caenorhabditis elegans the number of long non-coding 
genes is considerably lower compared to the number of annotated protein-coding genes 
(13,969 coding and 2,545 long non-coding genes in flies, FlyBase r6.39; 19,987 coding 
and 1,698 long non-coding genes in nematode, WS281) (Figure 2A). 

Regarding their number of exons, lncRNAs tend to contain less exons compared to 
protein-coding genes (Derrien et al. 2012). However, the number of exons of lncRNAs is 
different between species. For instance, the majority of lncRNAs annotated in Drosophila 
or C. elegans are either mono-exonic or composed of 2 exons (> 90% in both species), 
with only a few exceptions containing 3 or more exons. On the contrary, around 60% of 
lncRNAs in humans and mice contain 1 or 2 exons, and up to ~20% contain 4 or more 
exons (Figure 2B) (Camilleri-Robles et al. 2022). 

As with protein-coding genes, the mean transcript size of lncRNAs also varies across 
different species. For instance, Drosophila lncRNAs are shorter than human and mouse 
lncRNAs (average length of 962 nt in flies compared to 1,230 and 1,456 nt in humans 
and mice, respectively). Moreover, less than 4% of Drosophila lncRNAs span more than 
3 kb compared to 7.78% in humans and 10.35% in mice (Figure 2C) (Camilleri-Robles 
et al. 2021). On the other hand, more than 90% of annotated lncRNAs in C. elegans 
span less than 500 nt, exposing how variable the size of lncRNAs is (Figure 2C) 
(Camilleri-Robles et al. 2021). 

Despite the differences in genome compactness between different species, ranging from 
less than 6-8 annotated protein-coding genes per Mb in humans and mice to 100-200 
genes per Mb in flies and nematodes, the proportion of intronic, exonic and intergenic 
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lncRNAs is strikingly similar. Regardless of genome compactness, the lincRNAs are the 
most abundant class of lncRNAs, representing 50-55% of all annotated lncRNAs. On the 
other hand, intronic and exonic lncRNAs made up for ~20% and ~25% of the annotated 
lncRNAs, respectively (Figure 2D) (Camilleri-Robles et al. 2021). 

 

 

Subcellular localization of lncRNAs 
As the ultimate product of the long non-coding genes is the RNA itself, their localization 
determines their putative binding partners and target sites. Thus, the study of their 
localization within the cell is critical to understand their putative functions. LncRNAs have 
been found in the nucleus, the cytoplasm, and virtually in any organelle and 
membraneless cellular structure (reviewed in Carlevaro-Fita and Johnson, 2019). In the 
nucleus, they can be found in the nucleoli or forming ribonucleoprotein aggregates in 
close proximity with chromatin regions, in occasions serving as reservoirs of pre-mRNA 
processing factors. On the other hand, cytoplasmic lncRNAs can be found in the 
ribosomes, mitochondria, exosomes, or even in the extracellular membrane. 

Initially, it was suggested that lncRNAs were located preferentially in the nucleus 
(Derrien et al. 2012). However, growing evidence suggests that a large fraction of the 
expressed lncRNAs is cytoplasmic (Ingolia et al. 2011; van Heesch et al. 2014; 
Carlevaro-Fita et al. 2016). It is estimated that around 75% of lncRNAs in human and fly 
cells are detected in the cytoplasm (Benoit-Bouvrette et al. 2018), while fluorescent in 

situ hybridization (FISH) experiments in Drosophila tissues estimate that around 40% of 
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expressed lncRNAs are restricted to the cytoplasm, as opposed to only 4% only found 
in the nucleus (Wilk et al. 2016).  

Nuclear lncRNAs 

Similar to the nuclear localization signal (NLS) present in the amino acid sequence of 
proteins that must be imported to the nucleus, the presence of some sort of nuclear 
retention signal is believed to prevent the exportation of nuclear lncRNAs to the 
cytoplasm. Linking with this, multiple studies on individual lncRNA genes revealed the 
presence of specific sequences driving their nuclear localization. For instance, the 
presence of a conserved repeating sequence spanning 156 bp within the exonic 
sequence of lncRNA FIRRE is essential for their nuclear localization through their 
binding to the nuclear ribonucleoprotein hnRNPU (Hacisuleyman et al. 2014). Similarly, 
two large independent regions within the sequence of MALAT1 were reported to promote 
their nuclear enrichment, as their deletion resulted in MALAT1 exportation to the 
cytoplasm (Miyagawa et al. 2012). A more general approach on multiple lncRNAs 
identified the presence of 42-nt motifs antisense to Alu sequences that were able to drive 
the accumulation of transcripts in the nucleoplasm (Lubelsky and Ulitsky, 2018). These 
motifs were called SIRLOIN (SINE-derived nuclear RNA localization), and were able to 
recruit and bind to the heterogeneous nuclear ribonucleoprotein K (hnRNPK), driving the 
nuclear enrichment of their associated transcripts. Indeed, the presence of SIRLOIN-like 
elements in mouse RNAs also results in their nuclear retention, suggesting that this 
mechanism of RNA nuclear enrichment is conserved (Lubelsky and Ulitsky, 2018). A 
similar study identified longer sequences (> 300 nt) that were highly conserved and over-
represented in nuclear transcripts, and whose presence was sufficient to partially redirect 
RNA subcellular localization to the nucleus (Shukla et al. 2018). 

Despite the growing evidence pointing towards the presence of nuclear retention signals 
in the sequence of lncRNAs, alternative methods favouring the presence of lncRNAs in 
the nucleus have also been validated. For instance, it has been reported that mRNAs 
lacking poly(A)-tails are not exported to the cytoplasm (Dias et al. 2010). Similarly, 
lncRNAs produced by alternative processing pathways that omit the 3’ polyadenylation 
step, may be restricted to the nucleus. Supporting this hypothesis, it was shown that 
RNAs lacking a poly(A)-tail are retained in the nucleus (Akef et al. 2013). Nonetheless, 
other experiments suggest that 3’ polyadenylation is not required for nuclear exportation, 
as circular RNAs or histone mRNAs, both lacking poly(A)-tails, are efficiently exported to 
the cytoplasm (Huang et al. 2018; Erkmann et al. 2005). 

Another possible mechanism driving lncRNA nuclear retention is the exaptation of 
transposable elements (TEs) to inhibit their nuclear export. Actually, approximately 83% 
of lincRNAs carry at least one TE in their exonic sequence, as opposed to ~40% of 
protein-coding genes (Kelley and Rinn, 2012). Genome-wide studies revealed the 
presence of specific TEs such as L2b, MIRb or MIRc within the exons of lncRNAs, which 
promote their nuclear enrichment (Carlevaro-Fita et al. 2018). It has been proposed that 
these TEs are recognized by other factors that prevent their recognition by the nuclear 
export machinery, however, the exact mechanism by which these TEs promote nuclear 
retention remains to be elucidated. 
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Cytoplasmic lncRNAs 

Although lncRNAs are enriched in the nucleus compared to mRNAs, a large fraction of 
lncRNAs is actually exported to the cytoplasm, presumably sharing the same export 
pathways with mRNAs. In the cytoplasm, lncRNAs have been found virtually anywhere 
although they seem particularly enriched at the ribosomes (van Heesch et al. 2014; 
Carlevaro-Fita et al. 2016; Zeng et al. 2018). The fact that some non-coding genes 
produce functional peptides (Galindo et al. 2007; Magny et al. 2013; Anderson et al. 
2015; Nelson et al. 2016), tempts to speculate that the interaction of lncRNAs with the 
ribosomes implies its translation. However, it is probable that most of these interactions 
reflect other processes. 

For instance, lincRNA-p21, which has been found in polysomal fractions, is described to 
inhibit the translation of target mRNAs through their interaction with the translational 
repressor Rck (Yoon et al. 2012). It has also been suggested that ribosome-bound 
lncRNAs are subject to degradation, as part of a regulatory mechanism to control their 
transcript levels (Carlevaro-Fita et al. 2016; Zeng et al. 2018). Indeed, lncRNAs 
interacting with ribosomes are more sensitive to degradation by the nonsense-mediated 
decay (NMD) pathway than ribosome-free lncRNAs (Zeng et al. 2018). Also, mutations 
in the NMD pathway particularly promote the upregulation of many lncRNAs in plants, 
further suggesting that it could be a conserved mechanism of lncRNA surveillance 
(Kurihara et al. 2009). 

LncRNAs encoded in the nucleus have also been found in the mitochondria, evidencing 
the trafficking of transcripts from the nucleus to the mitochondria (reviewed in Dong et 
al. 2017). A clear example is the lncRNA RMRP, which is transported first from the 
nucleus to the cytoplasm through the action of HuR, and finally to the mitochondria by 
binding to PNPASE and GRSF1 (Wang et al. 2012; Noh et al. 2016). There, RMRP is 
implicated in the replication of mitochondrial DNA (mtDNA) and the processing of RNAs 
(Dong et al. 2017). 

Other lncRNA cytoplasmic locations include the exosomes, from which it is speculated 
that lncRNAs might be exported from one cell to another (Gezer et al. 2014), or cellular 
membranes, through their direct binding with membrane phospholipids (Lin et al. 2017). 

 

Cis-acting and trans-acting lncRNAs 

Similar to other regulatory elements, lncRNAs are also classified as cis-acting and trans-
acting depending on the location at which they function relative to their transcription site. 
LncRNAs whose function is based at, and dependent on their site of transcription are 
classified as cis-acting lncRNAs (Figure 3A) (reviewed in Gil and Ulitsky, 2019). 
However, the function of cis-acting lncRNAs is not necessarily limited to nearby genes, 
in fact, their distance and orientation relative to their target genes is highly variable and 
can range from few kilobases to whole chromosomes. The most radical example of their 
long acting range are the repressive effects of lncRNA Xist (X-inactive specific 

transcript), spanning the entire X chromosome from which they are transcribed in female 
mammals (Engreitz et al. 2013). 
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On the contrary, trans-acting lncRNAs are transcribed, processed and transported from 
their sites of transcription to wherever they exert their function, which includes both 
nuclear and cytoplasmic locations (Figure 3A). As the final destination of trans-acting 
lncRNAs does not depend on their transcription site, loss of function phenotypes can be 
rescued by their expression from exogenous locations. Although a great portion of the 
functionally described lncRNAs act in cis, a mechanism that is believed to be favoured 
in detriment to a trans-activity due to the generally low expression of lncRNAs, as their 
transport to other locations may dilute in excess these transcripts to mediate any function 
(Gil and Ulitsky, 2019). Several examples of lncRNAs acting in trans have also been 
characterised. For instance, the highly conserved lncRNA NORAD was described to 
maintain genomic stability by sequestering PUMILIO proteins (Lee et al. 2016; Tichon et 
al. 2016). This family of proteins recognize specific 3’ UTR sequences of target mRNAs, 
whose function is particularly enriched in chromosomal segregation during cell division, 
and promote their deadenylation and decapping, resulting in the repression of mRNA 
stability and translation (Miller and Olivas, 2011). Upon the absence of NORAD, 
PUMILIO proteins are hyperactivated, inhibiting genes related with mitosis, DNA repair 
or DNA replication, resulting in chromosomal instability (Lee et al. 2016; Tichon et al. 
2016). Thus, through their binding with PUMILIO proteins, NORAD prevents the 
repression of several hundreds of genes in trans, maintaining genomic stability (Lee et 
al. 2016). 

 

Some lncRNAs have been described to function both in cis and in trans. For instance, 
the lincRNA-p21, which is activated by p53 in humans and mice, was initially 
characterised as a transcriptional repressor of a large subset of the p53-activated genes 
in trans, through the interaction with hnRNPK (Huarte et al. 2010). Additional functions 
in trans were also proposed for lincRNA-p21, including the repression of mRNA 
translation (Yoon et al. 2012) and the stabilisation of target proteins (Yang et al. 2014). 
However, studies on lincRNA-p21 knock-out mice also revealed its participation in the 
activation in cis of its neighbouring gene p21 (Dimitrova et al. 2014). 
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Functions of lncRNAs 

The enormous heterogeneity of lncRNAs in terms of binding partners, subcellular 
localizations, sequence length or secondary structures confers them the ability to 
perform a wide variety of functions. Although only a small portion of all annotated 
lncRNAs have been functionally characterised, they have been described to participate 
in almost every step of gene expression, including chromatin remodelling, control of 
transcription, splicing, mRNA stability or translation (reviewed in Statello et al. 2021). 

LncRNAs regulating chromatin states 

Polycomb (PcG) and Trithorax (TrxG) group proteins are key modulators of an 
evolutionarily conserved gene regulatory system. They are chromatin regulators that 
tend to operate antagonistically, maintaining active (TrxG) or repressed (PcG) gene 
expression states. (Geisler and Paro, 2015; Schuettengruber et al. 2017). Many 
PcG/TrxG chromatin binding sites, referred as Polycomb response elements (PREs) and 
Trithorax response elements (TREs) in Drosophila, give rise to non-coding transcripts 
(reviewed in Ringrose, 2017). For instance, forward and reverse transcription has been 
detected from the Drosophila vestigial (vg) PRE/TRE, which switches the status of the 
element between silencing, induced by transcription from the forward strand, and 
activation, induced by transcription from the reverse strand. Moreover, the transcripts 
from the reverse strand are able to bind to the Polycomb repressive complex 2 (PRC2), 
inhibiting its enzymatic activity (Herzog et al. 2014). 

Another example is the well-known human lncRNA HOTAIR, which also interacts with 
PRC2, promoting the trimethylation of the lysine 27 of histone 3 (H3K27me3) at the 
HOXD locus (Rinn et al. 2007). Additionally, HOTAIR also serves as a scaffold for the 
binding of the LSD1/CoREST/REST demethylase complex, thus coordinating not only 
the addition of H3K27me3 marks, but also promoting the demethylation of lysine 4 of 
histone 3 (Tsai et al. 2010). 

One of the best examples to illustrate the functions that lncRNAs can exert in chromatin 
states, is their participation in dosage compensation mechanisms. In species in which 
sex is dictated by the XY sex-determination mechanism, such as mammals or flies, the 
imbalance in the expression of X-linked genes between females (XX) and males (XY) is 
corrected by a dosage compensation mechanism involving lncRNAs. In female 
mammals, the lncRNA Xist is upregulated in one of the X chromosomes at early 
embryonic stages and rapidly spreads along the X chromosome from which it is 
transcribed (Brockdorff et al. 1992; Brown et al. 1991, 1992). PRC2 is recruited by Xist 
and mediates H3K27me3. This signal triggers the heterochromatinization of the Xist-
bound X chromosome, resulting in its inactivation (Figure 4A) (Lee et al. 1996; Penny 
et al. 1996; Wutz and Jaenisch, 2000). The opposite mechanism is observed in flies, 
where lncRNAs roX1 and roX2, together with the MSL proteins, form the male-specific 
lethal complex (MSL) that overactivate the genes located in the X chromosome of male 
flies. Although very different in size and sequence, roX1 and roX2 (RNA on the X 1 and 

2) act redundantly to allow the binding of MSL2 and the other subunits of the complex, 
which targets the X chromosome (Meller and Rattner, 2002). The MSL subunits mediate 
the activation of the X chromosome genes through the acetylation of lysine 16 in histone 
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H4 (H4K16ac) (Figure 4B) (Bone et al. 1994; Gelbart et al. 2009). In female flies, the 
Sex lethal (sxl) gene is upregulated, and the female-specific RNA-binding protein it 
encodes interacts with the mRNA of MSL2 to inhibit its translation, preventing the 
assembly of the MSL complex and the subsequent dosage compensation (Beckman et 
al. 2005; Gebauer et al. 1998). 

 

Although both strategies produce completely opposite outcomes, they share some 
mechanistic similarities. In both cases, lncRNAs are responsible for recruiting the 
chromatin-modifying complexes that drive the inactivation of the X-chromosome in 
female mammals, or the overactivation of the X-chromosome in male flies. 

LncRNAs transcribed from active enhancers 

Transcription from enhancers has been detected for multiple species, including 
mammals (Andersson et al. 2014; De Santa et al. 2010; Kim et al. 2010), Drosophila 
(Henriques et al. 2018; Meers et al. 2018) or Caenorhabditis elegans (Chen et al. 2013). 
These enhancer-derived transcripts can be classified into two groups: enhancer RNAs 
(eRNAs) and enhancer-associated lncRNAs (elncRNAs). While eRNAs are short RNAs 
transcribed bidirectionally, 5’ capped, non-polyadenylated and generally unstable, 
elncRNAs are longer unidirectional transcripts, which are polyadenylated, and often 
spliced (reviewed in Arnold et al. 2020). Nevertheless, the distinction between the two 
enhancer-derived ncRNAs is not always clear and they are often confounded in the 
literature. 

Although these RNAs are not transcribed from all enhancer regions, a correlation has 
been observed between enhancer activity and enhancer transcription both in mammals 
and flies (Hah et al. 2013; Mikhaylichenko et al. 2018). A growing number of studies 
demonstrate that specific enhancer-derived RNAs are required to properly activate the 
expression of their target genes (Lai et al. 2013; Lam et al. 2013; Ivaldi et al. 2018; Tsai 
et al. 2018). In mammals, eRNAs have been associated with the regulation of 
transcription through different mechanisms, including the interaction and enhancement 
of the activity of chromatin regulators, such as CBP, PRC2 or CTCF, the influence of 
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enhancer-promoter looping, or the alteration of Pol II elongation by the interaction with 
proteins that either induce or inhibit elongation (reviewed in De Lara et al. 2019). Similar 
mechanisms are described for elncRNAs, such as CRED9, whose transcription 
positively regulates the acetylation of the lysine 27 of histone H3 of the CEBPA enhancer 
region, thereby promoting CEBPA expression (Setten et al. 2021). 

However, it is not clear whether these transcripts play an active role in enhancer activity, 
or if they are just transcriptional noise arising from the presence of the RNA polymerase 
machinery. 

Regulators of isoform usage 

A growing number of lncRNAs has also been linked to the modulation of alternative 
splicing in both plants and animals (reviewed in Romero-Barrios et al. 2018). For 
instance, the well-known lncRNA MALAT1, which acts as an oncogene and whose 
aberrant expression is involved in the development and progression of many cancer 
types (Malakar et al. 2016; Wang et al. 2016), is known to participate in the regulation of 
splicing. Particularly, MALAT1 modulates the distribution and phosphorylation of 
serine/arginine-rich (SR) proteins (Tripathi et al. 2010), a conserved family of proteins 
involved in splicing. SR proteins recognize and bind to nascent pre-mRNAs and 
participate in the assembly of the spliceosome (Zhou and Fu, 2013). Moreover, their 
function is largely dependent on the phosphorylation or dephosphorylation of their SR 
domain, as it impacts not only their binding to their target pre-mRNAs, but also their 
localization. Depletion of MALAT1 is described to increase the pool of dephosphorylated 
SR proteins, which display a more homogeneous nuclear distribution, and ultimately 
result in changes in the alternative splicing of pre-mRNAs (Tripathi et al. 2010). 

On the other hand, some lncRNAs have also been described to modulate the splicing of 
particular target genes. In general, these lncRNAs are natural antisense transcripts that 
regulate the isoform usage of their overlapping protein-coding genes. In Drosophila, the 
lncRNA blistered antisense (bsAS), a natural antisense transcript of the blistered (bs) 
gene was recently described to regulate bs isoform usage (Pérez-Lluch et al. 2020). The 
bs gene encodes for the Drosophila serum response factor (DSRF) and is required for 
wing development and the formation of the wing vein patterning (Fristrom et al. 1994; 
Montagne et al. 1996; Roch et al. 1998). Transcription of bsAS occurs specifically in the 
intervein regions of the wing, and impairs the expression of the bs long isoform, thereby 
promoting the expression of the short isoform. In bsAS mutants, the overexpression of 
bs long isoform induces the formation of extra veins in the adult wings (Pérez-Lluch et 
al. 2020). The molecular mechanism driving the isoform regulation is presumably based 
on the formation of a genomic loop between bs and bsAS promoters, which impairs the 
transcription of the bs long isoform. This mechanism is independent of the presence of 
bsAS transcripts, as the ectopic expression of bsAS does not rescue the expression of 
bs long isoform in bsAS a mutant background (Pérez-Lluch et al. 2020). 

Precursors and sponges of miRNAs 

Some lncRNAs are also known to serve as microRNA (miRNA) precursors. Traditionally, 
miRNAs are thought to negatively regulate mRNA translation and stability by binding in 
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a sequence-specific manner to their 5’ and 3’ untranslated regions (UTRs), and in some 
cases even to their coding sequences (Forman et al. 2008). The canonical miRNA 
biogenesis includes the transcription of a larger non-coding precursor, which is cleaved 
in the nucleus by the Drosha/DGCR8 complex, then it is exported to the cytoplasm where 
it is further processed into mature miRNAs spanning ~ 22 nt (reviewed in Bartel, 2018). 
These mature miRNAs are loaded into the Argonaute (AGO) family of proteins, forming 
the miRNA-induced silencing complex (miRISC), which silences their target mRNAs by 
recruiting effector factors such as poly(A)-deadenylases or exoribonucleases (Jonas and 
Izurralde, 2015). 

In most cases, miRNAs are derived from introns and exons of larger protein-coding and 
non-coding genes. In Drosophila, one of these non-coding transcripts is iab-8, which is 
transcribed primarily from the posterior central nervous system. It spans over 90 kb and 
is both spliced and polyadenylated (Bender et al. 2008; Garaulet et al. 2014). Once 
transcribed, it is processed into three miRNAs called miR-iab-8, encoded within its 
intronic sequence. These miRNAs target and downregulate the homeotic genes 
abdominal A (abd-A) and ultrabithorax (Ubx), as well as their cofactors homothorax (hth) 
and extradenticle (exd) (Garaulet et al. 2014; Gummalla et al. 2012). Loss of iab-8 results 
in the increase in the level of their targeted transcripts, leading to male and female 
sterility due to a defective innervation of the abdominal and reproductive tract muscles 
of the fly (Maeda et al. 2018). 

Another example is the maternally imprinted H19 gene, which encodes the first lncRNA 
to be identified, which was later discovered to serve as the precursor of miR-675 in 
humans and mice (Cai and Cullen, 2007). H19 is highly expressed in foetal tissues, 
where it is processed into miR-675, limiting placental growth by targeting, among others, 
the growth promoting gene Igf1r (Keniry et al. 2012). In parallel, H19 is also expressed 
in the adult skeletal muscle where, instead of being processed into miR-675, acts as a 
molecular sponge for the let-7 family of miRNAs, sequestering them, thus blocking the 
inhibition of their target mRNAs (Kallen et al. 2013; Onyango and Feinberg, 2011). 

Another lncRNA that is processed into smaller RNAs is acal (Ríos-Barrera et al. 2015). 
acal is one of the few lncRNAs showing sequence conservation in Drosophila. In 
particular, a 296-nt fragment is 80% sequence identical in Drosophila melanogaster and 
Drosophila bipectinata. Also, a similar-sized lncRNA is found in humans, showing a 
considerable 48% sequence identity to Drosophila acal (Murillo-Maldonado and Riesgo-
Escovar, 2019). It was found that acal, through the regulation of two JNK modulators, 
Connector of kinase to AP1 (Cka) and anterior open (aop), is able to modulate JNK 
activity (Ríos-Barrera et al. 2015). Remarkably, acal is transcribed from a mono-exonic 
gene into a 2.3-kb long transcript that, throughout the life cycle of the fly, particularly 
during pupal stages, is processed into smaller transcripts spanning 50 to 120 nt. The 
function of these small RNAs is yet to be investigated, but the differences in size with 
respect to the typical ~22 nt miRNAs indicate that processed acal does not act as a 
typical miRNA (Ríos-Barrera et al. 2015). 

Regulators of translation 

In addition, multiple pieces of evidence suggest that lncRNAs can regulate every step of 
translation by regulating the expression and function of translation factors (reviewed in 
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Karakas and Ozpolat, 2021). For instance, the lncRNA treRNA interacts with several 
ribonucleoproteins to form the treRNA-RNP complex, which binds to the translation 
initiation factor elF4G1, suppressing the translation of E-cadherin (Gumireddy et al. 
2013). 

On the other hand, lncRNAs can also regulate translation by interacting with the 
ribosome. LncRNA lncNB1 is capable of binding to the ribosomal protein RPL35, 
promoting the translation of E2F1, which in turn stabilises N-Myc in cancer cells (Liu et 
al. 2019). Another example is the lncRNA ZFAS1, which associates with the ribosomal 
subunit 40S, regulating the production and assembly of ribosomes, thus indirectly 
influencing translation (Hansji et al. 2016). 

LncRNAs encoding small ORFs 

Although by definition lncRNAs lack protein-coding potential, it is estimated that roughly 
98% of all annotated lncRNAs in humans, mice and flies contain small ORFs (smORFs) 
of 10 to 100 aa that may code for short peptides (Couso and Patraquim, 2017). 
Translation of smORFs is observed in many eukaryotes (Couso and Patraquim, 2017; 
Andrews and Rothnagel, 2014), however, the putative function of these peptides is often 
neglected, and the genes that encode them remain listed as non-coding. 

Examples of functional peptides encoded by smORFs have been described primarily in 
humans (Andersson et al. 2015; Nelson et al. 2016) and insects (Galindo et al. 2007; 
Magny et al. 2013). For instance, in Drosophila, the tarsal-less (tal) gene encodes a 
polycistronic mRNA that is translated into 4 small peptides of 11 aa each. One of these 
peptides actively participates in the development of the leg imaginal disc by regulating 
gene expression, tissue folding, and Notch signalling (Galindo et al. 2007; Pueyo and 
Couso, 2011). Moreover, similar smORFs are present in tal homologues across different 
insect species, suggesting that their function could be conserved (Galindo et al. 2007). 

Multiple studies using ribosome profiling techniques (Ribo-seq), which selectively identify 
the transcripts bound to the ribosomes, corroborated that a fraction of lncRNAs had a 
strong affinity for ribosomes (Aspden et al. 2014; Carlevaro-Fita et al. 2016; Ruiz-Orera 
et al. 2014). However, this association to the ribosomes does not necessarily imply that 
lncRNAs are actively translated, since some lncRNAs are known to regulate mRNA 
translation through ribosome binding (Carrieri et al. 2012; Hansji et al. 2016; Liu et al. 
2019). To overcome this limitation, further studies on ribosome-bound lncRNAs should 
be considered, such as peptide tagging or in vitro translation assays to identify the coding 
potential of smORFs, while their functionally should be tested by mutating or inhibiting 
the transcription of the candidate lncRNAs. 

The increasing number of functional smORF encoded by genes annotated as lncRNAs 
challenges the already discussed definition of lncRNAs. The fact that the vast majority 
of the annotated lncRNAs contain at least one predicted smORF, makes it impossible to 
rule them out just by the smORF presence. However, the lncRNA status of genes coding 
for functional peptides should be revised or, alternatively, the lncRNA definition should 
be updated to include the genes encoding for functional smORFs. 
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Conservation of lncRNAs 

A main drawback in the study of lncRNAs is the difficulty of identifying orthologous genes 
in other species. Unlike mRNAs, whose translation can be truncated by a single point 
mutation, lncRNAs do not seem to depend on their sequence to perform their functions, 
leading to their rapid evolution and sequence degeneration compared to mRNAs. 
Nevertheless, lncRNAs are significantly more conserved than neutrally evolving 
sequences (Ponjavic et al. 2007; Guttman et al. 2009; Derrien et al. 2012), indicating 
that they are actually subject to purifying selection. Indeed, few examples of sequence-
conserved lncRNAs have been described for evolutionarily closer species. For instance, 
the sequence of MALAT1 is exceptionally well conserved in mammals, including a 
remarkable sequence identity of > 70% between human and mouse (Ma et al. 2015; 
Hutchinson et al. 2017). Another example is the yellow-achaete intergenic RNA (yar), 
which is a lncRNA involved in fly sleep regulation. Several motifs ranging from 40 to 111 
bp located in the TSS, the exons and the 3’ end of yar are conserved in several 
Drosophila species separated by as much as 40-60 million years of evolution (Soshnev 
et al. 2011). 

Despite this, the high substitution rate of lncRNAs usually impedes the identification of 
orthologous genes in other species. For this reason, alternative approaches are often 
used to search for orthologous lncRNAs, such as the conservation of their secondary 
structure, the conservation of their position in the linear genome, or the presence of small 
conserved regions. 

Secondary structure 

Conservation analysis of lncRNAs secondary structures is an alternative approach in 
determining lncRNA orthology. As the function of some lncRNAs is dependent on their 
folding conformation, it is thought that their secondary structure should be more 
conserved than their primary sequence (Smith et al. 2013; Graf and Kretz 2020). 

It is possible to experimentally validate the RNA secondary structure with increased 
accuracy, generally following the selective 2’ hydroxyl acylation analysed by primer 
extension (SHAPE) and SHAPE-derived methods (Deigan et al. 2009; Wilkinson et al. 
2009; Smola and Weeks, 2018). However, these methods cannot be used to 
systematically analyse the structure of dozens of RNAs, as they are costly and time-
consuming. Instead, in silico RNA folding prediction tools are often used to infer the 
secondary structure of RNAs. Currently, these tools are mainly based on the minimum 
free energy (MFE) algorithm, which finds the optimal secondary structure using an 
iterative method to meet the MEF criteria (Hofacker et al. 1994; Zuker, 2003). However, 
it has been demonstrated experimentally that the RNA is generally folded in vivo in 
suboptimal free energy structures (Zou et al. 2008), questioning the utility of these tools. 
In fact, the accuracy of the MEF algorithm varies greatly depending on the size of the 
RNA molecules analysed, as the biological folding of shorter RNA sequences 
approximates to the minimum free energy constraint, while the accuracy of this method 
decreases for longer RNAs (Zhang et al. 2019). Thus, secondary structure prediction 
methods do not seem accurate enough to consider the RNA folding form as the primary 
source for the identification of lncRNA orthologs. 
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Synteny 

The positional conservation of genes across different species, or synteny conservation, 
emerged recently as a valuable tool in the identification of orthologous non-coding genes 
(Bryzghalov et al. 2021; Pegueroles et al. 2019; Herrera-Ubeda et al. 2019; Rolland et 
al. 2019). This analysis relies on the presence of orthologous genes located in the same 
order in the linear genome of different species. Syntenic conservation of the region 
surrounding the lncRNA locus could be an indicator of lncRNA orthology, as it is more 
probable that the lncRNA arose in their common ancestor, rather than appearing in 
different species as a consequence of independent evolutionarily events. 

However, the presence of a lncRNA conserved by synteny in different species does not 
necessarily imply orthology. Particularly, the presence of large intergenic regions 
containing multiple lncRNAs increases the rate of false positives (Young et al. 2012). In 
addition, since the analysis of synteny depends on the presence of orthologous genes, 
it works better in evolutionarily closer species and becomes less useful as the 
evolutionarily distance increases between the species being compared. 

Microhomology regions 

Despite lacking sequence conservation, smaller regions of homology among different 
species have been observed for lncRNAs (Ulitsky et al. 2011; Hezroni et al. 2015; Ruiz-
Orera and Albà, 2019; Ross et al. 2021). These microhomologous regions are thought 
to correspond to functional elements that are essential for the function of the lncRNA, 
such as RBP motifs or miRNA binding sites. It is important to note that these binding 
sites are very short (4-12 nt) and individual matches between different species can be 
found purely by chance. An interesting approach to bypass the rate of false positive hits 
is the addition of order to these elements (Ross et al. 2021). In this way, not only the 
presence of these motifs is considered, but also the order in which they are found in 
putatively orthologous lncRNAs. 

Although this method has not been tested for distantly related species, finding small 
regions of homology should be more achievable than finding orthologous lncRNAs using 
the current methods based on whole-sequence similarity or secondary structure 
predictions.
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DROSOPHILA IMAGINAL DISCS AS A MODEL FOR THE 
STUDY REGENERATION 

Imaginal discs are the epithelial sacs determined in early embryogenesis that give rise 
to the adult structures after the differentiation during metamorphosis. A total of 19 
imaginal discs are present in the Drosophila larvae, including the clypeolabral, eye-
antennal, labial, humeral, leg, haltere, wing and genitalia discs, all of which are 
duplicated except for the leg (6 total discs) and genitalia (1 disc) discs (Figure 5) 
(reviewed in Beira and Paro, 2016). During the larval stages, imaginal discs grow and 
proliferate, and during metamorphosis, they differentiate to form the adult structures. In 
this work, we will focus on the use of wing imaginal discs as a model system for the study 
of regeneration. 

 

Wing imaginal discs derive from the embryonic wing primordia, which originates from a 
cluster of 20-70 cells from polyclonal origin that isolate by invagination from the 
embryonic ectoderm (Madhavan and Schneiderman, 1977; Cohen et al. 1993). By the 
end of the first instar larval stage, the wing primordia starts to proliferate, ending up with 
around 50,000 cells prior to pupariation (Garcia-Bellido and Merriam, 1971). Since the 
division rate is rather constant and apoptosis is scarce, the final wing size and shape is 
controlled by proliferation, which depends not only on the growth rate, but also on the 
duration of growth. Both parameters are influenced by genetics, but also by other 
variables such as temperature, diet, crowding or infections (reviewed in Edgar, 2006). 

The pattern of the wing primordium is constituted by two major axes, the antero-posterior 
(AP) and the dorso-ventral (DV) axis (Figure 6 A). Cell fate determination depends on 
the presence of selector genes, which establish lineage restriction barriers within the AP 
and DV boundaries, impeding the mixture of population cells from different 
compartments (Garcia-Bellido et al. 1973). Morphologically, wing imaginal discs are a 
continuous epithelial monolayer forming a two-sided epithelial sac. One of the disc sides 
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is a columnar pseudostratified epithelium, or columnar epithelium, while the other side 
of the disc is composed by a squamous epithelium of wide and flatten cells, the 
peripodial membrane (Figure 6 B).  

At the end of the third instar larval stage, the 20-hydroxyecdysone hormone induces the 
entry of the larvae into the pre-pupal stage, and major morphogenetic events place in 
the mature imaginal discs (Fristrom and Fristrom, 1993; Riddiford and Truman, 1993). 
While the columnar epithelium everts from the wing pouch and gives rise to the adult 
wing, notum and hinge (Figure 6 C), the function of the peripodial membrane is to 
facilitate the process of eversion and thorax fusion, and does not contribute to the 
formation of the wing (Pastor-Pareja et al. 2004; Tripura et al. 2011). 

 

 

Regeneration 

Regeneration is the ability to reconstruct the original shape, size and function of body 
parts that have been physically or functionally lost or damaged. First defined by Thomas 
Morgan in 1901 as the replacement of missing structures upon injury, the study of 
regeneration has taken major steps towards the understanding of the regenerative 
process, pointing towards an ideal future in which we could confer the regeneration ability 
to non-regenerating tissues, organs or organisms. 

The capacity to regenerate is widely diverse across the animal kingdom, and it can range 
from the ability to recover specific body structures, such as limb regeneration in axolotl 
or heart and fish regeneration in zebrafish, to the ability to regenerate all body parts, as 
it is the case for planarians, which are able to reconstruct a complete organism from 
small body fragments. 

According to the biological level at which the recovery process occurs, regeneration can 
be classified into cellular regeneration, tissue regeneration, organ regeneration, 
structural regeneration, or extensive regeneration (reviewed in Bely and Nyberg, 2009). 
An example of cellular regeneration is the process of axonal growth upon the loss of 
the distal portion of nerve axons. Tissue regeneration is clearly exemplified by the 
recovery of epithelial injuries, where a homogeneous cell population proliferates to fill 
the gap left by the injured cells. Examples of organ regeneration include the recovery 
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of the human liver upon partial hepatectomy, or the regeneration of the zebrafish heart, 
recovering the original size and function of the affected organ. Structural regeneration 
refers to the recovery of missing body parts, such as tails, limbs, heads, tentacles or fins. 
Finally, extensive regeneration or whole-body regeneration is the ability to reconstruct 
a whole organism from small body fragments, as it occurs in Hydra or planarians. 

Despite the differences in the regeneration ability across different tissues, organs and 
species, the molecular mechanisms underlying the recovery process appear to be 
conserved. The action of quick bioelectric signals upon injury is required to sense the 
damage (Levin, 2009), triggering the subsequent steps in the recovery process, which 
include the healing of the wound (Gurtner et al. 2008), the proliferation of the living cells 
to replace the death cells (Tanaka and Reddien, 2011), and the proper remodelling 
mechanisms to reconstruct the damaged area (Iisma et al. 2018). 

The early signals of regeneration 

A rapid response upon damage is essential to trigger in the living cells the regeneration 
programs needed for the recovery of the injured area. These early signals include 
bioelectrical stimulus, calcium waves and reactive oxygen species (ROS), and their 
ultimate function is the activation of multiple signalling pathways required for 
regeneration, including the JNK and p38 pathways, the Hippo pathway, the Wnt pathway 
or the Jak-STAT pathway (Figure 7) (Bergantiños et al. 2010; Whyte et al. 2012; Repiso 
et al. 2013; Sun and Irvine, 2013; Santabárbara-Ruiz et al. 2015; López-Luque et al. 
2016). 

 

Bioelectrical signals are generated by specific ion channels and pumps within cell 
membranes, changing their voltage. These changes in membrane polarity are 
transduced by membrane molecules, such as the phosphoinositide phosphatase, which 
is able to activate, among others, Notch, PTEN or NF-kB (Li et al. 2002; Murata et al. 
2005; Tao et al. 2006). 

The presence of quick calcium waves upon wounding have been described in multiple 
organisms, including Xenopus (Tu and Borodinsky, 2014), zebrafish (Yoo et al. 2012) or 
Drosophila (Razzell et al. 2013). It has been proposed that these calcium waves originate 
in the dying cells and propagate to the living neighbouring cells via gap junctions, 
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activating the oxidase DUOX and leading to the production of ROS (Santabárbara-Ruiz 
et al. 2015; Narciso et al. 2015; Restrepo and Basler, 2016). In turn, ROS are required 
for the activation of redox-sensitive signalling cascades, such as the Mitogen-Activated 
Protein Kinases (MAPKs) p38 and JNK (McCubrey et al. 2006; Jiand et al. 2011; 
Santabárbara-Ruiz et al. 2015). The presence of ROS also mediates the recruitment of 
inflammatory cells, which release cytokines that are sensed by the neighbouring living 
cells, promoting the activation of the Jak-STAT signalling pathway (Moreira et al. 2010; 
Niethammer et al. 2009; Santabárbara-Ruiz et al. 2015). Upon activation, these 
signalling cascades translocate the signal to the nucleus, where their effector 
transcription factors (TFs) mediate the activation of regeneration programs. 

Production of new cells to close the wound 

The replacement of a missing or injured structure requires the production of new cells, 
which is stimulated by the early signalling events triggered upon damage. The origin of 
these new cells is variable, and includes the proliferation of stem cells, the division of 
differentiated cells, or the dedifferentiation or transdifferentiation of mature cells into 
precursor cells (reviewed in Tanaka and Reddien, 2011). The interplay between one or 
more of these mechanisms depends on the species and the tissue to be reconstructed 
(Figure 8). 

 

For instance, stem cell-based proliferation is widely described in Hydra and 
planarians, both of which can regenerate whole individuals from small cut fragments 
thanks to the existence of distinct stem cell populations throughout their organism 
(Baguñà et al. 1989; Galliot et al. 2006). In other cases, the division of differentiated 
cells is enough to recover the missing tissue and close the wound, as it happens with 
the proliferation of hepatocytes upon liver injury or partial hepatectomy (Michalopoulos 
and Bhushan, 2021). Another mechanism to produce new cells is the dedifferentiation 
of cells located near the wound. It contributes to the appendage regeneration in newts 
and axolotls (Lo et al. 1993; Laube et al. 2006; Lin et al. 2021), or to the heart and fin 
regeneration in zebrafish, where cardiomyocytes and osteoblasts, respectively, 
dedifferentiate and proliferate to recover the missing tissue (Kikuchi et al. 2010; Knopf 
et al. 2011). Transdifferentiation, the process by which differentiated cells regress to a 
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point where they can switch lineages and differentiate into another cell type, has been 
reported in newt lens regeneration (Henry and Tsonis, 2010; Jopling et al. 2011). 

Recovery of the original pattern 

Traditionally, two different methods to regenerate were described: epimorphosis and 
morphallaxis. Epimorphosis is based on the dedifferentiation of adult structures to form 
the blastema, a mass of undifferentiated pluripotent cells that drives the regeneration of 
the lost structures through active proliferation. Examples of regeneration by 
epimorphosis include the regeneration of planarians (Baguñà, 1976; Alvarado, 2006), 
limb regeneration in amphibians (Brockes, 1997), heart and fin regeneration in zebrafish 
(Poss et al. 2002; Pfefferli and Jazwinska, 2015), or the regeneration of digital tips in 
mammals (Muller et al. 1999). On the other hand, in regeneration by morphallaxis most 
of the regenerated tissue comes from the remodelling of pre-existing tissue, as very little 
cell proliferation is involved. For instance, upon cutting a Hydra in half, both parts can 
regenerate a fully functional individual from the rearrangement of pre-existing cells, 
resulting in two smaller Hydra (Bosch, 2006). 

Nevertheless, the classification of regeneration into two different categories, 
misleadingly suggests that regeneration in different animals may be controlled by 
different principles. However, in both cases, the positional information integrated by 
the living cells surrounding the wound is essential for the recovery of the original pattern. 
Evidence of the importance of the positional information was already revealed in the 
1970s from the results of grafting and regeneration experiments using larval cockroach 
legs (French et al. 1976). The experiments showed that the joining of normally non-
adjacent positions within the leg segment resulted in intercalary growth of the 
intermediate structures (Figure 9). Similar results were obtained during the regeneration 
of amphibian appendages (Maden, 1980) or Drosophila imaginal discs (Haynie and 
Bryant, 1977), suggesting a conserved mechanism of intercalary regeneration. 

 

 

Regeneration of imaginal discs 

The numerous advantages of working with Drosophila have been extensively described 
in the literature, and include their short generation times, high number of progenies, low 
maintenance costs, or the easy handling methods (Hales et al. 2015). Moreover, the 
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genome of Drosophila is much smaller, more compact and less redundant than the 
human genome. Indeed, roughly 60% of protein-coding genes annotated in flies have 
human orthologs (Wangler et al. 2015), while around 75% of human disease-related 
genes have a fly ortholog (Reiter et al. 2001). For this, Drosophila is widely used as a 
model for many human genetic disorders, including the transference of patient mutations 
into ‘avatar’ flies, which are then used to infer the response of patients to specific drugs 
(Bangi et al. 2021). 

The use of Drosophila as a model system for the study of regeneration dates back to the 
1940s (reviewed in Hariharan and Serras, 2017), when pioneering studies based on 
cutting fragments of larval imaginal discs and subsequently culturing them in adult 
female abdomens, resulted in the recovery of the missing parts thanks to local cell 
proliferation (Hadorn et al. 1949; Ursprung et al. 1959). The reimplantation of these 
regenerated discs into larvae and their successive differentiation during metamorphosis 
proved that the functionality of the cut tissue was restored (Hadorn and Buck, 1962; 
Schubiger, 1971). Later, the development of culture media mimicking the larvae 
hemolymph replaced these techniques by the ex vivo culture of imaginal discs (Handke 
et al. 2014; Restrepo et al. 2016). 

An alternative and more precise approach to study regeneration arose thanks to the 
development of genetic transactivation systems such as the Gal4/UAS system (Brand 
and Perrimon, 1993). The addition of a temperature-sensitive mutant of the Gal80 
repressor, allowed the genetic induction of cell death by overexpressing proapoptotic 
genes like reaper (rpr), head involution defective (hid) or eiger (egr) in specific regions 
of imaginal discs during specific periods of time (Smith-Bolton et al. 2009; Bergantiños 
et al. 2010; Herrera et al. 2013). In this way, the selection of specific Gal4 constructs 
under the control of different gene promoters was used to select the region of cell death 
induction. Parallelly, the temperature shift from 17ºC to 29ºC allowed the expression of 
the proapoptotic genes for specific periods of time, and then larvae were shifted back to 
17ºC to inhibit the Gal4 again and allow the tissue recovery. 
 

The early signals triggered upon damage of wing imaginal discs include the propagation 
of calcium waves and a burst of ROS produced from the dying cells, recruiting 
haemocytes to the wound site, where they release cytokines (Santabárbara-Ruiz et al. 
2015; Fogarty et al. 2016). These early signals are propagated to the living cells near 
the wound, activating the JNK, p38 or Jak-STAT pathways, which are required for wound 
healing and regenerative growth (Pastor-Pareja et al. 2008; Katsuyama et al. 2015; 
Santabárbara-Ruiz et al. 2015). 

The activation of these signalling pathways leads to the transcription of regeneration 
programs that drive a burst of active transcription at the early stages of the recovery 
process (Vizcaya-Molina et al. 2018). Among these activated genes, wingless (wg) is 
essential for the activation of the growth-promoting Myc (Gibson and Schubinger, 1999; 
Herranz et al. 2008; Smith-Bolton et al. 2009). Additionally, as a result of the changes in 
cell tension, the Hippo pathway is inhibited, activating Yorkie (Yki), which collaborates 
with Scalloped (sd) in growth promotion (Sun and Irvine, 2011; Repiso et al. 2013). 
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To recover the original patterning, the respecification and intercalary growth of the cells 
surrounding the wound is also necessary (Smith-Bolton et al. 2009, Herrera et al. 2013; 
Repiso et al. 2013). Particularly, the cells near the AP and DV boundaries are described 
to change their cell fate to adopt new compartmental identities (Herrera and Morata, 
2014). 

One of the aspects influencing the regeneration capacity of wing imaginal discs is their 
developmental stage: early L3 larvae regenerate efficiently, while late L3 larvae cannot 
regenerate (Smith-Bolton et al. 2009). The loss of the regenerative capacity is mainly 
due to the epigenetic silencing of key regulatory elements whose activation is necessary 
for proper regeneration, such as the aforementioned wg (Harris et al. 2016). With the 
aim to elongate the early larval stages in which the fly is able to regenerate, damaged 
discs release the Drosophila Insulin-like peptide 8 (Dilp-8) which, together with the action 
of retinoids, mediates a pupariation delay to allow the recovery of the injured tissue 
(Halme et al. 2010; Colombani et al. 2012; Boone et al. 2016). 

Recently, genome-wide studies interrogating transcriptional response and chromatin 
activity during Drosophila wing disc regeneration revealed the presence of damage-
responsive regulatory elements or DRREs (Vizcaya-Molina et al. 2018). They are 
defined as conserved genomic regions that become activated upon the induction of cell 
death. These DRREs contain conserved binding sites for TFs that are downstream from 
the signalling pathways that are activated upon damage, such as the Toll, Jak-STAT, 
JNK or Hippo pathways. Two types of DRREs were defined: increasing DRREs 
(iDRREs) are those chromatin regions that become more accessible in regeneration than 
in control samples, and emerging DRREs (eDRREs) are those regions that are only 
accessible in regeneration. Additionally, it was found that some of these eDRREs were 
actually reused, as around half of all identified eDRREs were also active in other tissues 
or developmental stages (Vizcaya-Molina et al. 2018). Similar studies on heart 
regeneration in zebrafish also revealed the presence of emerging regulatory programs 
that are only accessible upon damage (Goldman et al. 2017). 
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GROWTH ARREST AND DNA DAMAGE 45 (GADD45) 

One of the protein coding genes found upregulated at the early stages of wing imaginal 
disc regeneration is D-GADD45, the fly homolog of Growth Arrest and DNA Damage-
inducible 45 (GADD45) family of proteins, which acts as stress sensors in response to 
various stimuli. The first GADD45 gene was identified in mammals on the basis of its 
increased expression after growth cessation signals or treatment with DNA-damaging 
agents (Fornace et al. 1988, 1989). This gene, renamed as GADD45ɑ, together with 
GADD45β and GADD45γ, forms the highly conserved GADD45 family in mammals. 
These genes code for small (18 kDa) and highly acidic proteins that are mainly located 
in the nucleus (Zhan et al. 1994; Carrier et al. 1999). 

The expression of all GADD45 genes is induced after exposure to several genotoxic or 
oxidative agents, such as ultraviolet radiation, methyl methanesulfonate or hydrogen 
peroxide (Fornace et al. 1988). The different GADD45 family members have been 
implicated in a variety of responses to cell injury, including cell cycle checkpoints, 
apoptosis or DNA repair (reviewed in Liebermann and Hoffman, 2008). Since GADD45 
proteins do not have enzymatic properties, it has been suggested that they function by 
physically interacting with partner proteins (Figure 10). Thus, upon stress induction, 
GADD45 interacts with different proteins involved in the different stress responses 
(Liebermann and Hoffman, 2008; Niehrs and Schafer, 2012; Salvador et al. 2013). 

 

 

GADD45 and the JNK and p38 signalling pathways 

Although GADD45 proteins show complex regulation and numerous effectors, many of 
the prominent roles for the GADD45 proteins are associated with signalling mediated by 
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MAPKs (Papa et al. 2004, 2007; Miyake et al. 2007; Salvador et al. 2013). This 
association is rather complex for JNK and p38 proteins, members of the MAPKs 
pathways, which can contribute to upregulate GADD45 and, at the same time, are 
effectors of GADD45 signalling (Salvador et al. 2013). JNK and p38 are also activated 
upon cellular stress, initiating the signalling modules that lead to the transcription of 
target genes involved in growth, differentiation, survival and apoptosis (reviewed in 
Hotamisligil et al. 2016). JNK and p38 can exert antagonistic effects on cell proliferation 
and survival, which depend on cell type-specific differences, as well as on the intensity 
and duration of the signal (Wagner and Nebreda, 2009). 

In mammals, GADD45 proteins directly bind to MTK1/MEKK4, a MAP Kinase Kinase 
Kinase (MAP3K) upstream of both JNK and p38, activating its kinase catalytic domain 
and thus promoting the activation of JNK and p38 signalling pathways (De Smaele et al. 
2001; Miyake et al. 2007). Additionally, co-immunoprecipitation studies aimed to identify 
putative binding partners of GADD45β within the MAPK cascades revealed another 
MAP3K upstream of JNK and p38, ASK1, to be bound by GADD45β (Papa et al. 2004). 
However, the effects of this interaction are unknown, as no differences in the ability of 
ASK1 to activate its downstream effectors were reported (Papa et al. 2004). Moreover, 
GADD45β has also been proposed to directly bind to MKK7, a MAP Kinase Kinase 
(MAP2K) downstream of MTK1 and ASK1, inhibiting its kinase activity in mouse 
fibroblasts (Papa et al. 2004, 2007; Tornatore et al. 2008; Ueda et al. 2017). 

As the described interactions between GADD45 and the different members of the MAPK 
cascade can lead to the activation or inhibition of the downstream effectors, it has been 
suggested that the effect of GADD45 on these signalling pathways might be tissue-
specific and context-dependent. 

 

GADD45 in flies 

D-GADD45 contains a single exon encoding a 163-aa protein. Opposite to their 
mammalian counterparts, D-GADD45 is not upregulated upon different genotoxic 
stresses, including the exposure to arsenite, UV-light, X-rays or paraquat (Peretz et al. 
2007). Instead, the induction of D-GADD45 seems strongly dependent on the 
inflammatory response, as it was strongly activated upon septic injury (Peretz et al. 
2007). In agreement with this hypothesis, experiments on fly embryos revealed that D-

GADD45 was not activated upon wounding in mutants defective for the inflammatory 
response (Figure 11 A-C) (Stramer et al. 2008). Similar observations were also reported 
for GADD45ɑ in mice (Figure 11 D-E) (Stramer et al. 2008), suggesting a conserved 
mechanism of GADD45 activation upon inflammation. 
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Similar to mammals, the effects of inducing the expression of D-GADD45 seem to be 
tissue-specific also in the fly. For instance, overexpression of D-GADD45 in the nervous 
system increases the lifespan of flies by a mechanism supposed to involve a protection 
against oxidative stress (Plyusnina et al. 2011; Moskalev et al. 2012). On the other hand, 
the activation of D-GADD45 in the germline causes several patterning and polarity 
defects, as it affects the localization of several mRNAs involved in the establishment of 
the anterior-posterior axis, such as gurken and oskar, by a mechanism still unknown 
(Peretz et al. 2007). 

Contrarily, the upregulation of D-GADD45 in somatic cells causes apoptosis (Peretz et 
al. 2007). In line with these findings, the stability of D-GADD45 transcripts was described 
to be regulated by the nonsense-mediated decay (NMD) pathway, a surveillance 
mechanism that degrades transcripts, primarily abnormal mRNAs containing premature 
stop codons (Celik et al. 2015). It was found that the viability of flies mutated for NMD 
genes was compromised due to an increase in the levels of D-GADD45, which led to 
increased cell death (Nelson et al. 2016). Moreover, the downregulation of D-GADD45 
clearly recovered the viability of NMD-mutant flies (Nelson et al. 2016), indicating that its 
mRNA levels are tightly regulated by the NMD pathway as higher D-GADD45 levels 
induce apoptosis. 

The expression of D-GADD45 is rapidly increased upon cell-death induced damage, but 
after the initial steps of the stress response, when the tissue still has not completely 
recovered, the expression of D-GADD45 returns to the levels observed prior to the 
damage (Figure 12) (Stramer et al. 2008; Blanco et al. 2010; Vizcaya-Molina et al. 2018). 
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This expression pattern is in line with the stress sensor function of GADD45 proteins. 
Indeed, at the initial steps of regeneration, p38 and JNK are also activated and are 
essential for wound healing (Bosch et al. 2005; Bergantiños et al. 2010; Santabárbara-
Ruiz et al. 2015). For this, it is tempting to speculate about the relationship between the 
upregulation of D-GADD45 and the activation of p38 and JNK during the early response 
to damage. 
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Despite the growing number of functionally described lncRNAs, only a few of them have 
been characterized in Drosophila. The main objective of this thesis is to identify and 
characterize lncRNAs in the context of wing regeneration. Similarly, the role in 
regeneration of several genes encoding for stress-induced proteins remains to be 
elucidated. For these reasons, we propose the following specific objectives: 

1. Characterize the set of lncRNAs expressed in the wing disc in development and 
regeneration. 

2. Describe the role of duplicated lncRNAs CR40469 and CR34335 in development 
and regeneration. 

3. Study the role of the protein-coding gene D-GADD45 in JNK-dependent 
apoptosis and regeneration. 
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Drosophila melanogaster lines 

The list of fly strains and their resource information is depicted in Table 2. 
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Reagents 

A detailed list of the antibodies, dies, enzymes and kits used in this work are shown in 
Table 3. 

 

 

  



MATERIALS 
 

 41 

Oligonucleotides 

A detailed list of all oligonucleotides used in this work is shown in Table 4. 
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Genome-wide data 

A detailed list of all the data used from RNA-seq and ATAC-seq experiments is shown 
in Table 5. 
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Software and web-based tools 

Every software and web-based tools used in this work is listed in Table 6. 
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DROSOPHILA IN VIVO ASSAYS 

Embryo to adult viability and pupariation assays 

The collection of embryos for the embryo to adult viability and pupariation assays was 
the following: flies aged 3-5 days were allowed to lay eggs on standard medium plates 
containing yeast paste for 3 hours (h) at 25ºC. Eggs were incubated 16 h at 25ºC. Then, 
unhatched embryos were transferred to standard medium vials in four replicates 
containing exactly 25 embryos each, for a total of 100 embryos per condition. 

For the analysis of pupariation, vials were incubated at 25ºC and the number of pupae 
was counted every 12 h starting from 108 h after egg laying. The pupariation percentage 
at each timepoint was calculated according to the total number of larvae capable of 
transitioning to the next developmental phase. 

For the embryo to adult viability assay, vials were incubated at 25ºC for 15 days and the 
number of hatched adults per vial was counted. Embryo to adult viability was calculated 
as the proportion of adults hatched from deposited embryos. The proportion of hatched 
females was calculated as the number of females among all hatched adult flies. 

Control of the UAS/Gal4 system 

For the induction of UAS constructs, we employed the appropriate Gal4 line for each 
case. For experiments requiring the sustained expression of UAS constructs, we kept 
the vials of flies containing the UAS and Gal4 constructs at 25ºC from early embryos 
until the dissection of wing discs at L3 (96 h after egg laying - AEL) or until adult flies 
emerged (around 10-12 days AEL). 

For experiments requiring the transient induction of UAS constructs, an additional 
construct was added: tub-Gal80

TS. The Gal80 protein acts as a repressor of Gal4 by 
binding to its transcriptional activation domain, blocking the recruitment of Pol II and 
preventing the activation of the UAS constructs. Particularly, we used a thermosensitive 
mutant of Gal80 which is not stable at 29ºC. In this way, we controlled the transient 
expression of UAS constructs by shifting the temperature from 17ºC (Gal80 is active and 
UAS construct is not transcribed) to 29ºC (Gal80 is inactive and UAS construct is 
transcribed) (Figure 13). 

 

 



METHODS 
 

 48 

Genetic ablation and dual Gal4/LexA transactivation system 

Cell death was genetically induced as previously described by activating the expression 
of the constructs UAS-rpr or lexO-rpr under the control of sal

E/Pv
-Gal4 and sal

E/Pv
-LHG, 

respectively. The generation of the sal
E/Pv

-LHG construct, which is suppressible by 
Gal80, was described in Santabárbara-Ruiz et al. 2015. The system was controlled by 
the thermo sensitive repressor tub-Gal80

TS
. 

Embryos were kept at 17ºC for 192 h (8 days) to prevent rpr expression. They were 
subsequently moved to 29ºC for 11 h to allow rpr expression, then they were moved 
back to 17ºC until adulthood. In the experiments requiring the dissection of wing discs, 
rpr induction was prolonged to 16 h and discs were immediately dissected. Controls 
without rpr were always treated in parallel (Figure 14). 

 
In dual transactivation experiments, we used sal

E/Pv
-LHG and lexO-rpr to ablate the spalt 

domain (sal
E/Pv

> rpr), whereas ci-Gal4 was used to express different transgenes in the 
anterior compartment. 

Analysis of the adult wing phenotypes 

Female adult flies were fixed in 1:2 glycerol:ethanol for 24 h. Wings were dissected on 
water and then washed with ethanol. Then, they were mounted on 6:5 lactic acid:ethanol, 
and imaged under a microscope. We considered wings as aberrant or non-regenerated 
when missing complete veins or crossveins and/or when notches were present in the 
wing blade. Wing size was considered as the area inside the wing blade perimeter. The 
wild type patterning of an adult wing is shown in Figure 15. 
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Induction of cold and oxidative stresses 

The process of embryo collection was identical to the process followed for the embryo 
to adult viability assay. A total of 6 vials containing 25 embryos each were prepared. 
Control non-stressed vials were incubated at 25ºC until adulthood. For the induction of 
cold stress, vials were transferred 96 h AEL from 25ºC to 0ºC (ice bath) for 4 h, and then 
they were transferred back to 25ºC until adulthood. For the induction of oxidative stress, 
embryos were transferred to vials containing 20 mM tBH in the fly food and incubated at 
25ºC until adulthood. 

Embryo to adult survival was calculated as the proportion of adults hatched from 
deposited embryos. 
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MOLECULAR TECHNIQUES 

Immunostaining of wing imaginal discs 

Wing discs were dissected in Schneider’s medium (Sigma Aldrich) and fixed at room 
temperature for 30 min in 4% paraformaldehyde diluted in PBS. Discs were then washed 
twice in PBS, twice in PBT (0.5% Triton-X-100 in PBS), and incubated 1 h in blocking 
solution (2% BSA in PBT). Then, samples were incubated overnight at 4ºC with the 
primary antibody diluted in blocking solution at the appropriate concentration (Table 7). 
Discs were washed in PBT for 20 min 4 times to remove the excess of primary antibody 
and were incubated with the secondary antibody diluted 1:200 in PBT for 2 h at room 
temperature. After that, discs were washed in PBT for 10 min 3 times. Finally, nuclei 
were stained incubating 10 min with either YO-PRO-1 (Life Technologies) diluted 
1:10.000 in PBS or TO-PRO-3 (Roche) diluted 1:1.000 in PBS, and mounted in 
SlowFade (Life Technologies). 

 
To calculate the mitotic index in samples incubated with P-histone-H3 (PH3), we 
manually counted the number of PH3-positive cells in the anterior and posterior 
compartment of the wing disc. The mitotic index for each compartment was calculated 
as the fraction of mitotic cells in that compartment multiplied by 100. 

TUNEL assay 

For apoptotic cell detection, we used the terminal deoxynucleotidyl transferase dUTP 
nick end labelling (TUNEL) assay. After fixation of wing imaginal discs, apoptotic cells 
were detected using the fluorescently labelled Alexa Fluor 647-aha-dUTP (Thermo 
Fisher Scientific) and incorporated using terminal deoxynucleotidyl transferase (Roche). 
The mixture was added to the sample following the manufacturer’s instructions and it 
was incubated in the dark for 1h30 at 37ºC. EDTA was added to stop the reaction, the 
discs were washed and mounted as stated for immunostaining. 

To calculate the apoptotic index, we manually counted the number of cells positive for 
TUNEL in each disc compartment (anterior and posterior). For each compartment, the 
apoptotic index was calculated as the fraction of apoptotic cells in that compartment 
multiplied by 100. 

Generation of CR40469 knock-out mutant 
The CR40469 knock-out mutant was generated by the group of Aurelio Teleman. 

The deletion of CR40469 was performed using the ends-out homology recombination 
technique. Long homology arms for the upstream and downstream regions of the 
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CR40469 gene were designed, and a sequence spanning 1,089 bp containing the entire 
CR40469 locus and 663 bp of its promoter was excised and replaced by an mCherry 
cassette (Figure 16 A). We validated the absence of the CR40469 locus by PCR using 
primers hybridising specifically to the deleted region, and primers hybridising specifically 
to the CR34335 gene were used as control (see Table 4 for primer sequences). We used 
gDNA from two candidate homozygous mutants and control gDNA from Canton S flies 
and performed the following PCR reaction: 2 min at 95ºC, followed by 35 cycles of 30 
sec at 95ºC, 30 sec at 63ºC and 30 sec at 72ºC, and a final elongation step of 10 min at 
72ºC. We confirmed the CR40469 deletion running the PCR products on an agarose gel 
(Figure 16 B). 

 

Fluorescent in situ hybridization (FISH) 
To analyse the localization of CR40469 and CR34335 transcripts, we synthesised a 
digoxigenin-labelled RNA probe. For this, we selected the 214-bp sequence of the 
CR40469 transcript, which is 99.1% identical to the CR34335 transcript, for PCR 
amplification. As template for probe synthesis, we used gDNA from Canton S larvae. 
Fragments were amplified by PCR using the primer sets reported in Table 4. To increase 
the cloning efficiency, the T3 promoter sequence and an EcoRI target site were added 
at the 5’ end of the forward primer, while the T7 promoter sequence and a KpnI target 
site were added at the 5’ end of the reverse primer. Amplicons were purified using the 
MinElute PCR purification kit (Qiagen). Then, we digested the fragments using EcoRI 
(antisense probe) or KpnI (sense probe) and added calf intestinal alkaline phosphatase 
(Promega) to prevent religation. DIG-labelled probes were prepared using the DIG RNA 
labelling mixture (Roche) and T7 (antisense probe) or T3 RNA polymerase (sense 
probe). The probe synthesis mixture was prepared following manufacturer’s instructions 
and was incubated for 2 h at 37ºC, then EDTA was added to stop the reaction. 
Synthesised probes were purified using RNA Clean and Concentrator-5 kit (Zymo 
Research). The size of the probes was tested running an agarose gel. 

The FISH protocol used in this work is a slightly modified version of the protocol 
described in Jandura et al. 2017. All solutions were filtered through a 0.22 µm filter prior 
to use, and PBS was prepared using diethylpyrocarbonate (DEPC)-treated water. 
Freshly dissected wing imaginal discs were fixed for 30 min in 4% formaldehyde and 



METHODS 
 

 52 

0.1% picric acid and washed in PBTT (PBS with 0.1% Tween-20, 0.3% Triton-X-100 and 
0.1% picric acid) 3 times for 5 min each. To quench endogenous peroxidase activity, 
samples were incubated twice for 15 min with 0.3% hydrogen peroxide in PBS and 
washed with PBTT 4 times for 5 min each. Then, samples were incubated with 80% 
acetone in PBS for 10 min at -20ºC, washed with PBTT 3 times for 10 min each, rinsed 
with 1:1 PBTT:hybridization solution (50% formamide, 5X SSC buffer, 0.1% Tween-20, 
0.3% Triton-X-100, 0.1 mg/ml heparin and 1% salmon sperm ssRNA in DEPC water). 
Then, we incubated the samples with tempered pre-boiled hybridization solution for 3 
hours at 56ºC. Sense or antisense probe was diluted in hybridization solution (50 ng 
probe per 100 µl hybridization solution), and the mixture was denatured for 5 min at 85ºC 
prior to the incubation overnight at 56ºC. Then, probes were removed and samples were 
washed 15 min at 56ºC with decreasing concentration of hybridization solution:PBTT 
(3:1 twice, 1:1 and 1:3), followed by 3 washes of 5 min with PBTT. Samples were 
incubated with blocking solution (1% BSA in PBTT) 20 min at room temperature prior to 
the incubation with anti-digoxigenin (1:2,000 in blocking solution) for 2 h. Then, anti-
digoxigenin was washed with blocking solution 8 times for 10 min each. Samples were 
treated using the Tyramide Signal Amplification (TSA) system (Perkin Elmer), by 
incubating them in the dark for 2 h with TSA working solution, and then washed 12 times 
for 15 min each with PBTT. Finally, samples were incubated 15 min with YO-PRO-1 
(Invitrogen, 1:10,000 in PBS), mounted on SlowFade Antifade (Life Technologies) and 
imaged under a fluorescent microscope. 

Extraction and purification of total RNA 

For RNA extraction, 40 wing discs per sample were dissected in cold Schneider’s 
medium (Sigma Aldrich) for less than 30 min. To isolate the RNA, the Quick-RNA 
Microprep kit (Zymo Research) was used following manufacturer’s instructions, followed 
by an incubation with DNAse I (Promega) at 37ºC for 30 min. To further purify the RNA 
and clean the DNAse, the RNA Clean and Concentrator-5 kit (Zymo Research) was 
used. Purity and concentration of the RNA samples was assessed using Nanodrop. 

Reverse transcription and quantitative PCR 

A total of 1 µg of total RNA was used as a template for cDNA synthesis using Moloney 
Murine Leukaemia Virus reverse transcriptase (M-MLV RT) (Invitrogen), the resulting 
cDNA was diluted 2.5 times in RNase-free water. 20 µl volume reactions containing 
FastStart Universal SYBR Green Master (Rox) (Roche) were run in a 7500 Real-Time 
PCR System (Applied Biosystems). We used the following PCR program: 10 min at 95ºC 
followed by 40 cycles of 15 sec at 95ºC and 1 min at 60ºC. Melting curves were used to 
discriminate unspecific amplifications. Samples were normalised to the levels of sply and 
fold changes were calculated using the ddCt method. Three technical replicates were 
used for each reaction, and three separate biological replicates were collected for each 
experiment. The designed primer sequences are shown in Table 4. 

RNA-seq sample collection and RNA isolation 

For RNA-seq sample collection, flies were allowed to lay eggs on standard medium vials 
for 6 h at 17ºC. Embryos were incubated at 17ºC for 192 h (8 days), then vials were 
transferred to 29ºC for 16 h. L3 larvae from the desired genotypes were selected under 
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a microscope by the absence of visible markers. 50 wing discs per sample were 
dissected in cold Schneider’s medium (Sigma Aldrich), then Quick-RNA Microprep kit 
(Zymo Research) was used, followed by DNAse I (Promega) incubation at 37ºC for 30 
min, and RNA Clean and Concentrator-5 kit (Zymo Research). The purity and 
concentration of the resulting RNA was assessed using Nanodrop and Qubit. 

RNA-seq library preparation and sequencing 

For library preparation, 500 ng of total RNA were used for reverse transcription. 
Ribosomal RNA (rRNA) was depleted by selecting the poly-A transcripts. All libraries 
were sequenced on Illumina HiSeq2500 sequencer, using 50-bp paired-end reads. 
Library preparation and sequencing was performed by the Genomics Unit of the Centre 
for Genomic Regulation (CRG). 

Chromatin conformation capture (3C) 
A total of 100 wing discs per condition were dissected and resuspended in Buffer A 
containing 60 mM KCl, 15 mM NaCl, 4 mM MgCl2, 15 mM HEPES, 0.5% Triton-X-100, 
0.5 mM DTT and 1X Protease Inhibitor Cocktail (Roche). Discs were homogenised with 
2% formaldehyde in a tenbrock and incubated 10 min rotating at room temperature for 
crosslinking. Glycine was added for 5 min at a final concentration of 1 M to quench the 
formaldehyde. Nuclei were pelleted at 4ºC by centrifuging 2 min at 2,000 G, and washed 
with Buffer A. Nuclei were pelleted again, resuspended in 1X EcoRI buffer with 0.3% 
SDS, and incubated 30 min at 37ºC followed by 1 h at 65ºC. Then, we added Triton-X-
100 to a final concentration of 1.8% and incubated the mixture 1 h at 37ºC to quench the 
SDS. 100 units of EcoRI were added and digestion was performed rotating overnight at 
37ºC. EcoRI was inactivated by heating the reaction for 20 min at 65ºC, then the digested 
DNA was pelleted and resuspended in 1X T4 DNA Ligase buffer, 1% Triton-X-100 and 
0.25 units/µl of T4 DNA Ligase (NEB). Ligation was performed rotating overnight at 16ºC. 
Then, samples were decroslinked for 4 h at 65ºC with 0.1 µg/µl Proteinase K (Qiagen) 
and 1% SDS. DNA was purified with standard phenol:chloroform protocol using sodium 
acetate and acrylamide to precipitate the DNA, which was resuspended in Milli-Q water. 

To quantify the ligation products, we performed quantitative PCR and ran an agarose gel 
of the PCR products. To normalise each sample for the amount of DNA, we designed a 
primer pair hybridising within the same fragment. As a positive control, we used primers 
for the apterous enhancer, a region that is known to interact in the wing disc (Bieli et al. 
2015). The list of primers used is found in Table 4. 
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IN SILICO ANALYSES 

The processing, mapping, quality controls and the differential expression analysis using 

DESeq2 was performed by Dr. Raziel Amador-Rios. 

Differential expression analysis of control and regeneration samples 

Differential gene expression analyses between control and regeneration samples were 
performed separately on each time-point. Genes were filtered per time point (early, mid 
and late), removing all genes with a gene expression < 1 Transcript per Million (TPM). 
Analyses were run using R version 3.6.2, DESeq2 (Love et al. 2014), and a fold change 
approach (Vizcaya-Molina et al. 2018). All genes with an absolute fold change > 1.7 in 
both methods were considered differentially expressed. 

LncRNA classification and pairing to protein-coding genes 

LncRNA genes were classified with respect to their genome location using the 
classification module of the FEELnc (Wucher et al. 2017) pipeline. FEELnc received as 
input the 2,455 annotated lncRNAs from the FlyBase genome annotation r6.29, 
classifying the lncRNAs in three broad groups: intergenic, genic intronic, and genic exon. 
The classification was mutually exclusive in the following rank: genic exonic > genic 
intronic > intergenic. 

Intergenic lncRNAs were paired with their closest protein-coding gene (PCG) based on 
the end-to-end distance. Genic intronic and genic exonic lncRNAs were paired with their 
overlapping PCG. For lncRNAs overlapping two or more PCGs, only the PCG showing 
the highest number of overlapping nucleotides was considered. 

Developmental transcriptomic profile 

Developmental RNA-seq data of D. melanogaster was obtained from Pérez-Lluch et al. 
2020 and Graveley et al. 2011. Wing, antenna, eye and leg imaginal discs at 3 distinct 
developmental stages (third instar larvae - L3, early pupae - EP, and late pupae - LP), 
as well as 21 samples from whole individuals at the embryo (12 total samples divided in 
2 h intervals from 0 h to 24 h), larval (3 total samples), and pupal (6 total samples) stages 
were analysed. The mean of 3 biological replicates was used for each stage. The 
developmental heatmap was based on gene expression (log10 transformation of TPMs 
plus a pseudo-count of 0.1) using GENESIS (Sturn et al. 2002). 

Analysis of promoter regions 

For the analysis of the CR40469 and CR34335 promoters, we defined the core promoter 
(CP) as the region located ± 100 bp from the transcription start site (TSS), the proximal 
promoter (PP) as the region ± 2 kb around the CP, and the distal promoter (DP) as the 
region 10 kb upstream of the PP. We used the chromatin peaks found in control and 
regenerating ATAC-seq data from Vizcaya-Molina et al. 2018. The sequence of all peaks 
found within the promoter (CP+PP+DP) of both genes was retrieved using the UCSC 
Genome Browser, and the enrichment for transcription factor (TF) motifs was addressed 
using the PROMO tool (Messeguer et al. 2002). 
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Analysis of miRNA target sites 

For the analysis of miRNA target sites within the CR40469 and CR34335 RNA 
sequences we retrieved the seed sequences of the 161 mature miRNAs annotated in 
Drosophila. Then, using the Find Individual Motif Occurrences (FIMO) tool from the 
MEME suite, we got the number of miRNA binding sites. 

Prediction of RNA secondary structure 

To predict the secondary structures of CR40469 and CR34335 transcripts, we used the 
mFold server (Zuker et al. 2003) and the default parameters. 

Identification of smORFs and analysis of peptide properties 

To identify putative small ORFs within the sequence of CR40469 and CR34335, we used 
ORFinder. We analysed the whole sequence of each gene, and only considered the 
predicted ORFs containing both a start and stop codon, spanning at least 10 amino 
acids, and whose directionality matched with the transcription sense of each gene. To 
analyse the properties of the smORF predicted peptide, we used the ProtParam tool 
from the ExPasy resource portal. 

Mapping and assembling pipeline of CR40469-/- RNA-seq 

Transcriptomic data was processed using grape-nf (github.com/guigolab/grape-nf). 
Reads were aligned to the fly genome (dm6) using STAR (Dobin et al. 2013) v2.4.0j with 
up to 4 mismatches per paired alignment, using the FlyBase genome annotation r6.29. 
Only alignments for reads mapping to ten or fewer loci were reported. Genes and 
transcripts were quantified in TPMs using RSEM (Li et al. 2011) v1.2.21.  The GTF 
version r6.29 contains a total of 16,412 genes; 13,957 protein coding genes (PCGs) and 
2,455 long noncoding RNAs (lncRNAs). In our study the lncRNAs were defined as genes 
> 200 bp and aligned to canonical chromosomes. 

Quality control of alignment sequencing data was performed using QualiMap (García-
Alcalde et al. 2012) v.2.2.1 and Picard v.2.6.0 (http://broadinstitute.github.io/picard). 
Using QualiMap we obtained: number of reads, number of mapped reads, duplication 
rate, and GC percentage; and using Picard we obtained: dropout, and GC dropout. 
Assessment of replicates reliability was measured with weighted correlation network 
analysis (WGCNA). WGCNA was implemented with the R package WGCNA (Langfelder 
and Horvath, 2008) version 1.69. A cut-off of less than 2 standard deviations from a 
normal distribution was implemented to use a replicate. 

Filtering and differential expression analysis of CR40469-/- RNA-seq 

We used the statistical methods implemented in the DESeq2 (Love et al. 2014) package 
version 1.26.0. Only genes expressed at least 1 TPM in at least one sample were 
selected for this analysis. The two factors with interaction approach was implemented, 
considering the following design matrix: genotype + condition + genotype:condition. 
Where genotype is wild type or CR40469

-/- and condition is regeneration or control. All 
genes with an absolute fold change > 1.7 and a Benjamini-Hochberg adjusted p-value < 
0.05 were considered differentially expressed. 
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Image processing and analysis 

Bright field images were taken using Leica DMLB optic microscope, while fluorescent 
images were taken using Leica SPE confocal microscope. All images were processed 
using Fiji and Adobe Illustrator software. 

Statistics 

Prior to any statistical analysis, the Shapiro-Wilk normality test was used to check the 
distribution of the data. According to the result, the subsequent tests were parametric or 
non-parametric. 

For comparisons of 2 groups, we used either the t-test or Mann-Whitney U test 
depending on the results of the previous Shapiro-Wilk test. For comparisons of > 2 
groups, we used either a one-way ANOVA or Kruskal-Wallis test, again depending on 
the Shapiro-Wilk test results, followed by Dunn’s multiple comparison test. For 
comparisons of > 2 groups considering 2 factors, we used a 2-way ANOVA followed by 
Dunnett’s multiple comparison test. 

All statistical tests were two-tailed. Differences were considered significant when p-
values were less than 0.05 (*), 0.01 (**), or 0.001 (***). Every test was calculated using 
GraphPad Prism 8 software. 
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Considering that lncRNAs are generally expressed with high tissue- and stage-
specificity, we interrogated currently available transcriptomic data of Drosophila imaginal 
discs (Pérez-Lluch et al. 2020). Then, we analyzed the expression of lncRNAs in RNA-
seq data obtained after the induction of cell death in wing imaginal discs (Vizcaya-Molina 
et al. 2018). Finally, we performed functional experiments to determine the contribution 
of selected lncRNAs to development and regeneration. 

 

LncRNAs expressed in the wing disc 

Currently, there are 2.545 lncRNAs annotated in the Drosophila genome (FlyBase r6.45), 
but only a handful of them have been functionally characterized. With the aim to get 
insight into the hypothetical functions of lncRNAs during the development of the wing 
disc, we analyzed their expression patterns, as well as their putative contribution in the 
regulation of the expression of their nearby genes. 

Set of lncRNAs expressed in the wing disc 

We used available transcriptomic data from RNA-seq samples of wing discs at three 
different developmental stages: third instar larvae (L3), early pupae (EP) and late pupae 
(LP) (Pérez-Lluch et al. 2020). We found a total of 203 lncRNAs expressed in L3 wing 
discs (Figure 17 A), corresponding to merely 8.3% of all annotated lncRNAs in 
Drosophila. In contrast, up to 7.516 protein-coding genes (PCGs) were expressed at the 
same stage (Figure 17 A), accounting for 53.9% of all annotated PCGs. Different trends 
between PCGs and lncRNAs were also observed over time, as the number of expressed 
PCGs increased, topping at 8.208 genes at LP stage, opposed to the number of 
expressed lncRNAs, barely changing from 203 at L3 to 207 at LP (Figure 17 A). 

Although the total number of expressed lncRNAs in the wing disc across development 
was almost identical, we checked whether the set of expressed lncRNAs was the same 
or if it changed from one stage to the other. We found that only 35.65% of the expressed 
lncRNAs were common in L3, EP and LP, as opposed to the 76.09% for PCGs (Figure 
17 B). Focusing on the stage-specific lncRNAs, 9.15% were only expressed at L3, 7.89% 
were only expressed at EP, and up to 23.66% were only expressed at LP (Figure 17 B). 
In accordance with the higher stage-specificity of lncRNAs (Djebali et al. 2012; Derrien 
et al. 2012), these numbers were remarkably lower for PCGs: 1.36% L3-specific, 1.82% 
EP-specific, and 11.58% LP-specific (Figure 17 B). 
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Stage-specificity of lncRNAs is maintained for different tissues 

We next performed similar analysis in RNA-seq samples from antenna, eye and leg discs 
at L3, EP and LP stages to determine whether an increased percentage of lncRNAs was 
also found in other imaginal discs at the LP stage. 

The total number of expressed PCGs and lncRNAs in every analyzed tissue was similar 
to the number of expressed genes in the wing disc (Figure 18 A). Regarding the stage-
specificity, the same tendencies observed for wing discs were observed for antenna, eye 
and leg discs: (1) lncRNAs showed a higher stage-specificity than PCGs and (2) there 
was an increase in the proportion of lncRNAs and PCGs expressed only at the LP stage 
(Figure 18 B). Actually, the percentage of L3 and EP-specific lncRNAs was below 20% 
in any of the analyzed disc types, while this percentage increased to ~40% at LP (Figure 
18 B). 
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Altogether, these findings indicate that the increased stage-specificity of lncRNAs and 
PCGs at LP was not a specific feature of the wing disc, as it was also maintained for 
antenna, eye and leg discs. Thus, most probably it could be related with the dramatic 
morphological changes that imaginal discs suffer during the metamorphosis occurring at 
the pupal stage. 

Wing expression correlation between different developmental stages 

To get more insight into the molecular changes taking place in the wing disc across 
development, we analyzed the differences in gene expression between L3, EP and LP 
stages. We found minor changes in the expression profile of lncRNAs between L3 and 
EP (Figure 19 A), as we found a relatively high correlation in their expression (r2=0.68). 
On the contrary, when we compared the expression profiles between EP and LP (Figure 
19 B), or between L3 and LP (Figure 19 C), we obtained poor correlations (r2≈0.10 in 
both cases). These results were also observed for PCGs (Figure 19 A’-C’), suggesting 
that gene expression changes occurring during wing disc development affect both, 
lncRNAs and PCGs, similarly. 
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These findings were in line with our results on stage-specificity, as the number of 
lncRNAs and PCGs expressed only in LP wing discs was higher than that of L3 and EP 
(Figure 18 B). 

Effects of wing-expressed lncRNAs in the expression of nearby genes 

One of the most extensively used methods to predict gene function in silico is the 
analysis of their ontology. Gene ontology (GO) analysis requires the association of genes 
with ontology terms, however, most lncRNAs in flies remain uncharacterized and they 
lack an associated ontology term. For this reason, we analyzed their putative role based 
on the functions of their neighbouring PCGs. Multiple lncRNAs have been described to 
regulate the expression of overlapping or nearby genes. For instance, in flies, the lncRNA 
CR44811 was recently described to regulate the isoform usage of the overlapping coding 
gene blistered (bs), as the expression of CR44811 reduced the presence of bs long 
isoform in favour of a shorter transcript, with implications in the vein patterning of the 
wing (Pérez-Lluch et al. 2020).  

To test the putative functions of wing lncRNAs in their nearby genes, we paired each 
expressed lncRNA with their closest PCG neighbour, including overlapping genes. In 
this way, intergenic lncRNAs were paired with their closest neighbour, while genic 
lncRNAs were paired with their overlapping PCG. We next categorized their expression 
patterns depending on their changes from L3 to EP and from EP to LP. Thereby, we 
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ended up with 4 possible subgroups: increasing, decreasing, peak and valley (Figure 20 
A). The same categorization was applied for their associated PCGs. Depending on their 
categories, we classified each lncRNA-PCG pair into concordant pairs if their categories 
matched, into discordant pairs if their categories were opposed, and into unrelated pairs 
if their categories were neither concordant nor discordant. The rationale behind this 
classification was based on two opposed regulation mechanisms exerted by lncRNAs 
on the expression of their associated PCGs: (1) an activator effect in which the 
expression of the lncRNA promotes the expression of the PCG (concordant pairs), or (2) 
an inhibitory effect in which the expression of the lncRNA interferes with the expression 
of the PCG (discordant pairs).  

As expected, we found a higher correlation in the expression of lncRNA-PCG pairs 
among genic lncRNAs compared to intergenic (Figure 20 B). Indeed, almost half of the 
genic pairs had concordant or discordant expression patterns (Figure 20 C-D), which 
could indicate a possible role of these lncRNAs in the regulation of their overlapping 
PCGs. However, these results could also reflect the sharing of the same regulatory 
elements. With the aim to get insight into the processes these lncRNAs could be involved 
in, we represented the putative functions of their PCG pairs by analysing their GO. 
Initially, we analyzed individually the sets of concordant and discordant PCGs for each 
expression subgroup (increasing, decreasing, peak and valley). However, most probably 
due to the reduced number of genes in each category, no GO term enrichment was found 
for any of the groups analyzed. To solve this issue, we performed the GO analysis on 
two main groups: concordant (80 genes) and discordant (50 genes) PCGs. Thereby, for 
concordant PCGs, we found an enrichment in GO terms related with wing development, 
such as wing disc morphogenesis, pattern specification or cell differentiation (Figure 20 
E). We also found an enrichment in genes involved in eye morphogenesis, which may 
indicate a degree of overlapping in the genes expressed in the wing disc with those 
expressed in the eye disc. On the other hand, no significant GO term enrichment was 
found for discordant PCGs, which could be related with the smaller number of discordant 
pairs compared to the number of concordant. 
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Tissue-specificity of wing disc lncRNAs 

Apart from their stage-specificity, the expression of lncRNAs is also characterized by 
their generally high tissue-specificity (Katayama et al. 2005; Derrien et al. 2012; Brown 
et al. 2014; de Goede et al. 2021). To better characterize the lncRNAs expressed in 
developmental tissues, we analyzed their expression in the antenna, eye and leg 
imaginal discs. We found that the majority of lncRNAs expressed in the wing were also 
expressed in all the other tissues (72-75%) regardless of the developmental stage 
(Figure 21 A). On the other hand, 10% of lncRNAs at L3, 4% at EP, and 8% at LP were 
only expressed in the wing, thus we called them wing-specific (Figure 21 A). Even 
though the percentage of wing-specific lncRNAs seemed quite low, it was even lower for 
PCGs, as roughly 1% of wing-expressed PCGs were not expressed in antenna, eye nor 
leg discs (Figure 21 A). These results indicate strong similarities in the pool of expressed 
PCGs and lncRNAs between the different imaginal disc types. 
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Next, we associated each wing-specific lncRNA to their overlapping or closest PCG (40 
pairs). Applying on these pairs the same categorization applied in Figure 20 A, we 
obtained 22.5% of concordant, and 15% of discordant pairs (Figure 21 B). As the total 
number of gene pairs was too low, their GO analysis did not reveal any enriched ontology 
term. Nevertheless, through manual curation of these PCGs, we found two wing 
transcription factors (TFs), rotund (rn) and caupolican (caup). While the expression 
pattern of rn through development was concordant to that of the intergenic lncRNA 
CR44334 (located 2.7 kb upstream), caup and the intergenic lncRNA CR43431 (located 
27.1 kb downstream) showed opposite expression patterns (Figure 21 C). These results 
may indicate that wing-specific lncRNAs could regulate the expression of key TFs such 
as rn and caup, which are involved in cell fate specification and pattern formation in the 
developing wing disc (Gómez-Skarmeta and Modolell, 1996; St Pierre et al. 2002). 

 
 

LncRNAs differentially-expressed in regeneration 

LncRNA expression changes occurring in regeneration 

To determine the contribution of lncRNAs during the regenerative response occurring in 
the wing disc upon damage, we used previously published RNA-seq data from our 
laboratory (Vizcaya-Molina et al. 2018). We studied the transcriptome of control and 
regenerating discs after the induction of the proapoptotic gene rpr (White et al. 1996). 
Data from three different time-points was used: early regeneration (0 h after stopping rpr 
induction), mid regeneration (15 h after stopping rpr induction), and late regeneration (25 
h after stopping rpr induction) (Figure 22). These time-points recapitulate three stages 
of the regenerative process: at the early stage apoptotic cells are extruded to the basal 
part of the wing disc and the patterning is clearly disrupted, while mitotic cells are already 
present at the wound edges and some of the early signals triggering regeneration are 
activated (Smith-Bolton et al. 2009; Bergantiños et al. 2010; Repiso et al. 2013; 
Santabárbara-Ruiz et al. 2015); at the mid stage the wound has almost been closed but 
the patterning is still disrupted; at the late stage the wound is completely closed and the 
size and patterning are mostly recovered (Vizcaya-Molina et al. 2018). 
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In the original publication in which these RNA-seq datasets were analyzed, the 
differential expression analysis was based on applying a 1.7-fold change between 
control and regenerating samples for each time-point (Vizcaya-Molina et al. 2018). As 
we focused on lncRNAs and their expression is generally very low, we applied a more 
restrictive approach. To get a robust set of lncRNAs differentially-expressed (DE) in 
regeneration, we applied three different constraints: (1) a minimum expression of 1 TPM, 
(2) a minimum fold change of 1.7 between control and regeneration samples, and (3) an 
adjusted p-value of less than 0.05 after DESeq2 analysis (Figure 22). 

 
Applying these parameters, we obtained an initial list of 201 DE lncRNAs in regeneration. 
However, the RNA-seq method used in the previous study did not provide information of 
the genomic strand, and we found that many of the DE lncRNAs were located 
overlapping exons of protein-coding genes (exonic lncRNAs; 109 genes, 54.2%). Thus, 
there was a high probability that the expression of some exonic lncRNAs was 
misattributed with reads corresponding to the overlapping protein-coding genes. For this 
reason, we used the UCSC Genome Browser to manually validate the expression of the 
109 exonic lncRNAs using the RNA-seq bigwig tracks (Figure 23 A-B). After manual 
curation, we removed 70 lncRNAs, ending up with a robust list of 131 DE lncRNAs in 
regeneration (see Table 9 in Annex 2), corresponding to 5.3% of the total annotated 
lncRNAs. 

 
We found a similar number of DE lncRNAs at the early stage (29 upregulated and 33 
downregulated), but more downregulation was observed at the mid (11 upregulated and 
56 downregulated) and late (22 upregulated and 30 downregulated) stages (Figure 24 
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A), indicating that transcription of lncRNAs during regeneration is generally inhibited, 
especially after the early stage. On the contrary, expression of PCGs is generally 
activated upon damage, mostly at the early time point (Vizcaya-Molina et al. 2018). 
Moreover, most lncRNAs were only DE in one particular time-point (94 genes, 71.8%), 
while very few (13 genes, 9.9%) were either upregulated or downregulated throughout 
the regeneration process (Figure 24 B-C). Similar numbers were reported for PCGs, as 
78.5% were only DE in one particular time-point, while 3.44% were always DE in 
regeneration (Vizcaya-Molina et al. 2018). It is also worth mentioning that only 7 lncRNAs 
(5.3%), changed from upregulated to downregulated or vice versa. 

 

Regeneration-specific lncRNAs 

To address the possibility that some lncRNAs upregulated in regeneration would have 
never been expressed in the wing disc under normal conditions, we analyzed the 
expression of lncRNAs upregulated in at least one regeneration time-point (48 genes) in 
developing wing discs at L3, EP and LP stages. We identified a total of 14 upregulated 
lncRNAs with no expression detected during normal wing disc development (Figure 25 
A; see Table 9 in Annex 2). Among them, 10 were upregulated at the early time-point, 6 
at the mid and 4 at the late (Figure 25 B). We defined these genes as regeneration-
specific, as their expression in the wing disc was only activated upon damage. For 
instance, the regeneration-specific CR43611 was upregulated at the three regeneration 
time-points, but not found expressed in the wing disc at L3, EP or LP (Figure 25 C). On 
the other hand, 15 upregulated lncRNAs in regeneration were always expressed during 
wing disc development (Figure 25 A). 
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Thus, although the expression of lncRNAs was mainly inhibited during regeneration 
(Figure 24 A), we managed to identify at least 14 regeneration-specific lncRNAs, 
corresponding to 29.17% of all upregulated lncRNAs in regeneration. 

Expression of lncRNAs DE in regeneration in other tissues and stages 

Previously, we showed that most lncRNAs expressed in the wing disc were also 
expressed in other imaginal discs, and that only 5-10% of expressed lncRNAs were wing-
specific (Figure 21 A). To elucidate the tissue-specificity of lncRNAs found differentially 
expressed in regeneration, we analyzed their expression in the wing, antenna, eye and 
leg discs at different developmental stages (L3, EP and LP). Of the 131 DE lncRNAs, 34 
(25.9%) were not expressed in any of the analyzed tissues at L3, while 60 (45.8%) were 
found expressed in all tissues at L3 (Figure 26 A). Similar proportions were also 
observed at EP and LP stages (Figure 26 A), indicating that the developmental stage 
was not a factor in their tissue-specificity. Also, 21 genes (16%) were not detected in any 
tissue, while up to 33 genes (25.2%) were expressed in all tissues at the three 
developmental time-points (Figure 26 B). Among the DE lncRNAs whose expression 
has not been detected in imaginal discs, 1 was found upregulated in regeneration at all 
time-points (CR46123) (Figure 26 C), 5 were upregulated at the early stage, and 3 were 
upregulated at mid. Thus, 9 lncRNAs upregulated in regeneration were never expressed 
during the normal development of the wing, antenna, eye or leg disc. Additionally, the 
regeneration RNA-seq tracks from CR46123, transcribed from the negative strand, show 
a misannotation of its TSS, as we found a significant number of reads mapping up to 500 
nt downstream from its TSS (Figure 26 C). 
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Next, we analyzed the expression levels of DE lncRNAs in regeneration in other 
developmental stages. For this, we used transcriptomic data from whole animals at 
embryo, larval and pupal stages. Our findings showed that DE lncRNAs could be divided 
into two groups: (1) genes generally expressed from embryo to pupae and in every 
imaginal disc, and (2) genes generally non-expressed or expressed at low levels in all 
samples (Figure 27). The first group was composed of a small proportion of the 131 
lncRNAs DE in regeneration (36 genes, 26% of total). Indeed, most of these lncRNAs 
were downregulated in regeneration (27 genes), while only 9 were found upregulated in 
at least one regeneration time-point (Figure 27). In contrast, the majority of lncRNAs DE 
in regeneration were generally non-expressed or expressed at low levels regardless of 
the tissue and developmental stage, which was in line with the predominantly low 
expression of lncRNAs. In this second group, 39 lncRNAs were upregulated and 62 
downregulated in at least one time-point in regeneration (Figure 27). 
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Features of lncRNAs DE in regeneration 

To better characterize the set of lncRNAs DE in regeneration, we classified them 
depending on their genomic position relative to their overlapping or closest neighbouring 
protein-coding gene. LncRNAs overlapping exonic sequences from PCGs were 
classified as exonic, lncRNAs placed within introns of PCGs were classified as intronic, 
while lncRNAs not overlapping any PCG were classified as intergenic. Using this 
criterion, we first classified the annotated lncRNAs, and found that 26.2% of them were 
exonic, 17.3% were intronic, and 56.5% were intergenic. These proportions were 
generally maintained for DE lncRNAs in regeneration, as 29.8% were exonic, 21.4% 
were intronic, and 48.8% were intergenic (Table 8). Thus, no significant differences 
comparing these proportions were found between DE and non-DE lncRNAs in 
regeneration (Figure 28 A). 
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We also characterized different features of DE lncRNAs, such as their transcript length, 
the exon number, or their GC content. Regarding their number of exons, no differences 
were observed between DE and non-DE lncRNAs, as the vast majority of lncRNAs 
presented 1 or 2 exons regardless of their classification (Figure 28 B). In terms of the 
length of their longest transcript, we found that exonic lncRNAs were the largest (median 
of 7.6 and 7.4 kb for DE and non-DE lncRNAs, respectively), followed by intergenic 
(median of 3.8 and 4.1 kb for DE and non-DE lncRNAs, respectively), and intronic 
(median of 2.8 and 4.0 kb for DE and non-DE lncRNAs, respectively) (Figure 28 C). 
However, no significant differences were observed between DE and non-DE for any of 
the classified groups (Figure 28 C). Finally, their GC content was quite regular, as the 
median for all groups ranged from 40.85% to 46.59% (Figure 28 D). The GC content of 
DE lncRNAs was lower than that of non-DE lncRNAs for the three groups, although it 
was only significant for intergenic lncRNAs (Figure 28 D). However, the implications of 
these differences are yet to be elucidated. 
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Overall, very few differences were observed comparing the exonic, intronic and 
intergenic groups between DE and non-DE lncRNAs, indicating that the group of 
lncRNAs DE in regeneration was a good representation of the annotated lncRNAs in 
flies, as their classification, number of exons, transcript length and GC content was very 
similar to that found for non-DE lncRNAs. 
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Out of the 131 DE lncRNAs in regeneration, we selected one candidate for functional 
analysis using a loss of function mutation. To minimize the probability to affect the 
expression or function of overlapping PCGs, we focused on intergenic lncRNAs. We only 
considered lncRNAs upregulated during the early stage of regeneration, as we supposed 
that their absence could more likely compromise the wing recovery process. In total, we 
identified 13 intergenic lncRNAs upregulated in early regeneration (see Table 9 in Annex 

2). As some of these lncRNAs were lowly expressed in regenerating discs, we based 
our selection on the most expressed ones. Among them, CR32207 showed the highest 
expression in early regenerating discs (Figure 29), however, although it did not overlap 
with any protein-coding gene and thus was classified as intergenic, it did overlap with 
another lncRNA (CR42842). Moreover, CR32207 was already described as a hairpin 
RNA (hpRNA) regulating the 825-Oak gene family at the post-transcriptional level (Wen 
et al. 2019). Consequently, we decided to focus on CR40469, the second most 
expressed intergenic lncRNA in early regeneration, which was completely 
uncharacterized. 

 
 

CR40469 is duplicated in the genome of Drosophila 

One of the major drawbacks in the study of lncRNAs is finding orthologous RNAs across 
distant species, as lncRNAs usually lack sequence conservation. To analyse sequence 
similarities to CR40469, we performed a BLASTn search, but no matches were found for 
any other species, not even for other Drosophilidae species. However, we discovered 
that CR40469 was actually duplicated in the genome of Drosophila melanogaster. The 
entire CR40469 sequence was found inverted with 99.1% similarity (212/214 identities) 
within the sequence of the lncRNA CR34335 (Figure 30). Also, while CR40469 only got 
one described mono-exonic transcript of 214 nucleotides, two different mono-exonic 
transcripts with different poly-adenilation sites were annotated for CR34335, spanning 
249 (short isoform) and 361 (long isoform) nucleotides each (Figure 31 A). Both 
CR34335 isoforms include the CR40469 sequence and 35 extra nucleotides at the 5’ 
end, while the long isoform also presents 112 extra nucleotides at the 3’ end. These 
extra sequences were not found anywhere else in the Drosophila genome nor in any 
other annotated genome. It is worth mentioning that, while CR40469 was transcribed 
from the positive strand, CR34335 was transcribed from the negative strand, thus, as 
the CR40469 sequence found within CR34335 was inverted, the transcripts of both 
genes shared the same sequence instead of being complementary to each other. 
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CR40469 and CR34335 were already annotated as two lncRNAs positioned 3.2 Mb 
apart in the X chromosome (Figure 31 A). Also, it is important to mention that CR34335 
is located within a long intron of the protein-coding gene Dpr interacting protein ɑ (DIP-

ɑ), which is involved in synapse organization, and is not expressed in the wing disc. 
Intriguingly, both lncRNAs were differentially-expressed in regeneration: while CR40469 
was upregulated in the early and late stages (Figure 31 B), CR34335 was 
downregulated throughout all regeneration time-points (Figure 31 B). These opposing 
expression patterns in regeneration prompted us to analyse their expression in other 
tissues and stages to elucidate whether their expression was always antagonistic.  

We used modENCODE data from whole animals at 21 different developmental stages, 
ranging from early embryo to late pupae. Indeed, CR40469 was barely expressed, while 
CR34335 was expressed at very high levels in all samples (Figure 31 C). Then, we 
analyzed their expression in available transcriptomic data from particular disc types 
(wing, antenna, eye and leg) at L3, EP and LP stages (Pérez-Lluch et al. 2020). Similar 
to what we observed in whole animals, CR40469 was very lowly expressed, while 
CR34335 was highly expressed everywhere (Figure 31 D). Moreover, we noticed that 
the lowest CR34335 expression correlated with the highest CR40469 expression, at the 
L3 wing disc (Figure 31 D). 
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Sequence analyses of CR40469 and CR34335 

To better characterize CR40469 and CR34335, we performed in silico analyses based 
on their sequences. We analyzed their promoter regions, their putative RBP and miRNA 
binding sites, their predicted secondary structures, and the presence of smORFs within 
their sequences. 

Analysis of their promoter regions 

First, we analyzed the promoter sequence of CR40469 and CR34335 searching for 
transcription factor binding sites. We defined the core promoter (CP) as the region 
located ± 100 bp around the TSS, the proximal promoter (PP) as the region ± 2 kb around 
the CP, and the distal promoter (DP) as the region 10 kb upstream of the PP (Figure 32 
A). Then, we used ATAC-seq data from control and regenerating discs to search for 
open chromatin regions within the CP, PP and DP of these lncRNAs. 

Up to 6 open chromatin peaks were found at the CR40469 promoter (4 distal and 2 
proximal), all of which were significantly more open in regeneration than in control 
(Figure 32 B). Then, we analyzed the TF binding sites present in these open chromatin 
regions, and we found an enrichment for several TFs, including Adh transcription factor 

1 (Adf-1), dorsal (Dl), E2F transcription factor 1 (E2f1), Mothers against dpp (Mad), 
Trithorax-like (Trl) or zeste (z), all of which were expressed in regenerating wing discs 
(Figure 32 C). On the other hand, in line with its high expression levels, the 2 open 
chromatin regions found in the CR34335 promoter (1 proximal and 1 at the core 
promoter) were accessible in control and regeneration discs at all time-points (Figure 32 



RESULTS: CHAPTER 2 
 

 82 

D). These 2 regions were enriched for multiple TF binding sites, including Adf-1, Dl, Mad, 

Trl and z (Figure 32 E). 

 
The set of TF binding sites enriched in the open chromatin regions present at the 
CR40469 and CR34335 promoters was quite similar. Indeed, among the TF expressed 
in the wing disc, motifs for 5 of them were enriched in the promoters of both lncRNAs, 
while E2f1 binding sites were enriched only in the promoter of CR40469. Thus, it is 
probable that the same TFs were targeting both lncRNAs. Nevertheless, the differences 
in the availability of these open chromatin regions was probably a factor driving their 
antagonistic expression patterns despite being targeted by similar TFs. 

Analysis of miRNA target sites 

Apart from differences in the regulation at the transcriptional level, the levels of CR40469 
and CR34335 could also be regulated post-transcriptionally, for instance, by binding with 
different preferences to different partners. For instance, there are many examples of 
RBPs whose binding to lncRNAs promotes their stability, such as HuR, which blocks the 
target sites recognized by RNA-degrading enzymes (Ripin et al. 2019), or SRSF1, which 
stabilizes the lncRNA NEAT1 in certain types of cancer (Zhou et al. 2019). Unfortunately, 
as RBPs do not bind to specific RNA sequences, there are currently no mechanisms to 
predict the binding partners of a given RNA in silico. Another type of lncRNA putative 
binding partners are microRNAs (miRNAs). Traditionally, miRNAs are thought to 



RESULTS: CHAPTER 2 
 

 83 

negatively regulate mRNA translation and stabilization by binding in a sequence-specific 
manner to their 3’ untranslated region (UTR) (Bartel, 2018). Some lncRNAs are actually 
known to act as miRNA precursors, while others are described to act as miRNA sponges, 
competing with miRNA target mRNAs for their binding, thus regulating their availability. 

Regarding CR40469 and CR34335, there was no evidence pointing towards the 
possibility of these lncRNAs acting as miRNA precursors. Genome-wide studies 
searching for novel pre-miRNAs did not find CR40469 nor CR34335 as putative targets 
of Drosha, which actively participates in the canonical pre-miRNA cleavage (Kadener et 
al. 2009). Moreover, dedicated BLAST search did not reveal significant similarities to any 
of the known pre-miRNAs. On the other hand, to test whether CR40469 and CR34335 
could act as miRNA sponges, we used the Find Individual Motif Occurrences (FIMO) tool 
from the MEME suite. We searched for the presence of the seed sequence of the 161 
miRNAs annotated in Drosophila within the CR40469 and CR34335 RNA sequences. 
Complementary regions to the seed sequences of 4 different miRNAs were localized in 
the shared sequence between CR40469 and CR34335 (miR-210, miR-252, miR-307 
and miR-375), but no sites were observed for the extra sequence specific to CR34335 
(Figure 33 A). All predicted miRNA target sites were clustered in 35 nucleotides near 
the 3’ end of CR40469 (Figure 33 B). 

 
As we observed no differences in the predicted miRNA target sites between CR40469 
and CR34335, it is highly unlikely that their antagonistic expression patterns were the 
result of miRNA regulation. 

Predicted secondary structures 

The function of some lncRNA is known to rely mostly on their secondary structure. The 
specific folding of some lncRNAs is necessary to allow the binding of multiple proteins, 
such as the well-known HOTAIR, which serves as a scaffold to the histone-modifying 
complex PRC2 and the histone demethylase LSD1 through different structural motifs 
(Tsai et al. 2010; Somarowthu et al. 2015). Moreover, lncRNAs that act through the direct 
sequence-specific binding to the DNA or to other RNA molecules, fold in a specific 
manner so that their sequence recognizing their target DNA or RNA regions remains 
accessible for binding (Li et al. 2016; Kuo et al. 2019). 

We used the mFold predicting tool based on the MEF algorithm to predict the secondary 
structures of CR40469 and CR34335 (Zuker, 2003). The predicted structure of CR40469 
highlights 3 stem loops, however, the rest of the structure had very poor probability 
scores (Figure 34 A). If these high probability stem loops are formed in vivo, they could 
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facilitate the binding to RNA binding proteins (RBPs) (Corley et al. 2020). Nevertheless, 
there is little knowledge about the RNA sequence preferences of RBPs, thus it is 
currently impossible to infer the putative CR40469 binding partners just by the RNA 
sequence. Regarding the secondary structure of CR34335, despite the fact that the short 
isoform only adds 35 extra nucleotides at the 5’ end with respect to CR40469 (Figure 
31 A), clear differences between their predicted structures can be observed, not only in 
the number of stem loops (4 for CR34335), but also in their length, as the number of 
complementary bases was notably higher for CR34335 stem loops (Figure 34 B). These 
differences may indicate that, despite their striking sequence similarity, their functions 
could be completely different, in line with their highly dissimilar expression patterns 
(Figure 31 B-D). When comparing the short and long isoforms of CR34335, 3 main stem 
loops were maintained at the same position, but the rest of the sequence was notably 
different (Figure 34 B-C). 

 
Altogether, despite remarkable differences between CR40469 and CR34335 predicted 
secondary structures were observed, further studies are required to corroborate their 
folding in vivo. In any case the stem loops present in both lncRNAs were predicted with 
very high probability, thus it is tempting to speculate that their presence in vivo is rather 
likely. If that is true, these differences could imply different protein binding preferences, 
resulting in completely different functions. 

Identification of smORFs 

Although by definition lncRNAs lack protein-coding potential, some of them have been 
described to encode small functional peptides. For this reason, we searched for putative 
smORFs within the CR40469 and CR34335 RNA sequences. A predicted smORF 
encoding a peptide spanning 33 aa was found within the common sequence between 
both lncRNAs, meaning that both transcripts could be potentially translated (Figure 35). 
Next, we analyzed the peptide sequence, but we did not find sequence similarity to any 
other protein, nor any known functional domain. 

Nonetheless, it is not rare to find smORFs within lncRNA sequences, in fact, it is 
estimated that around 98% of the annotated lncRNAs contain at least one smORF 
(Couso and Patraquim, 2017). For this, further experiments are required to determine 
whether this particular smORF is actually translated and, if that is the case, if the 
encoded peptide is functional. 
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Deletion of CR40469 does not affect development 

Reverse genetic assays, in which targeted mutations are created for specific candidate 
genes, have been widely used to test the functionality of lncRNAs. In our case, as 
CR40469 was upregulated upon damage, we were interested in knock-out mutants. 
Since no mutants were available, a CR40469 knock-out was generated at the laboratory 
of Aurelio Teleman group (see Materials and Methods section for description and 

characterization of the mutation). 

We first checked whether CR40469 deletion affected the expression of nearby genes by 
analysing the expression of all genes located 100 kb away from the CR40469 locus. No 
significant differences were detected in the expression of any of the neighbouring genes 
studied (Figure 36). We also investigated whether CR40469 deletion had any effects on 
the expression of CR34335. Indeed, a significant increase in the expression of CR34335 
was found in CR40469 mutants (Figure 36). This finding may imply an antagonistic 
regulation at the transcriptional or post-transcriptional level of both lncRNAs, which could 
explain the coincidence of the lowest CR34335 expression and the highest CR40469 
expression at the L3 wing disc. 
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Prior to the study of the CR40469 mutant in the context of regeneration, we studied its 
putative effects under normal laboratory conditions. First, we analyzed the embryo to 
adult viability of CR40469 homozygous mutants compared to wild types. However, we 
did not observe any differences in their viability (Figure 37 A), nor in the proportion of 
hatched males and females (Figure 37 B), indicating that the deletion of CR40469 did 
not affect the normal development of both, male and female adult flies. These results 
were in line with the almost negligible expression levels of CR40469 throughout 
development from embryo to late pupae (Figure 31 C). 

A key developmental feature during development is pupariation, the transition from 
larvae to pupae. The process of pupariation is triggered by an increase in the levels of 
the steroid hormone 20-hydroxyecdysone at the end of the L3 stage, and it marks the 
moment in which the larvae stops feeding, attaches to the substrate and produces the 
appropriate changes in the larval cuticle to form the puparium (Heredia et al. 2021). 
Indeed, it is also useful to study developmental delays, as it recapitulates any delay in 
the embryo and larval stages. To detect putative alterations in development caused by 
the deletion of CR40469, we conducted a pupariation assay. Our results did not show 
any differences in pupariation between control and mutant flies, indicating, again, that 
the complete absence of CR40469 was not necessary for their proper developmental 
timing (Figure 37 C). This feature was also important for further regeneration 
experiments, as the capacity of wing discs to regenerate is dependent on the 
developmental stage: the later we induce regeneration, the less proportion of 
regenerated wings are obtained (Smith-Bolton et al. 2009). 

Next, we investigated whether CR40469 deletion had any effect on the adult fly body 
size, but we were unable to observe any differences between CR40469 homozygous 
mutants and controls, neither in males, nor in females (Figure 37 D). Likewise, no 
differences were observed in the size or pattern of adult wings (Figure 37 E-F). These 
results show that CR40469 was completely dispensable for the proper development of 
adult wings, albeit CR40469 was clearly expressed in L3 wing discs (Figure 31 D). 
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Altogether, we did not observe any differences between wild types and CR40469 
homozygous mutants for any of the parameters tested, suggesting that CR40469 was 
not required for the proper development of adult flies under normal laboratory conditions. 

 

Absence of CR40469 severely compromises regeneration 

These observations during normal development could not rule out the possibility of 
CR40469 participating in wing development specifically upon damage, as this lncRNA 
was clearly upregulated in regenerating wing discs (Figure 31 B). To analyse its putative 
involvement in regeneration, we compared the proportion of regenerated wings between 
control and CR40469 homozygous mutants. For this, we used the lexO/lexA 
transactivator system to induce the expression of the proapoptotic gene rpr in the spalt 
domain of control and mutant wing discs (see Figure 14 in Methods section). Strikingly, 
we observed a significant decrease in the proportion of regenerated wings among 
CR40469 mutants compared to controls (Figure 38 A-C). Aberrant non-regenerated 
wings were characterized by the absence of complete veins and crossveins, mainly the 
absence of L3 and L4 veins and the anterior crossvein, by the presence of notches in 
the wing blade, and by the smaller wing size (Figure 38 A-C). 



RESULTS: CHAPTER 2 
 

 88 

These findings posed CR40469 as the first lncRNA described to participate in the 
regeneration of wings in Drosophila, but not required for normal development. 

 
 

Transcriptomic changes of CR40469 mutants in regeneration 

To characterize the molecular changes occurring in CR40469 mutants in regeneration, 
we investigated their transcriptome. For this, we performed RNA-seq of wild type and 
CR40469 homozygous mutants in regenerating conditions (Figure 39). 

 
For the differential expression analysis, we performed DESeq2 and set up a minimum 
fold change of 1.7, a minimum adjusted p-value of 0.05, and a minimum expression of 1 
TPM. Applying these constraints, we found a total of 95 DE genes: 48 upregulated and 
47 downregulated genes in CR40469 mutants compared to wild types (Figure 40 A). 
Next, we analyzed the expression pattern of these misexpressed genes during the 
normal regeneration process taking place in wild type discs. To do so, we checked 
whether they were differentially-expressed in any time-point during regeneration. 
Actually, 45.8% of genes upregulated in the mutant (22 genes) were inhibited in at least 
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one regeneration time-point, 7 of which were inhibited at the 3 stages (Figure 40 B). On 
the other hand, 55.3% of downregulated genes in the mutant (26 genes) were activated 
in at least one regeneration time-point in the wild type, 8 of which were activated at the 
3 stages (Figure 40 B). 

 
To get an overview of the genomic location of these DE genes, we distributed them into 
the fly chromosomes. We found a non-significant increase in the proportion of DE genes 
placed in the X chromosome (Figure 41 A), which is the chromosome where CR40469 
is located. Although the number of DE genes was too low to reach significance, the 
higher proportion of genes located in the X chromosome was maintained for both 
upregulated and downregulated genes compared to the proportion of all annotated 
genes. 

To determine if the deletion of CR40469 caused a more severe dysregulation in the DE 
genes located in the X chromosome compared to those from other chromosomes, we 
compared the log2(fold change) of DE genes from each chromosome, but no significant 
differences were observed (Figure 41 B). Next, we investigated the distribution of DE 
genes located in the X chromosome and we did not find any clustering in specific 
hotspots (Figure 41 C). Also, we did not observe a local effect around the deleted region, 
as the nearest DE gene was located ~1 Mb away from the deletion. Thus, these findings 
indicate that CR40469 is most probably acting in trans, although further studies are 
required to describe its mechanism of action. 
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Analysis of CR34335 mutant phenotypes 

Considering that CR40469 was duplicated in the Drosophila genome, we also studied 
its duplication, the lncRNA CR34335. A mutant with a transposable element inserted 
within the CR34335 single exon was commercially available. This mutant has a Minos 
transposon spanning 7.7 kb in the middle of the CR34335 exon, affecting both isoforms. 
Mutant flies were perfectly viable in homozygosis, allowing us to study the expression of 
both, CR34335 and their nearby genes (Figure 42 A). We confirmed that the expression 
of CR34335 was inhibited by the presence of the transposon, while the expression of the 
overlapping gene DIP-ɑ was not affected (Figure 42 B). However, the expression of 4 
nearby genes located upstream and downstream of the mutant was also downregulated 
(Figure 42 B), suggesting that the presence of the transposable element may disrupt 
regulatory elements, leading to a dysregulation of these genes. 

Next, we analyzed the phenotypes of adult wings in CR34335 homozygous mutants, and 
no defects were observed in the pattern formation, as the veins and crossveins were 
perfectly formed (Figure 42 C). However, mutant wings were smaller compared to wild 
types (Figure 42 C), which could either indicate an effect of CR34335 in wing size, or an 
effect of the downregulated genes located near the transposon insertion site. 

We also tested the regeneration capacity of CR34335 homozygous mutants, revealing 
a small but significant decrease in the percentage of regenerated wings upon damage 
(Figure 42 D). Since CR34335 was downregulated in regeneration, this observation 
suggests that a basal expression of CR34335 is necessary for the regeneration process. 
Nevertheless, it could not be ruled out that it is the downregulation of adjacent genes, 
rather than the CR34335 inhibition, that compromised the process. 
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Subcellular localization of CR40469 and CR34335 

One of the major factors for the prediction of lncRNA functionality is their subcellular 
localization. To get insight into the putative roles of CR40469 and CR34335, we studied 
their subcellular localization in the wing disc. For this, we used fluorescent in situ 
hybridization (FISH) to detect CR40469 and CR34335 transcripts. Unfortunately, it was 
impossible to design specific probes for CR40469 and for CR34335, as both lncRNAs 
share the same sequence, and the extra sequence present only in CR34335 was not 
long enough to effectively design an appropriate probe. In consequence, we could only 
design a single probe to detect both lncRNAs at the same time.  

In order to distinguish each lncRNA, we used different genetic backgrounds: we used 
wing discs of CR34335 homozygous mutants to detect CR40469, and CR40469 
homozygous mutant discs to detect CR34335. Probably due to the much higher 
expression of CR34335 compared to CR40469, the expression pattern observed in the 
wild type and CR40469 mutants was undistinguishable (Figure 43 A,C), meaning that 
the FISH signal observed in the wild type probably corresponded to CR34335 transcripts, 
which localize specifically in the cytoplasm of wing discs (Figure 43 A,C). On the other 
hand, we were not capable of detecting CR40469 transcripts, as no differences were 
observed between the antisense and the control sense probe (Figure 43 E-F). 
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As CR40469 was upregulated in regeneration, we repeated the hybridization protocol on 
CR34335

-/- discs upon the induction of cell death. Nevertheless, the apoptotic cells acted 
as a sponge and sequestered the RNA probe, making it impossible to properly detect 
the subcellular localization of CR40469 in the living cells (Figure 44 A-B). To overcome 
this technical problem, we followed an alternative approach to induce regeneration: we 
performed a small cut in the wing disc and cultured it under specific conditions of medium 
and temperature to promote wound healing (Fristrom et al. 1973; Tsao et al. 2016). 
Nonetheless, we were not able to detect CR40469 in any case (Figure 44 C-D). 
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CR34335 may participate in in translation regulation 

With the aim to infer the putative biological processes in which this lncRNA might be 
involved in, we investigated the function of genes with similar expression patterns. Given 
the high expression levels of CR34335 across all tissues (Figure 31 B-D), we plotted 
the expression of the most expressed genes in control wing discs. The results revealed 
that only the expression of genes encoding for ribosomal subunits was on par with the 
expression levels of CR34335 (Figure 45 A). 

We further explored if the expression profile of CR34335 and that of genes coding for 
ribosomal subunits was also similar across the regeneration samples. We observed that, 
while their expression was similar in control discs, the downregulation of CR34335 in 
regeneration was not observed for any of the ribosomal genes tested (Figure 45 B). 
Then, we compared their expression in wing, antenna, eye, and leg discs at different 
developmental stages (L3, EP and LP) and, again, their expression levels were much 
higher than the median of expressed mRNAs (Figure 45 C). Nevertheless, while the 
expression of ribosomal genes decreased at the LP stage in all disc types, the 
expression of CR34335 was more stable, with the exception of L3 wing discs, in which 
CR34335 expression was the lowest (Figure 45 C).  

 
Next, we explored the possibility that the putative peptide encoded by the smORF 
present in the exonic sequence of CR34335 and CR40469 (Figure 35), was similar to 
the ribosomal subunits encoded by ribosomal genes. For this, we compared the 
predicted smORF to 137 ribosomal subunits encoded by 49 different genes. First, we 
observed that the smORF-encoded peptide was smaller than the ribosomal subunits 
(Figure 46 A). In terms of molecular weight, ribosomal subunits showed a wide weight 
range, and the predicted peptide fell within the range (Figure 46 B). We also investigated 
the isoelectric point (pI), which is defined as the pH at which a given molecule has a net 
charge of zero. It is known that ribosomal subunits generally carry net positive charges 
that facilitate the interaction with the negatively charged ribosomal RNA (rRNA) (Baker 
et al. 2001; Klein et al. 2004). Subsequently, 96.3% of ribosomal peptides showed a pI 
ranging from 9 to 13 (the pH within Drosophila cells is 6.5-7.5 (Massie et al. 1981)), but 
the smORF-encoded peptide presented a pI lower than 6 (Figure 46 C). Thus, it is 
improbable that this putative peptide interacts with rRNA or other negatively charged 
nucleic acids. 
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Although the CR34335 predicted peptide was within the range of the ribosomal peptides 
in every analyzed feature, it was clearly an outlier. Thus, in the eventual case that 
CR34335 was actually translated, the resulting peptide does not show the properties of 
the typical ribosomal subunits, indicating that most probably it is not a compound of the 
ribosomes. 
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Transcriptomic analyses of regenerating wing discs have revealed that the stress sensor 
D-GADD45 is transiently upregulated upon damage, suggesting a putative role in the 
initial steps of regeneration (Blanco et al. 2010; Vizcaya-Molina et al. 2018). One of the 
early signals activated upon damage is the JNK signaling pathway (Bosch et al. 2005; 
Bergantiños et al. 2010; Santabárbara-Ruiz et al. 2015), which is essential for wound 
healing. In mammals, GADD45 proteins have been described to interact with some 
members of this pathway, such as MTK1 and ASK1 (De Smaele et al. 2001; Papa et al. 
2004; Miyake et al. 2007). Thus, we investigated the putative role of D-GADD45 in the 
activation of the JNK pathway in wing imaginal discs, as well as if its presence is 
necessary for the recovery upon injury. 

 

Sustained activation of D-GADD45 induces JNK-dependent cell 
death 

We first determined the effect of increased D-GADD45 expression in wing imaginal discs 
by employing the Gal4/UAS system (Brand and Perrimon, 1993) to induce the 
exogenous expression of UAS-D-GADD45 from early development to L3 under the 
control of hedgehog (hh)-Gal4. As hh is expressed in the posterior compartment of 
imaginal discs, we could compare the effects on the autonomous (posterior) and non-
autonomous (anterior) compartments within the same disc.  

The activation of D-GADD45 resulted in a reduction of the size of both compartments 
(Figure 47 A-C). To elucidate whether this reduction was due to an increase in cell 
death, we measured the apoptotic index in the posterior (GFP-positive) and anterior 
(GFP-negative) compartments. A clear increase in apoptosis was observed in both 
compartments upon ectopic expression of D-GADD45 (Figure 47 A-B,D). Since 
sustained activation of the JNK cascade has proapoptotic effects (Lin, 2003; Liu and Lin,. 
2005), we investigated whether high levels of D-GADD45 could activate the JNK 
pathway. Indeed, we observed a clear increase in the activity of JNK upon increased D-

GADD45 expression, indicating that D-GADD45 can activate JNK in the wing disc 
(Figure 47 E-H) 
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To assess whether the increased apoptosis upon D-GADD45 overexpression was JNK-
dependent, we combined the expression of D-GADD45 with the inhibition of the JNK 
pathway using the dominant negative form of Basket (Bsk). Although we still observed 
an increase in cell death (Figure 48 A-B,G), apoptosis was significantly lower compared 
to the activation of D-GADD45 alone (Figure 48 G), indicating that the sustained 
expression of D-GADD45 leads to a JNK-dependent increase in apoptosis. 

We next assessed whether the interaction between GADD45 and members of the JNK 
pathway was conserved in Drosophila. For this, we examined the genetic interaction 
between D-GADD45 and Mekk1, the Drosophila ortholog of mammalian MTK1, and 
Ask1. In these experiments, we combined the expression of D-GADD45 and the 
expression of RNA interference (RNAi) constructs against either Mekk1 or Ask1. 
Depletion of Mekk1 or Ask1 completely blocked apoptosis caused by D-GADD45 
overexpression (Figure 48 C-G), suggesting that D-GADD45 mediates the activation of 
the JNK signaling pathway through, at least, Mekk1 and Ask1. 
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Next, we scored the adult wing phenotypes of flies in which D-GADD45 was 
overexpressed. Consistent with the phenotypes observed in the imaginal discs, the 
expression of D-GADD45 resulted in aberrant and smaller wings compared to controls 
(Figure 49 A-B,I-J), while the inhibition of the JNK cascade, either by expressing the 
mutant form of Basket or by depleting Mekk1 or Ask1 by RNAi, was sufficient to rescue 
the normal phenotypes, recovering the size and pattern of control wings (Figure 49 C-
J). 
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Transient expression of D-GADD45 is not sufficient to induce 
apoptosis 

As sustained expression of D-GADD45 induces JNK-dependent cell death, we analyzed 
whether its transient expression was also sufficient to induce apoptosis. For this, we 
transiently activated the expression of D-GADD45 in the posterior compartment of the 
wing disc. After 6 and 8 h of D-GADD45 activation, no differences were observed in 
terms of disc size and cell death compared to controls (Figure 50 A-D,G-H). However, 
after 11 h of induction, we observed an increase in the number of apoptotic cells in the 
posterior compartment (Figure 50 E-F,G). In line with these results, no patterning 
defects were observed in the adult wings upon transient expression of D-GADD45 
(Figure 50 I-O), only a small increase in the wing size was observed upon 6 h of D-

GADD45 induction (Figure 50 I-O). 
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D-GADD45 expression decreases cell proliferation 

To test whether higher levels of D-GADD45 affect proliferation in fly wing discs, we 
overexpressed D-GADD45 in the posterior compartment and calculated the mitotic index 
using PH3 (histone H3 phosphorylated) as a mitotic marker. 

We found that increased D-GADD45 expression in the posterior compartment reduced 
the size of the whole disc (Figure 51 A-B,E). Moreover, it significantly reduced mitosis 
in the posterior compartment, while proliferation in the anterior compartment was 
comparable to controls (Figure 51 A-B,F). To test whether this reduction in cell 
proliferation was dependent on the activation of JNK, we inhibited the JNK cascade by 
expressing the dominant negative form of Basket. No differences were observed in cell 
proliferation when comparing the overexpression of D-GADD45 with or without the 
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inhibition of JNK (Figure 51 C-F), indicating that, besides apoptosis, D-GADD45 induces 
an autonomous decrease in proliferation independently of the activation of the JNK 
signaling pathway. 

 
 

D-GADD45 is required for wing regeneration 

Considering that D-GADD45 is transiently upregulated upon damage (Blanco et al. 2010; 
Vizcaya-Molina et al. 2018), we analyzed the ability to regenerate of D-GADD45-
depleted discs. For this, we combined the Gal4/UAS system to induce the expression of 
an RNAi against D-GADD45 in the anterior compartment, and the lexO/lexA system to 
induce the expression of the proapoptotic gene rpr in the spalt domain of the wing disc 
(Figure 52). 

Transient depletion of D-GADD45, without the induction of cell death, produced visible 
defects in wing size and patterning in around half of the analyzed wings compared to 
controls (Figure 52 A-B,E-F). Upon rpr induction, the inhibition of D-GADD45 completely 
impaired regeneration, resulting in aberrant wings lacking the size and pattern of controls 
(Figure 52 C-F). Moreover, the presence of notches in the wing blade also indicated that 
the missing tissue had not been recovered, suggesting that activation of D-GADD45 is 
required for wing repair after cell death. These findings show that D-GADD45 contributes 
to regeneration. 
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The results of this work contribute to the understanding of the role of lncRNAs during the 
development and regeneration of Drosophila imaginal discs. We have described the set 
of differentially-expressed lncRNAs throughout the wing disc development and during 
the recovery process after damage. Moreover, we have characterised CR40469, the first 
lncRNA whose presence is essential to maintain the regeneration capacity of wing discs. 
Additionally, we have investigated the putative functions of the protein-coding gene D-

GADD45, which is transiently upregulated upon damage. We describe two distinct 
mechanisms of action of D-GADD45 in the wing disc, and validate that its presence upon 
damage is required for the recovery process. 

 

The role of lncRNAs in wing disc development and regeneration 

The relevance of lncRNAs is increasing over the last few years, as multiple mechanisms 
of action of lncRNAs have been extensively described (reviewed in Statello et al. 2021). 
Nevertheless, the function, if any, of the vast majority of lncRNAs remains to be 
elucidated. In flies, just few lncRNAs have been functionally characterised (reviewed in 
Camilleri-Robles et al. 2022). We have focused our study on the duplicated lncRNAs 
CR40469 and CR34335, upregulated and downregulated in regeneration, respectively.  

LncRNAs transcribed during the wing disc development 
Using transcriptomic data from developing wing discs (Pérez-Lluch et al. 2020), we have 
identified ~200 lncRNAs expressed in the wing disc during development. We have 
observed clear expression changes across time, as only one third of all the expressed 
lncRNAs in the wing disc were expressed throughout the whole disc development. 
Despite this, we have described that around 75% of lncRNAs expressed in the wing disc 
are also expressed in other imaginal discs (antenna, eye and leg discs), and only ~10% 
(corresponding to ~20 lncRNAs) are specifically expressed in the wing disc. 

With the aim to address the putative function of the lncRNAs expressed in the wing disc, 
we have analysed the expression of their overlapping or closest protein-coding genes. 
Changes in the expression of 26% genic lncRNAs were concordant with those of their 
overlapping protein-coding genes across time, while discordant expression patterns 
were observed for 18% of genic lncRNAs. These numbers could imply either a function 
of these lncRNAs in the regulation of the expression of the overlapping protein-coding 
genes, or simply the sharing of the same regulatory elements. On the other hand, 
intergenic lncRNAs showed a much lower number of concordant and discordant 
expression patterns, highlighting that in most cases they may not participate in the 
regulation of their closest protein-coding gene. In any case, among the protein-coding 
genes showing concordant expression with their closest lncRNA, we have found an 
enrichment in gene ontology terms related with wing disc morphogenesis, pattern 
specification or cell differentiation. Although the functionality of these lncRNAs was not 
addressed in this work, it is tempting to speculate about their participation in the 
regulation of genes involved in key biological processes taking place during the 
development of the wing disc. Reverse genetic assays by mutating some of these 
lncRNAs would be needed to address their function. 
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Differentially-expressed lncRNAs in wing disc regeneration 

Using RNA-seq data from regenerating wing discs (Vizcaya-Molina et al. 2018), we have 
identified a subset of 131 lncRNAs differentially-expressed (DE) during regeneration. 
Opposed to the burst of active transcription observed for protein-coding genes in 
regeneration (Vizcaya-Molina et al. 2018), the majority of the DE lncRNAs were 
downregulated, particularly at mid regeneration stage. Also, in line with the high 
specificity of lncRNA expression, most of the 131 DE lncRNAs in regeneration are found 
DE only in one particular time-point. 

Although the majority of the DE lncRNAs in regeneration are also expressed at some 
point during the development of the wing disc, we managed to identify 14 regeneration-
specific lncRNAs, whose expression in the wing disc is only activated upon damage. It 
would be interesting to address their function in regeneration, but the rather low 
expression levels of many of them makes it difficult to analyse. 

To characterise this set of DE lncRNAs, we have classified them into exonic, intronic and 
intergenic lncRNAs, depending on their genomic context. The proportions of each group 
for DE lncRNAs are comparable to those found for all the annotated lncRNAs. Similarly, 
we have not found any differences in terms of number of exons, transcript length or GC 
content between DE and non-DE lncRNAs. These results suggest that the set of DE 
lncRNAs in regeneration is a good representation of the lncRNAs annotated in 
Drosophila, as they do not show any particular feature. 

It is highly probable that the number of lncRNAs DE involved in regeneration is higher, 
since we have not looked for novel unannotated lncRNAs. In fact, it is not rare to find 
novel lncRNAs from transcriptomic data. For instance, 179 novel lncRNA genes were 
identified from developing embryos (Schor et al. 2018). Possibly, the use of specific 
scripts aimed to identify novel lncRNAs could yield a number of unannotated lncRNAs 
expressed specifically in the wing disc upon damage. 

 

CR40469 and CR34335: a duplication in the Drosophila genome 

Among the set of 48 lncRNAs upregulated in the early stages of regeneration, we 
focused our study on the lincRNA CR40469. We reported a duplication of CR40469: the 
lncRNA CR34335, located 3.2 Mb downstream of the CR40469 locus in the X 
chromosome. 

Different mechanisms by which lncRNAs can arise have been proposed, including the 
duplication of existing DNA or RNA sequences, the exaptation of transposable elements, 
or the metamorphosis of protein-coding genes by the loss of their coding potential 
(Marques and Pointing, 2014; Jarroux et al. 2017). In the case of CR40469 and 
CR34335, the most probable scenario is that one of the two genes arose as a 
consequence of the duplication of the other one. The huge genomic distance between 
both genes tempts us to speculate about the possibility that, instead of the duplication of 
the DNA sequence, it might be the retrotransposition of the RNA, the mechanism by 
which the duplication arose. 

Indeed, the presence of TE sequences within lncRNAs is well described. It is estimated 
that around 60% of human lncRNAs contain TE sequences accounting for as much as 
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30% of their sequence (Kapusta et al. 2013; reviewed in Lee et al. 2019). Also, the 
presence of specific ancient TE sequences were shown to drive a nuclear enrichment of 
the lncRNAs containing them (Carlevaro-Fita et al. 2016; Lubelsky and Ulitsky, 2018). 
For this, we scanned the genomic sequences of both CR40469 and CR34335, as well 
as their surrounding sequences searching for reminiscents of transposase or integrase, 
but we found no evidence of transposable element (TE) exaptation. However, we cannot 
rule out the possibility that their sequences diverged to a point where no traces of TEs 
can be found. Moreover, when analysing closely the sequence of CR40469 and 
CR34335, we found a poly-A region spanning 19 nucleotides in the genomic sequence 
of CR34335, coinciding with the transcription termination site of the CR34335 short 
isoform, which also marks the end of the sequence identical to CR40469. This poly-A 
sequence might be remnant of the retrotransposition of the CR40469 RNA. In this way, 
we propose that the lncRNA CR40469 might actually derive from an exaptated TE, which 
was retrotransposed inverted into the X chromosome, deriving into the lncRNA CR34335 
(Figure 53). 

 

 

In line with this hypothesis, the CR40469 locus is surrounded by retrotransposons. 
Specifically, a TAHRE element is found merely 18 bp downstream of the CR40469 
termination site, while a HeT-A element is located immediately upstream of the CR40469 
TSS (Figure 54). Also, the 120 kb region separating the CR40469 locus from the 
chromosome end is filled with HeT-A, TAHRE and TART elements, which are the three 
retrotransposons responsible for the elongation of the fly telomeres (George et al. 2006, 
2010; Casacuberta, 2017). This particular genomic context suggests that the CR40469 
locus is located at the end of the sub-telomeric region of the X chromosome, 
strengthening the possibility that CR40469 derived from a retrotransposon. 
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Conservation of CR40469 and CR34335 

We have not been able to find any similar sequence to CR40469 or CR35335 in other 
species of Drosophila. Although it might imply that both lncRNAs appeared later in 
evolution, another possibility would be that the CR40469 sequence diverged too much 
to find any sequence similarity, even in evolutionarily closer species. 

Other types of conservation could also be addressed, such as the presence of micro-
homologous regions (Ulitsky et al. 2011; Hezroni et al. 2015; Ruiz-Orera and Albà, 2019; 
Ross et al. 2021). However, the CR40469 sequence might not be long enough (214 nt) 
to effectively find these small conserved motifs. On the other hand, synteny conservation 
could also be assessed (Bryzghalov et al. 2021; Pegueroles et al. 2019; Herrera-Ubeda 
et al. 2019; Rolland et al. 2019), particularly comparing Drosophila melanogaster with 
other Drosophila species. The major drawback in this case would be the fact that 
CR40469 is located in the first position of the X chromosome and thus the synteny 
conservation could only be assessed by the positional conservation of the genes located 
downstream of CR40469. Alternatively, CR34335 could be used to test the conservation 
by synteny, but it would only be reliable if the CR40469 retrotransposition actually 
appeared in the common ancestor between the species compared. 

Co-regulation of both lncRNAs 

Despite being almost identical in sequence, the expression pattern of CR40469 and 
CR34335 is far from similar: while CR40469 is lowly expressed in all tissues and 
developmental stages, CR34335 is very highly expressed regardless of the tissue and 
stage. The minimum expression level of CR34335 was coincident with the maximum 
CR40469 expression at the L3 wing disc. Additionally, their expression in regeneration 
is opposed: CR40469 is upregulated at early and late regeneration, while CR34335 is 
downregulated during the whole recovery process. Also, we clearly observed a 
significant CR34335 upregulation in CR40469 homozygous mutants. For these reasons, 
it is tempting to speculate about a putative co-regulation of both lncRNAs. 

The huge differences in the expression levels of both lncRNAs suggest that they are 
differentially regulated at the transcriptional level. We have not found strong differences 
in the TF binding sites present in the promoters of CR40469 and CR34335. Regarding 
their chromatin accessibility, we have found that the open chromatin peaks present in 
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their promoter regions reflect their expression pattern: while CR34335 peaks are slightly 
more accessible in control than regeneration samples, CR40469 peaks are only 
accessible in regeneration. At the post-transcriptional level, we have investigated a 
putative regulation by miRNAs, but we did not find differences in the miRNA binding sites 
between both lncRNAs. 

 

CR40469 as a putative enhancer RNA 

The upregulation of CR40469 in the early and late stages of regeneration suggests that 
it might participate in the recovery process after injury. A knock-out mutant was 
generated for CR40469, but we did not observe significant differences between 
CR40469 homozygous mutants and control flies in several parameters, including embryo 
to adult viability, timing of pupariation, adult body size or development of the adult wings. 

The lack of phenotypes upon lncRNA mutation is not unusual, as it is proposed that 
many functional lncRNAs participate in the regulation of tightly regulated biological 
processes, and the loss of the lncRNA is overcome by other factors, resulting in no visible 
phenotypes (reviewed in Gao et al. 2020). This lack of distinguishable phenotypes is 
actually one of the major drawbacks in the study of lncRNAs, as it renders the definition 
of lncRNAs as possibly non-functional. 

The remarkable reduction in the ability to regenerate of CR40469 mutants makes this 
gene the first lncRNA essential for the regenerative process. The analysis of the 
transcriptome of CR40469 mutants compared to wild type regenerating discs, has 
revealed a set of 95 differentially-expressed (DE) genes, 48 upregulated and 47 
downregulated. However, whether these 95 genes are directly or indirectly regulated by 
CR40469 remains to be elucidated, as well as the exact mechanism by which CR40469 
mediates the upregulation or downregulation of these genes. 

One possibility is that CR40469 is acting as a regeneration-specific enhancer-derived 
RNA, as it actually overlaps with an emerging damage-responsive element (eDRRE), an 
open chromatin region only accessible upon damage and not in normally developing 
wing discs (Vizcaya-Molina et al. 2018). Transcription of enhancer-derived RNAs has 
been linked with enhancer activity (Hah et al. 2013; Mikhaylichenko et al. 2018). In line 
with this hypothesis, among the 95 DE genes in the CR40469 mutant background, a 
clear enrichment for the X chromosome is detected, which is precisely the chromosome 
in which the CR40469 locus is located. However, the closest DE gene in the X 
chromosome is located more than 1 Mb away from the CR40469 locus, thus, if CR40469 
is acting as an elncRNA, it should act through large chromatin loops. Furthermore, we 
did not observe any particular clustering among the DE genes, as they were located 
throughout the whole chromosome. For this reason, in the case that CR40469 directly 
participates in their regulation as an elncRNA, multiple chromatin loops involving large 
genomic distances should be formed to approximate the CR40469 locus and the 
promoter of the DE genes. Additionally, the fact that we could not detect the transcripts 
of CR40469 by FISH also points towards the possibility that it might act as an elncRNA, 
as they have been detected by FISH only in cultured cells, but not in tissues (Shibayama 
et al. 2017; Rahman et al. 2017; Tsai et al. 2018). 
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Further experiments are required to validate whether CR40469 actually acts as a 
regeneration-specific enhancer-derived RNA. For instance, the circular chromosome 
conformation capture (4C) technique allows to capture all genomic interactions of a 
specific chromatin region (Krijger et al. 2020). Performing 4C experiments in 
regenerating discs would allow detecting whether the CR40469 locus contacts with any 
of the DE genes present in the mutant background. In preliminary experiments using the 
chromatin conformation capture (3C) technique we could not detect physical interaction 
neither in control nor in regenerating wing discs between the CR40469 locus and 4 
selected candidate genes. 

Alternatively, the putative enhancer activity of CR40469 could also be tested. For this, 
the CR40469 genomic sequence should be cloned upstream of a minimal promoter, 
followed by a Gal4-encoded sequence. In this way, upon the addition of a UAS-GFP 
construct, the enhancer capacity of the CR40469 sequence in regenerating discs can be 
monitored: if GFP is observed, it is because the CR40469 acts as an enhancer to drive 
the expression of the Gal4 gene, which in turn activates the expression of the GFP. This 
approach has been used in enhancer screenings (Tokusumi et al. 2017), and to confirm 
enhancer activity of DRREs during regeneration (Vizcaya-Molina et al. 2018), and it can 
be useful also to test putative enhancer-derived RNAs. Nonetheless, this assay would 
only test the ability of the lncRNA genomic sequence to serve as enhancer, while the 
actual function of the transcript, if any, would remain to be elucidated. 

Possible role of CR40469 in responses to other types of stress 
To investigate whether CR40469 participates only in the response to cell death, or if it 
also participates in the response to other types of stresses, several experiments can be 
done with the use of mutant flies. Preliminary experiments with flies subjected to cold 
and oxidative stress did not show viability differences between CR40469 mutants and 
control flies (Figure 55). However, it is important to consider that these assays involve 
systemic responses, as the whole organism is subjected to stress. Because of the use 
of specific drivers, genetically-induced cell death, on the contrary, acts locally, just in 
wing imaginal discs. For this reason, although these results might imply that CR40469 
does not participate in the response to cold and oxidative stress, it could be that this 
lncRNA is only required in imaginal discs. 

Additionally, transcriptomic data from Drosophila adults and L3 larvae treated with a 
plethora of compounds, including ethanol, caffeine, rotenone or paraquat, did not reveal 
particular expression changes of CR40469 (Brown et al. 2014), suggesting that it might 
only be activated upon cell death, or maybe that its expression is constrained to the wing 
imaginal discs. 
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The putative function of CR34335 

LncRNA CR34335 is expressed at very high levels in every sample tested. Since only 
genes encoding for ribosomal subunits are expressed at such high levels in Drosophila, 
we hypothesised about a putative function of CR34335 related with the ribosomes. 
Analysis of several features of the putative peptide encoded by CR34335 indicate that it 
is highly unlikely that this small peptide functions as a ribosomal subunit. Further 
experiments, such as polysome profiling to analyse whether CR34335 transcripts are 
bound to the ribosomes, or the use of antibodies against the putative peptide encoded 
by CR34335 to test whether it is actively translated, could shed light into a putative 
function of CR34335. Alternatively, since we could not detect any visible phenotype in 
CR34335 mutants in development, even considering that its expression is ubiquitous, 
there is also the possibility that this lncRNA has no function at all. 

In the regeneration context, CR34335 is still expressed at very high levels, but it is 
significantly downregulated compared to control wing discs. Around 80% of the analysed 
wings were able to regenerate in the mutant, indicating that the presence of CR34335 is 
probably not essential in the recovery process. 

Altogether, our results suggest that, despite its high expression in every tissue and 
developmental stage, CR34335 is not functional, and thus dispensable during 
development and regeneration. The subcellular localization of CR34335 does not 
provide evidence of functionality either. Nuclear export seems to be the default pathway 
of transcribed RNAs (Palazzo and Lee, 2018; Lubelsy and Ulitsky, 2018; Shukla et al. 
2018), thus the localization of CR34335 transcripts in the cytoplasm does not imply that 
they have been actively exported to perform any function there. It is also possible that 
the high levels of CR34335 in the cytoplasm cause some degree of cellular stress, as 
these transcripts possess a smORF that could potentially be translated, occupying 
ribosomes that otherwise would be translating other mRNAs (Palazzo and Lee, 2015). 

In any case, analysis of tissue-specific and condition-specific expression patterns, as 
well as the production of a clean mutant (not affecting the expression of neighbouring 
genes) are needed to properly address the possible functionality of CR34335. 
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D-GADD45 role in JNK-dependent apoptosis and regeneration 

In this work, we have described a role for the stress sensor D-GADD45 in Drosophila. 
Our results, together with previous observations (Peretz et al. 2007; Nelson et al. 2016), 
indicate that the levels of D-GADD45 must be tightly controlled both, during normal 
development as well as after the induction of cell death. 

We have also revealed the relationship between D-GADD45 and the JNK signalling 
pathway during development. A previous study in flies already showed a genetic 
interaction in the germline between D-GADD45 and the MAP Kinase Kinases (MAP2Ks) 
Hemipterous and Licorne, members of the JNK and p38 pathways, respectively (Peretz 
et al. 2007). Our data show a genetic interaction of D-GADD45 and the JNK signalling 
pathway at the level of MAP3Ks. In mammals, the binding of GADD45 proteins to MTK1, 
ortholog of Drosophila Mekk1, leads to the auto-phosphorylation of its kinase domain, 
allowing MTK1 to trigger the JNK signalling cascade (Takekawa et al. 1998; Miyake et 
al. 2007). Previous studies also revealed a physical interaction between ASK1 and 
GADD45 in human cells, although this interaction was thought to be non-functional 
(Papa et al. 2004). Further analyses are required to uncover whether the molecular 
mechanism of GADD45-mediated activation of the JNK pathway is conserved in 
Drosophila. 

In mammals, GADD45 overexpression was found to induce G2/M phase arrest in 
numerous cell lines (Zhan et al. 1994; Wang et al. 1999; Nakayama et al. 1999; Zhang 
et al. 1999; Jin et al. 2002). Here, we have shown that a sustained increase of D-

GADD45 levels results in an increase in apoptosis and a decrease in cell proliferation. 
Although several studies implicated JNK signalling in G2/M phase arrest (Zhu et al. 2009; 
Cosolo et al. 2019), we still observed a decrease in mitosis when activating D-GADD45 
and inhibiting the JNK cascade, suggesting that the activation of JNK is dispensable in 
Drosophila for the D-GADD45-mediated effect in cell proliferation. On the other hand, it 
was described that wing size in Drosophila is regulated by JNK signalling during 
development (Willsey et al. 2016). Thus, we cannot discard that a short induction of D-

GADD45 (6 h) may activate a JNK-mediated proliferative response. 

One of the early responses to damage in the wing imaginal discs is the activation of the 
JNK signalling cascade, which is required for regeneration (Bosch et al. 2005; Mattila et 
al. 2005; Bergantiños et al. 2010). In this system, the induction of cell death activates 
p38 and induces tolerable levels of JNK, which are essential for wound healing 
(Santabárbara-Ruiz et al. 2015). Moreover, it was recently demonstrated the 
requirement for Ask1 during wing regeneration (Santabárbara-Ruiz et al. 2019). We 
hypothesise here that D-GADD45 could be required to regulate the activity of JNK by 
activating Ask1 and Mekk1. However, we cannot rule out the possibility that other 
members of the JNK signalling pathway could also interact with D-GADD45 during the 
stress response in Drosophila, as observed in other systems (Papa et al. 2004, 2007; 
Tornatore et al. 2008; Ueda et al. 2017). Similar to mammals (Salvador et al. 2013), it is 
likely that members of the MAPK family that are effectors of GADD45 signalling, 
contribute at the same time to GADD45 induction. 

Finally, it is tempting to speculate about the possible mechanisms behind the tight 
regulation of D-GADD45 levels during regeneration. On the one hand, D-GADD45 could 
be a direct downstream target of the JNK pathway. Both p38 and JNK are required only 
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during the early response (Santabárbara-Ruiz et al. 2015), while the expression of D-

GADD45 shows an increase/decrease pattern during regeneration (Blanco et al. 2010; 
Vizcaya-Molina et al. 2018). In addition, the promoter region of D-GADD45 contains 
putative binding sites for AP1 (Activator Protein-1), the transcription factor downstream 
of the stress-responding JNK pathway (Blanco et al. 2010). On the other hand, a 
degradation of D-GADD45 mRNA by the nonsense-mediated decay (NMD) pathway was 
described as essential for viability in flies (Nelson et al. 2016). This observation suggests 
that when D-GADD45 mRNA levels reach a certain threshold, the NMD pathway would 
destroy these transcripts, reducing the amount of the D-GADD45 protein to the 
appropriate levels to prevent D-GADD45-mediated apoptosis. 
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1. LncRNAs are not particularly expressed in the wing disc; only the expression of ~200 
lncRNAs was detected, 75% of which were also found expressed in other imaginal 
discs. 

2. 131 lncRNAs are differentially expressed in the context of regeneration, 14 of which 
are only expressed in the wing imaginal disc upon damage. 

3. The sequence of lncRNAs CR40469 and CR34335 is 99.1% identical in the genome 
of Drosophila. Upon damage, CR40469 is upregulated while CR34335 is 
downregulated. 

4. LncRNA CR40469 is dispensable for fly development, but it becomes essential upon 
damage, as knock-out mutants lose the regeneration capacity of wing imaginal discs. 

5. LncRNA CR34335 is expressed at unusually high levels in most tissues and 
developmental stages and is particularly enriched in the cytoplasm. 

6. Sustained activation of D-GADD45 leads to a JNK-dependent increase in apoptosis 
that is mediated, at least, by Mekk1 and Ask1. On the contrary, transient expression 
of D-GADD45 is not sufficient to induce cell death. 

7. Sustained activation of D-GADD45 decreases cell proliferation independently of the 
activation of the JNK signaling pathway. 

8. Activation of D-GADD45 upon damage is essential to maintain the regenerative 
capacity of wing imaginal discs. 
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Table 9. List of 131 differentially-expressed lncRNAs in regeneration. The status of 
each lncRNA at each time-point (early, mid and late) is shown, as well as their 
classification depending on their genomic context. NDE stands for Non Differentially-
Expressed. 

 

Gene name Early timepoint Mid timepoint Late timepoint Type 
CR31514 Upregulated NDE NDE exonic 
CR32027 NDE NDE Upregulated intronic 
CR32661 NDE NDE Downregulated intergenic 
CR34046 Downregulated NDE NDE intergenic 
CR34335 Downregulated Downregulated Downregulated intronic 
CR40469 Upregulated NDE Upregulated intergenic 
CR41257 Upregulated NDE Upregulated intergenic 
CR42549 NDE NDE Downregulated exonic 
CR42862 NDE Downregulated NDE exonic 
CR42868 NDE NDE Upregulated intergenic 
CR43144 Downregulated Downregulated Downregulated intergenic 
CR43157 NDE Downregulated NDE intergenic 
CR43264 Downregulated NDE NDE intronic 
CR43436 NDE Downregulated Downregulated intergenic 
CR43461 Downregulated Downregulated Downregulated intronic 
CR43496 Downregulated Downregulated Downregulated intronic 
CR43611 Upregulated Upregulated Upregulated intronic 
CR43644 NDE NDE Upregulated intergenic 
CR43684 Upregulated Upregulated NDE intronic 
CR43837 Downregulated NDE NDE intergenic 
CR43887 Downregulated NDE NDE intergenic 
CR43900 Upregulated NDE Downregulated exonic 
CR43918 NDE Downregulated NDE intronic 
CR43927 NDE Downregulated NDE intronic 
CR43943 NDE Downregulated NDE intergenic 
CR43949 Upregulated NDE NDE intergenic 
CR43956 NDE Downregulated NDE intronic 
CR43963 Downregulated NDE NDE exonic 
CR43971 NDE Downregulated NDE exonic 
CR43995 Downregulated Downregulated Downregulated intergenic 
CR44024 Upregulated Downregulated NDE intergenic 
CR44029 NDE Downregulated Downregulated exonic 
CR44042 NDE NDE Downregulated intergenic 
CR44043 NDE Upregulated NDE intronic 
CR44078 NDE Upregulated NDE intergenic 
CR44119 Upregulated NDE NDE exonic 
CR44127 Downregulated Downregulated NDE intergenic 
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CR44135 Upregulated Upregulated NDE intergenic 
CR44172 Downregulated NDE NDE intergenic 
CR44209 Downregulated NDE NDE intergenic 
CR44294 Upregulated NDE NDE intergenic 
CR44299 NDE NDE Downregulated intronic 
CR44417 NDE Downregulated NDE intronic 
CR44440 NDE Downregulated Downregulated intergenic 
CR44458 NDE Downregulated NDE intergenic 
CR44489 NDE Downregulated Downregulated intergenic 
CR44499 Downregulated NDE NDE intergenic 
CR44552 NDE NDE Downregulated intergenic 
CR44589 NDE Downregulated NDE intergenic 
CR44677 NDE Downregulated NDE intergenic 
CR44749 Downregulated NDE NDE intronic 
CR44761 Upregulated NDE NDE exonic 
CR44784 NDE NDE Upregulated intergenic 
CR44811 NDE NDE Downregulated intronic 
CR44831 NDE Downregulated NDE exonic 
CR44899 Upregulated NDE NDE intergenic 
CR44917 NDE NDE Upregulated intergenic 
CR44918 Upregulated NDE NDE intergenic 
CR44955 Upregulated Upregulated NDE intergenic 
CR44964 NDE Upregulated NDE exonic 
CR44970 Downregulated NDE NDE intergenic 
CR44971 Downregulated NDE NDE intergenic 
CR44974 Upregulated NDE NDE exonic 
CR44987 NDE Downregulated Downregulated exonic 
CR44993 Upregulated Downregulated NDE intronic 
CR45000 NDE NDE Upregulated exonic 
CR45009 Downregulated NDE NDE exonic 
CR45028 Upregulated NDE NDE exonic 
CR45036 NDE Downregulated NDE exonic 
CR45102 NDE Downregulated Downregulated intergenic 
CR45128 Downregulated NDE NDE intronic 
CR45171 Upregulated Downregulated Downregulated exonic 
CR45176 Upregulated NDE NDE exonic 
CR45181 NDE Downregulated NDE intergenic 
CR45182 Downregulated NDE NDE exonic 
CR45187 Downregulated Downregulated NDE intergenic 
CR45232 NDE Downregulated NDE intergenic 
CR45310 NDE Downregulated Downregulated intergenic 
CR45311 NDE Downregulated NDE intergenic 
CR45330 Downregulated Downregulated Downregulated intergenic 
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CR45433 Upregulated NDE NDE intergenic 
CR45466 NDE Downregulated NDE exonic 
CR45473 NDE Downregulated Downregulated intergenic 
CR45479 Upregulated NDE NDE exonic 
CR45485 NDE Downregulated NDE exonic 
CR45501 NDE NDE Upregulated exonic 
CR45517 NDE Downregulated NDE intergenic 
CR45530 Upregulated NDE NDE intergenic 
CR45550 NDE Downregulated NDE intergenic 
CR45566 NDE NDE Upregulated exonic 
CR45600 NDE Downregulated Downregulated exonic 
CR45627 Downregulated NDE NDE intergenic 
CR45638 Downregulated NDE NDE intergenic 
CR45640 NDE NDE Upregulated intergenic 
CR45641 Downregulated NDE NDE intergenic 
CR45721 NDE Downregulated NDE intergenic 
CR45734 Downregulated Downregulated NDE intergenic 
CR45822 NDE Downregulated Downregulated exonic 
CR45895 NDE Downregulated NDE exonic 
CR45908 NDE Downregulated NDE exonic 
CR45924 Downregulated NDE NDE exonic 
CR45925 NDE Downregulated Upregulated exonic 
CR46006 NDE Downregulated NDE intergenic 
CR46044 NDE Downregulated NDE exonic 
CR46056 NDE Downregulated NDE intronic 
CR46057 NDE NDE Upregulated intronic 
CR46093 Upregulated NDE NDE exonic 
CR46123 Upregulated Upregulated Upregulated intronic 
CR46139 NDE NDE Downregulated exonic 
CR46194 Upregulated NDE Upregulated exonic 
CR46252 Downregulated NDE NDE intergenic 
CR46352 Upregulated NDE NDE intergenic 
CR46410 NDE Upregulated NDE intronic 
CR9284 NDE NDE Downregulated intergenic 
dntRL NDE NDE Downregulated intergenic 

hpRNA:CR32205 NDE NDE Upregulated intergenic 
hpRNA:CR32207 Upregulated Upregulated Upregulated intergenic 
hpRNA:CR33940 Upregulated Upregulated Upregulated exonic 

Hsr-omega NDE Downregulated NDE intergenic 
let7C NDE Downregulated NDE exonic 
noe NDE Downregulated NDE intronic 

RNaseP:RNA NDE NDE Upregulated intronic 
roX1 NDE NDE Downregulated exonic 
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roX2 Downregulated Downregulated Downregulated intergenic 
sisRNA:1 Downregulated Downregulated Upregulated intronic 
sisRNA:2 Downregulated NDE NDE intronic 
sisRNA:3 Downregulated Downregulated NDE intronic 
sisRNA:4 NDE Downregulated NDE intronic 

sisRNA:CR46364 Downregulated NDE NDE intronic 
Uhg3 NDE NDE Downregulated intergenic 
Uhg8 NDE NDE Upregulated exonic 
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Table 10. List of 14 regeneration-specific lncRNAs. 

 

Gene name Early timepoint Mid timepoint Late timepoint Type 
CR31514 Upregulated NDE NDE exonic 
CR43611 Upregulated Upregulated Upregulated intronic 
CR43684 Upregulated Upregulated NDE intronic 
CR43949 Upregulated NDE NDE intergenic 
CR44043 NDE Upregulated NDE intronic 
CR44078 NDE Upregulated NDE intergenic 
CR44761 Upregulated NDE NDE exonic 
CR44784 NDE NDE Upregulated intergenic 
CR44955 Upregulated Upregulated NDE intergenic 
CR44974 Upregulated NDE NDE exonic 
CR44993 Upregulated Downregulated NDE intronic 
CR45925 NDE Downregulated Upregulated exonic 
CR46123 Upregulated Upregulated Upregulated intronic 
CR46352 Upregulated NDE NDE intergenic 
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Abstract: The GADD45 proteins are induced in response to stress and have been implicated in the
regulation of several cellular functions, including DNA repair, cell cycle control, senescence, and
apoptosis. In this study, we investigate the role of D-GADD45 during Drosophila development and
regeneration of the wing imaginal discs. We find that higher expression of D-GADD45 results in
JNK-dependent apoptosis, while its temporary expression does not have harmful e↵ects. Moreover,
D-GADD45 is required for proper regeneration of wing imaginal discs. Our findings demonstrate
that a tight regulation of D-GADD45 levels is required for its correct function both, in development
and during the stress response after cell death.
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1. Introduction

The Growth Arrest and DNA Damage-inducible 45 (GADD45) family of proteins acts as stress
sensors in response to various stimuli. The first GADD45 gene was identified in mammals on the
basis of its increased expression after growth cessation signals or treatment with DNA-damaging
agents [1,2]. This gene, renamed as GADD45↵, is a member of a highly conserved family, together with
GADD45� and GADD45�. GADD45 genes encode for small (18 kd) and highly acidic proteins that can
be both nuclear and cytoplasmic [3,4]. The expression of all GADD45 genes is induced after exposure
to several genotoxic or oxidative agents, such as ultraviolet radiation, methyl methanesulfonate (MMS)
or hydrogen peroxide [1] and di↵erent family members have been implicated in a variety of responses
to cell injury, including cell cycle checkpoints, apoptosis, and DNA repair (reviewed in [5,6]). GADD45
is also known to participate in the regeneration of zebrafish fin and retina [7–9].

Since GADD45 proteins do not have enzymatic properties, it has been suggested that they perform
their functions by physically interacting with partner proteins (reviewed in [5]). Thus, upon stress
induction, GADD45 interacts with di↵erent proteins involved in the di↵erent stress responses [5,10,11].
Although GADD45 proteins show complex regulation and numerous e↵ectors, many of the prominent
roles for the GADD45 proteins are associated with signaling mediated by mitogen-activated protein
kinases (MAPK) [11–16]. This association is rather complex for c-Jun N-terminal kinase (JNK) and p38
proteins, members of the MAPKs pathways, which can contribute to GADD45 induction and at the
same time are e↵ectors of GADD45 signaling [11]. JNK and p38 pathways are also activated upon
cellular stress, initiating the signaling modules that lead to the transcription of target genes involved in
growth, di↵erentiation, survival and apoptosis (reviewed in [17]). JNK and p38 can exert antagonistic
e↵ects on cell proliferation and survival, which depend on cell type-specific di↵erences, as well as on
the intensity and duration of the signal [18].

In mammals, GADD45 proteins directly bind to and activate MTK1/MEKK4, a MAP Kinase
Kinase Kinase (MAP3K) upstream of JNK and p38 [12,16]. Other studies have revealed a putative
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interaction between GADD45ß, and ASK1, another MAP3K upstream of JNK and p38 [14]. However,
it has been proposed that GADD45ß also interacts with MKK7, a MAP2K downstream of MTK1 and
ASK1, inhibiting its kinase activity in mouse fibroblasts [14,15,19,20]. All these observations suggest
that the e↵ect of GADD45 on JNK signaling might be tissue-specific [21].

D-GADD45 is the only member of the GADD45 family found in Drosophila, and it contains a
single exon encoding a 163-amino acid protein. D-GADD45 expression seems strongly dependent
on the inflammatory response. D-GADD45 was found to be upregulated upon activation of the
immune response, but not following different stress stimuli including genotoxic stress [22]. By using a
microarray screen to compare gene expression after laser wounding, D-GADD45 was also identified as
an inflammation-associated gene [23]. The effects of inducing the expression of D-GADD45 seem to be
tissue-specific also in the fly: overexpression of D-GADD45 in the nervous system increases the lifespan
of flies [24,25]. However, increased expression in somatic cells leads to apoptosis and in the germline
causes several patterning and polarity defects [22]. D-GADD45 was also found to be strongly upregulated
in imaginal discs during regeneration. The expression of D-GADD45 is rapidly increased upon damage,
but after the initial steps of the stress response, when the tissue has still not completely regenerated, the
expression of D-GADD45 is recovered to the levels observed prior to damage [23,26,27]. This suggests a
putative role of D-GADD45 only in the initial steps of regeneration. Moreover, damage also activates p38
and induces tolerable levels of JNK, which are essential for wound healing [28–30].

Here, we use Drosophila wing imaginal discs to study the role of D-GADD45 during development
and in the activation of the JNK signaling pathway. We found that a sustained activation of D-GADD45
leads to JNK-dependent cell death, whereas transient expression of D-GADD45 does not have
detrimental e↵ects. Moreover, the activation of D-GADD45 also induces a decrease in proliferation,
which is independent of the activation of the JNK signaling pathway. We also found that, while
D-GADD45 is dispensable during wing development under normal conditions, it becomes essential for
regeneration. These findings suggest that D-GADD45 could act as an in vivo stress sensor upstream of
the MAP3K signaling cascade in Drosophila.

2. Materials and Methods

2.1. Drosophila Strains

The following Drosophila melanogaster strains were used: TRE-DsRed.T4 [31], ci-Gal4
(from R. Holmgren), salE/Pv-LHG [30], lexO-rpr [30], en-Gal4 (from G. Morata), and UAS-GFP
(RRID:BDSC_4776), UAS-RNAi-Ask1 (RRID:BDSC_35331), UAS-RNAi-Mekk1 (RRID:BDSC_35402),
UAS-bskDN (RRID:BDSC_9311), UAS-D-GADD45 (RRID:BDSC_81038), UAS-RNAi-D-GADD45
(RRID:BDSC_35023) and tubGal80TS (RRID:BDSC_7017) from the Bloomington Drosophila Stock
Center. Hh-Gal4 is described in FlyBase (https://flybase.org/).

2.2. Activation of Transgenes Using the Gal4/UAS System

The Gal4 and UAS lines used are indicated for each experiment. For sustained activation of
transgenes, flies were kept at 25 �C until 96 h after egg laying, when they were dissected and stained.
To study adult phenotypes, flies were kept at 25 �C until adulthood.

For transient experiments, the expression of Gal4 was controlled by the thermo sensitive repressor
tubGal80TS. Flies were kept at 17 �C until 192 h after egg laying (equivalent to 96 h at 25 �C) to prevent
the expression of the constructs. They were subsequently kept at 29 �C for 6, 8 or 11 h. After that time,
wing discs were immediately dissected and stained. To study the size and patterning of adult wings
the vials were kept at 17 �C until adulthood.

2.3. Genetic Ablation and Dual Gal4/LexA Transactivation System

Cell death was induced as previously described [29,32]. We used the salE/Pv-LHG driver [30],
which contains the binding domain of LexA and the activator domain of Gal4, which is recognized by
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the inhibitor Gal80TS, to induce the expression of the pro-apoptotic gene reaper (rpr) cloned downstream
of the LexA operator LexO. We simultaneously used Gal4 to express either UAS-D-GADD45 or
UAS-RNAi-D-GADD45 under the control of ci-Gal4. The system was controlled by the thermo sensitive
Gal4-repressor tubGal80TS.

Embryos were kept at 17 �C until the 192 h after egg laying (equivalent to 96 h at 25 �C) to prevent
rpr expression. They were subsequently moved to 29 �C for 11 h and then back to 17 �C until adulthood.
Controls without rpr expression were always treated in parallel.

2.4. Immunohistochemistry and Statistics

Immunostaining was performed using standard protocols. Primary antibodies were P-Histone-H3
(rabbit 1:1000; Millipore, Burlington, MA, USA), Mmp-1 cocktail of three antibodies (3A6B4, 3B8D12
and 14A3D2, mouse 1:100 each; Developmental Studies Hybridoma Bank, Iowa, IA, USA), Cubitus
interruptus (rat 1:25, Developmental Studies Hybridoma Bank) and P-JNK (rabbit 1:100; Promega,
Madison, WI, USA).

Fluorescently labeled secondary antibodies were from Life Technologies (Carlsbad, CA, USA).
Discs were mounted on SlowFade (Life Technologies). To label nuclei we used TO-PRO-3 (1:1000, Life
Technologies), YO-PRO-1 (1:1000, Molecular Probes, Eugene, OR, USA) or Sytox Orange (1:10.000,
Molecular Probes).

For apoptotic cell detection, we used the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay, for which we used the fluorescently labelled Alexa Fluor 647-aha-dUTP
(Thermo Fisher Scientific, Waltham, MA, USA) and incorporated using terminal deoxynucleotidyl
transferase (Roche Diagnostics, Mannheim, Germany).

The apoptotic index was calculated after manually counting the number of cells positive for TUNEL
in the anterior and posterior compartments of the disc, for all genotypes shown. The apoptotic index
for each compartment was calculated as the fraction of apoptotic cells in that compartment multiplied
by 100. Error bars indicate standard deviation of the mean. To compare apoptotic indexes, we used
two-way analysis of variance (ANOVA) followed by Tukey post-hoc test on variables transformed to
logarithmic scale.

The mitotic index was calculated after manually counting the number of P-Histone-H3 (PH3)
positive cells in the anterior and posterior compartments, for all genotypes shown. The mitotic index
for each compartment was calculated as the fraction of mitotic cells in that compartment multiplied by
100. Error bars indicate standard deviation of the mean. To compare mitotic indexes, we used two-way
ANOVA followed by Tukey post-hoc test.

2.5. Test for Adult Wing Phenotypes

Female adult flies were fixed in glycerol:ethanol (1:2) for 24 h. Wings were dissected on water
and then washed with ethanol. Then they were mounted on 6:5 lactic acid:ethanol and analyzed and
imaged under a microscope. We considered wings as aberrant when missing veins or crossveins and/or
when notches were present in the wing blade. Wing size was considered as the area inside the wing
blade perimeter, as represented in Results section hh>GFP image.

Wing size and phenotype for each genotype is represented as a boxplot. Boxes represent the 1st,
2nd and 3rd quartiles. Whiskers represent interquartile range.

3. Results

3.1. Sustained Activation of D-GADD45 Induces JNK-Dependent Apoptosis

To get insight into the relationship between GADD45 levels and their putative role, we first
determined the e↵ect of increased expression of D-GADD45 in wing imaginal discs by employing the
Gal4/UAS system [33]. For this, we used UAS-D-GADD45 under the control of hedgehog (hh)-Gal4,
which is expressed in the posterior compartment of the imaginal discs, allowing us to compare the
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e↵ects on the posterior (autonomous) and anterior (non-autonomous) compartments within the same
disc. We activated the Gal4/UAS system throughout development until the third instar larval (L3)
stage, when wing discs were dissected. We found a reduction in the whole disc size, including a
reduction in size of the posterior compartment (Figure 1A). We also measured the apoptotic index in
the posterior (GFP-positive) and anterior (GFP-negative) compartments and we observed a significant
increase in the apoptotic index of both compartments when D-GADD45 was upregulated compared to
control discs (Figure 1A).
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Figure 1. Sustained expression of D-GADD45 induces JNK-dependent cell death. (A–D) TUNEL assay
of wing discs labeling apoptotic cells after sustained expression of each construct in the posterior
(hedgehog, hh) compartment. Apoptotic cells (red), posterior compartment (green) and DNA (white).
Scale bar: 50 µm. (E) Histogram showing the apoptotic index for each genotype in the green fluorescent
protein (GFP)-positive and GFP-negative compartments. Error bars indicate standard deviation. N � 4
discs for each genotype. **p < 0.01. ***p < 0.001.
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As mentioned before, it is well known that mammalian GADD45 proteins are able to interact to
and activate the JNK signaling pathway [12,16]. Since sustained activation of the JNK cascade also has
proapoptotic effects [34,35], we next checked whether sustained expression of D-GADD45 activates the
JNK pathway. We observed a clear increase in the activity of JNK upon increased D-GADD45 expression,
which indicates that D-GADD45 can activate JNK in the wing imaginal discs (Figure S1). To assess
whether the increase in apoptosis is JNK dependent, we combined the expression of D-GADD45 and
the expression of a dominant negative form of the serine/threonine-protein kinase Basket (Bsk), a key
downstream component of the JNK cascade, to inhibit the pathway. These discs showed a significant
reduction of the apoptotic index in both compartments compared to discs expressing only D-GADD45
(Figure 1A–B).

To gain further insight into the interaction between D-GADD45 and the JNK pathway, we
examined the genetic interaction between two di↵erent MAP3Ks involved in the JNK pathway: the
Drosophila ortholog of mammalian MTK1, Mekk1, and Ask1. In these experiments we combined the
expression of D-GADD45 and the expression of RNA interference (RNAi) constructs against either
Mekk1 or Ask1. Similar to observations made when inhibiting the JNK pathway using the dominant
negative form of Basket, depletion of Mekk1 or Ask1 significantly reduced the apoptosis caused by
D-GADD45 (Figure 1C–D).

We also scored the adult wing phenotypes of flies in which D-GADD45 was overexpressed in the
posterior compartment and found aberrant and smaller size wings compared to controls (Figure 2A–B).
Consistent with the phenotype observed in the imaginal discs, the inhibition of the JNK cascade, either
by expressing the mutant form of basket or by depleting Mekk1 or Ask1 by RNAi, was su�cient to
rescue the phenotypes, resulting in normal-sized and well-patterned wings (Figure 2C–H).
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Figure 2. Sustained expression of D-GADD45 results in smaller and aberrant wings. (A–H) Adult
wings showing the predominant phenotypes observed after sustained expression of each construct in
the posterior (hedgehog, hh) compartment. Number of wings analyzed is indicated for each condition.
Colored region in (A) represents the area selected to calculate wing size. (I) Box plot showing the
average area of adult wings obtained after the expression of each combination of constructs in the
posterior (hedgehog, hh) compartment. Each dot represents one wing; wild-type pattern (blue) and
aberrant pattern (orange).

Since sustained expression of D-GADD45 induces JNK-dependent cell death, we analyzed whether
transient expression of D-GADD45 is su�cient to induce apoptosis. To do so, we transiently activated
the expression of D-GADD45 in the posterior compartment of the wing disc (Figure 3A). After 6 and
8 h of D-GADD45 activation, no di↵erences were observed compared to control discs (Figure 3B–C).
However, after 11 h of induction there was an increase in the number of apoptotic cells in the posterior
compartment (Figure 3D). No wing patterning defects were observed after 6 or 8 h (Figure 3E–F), and
minor vein alterations were detected after 11 h (Figure 3G). A slight increase in wing size was observed
after 6 h of D-GADD45 induction (Figure 3H).
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Altogether, these results demonstrate that the detrimental e↵ects of D-GADD45 are due to the
exposure to sustained levels of expression and that transient expression of D-GADD45 is not su�cient
to induce cell death, since we could not detect apoptosis after 6 and 8 h of induction. Our findings also
suggest that D-GADD45 interaction with the JNK pathway could be mediated at the MAP3K level, by
Mekk1 and Ask1 kinases.

3.2. Increased Expression of D-GADD45 Decreases Cell Proliferation Independently of the JNK
Signaling Pathway

Overexpression of GADD45 results in cell growth suppression in numerous mammalian cell
lines [3,36–38]. Therefore, we analyzed whether higher levels of D-GADD45 would also a↵ect
proliferation in the imaginal discs. For this, we induced D-GADD45 expression in the posterior
compartment of the wing discs and calculated the mitotic index using P-histone-H3 (histone H3
phosphorylated) as a mitotic marker. We found that increased D-GADD45 expression in the posterior
compartment reduced the whole disc size (Figure 1A and 4C) and significantly reduced mitosis in this
compartment (Figure 4C). The mitotic index in the anterior compartment was, however, comparable to
that in control discs (Figure 4A).
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Figure 4. Sustained expression of D-GADD45 decreases cell proliferation independently of JNK
activation. (A–D) Immunostaining of wing discs with P-histone-H3 labeling mitosis (magenta), the
posterior compartment (green) and DNA (white). Scale bar: 50 µm. (E) Histogram showing the mitotic
index of PH3 labeling for each genotype in the GFP-positive and GFP-negative compartments. N � 10
for genotype. ***p < 0.001.

We next inhibited the JNK cascade by expressing the dominant negative form of basket, preventing
D-GADD45-induced apoptosis. We found that, in these discs, mitosis in the anterior compartment
was also equivalent to that in control discs (Figure 4B–D); however, proliferation in the posterior
compartment was still significantly reduced but did not di↵er significantly from that found in discs in
which only D-GADD45 was activated (Figure 4C–D). Altogether, these results suggest that besides
apoptosis, D-GADD45 induces an autonomous decrease in proliferation independently of the activation
of the JNK cascade.
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3.3. D-GADD45 is Required for Regeneration of Wing Imaginal Discs

Because we had previously observed that D-GADD45 was transiently upregulated following
physical injury or genetic induction of cell death [26,27], we analyzed the ability of D-GADD45-depleted
discs to regenerate. We scored wing regeneration after the induction of cell death by expressing the
proapoptotic gene reaper (salE/Pv > rpr) while depleting D-GADD45 by RNAi in the anterior compartment
using the driver cubitus interruptus (ci > RNAi-D-GADD45) (Figure 5A). While control wings were
normal in size and pattern, transient depletion of D-GADD45 by RNAi produced visible defects in
wing size and patterning in around half of the analyzed wings (Figure 5B–C). In regenerating animals,
depletion of D-GADD45 completely impaired regeneration, resulting in aberrant wings lacking the
pattern and size of controls (Figure 5D–F). The presence of notches in the wing blade also indicated
that the missing tissue had not been recovered, suggesting that activation of D-GADD45 is required for
wing repair after cell death. These findings show that D-GADD45 contributes to regeneration.
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Figure 5. Depletion of D-GADD45 severely impairs wing regeneration. (A) Schematic representation
of the regeneration model used. (B–E) Adult wings showing the predominant phenotypes observed in
each condition. Number of wings analyzed is indicated for each condition. (F) Box plot showing the
average area of adult wings after 11 h of induction. Each dot represents one wing; wild-type pattern
(blue) and aberrant pattern (orange).

4. Discussion

In this work, we describe a role for the stress sensor D-GADD45 in Drosophila. Our results, together
with previous observations, indicate that the levels of D-GADD45 must be controlled both, during
normal development as well as after the induction of cell death.

We also reveal the relationship between the D-GADD45 protein and the JNK signaling pathway
during development. A previous study in flies already showed a genetic interaction in the germline
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between D-GADD45 and MAP Kinase Kinases (Hemipterous and Licorne), members of the JNK and
p38 signaling pathways, respectively [22]. Our data show a genetic interaction of D-GADD45 and the
JNK signaling pathway at the level of MAP3Ks. In mammals, binding of GADD45 to MTK1, ortholog
of Drosophila Mekk1, leads to the auto-phosphorylation of its kinase domain, allowing MTK1 to trigger
the JNK signaling cascade [12,16]. Previous studies have also revealed physical binding between ASK1
and GADD45 in human cells, although this interaction was thought to be non-functional [14]. Further
analyses are required to uncover whether the molecular mechanism of GADD45-mediated activation
of the JNK pathway is conserved in Drosophila.

In mammals, overexpression of GADD45 has been found to induce G2/M phase arrest in numerous
cell lines [3,36,37,39,40]. Here we show that a sustained increase of D-GADD45 levels results in an
increase in apoptosis and a decrease in cell proliferation. Although several studies have implicated
JNK signaling in G2/M phase arrest [41,42], we still observed a decrease in mitosis when activating
D-GADD45 and inhibiting the JNK cascade through development, suggesting that the activation
of JNK is dispensable in Drosophila for the D-GADD45-mediated e↵ect in cell proliferation. On the
other hand, it has been described that the Drosophila wing size is regulated by JNK signaling during
development [43]. Thus, we cannot discard that a short induction of D-GADD45 (6h) may activate a
JNK-mediated proliferative response.

One of the early responses to damage in the wing imaginal discs is the activation of the JNK
signaling cascade, which is required for regeneration [28,29,44]. In this system, induction of cell
death activates p38 and induces tolerable levels of JNK, which are essential for wound healing [30].
Moreover, we have recently demonstrated the requirement for Ask1 during wing regeneration [45].
We hypothesize here that D-GADD45 could be required to regulate the activity of JNK by activating
Ask1 and Mekk1. We cannot rule out the possibility, however, that other members of the JNK signaling
pathway could also interact with D-GADD45 during the stress response in Drosophila, as observed in
other systems [14,15,19,20]. Similar to mammals [11], it is likely that members of the MAPK family
that are e↵ectors of GADD45 signaling, contribute, at the same time to GADD45 induction.

Finally, it is tempting to speculate about the possible mechanisms behind the tight regulation of
D-GADD45 levels during regeneration. On the one hand, D-GADD45 could be a direct downstream
target of the JNK pathway. Both, p38 and JNK are required only during the early response [30] and
the expression of D-GADD45 shows an increase/decrease pattern during regeneration [26,27]. In
addition, the promoter region of D-GADD45 contains putative binding sites for the AP1 (activator
protein-1) protein, the transcription factor downstream of the stress-responding JNK pathway [26].
On the other hand, a degradation of D-GADD45 messenger RNA (mRNA) by nonsense-mediated
decay (NMD) has been described as essential for viability in flies [46]. This observation suggests
that when D-GADD45 mRNA levels reach a certain threshold, the NMD pathway would destroy
these transcripts, reducing the amount of the D-GADD45 protein to the appropriate levels to prevent
D-GADD45-mediated apoptosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/5/378/s1,
Figure S1: Sustained expression of D-GADD45 activates JNK.
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Abstract
Over the last decade, the increasing interest in long non-coding RNAs (lncRNAs) has led to the discovery of these transcripts 
in multiple organisms. LncRNAs tend to be specifically, and often lowly, expressed in certain tissues, cell types and biological 
contexts. Although lncRNAs participate in the regulation of a wide variety of biological processes, including development 
and disease, most of their functions and mechanisms of action remain unknown. Poor conservation of the DNA sequences 
encoding for these transcripts makes the identification of lncRNAs orthologues among different species very challenging, 
especially between evolutionarily distant species such as flies and humans or mice. However, the functions of lncRNAs are 
unexpectedly preserved among different species supporting the idea that conservation occurs beyond DNA sequences and 
reinforcing the potential of characterising lncRNAs in animal models. In this review, we describe the features and roles of 
lncRNAs in the fruit fly Drosophila melanogaster, focusing on genomic and functional comparisons with human and mouse 
lncRNAs. We also discuss the current state of advances and limitations in the study of lncRNA conservation and future 
perspectives.

Keywords LncRNAs · Drosophila melanogaster · Flies · Conservation · Comparative genomics · Development

Introduction

Long non-coding RNAs (lncRNAs), are DNA sequences 
encoding transcripts larger than 200 nt that lack protein-
coding potential. Although many lncRNAs show low lev-
els of expression, some are known to play a pivotal role in 
the regulation of several cellular processes. In recent years, 
the amount of available transcriptomic data has increased 
exponentially and has been crucial in demonstrating that 
genomes are extensively transcribed. Additionally, the emer-
gence of tools to identify putative non-coding genes has led 
to the annotation of a large number of lncRNAs not only in 

humans, but also in mice, insects and plants (Brown et al. 
2014; Derrien et al. 2012; Lagarde et al. 2017; Legeai and 
Derrien 2015; Paytuví Gallart et al. 2016; Pervouchine et al. 
2015).

The most updated version of the human genome anno-
tation contains 19,951 protein-coding genes and 17,948 
lncRNA genes (GENCODE v37, March 2021). In contrast to 
protein-coding genes, whose molecular functions can often 
be inferred by the presence of protein domains, inferring 
the function, if any, of lncRNAs is a whole different story. 
Although some lncRNAs have been functionally character-
ised in humans (Rinn et al. 2007; Tripathi et al. 2010; Wutz 
et al. 2002; Zhou et al. 2007), the frequent absence of phe-
notypes after their mutation or deletion has raised questions 
about the proportion of annotated lncRNAs that are actually 
functional (Gao et al. 2020; Lee et al. 2019).

High-throughput screens of lncRNA knock downs 
affecting molecular phenotypes have been performed in 
human cells (Liu et al. 2017, 2018; Ramilowski et al. 
2020). However, the difficulties in conducting functional 
genetic screens in humans and other vertebrates in vivo 
limit the ability to characterise the role of annotated lncR-
NAs in these species, pointing out the need to use less 
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complex model organisms. One of the most useful animal 
models for genetic analyses is the fruit fly Drosophila mel-
anogaster, whose genome contains 13,969 protein-coding 
and 2545 long non-coding RNA annotated genes (FlyBase 
r6.39, February 2021). A huge advantage of using Dros-
ophila as an animal model is the availability of a great 
variety of genetic tools, resources and mutant collections 
that facilitate the undertaking of genetic screens. For-
ward genetic screens use mutagenesis to create random 
mutations in the search for the genotypes that underlie 
the resulting phenotypes. They have been instrumental 
in identifying the function of protein-coding genes (St 
Johnston 2002). On the contrary, reverse genetic assays 
are preferentially used to screen for lncRNAs, searching 
for phenotypes after creating targeted mutations in candi-
date genes (Wen et al. 2016). Compared to protein-coding 
genes, in which a single nucleotide deletion or insertion 
can abolish the production of the proteins they encode, 
the deletion of a large region encompassing the whole 
gene, smaller specific domains or the promoter, may be 
required to compromise the function of lncRNAs. The 
existence of different systems for the conditional expres-
sion of transgenes (both for inhibition and/or overexpres-
sion), widely used to assess protein-coding genes, may 
also contribute to understanding the function of lncRNAs.

It is well known that fundamental biological mecha-
nisms and signalling pathways are conserved throughout 
evolution. An estimated 75% of genes related to human 
diseases have orthologs in the Drosophila genome (Bier 
2005; Ji et al. 2019), endorsing the study of human dis-
eases in flies. In this context, several lncRNAs have been 
associated with cancer (Dong et al. 2015; Li et al. 2014, 
2015; Wu et al. 2014), and many neurological disorders, 
such as amyotrophic lateral sclerosis (Zu et al. 2013), 
Alzheimer’s disease (Lee et al. 2015) and Huntington’s 
disease (Johnson 2012). Although no fly orthologs have 
been identified for lncRNAs associated to human diseases, 
the study of lncRNAs in Drosophila could shed light into 
the regulation of disease-causing genes (Li et al. 2012; 
Lo Piccolo and Yamaguchi 2017; reviewed in Rogoyski 
et al. 2017).

In this review, we discuss lncRNAs in the fly genome and 
compare them with human and mouse lncRNAs. Further-
more, we provide an overview of the functions and mecha-
nisms of action associated with lncRNAs in Drosophila, 
including similarities in the function of some lncRNAs 
between flies and humans. We also characterise developmen-
tally dynamic fly lncRNAs that are differentially expressed 
during tissue development, and report resemblances among 
these lncRNAs and the ones identified in human and mouse 
organ development (Sarropoulos et al. 2019). Finally, we 
discuss the current status of identifying orthologues in evo-
lutionarily distant species such as flies and humans.

Genomic and transcriptomic comparison 
between "ies, mice and humans

Drosophila has four pairs of chromosomes: one pair of 
sexual chromosomes and three pairs of autosomes. In 
flies, similar to what happens in mice and humans, sex 
is determined by the XX/XY mechanism, with females 
carrying two X chromosomes and males carrying one X 
and Y chromosomes. In mammals, the presence of the Y 
chromosome determines the male sex, while its absence 
results in female individuals. However, the Y chromosome 
is not involved in sex determination in flies. Instead, the 
X:A ratio is responsible for the activation of the femin-
izing gene Sex-lethal (sxl). Hence, flies carrying XY or 
X0 are male, while flies carrying XX or XXY are female. 
The Drosophila genome is small, with approximately 120 
megabases, (Adams et al. 2000) compared to the human 
and mouse genomes (3100 and 2700 megabases, respec-
tively) (Lander et al. 2001; Venter et al. 2001; Consortium 
et al. 2002) (Fig. 1a). This is consistent with the reduced 
number of annotated genes in Drosophila (17,874) com-
pared to humans and mice (45,468 and 39,923 genes, 
respectively). This trend is preserved for both protein-
coding genes (13.969 genes in flies compared to 19,951 
and 21,848 genes in humans and mice, respectively) and 
lncRNA genes (2545 genes in Drosophila compared to 
17,948 and 13,186 genes in humans and mice, respec-
tively) (Fig. 1b). Remarkably, the number of lncRNAs in 
Drosophila is considerably smaller compared to protein-
coding genes, whereas in mice and humans the number of 
lncRNAs and protein coding-genes is similar (Fig. 1b). 
Furthermore, the Drosophila genome is much more 
compact, containing around 100 protein-coding and 18 
lncRNA annotated genes per megabase compared to fewer 
than 10 protein-coding and lnRNA genes per megabase in 
the human and mouse genomes (Fig. 1c).

LncRNAs are pervasively distributed throughout the 
genome and can be found in intergenic regions (lincR-
NAs) or overlapping totally or partially with sequences of 
other genes transcribed in the same direction (sense) or 
in the opposite direction (antisense). Despite the differ-
ences in genome compactness among Drosophila, mice 
and humans, lincRNAs represent 50–55% of all annotated 
lncRNAs in the three species. Similarly, the proportion of 
lncRNAs found overlapping the introns (intronic) or exons 
(exonic) of other genes accounts for ~ 20% and ~ 25%, 
respectively, in all three species (Fig. 1d). Regarding the 
number of exons, the majority of lncRNAs found in Dros-
ophila are either mono-exonic or composed of 2 exons, 
with only a few exceptions containing 3 or more exons. 
On the contrary, the number of exons in human and mouse 
lncRNAs is more diverse, with around 60% in each species 
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containing 1–2 exons (compared to 90% in fly) and around 
20% containing 4 or more exons (Fig. 1e). This is consist-
ent with the proportion observed in protein-coding genes 
in flies (Graveley et al. 2011). In terms of transcript size, 
as with the protein-coding genes, Drosophila lncRNAs 
are shorter than human and mouse lncRNAs (average 
length of 962 nt in flies compared to 1230 and 1456 nt in 
humans and mice, respectively, Mann–Whitney–Wilcoxon 
test p-value < 1e−12 for all comparisons). Only 3.35% of 
Drosophila lncRNAs span more than 3 kb compared to 
7.78% in humans and 10.35% in mice (Fig. 1f).

The small number of lncRNA genes annotated in Dros-
ophila, with respect to humans and mice may not be a bio-
logical feature, but it might rather reflect two factors that 
hinder the identification of lncRNAs in Drosophila. First, 

the properties of most lncRNAs (low expression and high 
specificity in terms of time and tissue) might constraint their 
expression to a specific region during a very specific period 
of time. Thus, the identification of these lncRNAs may 
require transcriptomic analyses in specific tissues and devel-
opmental stages, which are not as common in flies as they 
are in humans and mice. Supporting this hypothesis, a recent 
publication producing transcriptomic data from Drosophila 
embryonic mesodermal cells collected at different develop-
mental stages identified 179 novel lncRNA genes that could 
play a role in embryogenesis (Schor et al. 2018). Second, 
the bias towards mono-exonic genes found so far in Dros-
ophila could also affect the identification of novel lncRNA 
genes, since most identifying pipelines often omit novel 
mono-exonic transcripts in favour of spliced, multi-exonic 
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Fig. 1  Genomic and transcriptomic comparison of humans, mice and 
flies. a Barplot showing the size (gigabases—Gb) of the human (H. 
sapiens), mouse (M. musculus), fly (D. melanogaster) and worm (C.
elegans) genome. b Number of annotated protein-coding and long 
non-coding RNA (lncRNA) genes in each species. c Gene density, 
measured as the number of genes per megabase, of protein-coding 
and lncRNA genes in each species. d Classification of the annotated 
lncRNA genes into exonic, intronic or intergenic groups. The longest 
annotated isoform of each lncRNA has been used for overlap analysis 

and classification. e Distribution of the lncRNA genes annotated in 
human, mouse, fly and worm depending on their number of exons. 
f Distribution of the long non-coding genes of humans, mice, flies 
and worms based on the size (nucleotides—nt) of their longest tran-
script. Human data from GENCODE v37 are shown in blue, mouse 
data from GENCODE M27 are shown in cyan, fly data from FlyBase 
r6.39 are presented in red and worm data from WS281 are shown in 
pink
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transcripts to reduce false positives. To provide a global 
vision of the evolutionary trend we observed for lncRNAs 
in flies, we inspected the genome of the worm Caenorhab-
ditis elegans (Fig. 1). Interestingly, the genomic features we 
interrogated indicate that lncRNAs in worms resemble fly 
lncRNAs compared to human and mouse lncRNAs.

Functions and mechanisms of action 
of Drosophila lncRNAs

Since the discovery of lncRNAs, several studies in mam-
mals and flies have demonstrated that lncRNAs participate 
in a variety of cellular processes, such as development, dif-
ferentiation and proliferation, and often contribute to the 
modulation of gene expression programmes (reviewed in 
Jandura and Krause 2017; Statello et al. 2021). Functional 
lncRNAs can be classified as cis-acting lncRNAs, when they 
act near their site of transcription within the same molecule, 
or trans-acting lncRNAs, which act far from their locus or 
in a different DNA molecule. In general, lncRNAs influence 
gene expression at three main levels: chromatin regulation, 
transcriptional regulation and post-transcriptional regula-
tion (reviewed in Statello et al. 2021). On chromatin, some 
lncRNAs regulate the activity or localisation of chromatin 
regulatory complexes and transcription factors. These lncR-
NAs bind to specific chromatin regions and interact with 
proteins, facilitating or inhibiting their binding to targeted 
neighbouring genes, thereby promoting or repressing gene 
expression (Grote and Herrmann 2013; Jiang et al. 2015; 
Prensner et al. 2013; Rinn et al. 2007; Yap et al. 2010). At 
the transcriptional level, lncRNAs influence gene regula-
tion directly by interacting with the transcriptional machin-
ery, mediating or facilitating loops between promoters and 
enhancers (eRNAs) or, in some cases, the act of transcrip-
tion or splicing of a lncRNA influence the transcription of 
nearby genes (reviewed in Statello et al. 2021). LncRNAs 
can also act at the post-transcriptional level by interacting 
with a plethora of RNA-binding proteins that contribute to 
mRNA stability, localisation, splicing or translation (Cao 
et al. 2017; Gumireddy et al. 2013; Lee et al. 2016; reviewed 
in He et al. 2019).

In the last few years, several lncRNAs have been char-
acterised in Drosophila. Although most of them are not 
evolutionarily conserved across metazoans at the sequence 
level, some seem to participate in similar cellular processes 
as those in mammals, such as dosage compensation or 
Polycomb group (PcG)/Trithorax group (TrxG) regulation 
(reviewed in Murillo-Maldonado and Riesgo-Escovar 2019; 
Ringrose 2017; Samata and Akhtar 2018). In this section, 
we discuss the functions associated with fly lncRNAs, their 
level of conservation in mammals, and provide some specific 
examples.

LncRNAs influencing chromatin regulation

LncRNAs involved in dosage compensation mechanisms

As mentioned before, in Drosophila, sex is dictated by the 
XY sex-determination system. Comparable to that occurring 
in mammals, the imbalance in the expression of X-linked 
genes between females and males is corrected by a dos-
age compensation mechanism, involving lncRNAs, which 
result in similar levels of expression of the genes in the X 
chromosome. However, in female mammals, one of the X 
chromosomes is subjected to inactivation, whereas in Dros-
ophila, the transcription rate of the male X chromosome is 
almost doubled. These strategies share some mechanistic 
similarities, including the involvement of lncRNAs. In both 
cases, a lncRNA is responsible for recruiting chromatin-
modifying complexes that drive the inactivation (in female 
mammals) or overactivation (in male flies) of the X chromo-
some. Briefly, in mammals, the lncRNA Xist is upregulated 
in one of the X chromosomes of the females at early embry-
onic stages and rapidly spreads along the X chromosome 
from which it is transcribed (Brockdorff et al. 1992; Brown 
et al. 1991, 1992). Polycomb repressive complex 2 (PRC2), 
a chromatin regulatory complex, is recruited by Xist and 
mediates the trimethylation of lysine 27 in the histone H3 
tail (H3K27me3). This triggers the heterochromatinisation 
of the Xist-bound X chromosome, resulting in X chromo-
some inactivation (Lee et al. 1996; Penny et al. 1996; Wutz 
and Jaenisch 2000).

On the contrary, in flies, the male-specific lethal com-
plex (MSL), composed of MSL proteins and the lncRNAs 
roX1 and roX2, is responsible for the overactivation of 
genes located in the X chromosome of Drosophila males. 
Although very different in size and sequence, roX1 and roX2 
act redundantly to allow the binding of MSL2 and the other 
subunits of the complex, which target the X-chromosome in 
males (Meller and Rattner, 2002). The MSL subunits medi-
ate the activation of the X-chromosome genes by the acety-
lation of lysine 16 in histone H4 (H4K16ac) (Bone et al. 
1994; Gelbart et al. 2009). In female flies, the Sex lethal (sxl) 
gene, is upregulated and the female-specific RNA-binding 
protein it encodes interacts with the msl2 mRNA to inhibit 
its translation, preventing the assembly of the MSL complex 
and the subsequent dosage compensation (Beckmann et al. 
2005; Gebauer et al. 1998; Graindorge et al. 2013).

LncRNAs mediating PcG and TrxG gene regulation

PcG and TrxG proteins are key modulators of an evolution-
arily conserved gene regulatory system. They are chromatin 
modifiers that operate antagonistically and were originally 
identified as part of an epigenetic cellular memory system 
that maintains repressed or active gene expression states. The 



Genomic and functional conservation of lncRNAs: lessons from flies  

1 3

first identified target genes of PcG and TrxG regulation were 
the fly Hox genes (reviewed in Kassis et al. 2017). Hox genes 
encode transcription factors that determine the allocation of 
segmental identity along the anterior–posterior body axis 
and when mutated, typically, lead to homeotic transforma-
tions (reviewed in Mallo and Alonso 2013). In Drosophila, 
Hox genes are organized in two separate gene clusters: the 
Antennapedia and Bithorax complexes (ANT-C and BX-C, 
respectively); and their expression is activated by the seg-
mentation gene products in early fly development. Further 
characterisation of Hox loci allowed the identification of sev-
eral elements that respond to PcG and TrxG genes, named 
Polycomb response elements (PREs) and Trithorax response 
elements (TREs) (Chan et al. 1994; Simon et al. 1993). Dros-
ophila PcG and TrxG proteins are recruited to chromatin by 
targeting these PREs and TREs, which are cis-regulatory 
DNA elements essential for the regulation of several hundred 
developmental genes beyond Hox genes. The PcG and TrxG 
proteins are able to regulate their target genes in a complex 
and dynamic manner, modifying local chromatin depending 
on the state of the promoters and maintaining active (TrxG) 
or repressive (PcG) states. (reviewed in Kassis and Brown, 
2013; Geisler and Paro 2015; Grossniklaus and Paro 2014; 
Steffen and Ringrose, 2014; Ringrose 2017; Schuettengruber 
et al. 2017). Many PcG/TrxG binding sites give rise to non-
coding transcripts (reviewed in Hekimoglu and Ringrose 2009 
and Ringrose 2017). For instance, forward and reverse non-
coding transcription has been detected from the Drosophila 
melanogaster vestigial (vg) PRE/TRE, which switches the 
status of the element between silencing (induced by transcrip-
tion from the forward strand) and activation (induced by tran-
scription from the reverse strand). Moreover, the non-coding 
transcripts from the reverse strand are able to bind to the PRC2 
in vivo, inhibiting its enzymatic activity (Herzog et al. 2014). 
Additionally, since the initial discovery of lncRNA Xist tar-
geting PcG to the inactive X chromosome in mammals (Plath 
et al. 2003), several lncRNAs in flies and mammals have been 
described to participate, not only in PcG-dependent silencing, 
but also in gene activation via disruption of PcG silencing or 
physical interaction with TrxG components (Geisler and Paro 
2015; Schuettengruber et al. 2017). Altogether, the analyses 
of non-coding-mediated regulation of PcG and TrxG suggest 
that non-coding transcripts may be required to destabilize sta-
ble active and silent chromatin states, and to recruit or evict 
components of the PcG and TrxG complexes depending on 
their transcription rate (Ringrose 2017).

LncRNAs modulating gene expression

LncRNAs transcribed from active enhancers (eRNAs)

Transcription has been observed from multiple active 
enhancers in mammals (Andersson et al. 2014; Arner et al. 

2015; De Santa et al. 2010; Kim et al. 2010), Drosophila 
(Henriques et al. 2018; Meers et al. 2018) and Caenorhab-
ditis elegans (Chen et al. 2013). Although these enhancer 
RNAs (eRNAs) are not transcribed from all enhancer 
regions, a correlation has been observed between enhancer 
activity and the transcription of eRNAs both in mammals 
and flies (Hah et al. 2013; Mikhaylichenko et al. 2018). A 
growing number of studies demonstrate that specific eRNAs 
are required to properly activate the expression of their 
target genes (Ivaldi et al. 2018; Lai et al. 2013; Lam et al. 
2013; Li et al. 2013; Rahnamoun et al. 2018; Schaukowitch 
et al. 2014; Tsai et al. 2018). In mammals, eRNAs have 
been associated with regulation of transcription through 
different mechanisms including: interaction and enhance-
ment of the activity of chromatin regulators, like the acetyl-
transferase CREB binding protein(CBP), PRC2, MLL1 or 
CTCF; influencing enhancer-promoter looping or altering 
RNA polymerase II elongation by interaction with proteins 
that either induce or inhibit elongation (reviewed in De Lara 
et al. 2019). However, as with the other types of lncRNAs, 
further studies are required to distinguish the eRNAs that 
actually play an active role in enhancer activity from those 
that might just be transcriptional noise arising from the 
presence of the RNA polymerase machinery. Although few 
eRNAs have been functionally characterised in flies, identi-
fication of general properties of eRNAs in Drosophila shows 
that eRNAs in flies share many characteristics with mam-
malian eRNAs, for instance, directionality, low abundance, 
correlation between expression and enhancer activity, or the 
presence of promoter-like motifs like INR motif (Mikhayli-
chenko et al. 2018).

LncRNAs acting at post-transcriptional level

LncRNAs as a source of miRNAs

MicroRNAs (miRNAs) are small non-coding transcripts 
(about 22 nucleotides) that play a major role in the post-
transcriptional regulation of gene expression. In most cases, 
miRNAs are derived from the introns or exons of larger 
protein-coding or non-coding genes. In Drosophila, one of 
these non-coding transcripts, iab-8, is transcribed primarily 
from the posterior central nervous system, beginning in early 
development (Bender 2008). It spans over 90 kb and is both 
spliced and polyadenylated (Bender 2008; Garaulet et al. 
2014). Once transcribed, iab-8 is processed into three miR-
NAs that altogether are called miR-iab-8, which are encoded 
within its intronic sequence. These miRNAs are known to 
target and downregulate the homeotic genes abd-A and Ubx, 
as well as their cofactors hth and exd (Garaulet et al. 2014; 
Gummalla et al. 2012). The consequence of the loss of iab-
8 is male and female sterility caused by the increase in the 
level of the transcripts targeted by miR-iab-8 that is thought 
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to elicit a defective innervation of the abdominal and/or 
reproductive tract muscles of the fly (Maeda et al. 2018). In 
mammals, several lncRNAs have been described as precur-
sors of miRNAs, although none have been found to target 
the Hox genes. For instance, the maternally imprinted H19 
gene encodes one of the first lncRNAs described, which is 
a known precursor of miR-675 (Cai and Cullen 2007). H19 
is highly transcribed in fetal tissues, where it is found to be 
processed into miR-675, which limits placental growth by 
targeting, among others, growth promoting Igf1r (Keniry 
et al. 2012). In parallel, H19 is also expressed in the adult 
skeletal muscle of humans and mice, where, instead of being 
processed into miR-675, H19 acts as a molecular sponge for 
the let-7 family of miRNAs (Kallen et al. 2013; Onyango 
and Feinberg 2011).

Another lncRNA that is processed into smaller RNAs 
is acal, which was described by Riesgo-Escovar and col-
leagues in 2015 (Ríos-Barrera et al. 2015). acal is one of the 
few Drosophila lncRNAs showing sequence conservation. 
In particular, a 296 nt-long fragment is 80% sequence identi-
cal in Drosophila melanogaster and Drosophila bipectinata. 
Also, a similar-sized lncRNA is found in humans, showing 
a considerable 48% sequence identity to Drosophila acal 
(Murillo-Maldonado and Riesgo-Escovar 2019). Mutations 
in acal are embryonic lethal and result in defects in dor-
sal closure, a JNK-dependent process that is essential for 
Drosophila embryogenesis. It was found that acal, through 
the regulation of two JNK modulators, Connector of kinase 
to AP1 (Cka) and anterior open (aop), is able to modulate 
JNK activity (Ríos-Barrera et al. 2015). Remarkably, acal is 
transcribed from a mono-exonic gene into a 2.3-kb long tran-
script that, throughout the life cycle of the fly, particularly 
during pupal stages, is processed into smaller transcripts 
spanning from 50 to 120 nucleotides. The function of these 
small RNAs is yet to be investigated, but the differences in 
size with respect to the ~ 22 nucleotide miRNAs indicate 
that processed acal does not act as a typical miRNA (Ríos-
Barrera et al. 2015).

LncRNAs regulating isoform usage

We recently identified blistered antisense (bsAS) as a natural 
antisense transcript of the blistered (bs) gene involved in the 
regulation of bs isoform usage in flies (Pérez-Lluch et al. 
2020). The bs gene encodes the Drosophila serum response 
factor (DSRF) and is a well characterised gene required 
for wing development and formation (Fristrom et al. 1994; 
Montagne et al. 1996; Roch et al. 1998). We have found 
that the usage of bs isoforms is regulated in a tissue-specific 
manner by the expression of the bsAS. Transcription of bsAS 
occurs specifically in wing intervein regions and impairs the 
expression of the long isoforms of bs, thereby promoting the 
relative expression of the short isoform. Overexpression of 

the long isoform in bsAS mutants induces the formation of 
extra vein tissue in adult wings. The regulation of bs isoform 
usage is based on the formation of a genomic loop between 
bs and bsAS promoters that impairs transcription of the long 
isoform and potentiates short isoform presence. This regu-
latory mechanism is totally independent of the presence of 
the bsAs transcript, as bsAS overexpression does not affect 
bs transcription.

A growing number of lncRNAs has been linked to the 
modulation of alternative splicing in mammals (reviewed 
in Romero-Barrios et al. 2018). For example, a natural 
antisense transcript regulates Zeb2/Sip1 expression during 
epithelial-mesenchymal transition in mammalian cells by 
preventing splicing of the Zeb2 5ƍ-UTR (Beltran et al. 2008). 
An evolutionarily conserved nuclear antisense lncRNA, 
generated from the human fibroblast growth factor receptor 
2 (FGFR2) locus, promotes epithelial-specific alternative 
splicing of FGFR2 (Gonzalez et al. 2015). This lncRNA 
impairs the binding of a repressive chromatin-splicing adap-
tor complex important for mesenchymal-specific splicing, 
by recruiting PcG proteins and the histone demethylase 
KDM2a. More recently, Singer and colleagues (Singer et al. 
2019) characterised Paupar, a lncRNA that interacts with SR 
proteins to promote the alternative splicing of PAX6 in pan-
creatic glucagon-producing α cells and computational analy-
sis of hepatocellular carcinoma RNA-Seq samples predicted 
hundreds of splicing-related lncRNAs (Wang et al. 2020).

Other mechanisms of action of lncRNAs

LncRNAs encoding small functional peptides

By definition, lncRNAs lack protein coding potential. 
Nevertheless, roughly 98% of the annotated lncRNAs in 
humans, mice and flies contain small open reading frames 
(smORFs) of 10 to 100 codons that may code for peptides 
(Couso and Patraquim 2017). The putative function of 
these peptides is, however, often neglected and the genes 
that encode them remain listed as non-coding. Translation 
of smORFs is observed in many eukaryotes (Andrews and 
Rothnagel 2014; Couso and Patraquim 2017), but examples 
of small functional peptides have been described primar-
ily in humans (Anderson et al. 2015; D’Lima et al. 2017; 
Huang et al. 2017; Nelson et al. 2016; Slavoff et al. 2014; 
van Heesch et al. 2019) and insects (Galindo et al. 2007; 
Kondo et al. 2007; Magny et al. 2013). In Drosophila, the 
tarsal-less (tal) gene, previously classified as non-coding, 
encodes for a polycistronic mRNA that is translated into 
4 small peptides of 11 amino acids. One of these peptides 
actively participates in leg development at the larval stage 
by regulating gene expression and tissue folding (Galindo 
et al. 2007) and at the pupal stage by modulating Notch sig-
nalling (Pueyo and Couso 2011). Moreover, the presence of 
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similar smORFs in tal homologues across different species 
of insects suggests the presence of a conserved family of 
functional peptides (Galindo et al. 2007).

Ribosome profiling techniques (Ribo-seq), which specifi-
cally identify ribosome-bound transcripts, have corroborated 
that a fraction of lncRNAs have a strong affinity for ribo-
somes (Aspden et al. 2014; Bazzini et al. 2014; Carlevaro-
Fita et al. 2016; Ingolia et al. 2011; Ruiz-Orera et al. 2014; 
van Heesch et al. 2014). However, the association with ribo-
somes does not necessarily imply that these lncRNAs are 
actively translated, since lncRNAs are known to regulate 
the translation of mRNAs through ribosome binding (Car-
rieri et al. 2012; Hansji et al. 2016; Liu et al. 2019; Yoon 
et al. 2012). To overcome this limitation, further studies on 
ribosome-bound lncRNAs should be taken: (1) to confirm 
whether they are translated and (2) to test the functionality 
of the translated smORFs. While peptide tagging or in vitro 
translation assays can be used to identify the coding poten-
tial of smORFs (Galindo et al. 2007; Pueyo and Couso 2011; 
van Heesch et al. 2019), the generation of knock-out mutants 
or the inhibition of the lncRNA transcription or translation 
should be considered to study their functionality (Anderson 
et al. 2015; Pueyo and Couso 2011).

The increasing number of functional smORFs encoded 
by genes annotated as lncRNAs challenges the current 
definition of lncRNAs. The fact that almost the totality of 
annotated lncRNAs present at least one predicted smORF 
within its sequence makes it impossible to rule them out just 
because of the smORF presence. However, to our under-
standing, the lncRNA status of those genes encoding for 
functionally validated smORFs should be revised or, on 
the contrary, the definition of lncRNA should be revised to 
include the genes encoding for functional smORFs.

Expression of lncRNAs in development

The first evidence of the involvement of mammalian lncR-
NAs in development came from high-throughput expres-
sion analyses of different tissues (Grote et al. 2013). Cell-
type and tissue specificities have been described for many 
lncRNAs and differential expression of lncRNAs has been 
reported in in vitro models of haematopoiesis, suggesting 
that they could have a role in the regulation of cell fate deci-
sions (Briggs et al. 2015; Constanty and Shkumatava 2021; 
Perry and Ulitsky 2016; Schwarzer et al. 2017). Although 
most lncRNAs are still uncharacterised, a wide variety of 
functional activities have been associated with lncRNAs 
involved in development, such as the regulation of chromatin 
and DNA interactions, modulation of transcription factors, 
roles in mRNA stability and processing, and involvement 
in protein stability and function. Thus, an increasing num-
ber of human and mouse lncRNAs are being implicated as 

key regulators in a variety of cellular processes including 
proliferation, apoptosis and responses to stress. In agree-
ment with observations in mammals, analyses based on 
the modENCODE RNA-Seq data from whole Drosophila 
animals have shown that a substantial number of lncRNAs 
are differentially expressed during development (referred 
to as developmentally dynamic lncRNAs), although some 
of the lncRNAs characterised were very lowly expressed 
(Chen et al. 2016; Brown et al. 2014; Lee et al. 2019; Li 
et al. 2019). Figure 2a shows the expression changes of the 
updated list of annotated lncRNAs in Drosophila (FlyBase 
r6.39, 2,545 lncRNAs) across fly development, using the 
modENCODE RNA-Seq data. Although different profiles of 
expression can be observed, a huge proportion of lncRNAs 
is upregulated towards the end of development, as previ-
ously reported (Graveley et al. 2011). Indeed, large changes 
of expression are detected for many genes specifically at the 
entrance of metamorphosis.

The expression patterns of developmentally dynamic 
lncRNAs in Drosophila are more restricted than those of 
protein-coding genes. Brown and colleagues reported that, 
on average, lncRNAs are expressed in a smaller number of 
stages and tissues compared to protein-coding genes (Brown 
et al. 2014). Remarkably, similarly restricted expression pat-
terns have been reported for lncRNAs in humans and other 
mammals (Briggs et al. 2015; Constanty and Shkumatava 
2021; Perry and Ulitsky 2016). Most studies characterising 
lncRNAs expression during development, either in Dros-
ophila or in mammals, have been carried out using whole 
animals, which could be an important constraint consider-
ing the high level of tissue specificity that lncRNAs display. 
Interestingly, a recent publication from Kaessmann’s group 
systematically described developmentally dynamic lncRNAs 
across several organs during mammalian development (Sar-
ropoulos et al. 2019). After analysing the RNA-Seq data 
from seven species, the authors identified developmentally 
dynamic genes that displayed changes in expression during 
the development of mammalian organs, showing that the 
fraction of lncRNAs among this group of genes was sub-
stantially low considering the total proportion of lncRNAs 
in the human and mouse genomes (Sarropoulos et al. 2019). 
We took advantage of a previously published RNA-Seq data 
set from our group (Pérez-Lluch et al. 2020) containing the 
expression values for three tissues (eye, leg and wing) in 
three developmental stages (third instar larvae, early pupae 
and late pupae) to identify developmentally dynamic Dros-
ophila genes, including lncRNA genes. We observed that the 
proportion of developmentally dynamic genes corresponding 
to lncRNAs is much lower in Drosophila (4%) than humans 
and mice (~ 25%), which correlates with the lower number 
of annotated lncRNAs in flies (Fig. 2b).

We observed that the proportion of lncRNAs within 
developmentally dynamic genes in flies was lower (3.3%) 
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than that of protein-coding genes (96.7%), a trend stronger 
than that observed in mammals, in which lncRNAs account 
for ~ 25% of developmentally dynamic genes (Fig. 2b). Sar-
ropoulos and colleagues found some traits associated with 
developmentally dynamic lncRNAs. For example, the devel-
opmentally dynamic lncRNAs have a higher and broader 
expression than non-dynamic lncRNAs, they are in closer 
proximity to protein-coding genes, the transcripts are longer 
and they contain more exons than non-dynamic lncRNAs. 
To further characterise dynamic lncRNAs in Drosophila, 
and to compare them with mammalian ones, we analysed 
the lncRNA length, number of exons and level of expres-
sion during tissue development. Developmentally dynamic 
lncRNAs are longer (Fig. 2c, Mann–Whitney–Wilcoxon test 
p-value = 1.9e−9), contain more exons (Fig. 2d), and gen-
erally show higher expression across tissues during devel-
opment than non-dynamic lncRNAs (Fig. 2e, Mann–Whit-
ney–Wilcoxon test p-value = 2.4e−6). Our results indicate, 
therefore, that the properties identified previously for the 
mammalian lncRNAs with dynamic expression during organ 

development are conserved in Drosophila developmentally 
dynamic lncRNAs. Although it is difficult to identify con-
servation of lncRNAs in different species, the fact that their 
properties are conserved suggests that some of their roles in 
development could be conserved, as well.

Conservation

LncRNA sequences are generally not conserved across dif-
ferent species, which severely hinders the identification of 
conserved lncRNAs that are likely to be functional. While 
protein-coding genes are constrained by a strong selective 
pressure to maintain their reading frame and codon syn-
onymy, lncRNAs do not seem to depend on their sequence 
to perform their function, leading to their rapid evolution 
and sequence degeneration. Nevertheless, a few examples 
of lncRNAs whose sequence is conserved between dif-
ferent species of Drosophila have been described. This is 
the case of the previously discussed lncRNA acal or the 
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Drosophila 
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yellow-achaete intergenic RNA (yar), which is a lncRNA 
involved in Drosophila sleep regulation. Several motifs rang-
ing from 40 to 111 bp located in the TSS, the exons and the 
3ƍ-end of yar genomic sequence are conserved in different 
Drosophila species separated by as much as 40–60 million 
years of evolution (Soshnev et al. 2011). However, it is not 
possible to find sequence similarity for most lncRNAs, thus, 
other types of conservation analysis are often used to dis-
cover orthologous lncRNAs in different organisms.

Synteny, the positional conservation of neighbouring 
genes across different species, has emerged as a valuable in 
identifying orthologous non-coding genes (Bryzghalov et al. 
2021; Herrera-Úbeda et al. 2019; Pegueroles et al. 2019; 
Rolland et al. 2019). This analysis relies on the presence of 
orthologous genes located in the same order in the linear 
genome of different species. Syntenic conservation of the 
region surrounding the lncRNA locus could be an indicator 
of lncRNA orthology. However, the presence of a lncRNA 
conserved by synteny in different species does not neces-
sarily imply orthology. Particularly, the presence of large 
intergenic regions containing multiple lncRNAs increases 
the rate of false positives (Young et al. 2012). In addition, 
since the analysis of synteny depends on the presence of 
orthologous genes, it works better in evolutionarily closer 
species and becomes less useful as the evolutionary distance 
increases between the species being compared. Around 60% 
of protein-coding genes in Drosophila melanogaster have 
human homologues (Wangler et al. 2015), which is often not 
enough to find orthologous lncRNA genes consistently by 
the analysis of synteny. Nevertheless, the number of syntenic 
lincRNAs found in flies and mice is significantly higher than 
expected by chance, suggesting that a subset of those could 
be actual orthologs (Young et al. 2012), paving the way for 
further studies of lncRNAs in Drosophila.

Despite lacking sequence conservation, smaller regions 
of homology among different species have been observed 
for lncRNAs (Hezroni et al. 2015; Quinn et al. 2016; Ulitsky 
et al. 2011). These microhomologous regions are thought 
to correspond to functional elements that are essential for 
the function of the lncRNA, such as RNA-binding protein 
motifs or miRNA-binding sites. Recent studies have used 
a novel approach to identify orthologous lncRNAs based 
on the identification of these regions of microhomology. 
It is important to note that RNA-binding protein motifs 
or miRNA-binding sites are very short (between 4 and 12 
nucleotides) and individual matches between different spe-
cies can be found purely by chance (Bartel 2018). An inter-
esting approach to bypass the rate of false positive hits is the 
addition of order to these elements (Ross et al. 2021). In this 
way, not only the presence of these motifs is considered, but 
also the order in which they are found in putatively ortholo-
gous lncRNAs. Although this method has not been tested for 
distantly related species, finding small regions of homology 

should be more achievable than finding orthologous lncR-
NAs using the current methods based on whole-sequence 
similarity or secondary structure predictions.

Another type of conservation analysis is the study of 
lncRNA secondary structures, which are thought to be more 
conserved than the primary sequence (Graf and Kretz 2020; 
Smith et al. 2013). Unfortunately, the currently available 
secondary structure predicting tools are not very accurate. 
Most of these programmes use a minimum free energy algo-
rithm, which predicts the optimal secondary structure that 
requires the minimum energy to fold. However, features such 
as the presence of RNA-binding motifs, which should be 
located outside of the main structure to be properly recog-
nised by their binding proteins, are not taken into consid-
eration. Although it could be a reliable alternative for con-
firming the orthologous genes identified by other methods, 
the current secondary structure prediction tools do not seem 
accurate enough to consider the RNA folding form as the 
primary source to identify orthologous lncRNAs.

Another approach to identify potential lncRNAs ortholo-
gous is through the analysis of their pattern of binding to 
protein coding genes. If lncRNAs from different species 
bind to the same orthologous protein coding genes, they 
may exert a similar function. Methods have been developed 
to estimate the binding propensity of protein-RNA pairs in 
silico (Agostini et al. 2013; Armaos et al. 2021; Bellucci 
et al. 2011). However, to date, this approach has not been 
tested on a large scale to identify ortholog lncRNAs. To 
date, no reliable methods exist to systematically establish 
conservation among lncRNAs in evolutionarily distant spe-
cies like flies and humans. However, the huge amount of 
effort made in that direction and the increasing number of 
annotated transcripts that will emerge in the coming years, 
hint to a promising perspective regarding lncRNA orthol-
ogy. The fact that many functions and features associated 
with lncRNAs are conserved in Drosophila reinforces its 
extraordinary potential as a model organism to functionally 
characterise and model lncRNAs.

Finally, the characterisation of genomes across the tree 
of life will provide an incredible amount of data to perform 
comparative analyses. Advances in sequencing technologies 
that enable the identification of complete genomes have led 
to the emergence of the Earth BioGenome Project, an inter-
national collaboration that aims to sequence, catalogue and 
characterise the genomes of all eukaryotes on Earth (Lewin 
et al. 2018). One of the outcomes of this project is the pro-
duction of new knowledge on the organisation and evolution 
of genomes, which could also have a major impact on the 
field of lncRNAs.
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