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ABSTRACT 

 

Long non-coding (lnc) RNAs are today recognized as a new class of regulatory molecules 

despite very little is known about their functions in the cell. Due to their overall low level of 

expression and tissue-specificity, their identification and annotation in many genomes remains 

challenging. In this study, we exploited recent annotations provided by the GENCODE project 

to characterize the genomic and splicing features of lnc-genes in comparison to protein-coding 

(pc) ones, both in human and mouse. Our analysis highlighted slight differences between the 

two classes of genes in terms of genome organization and gene architecture. Significant 

differences in the splice sites usage were observed between lnc- and pc-genes. While the 

frequency of non-canonical GC-AG splice junctions represents about 0.8% of total splice sites 

in pc-genes, we identified a remarkable enrichment of the GC-AG splice sites in lnc-genes, 

both in human (3.0%) and mouse (1.9%). In addition, we found a positional bias of GC-AG 

splice sites being enriched in the first intron in both classes of genes. Moreover, a significant 

shorter length and weaker splice sites were found comparing GC-AG introns with the canonical 

GT-AG introns. The computational analysis of GC-AG splice sites strength revealed a strong 

reduction in both the donor and the acceptor splice sites scores especially in lnc first intron in 

both species. Genes containing at least one GC-AG intron were found conserved in many 

species and a functional enrichment analysis pointed toward their enrichment in specific 

biological processes. Furthermore, as previously suggested, GC-AG-containing genes were 

shown to be more prone to alternative splicing. Taken together, our study suggested that GC-

AG introns could represent new regulatory elements mainly associated with lnc-genes. 
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INTRODUCTION 

 

High-throughput sequencing technologies provided the opportunity to explore and to 

understand the complexity of the mammalian transcriptome whose extent and diversity remain 

to be fully assessed. It is now clear that a large portion of mammalian genomes is transcribed 

to produce non-coding RNAs which have been previously regarded as “transcriptional noise” 

(Johnson et al., 2005). The genomes of distantly related species house remarkably similar 

numbers of protein-coding (pc) genes prompting the notion that many aspects of complex 

organisms arise from non-coding regions (Liu et al., 2013). This stimulated the discovery of 

different classes of non-coding RNAs among which long non-coding RNAs (lncRNAs) are the 

most prevalent (Deveson et al., 2017). 

LncRNAs are traditionally defined as transcripts longer than 200 nucleotides devoid of open 

reading frames. Like protein-coding genes, lncRNAs are transcribed by RNA Polymerase II, 

usually 5' capped, subjected to constitutive or alternative splicing and poly-adenylated (Harrow 

et al., 2012). However, their low levels of expression hindered their complete annotation and 

the assessment of their functional role that is today known for a very small fraction of them 

(Uszczynska-Ratajczak et al., 2018). 

The lncRNA repertoire comprises thousands of transcripts which have distinct properties from 

protein-coding genes in terms of expression and subcellular localization. They are strikingly 

more tissue specific, expressed at much lower levels than mRNAs (Derrien et al., 2012), often 

co-expressed with their neighboring genes and many of them revealed a spatio-temporal 

dynamic expression (Cabili et al., 2011). Their sub-cellular localization range from strictly 

nuclear to almost exclusively cytoplasmic, albeit deeper analyses revealed a large variety of 

highly specific localizations in the cell (Carlevaro-Fita and Johnson, 2019). 

In the past few years lncRNAs received growing attention as they emerged as an important 

regulatory layer of the transcriptome playing a role through distinct molecular mechanisms and 

in a variety of genomic contexts. LncRNAs, acting in cis or in trans, were described to be 

involved in many cellular processes like transcriptional and post-transcriptional regulation, 

splicing, mRNA translation and degradation, chromatin and DNA modifications, and spatial 

conformation of chromosomes (Jandura and Krause, 2017; Mattick, 2018). Moreover, it has 

also been reported that lncRNA transcription, rather than the RNA transcript itself, can have 

regulatory effects on neighboring genes (Engreitz et al., 2016; Long et al., 2017). LncRNAs 

have been implicated in several biological processes such as developmental patterning, dosage 
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compensation, and genomic imprinting and in many pathological conditions (Ransohoff et al., 

2018; Fernandes et al., 2019).  

LncRNAs appeared less conserved than protein-coding genes due to the absence of constraints 

on coding sequences (Hezroni et al., 2015). Nevertheless, despite the lack of primary sequence 

conservation, lncRNAs are generally more conserved than neutrally evolving sequences, 

suggesting their conserved functions across species and highlighting focal areas of potential 

functional importance (Marques and Ponting, 2009). Indeed, lncRNAs exhibit conservation and 

selective constraints in their secondary structures and functional regulatory elements such as 

promoters and enhancers (Nitsche and Stadler, 2017). Furthermore, an evolutionary constraint 

on lncRNA sequences is also localized at splicing regulatory elements, suggesting that the 

recognition of the intron boundaries is a crucial step and the correct splicing of introns is 

required for their function (Ponjavic et al., 2007; Nitsche et al., 2015; Chernikova et al., 2016).  

LncRNAs are encoded by multi-exonic genes and recognized by the same splicing machinery 

as well as mRNAs (Papasaikas and Valcàrcel, 2016). Like mRNAs, lncRNAs can undergo 

alternative splicing and exhibit alternative transcription start sites reflecting a complexity in 

their transcription regulation (Samudyata et al., 2018). Initial studies reported that lncRNAs 

harbor canonical splicing signals despite the fact they overall showed a decreased splicing 

efficiency (Derrien et al., 2012; Tilgner et al., 2012). A more recent study demonstrated that 

splicing inefficiency occurred in a number of lncRNAs as a consequence of inefficient U2AF65 

binding to weak 3′ splice signals rather than a decrease in splicing enhancer density or U1 

binding motif enrichment. Nevertheless, efficient splicing was observed among lncRNA with 

specific functions (Melè et al., 2017). In addition, a recent study reported an increased level of 

complexity in lncRNA splicing regulation: lncRNA loci were found highly prone to alternative 

splicing with their internal exons being almost universally alternatively spliced (Deveson et al., 

2018).  

In this study, we took advantage of data provided by the GENCODE project (Derrien et al., 

2012) to characterize the genomic and splicing features of human and mouse lnc-genes in 

comparison to pc-genes. Interestingly, our study revealed a significant enrichment of GC-AG 

splice junctions in lncRNAs of both species together with their preferential localization in the 

first intron. Despite GC-AG introns were usually considered as canonical, our analyses 

demonstrated their different splicing behavior with respect to GT-AG introns, especially in 

lncRNAs. In addition, protein-coding genes owning GC-AG introns appeared highly conserved 
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and significantly enriched in specific biological processes thus suggesting that GC-AG introns 

may represent specific regulatory elements involved in transcriptional regulation. 
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MATERIALS AND METHODS 

 

Data collection and analysis 

The lists of lncRNAs and protein-coding genes were downloaded from the GENCODE website 

(https://www.gencodegenes.org). Data from the release v27 were used for human genes 

annotated on the genome sequence GRCh38 (gencode.v27.long_noncoding_RNAs.gtf.gz; 

gencode.v27.basic.annotation.gtf.gz). Data from the release M16 were used for the mouse 

genes annotated on the genome sequence GRCm38 

(gencode.vM16.long_noncoding_RNAs.gtf.gz; gencode.vM16.basic.annotation.gtf.gz). 

Protein-coding genes were selected based on the basic annotation when both gene and transcript 

were indicated as ‘‘protein_coding’’. The total number of genes, transcripts and exons 

considered in both species are reported in Table S1. 

Data analyses and descriptive statistics were performed by custom scripts in RStudio version 

1.1.456 (https://www.rstudio.com) and through the use of the “dplyr” R package version 0.8.1 

(https://cran.r-project.org/web/packages/dplyr/dplyr.pdf). The Wilcoxon rank-sum test was 

applied to compare distributions and the Chi-square test was applied to compare groups. 

Correlation analysis was performed by estimating the Spearman correlation coefficient (r). For 

all statistical tests, a p-value < 0.05 was considered as significant. 

To evaluate the conservation of genes containing GC-AG introns, we downloaded the list of 

orthologous genes in the human (GRCh38.p10) and mouse genomes (GRCm38.p5) from the 

Ensembl genome database (release 91) by using multi species comparisons in the BioMart data 

mining tool (Smedley et al., 2015). Multi-species conservation of 5’ ss was assessed manually 

by aligning the sequences of corresponding introns in different organisms using the UCSC 

genome browser (http://genome.ucsc.edu) as data source. Species considered in this analysis 

were: human, chimp, macaque, mouse, rat, dog, pig, chicken, fugu and zebrafish. 

 

 
Introns analyses 

The sequences of introns were retrieved using the Table Browser tool from UCSC 

(http://genome.ucsc.edu/cgi-bin/hgTables; Karolchik et al., 2004) using human GRCh38 and 

mouse GRCm38 genome sequences. We excluded from the analysis all single-exon genes as 

they are not subjected to splicing: this resulted in a total of 56582 lnc- and 525149 pc-introns 

in human and 29612 lnc- and 393788 pc-introns in mouse. 
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The scores of splice junctions were calculated using the MaxEntScan web tool (Yeo and Burge, 

2004), a program for predicting the strength of the splicing sequences based on the maximum 

entropy model. In particular, MaxEntScan::score5ss scores the donor splice site from a 

sequence motif of 9 nucleotides covering bases -3 to +6 and accounts for non-adjacent as well 

as adjacent dependencies between positions. MaxEntScan::score3ss scores the acceptor splice 

site from a sequence motif of 23 nucleotide covering bases -20 to +3. We evaluated the strength 

of 5’ splice sites (ss) of human and mouse introns based on 4 probabilistic models (Maximum 

Entropy Model, Maximum Dependence Decomposition Model, First-order Markov Model and 

Weight Matrix Model) and the strength of 3’ss using 3 probabilistic models (Maximum Entropy 

Model, First-order Markov Model and Weight Matrix Model) as provided by the MaxEntScan 

tool. The evaluation of the polypyrimidine tract strength was performed using the 

“branchpointer” R package version 1.10.0 (Signal et al., 2018). The package predicted 

polypyrimidine tracts in query regions located at -18 to -44 nucleotides from the 3’ splice sites. 

 

 

Functional enrichment analysis 

Gene list functional enrichment analyses were performed using the “The Database for 

Annotation, Visualization and Integrated Discovery” (DAVID: https://david.ncifcrf.gov) 

version 6.8 web tool (Huang et al., 2009) and with the “Protein Analysis Through Evolutionary 

Relationships” (PANTHER; Mi et al., 2019) overrepresentation test (release 20181113) 

implemented on the Gene Ontology (GO) website (http://www.geneontology.org). The lists of 

protein-coding genes containing a GC-AG intron from both human (n=1934) and mouse 

(n=1669) were analyzed for their enrichment on GO Biological Process terms and filtered based 

on their Benjamini adjusted p-value (DAVID) or FDR (PANTHER) applying a significance 

threshold of 0.05. 
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RESULTS 

 

Long non-coding and protein-coding genes shared similar genomic features 

In order to get insight into long non-coding RNAs features, a characterization of the genomic 

organization of human and mouse lncRNAs in comparison with protein-coding genes was 

performed. Our analysis was based on GENCODE human release 27 (containing 15778 lnc- 

and 19836 pc-genes) and mouse release M16 (containing 12374 lnc- and 21963 pc-genes). The 

total number of genes, transcripts and exons are reported in Table S1. 

The genomic distribution of lnc- and pc-genes appeared highly similar in both species. Human 

and mouse lncRNAs appeared equally transcribed from the forward and the reverse strand as 

protein-coding genes (Table S2). In human, gene density at chromosomal level ranged from 1.2 

to 12.0 genes/Mb for lnc- and from 1.1 to 25.0 genes/Mb for pc-genes (Figure 1a, Table S3). 

In mouse, gene density was lower, ranging from 1.1 to 7.4 genes/Mb for lnc- and from 2.0 to 

13.9 genes/Mb for pc-genes (Figure 1b, Table S3). Interestingly, lnc-gene density on 

chromosome X resulted very low in both species (1.8 genes/Mb in human and 1.1 genes/Mb in 

mouse). Along each chromosome, lnc- and pc-genes were almost homogeneously interspersed 

although a relative abundance of genomic regions larger than 1 Mb containing only lnc-genes 

was observed and found conserved between human and mouse in a large proportion of cases 

(Figure S1). 

Genome coverage of long non-coding genes was found considerably lower with respect to those 

of protein-coding ones. Indeed, long non-coding genes accounted for 12.5% of the human 

genome with respect to the 43.4% occupied by pc-genes. The reduced genome coverage was 

not entirely due to the smaller number of lnc-genes, as they account for about 80% of protein-

coding ones; instead it appeared to be related to the lnc-gene length, that resulted significantly 

lower than that of protein-coding genes. Human lnc-genes resulted, on average, almost three 

times shorter than protein-coding ones (Table S4; Figure 1c). Similarly, the genome coverage 

of mouse lnc-genes was lower (6.8%) than that of pc-genes (39.2%). This lower genome 

coverage was in part due to the smaller number of lncRNA genes (56% of protein-coding genes) 

but also to the lnc-gene length that, as in human, resulted shorter than that of pc-genes (Figure 

1d). 

Lnc-genes short length appeared related to the lower number of exons composing them (Table 

S5). In human, more than 70% of lncRNA transcripts had 3 or less exons, compared to 16% of 

protein-coding transcripts bearing the same characteristics (Figure 1e). A large proportion of 
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lncRNA transcripts was composed of 2 exons (34%) as previously reported (Derrien et al., 

2012) and 14% are single-exon genes. In mouse, more than 75% of lncRNAs had 3 exons or 

less versus 23% in protein-coding transcripts and 24% of lncRNAs were single-exon genes 

versus 6.4% in protein-coding (Figure 1f). Also in the mouse genome, an enrichment of 2-exons 

transcripts (30%) was observed among all lncRNA transcripts. 

Minor differences between lnc- and pc-genes were appreciated also in the length of exons and 

introns (Table S6). The last exon appeared significantly shorter in lncRNAs with respect to 

protein-coding transcripts both in human and mouse. Moreover, the first intron resulted shorter 

in lnc-genes with respect to pc-genes both in human and mouse, whereas inner introns resulted 

longer (Figure 1c,d). Interestingly, unlike what was described for pc-genes in which first introns 

are generally longer than inner introns (Bradnam and Korf, 2008), lnc first and inner introns 

appeared similar in length in both species. 

The transcriptional complexity of long non-coding genes resulted lower with respect to protein-

coding ones. Indeed, lnc-genes transcribed in a single isoform were more than double compared 

to pc-genes in human, and a similar trend was observed in mouse (Table S7). Nevertheless, 

genes with a large number of different isoforms (>10) were present in similar percentage in lnc 

and pc in both species. 

In conclusion, lnc- and pc-genes shared similar features in terms of genomic distribution and 

organization although they showed differences in length, number of exons and transcriptional 

complexity both in human and mouse. 

 

 

Unexpected assortment of splicing junctions consensus in long non-coding RNAs  

We characterized the splicing features of lnc-introns (human n=56582; mouse n=29611) in 

comparison with those of protein-coding ones (human n=525149; mouse n=393788) (Table 

S6). Single-exon genes were excluded from this analysis as they are not subjected to splicing. 

The sequence analysis of splicing junctions highlighted differences between lnc- and pc-genes 

consensus sequences (Table 1). The GC-AG splice junctions appeared strongly enriched in lnc-

genes in which they represent 3.0% of the total, thus almost four times more than in pc genes 

(0.8%). The same enrichment was also found in mouse, in which GC-AG splicing junctions 

were more than double with respect to pc ones (lnc 1.9%, pc 0.8%). 

Moreover, GC-AG introns showed a preferential location as first introns in both lncRNAs and 

protein-coding transcripts (Table 2). Indeed, in the human genome, their percentage resulted 
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higher in the first intron (lnc: 4.2%; pc: 1.2%) with respect to inner introns (lnc: 2.1%; pc: 0.8%) 

and the same trend was observed in mouse (first: lnc 2.4%, pc: 1.2%; inner: lnc 0.4%, pc 0.8%). 

In lnc-genes, more than half of GC-AG introns were located in the first intron in both species 

(Table S8). 

The enrichment of GC-AG introns in lnc-genes led us to further investigate their splicing 

features. In human, GC-AG introns resulted shorter both in lnc- and pc-genes and they showed 

the same trend whether they are first or internal introns (Table 3). For GC-AG first introns the 

average length resulted almost halved respect to GT-AG first introns in both human lnc- and 

pc-genes (lnc: GC 6700 +/-600, GT 12923 +/-201; pc: GC 8999 +/-648, GT 15335 +/-162). 

Human GC-AG inner introns showed the same decrease in length, albeit to a lesser extent (lnc: 

GC 8666 +/-827, GT 13995 +/-194; pc: GC 4165 +/-197, GT 5411 +/-25). In mouse, GC-AG 

introns appeared shorter but only when they are inner introns (lnc: GC 5190 +/-734, GT 7523 

+/-148; pc: GC 3186 +/- 192, GT 4437 +/-27). 

To evaluate the functional behavior of GC-AG splicing junctions, we computed their strength 

using standard position weight-matrix models implemented in the MaxEntScan tool (Yeo and 

Burge, 2004), which assigns a computationally predicted score for 5′ and 3′ splice sites (ss). 

Overall, the strength of 5’and 3’ss resulted lower in lnc- than in pc-genes both in human and 

mouse (Table 4; Figure 2) and it was presumably one of the causes of the previously reported 

inefficiency of lnc-genes splicing (Melè et al., 2017; Tilgner et al., 2012). Despite lower weight-

matrix scores for 5′ss-GC were expected, because of their imperfect pairing with the U1 

snRNA, 5’ss-GC scores of lncRNAs resulted strongly reduced respect to 5’ss-GC of pc-genes 

in both species (human: lnc 5’ss-GC 0.50 WM, pc 5’ss-GC 2.76 WM; mouse: lnc 5’ss-GC 1.63 

WM, pc 5’ss-GC 3.38 WM). The reduced strength of lncRNAs 5’ss-GC appeared to be due 

almost exclusively to the first intron junctions, whose scores resulted lower compared to those 

of inner introns, both in human and mouse (human: lnc first intron 5’ss-GC -0.93 WM, inner 

intron 5’ss-GC 2.60 WM; mouse: lnc first intron 5’ss-GC 0.78 WM, inner intron 5’ss-GC 2.65 

WM). Despite owning the same consensus sequence, the 3’ss average weight-matrix scores for 

GC-AG introns appeared overall lower with respect to GT-AG acceptor sites, due to their 

shorter polypyrimidine tracts (Table S9). As it occurred for 5’ss, very weak 3’ss appeared 

preferentially located in the lnc first intron in both human and mouse. 

To test whether the 5’ss and 3’ss weight-matrix scores and the introns length showed any 

correlation, the Spearman test was applied (Table S10). The strength of 5’ss and 3’ss was found 

positively correlated when located in the first intron of lnc-genes (human: r = 0.58, p-value < 
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2.2x10-16; mouse: r = 0.51, p-value < 2.2x10-16). The strengths of both 5’ss and 3’ss positively 

correlated to intron length and this correlation was found more pronounced in the first intron in 

both species (Table S10). Differently from what was reported for protein-coding genes, in 

which weak donor sites appeared flanked by stronger consensus at the acceptor sites 

(Kralovicova et al., 2011; Thanaraj and Clark, 2001), this analysis demonstrated that lnc-genes 

contained a class of very weak introns, preferentially located as first. Taken together, our data 

revealed that the first intron of lncRNAs with GC-AG splice junctions displayed peculiar 

features being shorter in length and owning particularly weak 5’ss and 3’ss. 

 

 

GC-AG containing genes appeared conserved and not randomly assorted 

In human, GC-AG introns were present in 1224 lnc-genes and in 1934 pc-genes, respectively 

representing the 7.8% and 9.7% of each type of genes. In mouse, GC-AG introns were present 

in 473 lnc-genes and in 1669 pc-genes, respectively representing the 3.8% and 7.6% of each 

type of genes. The great majority of transcripts included one single GC-AG intron, especially 

lncRNAs; few pc-transcripts owned more than two GC-AG introns per transcript. 

Based on the human-mouse orthologue information provided by the Ensembl project 

(http://www.ensembl.org/index.html), a total of 908 protein-coding genes were conserved 

between the two species, respectively representing 47% and 54% of total GC-AG containing 

genes. Remarkably, in more than 75% of cases the GC-AG introns also shared the same ordinal 

position in homologous genes. Moreover, we found many examples in which the conservation 

of the GC-AG introns together with their relative position inside the gene was not limited to the 

mouse but extended across evolutionary distant species (Figure S2). For example, the GC-AG 

splice sites of the first intron of human ABI family member 3 binding protein (ABI3BP) and 

piccolo presynaptic cytomatrix protein (PCLO) genes were shown to be conserved in chimp, 

macaque, mouse, rat, dog, pig, chicken, fugu and zebrafish, always as first intron. The GC-AG 

splice sites of the human genes ceramide kinase like (CERKL) and 5-azacytidine induced 2 

(AZI2) were shown to be conserved in inner introns of mammals, while the canonical GT was 

found in chicken, fugu and zebrafish. Despite the assessment of the conservation of lncRNAs 

was hindered by the lack of annotation in most species, a number of GC-AG splice junctions 

conserved between human and mouse was determined. Indeed, the TMEM51 antisense RNA 1 

(TMEM51-AS1), the metastasis associated lung adenocarcinoma transcript 1 (MALAT1) and the 
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nuclear paraspeckle assembly transcript 1 (NEAT1) genes contained a first GC-AG intron in 

both species whereas the JPX gene contained an inner GC-AG intron in both human and mouse. 

As the presence of a GC-AG intron was proposed to increase the level of alternative splicing 

(Churbanov et al., 2008), we compared the transcriptional complexity of both lnc- and pc-genes 

owning at least one GC-AG intron with respect to the ones containing only GT-AG introns 

(Table S11). In human, both long non-coding and protein-coding GC-AG-containing genes 

being transcribed in more than three isoforms exceeded the number of GT-AG-containing genes 

(lnc-GC 26.7% vs lnc-GT 14.2%; pc-GC 62.1%, vs pc-GT 43.0%). The same trend was 

confirmed in mouse, where long non-coding and protein-coding GC-AG-containing genes with 

more than three isoforms resulted more abundant than their GT-AG counterpart (lnc-GC 25.8% 

vs lnc-GT 11.9%; pc-GC 38.6%, vs pc-GT 25.6%). 

In order to assess if the presence of a GC-AG intron may represent a regulatory motif involved 

in specific biological processes, we performed an enrichment analysis of Gene Ontology (GO) 

terms of human and mouse protein-coding genes. By means of the DAVID Functional 

Annotation Tool and the PANTHER Overrepresentation Test, we selected those terms that 

resulted significantly enriched in both species and by both tools (Figure 3; Table S12). This 

resulted in the identification of three groups of linked terms in the biological process ontology. 

The first group comprised the GO term “microtubule-based movement” (GO:0007018) and its 

ancestors “movement of cell or subcellular component” (GO:0006928) and “microtubule-based 

process” (GO:0007017) and included 221 human and 176 mouse genes. Despite very little is 

known about the biological processes in which lncRNAs are involved, at least three of the GC-

AG-containing lncRNAs were described to have a role in the regulation of the movement of 

cells or subcellular components: the maternally expressed 3 (MEG3) gene (Xu et al., 2018; 

Wang et al., 2018), the SOX2 overlapping transcript (SOX2-OT) gene (Wang et al., 2017) and 

the spermatogenesis associated 13 (SPATA13) gene (Jean et al., 2013). The second group 

contained the GO term “DNA Repair” (GO:0006218) and its ancestors “cellular response to 

DNA damage stimulus” (GO:0006974) and “cellular response to stress” (GO:0033554) and 

accounted for 257 human and 179 mouse genes. Interestingly, two of the GC-AG-containing 

lncRNAs were described to be involved in DNA repair: the MALAT1 gene (Hu et al., 2018) and 

the NEAT1 gene (Adriaens et al., 2016). In the third group, the GO term “neuron projection 

development” (GO:0031175) with its ancestors “neuron development” (GO:0048666), 

“generation of neurons” (GO:0048699), “neurogenesis” (GO:0022008) and “nervous system 

development” (GO:0007399) were included and contained 273 and 220 human and mouse 
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genes. Several lncRNAs containing a GC-AG intron were described to play a role in neuron 

development and growth like the MEG3 gene (You and You, 2019), the NEAT1 gene (Barry et 

al., 2017), the SOX2-OT gene, the GDNF antisense RNA 1 (GDNF-AS1) gene and the 

myocardial infarction associated transcript (MIAT) (Clark and Blackshaw, 2014). 

In conclusion, genes containing GC-AG introns appeared highly conserved, more subjected to 

alternative splicing and enriched in specific biological process thus underlining a putative 

regulatory role of these introns.  
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DISCUSSION 

 

In this study, we report a genome-wide comparison of genomic and splicing features of long 

non-coding and protein-coding genes in human and mouse. Being based on GENCODE 

releases 27 and M16, our analysis considered a conspicuously higher number of genes with 

respect to previous studies (Cabili et al., 2011; Derrien et al., 2012) and it was strengthened by 

the comparison between the two species. 

The characterization of genomic features revealed slight differences between long non-coding 

and protein-coding genes in both human and mouse. In agreement with previous studies (Ravasi 

et al., 2006; Cabili et al., 2011; Derrien et al., 2012), lnc-genes resulted shorter than protein-

coding ones in both species, with an average length of about 24 kb versus 68 kb in human and 

about 15 kb versus 49 kb in mouse. The difference in gene length was shown to be mainly due 

to the lower number of exons composing lncRNAs: genes composed of less than 3 exons were 

definitely more abundant among lnc-genes compared to pc-genes in both species (in human: 

48% of lnc and 8% of pc; in mouse: 54% of lnc and 14% of pc). The shorter gene length and 

the limited number of exons could be attributable to the incomplete annotation of long non-

coding genes whose low expression level and high tissue specificity hampers the complete 

characterization, as suggested by the studies of Lagarde and colleagues (Lagarde et al., 2016; 

Lagarde et al., 2017). Nevertheless, our results did not appear to be driven by this bias as we 

used a recent and more complete GENCODE release, whose annotation was based on stronger 

experimental and computational evidence (Frankish et al., 2019). Moreover, our results were 

confirmed in the FANTOM5 collection of human lncRNAs, accurately annotated at their 5’ends 

(Hon et al., 2017) in which we demonstrated the same trend for lnc-genes length (mean=28.2 

kb) and the reduced number of exons (lncRNAs with less than 3 exons: 56%). Taken together, 

our data suggested that genomic organization and gene architecture did not significantly differ 

between lnc- and pc-genes, thus implying that they could be subjected to the same mechanisms 

of genomic control and gene regulation. 

The characterization of splicing features revealed a significant enrichment of introns harboring 

GC-AG splice sites in lncRNAs of both species. GC-AG splice sites were generally considered 

as a non-canonical variant of the major U2-type GT-AG splice junctions, accounting for 

0.865% and 0.817%, respectively, in human and mouse genomes (Sheth et al., 2006; Parada et 

al., 2014). In agreement with what previously reported, we assessed the same frequency of GC-

AG introns in both species when considering only protein-coding genes (0.83% in human and 
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0.81% in mouse). When lncRNAs were taken into account, the frequency of GC-AG splice 

sites resulted more than three time higher in human and more than two times higher in mouse, 

accounting for 3.0% and 1.9% of their total splice junctions. Notably, the enrichment of GC-

AG splice sites did not appear to be evenly distributed, as it emerged more prominent in the 

first intron of both types of genes. In human, lncRNA GC-AG first introns corresponded to 

4.2% of total first introns, whereas they account for 2.1% of total inner introns; in protein-

coding genes they corresponded to 1.2% and 0.8% of total first and inner introns respectively. 

The same trend was observed in mouse in which a higher ratio of GC-AG splice junctions were 

found in the first intron with respect to inner ones in both lncRNA (2.4% vs 0.4%) and protein-

coding genes (1.2% vs 0.8%). The significant increase of GC-AG introns in lnc-genes, together 

with their non-random distribution along the gene, led us to hypothesize that they may represent 

unique regulatory elements. The preferential localization of GC-AG splice sites in the first 

intron provided a clear indication of their role in gene regulation. Indeed, first introns were 

described to possess particular regulatory features, as they were shown to be more conserved 

with respect to inner introns and to be enriched in epigenetics marks associated with active 

transcription, such as H3K4me3 and H3K9ac (Park et al., 2014; Bieberstein et al., 2012), thus 

being likely involved in gene expression and splicing regulation. In many cases, first introns 

were demonstrated to be responsible for transcription initiation and increase of mRNA 

transcriptional rates (Rose, 2019). Moreover, the binding of the U1-complex to 5’ss was 

demonstrated to be involved not only in splicing regulation but also in polyadenylation control 

and in regulation of gene expression through its interaction with promoter elements (Berg et 

al., 2012; Almada et al., 2013; Singh and Singh, 2019) suggesting that the non-canonical GC 

5’ss could in some way perturb this mechanism of action. 

GC-AG introns displayed peculiar splicing features in comparison with GT-AG introns, in 

particular when located in the first intron of lnc-genes. Introns harboring GC-AG splice sites 

appeared significantly shorter than GT-AG introns, in both lncRNA and protein coding genes. 

This trend was more prominent in human GC-AG first introns, having an average length of 

~6.7 kb in lnc-genes and ~9 kb in pc-genes, and significantly shorter than GT-AG first introns 

(~13 kb and ~15 kb in lnc- and pc-genes respectively). In addition to their shorter length, GC-

AG splice sites appeared significantly weaker than GT-AG ones. A reduction in the 5’ss 

strength of GC-AG introns was expected because of the mismatch at position +2 with the U1 

snRNA consensus. Nevertheless, the reduction of 5’ ss strength was more evident in GC splice 

sites of lnc rather than in protein-coding genes and it was more prominent in the first intron 
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rather than in internal ones (Table 4). Similar results were obtained for 3’ss, whose average 

weight-matrix scores for GC-AG introns appeared lower compared to GT-AG junction, 

especially when located in lnc first introns. Interestingly, the Spearman correlation test 

demonstrated a positive correlation among intron length and 5’/3’ ss strength for the first intron 

of lnc-genes, thus implying the enrichment of short and very weak first introns in this class of 

molecules. It was suggested that the base pairing between 5’ss and U1 regulates alternative 

versus constitutive splicing, hence suggesting that weak splice sites are more prone to undergo 

alternative splicing (Stamm et al., 1994; Sorek et al., 2004). In agreement with a previous report 

(Thanaraj and Clark, 2001), our analysis at gene level confirmed that GC-AG containing genes 

were more prone to alternative splicing than genes harboring GT-AG introns. Moreover, 

Churbanov and colleagues (Churbanov et al., 2008) demonstrated that an excess of GT to GC 

5’ss conversions occurred both in primates and rodents, hypothesizing that the accumulation of 

GC sites in mammals might arise from positive selection in favor of alternative splicing. Taken 

together, these results further supported the role of GC-AG introns as regulatory elements 

putatively involved in the control of alternative splicing events. How GC-AG introns could 

contribute to increase alternative splicing levels and which type of alternative splicing they 

could favor will require further investigations. 

Despite the percentage of GC 5’ss is relatively small, the number of genes containing at least 

one GC-AG intron is not irrelevant, as they account for about 10% of pc-genes and 8% of lnc-

genes in human (in mouse: about 8% of pc-genes and 4% of lnc-genes). The relevance of GC-

AG-containing genes emerged also from the analysis of their conservation: about 50% of GC-

AG containing pc-genes resulted conserved between human and mouse and in the majority of 

cases (75%) also the intron position resulted conserved. Moreover, in many instances the GC-

AG splice sites appeared to be conserved not only in the mouse genome but also in other species 

and across large evolutionary distance. The evaluation of the conservation of GC-AG splice 

sites in lncRNA genes was hindered by their current incomplete annotation in many species. 

However, among the well-studied and annotated lncRNAs, we could still identify examples of 

the conservation of GC-AG splice sites between human and mouse. Indeed, the two well 

characterized nuclear lncRNAs NEAT1 and MALAT1 juxtaposed on human chromosome 11 

(on chromosome 19 in mouse) share similar gene features: both are transcribed in long 

unspliced isoforms as well as in shorter and spliced transcripts starting from the same promoter. 

Moreover, both NEAT1 and MALAT1 shorter transcripts contain a GC-AG first intron in human 

and mouse thus suggesting similar regulatory functions. 
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The functional enrichment analysis of human and mouse protein-coding genes provided further 

evidence that GC-AG introns could represent a specific regulatory motif as it revealed a 

significant enrichment of GO terms related to DNA repair, neurogenesis, and microtubule-

based movements. Despite the enrichment analysis for lncRNA genes was obstructed by the 

lack of their functional annotation, we reported several examples of the involvement of lncRNA 

genes harbouring a GC-AG introns in these biological processes. This analysis suggested that 

GC-AG introns may be involved in the expression control of genes involved in specific cellular 

functions, presumably needing a concerted regulation. 

In few cases, the functional relevance of GC-AG introns was already demonstrated. In the study 

of Farrer and colleagues (Farrer et al., 2002) it was demonstrated that the weak GC 5’ss located 

in intron 10 of the Collagen alpha-2(IV) chain (let-2) gene in C.elegans was essential for 

developmentally regulated alternative splicing, and that its replacement with a stronger GT 

splice site suppressed the alternative splicing regulation occurring during embryos 

development. In the inhibitor of growth family member 4 (ING4) gene, the selection between 

a weak GC 5’ss or a near-located canonical GT was shown to result into alternative transcript 

isoforms which diverged for the presence of a nuclear localization signal thus affecting the 

subcellular localization of the encoded protein (Tsai et al., 2008). In the work of Palaniswamy 

and colleagues (Palaniswamy et al., 2010), a single nucleotide polymorphism converting a 5’ss 

GT to GC, present with varying frequencies in different mouse strains, was shown to be 

responsible for an alternative splicing event affecting the length and the translational efficiency 

of the GLI-Kruppel family member GLI1 (Gli1) gene in mouse. Moreover, for the PR/SET 

domain (PRDM) gene family in human (Fumasoni et al., 2007) and for the starch synthase (SS) 

gene family in rice (Chen et al., 2017) the activation of a GC 5’ss was shown to contribute to 

the diversification and the evolution of both gene families. 

It is today clear that organisms complexity does not correlate with genome size or gene content, 

but it is instead more consistently related to the level of gene expression regulation. Higher 

level of gene regulation is thought to ensure the development of more sophisticated capabilities 

of higher organisms, despite the fact that the number of protein-coding genes is similar in 

evolutionary distant species. Furthermore, the amount of alternative splicing, which allows the 

production of a wide variety of proteins starting from a smaller number of genes, is known to 

be positively correlated with eukaryotic complexity (Bush et al., 2017; Schaefke et al., 2018). 

Moreover, the amount of transcribed ncDNA resulting in the production of a large collection 
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of ncRNAs mainly involved in the regulation of gene expression, is known to increase together 

with organisms’ complexity (Liu et al., 2013; Jandura et al., 2017). As it occurs for alternative 

splicing and for non-coding transcripts, also the frequency of GC-AG splice sites was reported 

to correlate with metazoan complexity (Sheth et al., 2006), hence indicating that this class of 

introns may represent a new layer of gene regulation. Interestingly, the conversion of donor 

splice sites from GT to GC was demonstrated to be an evolutionary driven mechanism, 

putatively due to the increased amount of alternative splicing occurring at weak GC-AG introns 

(Churbanov et al., 2008; Abril et al., 2005). 

Taken together, our data suggested that GC-AG introns represent new regulatory elements 

mainly associated with lncRNAs and preferentially located in their first intron. Their increased 

frequency in higher organisms suggested that they could contribute to the evolution of 

complexity, adding a new layer in gene expression regulation. How they exerted their 

regulatory role remains to be elucidated despite preliminary evidence suggested that they could 

favor alternative splicing. The elucidation of the mechanisms of action of GC-AG introns would 

contribute to a better understanding of gene expression regulation and could address the 

comprehension of the pathological effects of mutations affecting GC donor sites contained in 

several disease-causing genes. 
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Table 1 – Number of different splice junctions consensus 
  
 Human 
 lnc % pc % 

GT-AG 54667 96.6 517730 98.6 
GC-AG 1683 3.0 4351 0.8 
AT-AC 9 0.0 583 0.1 
Others 223 0.4 2485 0.5 
Total 56582  525149  

     
 Mouse 

 lnc % pc % 
GT-AG 28586 96.5 388973 98.8 
GC-AG 570 1.9 3217 0.8 
AT-AC 6 0.0 363 0.1 
Others 449 1.5 1235 0.3 
Total 29611  393788  
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Table 2 – Number of GC-AG introns in first or inner positions 
       

 Human 
 lnc pc 
 N GC-AG % N GC-AG % 

First 23997 1000 4.2 53776 665 1.2 
Inner 32585 683 2.1 471373 3686 0.8 
Total 56582 1683 3.0 525149 4351 0.8 

       
 Mouse 
 lnc pc 
 N GC-AG % N GC-AG % 

First 13079 309 2.4 40990 472 1.2 
Inner 16532 61 0.4 352798 2745 0.8 
Total 29611 570 1.9 393788 3217 0.8 
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Table 3 – Length characteristics of GC-AG and GT-AG introns 
        
  Human 
  lnc pc 
  N Mean (bp) SEM(*) N Mean (bp) SEM(*) 

GC-AG introns 
First 1000 6700 600 665 8999 648 
Inner 683 8666 827 3686 4165 197 
Total 1683 7500 490 4351 4907 194 

GT-AG introns 
First 22904 12923 201 52587 15335 162 
Inner 31763 13995 194 465143 5411 25 
Total 54667 13367 141 517730 6420 28 

        
  Mouse 
  lnc pc 
  N Mean (bp) SEM(*) N Mean (bp) SEM(*) 

GC-AG introns 
First 309 8619 1182 472 15933 1639 
Inner 261 5910 734 2745 3186 192 
Total 570 7049 726 3217 5056 301 

GT-AG introns 
First 12489 8507 183 40180 13606 187 
Inner 16097 7523 148 348793 4437 27 
Total 28586 7953 116 388973 5384 31 

        
(*) Standard error of the mean 

 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted June 27, 2019. ; https://doi.org/10.1101/683938doi: bioRxiv preprint 

https://doi.org/10.1101/683938


 32 

Table 4 – Weight-matrix scores of GC-AG and GT-AG splice sites 
         
 5’ss 3’ss 
 Human Mouse Human Mouse 
 lnc pc lnc pc lnc pc lnc pc 

GC-AG introns 0.50 2.76 1.63 3.38 5.00 8.75 7.76 9.25 
GT-AG introns 7.82 8.00 7.68 8.12 8.90 9.44 8.78 9.42 

         
First GC-AG introns -0.93 1.67 0.78 2.68 2.50 8.44 6.34 9.70 
First GT-AG introns 7.60 8.10 7.49 8.23 8.60 9.83 8.60 9.71 

         
Inner GC-AG introns 2.60 2.96 2.65 3.50 8.70 8.80 9.44 9.17 
Inner GT-AG introns 8.00 8.01 7.83 8.11 9.00 9.40 8.92 9.38 
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Figure 1. Genomic features of long non-coding and protein-coding genes in human and 

mouse. Gene densities in human (a) and mouse (b) chromosomes. Densities were reported as 

number of genes per Megabase (Mb). Length characteristics of genes, exons and introns in 

human (c) and mouse (d). Data were presented as log10 of basepairs (bp) lengths. Number of 

exons per transcripts in human (e) and mouse (f). 
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Figure 2. Splice junctions strengths. Schematic representation of average strengths of donor 

and acceptor splice sites of long non-coding and protein-coding genes in human and mouse. In 

panel A, GC-AG or GT-AG introns located as first were represented; in panel B, GC-AG or 

GT-AG inner introns are shown. 
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Figure 3. Enrichment analysis of GC-AG-containing genes. Bar graph representing the GO 

terms found significantly enriched. The GO term name is indicated in the Y axis, the –log of 

the p-value is indicated on the X-axis. 
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