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Abstract 
Recent landmark discoveries have underpinned the physiological importance of intron 
retention across multiple domains of life and revealed an unexpected breath of functions in a 
large variety of biological processes. Despite significant progress in the field some challenges 
remain. Once solved, opportunities will arise for discovering more functions of intron 
retention. 
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Introduction 
Intron retention (IR) is a well-conserved form of alternative splicing that has been studied 
extensively in plants, fungi, insects, and viruses. Its importance in regulating gene expression 
and essential biological processes in mammalian cells has only recently been acknowledged 
[1-3]. Yet, ever new studies keep surfacing that describe the involvement of IR in a multitude 
of cellular processes, some of which are surprising given that IR was for a long time 
considered transcriptional noise [4]. Figure 1 summarizes key concepts in relation to the 
importance of IR, challenges and opportunities. 
 
Why is intron retention important? 
A widely accepted function of IR is to regulate gene expression via nonsense-mediated decay 
(NMD), triggered by intronic premature termination codons (PTCs), or IR transcript 
detention and degradation in the nucleus [1,2,5,6]. IR-induced post-transcriptional gene 
regulation can be observed in stages of the cell cycle, cell differentiation, apoptosis, stress 
response, and reproduction [4]. However, there are noticeable intercellular differences in the 
abundance and location of intron-retaining transcripts (IRTs). While less frequently observed 
in muscle and embryonic stem cells in human and mouse there is a high prevalence of IRTs 
in neural, adipose, and immune cells. IR is well conserved across vertebrate species but 
seems more widespread in species with fewer protein coding genes wherein transcriptomic 
complexity is preserved by enhanced alternative splicing programs [3,7]. Retention of both 
major and minor introns are important in regulating gene expression and physiological 
processes [8]. 
 



IRTs that evade degradation due to the lack of PTCs, can be translated into novel protein 
isoforms with impact on protein function. This is the predominant fate of IRTs in plants. The 
specific function of retained introns is often determined by the cellular localization of the 
IRTs. Intron detention refers to IRTs residing in the nucleus. These transcripts can be 
degraded by mechanisms independent of NMD or await further processing (cytoplasmic 
export, splicing) upon specific stimuli [1,2]. IR can, in fact, stabilize nuclear transcripts, 
thereby extending their half-life [1]. 
 
IR is an important mechanism to respond to environmental stress such as thermal, nutritional, 
oxidative or CO2-induced stress, and is a response to other extracellular stimuli and infection 
in plants [9]. IR affects genes that are implicated in temperature-dependent sex determination 
in multiple species including fish and reptiles [10], in growth and development of plants, in 
fission yeast meiosis, and in mammalian spermatogenesis [1]. 
 
Although not thoroughly verified yet, IR may contribute to the synthesis of novel non-coding 
RNAs (with additional structural domains). Retained introns can be carrier of cellular 
localization signals and signals receptive to alternative polyadenylation generating truncated 
proteins [4].  
 
Studying IR is also important in the context of diseases. Aberrant IR patterns have been 
observed in diverse cancers [11]. Some recent studies attempted to shed light on the role of 
IR in cancer pathogenesis and mechanisms that lead to aberrant and pathologic IR in cancer 
and other diseases. It was found that IR can cause (i) tumor suppressor gene inhibition, (ii) 
oncoprotein expression, (iii) neoepitope synthesis, or (iv) therapy resistance , and serve as (v) 
biomarker, (vi) present a therapeutic vulnerability, or (vii) reduce cancer cell proliferation 
[12]. These sometimes disease-specific disparities stem from PTCs introduced via IR-
associated single nucleotide variants (i and vi), novel functions of translated IRTs (ii), intron-
derived peptides with major histocompatibility complex binding affinity (iii), IR-induced 
NMD in antigens (iv), IR profiles associated with disease outcomes (v), and  therapeutically- 
restored spliceosome function (vi). 
 
Challenges in intron retention discovery and understanding its roles 
The discovery of IR requires a larger number of mRNA sequencing reads to detect affected 
genes that express a large percentage of IRTs subject to degradation. Over 100 million reads 
would be ideal as recommended by ENCODE for alternative splicing analysisi. Poly-A 
enrichment methods should also be applied, instead of ribosomal RNA depletion, to avoid 
contamination with pre-mRNAs. Researchers should recognise that utilizing suboptimal 
sequencing data will inaccurately measure IR. Datasets from most publicly available datasets 
were generated without the intention to investigate IR and do not have the appropriate depth. 
For example, analysis using the lower depth sequencing data (<50M reads) from the Cancer 
Genome Atlas Research Network (TCGA) is likely to underestimate the levels of IR detected 
[11]. Results of IR analysis using ribosomal RNA-depleted RNA samples should be 
interpreted with caution and validated using a poly-A enrichment method. Strand-specific 
sequencing protocols are encouraged to exclude antisense RNAs, which may confound 
accurate detection of IR [13]. 
 
From a bioinformatics perspective, mapping tools need to be customized to cope with multi-
mapping reads and repetitive sequences often present in retained introns, that would be 
discarded by standard mapping methods [13]. It is also important to ensure that reads 
spanning exon-intron junctions are sufficiently detected to avoid erroneous calling of intron-



derived non-coding RNAs as transcripts retaining introns. Recent pipelines for IR discovery 
include filters to circumvent these issues [13].  
 
IR detection using short-read sequencing is unable to verify whether multiple introns are 
retained in the same transcript. In these cases, it would be necessary to perform long-read 
sequencing, using PacBio or Nanopore technologies, to determine the exact combination of 
exons and introns in the final transcripts. This step will also inform whether the IRTs contain 
in-frame PTCs to understand their fate. However, further improvement of long-read 
sequencing technologies is required to circumvent their limitation in IR detection due to 
relatively low depth, high error rates and the propensity towards detecting short transcripts.  
 
IR can lead to diverse impacts on transcripts and proteins, making it challenging to 
understand its role in specific biological contexts. Given that many factors can regulate IR 
including RNA-binding proteins, epigenetic changes, transcriptional rate (see Box 1), it 
would be necessary to first identify the cause of specific IR events before functional studies 
can be performed. Nevertheless, it is challenging to efficiently modulate IR in laboratory 
settings without causing off-target effects as modulating these factors is likely to cause other 
transcriptional and post-transcriptional changes. Given that IRTs are often rapidly degraded 
via NMD or other pathways, it would be necessary to block relevant RNA degradation 
pathways to robustly detect them [2,5]. While NMD is the major mechanism that degrades 
IRTs in the cytoplasm, pathways occurring in the nucleus are largely unknown. Mechanisms 
that degrades IRTs may also operate in a cell type-specific manner. Recent studies indicate 
that the nuclear exosome machinery does not trigger degradation of IRTs in humans, 
although it has been reported in murine neuronal cells [2,5]. In addition, it remains unclear 
how IRTs are detained in the nucleus and are protected from degradation. We hypothesize 
that this process involves liquid-liquid phase separation that compartmentalises different 
transcripts for different molecular processes that occur within the phase-separated bodies.  
 
Future directions in intron retention research  
The mechanisms underpinning the regulation of IR in different biological contexts remain 
unclear. Nuclear-enriched small non-coding RNAs (including microRNAs) that bind near 
splice junctions in nascent RNAs indicate the possibility of their involvement in IR regulation 
[4], however, a direct effect remains to be tested experimentally. A recent report found that 
m6A RNA modifications accumulate in retained introns and that global depletion of m6A 
promotes splicing of these introns, which suggests an important role of RNA modifications in 
IR regulation [14]. It would be interesting to identify the mechanisms by which m6A directs 
IR beyond the few reported so far [15]. The factors that define the specificity of IR regulation 
by one mechanism or another, and the contribution of environmental cues to this process, 
remain to be uncovered.  
 
Studies that explore the functions of IR are relatively few compared to those focusing on IR 
discovery. Many proposed functions of IR remain to be validated experimentally including 
IR providing templates to store and derive non-coding RNAs, and preserving alternative 
polyadenylation sites to generate truncated proteins with oncogenic potential. Another 
hypothesis suggests that IR may be a source of microRNA response elements that allow IRTs 
to act as microRNA decoy (ie. “sponge”) or competing endogenous RNA. The roles of IR in 
the pathogenesis of diverse human diseases including metabolic diseases, cardiovascular 
diseases and immune-related disorders remain to be determined.  
 



Concluding remarks 
Given the widespread of IR across taxa and functional implications IR bears, we strongly 
encourage the inclusion of algorithms for alternative splicing detection and quantification in 
all transcriptomic analyses. Considerations for IR analysis should begin at the experiment 
planning phase as appropriate choices for library preparation (e.g. poly-A enrichment) and 
sequencing (e.g. sufficient read depth and/or long reads) should be made upfront. By doing 
so, investigators will be rewarded with high-resolution data, disclosing the full breadth of 
transcriptomic complexity within their samples. This step will facilitate IR detection at high 
sensitivity and an accurate quantitation of IR in protein coding and non-coding genes. 
Nevertheless, IR analyses require a careful approach that navigates around common pitfalls, 
which could lead to false IR predictions. Hence our advice is to closely monitor technological 
and algorithmic advances as the field of IR progresses.  
 
 

 
 
Figure 1: Illustration of intron retention and associated importance, key challenges, and 
opportunities. Concepts with a question mark (‘?’) demand further validation. ncRNA – 
non-coding RNA. 



 
 
Box 1: Regulators of intron retention 
Retained introns are strongly associated with well-conserved intrinsic characteristics, which 
include a high GC content, short length, and weak splice sites and branch points [3]. Trans-
regulatory elements modulating IR levels include RNA binding proteins for which binding 
motifs can often be found within or in the vicinity of retained introns. Loss of SR protein 
expression has a particularly pronounced effect on global IR. There are also a number of 
epigenetic factors that modulate IR levels [4]. For example, reduced DNA methylation 
around introns is associated with IR and so are changes in methyltransferase expression (e.g. 
DNMT1) or the occupancy of proteins with a methyl-CpG-binding domain (e.g. MeCP2). 
Post-translational histone modifications have been associated with IR as well, particularly tri-
methylation at lysine 36 in histone 3 (H3K36me3) has been reported in association with IR in 
mammals and plants [3]. In the latter, chromatin accessibility was also linked to IR. Most of 
the epigenetic modifications mentioned impact upon RNA polymerase II elongation rates. It 
is therefore no surprise, that IR has been associated with RNA Pol II accumulation and 
accelerated RNA Pol II elongation rates [4]. It was proposed recently that RNA modifications 
could also impact upon IR regulation [15]. 
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