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Abstract

Cytoplasmic splicing represents a newly emerging level of transcriptional regulation adding to the 

molecular diversity of mammalian cells. As examples of this noncanonical form of transcript 

processing are discovered, the evidence of its importance to normal cellular function grows. Work 

from a number of groups using a variety of cell types is steadily identifying a large number of 

transcripts (and soon to be even larger as genome-wide analyses of retained introns across a 

number of cellular phenotypes are currently underway) that undergo some level of regulated 

endogenous extranuclear splicing as part of their normal biosynthetic pathway. Here, we review 

the existing data covering cytoplasmic retained intron sequences and suggest that such sequences 

may be a component of `sentinel RNA' that serves to generate transcript variants within the 

cytoplasm as well as a source for RNA-based secondary messages.

Intron retention and cytoplasmic splicing are emerging forms of transcriptional regulation 

that add to the molecular diversity of mammalian cells. Evidence of the importance of 

nonnuclear transcript processing for normal cellular function grows as more examples of 

this phenomenon are discovered. A number of groups, using a variety of cell types, are 

identifying a growing number of transcripts that feature some degree of intron retention. For 

a subset of these transcripts it appears as though they undergo some level of regulated 

endogenous extranuclear splicing as part of their normal biosynthetic pathway. Here, we 

review the existing data covering the identification of cytoplasmic intron-retaining 

transcripts (CIRTs), evidence for their modification and splicing outside of the nucleus, and 

their potential functional roles. We suggest that such retained intronic sequences may be a 

component of a `sentinel RNA' that serves to generate transcript variants within the 

cytoplasm as well as a source for RNA-based secondary messages.
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Cytoplasmic splicing, by definition, requires the presence of introns or intronic sequences 

within transcripts that leave the nucleus. Intron retention, along with exon skipping, 

mutually exclusive exon utilization, and alternative donor or acceptor splice sites, is one of 

the primary modes of alternative splicing. Retained introns are a substrate for cytoplasmic 

splicing as well as a foundation for the identification of spliceosome constituents with 

cytoplasmic activity. As it is estimated that 84–92% of genes in the human genome undergo 

some form of alternative splicing,1 the presence of retained introns is not surprising; in fact, 

a number of retained introns have been reported across a number of cell types across many 

species.2 Examples of retained introns from individual transcripts include the BK channel 

(KCNMA1), FMRP, oxytocin, lamin B1 and IL1-b, as well as broad reports of several 

others from across the transcriptome (Table 1). As alternative splicing adds transcriptome 

and consequently proteome diversity, it is an important level of post-transcriptional 

regulation in eukaryotes.

Although a number of cytoplasmically retained introns have been identified across 

mammalian genomes, only sparse evidence exists for action upon these elements by 

cytosolic constituents of the spliceosome. A small number of well-characterized examples of 

cytoplasmic mRNA splicing can be found in yeast and plants, as well as in the biosynthetic 

pathways of tRNA and viral transcript processing, but few examples have been reported in 

mammals. Conventional splicing of introns from pre-mRNA or heteronuclear RNA 

(hnRNA) transcripts occurs in the nucleus of cells and involves the action and coordination 

of various nucleic acid and protein constituents of the spliceosome. The canonical 

spliceosomal unit is composed of five small nuclear RNAs (snRNA) and a number of 

protein factors. As many as 300 proteins have been implicated in spliceosomal function14 

and the characterization of a minimal spliceosome is the subject of ongoing research.

The activity of the spliceosome in the cytoplasm is a highly controversial topic. The 

spliceosome is divided into major and minor complexes, with the major complex 

functioning in the nucleus and believed to assemble on each newly transcribed pre-mRNA 

molecule. The minor spliceosome acts upon a subset of introns which are found at much 

lower frequencies across eukaryotic genomes that are characterized by distinct and highly 

conserved 5′ splice sites and branch point sequences with respect to the vast majority of 

introns.15 The cellular site of action of the minor spliceosome has been the topic of much 

debate.

A paper from Konig et al.16 reports that the minor spliceosome functions predominantly in 

the cytoplasm and controls cell proliferation acting on U12-type introns. This finding 

challenges previous results showing that the minor spliceosome functions in the nucleus, and 

has since been refuted in a number of publications.17–19 A study by Steitz suggests that the 

control experiments and techniques used to argue in favor of the localization of the minor 

spliceosome to the cytoplasm are inconclusive. However, even with the dearth of direct 

evidence, those arguing the case for splicing exclusively in the nucleus do acknowledge the 

possibility of cytoplasmic spliceosome mediated pre-mRNA splicing. Indeed, the degree and 

rate of cytoplasmic splicing governed by the spliceosome is likely far lower than what is 

observed in the central processing body of the cell, and the phenomenon may occur only 
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under very specific and specialized conditions, as in highly compartmentalized cells such as 

neurons or megakaryocytes, and will be discussed in greater detail later.

It is clear that cytoplasmic splicing is a real phenomenon, as it can occur in the enucleated 

platelet, and in the isolated neuronal dendrite, which is devoid of a nucleus. However, it 

should be noted that while extranuclear splicing can occur, the mechanism of cytoplasmic 

splicing is unknown and may differ from nuclear splicing. An example of such an alternative 

mechanism is cytoplasmic splicing of X-box binding protein 1 (XBP-1) pre-mRNA in the 

unfolded protein response (UPR) pathway.20 UPR initiates upon the continued accumulation 

of incorrectly folded proteins in mammalian cells via signaling through transmembrane 

receptors on the endoplasmic reticulum.21 Upon endoplasmic reticulum stress, the UPR-

associated molecule activating transcription factor 6 (ATF6) leads to the downstream 

expression of XBP-1, which is processed by the UPR-associated molecule inositol requiring 

kinase 1 (IRE1). Activation of IRE1 during UPR catalyzes the removal of a short 26-

nucleotide intron from XBP-1 mRNA via endoribonuclease activity of IRE1. The resulting 

XBP-1 protein is a frameshift variant that acts as a potent transcription factor that regulates 

the expression of chaperones and protein degradation factors.22,23 This mechanism of 

cytoplasmic XBP-1 splicing is more similar to pre-tRNA splicing than conventional pre-

mRNA splicing. It is possible that a similar mechanism could be associated with other intron 

bearing transcripts identified in the cytoplasm, but at this time little data exists directly 

associating this mechanism with cytoplasmic splicing of other transcripts.

An early example of cytoplasmic mammalian splicing came from Denis et al.7 using 

platelets. They showed that IL1b transcripts harboring a retained intron accumulated in pro-

platelet projections, and persisted after platelet budding and maturation. These cytoplasmic 

intron-retaining transcripts not only avoid conventional splicing and are exported from the 

nucleus, but they also escape nonsense mediated decay factors. Intron-retaining IL1b 

transcripts in platelets persist until platelet activation, when they are spliced in the enucleate 

platelet and give rise to canonical IL1b mature messenger RNA that is then translated into 

functional IL1b protein. It is important to note that mature platelets are enucleated cells, so 

by definition any splicing that may occur must be extranuclear.

This results demonstrate an endogenous extranuclear splicing system exists within a 

mammalian cell and has obvious biological relevance. Around the same time, both protein 

and nucleic acid constituents of the spliceosome were reported in the dendrites of primary 

rat neurons.24 While these molecules may have secondary function outside the nuclear 

compartment, the same study revealed that mechanically isolated dendrites, which had been 

physically separated from the soma and nucleus, were capable of splicing reporter RNA 

constructs. This result proved that the process of splicing could occur outside the nucleus of 

neurons. The identification of spliceosome molecules in neuronal cytoplasm suggests that 

some transcripts may be processed in a way that resembles conventional splicing. It should 

be noted that dendritic splicing of the reporter constructs in this study did not utilize 

canonical splice sites. While adherence to canonical donor and acceptor sequences was 

observed in some of the sequences resulting from splicing in dendrites, no single example 

adhered to both the canonical donor and acceptor sequences. It is possible that this is a 
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consequence of introducing an artificial intron-retaining sequence or saturating the splicing 

machinery, an alternate explanation is that a cytoplasmic splicing code may exist.

These findings also suggested that endogenous cytoplasmic transcripts harboring retained 

intronic substrates are present in dendrites and could be subject to extranuclear splicing. 

These dendritic projections are located at great distances from the cell body, and a local 

splicing event would obviate the need for shuttling molecules to and from the nucleus for 

processing. Further, in a manner similar to the regulation of dendritic translation in response 

to synaptic stimulation, dendritic splicing could represent a novel method of post-

transcriptional gene regulation similar to the case with IL1b platelets.

In continuation of this work, a large number of endogenous CIRTs were reported in 

neuronal dendrites as detected by a combination of microarray, in situ hybridization, and 

next-generation sequencing.3 While introns could be retained for a number of reasons, the 

identification of these molecules supports the speculation that functional dendritic splicing 

factors may have endogenous substrates. While the mechanism of cytoplasmic splicing is 

largely unknown, a working spliceosome within a subcellular compartment can be 

envisioned to provide the means for liberating retained introns. Spliceosome-independent 

cytoplasmic splicing, as part of the unfolded protein response pathway, has been described 

in yeast25 and mammalian cells.26 This splicing involves an unconventional mechanism 

involving tRNA ligase and an endonuclease instead of the spliceosome. However, this 

mechanism reportedly removes relatively small sized sequences and seems unlikely to be 

involved in processing the considerably larger general retained introns.

Evidence for intron retention in various classes of RNAs can be shown through functional 

changes associated with the perturbation of retained introns (Table 1). Retained introns have 

been reported for transcripts associated with proteins from a range of functional classes that 

include receptors, channels, enzymes and transcription factors. Several of these CIRTs have 

been shown to be functional although it is not clear for all identified CIRTs to date. 

Although common elements shared by all of these CIRTS have not been defined, two 

features include an imbedded sine ID retroviral element that is involved in subcellular 

targeting of some of the CIRT RNAs3 and a role for retained intron and nonsense mediated 

decay mechanisms that regulate developmentally important protein abundances in other 

CIRTs4 (these elements will be discussed later in this review). Based on these data, the 

functional consequences of cytoplasmic splicing could affect many levels of normal cellular 

activity. In addition to the splicing and translation of IL1B in platelets upon activation, a 

retained intron within the KCNMA1 gene has an important role in neuronal excitability. 

KCNMA1 is alternatively spliced to a high degree and it is an excellent candidate for 

containing CIRTs. Bell et al.9 found that siRNA knockdown of only that fraction of the 

KCNMA1 transcripts retaining intron 16 diminished the burst firing properties of treated 

cells and also altered the localization of channel protein in dendritic subcompartments. This 

functional effect may be explained in a number of ways: (1) a form of protein that is 

translated from the cytoplasmically spliced RNA that targets directly into the dendritic spine 

is lost; (2) the loss of this particular intron-retaining transcript impacts the fate (location or 

translation) of other forms of the KCNMA1 mRNA and therefore the localization of 

functional protein; or (3) the translation of the i16 containing transcript may give rise to a 
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truncated protein that is critical to normal functioning of the full-length channel, and thereby 

acts as a dominant negative. It should be noted that it is unclear in this particular study 

whether the siRNA knockdown occurred in the cytoplasm of the cell27 or in the nucleus.28 

However, since in situ hybridization shows that CIRTs are present in the cytoplasm, at a 

relatively high abundance as compared to the nucleus, it is likely that the siRNA is 

functional in the cytoplasm. Additionally, given the fact that RNA splicing occurs in isolated 

dendrites, it is highly likely that the dendritically localized KCNMA1 CIRT is also spliced 

in the dendrite. Further should the i16 siRNA function on hnRNA in the nucleus, one would 

expect all of the KCNMA1 RNA to be decreased in abundance, however this is not the case. 

Finally, a number of important points regarding the siRNA-mediated alteration of KCNMA1 

protein distribution support the role of cytoplasmic splicing in normal cellular function. 

Termination codons are found within all reading frames for KCNMA1 intron 16, so its 

removal, or at the very least a partial removal that is in frame regardless of whether 

canonical donor and acceptor splice sites are utilized, is required for normal full-length 

protein synthesis. Further, the sequence coding for the epitope used for antibody detection of 

the protein is located 3′ to intron 16, therefore, only protein translated after the excision of 

intron 16 retaining transcripts have been detected. All of these considerations strongly 

suggest that cytoplasmic splicing of i16 bearing KCNMA1 CIRTs is necessary for properly 

functioning channels to be expressed in dendritic spines.

Another important aspect of this CIRT-related phenotypic change is the number of 

KCNMA1 transcripts retaining i16 that can be detected in cells. Approximately 90% of 

detectable KCNMA transcripts in the cytoplasm are fully spliced, and 10% of the total 

KCNMA1 transcript population is comprised of KCNMA1i16 CIRTs. This raises the 

question of the physiological relevance of a relatively small number of KCNMA1 

transcripts. The fact that knockdown of only this small fraction of the KCNMA1 mRNA 

population has significant implications for the function of KCNMA1 proteins implies that 

low abundance transcript variants and their potential cytoplasmic splicing may be critically 

important to protein distribution and function in cells. As a result, a threshold for transcript 

abundance that is functionally relevant may be very low, making it difficult to rule out that 

other low abundance CIRTs may also have critical cellular functions.

The features that determine which introns are retained and subject to cytoplasmic splicing is 

unknown. The retained introns in CIRTS are not full length and not all introns for a 

particular gene are retained. For example, another CIRT variant of KCNMA1 has shed light 

on how transcript variants are organized among a variety of possible subtypes. Bell et al.10 

found that cytoplasmic retention and splicing of intron 17 may be a requirement for 

inclusion of the alternative stress-axis regulated exon (STREX) in channel transcripts and 

proteins. An evaluation of transcript populations in this study found that the STREX exon 

was only found in mature transcripts and those containing i17. Once again, the retention of 

an intronic sequence that must be removed for proper translation of an important regulatory 

protein domain (STREX domain) has an impact on downstream cellular function by 

determining the makeup of channel protein populations.

These examples highlight intron retention, and cytoplasmic splicing, as potentially having an 

important role for the physiological function of the proteins encoded by these genes. A more 

Buckley et al. Page 5

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2015 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



generalized function associated with retained introns was reported by Buckley et al.3 along 

with a host of detectable retained intronic sequences. Retained introns within diverse genes 

were shown to be capable of harboring sequences that confer novel cellular function. In this 

study, short interspersed element (SINE) sequences called identifier (ID) elements were 

often found in retained introns in mRNA harvested from neuronal dendrites. These CIRT-

embedded ID elements were found to be capable of interacting with endogenous transport 

mechanisms in localizing transcripts to the dendrite. This mechanism was hypothesized to 

allow for a common dendritic localization mechanism across transcripts that can be removed 

prior to translation. The retained sequences in the transcripts in this study also contained 

termination codons, as discussed previously, necessitating their removal prior to translation 

for proper protein formation. In the same study that identified the intronic targeting element, 

it was shown that competition with endogenous transport mechanisms affected the 

distribution of protein in the dendrite, showing that these CIRT transcripts contribute to 

canonical protein populations in neurons.

In addition to intronic targeting elements, early evidence suggests that retained introns in 

dendrites of rat neurons harbor other potentially functional intronic RNA elements (Table 2), 

including predicted microRNAs. Given their existence, it is intriguing to speculate that 

functional non-coding molecules like microRNAs may be liberated from CIRTs in the 

cytoplasm through extranuclear processing, and exert their effects on local transcript 

populations. Our work with CIRTs in neurons in addition to other evidence of functional 

retained introns suggests the presence of a novel post-transcriptional regulation mechanism. 

One could envision a system in which an incompletely processed transcript is exported from 

the nucleus, localized to a subcellular compartment by virtue of a retained RNA targeting 

element, spliced by components of the cytoplasmic spliceosome, perhaps in response to 

some external stimuli activating the process within the cell, and translated into functional 

protein. Meanwhile, the liberated retained intron sequence may contain other functional 

elements such as miRNA sequences that act upon local transcript populations to regulate the 

local microenvironment or act as a component of regulatory signal cascade back to the 

nucleus. With cytoplasmic splicing and RNA processing, this would be envisioned to occur 

without the need for activation of gene expression in the nucleus, and could add to the 

diversity of cellular phenotype without the need for the expression of an expanded 

population of genes. This would provide a more rapid regulation of the local environment 

allowing subcellular functional dependence upon the splicing and translation of the local 

RNA pool. As translation is a biological amplification, such a mechanism may act to 

produce a signal that communicates changes in the subcellular RNA and translation states 

back to the nucleus. While this is speculative, this is a testable hypothesis, as many of the 

CIRT candidates that would be involved in such communication are known.

Many retained introns that have been reported in the literature contain termination codons 

that have consequences for the proteins encoded by transcripts bearing these intronic 

sequences. As discussed, there is evidence that suggests some of these non-coding 

sequences may be removed by cytoplasmic splicing events, but their presence in 

cytoplasmic transcripts raises questions about their interaction with the nonsense mediated 

decay (NMD) pathway within cells. NMD is a highly conserved process in eukaryotes that 

regulates the degradation of many mRNA transcripts in cells.29,30 It is primarily considered 
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to function as a translation-coupled detector of transcripts with truncated open reading 

frames. This results from the existence of inappropriate termination codons that occur at a 

high frequency in intronic sequence that would lead to aberrant protein products upon 

translation. It is straightforward to see how mutations, transcription or splicing errors could 

give rise to transcripts destined for NMD. Interestingly, there a large number of `normal' 

transcripts have also been associated with an NMD regulated degradation pathway.

During conventional splicing, exon–junction complexes (EJC), which are composed of at 

least three proteins (MAGOH, Y14, and eIF4AIII), are deposited on transcripts to mark sites 

of intron removal by the spliceosome. These EJCs are also the points of contact for NMD 

surveillance factors. In particular, when an RNA contains a premature termination codon 5′ 

to an EJC, NMD is triggered through the activity of these surveillance factors. The inclusion 

of a retained intron in an mRNA, particularly one bearing an in-frame termination codon, 

would therefore traditionally be thought to define CIRTs as NMD substrates. NMD is 

selective in its degradation of RNA molecules, and despite direct evidence pertaining to 

their status as NMD substrates, the persistence and function of CIRTs suggests that these 

molecules are able to avoid this particular RNA surveillance pathway. This may occur 

though the camouflaging of the retained introns by protein association, the inhibition of 

translation prior to cytoplasmic splicing, or perhaps by a heretofore-unexpected complexity 

to the signal that targets a particular RNA to the NMD pathway. Interestingly, a recent 

study4 has linked intron retention and NMD as a mechanism of gene expression regulation. 

This study identified 86 genes that were involved in immune response, including nuclear 

lamina genes, with intron retention during differentiation of myeloid cells. They showed that 

the level of intron retention in these genes increases markedly during each stage of 

differentiation, resulting in greatly reduced protein levels due to NMD; however, there was 

no down-regulation of nascent transcripts of these genes. This suggests that NMD 

specifically destroys a particular `type of RNA,' and as such, may act analogously to the 

immune system in which particular antigens are targeted for elimination based upon the 

presence of appropriate antibodies.

In the same way that protein complexes are deposited on transcripts during splicing to 

indicate a premature stop codon and subsequent transcript degradation, a complex may exist 

to indicate that a retained intron bearing a stop codon is not to be degraded. This complex 

could be recruited to a CIRT early in its biogenesis in order to ensure its survival and 

delivery to the appropriate cellular region before exerting its intended function. Intronic 

sequence tags may serve to recruit this complex, or the nuclear spliceosome may recognize 

particular intronic sequences and deposit complexes analogous to the EJC in order to 

prevent these transcripts from entering the NMD pathway. Even in the absence of such a 

complex, the evasion of the NMD pathway by CIRTs suggests that particular introns may 

have sequence tags that promote their stability in the cellular environment. Such intronic 

sequence tags could also regulate their retention in specific transcript populations under 

different biological conditions through their interaction with the spliceosome.

As examples of intron retention, their functional relevance, and the possibility of 

cytoplasmic splicing continues to emerge for transcripts across a range of cell types, it is not 

unreasonable to question the origin of mature transcripts in the cytoplasm. Most are 
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certainty fully processed in the nucleus and exported, yet it is possible that a significant 

number could be the product of a RNA transcript that leaves the nucleus harboring all the 

features and elements needed to create multiple subpopulations of RNAs under specific 

cellular conditions, such as restricted to a subcellular compartment or following stimulation. 

Such an RNA, which we refer to as a `sentinel RNA' (Figure 1), could then serve as a master 

transcript from which a number of other variants could be derived via splicing in the 

cytoplasm in response to specific stimulation. This `sentinel RNA hypothesis' is likely to 

become an area of keen interest as cytoplasmic splicing and its functional consequences 

continue to emerge.
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FIGURE 1. 
Model of a sentinel RNA. Includes reported features (e.g., nuclear splicing sequences, ID 

targeting elements, microRNAs) as well as speculated features (e.g., intron–retention 

complexes, cytoplasmic splicing sequences, undescribed functional elements).
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TABLE 1

Sampling of Reported Retained Introns Some with Known Biological Function in Mammals

Gene Name Description Intron Reference

APP Amyloid B-protein I1, i2,i5, i6,i8, i13, i151 3

ATF4 Activating transcription factor 4 i1 4

CACNA1H Calcium channel, voltage-dependent, T type, α 1H subunit i23 5

CAMK2B Calcium/calmodulin-dependent protein kinase II β i3 3

CTSD Cathepsin D i5 4

CREB cAMP response element binding protein i1 3

EIF1 Eukaryotic translation initiation factor 1 i1 4

FMR1 Fragile X mental retardation 1 i1 3

FANCA Fanconi anemia, complementation group A i21 4

GABRG3 γ-Aminobutyric acid (GABA) A receptor, γ

GRIK1 Glutamate receptor, ionotropic, kainate 1 i1, i7 3

GRIN1 NMDA 1 receptor i8 3

HP Haptoglobin i4 4

ID3 Inhibitor of DNA binding 3, dominant negative helix-loop-helix protein i1 6

IL1B Interleukin 1, β i1 7

INS Proinsulin i1 8

KCNMA1 Potassium large conductance calcium-activated channel, subfamily M, α member 1 i16 9

KCNMA1 Potassium large conductance calcium-activated channel, subfamily M, α member 1 i17 10

LBR Lamin B receptor i9 4

LMNB1 Lamin B1 i7 4

P2X2 Purinergic receptor P2X, ligand-gated ion channel, 2 i11 11

Robo3 Roundabout, axon guidance receptor, homolog 3 (Drosophila) i26 12

SRSF7 Serine/arginine-rich splicing factor 7 (reported as 9G8) i3 13

1
In instances where more than one retained intron is indicated for a given gene name, the retained introns need not all be present in a single CIRT. 

The retained introns may be found in different RNA molecules, each of which has been detected by sequencing.
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TABLE 2

Clusters of Shared Sequence Elements from Hierarchical Clustering of the Cytoplasmically Retained Intronic 

Contigs from Rat Neurons

Sequence Element Cluster Size

B2 65

ID 63
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