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Abstract

Nuclear bodies contribute to nonrandom organization of the human genome and nuclear function. 

Using a major prototypical nuclear body, the Cajal body, as an example, we suggest that these 

structures assemble at specific gene loci located across the genome as a result of high 

transcriptional activity. Subsequently, target genes are physically clustered in close proximity in 

Cajal body-containing cells. However, Cajal bodies are observed in only a limited number of 

human cell types, including neuronal and cancer cells. Ultimately, Cajal body depletion perturbs 

splicing kinetics by reducing target small nuclear RNA (snRNA) transcription and limiting the 

levels of spliceosomal snRNPs, including their modification and turnover following each round of 

RNA splicing. As such, Cajal bodies are capable of shaping the chromatin interaction landscape 

and the transcriptome by influencing spliceosome kinetics. Future studies should concentrate on 

characterizing the direct influence of Cajal bodies upon small nuclear RNA gene transcriptional 

dynamics.
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Introduction

The maintenance of spatial and temporal compartmentalization of the cell nucleus is crucial 

for efficient genome function (Box 1). This includes the initiation of specific metabolic and 

homeostatic programs at defined times and locations, and involves the formation of a 

number of membraneless nuclear compartments and domains [1–3]. These nuclear 
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compartments consist of discrete regions known as chromosome territories (CTs) that 

demarcate interphase chromosomes [4], nuclear substructures whose structural integrity is 

mediated by transient protein-protein and protein-RNA interactions [5, 6], and other regions, 

such as the nuclear lamina. A prominent group of structurally distinguishable sub-nuclear 

microenvironments are nuclear bodies (NBs) [1, 3]. Examples of NBs include the largest and 

universally present NB, the nucleolus, as well as smaller NBs of varying number per cell 

such as histone locus bodies (HLBs), promyelocytic (PML) NBs and nuclear speckles. Cajal 

bodies (CBs) are one of the better-characterized NBs and have been studied since the early 

1900’s [7]. These prominent structures, or homologous CB-like nuclear domains, are 

identifiable in many animals and plants. In humans, they are present in embryonic [8], fetal, 

neuronal [9] and, importantly, transformed cancer cells [10]. However, CBs are absent in 

many terminally-differentiated primary cell types. As such, CBs can be thought of as 

dynamic structures that only form in cells under precise physiological conditions (such as 

oncogenesis) or as a result of specific stimuli or genomic activity.

It is generally agreed that NBs expedite and augment the efficiency of specific molecular 

processes [13, 14]. To achieve this, NBs are segregated from the surrounding nucleoplasm 

by concentration-dependent phase-separation [13, 15]. This results in enrichment of specific 

macromolecules within the microenvironment where macromolecular crowding effects 

enhance specific biochemical and assembly reactions. Thus, as a result of enhanced RNA-

protein associations, protein-protein interactions and other biophysical effects, the rate of 

enzymatic catalysis and substrate recycling is much higher in NBs than in the less crowded 

surrounding nucleoplasm. The augmentation of these biochemical processes helps to boost 

energetically unfavorable events and maintain optimal nuclear function. In particular, the CB 

is a multifunctional domain, acting as a site of transcriptional activation, RNA processing, 

base modification and assembly for the biogenesis of multiple classes of ribonucleoproteins 

(RNPs). CB function is most commonly associated with the production of the spliceosomal 

enzymatic backbone, known as small nuclear RNPs (snRNPs, Figure 2), which catalyze 

RNA splicing [16–21]. However, the CB is also believed to be a key regulatory domain in 

the production of telomerase RNP and several factors housed within the body are implicated 

in spliceosomal and telomerase RNP maturation. Both early and late-stage snRNP 

biogenesis components are enriched in the CB, as well as precursors extended at their 3’ 

ends and fully-assembled mature snRNPs [22–27]. The CB has been suggested to upregulate 

the expression and accelerate the 3’ end processing of small nuclear, small nucleolar and 

small CB-associated RNAs (snRNAs, snoRNAs and scaRNAs, respectively) through 

transcriptional activation and sequestration [28–30]. CBs also mediate numerous processes 

unrelated to transcription and are enriched with multiple RNA base modification enzymes, 

which regulate target sn/snoRNA dynamics by 2’-O-methylation and pseudouridinylation 

and influence spliceosome assembly [31, 32]. Finally, CBs have been suggested to act as a 

surveillance structure by helping to accelerate the step-wise assembly and recycling of 

spliceosomal snRNPs in times of need, such as cancer [33, 34]. However, snRNP processing 

and base modification also occurs in cells that lack CBs, although this is believed to be much 

less effective and occur at a slower rate [35]. These studies indicate that CBs influence the 

levels and processivity of factors crucial for efficient RNA splicing.
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Intuitively, it is beneficial for the cell to limit the activity of specific and frequently limited 

factors to a confined area of need rather than the entire nucleoplasm [36]. This theoretically 

reduces off-target effects, such as incorrect target processing or spurious gene activation and 

repression, and reduces the energetic burden on the cell as lower quantities of NB processing 

factors are required. Additionally, several NBs frequently form at specific genomic loci and 

accelerate target molecular processes in a localized microenvironment [1]. For example, 

nucleoli are formed around actively transcribing, tandemly-repeated ribosomal genes 

concentrated on several separate chromosomes [37], HLBs form at the replication-dependent 

histone gene clusters [38] and PML NBs also associate with defined genomic regions (albeit 

in a cell type-specific manner) [39]. However, NBs are multifunctional structures that 

influence the DNA damage response, protein and RNA modifications, as well as gene 

activity [1]. Importantly, CBs are known to assemble at specific gene loci, including both 

spliceosomal snRNA genes and histone gene loci (through its physical association with the 

HLB) [22–26, 30, 40]. Thus, CBs concentrate essential but frequently limited factors for 

expedited snRNA transcription, extended 3’end RNA processing and snRNP maturation 

processes at target snRNA gene loci.

Nuclear and genomic architecture is largely non-random and is the product of many 

synergistic influences that act at the local (kbp) and global level (Mbp/interchromosomal), 

including remodeling enzymes [41], cell type-specific factors [42] and various epigenetic 

modifications [43]. Here, using CBs as an example prototypical NB, we propose the 

hypothesis that NBs may also contribute to the regulation of long-range and 

interchromosomal chromatin organization. Subsequently, this results in under-appreciated 

impacts on both coding and non-coding transcriptome diversity.

Genome organization is influenced by nuclear body function

Topological organization of the genome is structurally maintained to efficiently 

accommodate approximately 2 m of DNA into a cell nucleus whilst retaining functionality 

[44]. Firstly, 147 bp of DNA is wrapped around histone octamers in structures known as 

nucleosomes, which assemble into a 30 nm chromatin fiber. Higher-order DNA organization 

ultimately consists of highly condensed but permeable interphase chromosomes, which are 

partitioned into functional units, including topologically-associated domains (TADs) and 

chromatin loops. Furthermore, both genes and CTs occupy preferred positions within the 

nuclear space [4, 45–47] and this has often been linked with transcriptional activity [48]. 

However, the nucleus is a densely-packed space and individual CTs intermingle at their 

edges in highly transcriptionally active interchromosomal regions [49]. It is likely that 

chromosomal segregation, nonrandom CT positioning, specific transcriptional activity, gene 

function and stochasticity regulate physical gene pairing of most genes. However, the spatial 

organization of the genome within the nucleus is nonrandom [45] and frequent long-range 

intra- (cis) and inter-chromosomal (trans) gene pairing events are known to occur. There are 

multiple studies that describe nonrandom long-range gene pairing events (separated by 

millions of base pairs) in both cis and trans configurations between specific groups of genes 

that are often, but not always, coordinated by nuclear compartments [50–52]. These include 

associations between lamina-associated domains (LADs) [53] and immunoglobulin genes in 

B-cells [54, 55]. Thus, the physical association of most genes may be driven by random 
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short-lived gene collisions. However, there is precedent for the formation of spatially-

clustered gene networks that are more stable and may possess co-regulated transcriptional 

dynamics and RNA processing.

We envisage a simple model of genomic clustering that features a functional multi-

interaction hub, which is a beneficial regulatory hotspot for target gene loci. For most genes 

this is potentially represented by RNA polymerase II (pol II) transcription factories, where 

multiple active RNA polymerases are concentrated in a nuclear substructure [56]. Indeed, it 

has been estimated that 10–25 distinct active gene loci may colocalize at a single 

transcription factory [57], which allows sharing of specific sets of transcription factors, 

could help co-ordinate gene expression of several distinct genes from the same pathway and 

potentially influences long-range chromatin looping [58]. Specific physical associations 

between NBs, including nucleoli [37, 59], nuclear speckles [60], PML NBs, Polycomb 

(PcG) bodies [61] and HLBs [62], and certain gene loci or genomic regions are also known 

to occur (Figure 3). Similarly, highly transcriptionally active snRNA genes have been 

observed to relocate and stably cluster near the CB periphery [63]. Interestingly, co-labeling 

of multiple CB target genes with the same fluorophore indicates that the CB simultaneously 

associates with several genes [22]. The frequency of these gene repositioning events and the 

total number of CBs per cell leads us to believe that frequent higher-order gene associations 

near the CB is possible.

We have recently provided new evidence to support a genome-wide organizational role for 

the CB [30, 40]. Using a combination of advanced multicolor microscopic mapping tools 

and high-throughput sequencing techniques, we explored the specific clustering network, 

consisting of distant chromosomal targeting regions proximal to CBs [30]. Chromosomes 

that associate frequently with CBs display higher CB target gene density than other size-

matched chromosomes (human chromosomes 1, 6 and 17 vs. 2, 7 and 18) [64]. Physical 

associations between specific chromosomes and CBs also correlate with major and minor 

spliceosomal snRNA gene clusters, such as the U1 and U2 snRNA gene arrays on 

chromosomes 1 and 17, respectively. These regions potentially act as primary CB nucleation 

sites that initiate CB assembly. In particular, the large and ubiquitously expressed U1 snRNA 

gene array spanning 500 kb on the p-arm of chromosome 1 is the most frequently CB-

associated gene locus in HeLa cells [30]. Strikingly, using the U1 snRNA gene array as a 

bait region for subsequent circular chromatin conformation capture followed by deep 

sequencing (4C-seq) gene pair mapping experiments, we documented an overall topological 

rearrangement of chromosome 1 around the CB in human cancer cells. Thus, the CB forms 

and maintains a number of intra- and interchromosomal gene clusters in its proximity, 

especially between highly expressed major and minor spliceosomal snRNA genes and 

clustered replication-dependent histone genes. We suggest that this CB-mediated 

chromosome 1 rearrangement, which was not observed in CB-depleted cancer cells [30], 

resembles a chromosomal rosette with the CB helping to anchor the base of several large but 

mostly independent loops and results in a close physical association between the 5’ and 3’ 

ends of chromosome 1. The CB also forms a number of nonrandom interchromosomal gene 

clusters between major spliceosomal snRNA and intron-encoded snoRNA gene loci [30,40]. 

As such, the CB acts as an organizational center that targets specific genomic regions to its 

periphery for regulation of gene expression and expedited RNA processing.
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Gene clusters near Cajal bodies are RNA-dependent

How might these higher-order gene clusters form around NBs, and the CB in particular? A 

clue can be found in the localization of most NBs, as they are predominantly situated in the 

interchromatin space at the periphery of CTs where multiple chromosomes frequently 

intermingle [65]. Transcriptional activation of large ubiquitously expressed gene arrays, such 

as the U1 and U2 snRNA arrays [64], triggers the nucleation and formation of a CB. 

Subsequently, other highly expressed U snRNA genes, which are positioned at the periphery 

of their host CT, or even looped out of the domain, associate with the growing CB. It is 

theorized that active snRNA genes stick to the CB periphery via nascent RNA transcripts 

that act as a molecular Velcro (Figures 3 and 4) [5, 22, 23, 63, 66–68]. Stabilization of 

stochastic gene pairing events with the CB ultimately results in the formation of long-

distance intra- and interchromosomal gene clusters around the CB. Multicolor high-

resolution live-cell imaging studies will be required to visualize and analyze the movement 

of several snRNA genes prior to and following CB association.

A similar series of events is likely to result in the association of CBs with intron-encoded 

sno/scaRNAs, which constitute 90% of all human sn/sno/scaRNAs. Here, active sno/

scaRNA-containing host gene regions relocalize to the interchromosomal space upon 

transcriptional activation and the isolation of sno/scaRNAs from host gene introns is coupled 

to RNA splicing (Figure 4) [69]. The co-transcriptional assembly of sno/scaRNPs on nascent 

sno/scaRNA coding regions is initiated by the association of several proteins with the 

snoRNA that are core components of box H/ACA snoRNPs and are enriched in CBs. The 

snoRNA is immediately excised from the host transcript intron after splicing is completed 

[70]. One of these proteins, dyskerin, has previously been confirmed to be capable of 

nucleating a de novo CB on an engineered chromatin site [71]. It is also likely that the CB 

structural protein coilin binds at a relatively early stage in this process [28] and potentially 

helps to guide these genes towards existing CBs. However, it is unclear when 3’ end 

trimming of box H/ACA snoRNA precursors by poly(A)-specific ribonuclease occurs, 

although this protein is also enriched in CBs [72]. We believe this unique processing of 

intron-encoded snoRNAs and snoRNP pre-assembly may result in the co-transcriptional 

formation of micro- or mini-CBs [68, 73] at intron-encoded regions that ultimately fuse with 

larger CBs centered around major promoter-driven spliceosomal snRNA genes.

After formation at highly expressed target gene loci, CBs, and NBs in general, appear to 

attract other target genes that have localized to the interchromatin space and stably retain 

these regions in their periphery [30, 37, 39, 40, 60]. This ultimately influences global 

chromatin topology by forming nonrandom long-range gene pairing events. Further 

developments in microscopy, including more sensitive super-resolution microscopes with 

advanced image analyses, the synthesis of fluorescent dyes with improved spectral overlap 

and coverage, as well as automated high-content image acquisition techniques will improve 

our understanding of NB-dependent genome organization.
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Nuclear bodies are beneficial for proximal target gene transcription and 

processing

A benefit of genomic clustering is direct spatial and temporal coordination of gene activity. 

NBs are thought to be optimized microenvironments that expedite and coordinate the 

transcription and highly efficient processing of large numbers of target RNA transcripts, 

including up to 106 copies of U1 and U2 snRNAs in HeLa cells [74]. Transcription at CB 

target genes, including the snRNA genes, is highly similar to most RNA pol II-transcribed 

genes. However, there are several crucial differences. Transcription at snRNA genes, which 

are short, relatively depleted of nucleosomes [75] and lack several canonical promoter 

features (e.g. TATA boxes) [76], is activated by a unique DNA binding transcription factor, 

known as the snRNA activating protein complex (SNAPc) [77]. RNA pol II, as well as 

several other protein complexes, is then recruited to perform efficient snRNA production. 

The first of these regulatory complexes is known as the Little Elongation Complex (LEC) 

[78] and the second is known as the Integrator complex [79, 80]. The LEC promotes 

transcription through the gene body, which continues beyond the end of the gene into the 

neighboring intergenic DNA. Transcription is paused by CTCF- and Integrator-dependent 

recruitment of negative elongation factor (NELF) and positive elongation factor b (P-TEFb) 

[81, 82]. This initiates phosphorylation of the C-terminal domain of RNA pol II at Serine-2 

by P-TEFb and leads to the co-transcriptional recognition of the 3’ end processing element 

(3’ box). The Integrator complex is recruited and cleaves the nascent pre-snRNA at a site 

several nucleotides away from the 3’ box to generate a mature snRNA transcript, which, like 

histone mRNAs, is not polyadenylated [79,80]. Thus, snRNA genes display many unique 

characteristics and transcriptional features compared to other highly expressed genes.

CBs are highly dynamic but structurally stable structures with a continuous exchange of 

components into and out of the domain [83, 84]. Interestingly, components of both the 

SNAPc and LEC complexes have been reported to be enriched within the CB [25, 85], 

potentially indicating a strong link between snRNA gene transcription and CBs. By 

clustering of target gene loci that span large genomic distances near to CBs, this may allow a 

decondensed chromatin fiber harboring these genes to loop outside of the host chromosome 

and into an environment that is permissive to transcription, increasing their transcriptional 

potential. This enables quick and efficient reloading of SNAPc, LEC and Integrator 

components onto snRNA genes for immediate re-initiation of transcription and co-

transcriptional 3’ end RNA processing. Depletion of the essential CB components TCAB1/

WRAP53 or USPL1, which both lead to complete CB disassembly, decreases nascent 

precursor U1 and -U2 pre-snRNA levels [30], whereas coilin depletion, which does not 

completely abolish CBs but results in residual CB-like substructures, increases pre-U 

snRNA levels [86]. This provides evidence of a direct function for the CB in regulating 

snRNA transcription. In normal diploid cells that lack CBs, it is possible that lower snRNA 

levels are processed by nucleoplasmic levels of the SNAPc, LEC and Integrator complexes 

at slower rates without requiring the formation of a specialized microenvironment. A lack of 

CBs in diploid cells may also lead to random and unsynchronized production of mature 

snRNPs. We hypothesize that spatial clustering of snRNA genes near to the CB enables co-

regulation of snRNA genes by efficient reloading of SNAPc, LEC and Integrator 
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components. This may coordinate and enhance both snRNA transcription and 3’-end RNA 

processing.

Cajal bodies concentrate limited factors to clear unprocessed nascent RNA

CBs are also frequently physically associated with the HLB, a NB that is involved in histone 

pre-mRNA processing (Figures 2 & 3) [30, 35]. The HLB provides an optimized 

microenvironment for accelerated processing of the canonical 3’ region of replication-

dependent histone genes [36, 87]. HLBs may benefit from a direct supply of U2 and U7 

snRNPs from the CB, which are implicated in histone processing but enriched in CBs 

[30,88,89]. CB-dependent targeting of specific gene loci, including HLB-regulated 

replication-dependent histone gene clusters [62], to the highly transcriptionally active 

interchromatin space may also be beneficial for HLB function. However, the CB does not 

directly influence histone gene activity and is likely to only indirectly influence transcription 

at histone gene clusters [90]. An indication of the importance of NBs to gene transcription 

can be found in a recently described role for the HLB in histone pre-mRNA processing [87]. 

These data showed that HLBs not only concentrate essential limited factors for histone pre-

mRNA processing but that the absence of HLBs results in specific transcriptional disruption 

and a small but significant level of spurious polyadenylation of unprocessed histone pre-

mRNA. PML NBs and nucleoli have also been suggested to be important for transcriptional 

activation and repression of physically-associated gene loci, but the exact role of the PML 

NB in this process is still unclear [39,91]. These studies indicate that the formation of 

specialized nuclear microenvironments allows cells to produce large quantities of specific 

RNAs through enrichment of limited but essential protein factors.

The proximity of the CB to specific genomic regions and the enrichment of snRNA 

processing factors within the domain is a strong indicator of the role of the CB in immediate 

snRNA maturation. Considering the ability of specific snRNAs to induce CB assembly at an 

artificially engineered chromatin position, CBs may assemble in response to high local 

volumes of unprocessed or stalled RNA transcript [5,66,67]. This may be a common feature 

of several NBs and beneficial for regulating genome function [59,92,93]. Substantial 

advances are being made in our understanding of transcriptional dynamics [94] but it is still 

not fully elucidated. It will be vital to investigate the kinetics of target gene transcriptional 

bursting and RNA processing near to and distant from NBs and how this compares to other 

highly expressed but intron-containing genes. Unfortunately, sequence modifications to 

allow the specific binding of fluorescently-tagged proteins [95] to the distinct secondary 

structure of snRNAs are likely to be disruptive to their function. Therefore, it is difficult to 

acquire live-cell microscopic observations of sn/sno/scaRNA transcriptional events. It is still 

unclear what effect this may have on protein-RNA interactions that lead to CB assembly or 

physical gene association.

Cajal bodies help shape the transcriptome through snRNP availability

As structures that directly influence the transcription and processing of specific groups of 

target genes, an important aspect of NB biology is their diverse effects upon downstream 

molecular pathways. As an example, we will describe the effect of CB function upon RNA 
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splicing fidelity and speculate upon the multiple layers of splicing regulation that may be 

influenced by CB function (Figure 5).

The production of mature mRNAs involves selective removal of introns from primary 

transcripts and splicing of adjacent exons together, with multiple possible alternative exon 

combinations as the outcome. Alternative splicing occurs in >90% of genes and is a major 

contributor to protein diversity [96], enabling the production of multiple proteins from a 

single gene locus. Like transcriptional regulation, splicing regulation can be mediated by cis-

acting enhancers and silencers that bind to recognition motifs. This has been the basis for the 

search for a ‘splicing code’ to predict splicing patterns based on sequence motifs [97]. It is 

clear, however, that splicing is regulated by a much more diverse array of processes beyond 

splicing enhancers and silencers.

As mentioned above, CBs are important for the assembly of core components of the 

spliceosome, the macromolecular complex responsible for intron removal and splicing. 

Introns in the human genome are incredibly diverse, spanning five orders of magnitude in 

length, with degenerate recognition motifs. The spliceosome is similarly complex and 

flexible to accommodate this diversity, integrating multiple small RNAs and proteins into a 

catalytic unit. It has been established that CBs are essential players in snRNA processing 

and snRNP assembly to enable spliceosome function and splicing fidelity. Greater insight 

into splicing and the broader area of RNA processing mechanisms are coming increasingly 

into focus, as next-generation sequencing methods are being adapted to address them [98]. 

CBs, with a central role in the biogenesis of critical spliceosome components, affect splicing 

and other RNA processing through multiple mechanisms.

Cajal bodies may influence splicing kinetics through diverse pathways

Tissues and cell types differ in their splicing load, in terms of number of introns to remove 

and the complexity of alternative forms. For example, testis, neuronal and hepatic tissues 

have a great deal more tissue-specific splicing than does muscle tissue [99]. The 

complement of expressed genes can be highly variable in terms of the number of introns 

[100], with intron number ranging from zero to 300 [101]. To splice transcripts effectively, 

cells must disassemble and reassemble spliceosomes after each splicing event, and produce 

spliceosomal components in stoichiometrically compatible amounts [102]. Additionally, 

CBs perform quality control on snRNPs through the U4/U6 di-snRNP recycling factor 

SART3 [33]. CBs may serve as “boosters” to aid the cell in spliceosomal production to 

accommodate the additional load required in specific tissues.

One example is in acute forms of retinal degenerative disease, where a mutation that affects 

U4/U6 di-snRNP interaction in the core spliceosome machinery leads to defects not seen in 

other tissues [103]. The mutation leads to a defect in splicing capacity, which produces a 

more detrimental effect when there is a higher demand for splicing. Expression of 

housekeeping genes and spliceosomal snRNAs are very high in retina compared to other 

human tissues, with extensive transcript diversity, indicating an elevated splicing load 

[104,105]. This suggests that reduced splicing activity is more detrimental for regenerative 

tissues that require rapid cell proliferation and transcriptional diversity [102].
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Several studies have observed a correlation between spliceosomal component availability 

and aberrant splicing. Reduction of snRNA expression (by depletion of USPL1, which 

influences snRNA transcription) leads to reduced snRNP availability and altered splicing 

patterns, while not altering general transcription [106]. Experiments in SMN-deficient mice 

showed that an induced decrease in snRNP production lead to widespread alternative 

splicing changes, particularly in genes with many introns [107]. This is in agreement with 

our studies in CB deficient HeLa cells, in which we observed an over-representation of 

aberrant splicing in genes producing many isoforms [30].

How might differences in spliceosomal components lead to different splice forms? One 

possible route is through alteration of co-transcriptional splicing kinetics. Transcription and 

splicing are tightly coupled, and the majority of splicing occurs co-transcriptionally [108, 

109]. Perturbing the availability of snRNPs or the rate of snRNP assembly can alter the 

kinetic balance between competing splice sites, leading to the production of alternative 

isoforms [108, 110] (Figure 5B). A more rapid traversal of polymerase through the gene 

may lead to removal of introns with strong donor and acceptor sites, while a slower rate or 

pause may provide additional time for the spliceosome to use weaker splice sites [110] or to 

allow splicing factors affecting splice site choice to bind.

The CB may also influence splicing via kinetic mechanisms indirectly, for example through 

the expression of histones (Figures 4 and 5A). We recently demonstrated the correlation 

between histone gene expression and CBs in HeLa cells [30], along with aberrant splicing 

upon CB depletion in SNRPE, which encodes an essential component of the heptameric Sm 

ring. This is required for the stability of spliceosomal snRNPs as well as U7 snRNP, which 

specifically regulates histone 3’-end pre-mRNA processing [111]. Histone availability 

impacts co-transcriptional splicing through Pol II kinetics [112]. It is highly likely that, in 

HeLa cells at least, the HLB may be reliant on a fully functional CB for optimal 

productivity.

In contrast to changes in splice site choice, a defect in general intron removal could be 

related to spliceosomal component availability. A general intron retention (IR) increase can 

reduce total proteomic output via nonsense-mediated decay (NMD), or increase the diversity 

of intron-retained functional transcripts. Indeed, global IR increases have been seen as 

general phenomenon of cancers [113], and as an expression regulation strategy in 

differentiation [114]. An increase in general IR correlated with diminished snRNP 

availability in HeLa cells [115, 116]. However, a general IR effect across all introns was not 

observed in our CB disassembly experiments [30].

Altered RNA processing by Cajal bodies influences splicing kinetics

Within CBs, and to a lesser extent in the nucleoplasm, snRNAs undergo 2’-O-methylation 

and pseudouridinylation at specific nucleotides, guided by specific scaRNPs [117]. These 

modifications are important for RNA-RNA interactions in the spliceosome and for splicing 

fidelity. The extent and positions of these modifications can also be modulated in response to 

cellular stress [118]. This raises the possibility that spliceosomal function can be regulated 

by differential snRNA nucleotide modification within CBs.
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One of the most widely studied RNA modifications is the methylation of adenosine (m6A), 

which was first identified decades ago [119]. This modification has been observed in snRNA 

[120, 121], and has been shown to have multiple RNA processing regulatory roles, including 

splicing, translational control, and modulating RNA stability [119]. A role for this 

modification in regulating circadian rhythm was recently discovered, where global reduction 

of RNA methylation lead to slower rates of RNA processing [122]. Although recent progress 

has been made in understanding how RNA epigenetics affects transcriptome dynamics 

[123], we still have a great deal to learn.

Spliceosomal snRNAs are just one class of small RNAs relevant to CBs. As a group, the 

importance of small RNAs to shaping the transcriptome is not completely known. Beyond 

the spliceosomal RNAs, additional roles for small RNAs in myriad processes from transcript 

stability to UTR processing have been observed [124]. Recent studies have identified 

hundreds of snRNAs, snoRNAs, and scaRNAs that traffic through CBs and interact with 

coilin [28]. Of note, we witnessed a genome-wide decrease in the expression of many intron-

encoded small RNAs with no effect upon host gene expression following disassembly of 

CBs [30]. This may be a result of NMD-dependent decoupling of small RNA and host gene 

expression levels [125]. Spliceosomal sno/scaRNAs compete with other small RNAs for 

binding during the splicing reaction. This suggests CB regulation of snRNA production can 

alter competitive balances with other small RNAs to affect splicing. For example, a snoRNA 

was found that competes with U1 snRNA for a binding site in RNA, leading to mis-splicing 

for the E2F7 transcription factor [126]. As such, the CB is an important regulator of small 

RNA expression and function (Figures 2, 3 and 4).

Independent of alternative splicing, one way that transcripts from the same parental RNA 

and with the same splicing pattern may differ is in the location of the polyadenylation site. 

The length of the 3’-UTR can have significant impacts on the stability of the transcript, and 

hence transport and translation downstream. Widespread changes in 3’-UTR length have 

been observed in multiple cancer types and linked to cellular senescence [127]. The U1 

snRNP is critical for alternative polyadenylation [128,129], and changes in U1 snRNA 

availability can lead to changes in U1 snRNP 3’-end processing [130]. This raises the 

possibility that snRNAs and CBs can influence polyadenylation and 3’-UTR lengths.

Conclusion

We suggest that the CB, a prototypical NB, is capable of influencing the nonrandom spatial 

organization of the human genome and the transcriptome. CBs are a facilitator of multiple 

parallel processes, serving as reaction centers and genome architecture organizers to 

influence transcriptional regulation and base modification of sn/snoRNAs, spliceosomal 

component assembly, histone gene expression, and polyadenylation. These processes likely 

vary significantly between cell types, aiding in the formation of transcriptome diversity. 

However, CBs, and NBs in general, influence many more processes than transcription and 

future experiments across a range of cell types with different transcriptional profiles will be 

critical to understand how this diversity is generated. Improvements to next-generation 

sequencing tools for the detection and characterization of small RNAs indicates that the 

future holds a great deal of promise for dissecting the multiple roles of CBs in RNA 
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transcription, processing [131, 132], RNA base modification [133], and UTR length 

variation of specific genes [134].
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Box 1. Correlations between 3D genome organization and transcription 
dynamics

The genome is highly spatially organized within the nucleus which lacks defining 

membranes. Spatial genome organization is non-random and arranged at several, 

hierarchical levels of chromatin fiber folding, the formation of loops and consequently to 

topologically associated domains culminating in their aggregation to chromosomes 

within defined territories (chromosome territories or CTs) (Figure 1A). In principle, each 

chromosome and each allele occupies certain preferred positions relative to other regions 

in the genome in the majority of cells within a population [11]. There are multiple layers 

of nuclear function that eventually may influence chromosome and gene positioning. In 

particular, it has been established that gene-poor chromosomes are typically located near 

the nuclear periphery, whilst gene-rich chromosomes tend to be located in the nuclear 

interior (Figure 1B). However, active genes are observed to interrupt large regions of 

repressed heterochromatin at the nuclear periphery. Gene-rich regions of the genome are 

spatially separated from gene-poor regions and repressed regions of chromosomes tend to 

contact other repressed regions. In contrast, active domains are preferentially located on 

the outside of CTs and contact other active domains on the same chromosome and other 

chromosomes. Thus, silent genes are preferentially located within the interior of a CT, 

whilst active highly expressed genes are looped out of the CT area [12]. Of note, NBs are 

closely related to both activation and repression of target genes through mechanisms that 

are not fully understood, which might contribute to the maintenance of 3D genome 

organization.
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Figure 1. 
Genome organization and function. A: The human genome is hierarchically organized to 

maintain function. Individual chromosomes, which are segregated into chromosome 

territories, are composed of a number of sub-compartments, loops and nucleosomes. B: 
Gene and chromosome position is related to activity. In general, gene dense chromosomes 

are more internal and gene-poor chromosomes are more peripheral within the nucleus. Also, 

inactive genes are frequently observed within the interior of their host chromosome. Upon 

activation, genes relocate to the periphery of the chromosome or looped out into the 

interchromatin space, where they are exposed to high local concentrations of transcriptional 

machinery and various nuclear bodies.
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Figure 2. 
The relationship between Cajal bodies and splicing. Transcription of snRNA genes 

frequently occurs at the CB periphery, and is mediated by several protein-based complexes. 

Nascent pre-snRNA is enriched in the CB domain prior to association with an export 

complex and subsequent translocation to the cytoplasm. Here, the pre-snRNP undergoes 5’-

cap tri-methylation by TGS1, 3’-end trimming by an exonuclease and Sm ring assembly 

involving the SMN protein complex. The snRNP is re-imported into the nucleus for final 

maturation steps, including RNA base modifications (2’-O-methylation and 

pseudouridinylation). Mature snRNPs are redistributed to the nuclear speckle for 

spliceosome formation. At the periphery of the nuclear speckle, snRNPs catalyze the 

excision of introns from pre-mRNAs through the formation of a number of protein 

complexes on the target pre-mRNA and the joining of adjacent exons (E1, E2). Most introns 

are degraded but a minority undergo further processing steps to produce a sno/scaRNA. 

These intron-encoded sno/scaRNAs are targeted to the CB, where they guide major and 

minor spliceosomal snRNA base-modification steps. Following splicing, snRNPs are 
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liberated from the target pre-mRNA. The U4/U6 di-snRNP and U4/U6.U5 tri-snRNP require 

recycling in the CB prior to participating in another round of pre-mRNA splicing.
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Figure 3. 
Nuclear sub-structures and genome organization. A: Many NBs have been reported to form 

at specific sites of gene activity and influence gene expression. This includes transcriptional 

activation and repression as well as RNA processing steps. Several NBs have been 

associated with both gene activation and gene repression, including the role of the nucleolus 

in activation of ribosomal DNA (rDNA) genes and proximal positioning of gene-poor 

regions at the nucleolar periphery as well as gene activation and repression by the PML NB, 

which may be dependent on PML isoform enrichment. Nonrandom physical clustering of 

specific genes is also reported for non-NB-based structures, such as the nuclear lamina with 
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lamina-associated domains (LADs) and other genes that are highly active and frequently 

positioned near to the nuclear pore complex (NPC) for efficient export into the cytoplasm. 

B: Maximally-projected super resolution structured-illumination microscopy (SIM) image 

of the CB structural protein coilin (far red), the histone transcription factor NPAT (HLBs, 

green) and DNA (DAPI, blue) in aneuploid HeLa human cervical carcinoma cells. Enlarged 

insets with positions marked by arrowheads demonstrate frequent physical association 

between CBs and HLBs. Scale bars represent 5 µm (whole cell) or 1 µm (inset). Images 

were acquired using a Zeiss Elyra super resolution microscope equipped with a 100× 

apochromatic 1.46 NA oil immersion objective. 3D-SIM images were generated using Zeiss 

Zen black software.
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Figure 4. 
Cajal body association with target sn/snoRNA and histone genes. CB nucleation and 

formation is most likely to occur at highly transcriptionally active snRNA gene arrays, such 

as the tandemly-repeated U1 snRNA gene array on chromosome 1. Transcription of snRNA 

genes is activated by the binding of the SNAPc transcription factor to the distal sequence 

element (DSE). Transcription is regulated by the Little Elongation Complex (LEC) and 

Integrator complex (INT), which is responsible for snRNA 3’ end trimming, as well as 

accessory factors such as NELF and pTEFb. Intron-encoded snoRNAs are co-

transcriptionally isolated from host gene introns by the binding of CB-enriched core 

components of box H/ACA snoRNAs (e.g. 15.5 kD, Nop10 and dyskerin), which may 

physically target these regions to the CB periphery. At this point, coilin may bind to excised 

snoRNPs and help target these nascent snoRNPs to nearby CBs. Finally, through its physical 

association with the HLB, the major and minor histone gene clusters on chromosomes 6 and 
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1, respectively, are targeted to the CB periphery. Following transcriptional activation by 

NPAT, histone pre-mRNAs are processed by U7 snRNP, FLASH and the histone cleavage 

complex (HCC) within the HLB before binding to the stem-loop binding protein (SLBP).
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Figure 5. 
Cajal bodies influence RNA splicing kinetics. A: RNA splicing by the spliceosome is 

dependent on many factors that are influenced by CB function. These include snRNP 

availability, as the CB enhances snRNA gene transcription and snRNP assembly steps, and 

snRNP base modifications (guided by box H/ACA and box C/D scaRNPs). Through its 

physical association with the HLB, the loss of CBs has been shown to reduce histone mRNA 

availability. We have also observed a decrease in RNA Pol II C-terminal domain inclusion 

following CB disassembly. Both of these changes are suggested to decrease RNA Pol II 

transcription rate. B: Altogether, these results show that CB-mediated functions influence 

RNA splicing, RNA splice site selection and splicing fidelity.
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