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Abstract

The release of nascent RNA from transcribing RNA polymerase complexes is required for all 

further functions carried out by RNA molecules. The elements and processing machinery involved 

in 3′ end formation therefore represent key determinants in the biogenesis and accumulation of 

cellular RNA. While these factors have been well-characterized for messenger RNA, recent work 

has elucidated analogous pathways for the 3′ end formation of other important cellular RNA. 

Here, we discuss four specific cases of non-mRNA 3′ end formation—metazoan small nuclear 

RNA, Saccharomyces cerevisiae small nuclear RNA, Schizosaccharomyces pombe telomerase 

RNA, and the mammalian MALAT1 large noncoding RNA—as models of alternative 

mechanisms to generate RNA 3′ ends. Comparison of these disparate processing pathways reveals 

an emerging theme of evolutionary ingenuity. In some instances, evidence for the creation of a 

dedicated processing complex exists; while in others, components are utilized from the existing 

RNA processing machinery and modified to custom fit the unique needs of the RNA substrate. 

Regardless of the details of how non-mRNA 3′ ends are formed, the lengths to which biological 

systems will go to release nascent transcripts from their DNA templates are fundamental for cell 

survival.

The 3′ end formation of mRNA molecules plays a central role in the termination of RNA 

polymerase II (RNAPII) transcription, is important for mRNA export and stability, and by 

the addition of the poly(A) tail determines their translational efficiency. Not surprisingly, a 

highly conserved set of demarcating elements and protein machinery guarantees that this 
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critical RNA processing event takes place with precision and reproducible accuracy. For 

poly(A) mRNA, members of the Cleavage and Polyadenylation Specificity (CPSF) and 

Cleavage Stimulation Factor (CstF) complexes are vital to 3′ end formation. In contrast, 

replication-dependent histone mRNAs, the only mRNAs that lack a poly(A) tail, utilize 

distinct 3′ end formation machinery in addition to CPSF/CstF factors to yield a stable and 

translatable message characterized by a unique terminal secondary structure. Both of these 

processes have been well-characterized and will not be discussed further here having been 

reviewed extensively elsewhere 1, 2.

With the recent appreciation for the true size of the transcriptome, the spectrum of non-

mRNA molecules has increased dramatically beyond that of the abundant ribosomal RNA 

(rRNA) and transfer RNA (tRNA). In addition to the small nuclear RNA (snRNA) and small 

nucleolar RNA (snoRNA), there is an array of other nuclear partitioned RNA playing vital 

roles in coordinating gene expression. These RNAs include, but are not limited to, the RNA 

component of RNAseP involved in tRNA processing, the RNA component of the telomerase 

RNP required for the maintenance of telomeres, the Xist RNA involved in dosage 

compensation, and the ever-increasing number of long noncoding RNA (lncRNA) that play 

a wide range of functions from modulating chromatin modification to regulating alternative 

splicing (see 3, 4 for review). Proper biosynthesis of non-mRNA ensures their structural and 

functional integrity and is essential for the homeostasis of the cell. While the machinery 

involved in the 3′ end processing of non-mRNA is distinct from their mRNA counterparts, 

the role it plays in their accumulation is equally important. Reviewing four specific cases, 

we intend to demonstrate that either by using a dedicated processing complex or by 

borrowing from the existing RNA processing machinery, non-mRNA 3′ end formation rivals 

in complexity and ingenuity with mRNA end formation.

U snRNA 3′ end processing in metazoans

Demarcating Elements and Protein Factors

Uridine-rich small nuclear RNAs (U snRNAs) are a family of short (60–200 nucleotides) 

intronless non-coding RNAs. They form the RNA moiety of the major (U1, U2, U4, U5 and 

U6) and minor (U11, U12, U4atac, U5 and U6atac) spliceosomes (reviewed in5) with the 

exception of U7 that is involved in the 3′-end processing of the replication-dependent 

histone mRNAs (reviewed in 2).

Most of the U snRNAs are transcribed by RNAPII (U1, U2, U4, U4atac, U5, U7, U11 and 

U12) with the exception of the U6 snRNA (and U6atac) that is transcribed by the RNA 

polymerase III (RNAPIII). Regardless of their dependency on different RNA polymerases, 

the promoters of U snRNA genes share remarkable similarities. About 250 bp in length, they 

contain a distal sequence element (DSE) recruiting the Oct1 and Sp1 transcription factors 

and a proximal sequence element (PSE) that is bound by the snRNA activating protein 

complex (SNAPc), a five subunit complex specific to U snRNA transcription (reviewed 

in 6). The only distinction between the two types of promoters resides in the presence of a 

TATA box between the transcription start site and the PSE of the U6 promoter that confers 

its specificity for RNAPIII7.
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Despite numerous similarities in U snRNA structure, promoter architecture, and ultimate 

function, the mechanism of 3′ end processing of RNAPII- and RNAPIII-dependent snRNAs 

is drastically different. U6 and U6atac are processed as typical RNAPIII transcripts. A 

stretch of thymidines at their 3′ end drives transcription termination 8. The U6 primary 

transcript is further processed by two antagonistic enzymatic activities. The U6-specific 

uridyl terminal transferase (TUT1 or U6-TUTase) adds a poly(U) tail to the 3′ end of the U6 

snRNA 9, 10 while the 3′-to-5′ exonuclease Mpn1 trims the poly(U) tail to an average of five 

Us and generates the final 2′–3′ cyclic phosphate characteristic of the mature U6 snRNA 11.

The 3′-end processing of the RNAPII-transcribed U snRNAs is more complex and requires 

at least two independent steps. The first step, the endonucleolytic cleavage of the primary 

transcript (detailed below), takes place in the nucleus and leaves 2 to 10 nucleotides beyond 

the mature 3′-end 12–14. This intermediate transcript is then exported to the cytoplasm 

through the nuclear pore complex by the RNA adaptor PHAX and the CRM1/RanGTP 

complex15. In the cytoplasm, the pre-U snRNA undergoes a 3′ to 5′ exonucleolytic trimming 

step to generate the mature end of the U snRNA 12–14. Whereas in Saccharomyces 

cerevisiae the exonucleases involved in 3′ to 5′ digestion of the pre-U snRNA are largely 

known (see section below), the 3′ to 5′ exonuclease responsible for the cytoplasmic 

trimming of the metazoan U snRNA has not been identified yet.

Extensive work has shed light on the nuclear phase of the U snRNA 3′-end processing, 

which requires the presence of a U snRNA-specific promoter (as described above) and a 

conserved GTTTN0-3AAAPuNNAGA sequence, referred to as the 3′ box, located 9-19 

nucleotides downstream from the mature end of the U snRNA 16–19. A third element, the 

carboxy-terminal domain (CTD) of the largest RNAPII subunit, Rpb1, and its 

phosphorylation by pTEFb (CDK9) were identified later as equally important for the 3′ end 

processing of the U snRNAs 20, 21. The CTD of the RNAPII is a domain formed by multiple 

YSPTSPS heptamer repeats (52 in human, 42 in fly and 26 in Saccharomyces cerevisiae 

(hereafter referred to as yeast) with various degree of conservation). Through the 

transcription cycle, the phosphorylation pattern on the different serines of the heptamer 

repeats drives the recruitment of various factors involved in transcription and RNA 

processing 22–24. Taken together, the different requirements for the 3′ end processing of the 

U snRNA (U snRNA promoter, 3′ box, and RNAPII CTD phosphorylation) has suggested a 

co-transcriptional mechanism where a processing factor is recruited at the U snRNA 

promoter and loaded onto the CTD of the RNAPII to cleave the nascent U snRNA after the 

transcription of the 3′ box element.

The Integrator Complex: the snRNA Processing Machinery

This hypothesis was validated by the purification and characterization of the Integrator 

complex 25. Integrator was first isolated as a large (>1 MDa) RNAPII-associated complex, 

containing at least 12 subunits. Recent studies have identified at least two new core 

subunits 26 as well as several potential protein partners 26–28. This complex appears to be 

broadly conserved through evolution (Figure 1). The majority of the Integrator subunits can 

be identified in metazoans and in plants, with the exception of green and red algae. Some of 

the complex subunits are also present in many unicellular eukaryotes including amoebas and 
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chromalveolates, suggesting an early evolutionary origin. In fungi, the situation is more 

nuanced. The complex is absent from yeasts, in agreement with their distinct U snRNA 

biogenesis pathway (described below). However, some Integrator subunits can be identified, 

although with less conservation, in certain fungal phyla suggesting that the Integrator 

complex might have been lost through evolution in yeasts. Such a loss in yeast is not 

unprecedented, a similar evolutionary mechanism was advanced to explain the absence of 

the minor spliceosome (U11, U12 snRNAs and their associated spliceosomal proteins) in 

yeast despite its presence in other fungi and in several unicellular eukaryotes 29. Strikingly, 

herpesvirus saimiri coopts the cellular integrator complex during infection to generate U 

snRNA like molecules that function as microRNA precursor used to modulate ultimately 

host gene expression 30.

Unlike the mRNA 3′ end processing factors, few of the Integrator subunits present sequence 

or domain homology with any known proteins that could point toward a predicted function 

within the complex 31. However, two subunits in particular, IntS9/11, do have domains that 

readily suggest function. IntS11 is believed to be the endonuclease responsible for the pre-U 

snRNA 3′ end cleavage and forms a stable dimer with IntS9 through their C-terminal 

domains 32. Both IntS11 and IntS9 belong to the β-CASP (after the name of its 

representative members CPSF, Artemis, SNM1 and PSO2) family of metallo-β-lactamase 

fold nucleases 33, 34. Their closest homologs in this family are CPSF73 and CPSF100, two 

subunits of the cleavage and polyadenylation specificity factor complex (Figure 2) involved 

in the 3′ end cleavage of pre-mRNAs 1, 35. Moreover, depletion of IntS11 or the expression 

of a catalytic mutant of IntS11 results in misprocessing of the 3′ end of the pre-U 

snRNAs 25, 36.

Mechanism of metazoan snRNA 3′ end formation

The precise molecular mechanism of the pre-U snRNA 3′ end processing is still unknown 

but a tentative mechanism has emerged (Figure 3) 37. Upon transcription initiation of the U 

snRNA genes, the CTD of the RNAPII is phosphorylated on both serine5 (ser5P) and 

serine7 (ser7P) of the heptamer repeats, most likely by CDK7 38, 39. The ser7P mark would 

then be recognized by the putative serine-5 phosphatase RPAP2. This interaction leads in 

turn to the recruitment of at least a subset of Integrator subunits that includes IntS4 and 

IntS5. Later during the transcription cycle, the phosphorylation of serine2 (ser2P) by the 

CDK9 kinase of the pTEFb complex and the dephosphorylation of ser5P by RPAP2 would 

enable the binding of the remaining Integrator subunits (including IntS11) culminating in the 

3′ end cleavage of the pre-U snRNA.

This model posited above is attractive because it explains the long known mechanism of 

transcriptional coupling between the U snRNA promoter and the 3′ end processing. It also 

reaffirms the crucial role of the CDK9 activity 40 and emphasizes the importance of the 

double ser2P/ser7P CTD phosphorylation mark 41, 42. Yet it leaves some questions 

unanswered. First, neither the ser7P mark nor the presence of RPAP2 are specific to U 

snRNA genes 37, 43, raising the issue of the specificity of the Integrator recruitment to the U 

snRNA genes. Second, RPAP2 was initially identified as part of a larger RNAPII-associated 

complex 27, 44, and recent structural and biochemical evidence demonstrated that 
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recombinant RPAP2 lacked ser5P phosphatase activity in vitro 45. Finally, it was recently 

reported that RPAP2 is dispensable for U snRNA processing, at least in fly 26. Altogether, 

these data indicate that RPAP2 cannot be the only determinant for Integrator recruitment and 

might act in conjunction with other factors yet to be characterized. In that line of thought, an 

RNAi screen in fly recently identified CycC/CDK8, a cyclin-dependent kinase pair normally 

present in the kinase module of the Mediator complex 46, as necessary for U snRNA 

processing 26. The finding that another kinase besides CDK7 and CDK9 plays a role in U 

snRNA processing suggests that all the protagonists involved in U snRNA processing have 

not yet been accounted for and that other layers of regulation might be at play.

To explain U snRNA promoter specificity, one hypothesis is that the Integrator complex 

may recognize a specific DNA sequence in the U snRNA promoter, even though no 

identified Integrator subunit has homology with a known DNA binding motif 31. As an 

alternative, Integrator could interact with a U snRNA specific transcription factor like the 

transcription activator SNAPc. Even though this factor was never detected in association 

with Integrator 25, 27, 44 it cannot be ruled out that this interaction might be transient and 

context dependent, thereby escaping its detection by conventional biochemical approaches.

Another open question is the mechanism of the 3′-end cleavage site recognition. No RNA-

protein interactions have been demonstrated so far between the pre-U snRNA and the 

Integrator complex. The 3′ box, essential for 3′ end processing, is a tentative candidate to 

drive this interaction. Yet, this sequence is highly tolerant to mutations 47, suggesting that 

other determinants could be participating in the cleavage site recognition to form a bipartite 

motif that stabilizes the RNA/Integrator interaction. Such an element could be the terminal 

3′ stem-loop that is present in all U snRNAs. This structure was proven to be important for 

U snRNA processing in some models 36, but dispensable in others 18 reaffirming that the 

recognition of the cleavage site is probably not dependent on a single motif but likely 

depends on the presence of several elements cooperating for the interaction between the 

Integrator complex and the pre-U snRNA.

After cleavage, the mechanism of transcription termination is unclear and might depend on 

the context of each particular U snRNA gene. For example, U2 transcription extends up to a 

kilobase beyond the 3′ box while U1 transcription stops shortly after cleavage 48. In the case 

of U2, transcription termination involves the boundary protein CTCF and the negative 

elongation factor NELF 49, while in vivo footprinting has revealed that an unidentified 

protein and potential terminator is bound immediately downstream from the 3′ box of the U1 

snRNA gene 48. There have been no reports demonstrating that Xrn2 is involved in snRNA 

termination suggesting that either unique factors carry out this process or that IntS11 may 

function as an exonuclease similar to what has been shown for CPSF7350.

3′ end formation of snRNA in Saccharomyces cerevisiae

Rnt1 and exonucleolytic trimming

The U snRNA gene structure and cis requirements of Saccharomyces cerevisiae (hereafter 

referred to as yeast) for 3′ end formation differ significantly from their metazoan 

counterparts. There is no identifiable 3′ box downstream of the cleavage site and processing 
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is not contingent on the type of RNAPII promoter that initiates transcription. These criteria 

are consistent with the lack of Integrator subunits in yeast and suggest that general factors 

are utilized to form the snRNA 3′ end. The two characterized types of cis-acting elements 

that direct 3′ end formation of yeast snRNAs are a stem loop (SL) sequence located 

downstream of the 3′ end of the mature product and a termination element located even 

further downstream. The SL is a target for the Rnt1 nuclease and the termination element 

utilizes the Nrd1/Nab3/Sen1 complex in the case of U1, U4, and U5 or possibly the CPF 

complex in the case of the U2 snRNA. These redundant pathways (SL and termination 

element) are likely in place to ensure accumulation of mature snRNA but also, given the 

more compact size of the yeast genome relative to humans, to prevent read through into 

neighboring genes.

The initial generation of an rnt1 temperature-sensitive allele implicated this RNase III 

enzyme as essential for pre-rRNA processing 51. Upon further analysis, stem loop target 

sites within the 5′ and 3′ external transcribed spacers were identified as a specific cleavage 

site for Rnt1. Given that all four yeast U snRNAs have similar stem loops present 

downstream of their mature 3′ ends and have been shown to be substrates in vitro for 

recombinant Rnt1 enzyme, it is evident that Rnt1 is involved in the cleavage of precursor 

snRNA52–54. These Rnt1 cleavage sites, however, are not present at the ultimate 3′ end of 

the mature U snRNA demonstrating that additional processing is required.

In the case of U1 snRNA, the Rnt1-dependent cleavage product is processed further through 

the activity of the exosome 53 or possibly through the activity of alternative exonucleases 

called Rex (RNA exonuclease) proteins 55 (Figure 4A). Moreover, the Rnt1 U1 snRNA 

cleavage intermediate may cycle between a polyadenylated and non-polyadenylated form, 

although the dynamics of this putative toggling have not been examined56. In rnt1-Δ strains, 

elongated U1 snRNA transcripts are detectable, likely created through an alternative 

termination pathway (described in more detail below). These intermediates may be 

processed by the exosome given that their abundance is increased in rnt1, exosome double 

mutants 53. While the yeast U2 snRNA may use a similar Rnt1-dependent pathway that 

involves subsequent exonucleolytic trimming, it also utilizes a slightly different Rnt1-

independent pathway that involves the use of polyadenylation sequences (PASs) located 

downstream of the stem loop cleavage site (Figure 4B) 52. Remarkably, yeast whose 

endogenous U2 snRNA gene is replaced with a U2 gene lacking the Rnt1 stem loop 

cleavage site possess exclusively lengthened and polyadenylated forms of U2 snRNA and 

are without any detectable phenotype. This demonstrates that poly(A)+ U2 snRNA is 

capable of incorporation into a snRNP and functional in catalysing the splicing reaction. The 

mechanism U2 snRNA poly(A) tails are added remains to be understood as the use of a PAS 

suggests involvement of the CPF machinery, however, other reports have not detected any 

U2 snRNA misprocessing phenotype when CPF proteins are mutated57.

The 3′ end formation of the U4 snRNA utilizes redundant pathways related to U1 but 

distinct from U2 snRNA as no active PASs have been identified downstream of the stem 

loop (Figure 5A) 53, 58. Extended forms of U4 snRNA are present in yeast harbouring Rex2 

deletions or temperature sensitive mutations in exosome subunits suggesting that these two 

factors are required for biogenesis of the mature U4 snRNA 55. Moreover, larger U4 snRNA 
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intermediates are observed in exosome or Rex2 mutants that are also rnt1 null, 

demonstrating that the products of transcriptional termination are also subject to 

exonucleolytic trimming.

The most complex 3′ end snRNA processing in yeast involves the biosynthesis of the U5 

snRNA (Figure 5B). Two mature forms of U5 snRNA are detectable in yeast, the U5 Long 

(U5L) and U5 Short (U5S), which differ in length by ~33 nucleotides at the 3′ end 54. These 

two mature U5 isoforms are generated from the initial production of two distinct Rnt1 

intermediate cleavage products termed U5σ and U5λ. Cleavage at the U5λ site is followed 

by subsequent exosome and/or Rex2-mediated trimming to form the U5L product while 

Rnt1 cleavage at the U5σ site is trimmed similarly to form the U5S product 53, 55. In the 

absence of Rnt1, transcription termination products are then trimmed by the exosome and/or 

Rex2 to form the U5S product. Both the U5S and U5L appear functionally equivalent in 

their capacity to facilitate splicing.

The Nrd1/Sen1/Nab3 complex

An alternative pathway to generate yeast snRNA 3′ ends that may act either redundantly or 

in parallel utilizes the Nrd1 termination complex, which was discovered through careful yet 

serendipitous experimentation (reviewed recently in59). In their continuing efforts to study 

U6 snRNA function, Steinmetz and Brow placed the U6 snRNA gene within the intron of a 

well-characterized splicing reporter comprised of an Actin-Cup1 fusion whose proper 

splicing results in copper resistance 60. Unexpectedly, positioning the U6 snRNA gene in the 

antisense orientation led to the initial discovery of a self-autonomous element capable of 

downregulating this reporter RNA leading to copper sensitivity 60. The downregulation was 

later proven to be due to premature termination of RNAPII transcription. Spontaneously 

arising suppressor mutations that caused transcriptional read through of the termination 

sequence were found leading to the ultimate identification of two genes whose expression is 

required for the function of this element: an uncharacterized gene that was termed Nrd1 (for 

nuclear pre-mRNA down-regulation) and the previously identified Sen1 RNA helicase 61.

The Nrd1 gene encodes a 575 amino acid nuclear protein in yeast that contains an N-

terminal CTD-interacting domain (CID) as well as a C-terminal RNA recognition motif 

(RRM) 62. Both of these domains are required for the antisense U6 snRNA function within 

the CUP1 reporter suggesting that recruitment via RNAPII and specific interaction with the 

nascent transcript are required events to promote 3′ end formation 62. Subsequently, it was 

determined that the function of Nrd1 is not limited to the U6 antisense terminator element 

but rather is utilized by cells naturally and in a genome-wide scale 63. Expression profiling 

using poly(A)+ RNA revealed that ORFs downstream of many snoRNA genes were 

upregulated after Nrd1 depletion due to termination failure and transcriptional readthrough, 

which produces chimeric transcripts containing the snoRNA and mRNA fused together 63. 

Importantly, a Nrd1 terminator was identified downstream of the U4 snRNA Rnt1 cleavage 

site connecting this complex to snRNA biogenesis. Subsequent studies have shown the 

requirement of Nrd1 in the termination of several short RNAPII transcripts, most notably 

cryptic unstable transcripts (CUTs) 64, 65. Consistent with these observations, structural 
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analysis of the Nrd1 CID-RNAPII CTD interaction has demonstrated a strong preference for 

serine 5 phosphorylation, which is most commonly found proximal to promoters66.

Nrd1 exists as a heterodimer with the nuclear polyadenylated RNA-binding 3 (Nab3) 

protein, which also contains an RRM thereby increasing the RNA binding capacity and 

specificity of the complex 67. Several studies indicate a sequence preference for Nrd1 of 

GUAR and for Nab3 of UCUU, both of which are enriched in terminator elements found 

downstream of snRNA 68–70. The emerging model of Nrd1-dependent termination 

downstream of snRNA integrates the numerous properties of Nrd1 that may be differentially 

required depending on the gene context: CTD interaction via Nrd1, heterodimeric 

association with Nab3, and individual RNA recognition through the Nrd1 and Nab3 RRMs 

(reviewed in more detail in 71. This combination of factors likely brings about high 

specificity to the complex. In addition Nrd1 and Nab3, this termination event likely involves 

members of the APT complex (Associated with Pta1), which includes: Pta1, Ref2, Pti1, 

Swd2, Glc7, Ssu72, and Syc172. In particular, the APT member Ssu72 was also identified 

genetically as required for U4 snRNA 3′ end formation and essentially phenocopies the 

transcriptional readthrough observed in Nrd1 mutants73. Once these recognition events 

transpire, the Sen1 helicase is thought to destabilize the RNA polymerase complex much in 

the same way that the Rho helicase stimulates termination in prokaryotes (Figure 6). It isn’t 

yet understood how the Nrd1 complex collaborates with members of the APT complex or 

how the Sen1 helicase activity leads to the dissociation of polymerase. What is likely, 

however, is that the longer snRNA precursors generated through Nrd1-dependent 

termination are trimmed by the exonucleases to form the mature snRNA. Indeed, recent 

cross-linking studies demonstrate localization overlap between Nrd1, Nab3, and the 

TRAMP complex74, supporting a model whereby termination is coupled to 3′ to 5′ 

exonucleolytic trimming.

TER1 3′ end formation

Ter1 characteristics

Telomerase, the ribonucleoprotein enzyme responsible for the maintenance of the 

chromosome ends in eukaryotic cells, contains a highly conserved protein component and a 

more evolutionarily flexible RNA component 75. In Schizosaccharomyces pombem, the 

RNA component is encoded by the TER1 gene. The approximately 1400 nucleotide long S. 

pombe TER1 primary transcript is formed initially through cleavage and polyadenylation but 

undergoes subsequent RNA processing steps resulting in the production of a mature 1200 

nucleotide long non-polyadenylated form. Similar to snRNAs, the mature TER1 transcript 

contains an Sm binding motif as well as a 2,2,7-trimethylguanosine (TMG) cap 76, 77. Initial 

studies of the longer polyadenylated form of TER1 revealed the presence of 5′ splice site, 

branch point, and 3′ splice site consensus sequences located near its 3′ end. Sequencing 

revealed that the corresponding 56 nucleotide intron was removed, indicating that splicing 

does occur at these sites 78. Furthermore, the 5′ splice site, which overlaps with the Sm 

binding site, is located near the 3′ end of the mature TER1 in S. pombe (Figure 7). While the 

Sm site is conserved in Saccharomyces cerevisiae telomerase RNA (TCL1), it only plays a 

role in stabilizing the transcript and no evidence for a nearby splice site exists 79, 80.
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The Spliceosome as a 3′ end formation machine

The existence of splicing at the 3′ end of the TER1 transcript was unexpected; moreover, the 

exact role of the spliceosome in the biosynthesis of the transcript, once elucidated, was 

unprecedented. Mutations of the splice sites within the TER1 precursor RNA inhibit its 

splicing but only alterations of the 5′ splice site or branch point reduce the amount of mature 

TER1 product 78. Importantly, compensatory mutations to a mutant 5′ splice site in the U1 

snRNA were able to restore TER1 3′ end processing, unequivocally implicating components 

of the spliceosome in transcript cleavage. Taken together, these results indicate a role only 

for the first step of the splicing reaction while there is a blockade in the second splicing step 

of exon ligation. Consistent with this model, replacement of the TER1 intron with a 

heterologous intron results in a proper cleavage only if the canonical 3′ splice site is 

mutated 78. Reciprocally, mutations in the TER1 intron which improved or facilitated the 

completion of splicing fail to generate a mature TER1 transcript. The resulting model of 

TER1 3′ end formation entails the utilization of the endonucleolytic activity of the 

spliceosome to execute the first step of splicing and subsequent release of the “5′ exon”-that 

becomes the mature TER1. This new function, in stark contrast to the typical function of the 

spliceosome in the removal of introns, was dubbed “spliceosomal cleavage” (Figure 7). The 

spliceosomal cleavage of the 3′ end of TER1 raises several questions. The most obvious 

pertains to how the TER1 intron is able to direct the first step of splicing yet inhibit its 

completion. Second, extending the former, regards what spliceosomal subunits are involved 

in the 3′ end formation of TER1. Finally, once the TER1 3′ end is formed, how is it 

stabilized?

Recent investigations have determined that the TER1 intron contains all of the elements 

necessary for spliceosomal cleavage and that the native promoter is not required81. Closer 

inspection of cis-acting splicing elements revealed a modest polypyrimidine tract, 

suboptimal positional of the branch point (too far upstream), and higher than typical 

complementarity between the branch point and U2 snRNA. Coexistence of these intronic 

features are statistically under-represented in the S. pombe genome and provide clues as to 

why this intron has unique properties81. Normal functioning introns similar to the TER1 

intron can be converted into a spliceosomal cleavage-directing intron through increasing the 

number of base-pairs formed between the branch point and U2snRNA. This leads to a model 

suggesting that the reduced kinetics of U2 snRNA removal/remodelling within the 

spliceosome formed on the TER1 intron triggers a discard pathway preventing exon ligation. 

In support of this model, others have shown the involvement of the Prp43 splicing factor in 

the spliceosome discard pathway82, 83 and, indeed, temperature sensitive mutations in Prp43 

disrupt TER1 3′ end formation81. Finally, the Sm binding site that binds to the Sm complex 

is not only required to facilitate spliceosomal cleavage but also is important for TER1 

stability. The Sm ring is also thought to recruit the Tgs1 methylase, leading to the formation 

of the TMG cap 84. Once TER1 cap is hypermethylated, a switch from the Sm complex to 

the Lsm2-8 complex ensues, which not only provides protection from 3′ to 5′ exonucleases 

but is also important to recruit the protein component of the telomerase RNP (Figure 7).

Altogether, the spliceosomal cleavage of the S. pombe TER1 transcript represents an 

alternative use of many cellular components in an innovative and unusual manner. It 
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remains to be seen if the human telomerase RNA component utilizes a similar machinery to 

form its 3′ end but a lack of identifiable splice sites suggests an alternative mechanism may 

be involved.

NEAT transcripts

Genomic Structure and Function

Two novel, RNAPII-transcribed, noncoding nuclear enriched abundant transcripts (NEAT): 

NEAT1 and NEAT2 (also known as MALAT1-Metastasis associated lung adenocarcinoma 

transcript-1) were discovered in a screen designed to identify nuclear retained 

polyadenylated RNA that may play a role in regulating gene expression 85. The gene loci of 

these two non-coding RNAs (ncRNAs) were found to be in close proximity to one another 

on human chromosome 11 and genomic synteny demonstrates that the mouse orthologs 

(Neat1 and Malat1) are organized in an analogous manner (Figure 8A). While NEAT1 is 

conserved in only small regions, MALAT1 is highly conserved throughout the length of the 

transcript between human and mouse. Recent studies revealed that both NEAT1 and 

MALAT1 are key players in nuclear architecture86–88. NEAT1 is associated with and forms 

an integral part of paraspeckles as RNAi-mediated depletion of NEAT1 results in their 

disintegration89, 90. Similar studies with MALAT1 demonstrate that it preferentially 

localizes to nuclear speckles91. Although their exact function within these nuclear organelles 

is not completely understood, there is a general consensus that they may behave as scaffolds 

for RNA binding proteins.

3′ end processing of MALAT1 and NEAT1

Human and mouse MALAT1 full length transcripts have been reported to be ~8.7kb and 

~7kb in length, respectively, and utilize canonical cleavage and polyadenylation signals 

directing the addition of a poly(A) tail 92, 93. However, careful inspection of these transcripts 

revealed that their most abundant forms are slightly shorter (~7kb vs. ~8.7kb and ~6.7kb vs 

~7kb) and that there are no recognizable poly(A) sites directing cleavage in these regions. 

Rather, it was found that sequences immediately downstream of the abundant MALAT1 3′ 

end are predicted to adopt a cloverleaf structure similar to tRNA (Figure 8B). This sequence 

was subsequently proven to act as a substrate for RNaseP-mediated endonucleolytic 

processing. This cleavage event results in the simultaneous generation of two RNA species: 

the 3′ end of the mature MALAT1 nonpolyadenylated transcript and the 5′ end of its 

downstream cleavage product 94. Next, the 3′ end of the downstream product is recognized 

by the tRNA processing machinery (RNaseZ and the CCA-adding enzyme) generating a 

small tRNA-like RNA called the mascRNA (MALAT1 associated small cytoplasmic RNA) 

that is exported to the cytoplasm. The functional role of mascRNA is not yet clear; however, 

there is no evidence that it is charged with an amino acid or implicated in translation.

The NEAT1 locus has its own RNAPII promoter and encodes two transcripts that share the 

same 5′ end but have unique 3′ ends. The shorter isoform is a 3.7 kb (3.2 kb in mouse) 

unspliced and polyadenylated transcript termed NEAT1_1/MENε. The longer 23kb (~20kb 

in mouse) isoform, called NEAT1_2/MENβ, is also unspliced but is non-polyadenylated 85. 

Unlike the shorter MENε transcript, the MENβ 3′ end lacks canonical cleavage/
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polyadenylation signals indicating that another mechanism is required to generate the 3′ end 

of the MENβ transcript. Similar to MALAT1, a tRNA-like cloverleaf structure was reported 

to be present at the 3′ end of MENβ locus suggesting a possible RNaseP dependant 3′ end 

cleavage event. Subsequent analysis demonstrated that the MENβ ncRNA 3′ end is formed 

through a similar pathway as the MALAT1 ncRNA. However, the level of a “mascRNA-

like” downstream cleavage product was poorly detected possibly due to an extremely short 

half-life 91.

Stability of NEAT transcripts through a 3′ triple helix

The presence of a poly(A) tail for RNAPII transcripts is an established feature that results in 

increased mRNA half-life and higher translation efficiency 95. Although not polyadenylated, 

the MALAT1 transcript is resistant to degradation and accumulates in the nucleus at very 

high levels 94. A recent report identified a mechanism to account for this unexpected 

stability 96. At the very 3′ terminus of the MALAT1 transcript, just upstream from the 

RNAseP processing site, two short U-rich regions interrupted by a conserved stem loop 

precede an encoded poly(A) rich tract (Figure 8B). Additionally, Brown et al demonstrated 

that Menβ also has enhanced stability through the likely formation of a triple helix97. While 

a structure has yet to be solved, extensive mutagenesis coupled with structural modelling 

strongly supports the prediction that these three runs of nearly identical nucleotides form of 

a stable triple helix. This structure likely provides protection from 3′ to 5′ exonucleases and 

functionally replaces a poly(A) tail to promote MALAT1 stability.

Conclusion

The diversity of the pathways in which non-mRNAs form their 3′ end is as compelling as it 

has been unexpected. The case studies described here exemplify the inherent fluidity of non-

mRNA 3′ end formation research. Our understanding is still being advanced by a continually 

growing body of publications. While progress has been made, many questions are yet 

unanswered. In the case of metazoan U snRNAs, it is still unclear how the Integrator 

Complex is specifically recruited to the snRNA promoters and the details of CTD 

modification recognition are still unclear. In yeast snRNA 3′ end formation, it is still 

undetermined how the 3′ exonucleases recognize longer snRNA precursors. As for TER1 3′ 

formation, it remains to be seen if this mechanism is in place for other RNA transcripts. 

Also, whether or not triple helix formation is restricted to MALAT1 or represents a more 

general feature of noncoding RNAs is unknown. These are the types of questions that will 

undoubtedly be addressed in future work as they represent compelling questions in the field 

of non-mRNA 3′ end processing.
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Figure 1. Phylogenetic distribution of the Integrator complex subunits
Each column represents a subunit of the Integrator complex. Int13 and Int14 correspond to 

the recently characterized subunits Asunder and CG4785, respectively 26. For each subunit, 

a search was performed against the corresponding genome(s) using Blastp with default 

parameters. The shading of each cell represents the level of identity between the human 

sequence and the considered organism(s). A white cell indicates that the search failed to 

return a sequence with significant homology. When a homolog is identified, it was verified 

that a reciprocal Blastp search using the identified subunit against the Metazoan taxon 

returned the corresponding Integrator subunit as the most significant hit. Asterisks indicate 

that a significant homology was detected only on a portion of the protein sequence.
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Figure 2. Map of the Ints11 and Ints9 subunits of the Integrator complex
The β-lactamase and β-CASP domains as well as the interaction domain between Ints11 and 

Ints9 are represented schematically. The vertical green bars represent conserved residues 

between Ints11 and CPSF73 and between Ints9 and CPSF100. The sequences of the motifs 

characteristic of the β-lactamase and β-CASP family (1 to 4 and A to C) are given for each 

protein 33. The amino acids responsible for the coordination of the zinc ions in the catalytic 

center of the proteins are represented in red. Note that most are absent in Ints9/CPSF100.
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Figure 3. Model for metazoan U snRNA 3′ end processing
A. Organization of a typical U snRNA gene. The distal element (DSE) and the proximal 

element (PSE) are located approximately 200 and 50 bp upstream of the start site 

respectively. The 3′ box is located 9-19 bp downstream of the mature end of the U snRNA. 

B. Transcription initiation of U snRNA genes. The CTD of the polymerase is 

phosphorylated by CDK7 (ser5P and ser7P) and CDK9 (ser2P). RPAP2 binds specifically 

the ser7P mark. The Integrator complex is in turn recruited to the CTD through its 

interaction with RPAP2 and ser2P. The exact mechanism driving Integrator complex 

specificity for U snRNA genes is unknown, as is the Integrator subunit responsible for 

binding ser2P. C. U snRNA 3′-end recognition and cleavage. After transcription of the 3′ 

box, the Integrator complex recognizes the sequence of the 3′ box in the nascent transcript 
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and most probably the terminal stem-loop of the U snRNA, triggering the cleavage by Ints11 

of the pre-U snRNA between these two elements. The identity of the proteins contacting the 

nascent U snRNA is currently unknown.
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Figure 4. Schematic of Saccharomyces cerevisiae U1 and U2 snRNA 3′ end formation pathways
A. U1 snRNA utilizes both Rnt1-dependent and Rnt-independent mechanisms to achieve 3′ 

end formation. The RNAseIII, Rnt1, cleaves at a stem loop region generating a substrate for 

3′ to 5′ exonucleases giving rise to the mature product, which can also be generated through 

termination followed by exonucleolytic trimming. A polyadenylated intermediate may also 

be formed that may cycle back to an exonuclease substrate. B. U2 snRNA uses both a Rnt1-

dependent and Rnt1-independent mechanism to generate its 3′ end. The Rnt1-dependent is 

similar to the U1 snRNA 3′ end pathway but the Rnt1-independent utilizes Polyadenylation 

Sequences (PASs) located downstream of the Rnt1 cleavage site. This generates a cleavage 

and polyadenylation substrate and ultimately poly(A)+ U2 snRNA.
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Figure 5. Schematic of Saccharomyces cerevisiae U4 and U5 snRNA 3′ end formation pathways
A. U4 snRNA utilizes both Rnt1-dependent and independent pathways to generate its 3′ end. 

The Rnt1-dependent is related to U1 snRNA where the Rnt1 cleavage product acts as a 

substrate for the exosome and/or Rex2. The Rnt1-independent pathway uses a termination 

site followed by exosome and/or Rex2 trimming. B. The U5 snRNA utilizes the most 

complex Rnt1-dependent and independent pathways. Cleavage by Rnt1 at two alternative 

sites (L or S) leads to the exosome/Rex2-mediated trimming to either the U5L or U5S 

products. In the Rnt1-independent pathway, a downstream termination element is used and 

the long U5 precursor is processed to the U5S form.
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Figure 6. Mechanism of Nrd1/Nab3/Sen1-dependent termination
The Nrd1/Nab3 hetereodimer recognizes the CTD of Rpb1 that is phosphorylated at serine 5 

within the RNAPII complex. Nrd1 contains the CTD interaction domain that recognizes this 

specific mark. In the absence of Rnt1, Nrd1 and Nab3 binding sites are exposed in the 

nascent snRNA transcript, which then facilitates termination by the Sen1 helicase. The 

termination product produces a free 3′ OH that is used as a substrate for the exosome or 

other 3′ to 5′ exonucleases.
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Figure 7. Schizosaccharomyces pombe telomerase RNA slicing
The primary TER1 transcript is produced by cleavage and polyadenylation and contains an 

intron near its 3′ end. Association of the Sm complex near the 5′ splice site promotes the 

first step of splicing, however, the second step of splicing does not occur. The high affinity 

of the U2snRNP for the bp leads to a splicing discard pathway through the involvement of 

Prp43. The association of the Sm complex stimulates the hypermethylation of the TER1 5′ 

cap by Tgs1 and the complex is ultimately replaced with the Lsm complex, which both 

protects the 3′ terminus of the TER1 transcript and facilitates recruitment of the Trt1 protein 

component of the telomerase RNP.
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Figure 8. MALAT1 noncoding RNA processing
A. Schematic of genomic organization of MALAT1 and NEAT1 in human and mouse. B. 

Schematic of the pathway of RNA processing events that lead to the generation of the 

MALAT1 mature transcript. The primary MALAT1 transcript contains a PAS as well as a 

cloverleaf structure, which is a substrate for RNAseP. The downstream product is further 

processed by RNAseZ and the CCA-adding enzyme preceding its export into the cytoplasm. 

The upstream MALAT1 transcript resulting from RNAseP digestion forms a triple helix at 

its 3′ end and is then localized to nuclear speckles.
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