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Most eukaryotic RNAs are posttranscriptionally modified. The majority of

modifications promote RNA maturation, others may regulate function and

stability. The 30 terminal non-templated oligouridylation is a widespread

modification affecting many cellular RNAs at some stage of their life

cycle. It has diverse roles in RNA metabolism. The most prevalent is the

regulation of stability and quality control. On the cellular and organismal

level, it plays a critical role in a number of pathways, such as cell cycle regu-

lation, cell death, development or viral infection. Defects in uridylation have

been linked to several diseases. This review summarizes the current knowl-

edge about the role of the 30 terminal oligo(U)-tailing in biology of various

RNAs in eukaryotes and describes key factors involved in these pathways.

This article is part of the theme issue ‘50 and 30 modifications controlling

RNA degradation’.
1. Recognition of RNA uridylation as an essential
posttranscriptional modification

Most of the RNA molecules are synthetized in a precursor form, which needs to

be further processed to form a functional molecule. Processing of RNAs

involves a series of posttranscriptional modifications, of which the best charac-

terized are 50 capping, 30 polyadenylation and splicing of pre-mRNAs.

However, coding and non-coding RNAs (ncRNAs) contain a much broader

repertoire of internal and terminal modifications. The roles of some of them

have been characterized to a great detail, whereas the function of many other

modifications still remains largely unknown. On a cellular level, they affect a

broad range of processes from transcription, RNA processing, nuclear export,

translation and stability. In this review, we focus on the modification occurring

at the 30 RNA termini. RNAs with 30 terminal tails consisting of each of the four

RNA nucleotides (A, G, C, U) or their combination (e.g. CCA tail of tRNAs)

have been observed in different organisms [1]. The homomeric poly(A)-tails

are the most widespread and best understood [2–7]. The second most prevalent

appears to be the homomeric oligo(U)-tails. RNA 30 terminal addition of uri-

dines, so-called uridylation, is catalysed by terminal uridylyltransferases

(TUTases). They belong to a group of terminal nucleotidyltrasferases (TENT),

sometimes also referred to as non-canonical poly(A)-polymerases (ncPAPs).

For a detailed review of the biology, biochemistry and terminology of TUTases

and ncPAPs, see articles by de Almeida et al. [8] and Warkocki et al. [9]. The 30

terminal non-templated oligo(U) extensions have been detected in diverse

eukaryotes in a wide range of transcripts produced by all three nuclear RNA

polymerases, respectively (summarized in table 1). It plays a role in RNA matu-

ration of some small RNAs (sRNAs) [23,24,37–41], but its major role appears to

be in the regulation of gene expression via (m)RNA stability [4,27,48].

In multicellular organisms, RNA uridylation is crucial for germ cell matu-

ration, differentiation and development, response to infections (table 1) and

mutations in the factors involved have been linked to several cancers. Here,

we review the current knowledge of the mechanisms, factors involved and

the role of uridylation in RNA quality control and decay.
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Table 1. Involvement of uridylated RNAs in cellular processes.

organism process uridylated RNA references

Ceanorhabditis elegans, Danio rerio,

mammals

development let-7 microRNA [10 – 12]

mammals apoptosis mRNA [13]

mammals cell cycle histone mRNA [14 – 20]

eukaryotes host – virus interaction ncRNAs, viral RNA [21,22]

trypanosomes RNA editing guide RNA [23,24]

trypanosomes translation activation mRNA [25]

Xenopus, mammals translation repression mRNA [4,26]

Schizosaccharomyces pombe, plants,

mammals

RNA degradation various types of RNAs [4,7,27 – 36]

trypanosomes, mammals RNA biogenesis U6 snRNA, guide RNA, let-7

miRNA

[23,24,37 –

41]

plants, mammals RNA stabilization histone mRNA, mRNAs [7,18,42]

mammals immunity miRNAs [43,44]

mammals sorting of RNA into extracellular

exosomes

miRNA, Y RNA [45]

mammals oogenesis mRNA [30]

Drosophila melanogaster mirtron elimination mirtrons [46,47]
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2. The factors involved in uridylation pathways
(a) Terminal uridyltransferases
Enzymes that catalyse oligo(U)-tailing belong to the protein

superfamily of polymerase b-like nucleotidyl transferases

[49]. They display terminal nucleotidyltransferase activity,

therefore they were recently termed TENTs. TENTs typically

possess the conserved nucleotidyltransferase core domain

conserved with canonical PAP, however, they mostly lack a

typical RNA recognition motif (RRM) and display distinct

substrate specificity [50,51]. Based on the nucleotide speci-

ficity (ATP or UTP), they can be classified as either PAPs or

TUTases. For more details, see article by Warkocki et al. [9].

Most of the ncPAPs display a distributive terminal transferase

activity, which can be significantly enhanced by their associ-

ation with either RNA-binding proteins or other small

molecule cofactors [52–55]. Moreover, the ncPAP activity

can significantly differ in vivo and in vitro or when associated

with cofactors [56,57]. They are usually selective for specific

nucleotides in vivo, but flexible to process also other nucleo-

tides in vitro [57]. For instance, S. pombe Cid1 uridylates

mRNAs in vivo [57], however, purified Cid1 also possesses

polyadenylation activity in vitro [57,58].

Mammalian genomes contain at least 11 members of

TENTs and their function and structure are described in

detail by Warkocki et al. [9].

(b) The oligo(U)-binding factors
Finding the ‘readers’ of non-canonical tailing is crucial for

understanding the fate of modified RNA and its biological

relevance. To date, there are only few factors known to

specifically recognize oligo(U)-tails. They include the two

oligo(U)-specific exoribonucleases DIS3L2 and 30hExo

(ERI1) and the exosome complex [14,15,28,59].
Exoribonuclease 30hExo is a 30 exonuclease that is required

for replication-dependent histone mRNA degradation [14]. It

binds to the 30 terminal stem-loop of histone mRNA to promote

its uridylation-dependent degradation [14]. The heterohepta-

meric LSM1–7 complex forms a donut-shaped LSM1-2-3-6-5-

7-4 ring that binds the 30 end of the histone mRNA and interacts

with 30hExo [14,60]. The LSM complex most probably provides

the specificity of 30hExo for oligouridylated histone mRNA,

because no internal affinity of 30hExo toward U-tails has been

uncovered [14]. After the stem-loop removal, the mRNA is

accessible for 30 –50 degradation by the exosome and owing

to the decapping, 50 –30 degradation also can take place. The

30 –50 degradation is supposed to be dominant, however,

the relative processivity of the two directions is unclear [14].

The cytoplasmic exoribonuclease, DIS3L2, belongs to the

RNaseII/R 30 –50 exonuclease superfamily and was first

identified as a ‘reader’ of uridylation decay mark for

pre-let-7 microRNA (miRNA) [28,59]. Furthermore, it was

described to convey 30 –50 degradation of hundreds of

mRNAs independently of the exosome, unlike its homol-

ogues DIS3 and DIS3L that belong to the exosome complex

[28,61]. The list of substrates of DIS3L2 was lately extended

via transcriptome-wide methods to various kinds of preferen-

tially misprocessed and highly structured uridylated RNAs

[27,29,48,62]. To understand the substrate preference, the

crystal structure of mouse and yeast DIS3L2 binding

oligo(U) RNA was determined [63,64]. It revealed a unique

shape of RNA-binding funnel enabling U-tail-specific inter-

actions and processing of structured RNA molecules. Thus,

TUTase-DIS3L2 was established as a novel cytoplasmic RNA

surveillance pathway. Furthermore, mutation of DIS3L2 is

associated with a severe congenital overgrowth Perlman syn-

drome [65]. Perlman syndrome is characteristic among other

symptoms of organomegaly, renal anomalies, delayed
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Figure 1. The role of 30 uridylation in mRNA metabolism. (a) Uridylation of polyadenylated mRNAs, (i) the upstream cleavage mRNA 50 fragments resulting from
miRNA-directed mRNA cleavage are uridylated, decapped and degraded from 50 and 30 termini by exonuclease XRN1 and DIS3L2, respectively. The 50 terminal mRNA
fragments (50mRFs) are uridylated and chopped in the 30 – 50 direction by RICE1/2 in Arabidopsis, and DIS3L2 in mammals. (ii) In S. pombe, uridylation of mRNA
with naturally short poly(A)-tails promotes binding of the Lsm1 – 7 complex, which triggers decapping by DCP1/2 and mRNA is then degraded in the 50 – 30

direction by XRN1 or in 30 – 50 direction by exosome and DIS3L2. (iii) In mammals, mRNAs with shortened poly(A)-tails are uridylated by TUT4/7, which triggers
decapping and degradation in 50 – 30 direction by XRN1 and by exosome and DIS3L2 in 30 – 50 direction. CDS, coding sequence; UTR, untranslated region; Gppp,
5’guanosine-triphosphate cap. (b) Uridylation of histone mRNAs has opposing roles. (i) During S-phase of the cell cycle, when histone mRNAs are trimmed by
30hExo, they are stabilized via addition of 1 – 2 Us. (ii) At the end of S-phase of the cell cycle histone mRNAs are partially trimmed by 30hExo, uridylated by
TUT7 and upon decapping degraded in 50 – 30 direction by XRN1 and the exosome in 30 – 50 direction.
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neurodevelopment, frequent neonatal mortality and a strong

predisposition to Wilms tumour and bilateral tumours

[65–67]. Moreover, the loss of DIS3L2 causes severe mitotic

errors in human cell culture [65]. The cause of Perlman syn-

drome and its precise link to DIS3L2 remain to be uncovered.

One can speculate a connection to let-7 regulation or a harmful

accumulation of aberrant RNAs. Perlman syndrome, however,

provides an important insight into uridylation and DIS3L2

function and their impact on phenotype.

DIS3L2 was initially identified in an unbiased screen for

oligo(U) RNA-binding factors [28]. This search identified

several otheroligo(U) candidates, e.g. the nuclearexosome target-

ing complex (NEXT). NEXT targets ncRNAs, such as snRNAs

and aberrant by-products of RNA polymerase II activity, such

as promoter upstream transcripts (PROMPTs), and recruits the

exosome for their trimming or degradation. The structural

analysis of an RRM of RBM7 subunits of the NEXT revealed a

binding preference for U-rich regions [68]. However, it is yet to

be further investigated whether NEXT can mediate exosomal

degradation of terminally uridylated RNAs in the nucleus.
3. Non-templated uridylation of mRNAs and
mRNA cleavage products

The advent of high-throughput methods designed for 30 RNA

termini has exposed the global occurrence of uridylation in
mRNAs and has helped to begin to explain the role of uridyla-

tion in specific biological tasks [7,30,42]. Oligo(U)-tails of

various lengths were identified on diverse forms of mRNAs,

including the full-length polyadenylated transcripts, cleavage

products and other short forms in a wide range of eukaryotes

(table 1) [4,69,70]. In general, uridylation of mRNA appears

connected to its polyadenylation status. Polyadenylation is

the most prevalent 30 RNA tailing since the presence of a

poly(A)-tail is mandatory for crucial aspects of RNA life,

such as their stability, processing, localization and translation.

In eukaryotes, mRNA polyadenylation mostly serves stab-

ility and the shortening of poly(A)-tail, so-called deadenylation,

is an integral step in mRNA turnover. Usually, RNA degradation

is mediated by a deprotection of RNA and theoretically can be

triggered either from the 50 end by decapping, 30 end by deadeny-

lation or internally by endonucleases (e.g. induced by RNAi).

Several studies have indicated that uridylation plays an impor-

tant part in mRNA decay. Non-templated uridine extensions

were detected on both: mRNAs with shortened poly(A)-tails as

well as on diverse upstream cleavage products or short forms

of mRNAs (figure 1) [4,13,27,29,30,42,57,61,69,71–74]. Most of

these studies connected mRNA uridylation to a decay.
(a) Uridylation-mediated mRNA decapping and decay
The first link between uridylation and mRNA degradation

was reported by the Norbury lab. In genetic screens in
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S. pombe they discovered that ncPAP Cid1 suppresses the com-

bined toxicity of hydroxyurea and caffeine on DNA-replication

and S-M checkpoint, respectively [75], by regulating the

stability of several cell cycle-dependent mRNAs [57,69]. In con-

trast to other eukaryotes (see below), Cid1 does not require

prior deadenylation as oligo(U) stretches were detected on

decapped mRNAs often with substantial poly(A)-tails [69].

This indicated that uridylation-mediated decay in S. pombe is

independent of deadenylation [69,76].

Moreover, yeast mutants in decapping and deadenyla-

tion, respectively, display an increase in oligouridylated

mRNAs indicating that uridylation acts upstream of both

decapping and deadenylation in S. pombe [69]. The bypass

of deadenylation in mRNA degradation in S. pombe might

occur owing to its relatively short poly(A)-tails (the median

is 28 nt) compared with other eukaryotes [42,77]. The

median poly(A)-tail length for mammalian cells is 50–

100 nt, 51 nt for Arabidopsis leaves and 50 nt for Drosophila
S2 cells [7,77]. Nevertheless, the coinciding presence of

oligo(U)-tails on deadenylated mRNAs suggested that

deadenylation-dependent and deadenylation-independent

decapping coexists in S. pombe [69]. Uridylated mRNAs are

then directly targeted by the yeast homologue of the

oligo(U)-specific exoribonuclease Dis3l2 and degraded in

30 –50 direction (figure 1a(ii)) [61]. However, this work did

not address the capping status of uridylated mRNAs and

the extent of the contribution of the 50 –30 decay [61].

In vitro, the addition of only two Us to poly(A)-tract was

enough to recruit Dis3l2 for destabilization, which was

even more prominent with longer U-tails [61].

In contrast to S. pombe, in mammals and plants uridyla-

tion was mostly observed on partially or fully deadenylated

30 ends [7,42]. Shortening of poly(A)-tails is an integral step

in the decay of poly(A)þ mRNAs. The mRNA turnover typi-

cally starts with deadenylation, catalysed mostly by Ccr4-Not

and Pan2–Pan3 complexes [78]. Next, the LSM1–7/Pat1

complex binds the shortened poly(A)-tail and promotes dec-

apping, which then allows the 50 –30 degradation by

exonuclease XRN1 [79,80]. In parallel, since the shortened 30

end is not protected by poly(A)-binding proteins (PABPs),

it is exposed to the 30 –50 degradation via a robust multisubunit

RNA degradation complex, the exosome [81]. The LSM1–7

complex possesses a strong affinity towards uridine-rich

regions [16,60,82,83]. It was proposed that up to two uridine

residues downstream of oligo(A)-tail are sufficient to promote

binding of the LSM1–7 complex. The LSM1–7 complex then

recruits Dcp1–Dcp2 complex that triggers decapping and

uncapped mRNAs are subsequently degraded by XRN1

in the 50 –30 direction [69,84]. This model is supported by

in vitro reconstitution assays with human cell extracts,

which showed decapping activity on oligouridylated syn-

thetic mRNA [16]. Altogether, these studies implied

uridylation as a trigger of decapping and subsequent

mRNA decay in as diverse species as S. pombe and humans.

In Aspergillus nidulans, TUTases CutA and CutB add a

CUCU tag to mRNAs with diverse length of poly(A)-

tails. This then also triggers decapping and degradation

[5,85]. This tailing was linked to the nonsense-mediated

decay (NMD) because CUCU-tailing is facilitated by the

presence of premature stop codon and is dependent on

NMD factors, Upf1 and NmdA [85]. Hence, CUCU 30

modification presumably accelerates the NMD-based

degradation.
(b) Uridylation of deadenylated mRNAs
The development of the TAIL-seq method for sequencing

analysis of poly(A)-tails demonstrated on a transcriptome-

wide scale that uridylation occurs prevalently on mRNAs

with shortened poly(A)-tails (figure 1a(iii)) [7]. The study

revealed that mRNA uridylation is much more prevalent

than was previously anticipated. Eighty per cent of mamma-

lian mRNAs were uridylated at a frequency above 2% and

certain mRNAs were uridylated with frequency of up to

41%. Furthermore, this high-throughput analysis recapitu-

lated the previous findings that poly(A)-tail length and its

uridylation are the key factors of mRNA turnover [4,7,69].

Considering the human transcriptome, about 20% of

poly(A)-tails shorter than 25 nt are uridylated, which targets

the mRNA for a decay [4,7]. The seminal work by Lim et al.
revealed that most if not all of the uridylation of mRNA 30

ends is mediated by the TUTases, TUT4 and TUT7 [4]. The

failure to generate the double-knockout Hela cells for TUT4

and TUT7 indicates the lethality of the double-knockout

and the essential function of TUT4/7. However, this study

did not further address whether the uridylation activity

was the key feature, as they did not attempt to rescue lethality

with catalytically inactive forms.

In agreement with the TAIL-seq analyses, TUT4 and

TUT7 display higher activity on mRNAs with short or no

poly(A)-tails in vitro [4]. In vivo, uridylation of long

poly(A)-tails is probably obstructed by PABP, as even low

concentrations of recombinant PABP are able to abolish uridy-

lation of long poly(A)-tail mRNAs in vitro [4]. Furthermore,

depletion of TUT4/7 led to an overall increased stability of

mRNA and uridylation frequency negatively correlated

with the stability, demonstrating the global involvement of

uridylation in mRNA decay [4]. In turn, uridylation can be

also considered as a suppressor of protein translation via

mRNA destabilization, as was confirmed by luciferase repor-

ter assay [4]. Next, depletion of both 50 –30 and 30 –50

degradation factors, including XRN1, DCP1 and LSM1 for

50 –30 direction and DIS3L2 and exosomal RRP41 for 30 –50

direction, causes the enrichment of uridylated mRNAs, indi-

cating the involvement of these factors in degradation [4].

Taking all together, uridylation was found to be much

more prevalent than previously thought and to be a step in

a turnover of deadenylated transcripts.

In Arabidopsis, uridylation of mRNAs serves complex

functions dependent on the poly(A)-tail length and the

TUTase. Interesting features and consequences of uridylation

in plants are reviewed in detail by De Almeida et al. [8].
(c) Uridylation-mediated regulation of histone
expression

Replication-dependent histone mRNAs occupy a special

place among mRNAs because they are the only known

eukaryotic mRNAs that are not polyadenylated and instead

end with a conserved encoded 30 hairpin structure [86,87].

Interestingly, only metazoan replication-dependent histone

mRNAs are not polyadenylated, but plants and most of the

unicellular eukaryotes have polyadenylated histone mRNAs

[15]. The unique 30 end processing is crucial for the tight regu-

lation of histone expression to produce high levels only

during S-phase of the cell cycle [87]. At the end of S-phase,

histone expression needs to be rapidly and efficiently
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abolished [86,88]. One of the key steps is the fast decay of his-

tone mRNAs and uridylation is an important player in this

process [15]. At the end of S-phase or upon the DNA-replica-

tion arrest, 5–7 30 terminal nucleotides are partly trimmed by

the 30 –50 exoribonuclease 30 hExo (ERI1) and the intermediate

cleavage products are oligouridylated by TUT7, which

further facilitates 30 –50 degradation by the exosome and 30

hExo (figure 1b(i)) [17]. The decapping and XRN1-mediated

cleavage also takes place but is not as important as for the

decay of polyadenylated mRNAs [15].

Interestingly, uridylation may also have a correcting func-

tion on histone mRNAs. The high-throughput sequencing

analysis of histone mRNA degradation intermediates (EnD-

seq) uncovered the presence of 1–2 non-templated U additions

at histone mRNA terminal stem-loops. These extra non-

templated Us apparently restore the functional length of

histone mRNAs after 30 hExo trimming (figure 1b(ii)) [18].

In addition, DIS3L2 exoribonuclease was shown to bind uridy-

lated histone mRNAs in vivo [27]. However, it does not seem

responsible for their degradation [19]. It is possible that

DIS3L2 trims initially longer oligo(U)-tails to 1–2 Us to also

form a functional and stable molecule. For details about

histone mRNA uridylation, see the article by Meaux et al. [89].
(d) Uridylation-mediated removal of different short
forms of mRNAs

In addition to uridylation at the oligo(A)-tails, several studies

have identified that different forms of cleaved or truncated

mRNAs contain oligo(U)-tails. Several cellular processes,

such as NMD, RNAi, apoptosis, ribosome stalling, etc., lead

to endonucleolytic cleavage of mRNAs and subsequent

degradation of upstream and downstream cleavage products.

Uridylation appears to facilitate the removal of the upstream

cleavage fragments [27,70,72,73,90–92]. mRNA fragments

resulting from miRNA-cleavage are uridylated, which targets

them for degradation in diverse organisms [70,72,90–92].

Uridylation presumably facilitates the NMD-based degra-

dation, see §3a [5,85]. Recent studies have implied

uridylation in surveillance of 50 UTR mRNA fragments and

in a clearance of mRNAs during apoptosis, oogenesis and

zygotic development [13,27,30,74].
(i) Uridylation-mediated decay of RISC-cleaved mRNAs
The miRNA-directed mRNA cleavage generates 50 and 30

mRNA fragments [93]. It was shown that uridylation facili-

tates the clearance of the 50 cleavage products (figure 1a(i)).

In total, 5–24 nt uridine extensions were initially detected

on host 50 mRNA cleavage fragments in Epstein-Barr (EB)

virus-infected human cells [94]. Subsequently, similar obser-

vations were made in other systems, such as plants and

mouse [70,90]. In Arabidopsis, the 50 fragments are uridylated

by the TUTase HESO1, which triggers their degradation

[72,92]. The degradation is conducted by XRN4 in the 50 –30

direction and in the 30 –50 direction it is initiated by RISC-

interacting clearing 30 –50 exoribonucleases 1 and 2 (RICE1/

2) and further degradation is mediated by the SKI complex

and the RNA exosome [73,95]. This also serves to relieve

and recycle the RISC complex [73]. For further details on

RNA uridylation in plants, see article by De Almeida et al. [8].

Similar mechanisms seem to operate in human cells [71].

In this study, knockdown of TENT2 (TUT2) and TENT4B
(TUT3) revealed that these TUTases seem to be responsible

for oligouridylation (up to 15 Us) of mRNA fragments

derived from let-7 miRNA-mediated cleavage [71]. TENT2

was implied in uridylation of the primary 50 cleavage frag-

ment, whereas TENT4b and perhaps other TUTases modify

secondary 30 –50 intermediate degradation products [71].

Alike in Arabidopsis, the uridylated 50 cleavage products

appear to be degraded in the 50 –30 direction by a yet uniden-

tified exonuclease [71]. However, this study, except for

another on truncated pre-miRNAs [96], remains the only

one reporting the uridylation activity of TENT2 and

TENT4b. A number of previous studies characterized

TENT2 as a non-canonical poly(A) polymerase

[50,51,53,97–100]. TENT4b also displays features rather

more similar to ncPAP than TUTase. It displays the highest

preference for ATP in vitro [101], although in vivo, it catalyses

also the addition of guanosines to poly(A)-tails [3].

(ii) The role of mRNA uridylation in apoptosis
During apoptosis, a tightly controlled cell death, cellular

components are degraded in a programmed way. The apop-

totic stimulus triggers the mitochondrial outer membrane

permeabilization (MOMP) and the caspase cascade [102].

One of the earliest effectors is translation shutdown and

rapid mRNA decay. In human cells, mRNA degradation is

activated by MOMP within one hour after the start of apop-

tosis, while ncRNAs remain largely unaffected [13]. TUT4/7

and 30 to 50 exoribonuclease DIS3L2 appear to play an

important role in facilitating this process. mRNA decay inter-

mediates are modified by oligo(U)-tails near the stop codon.

Knockdown of both TUT4/7 and DIS3L2 negatively affects

mRNA decay as well as apoptosis [13]. In addition, mRNA

decay leads to an apoptotic translational arrest. Widespread

mRNA decay is dependent on MOMP, which means it

occurs only in the classical apoptosis. mRNA is not rapidly

degraded in apoptosis when MOMP or caspase activation is

inhibited or during oxidative stress. A new study of the fate

of RNA in apoptosis revealed another step, in which exoribo-

nuclease PNPT1, which is released from mitochondria upon

MOMP, triggers an extensive decay of poly(A) RNA species

from the 30 end [103]. Knockdown of either exoribonuclease,

PNPT1 and DIS3L2, caused similar reduction of mRNA

decay and apoptosis. Depletion of both nucleases did not

show an additive effect, suggesting they act sequentially

and non-redundantly. It was proposed that PNPT1 initiates

RNA decay from the 30 mRNA end to a stop codon, where

it might be blocked by ribosome, and TUTase-DIS3L2

facilitates further decay [103].

(iii) Uridylated fragment of 50 termini of mRNAs
Another type of mRNA fragments is produced during faulty

transcription, e.g. as a byproduct of RNA polymerase II stal-

ling owing to different obstacles. Recently, uridylation was

detected on a group of fragments of mammalian mRNAs

originating from 50 UTRs and parts of intronic and coding

regions, so-called 50mRFs (figure 1a(i)) [27,29]. 50mRFs were

detected by sRNA-seq and a high-throughput cross-linking

and immunoprecipitation (CLIP) method using catalytically

inactive DIS3L2 as the bait [27,29]. Uridylated 50mRFs are

enriched in the cytoplasm in cells overexpressing catalytically

inactive form of 30 –50 exoribonuclease DIS3L2, indicating

they are aimed for degradation or processing by a
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uridylation-DIS3L2-dependent manner. 50mRFs often contain

regions of the first intron, which suggests that uridylation

occurs also on unspliced pre-mRNAs [27]. The mechanism

leading to the formation of 50mRFs is currently unknown.

However, the position of uridylation overlaps with the sites

of RNA Pol II stalling [27,104,105]. RNA Pol II stalling is

known to produce promoter proximal transcripts known as

TSSas or tiny RNAs resembling the 50mRFs [27,104,105].

Moreover, the same study uncovered oligo(U)-tails also on

another type of transcripts produced by aberrant transcrip-

tion from Pol II promoters, the promoter-associated

transcripts, so-called PROMPTs [106]. It is possible that the

cytoplasmic TUTase-DIS3L2 pathway clears RNA Pol II

by-products that are exported to the cytoplasm. However, it

is also possible that 50mRFs are generated from improperly

processed mRNAs in the cytoplasm, e.g. in an NMD-like pro-

cess. Further detailed studies are needed to address these

questions.

(e) The role of mRNA uridylation in development
Several recent studies demonstrated that uridylation is a key

factor in germline development, early embryogenesis and

differentiation [30,74]. The expression of TUT4/7 is elevated

during embryogenesis, which indicates their importance in

development. TUT4/7 play a major role in the establishment

of the mammalian maternal transcriptome during oogenesis

[30]. Each stage of oogenesis expresses a specific transcrip-

tome. Oocytes need to have the ability to selectively

degrade mRNAs that are specific to the previous stage. This

selective removal is regulated by deadenylation and uridyla-

tion [30]. The uridylation activities of TUT4 and TUT7 are

required to mediate the selective removal of mRNA pools

with short poly(A)-tails in several stages during oogenesis.

Uridylation further regulates events after fertilization via

targeting coding [74] as well as ncRNAs [107,108]. The early

zygote is transcriptionally inactive and its gene expression is

ruled by the maternal transcriptome pool of the oocyte,

which is formed during folliculogenesis [109,110]. Early

during embryogenesis, the zygote undergoes maternal-to-

zygotic transition (MTZ) when zygotic transcription replaces

the maternal pool. The critical step in MTZ is an efficient and

specific removal of maternal mRNAs. A genome-wide study

revealed that the clearance of maternal mRNA is also facili-

tated by TUT4/7 uridylation and that uridylation is

necessary for early embryo development [74]. Altogether,

mRNA uridylation is a key component in shaping the

maternal transcriptome and in its subsequent removal, and

in turn, in the regulation of proper embryogenesis.

( f ) Uridylation of viral RNA as an antiviral defence
mechanism

A recent genetic screen in C. elegans identified CDE-1, a hom-

ologue of mammalian TUT4/7, as a part of an antiviral innate

immunity mechanism [111]. The genome RNA of the Orsay

virus, which is a natural pathogen of C. elegans, was found

to be monouridylated by CDE-1 and targeted to degradation

by XRN proteins and the RNA exosome. Similarly, in mam-

malian cells infected by influenza A virus, viral mRNAs are

highly uridylated by TUT4/7 [111]. The knockout of

TUT4/7 results in the accumulation of viral nucleoprotein

mRNAs and in an increased number of infected cells.
Together these findings demonstrate CDE-1- and TUT4/7-

mediated uridylation as one of the critical players of antiviral

immune response in worms and mammals, respectively

[111].
4. The role of 30 terminal uridylation in the
metabolism of ncRNAs

(a) Uridylation-mediated degradation of microRNA
precursors

Uridylation has opposing roles in miRNA biology. Whereas

monouridylation is an integral step in maturation of the

group II let-7 family miRNAs (see §5b) [37,38], oligouridyla-

tion of the group I pre-let-7 blocks maturation and triggers

degradation [28,37,54,55,107,108,112]. Let-7 miRNAs are an

exceptional class of miRNAs, with a key role in the regulation

of differentiation during early embryogenesis. Let-7 miRNAs

target a number of pluripotency mRNAs and cell cycle factors

(reviewed in [113]). They are expressed in differentiated cells,

but their expression needs to be downregulated in pluripotent

cells. Defective expression of let-7 was also linked to certain

cancers (reviewed in [113]).

The regulation of let-7 expression occurs on both transcrip-

tion and processing levels (reviewed in [114]). Oligouridylation

by TUT4/7 of pre-let-7 miRNAs plays a critical role in silencing

of let-7 expression in pluripotent cells by inhibiting further

processing by Dicer and enhancing pre-let-7 destabilization

[37,54,55,107,108,112]. For this activity, TUT4/7 require the

let-7-specific binding cofactor LIN28 [37,54,55,107,108,112].

In undifferentiated cells, LIN28 can block let-7 maturation

at both primary and pre-let-7 stages. The mechanism has

been studied to a great molecular detail. LIN28 possesses

specific affinity to pre-let-7 miRNA and recruits TUT4/7 for

oligouridylation, which in turn suppresses the processing

by Dicer. Uridylated pre-let-7 is subsequently targeted for

degradation by DIS3L2 [28,59,63]. The co-crystal structure

of LIN28/pre-let-7 revealed an interaction between LIN28

and two sequences in the pre-let-7 terminal loop, GNGAY

and GGAG, by its N-terminal cold-shock domain (CSD)

and C-terminal CCHC zinc knuckle domain, respectively

[115,116]. LIN28 CSD binds an additional motif in a subclass

of pre-let-7, (U)GAU [117]. Binding between LIN28 zink

knuckle and pre-let-7 motif GGAG is necessary to create

a stable formation with TUT4/7 to induce TUTase processiv-

ity [118,119]. The processivity of the complex is further

enhanced by the second cofactor, E3 ligase TRIM25, which

binds the conserved terminal loop of pre-let-7 and reinforces

the processivity of LIN28A/TUT4 heterodimer [120]. The

oligo(U)-tail then hinders the interaction with Dicer, because

Dicer is incapable of binding long 30 overhangs [54,55,107].

Several CLIP-seq-based analyses showed that LIN28 also

binds other miRNAs and mRNAs, but the interaction does

not appear to promote their uridylation [121–125]. In the

absence of LIN28, TUTase interacts with pre-let-7 transiently,

resulting in the addition of a single uridine.

In mammalian cells, oligouridylation also promotes

degradation of aberrantly processed, truncated pre-miRNAs

[96]. Such aberrant forms of pre-miRNAs may originate

from cleavage by ribonucleases, such as Ago2, Regnase-1,

IRE1alpha or complex Translin/Trax [126–129]. Oligouridy-

lation of these truncated pre-miRNAs is carried out by
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TUT4/7 and presumably also TENT2, but without the help of

LIN28 [96]. In this case, the oligouridylation is achieved in a

distributive manner by frequent reassociation of TUTase with

its target RNA [96].
(b) Uridylation of mirtrons in Drosophila
Besides the canonical miRNA biogenesis, there are alternative

pathways for the production of miRNAs [130]. In flies,

worms and mammals, some miRNAs are produced in a

Drosha-independent manner. For instance, mirtrons are

miRNAs encoded by and processed from intronic regions

of pre-mRNAs [131]. In Drosophila, mirtrons are generally

poorly conserved, and rather unstable. High-throughput

sequencing analysis of sRNAs revealed that Drosophila’s mir-

trons, in contrast to other miRNAs, are predominantly

uridylated [46,47]. Uridylation is catalysed by the TUTase

Tailor [46,47], which forms a stable complex with the exoribo-

nuclease DIS3L2, called the TRUMP [62]. This association

enhances the mirtron elimination. Tailor specificity for mir-

trons is given by the very 30 end nucleotide. Substrates

ending with G or U are preferentially tailed rather than

those ending with A or C. As mirtrons are generated by spli-

cing with 30 –AG ends, they are optimal Tailor targets.

Canonical miRNAs are depleted in 30 Gs, and thus escape

the TRUMP targeting [47]. This mechanism is a way to

prevent de novo biogenesis of miRNAs in Drosophila [46,47].
(c) Uridylation of mature sRNAs
Oligouridylation mediates decay of mature forms of miRNAs

(figure 2b(i)). Here we summarize several such examples

acting in particular physiological pathways, studied mostly

in mammalian cells. High-throughput sequencing analyses

uncovered that 30 tailing by uridylation and adenylation is

a common feature of siRNAs and miRNAs in a number of

eukaryotes, such as algae, higher plants, worms and mam-

mals [10,11,31,32,43,44,132–135]. Uridylation of mature

sRNAs has different implications. For instance, it serves as

a destabilization tag in the absence of 30 terminal 20 –O-

methylation (discussed in detail below) [31,135].

Uridylation has been implicated in the regulation of

inflammatory response via uridylation of miR-26, a regulator

of cytokine expression in lymphocytes. Uridylation of mature

miR-26 plays a role in macrophage activation [43]. Upon acti-

vation, TUT4 adds oligo(U)-tails to miR-26a and miR-26b,

which inhibits their activity on a number of cytokine

mRNAs, such as interleukin-6 (IL-6) [43,136]. Accordingly,

TUT4 depletion results in downregulation of cytokines [43].

In T-cells, TUT4/7 mediate clearance of a specific subset of

miRNAs upon antigen-mediated activation [44]. Uridylated

miRNAs are specifically degraded after T-cell activation by

yet unidentified exonuclease.

Furthermore, TUT4-deficient mice suffer from impaired

growth and early lethality [10]. Apart from the role in

differentiation, Jones et al. [10] proposed that TUT4 targets

miR-126-5p and miR-379 that downregulate an important
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growth factor, IGF-1. The TUT4 depletion leads to the

stabilization of miR-126-5p and miR-379, and in turn to

downregulation of IGF-1 [10]. The downregulation of IGF-1

may at least partially explain the phenotype of the

TUT4-deficient mouse.

In addition to let-7, mammalian TUT4/7 monouridylate

other miRNAs, such as those involved in cell differentiation

and Homeobox regulation [11]. This mechanism was further

investigated in zebrafish, where TUT4/7-deficient animals

displayed developmental defects and dysregulated Homeo-

box expression [11]. Interestingly, TUT4/7 knockdown was

accompanied by increased non-templated adenylation of

given miRNAs. Adenylation might presumably be catalysed

by TENT2 as a compensatory mechanism to maintain a

steady-state level of modified versus unmodified miRNAs

and to regulate their stability [11]. In summary, non-

templated tailing of rather stable miRNAs leads to their

destabilization. In future, it will be interesting to uncover

whether this is a general mechanism for the turnover of

most miRNAs and whether extensions with different nucleo-

tides have distinct consequences for miRNA stability and

function. Another interesting and important question that

remains is whether specific cofactors recognize these exten-

sions and recruit still largely unknown and uncharacterized

nucleases.

(d) Target-directed miRNA degradation
Another mechanism of miRNA degradation involves target-

based oligouridylation, so-called target RNA-directed miRNA

degradation (TDMD). In this process, mature miRNAs are

eliminated by 30 tailing and trimming, when base-paired with

a highly complementary target in vivo [33–35]. The screen for

factors involved in TDMD identified TENT1 and exoribonu-

clease DIS3L2, although the involvement of other TUTases

was not excluded [33]. TDMD is for instance exploited by

some viruses to inhibit antiviral RNAi response [137–139].

For instance, mouse cytomegalovirus expresses long ncRNA

m169, which serves as a sponge for host cell miR-27 [138].

When base-paired with m169, miR-27 is modified by TUTase

and chopped by DIS3L2 [33].

Regarding the high number of reported uridylated

mature miRNAs, it is likely that a portion of them undergoes

TDMD by using yet unknown target RNAs [10,11,27,43,44].

(e) Uridylation targets unmethylated sRNAs
20 –O-methylation of the ribose of the last nucleotide in

sRNAs, such as siRNAs, miRNAs and piRNAs, is an integral

step in sRNA biogenesis in a number of organisms. This

modification was initially observed in Arabidopsis and later

was found e.g. in Chlamydomonas, Trypanosoma brucei, C. ele-
gans, Drosophila and zebrafish [132,135,140–144]. It is

catalysed by HEN1 methyltransferase [134,140,141,145]. In

principle, 20 –O-methylation protects sRNAs from 30 end uri-

dylation that would otherwise lead to 30 –50 decay

(figure 2b(i)) [140]. In plants, unmethylated sRNAs are uridy-

lated by HESO1, which further promotes their degradation

[32,36].

A similar pathway operates in highly diverse single-cell

eukaryotes, such as algae or trypanosomes [31,134]. In

Chlamydomonas, TUTase, MUT68, preferentially uridylates

sRNAs, miRNAs and siRNAs and stimulates their decay by

the exosome [31]. Chlamydomonas siRNAs and miRNAs are
constitutively 20 –O-methylated at their 30 ends by the

HEN1 orthologue and thus protected from uridylation [31].

In addition, MUT68 appears to oligoadenylate and promote

decay of the 50 miRNA-based cleavage mRNA frag-

ments [146]. However, this activity is yet to be validated by

enzymatic assays.

In C. elegans, HEN1 activity is crucial for development. It

20 –O-methylates piRNAs and siRNAs and its loss leads to

impaired fertility [147–149]. Surprisingly, HEN1 does not

appear to target miRNAs in C. elegans. Similarly, the HEN1

orthologue in Drosophila, called DmHen1 or Pimet (piRNA

methyltransferase), causes 20 –O-methylation of piRNAs and

siRNAs [143,150]. Without Pimet, piRNAs are downregulated

and possess heterogeneous 30 ends.

Finally, in zebrafish, HEN1 mediated 20 –O-methylation is

found mainly in germ cells on piRNAs [135,151]. HEN1

mutations lead to increased piRNA 30 uridylation and sub-

sequent 30 –50 degradation [135]. Danio hen1 mutants

display delayed ovary formation and sex determination,

pointing to the importance of counteraction of 30 terminal

20 –O-methylation and uridylation.

( f ) TUT-DIS3L2 surveillance of structured aberrant
transcripts, TDS

Most ncRNAs form complex secondary and tertiary struc-

tures, that are important for their function, RNP formation,

but also to protect them from nucleolysis. DIS3L2 exoribonu-

clease is a potent enzyme processively degrading highly

structured RNAs, such as tRNAs [28,152]. DIS3L2 possess

specificity to oligo(U) RNA [28]. Some of the first evidence

for TUT-DIS3L2 surveillance (TDS) was observed in cells

infected with Moloney leukaemia virus [21]. Interestingly,

uridylated aberrant ncRNAs, such as tRNAs and snRNAs

are packed into viral particles. This work found Exportin5

responsible for the nuclear export of these uridylated RNAs

[21]. Recent findings from several studies uncovered that

evolutionarily distant eukaryotes such as flies and mammals

use the TDS to remove a wide spectrum of aberrant highly

structured ncRNAs in the cytoplasm (figure 2b(ii))

[27,29,48,62]. The targets of this pathway include transcripts

from all three nuclear RNA polymerases, such as vault

RNAs (vtRNAs), Y RNAs, tRNAs, 7SK, 7SL, Rmrp (RNa-

seMRP) and Rpph1 (RNaseP), snRNAs, rRNAs, lncRNAS,

etc. In many cases, the TDS targets misprocessed, extended

or shorter forms, with the oligo(U)-tail in a proximity of a

stable secondary structure. These transcripts obtain

oligo(U)-tails in an average of 8–9 nt, which is a length

favoured by DIS3L2 [27,63,64]. In summary, the TDS is a con-

served RNA quality control mechanism responsible for the

removal of aberrant structured RNAs in the cytoplasm.

TUT4/7 are the likely responsible TUTases, however, it is

unknown whether LIN28 or similar cofactors are needed to

promote the processivity of oligo(U)-tailing.
5. The role of uridylation in RNA biogenesis
Most of the studies in the past 10 years linked non-templated

30 uridylation to RNA decay. However, the first reports of

RNA uridylation were on uridylation-mediated RNA matu-

ration. Maturation typically involves other TUTases than

those acting in the decay, and in some organisms these
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mechanisms reside in specific organelles, such as mitochon-

dria. In the next section, we summarize examples where the

activity of TUTases is crucial for the formation of functional

mature RNA molecules.

(a) U6 snRNA maturation
U6 snRNA is a small RNA essential for pre-mRNA splicing.

It is transcribed by RNA polymerase III. The transcription of

U6 snRNA terminates on four templated Us [153,154]. How-

ever, the 30 end needs to be extended by up to 16 additional

Us. This oligouridylation is catalysed by the TUTase TENT1

(also known as TUT6/U6 TUTase/TUT1/PAPD2/RBM21)

[39–41]. To stabilize the transcript, U-tails are then trimmed

down to only one U by the oligo(U)-specific distributive

exoribonuclease, USB1 (also called Mpn1) [155,156]. USB1

leaves only one uridine residue with 20, 30 cyclic phosphate

at the ribose (figure 2a(ii)) [155,156]. Mature U6 snRNAs

then comprise four templated Us and one non-templated

U at the 30 terminus. The 30 terminal 20, 30 cyclic phosphate

is specifically bound by the LSM2-8 complex, which is crucial

for U6 snRNA stabilization [157]. U6 snRNA transcripts that

are not protected by the terminal cyclic phosphate are polya-

denylated and degraded by the nuclear exosome [155].

Interestingly, oligouridylation appears to be linked to other

modifications, such as m6A. The methyltransferase

METTL16 binds U6 snRNAs with extended oligo(U)-tails

[158]. In summary, the U6 snRNA oligouridylation is a key

process to promote 30 stabilization.

(b) Uridylation promotes maturation of the group II
family of let-7 miRNAs

MiRNAs are potent regulators of gene expression through

RNA-interference. Therefore their own expression needs to

be tightly controlled, as dysregulation of multiple miRNAs

is connected to developmental defects and diseases, such as

cancer. Uridylation is one of the regulators of miRNA

expression, not only providing stability but also helping to

promote processing. Monouridylation of some pre-miRNAs

facilitates Dicer processing (figure 2a(i)), whereas oligouridy-

lation prevents Dicer processing and marks miRNAs for

degradation (see §4a).

The best-studied example is the role in the let-7 family of

miRNAs, which is a key factor in embryonic stem cell differ-

entiation, pluripotency and tumour-suppression (reviewed in

[114]). miRNAs are classified into two groups, based on the

structure of the 30 overhang of their precursor. Group I rep-

resents pre-miRNAs with a 2 nt 30 terminal overhang

resulting from the Drosha cleavage in the nucleus. This

type is further processed by Dicer in the cytoplasm [38].

Group II pre-miRNAs contain only 1 nt 30 terminal overhang,

which causes poor Dicer activity. Such termini typically orig-

inate from an unusual mismatched nucleotide at the Drosha

cleavage site [38]. The let-7 family has 12 members in

humans: three of them generate canonical precursors of the

group I and nine belong to group II. TUTases TUT4 and

TUT7 can restore the 30 overhang of the group II pre-let-7

miRNAs. They add a single uridine to the 30 end, forming

the 2 nt overhang optimal for further Dicer processing [37,38].

Alternatively, the cytoplasmic ncPAP TENT2 can also facilitate

the group II pre-let-7 processing by monoadenylation [97].

Importantly, the maturation through monouridylation occurs
only in the absence of LIN28 [38]. In cells expressing

LIN28, pre-let-7 miRNAs are oligouridylated and degraded

(see §4a).

Deep sequencing analyses revealed other miRNAs, such

as miR-105 and miR-449b-3p, that are also frequently mono-

uridylated [38]. Based on the secondary structure prediction,

they might be produced by Drosha-cleavage only with 1 nt

30overhang, which would classify them as group II miRNAs.

TUTases and ncPAPs are mostly ubiquitously expressed.

It is likely that the repertoire of group II miRNAs is much

larger and tissue- or development-specific. Further, the grow-

ing evidence of defects and cancers linked to aberrant TUTase

expression reflects possible defects in yet uncharacterized

group II miRNAs.
(c) TUTases in the mRNA metabolism of mitochondrial
RNAs in Trypanosomes

Historically the first role of uridylation was identified in the

mitochondrion of the parasitic protist T. brucei. Trypano-

somes display many unique features of RNA metabolism.

The most obscure is the processing of mRNAs via an editing

process in the kinetoplast, a single large mitochondrion.

mRNA editing comprises massive addition and removal of

Us from the precursor transcripts. The specificity is dictated

by 50–60 nt long guide RNAs (gRNAs), which themselves

possess up to 20 nt oligo(U)-tails [159,160]. gRNAs are

transcribed from DNA minicircles and maxicircles as

800–1200 nt precursors [23,161,162]. Their transcription is

bidirectional and creates 50 nt long 50 complementary regions

forming stable duplexes. The gRNA uridylation proceeds in

two steps. At first, RET1 TUTase uridylates pre-gRNA,

which triggers trimming by the 30 –50 exoribonuclease DSS1

[23,24]. RET1 and DSS1 group together with three additional

proteins to form MPSS1-3, a mitochondrial 3’ processome

(MPsome). DSS1 stops the trimming a few nucleotides down-

stream of the duplex. The second round of uridylation by

RET1 then promotes disassembling of MPsome from the

duplex and the antisense strand is degraded [24]. The uridy-

lated sense transcript forms the mature gRNA. The mRNA

editing process then involves additional TUTase KRET2/

RET2, as part of a large editosome complex, which catalyses

the insertion of one or more Us within pre-mRNA based on

the complementarity with gRNAs (reviewed in [163]).
6. Uridylation regulates translation and RNA
localization and targeting

On the cellular and organism level, RNA uridylation has an

impact on events as diverse as translation, viral infection

and intracellular and extracellular RNA targeting (such as

vesicular exosomes), etc. [22,45].
(a) Uridylation regulates translation efficiency
The role of uridylation in translation differs depending on the

organism and subcellular localization. In trypanosome mito-

chondria, it is required for proper translation of

mitochondrial mRNAs [25]. Trypanosomal mitochondrial

mRNAs comprise 200–300 nt long A/U-tails, added by

poly(A)-polymerases KPAFs and TUTase RET1 [25]. The
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small ribosomal subunit interacts with the long A/U-tail and

initiates the translation.

In vertebrates, uridylation appears to serve mainly for

translation downregulation. For instance, TUT7-mediated

mRNA uridylation in Xenopus negatively affects reporter

mRNAs’ translation without changes in mRNA stability

[26]. It was proposed that the oligo(U)-tail forms an intra-

molecular duplex with the upstream poly(A), which

prevents poly(A) recognition by poly(A)-dependent factors,

such as PABP, which in turn inhibits translation stability

[26]. On the other hand, human TUT4/7 were demonstrated

to repress translation via mRNA destabilization [4]. In

addition, uridylation can inhibit translation by also facilitat-

ing turnover of rRNAs and tRNAs. Oligo(U)-tails were

detected also on decay intermediates of rRNAs and tRNAs

[27], however, its role in translation regulation has not yet

been addressed.

(b) Uridylation in RNA sorting to viral and other
extracellular particles

Several independent studies linked RNA uridylation to sort-

ing to different extracellular particles, such as viral or

secreted exosomes. Modification by oligo(U)-tailing appears

to be rather widespread among RNA viruses [22]. Different

types of 30 termini were detected on all positive-strand, nega-

tive-strand and double-stranded RNA viruses with hosts

ranging from fungi to plants and animals [22]. The impact

of 30 oligo(U)-tailing of viral RNAs remains to be elucidated.

Interestingly, not only oligouridylated viral genomes

were found in viral particles. The retrovirus Moloney leukae-

mia virus, which assembles in the cytoplasm, packages

unprocessed forms of snRNAs, snoRNAs and tRNAs to vir-

ions [21]. This process requires the nuclear export receptor,

Exportin-5. Interestingly, tailed (A and U) forms of these

aberrant RNAs accumulate in virions upon downregulation

of the exoribonucleases DIS3L2 and RNA exosome. The

reason for packaging these RNAs is as yet unknown,

although it is hypothesized to contribute, e.g. to Gag
oligomerization, the interaction with host cell sensors or to

retrovirus replication [21].

In addition to viruses, uridylated RNAs were also

detected in the extracellular vesicles called exosomes

[45]. Detailed analysis of the composition of exosomes

originating from human B-cells revealed the enrichment

of uridylated species of miRNAs and Y RNAs, whereas,

oligoadenylated miRNAs were preferentially retained in

the cells. It was hypothesized that specific 30 end tailing

might regulate the distribution of released versus

retained sRNAs [45]. However, this study did not address

any particular factors, e.g. TUTases, RNA-binding factors

or exonucleases. Further mechanistic studies are needed

to validate the role of tailing in RNA sorting to exosomes.
7. Outlook
There are still many open questions that need to be

addressed. For instance, it is not yet known what causes the

cellular phenotypes of DIS3L2 KO, such as the gene

expression changes or disease phenotype on the molecular

level. Are there any cell type-specific or tissue-specific cofac-

tors that modulate TUTase specificity and activity on

particular substrates? Can the TUT-exonuclease pathway be

a drug target for the treatment of associated cancers and

developmental defects? Lin & Gregory [164] have identified

potential inhibitors of TUTase activity, but we are still far

from knowing whether they have therapeutic potential.
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