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Abstract—RNA is a crucial component of every living organism and is necessary for gene expression and its
regulation in the cell. Mechanisms of RNA synthesis (especially mRNA synthesis) were a subject of extensive
study for a long time. More recently, RNA degradation pathways began to be considered as equally important
part of eukaryotic cell metabolism. These pathways have been studied intensely, and ample information accu-
mulated about RNA degradation systems and their role in cell life. It is currently obvious that RNA decay is
of no less importance as RNA synthesis and contributes to regulating the RNA level in the cell. The review
considers the main RNA degradation enzymes, the decay pathways of various coding and non-coding RNAs,
the mechanisms providing RNA quality control in the nucleus and cytoplasm, and certain structural elements
responsible for RNA stability or short life in the cell.
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INTRODUCTION
Degradation of RNA in the cell is performed by

enzymatic systems that cleave phosphodiester bonds
and eventually yield mononucleotides. Many mecha-
nisms work in the nucleus and cytoplasm to rapidly
detect and eliminate nonfunctional (defective) RNAs.
These molecules are so short-lived in the cell that they
remain undetectable unless components of cell degra-
dation systems are inactivated. Functional RNAs
greatly vary in stability. Their stability in the cell is
associated with their functions and is regulated by var-
ious structural elements and specific chemical modi-
fications. The function of the structural elements and
modifications consists, to a substantial extent, in pro-
tecting the RNA molecules from their rapid decay.
According to our estimates, the half-life of RNAs lacking

protective structures is approximately 20–40 min in
mammalian cells [1, 2]. It was proposed that RNAs are
classified as unstable with a half-life of less than 2 h,
stable with a half-life of 2–16 h, and highly stable with
a half-life of more than 16 h [3].

The mRNA stability in the cytoplasm is deter-
mined by a cap, which is at the 5′ end, and a poly(A)
tail, which interacts with poly(A)-binding proteins
(PABPs) and occurs at the 3′ end. These structures act
to physically bring the 5′ and 3′ ends close together and
to circularize translated mRNAs, thus preventing the
access of deadenylases, decapping factors, and exonu-
cleases to mRNAs [4]. Histone mRNAs lack poly(A)
tails and are an exception; their stability is regulated by
a stem-loop structure located at the 3′ end. Certain
structures that improve the stability and are likely to
similarly fold into stem-loop structures are found in
the 3′ region in many “typical” mRNAs [5]. The
poly(A) tail increases the life not only for mRNAs and
long non-coding RNAs (ncRNAs), but also for certain
RNA polymerase III transcripts, such as those of short
interspersed elements (SINEs), which are short
mobile genetic elements and do not code for any pro-
tein [6].

The codon composition was shown to affect the
mRNA life. Different tRNAs that bind synonymous
codons substantially vary in abundance. The mRNA
molecules that have many codons decoded using rare
tRNAs are translated slower and are more prone to
decay. In contrast, mRNAs with an optimal codon
usage are translated faster and live longer, although

Abbreviations: 3′-UTR, 3′-untranslated region; AMD, AU-rich
element-mediated decay; ARE, AU-rich element; CUT, cryptic
unstable transcript; Dis3L2, Dis3-like 3′–5′ exoribonuclease;
GMD, GU-rich element-mediated decay; GRE, GU-rich ele-
ment; hTRAMP, human TRAMP; NEXT, nuclear exosome tar-
geting complex; NGD, no-go decay; NMD, nonsense-medi-
ated decay; NRD, nonfunctional rRNA decay; NSD, nonstop
decay; PABP, poly(A)-binding protein; PAP, poly(A) poly-
merase; PPD, PABPN1 and PAPα/γ-mediated decay; PTC,
premature termination codon; RTD, rapid tRNA decay; SINE,
short interspersed element; siRNA, small interfering RNA; SKI,
Superkiller (complex, a cytoplasmic exosome cofactor); SMD,
Staufen1-mediated decay; TRAMP, Trf4/5–Air1/2–Mtr4 polyad-
enylation complex; snoRNA, small nucleolar RNA; snRNA, small
nuclear RNA; ncRNA, non-coding RNA; pre-mRNA, precursor
mRNA; pre-microRNA, precursor microRNA; pri-microRNA,
primary microRNA transcript (pre-microRNA precursor);
TUTase, terminal uridylyl transferase.
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their poly(A) tails are shorter than those of mRNAs
with less optimal codon compositions [7, 8].

The stability of an RNA molecule often depends on
the stability of its secondary or tertiary structure. For
example, hypomodified RNA molecules were found
to have less stable secondary structures and to decay
faster [9]. It was shown with an example of the rodent
4.5SI RNA, which is a small ncRNA, that a relatively
simple structure of a double-stranded stem formed via
complementary interactions of the 5′- and 3′-terminal
regions of a molecule ensures its stability in the cell [1].
The long ncRNAs MALAT1 and NEAT1 escape deg-
radation in the nucleus owing to a stable triple-helical
structure that forms at their 3′ ends [10].

Specific modifications can stabilize small RNAs.
For example, 2′-O-methylation of the 3′-terminal
ribose moiety is a common modification and substan-
tially improves the stability of microRNAs, small
interfering RNAs (siRNAs), and piRNAs. The modi-
fication prevents the synthesis of a 3′-terminal
oligo(U) tail, which is thought to be a widespread
RNA degradation signal [11].

Permanent association with proteins provides an
important means to protect cell RNAs from cell nucle-
ases. For example, rRNAs are included in the ribo-
some; small nuclear RNAs (snRNAs), in the spliceo-
some [12]; the 7SL RNA, in the signal recognition
particle (SRP) [13]; and the 7SK RNA, in small
nuclear RNPs [14].

ENZYMES AND COMPLEXES RESPONSIBLE 
FOR RNA DECAY

Based on their enzymatic activity, RNA-degrading
enzymes (ribonucleases, or RNAses) are classified
into three main types: endonucleases cleave internal
sites in an RNA strand, 5'–3' exonucleases hydrolyze
an RNA strand from its 5' end, and 3'–5' exonucleases
degrade RNA molecules from their 3' ends. Enzymes
of all three types are intensely utilized to degrade RNA
in the cell. The end points of many RNA degradation
metabolic pathways involve exosomes, which employ
3'–5' exonuclease and endonuclease activities, or Xrn
exonucleases, which possess 5'–3' exonuclease activ-
ity. Recent studies identified the Dis3L2 3'–5' exonu-
clease as a final participant of several important path-
ways of RNA degradation in the cytoplasm [15, 16].
The main pathways that are responsible for degrading
various cell RNAs and the proteins that ensure their
degradation are considered below and schematically
shown in Fig. 1.
Exosome is a main ribonuclease complex in
eukaryotic cells and is involved in both performing
RNA quality control and degradation and processing
certain RNA types. Exosomes are conserved and are
found in all eukaryotes examined to date; structurally
and functionally similar protein complexes were
detected in eubacteria and archaea. A core part of the
exosome consists of nine subunits arranged in two lay-
ers of rings: one is a protein hexamer (the polypeptides
Rrp41, Rrp42, Rrp43, Rrp45, Rrp46, and Mtr3) and
the other is a cap of three proteins (Rrp4, Rrp40, and
Csl4). The nuclease function of the exosome is per-
formed by the subunits Rrp44 (Dis3 in humans),
which possesses 3'–5' exonuclease and endonuclease
activities, and Rrp6 (PM-Scl 100 or EXOSC10 in
humans), which acts as a 3'–5' exonuclease [17].

The Rrp44/Dis3 exonuclease is highly processive.
Once bound to a substrate, the enzyme completely
degrades it to release nucleoside 5′-monophosphates.
The 3′ end of a substrate RNA should pass through the
core ring to reach the exonuclease active site of
Rrp44/Dis3, and the unstructured single-stranded
3′-end should therefore be at least 35 nt in length [18].
The endonuclease catalytic center of Rrp44/Dis3 is
closer to the surface and is therefore accessible to RNA
both from within (RNA passes through the core chan-
nel in this case) and outside the complex (in this case,
endonuclease may cleave the loops and other struc-
tured regions to prepare the substrate RNA for exonu-
clease cleavage) [19]. The Rrp6 exonuclease also
hydrolyzes RNA to release nucleoside 5′-monophos-
phates, but is distributive in contrast to Rrp44/Dis3;
i.e., the enzyme detaches from the substrate after cat-
alyzing one reaction [20]. Rrp6 binds with the cap of
the exosome core. The 3′ end of RNA presumably
passes through the hole in the cap and reaches the
Rrp6 catalytic center through the cleft between the cap
and the hexamer. It is unclear what factor determines
if a particular RNA is degraded by Rrp44/Dis3 or by
Rrp6. A nuclear exosome consists of 11 subunits and
includes both Rrp44/Dis3 and Rrp6; a cytoplasmic
exosome consists of 10 subunits and lacks Rrp6 [21].

Helicase Mtr4 acts as a key accessory factor for
nuclear exosomes. In yeasts, Mtr4 is a component of
the Trf4/5–Air1/2–Mtr4 polyadenylation complex
(TRAMP). The complex includes the noncanonical
poly(A) polymerase Trf4 or Trf5, the RNA-binding
protein Air1 or Air2, and the helicase Mtr4 [22–24].
The variant TRAMP4 (Trf4–Air2–Mtr4) is involved
mostly in RNA quality control in the nucleus, while
the variant TRAMP5 (Trf5–Air1–Mtr4) mostly con-
tributes to RNA processing [25]. TRAMP facilitates
and enhances activity of the nuclear exosome. On the
Fig. 1. Main pathways of cell RNA degradation. Genes for various RNAs are transcribed in the nucleus by one of the three RNA
polymerases. Mature and immature transcripts pass through quality control in both the nucleus and cytoplasm, and aberrant
RNA molecules are eliminated (PPD, RTD, NRD, NSD, NGD, and NMD). Mature functional mRNA decay mechanisms
(SMD, NMD, and RNA interference) are used to regulate gene expression in the cell. Virtually all RNA decay pathways converge
to RNA degradation by the exosome (which utilizes TRAMP, NEXT, or SKI as a cofactor) or exonuclease Xrn1/2 or Dis3L2.
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one hand, Mtr4 helicase unfolds the secondary struc-
tures present in a substrate RNA. On the other hand,
Trf4/5 synthesizes an oligo(A) sequence at the 3′ end
of the target RNA to provide a convenient substrate for
exosome landing. Trf4/5 and Air1/2 activate Mtr4,
which requires a terminal single-stranded fragment of
5–6 nt for its binding. In turn, Mtr4 regulates the
length of the oligo(A) sequence by preventing Trf4/5
from producing too long poly(A) tails [26]. In yeasts,
the TRAMP complex ensures rapid degradation of vir-
tually all RNAs that are substrates of nuclear exosomes:
aberrant mRNAs, rRNAs, tRNAs, sn/snoRNAs, and
cryptic unstable transcripts (CUTs) resulting from
pervasive transcription by RNA polymerase II.
TRAMP is additionally involved in processing pre-
rRNAs and pre-sn/snoRNAs [27].

In mammals, helicase Mtr4 forms two different
complexes in the nucleoli and the nucleoplasm. In the
nucleoli, Mtr4 binds with Trf4-2 (a homolog of yeast
Trf4) and ZCCHC7 (the closest homolog of Air1/2) to
produce human TRAMP (hTRAMP), which is analo-
gous to yeast TRAMP. In the nucleoplasm, Mtr4
interacts with the RNA-binding proteins RBM7 and
ZCCHC8 to produce the nuclear exosome targeting
complex (NEXT). The difference between hTRAMP
and NEXT concerns not only their localization in the
nucleus, but their function as well. While hTRAMP is
involved in oligoadenylating rRNAs and tRNAs to
ensure their exosomal degradation, NEXT plays a role
in processing and degrading RNA polymerase II tran-
scripts, including mRNAs, sn/snoRNAs, and pro-
moter upstream transcripts (PROMPTs) [28].

In the cytoplasm, the exosome functions in com-
plex with the Superkiller complex (SKI), which con-
sists of the RNA helicase Ski2 and RNA-binding pro-
teins Ski3 and Ski8 [29]. The Ski7 protein is responsi-
ble for the interaction between the SKI complex and
the exosome in yeasts. However, Ski7 is absent in
mammals, and Hbs1 seems to play its function [30].

Exonuclease Dis3L2. (Dis3-like 3′–5′ exoribonu-
clease 2) is a free cytoplasmic enzyme and is responsi-
ble for degrading many RNAs in the 3′–5′ direction.
Dis3L2 is similar to the exosomal Dis3 nuclease, but is
devoid of the N-terminal PIN domain, which is
responsible for endonuclease activity and binding to
the rest of the exosome. A catalytic domain is in the
central part of the Dis3L2 molecule, while two cold-
shock domains occur in its N-terminal part. The
enzyme was shown to degrade both single- and dou-
ble-stranded substrate RNAs in vitro. Oligo(U) pres-
ent at the 3′ end of an RNA provides a signal for its
degradation by Dis3L2 [16].

Xrn exonucleases are main 5′–3′ exonucleases in
eukaryotic cells. The Xrn group includes cytoplasmic
Xrn1 (Pacman in Drosophila melanogaster) and
nuclear Xrn2 (Rat1 in yeasts). The enzymes proces-
sively degrade 5′-monophosphorylated substrate
RNAs. The mechanism of action of Xrn1 was studied
comprehensively. In particular, it is known that only
uncapped RNAs (a cap is too large for the active center
of the enzyme) with a single-stranded region of at least
4 nt at the 5′ end are utilized as substrates by the
enzyme. An intricate secondary structure of an RNA
bound with the enzyme is degraded as the RNA passes
into the active center. Xrn1 and Xrn2 are structurally
similar in the N-terminal part and especially in the
active center region and differ in their C-terminal
regions [31]. Rai1 pyrophosphate hydrolase is neces-
sary as a cofactor for the function of Rat1 nuclear exo-
nuclease in yeasts, converting 5′-triphosphate to
monophosphate; a similar mammalian cofactor of
Xrn2 has not been identified as of yet [32].

PROCESSING, QUALITY CONTROL,
AND DEGRADATION OF mRNA 

IN THE NUCLEUS

When mRNA is processed in the nucleus, a cap is
added to its 5′ end, its non-coding regions (introns) are
removed (splicing), the 3′ end is polyadenylated, and
mRNA is bound with packaging and export factors.
Systems of mRNA quality control work at all of these
steps and ensure rapid degradation of defective mole-
cules.

The cap protects mRNA from 5′–3′ exonuclease
degradation and provides for pre-mRNA processing,
export into the cytoplasm, and translation initiation
[33]. Capping takes place soon after transcription ini-
tiation, when nascent mRNA reaches 25–50 nt in
length, and is directly associated with a transition of
RNA polymerase II into the elongation state [34]. The
RNA polymerase II transition to elongation is thus
restricted to successfully capped transcripts, while
uncapped transcripts are immediately degraded by
Xrn2/Rat1 5′–3′ exonuclease.

Like capping, mRNA splicing occurs cotranscrip-
tionally and is performed by the spliceosome, which is
a special ribonucleoprotein complex. Introns that are
removed via splicing have a lasso shape and are there-
fore first cleaved by Dbr1 endonuclease [35] and then
degraded from both ends of the molecule by the
nuclear exosome and Xrn2/Rat1 exonuclease. The
pre-mRNAs that somehow escaped splicing are
degraded by the same Xrn2/Rat1 (after being decapped
by the Dcp1/Dcp2 complex with the Lsm2-8 nuclear
decapping cofactor) and the nuclear exosome.

Apart from histone mRNAs, mRNAs undergo
3′-terminal polyadenylation in eukaryotic cells. The
poly(A) tail performs several functions, protecting the
3′ end of the molecule from exosomal degradation,
playing a role in mRNA transport from the nucleus
into the cytoplasm, and facilitating translation. An
AAUAAA hexanucleotide in the 3′ part of the tran-
scribed mRNA region provides a polyadenylation sig-
nal. The cleavage and polyadenylation specificity fac-
tor (CPSF) binds to the hexanucleotide to stimulate
MOLECULAR BIOLOGY  Vol. 54  No. 4  2020
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the mRNA cleavage and the recruitment of poly(A)
polymerase (PAP) [36]. The poly(A) tail may reach
70–80 nt in yeast cells and is approximately 250 nt in
mammals. The poly(A) tail interacts with poly(A)-
binding proteins (PABPs), which bind to RNAs during
their polyadenylation. A minimal site of PABP associ-
ation with the poly(A) tail is 12 consecutive adenosine
residues; mRNAs lacking a poly(A) tail sufficient for
the binding of at least one PABP molecule are rapidly
degraded [37, 38]. Deadenylation is therefore the first
step in virtually all mechanisms of mature mRNA deg-
radation.

After the AAUAAA-dependent mRNA cleavage,
RNA polymerase II continues synthesizing the rest of
the transcript. The 5′ end of the nascent transcript
remains unprotected and recruits Xrn2/Rat1 5′–3′
exonuclease, which degrades RNA. The RNA nucle-
ase catches up and collides with RNA polymerase II
during degradation, thus stimulating transcription ter-
mination according to a torpedo mechanism [39]. The
transcripts that have not undergone AAUAAA-depen-
dent cleavage in a timely manner are degraded by the
nuclear exosome [40].

During its synthesis, the nascent mRNA binds with
proteins, which provide for its proper packaging and
export. The THO complex, which consists of the
Mft1, Tho2, Hpr1, Thp2, and Tex1 proteins, acts
together with Sub2 RNA helicase to ensure mRNA
export from the nucleus in yeasts. Mutations of
THO/Sub2 lead to transcript degradation, which
seems to be due to polyadenylation defects. AAUAAA-
dependent cleavage and polyadenylation are most
likely possible only when a proper mRNP complex is
assembled [41]. When mRNP assembly is distorted,
the respective mRNA is retained in the vicinity of its
transcription site and subsequently degraded from the
5′ or 3′ end [42].

All of the above systems responsible for quality
control of nascent mRNAs function cotranscription-
ally in the immediate vicinity of the transcription
elongation complex in both yeasts and higher eukary-
otes. After transcription termination, mRNA quality
control is far less efficient [43].

A kinetic hypothesis is the most popular hypothesis
that explains the principles of RNA quality control
[44]. Degradation factors compete with processing,
packaging, and export factors for mRNA binding, and
the binding with proper proteins is advantageous in
terms of energy and stimulates the transition to the
next maturation step. Defective molecules are less
likely to rapidly and correctly associate with necessary
proteins and are therefore more likely to undergo deg-
radation. Thus, degradation factors do not necessarily
have to possess the capability of detecting various
defects in mRNA because, by default, they degrade
any molecules that have failed to bind with proper pro-
teins and to proceed to the next processing step or
nuclear export in a timely manner [45]. A substantial
MOLECULAR BIOLOGY  Vol. 54  No. 4  2020
fraction of mRNAs degraded this way are normal mol-
ecules that somehow failed to rapidly associate with
proper factors [40].

PABPN1 and PAPα/γ-mediated RNA decay (PPD).
Relatively recent studies identified an mRNA degra-
dation pathway that occurs in the mammalian
nucleus, is associated with excessive mRNA polyade-
nylation by canonical PAP (one of its two forms, PAPα
or PAPγ), is mediated by nuclear PABP (PABPN1), and
leads to RNA degradation by the nuclear exosome
[46]. A poly(A) tail of 300–800 nt provides a degradation
signal in this case. The pathway was termed PABPN1
and PAPα/γ-mediated decay (PPD). PPD is involved
in degrading the majority of intron-containing mis-
spliced mRNAs and mRNAs that escaped mRNP for-
mation and nuclear export. Certain ncRNAs (see
below) are also degraded via PPD [47].

CYTOPLASMIC mRNA DEGRADATION 
PATHWAYS

Deadenylation and decapping of mRNA. Deade-
nylation is the first step of a degradation pathway for
the majority of mRNAs. A long poly(A) tail is trun-
cated to a short oligo(A) region in the process.
Poly(A)-specific 3′–5′ exonucleases involved in the
Pan2–Pan3 and Ccr4–Not complexes are responsible
for deadenylation [38, 48]. In yeasts, the Pan2–Pan3
complex seem to play only a minor role and functions
mostly in the nucleus, while the Ccr4–Not complex
drives deadenylation prior to mRNA decay in the
cytoplasm. Mammalian mRNA deadenylation occurs
in the cytoplasm and proceeds via two steps with the
involvement of two respective protein complexes.

At the first step, the poly(A) tail is shortened by the
Pan2–Pan3 complex, which binds with PABP through
Pan3. Pan2 is a catalytic subunit. Pan2–Pan3 is dis-
tributive and functions rather slowly, gradually trun-
cating the poly(A) tail to approximately 110 nt in
length. Then PABP and certain translation initiation
factors go away to be replaced by translational repres-
sors. The mRNA becomes untranslated and may be
targeted to P-bodies (see below) or the second deade-
nylation step. The second step employs the Ccr4–Not
complex, which is processive and fast. Not is a struc-
tural protein, while Ccr4 and Caf/Pop2 deadenylases
perform the catalytic function. Pan2–Pan3 and
Ccr4–Not may form a supercomplex, thus providing
for coordination of the two deadenylation steps [49]. It
should be noted that the first deadenylation step starts,
in fact, as soon as mRNA appears in the cytoplasm. By
default, the first step determines the life for mRNAs
that do not have any determinant of short-lived mole-
cules [50].

Once deadenylated, mRNA decays via one of the
two degradation pathways, from the 5′ or 3′ end. In the
first case, the Lsm1-7 complex binds with oligo(A) to
recruit the Dcp1/Dcp2 decapping proteins. Xrn1 exo-
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nuclease degrades decapped mRNA in the 5′–3′ direc-
tion. The pathway seems to be the most common
mRNA decay pathway in the cytoplasm [31]. The
other variant is degradation from the 3′ end by the
cytoplasmic exosome with the involvement of the SKI
complex. In this case, the 5′-terminal region (no more
than 10 nt) with the cap is degraded by the DcpS
decapping protein [51]. The Lsm1-7 complex is
known to bind to oligo(A) to inhibit the exosomal deg-
radation pathway, thus regulating the choice between
the pathways of mRNA decay. Factors that may affect
the choice are still unknown [52].

Specific cytoplasmic granules were found to con-
tain the decapping factors (Lsm1 and Dcp1/Dcp2),
Xrn1 5′–3′ exonuclease, and mRNA decay intermedi-
ates in yeast cells. The granules were termed the pro-
cessing bodies, or P-bodies. The P-bodies provide
room for mRNA decapping and 5′–3′ degradation.
More recent studies detected deadenylation enzymes
(Pan2, Pan3, Ccr4, and Caf1) and deadenylated
mRNAs in the P-bodies. Mammalian P-bodies are
often termed the GW-bodies. The P-bodies are spe-
cific sites that provide not only for mRNA decay, but
also for the accumulation and temporal storage of
nontranslated mRNAs [53]. Isolation in the P-bodies
protects the cell from occasional translation of the
molecules that have still not been degraded [49]. Thus,
mRNAs occur in two sites that are discrete both spa-
tially and functionally in the cytoplasm: polyribo-
somes (a translated state) and P-bodies (nontranslated
state) [54].

Uridylation of mRNA is the second most common
modification of the 3′ end in cell RNAs after polyade-
nylation. Like polyadenylation, uridylation proceeds
via non-template-driven synthesis of an oligo(U) or,
rare, poly(U) sequence at the 3′ end of RNA by termi-
nal uridylyl transferases (TUTases). TUTases are
structurally similar to poly(A) polymerases and are
usually devoid of a functional classical RNA recogni-
tion motif (RRM). TUTases are either capable of
interacting with any RNA or require accessory factors,
varying in substrate specificity. Uridylation is under-
gone by transcripts of all three RNA polymerases in
eukaryotes and serves to regulate the mRNA stability
as one of its most important functions. TUTases and,
primarily, TUT4 (ZCCHC6) and TUT7 (ZCCHC11)
uridylate mRNA molecules. Almost all TUTases per-
form their functions in the cytoplasm. Uridylated
RNAs are recognized and utilized by free nucleases
Dis3L2 and 3′hExo (Eri1) and the exosome [55–57].

Fully functional typical mRNAs are usually not
uridylated. Their long poly(A) tails probably prevent
their uridylation, and at least partial deadenylation is
therefore necessary for this modification. However,
the poly(A) tail is relatively short in yeasts, and both
deadenylated and adenylated mRNAs can undergo
uridylation in yeast cells. A shortened oligo(A) tail
with at least two uridine residues at the end is well rec-
ognized by the Lsm1-7 complex, which drives decap-
ping; the efficiency of their binding increases with the
oligo(U) sequence increasing to 5 nt and then reaches
a plateau. In human cells, uridylation is observed for
approximately 20% of mRNAs with a poly(A) tail of
less than 25 nt, and these mRNAs undergo degrada-
tion [58–60]. Uridylation suppresses translation of
particular mRNAs without their degradation in cer-
tain cases; i.e., the oligo(U) sequence binds with an
upstream part of the molecule and translation stops
[61, 62]. An interesting mechanism was described in
Arabidopsis thaliana: uridylyltransferase Urt1 protects
deadenylated (that is, containing oligo(A) tails)
mRNAs from being degraded from the 3′ end. How-
ever, uridylation does most likely not increase the
mRNA stability in the cell in this case, but is necessary
to ensure mRNA degradation in the direction from the
5′ to the 3′ end only [63].

Uridylation with subsequent degradation by
Dis3L2 is an important pathway that was relatively
recently described to degrade mRNAs in the 3′–5′ direc-
tion and does not involve the exosome. Acting
together, TUT4/7 and Dis3L2 are probably responsi-
ble for degradation of a substantial mRNA portion in
human cells and cells of other organisms [15, 64]. The
two proteins are actively involved in degrading the
majority of mRNAs during apoptosis. Schizosaccharo-
myces pombe Dis3L2 seems to function with Xrn1 in a
concerted manner. The two enzymes often affect the
same mRNA targets and are both found in P-bodies [65].

Uridylation is additionally involved in degrading
the mRNA fragments formed at previous degradation
steps, such as NMD (see below), RNA interference,
and ribosome stalling. In particular, fragments result-
ing from microRNA-mediated cleavage are uridylated
by TUT2 and TUT3 (up to 15 residues) and then
degraded in human cells; their exact decay mechanism
remains unknown [57]. TUT4 and TUT7 are respon-
sible for degrading not only cell, but also virus RNAs
and are thus involved in the immune response. Activ-
ity of the enzymes is observed upon human infection
with influenza virus [66].

Degradation of histone mRNAs. Histone mRNAs
are unique in being nonpolyadenylated. The 3′ ends of
mammalian histone mRNAs contain a stem-loop
structure, which protects the mRNAs from cell exo-
nucleases in the absence of a poly(A) tail and deter-
mines their life [67]. The element binds with the stem
loop-binding protein (SLBP) and Eri1 3′–5′ exonu-
clease [68]. The stem-loop structure should be no
more than 45–80 nt away from the stop codon, indi-
cating that the ribosome should be in the immediate
vicinity of SLBP during termination. It is important
that histone mRNAs are translated only during DNA
replication and are to be degraded by the end of the
S phase. Oligouridylation of histone mRNAs was
observed in the late S phase and upon inhibition of
DNA replication and is possibly driven by TUT7,
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which is recruited by SLBP [69]. The oligo(U) tail
provides a platform for the binding of the Lsm1-7
complex with subsequent histone mRNA decapping
and degradation from the 5′ end by Xrn1 or serves to
prime exosomal degradation from the 3′ end [70].
TUTases and Eri1 are additionally involved in mRNA
decay in the latter case, performing several consecu-
tive rounds of oligouridylation and degradation of the
stem-loop structure; the remaining mRNA is then
degraded by the exosome. SLBP can interact with
helicase Upf1, which unwinds the stem-loop structure
to facilitate its degradation [71].

AU-rich element (ARE)-mediated decay (AMD).
AREs are sequences of 50–150 nt and often harbor
several AUUUA motifs. AREs occur in the 3′-
untranslated region (3′-UTR) in many short-lived
eukaryotic mRNAs. The majority of these mRNAs
code for proteins that regulate cell growth or the cell
response to external factors. Expression of the genes
for such proteins needs the strongest control, in partic-
ular, via a fast mRNA degradation mechanism. Many
of the relevant genes act as proto-oncogenes [72]. The
stability of certain long ncRNAs also correlates with
the presence of AREs [3]. An ARE was found in the 5′-
terminal region of a short-lived virus RNA (HSUR1,
Herpesvirus saimiri U РНК1) [73].

Several cell factors bind with ARE-binding pro-
teins (ARE-BPs) and regulate the mRNA stability,
stimulating or suppressing mRNA decay. TTP, BRF1,
and KSRP are the best studied ARE-BPs that stimu-
late mRNA degradation [74, 75]. ARE-BPs seem to
stimulate rapid deadenylation of ARE-containing
mRNAs. Then the mRNAs are decapped and undergo
exonuclease degradation from the 3′- or the 5′ end [76,
77]. In contrast, the ARE-BP HuR stabilizes mRNAs.
ARE-containing mRNAs do not decay within a short
period of time prior to translation. Their protection from
destabilizing proteins is due to HuR. The ARE-BP
AUF1 is capable of causing both rapid degradation and
stabilization of ARE-containing mRNAs, depending on
the particular substrate [78].

mCRD-dependent degradation of the c-fos mRNA.
It is of interest that many short-lived mRNAs carrying
the above AREs additionally harbor other destabiliz-
ing elements in their protein-coding region or
3′-UTR. Thus, a double mechanism regulating the
mRNA life arose in mammalian cells. The presence of
two determinants of rapid mRNA degradation confers
more f lexibility on the cell response to external and
internal signals.

Two independent pathways are known for rapid
degradation of the c-fos mRNA in the cell; one is ARE
dependent and the other, ARE independent. A second
determinant providing for rapid decay of the c-fos
mRNA is known as the major protein-coding-region
determinant of instability (mCRD) and occurs in the
protein-coding region. It is of interest that actinomy-
cin D and other transcriptional inhibitors do not affect
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the mCRD function, while suppressing the destabiliz-
ing effect of the ARE. The finding supports the idea
that each of the determinants utilizes its own indepen-
dent degradation pathway [79].

The c-fos mCRD is a 320-nt region. An 87-nt
purine-rich sequence is a functional element of the
mCRD and occurs in its 5′ part; the minimal distance
between the mCRD and the poly(A) tail should be
approximately 450 nt [80]. The mechanism of
mCRD-dependent degradation is associated with
mRNA translation. The mCRD binds with Unr and
other accessory factors, which additionally interact
with PABP on the poly(A) tail of the mRNA to allow
its cyclization and with Ccr4 deadenylase to block its
activity. A ribosome should pass through the mCRD
to activate degradation. The ribosome displaces Unr
and the other proteins to release the end of the poly(A)
tail and to activate deadenylase [80, 81].

A similar mechanism of ARE-independent degra-
dation was observed for the c-myc mRNA, which also
harbors a rapid degradation determinant in its protein-
coding region in addition to an ARE in its 3′-UTR.
Like in the case of the c-fos mRNA, the ARE-inde-
pendent pathway of c-myc mRNA degradation
depends on translation [82, 83].

GU-rich element (GRE)-mediated decay (GMD).
GREs are usually GU repeats or UGUUUGUUUGU-
containing sequences and are found in Drosophila and
mammals. Like AREs, GREs occur in the 3′-UTR in
many short-lived mRNAs. The set includes the
mRNAs for proteins involved in cell differentiation,
proliferation, signal transduction, and other pro-
cesses. GRE-containing mRNAs are generally more
stable than ARE-containing mRNAs. Rare mRNAs
harbor elements of both types. Main GRE-binding
proteins belong to the CELF family (CELF1, CELF2,
etc.). It is of interest that CELF1, CELF2, and HuR
can bind with both GREs and AREs. CELF1 is
thought to stimulate rapid deadenylation and degrada-
tion of mammalian mRNAs by recruiting PARN
deadenylase. CELF2 was shown to bind to GRE-con-
taining mRNAs in stress, thus providing for their sta-
bilization and transport into stress granules. Drosophila
cells were not found to contain PARN, but have the Cup
protein, which interacts with the cap-binding protein
eIF4E and is capable of recruiting Ccr4 deadenylase.
The mechanism of GRE-dependent mRNA decay is
still unknown in detail [84].

Nonsense-mediated decay (NMD) is an mRNA
control mechanism that rapidly degrades the aberrant
(defective) molecules that contain a premature termi-
nation codon (PTC). The process prevents an accu-
mulation of the proteins that have only partly synthe-
sized C ends and are potentially dangerous for the cell.
PTCs may arise as a result of genomic mutations, tran-
scription errors, or incorrect mRNA splicing. It is pos-
sible that NMD evolved in parallel with splicing in
eukaryotes as a mechanism that detects and degrades
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the mRNA molecules that find their way into the cyto-
plasm and still have unremoved introns (the majority
of these mRNAs are degraded in the nucleus via PPD
in mammals) [85]. It is known now that NMD is often
used not only to destroy aberrant molecules in the cell,
but also to regulate expression of several genes. NMD
substrates may include the mRNAs that have an addi-
tional short open reading frame upstream of the main
open reading frame, an intron in the 3′-UTR, or an
extremely long 3′-UTR [86, 87]. The set of mRNAs
subject to NMD includes the mRNAs for factors
involved in the cell response to various types of stress
[88–90] and the NMD factors [91]. In addition, alter-
native splicing associated with the NMD mechanism
[92] serves to mediate the autoregulation of expression
of several cell proteins, including hnRNP L [93], PTB
[94], chromatin remodeling factors [95, 96], etc.

Degradation of mRNA via NMD was observed in
yeasts [97], plants [98], and animals [86]. Proteins
involved in the process greatly differ between different
groups of organisms. The main factors necessary for
NMD in animals include Upf1, Upf2, Upf3, Smg1,
Smg5, Smg6, Smg7, and PNRC2. Upf1 is an ATP-
binding protein and possess RNA-helicase activity.
Upf1 is responsible for recognizing the degradation
substrate according to the majority of NMD models
[99]. Upf1 interacts with eRF1 and eRF3, suggesting
its involvement in translation termination [100]. In
complex with Upf2 and Upf3, Upf1 is phosphorylated
by Smg1 kinase [101]. The Smg5, Smg6, Smg7, and
PNRC2 factors interact with phosphorylated Upf1 to
directly trigger mRNA degradation. Two mRNA deg-
radation variants are possible to occur in animal cells
after NMD starts. Most commonly, Smg6 cleaves the
mRNA in the vicinity of its PTC [102]. The resulting
5′ and 3′ mRNA fragments undergo exonuclease deg-
radation (the 5′-terminal fragments are degraded in exo-
somes; and the 3′-terminal fragments, by Xrn1 exonucle-
ase) without being deadenylated and decapped [103].
Alternatively, Smg5 and Smg7 recruit deadenylases
and exonucleases; deadenylation (Ccr4–Caf1) starts
the NMD pathway in this case and is followed by exo-
somal degradation in the 3′–5′ direction [104] or
PNRC2 recruits the Dcp1/Dcp2 decapping factors
and the mRNA is then degraded from the 5′ end by
Xrn1 [105]. Recent findings indicate that during
NMD mRNA fragments may be uridylated by TUT4
and TUT7 and then degraded by the exosome or
Dis3L2 exonuclease [106].

Several models were assumed to explain how the
NMD substrate is recognized, but none of the models
explains the mechanism in full [107]. A downstream
marker model ascribes the major role to marker pro-
teins that occur on mRNA downstream of the PTC
and upstream of the normal termination codon. A
large exon junction protein complex (EJC) provides
an example of marker proteins in mammalian cells,
binding to mRNA approximately 20–25 nt upstream
of an exon junction in the nucleus [108]. A false
3′-UTR model is based on the assumption that trans-
lation termination at a premature stop codon differs
from termination at a normal stop codon because it
takes place at a greater distance from the mRNA 3′ end
[109]. Another model [107] suggests that NMD does
not employ a special mechanism to recognize the
PTC-containing mRNA, but is a consequence of pre-
mature translation termination, as a result of which a
major part of the mRNA is released from ribosomes
and becomes accessible to cell nucleases.

Staufen1-mediated decay (SMD). Staufen1 (Stau1)
is an RNA-binding protein that is involved in mRNA
transport and translation control. Stau1 was found to
determine the short life of the Arf1 (ADP ribosylation
factor) mRNA in the cell [110]. Stau1 binds with a cer-
tain region known as the Stau1-binding site (SBS) in
the 3′-UTR of mRNA. The Arf1 SBS is a 19-nt hairpin
with a 100-nt loop and is 20–25 nt away from the ter-
mination codon [111]. SMD is a translation-depen-
dent degradation mechanism, occurring during nor-
mal termination of the ribosome at a stop codon [110].

Other mRNAs also act as SMD targets in the cell.
These mRNAs mostly code for proteins involved in
the control of cell metabolism, the transport of organ-
elles, and cell division [110]. However, SBSs were not
found in SMD targets other than the Arf1 mRNA. It
was demonstrated that a SBS may result from a com-
plementary binding of the Alu SINE contained within
the mRNA 3′-UTR with another Alu element con-
tained in a cytoplasmic polyadenylated ncRNA. Such
RNAs were termed the 1/2-sbsRNA because they
contain only one of the complementary strands that
form a SBS. One ncRNA of the kind can destabilize
several mRNAs [112]. A similar mRNA degradation
mechanism was recently observed in rodents. The
3′-UTRs of respective mRNAs contain SINEs (B1,
B2, B4, and ID), which interact with similar elements
contained in long ncRNAs to form a double-stranded
SBS and ensure rapid mRNA degradation [113]. The
process is presumably involved in regulating myogen-
esis [114]. Apart from Stau1, its paralog Stau2 was
found to potentially play a role in SMD [115].

The mechanism of RNA degradation via SMD is
similar to that of NMD. Stau1/Stau2 binds with the
Upf1 protein, which is phosphorylated by Smg1 and
interacts with PNRC2. In turn, PNRC2 recruits the
Dcp1/Dcp2 decapping proteins to trigger RNA degra-
dation from the 5′ end by Xrn1. It is still unknown
whether Smg5, Smg6, and Smg7 are involved in SMD
[116].

Nonstop decay (NSD) is a cell RNA degradation
pathway aimed at eliminating the mRNAs that lack a
stop codon in the open reading frame [117, 118]. These
mRNAs may arise as a result from transcription termi-
nation, premature polyadenylation, and, possibly,
incomplete exosomal degradation. In addition, NSD
helps the ribosome associated with an aberrant mRNA
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to dissociate and to become capable of landing on
other templates.

The order of events in NSD depends on whether a
poly(A) tail is present and where the ribosome stopped
on the mRNA. When an mRNA lacking a stop codon
is polyadenylated, the ribosome continues translation
on the poly(A) tail and synthesizes a polylysine
sequence at the end of the peptide. A positively
charged polylysine peptide present in the ribosomal
exit tunnel may cause the ribosome to stall. Degrada-
tion proceeds via the NGD mechanism in this case
(see below). If the ribosome successfully reached the
end of the poly(A) tail, the empty A site of the ribo-
some binds with the Ski7 protein, whose GTPase
domain resembles the analogous domains of the EF1A
and eRF3 translation factors. Ski7 binds with the SKI
complex and recruits the exosome, which degrades the
mRNA from the 3′ end without its preliminary deade-
nylation. The Dom34–Hbs1 protein complex ensures
dissociation of the ribosome in this case [119]. If the
mRNA is not polyadenylated, the exosome is
recruited to its unprotected 3′ end immediately after
dissociation of the ribosome (without the involvement
of Ski7 and the SKI complex). The polypeptide is
destroyed as well, undergoing ubiquitination and pro-
teasomal degradation [117].

No-go decay (NGD) is an mRNA degradation
mechanism that works when the ribosome stalls and
further translation is impossible [120]. The causes of
ribosome stalling include an mRNA secondary struc-
ture, a rare codon, translation of the poly(A) tail, or
disorders of the ribosome. The NGD pathway
includes endonuclease cleavage of the mRNA in the
vicinity of the ribosome stalling site, which is recog-
nized by the Dom34–Hbs1 complex. The complex
recruits an unidentified endonuclease, which cleaves
the mRNA. The Dom34–Hbs1 additionally stimu-
lates ribosome dissociation from the mRNA. Then the
5′ fragment of the mRNA is degraded by the exosome
(like in the NSD mechanism) and the 3′ fragment is
degraded by Xrn1 exonuclease (often in P-bodies).
The polypeptide is degraded as well [117].

Yeasts were the main model used to study NSD and
NGD, but plant and animal cells were also found to
possess these degradation pathways [121–124].

RNA interference is a mechanism that regulates
(suppresses) gene expression and is based on the com-
plementary binding of small RNAs (microRNAs or
endogenous small interfering RNAs (siRNAs)) with
their target mRNAs. When the sequences involved are
fully complementary, the mRNA is endonucleolyti-
cally cleaved by the RNA-induced silencing complex
(RISC). When the sequences are only partly comple-
mentary, translation is suppressed, but the mRNA is
not cleaved. MicroRNAs are encoded by special
genes. Their primary transcripts are known as the pri-
microRNAs and are capped and polyadenylated like
mRNAs. Pri-microRNAs are processed by Drosha
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endonuclease to yield pre-microRNAs, which are
exported from the nucleus and are cleaved to produce
mature microRNAs in the cytoplasm by Dicer endo-
nuclease. RNA interference is well understood and is
a process that basically differs from the majority of
other RNA degradation pathways. The process was
considered in detail in many reviews (e.g., see [125–
128]).

MECHANISMS OF NON-CODING RNA 
DEGRADATION

rRNA. Almost all rRNAs are synthesized in the
nucleus as longer precursors, which are then pro-
cessed. RNA polymerase I synthesizes a polycistronic
RNA, which includes three of the four eukaryotic
rRNAs. Mature rRNAs result from a series of consec-
utive cleavages and shortenings of the primary tran-
script [129]. Two terminal fragments known as the
external transcribed spacers (ETSs) and two internal
transcribed spacers (ITSs) are excised and degraded.
The 5′-terminal ETS fragment is degraded by the nuclear
exosome with the involvement of TRAMP [130], while
ITS1 is degraded by Xrn2 exonuclease [131].

The rRNA degradation process is still poorly
understood because rRNAs are highly stable. Quality
control of mature rRNAs in the nucleus is performed
by the nuclear exosome in complex with TRAMP. It is
still unclear what signatures are utilized by nuclear
RNA degradation factors to recognize aberrant mole-
cules. A signal to rRNA degradation is possibly pro-
vided by the incapability of an rRNA molecule to
properly bind with ribosomal proteins. Distorted
export of ribosomal subunits into the cytoplasm is also
known to increase the level of rRNA degradation in
the nucleus [132].

Nonfunctional rRNA decay (NRD) is a mechanism
whereby defective mature rRNAs are recognized and
degraded and is found in yeast cells [22, 133]. NRD
takes place in the cytoplasm and involves two indepen-
dent pathways, degradation of 25S rRNA molecules
that have mutations of the peptidyltransferase center
(25S NRD) and degradation of 18S rRNA molecules
that have mutations of the decoding center (18S
NRD). The substrates of 25S NRD accumulate in the
cytoplasm close to the nuclear envelope, and their
degradation is translation independent. Mutant 18S
rRNAs are scattered through the cytoplasm, and their
degradation stops in the absence of protein synthesis
in the cell.

Defective 18S rRNAs are degraded by the same
proteins as are involved in mRNA NGD: Xrn1 5′–3′
exonuclease, the cytoplasmic exosome, the Ski7 fac-
tor, and the Dom34–Hbs1 complex. The substrates of
18S NRD are often localized in P-bodies, as is the case
with NGD. The similarity between 18S NRD and
NGD probably stems from the fact that the ribosome
stalled on mRNA provides a degradation signal in
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either process. Ribosome stalling is caused by an error
occurring in the decoding center of the 18S rRNA in
the case of 18S NRD and a barrier occurring on
mRNA to prevent translocation in the case of NGD.
The stalled ribosome contains a meaning codon in the
A site in either case. It is possible that both mRNA and
18S rRNA are targeted to P-bodies and undergo deg-
radation when the ribosome stalls [117, 134].

The 25S NRD process lacks similarity to any other
degradation mechanism. Moreover, the process is
independent not only of translation, but also of all
proteins involved in various RNA decay mechanisms,
Dis3 exosomal exonuclease being the only exception.
The 25S NRD mechanism is thought to work when
ribosomal proteins fail to associate with a defective
25S rRNA and is presumably associated with protein
degradation [117, 134].

tRNA. In the nucleus, tRNAs undergo exosomal
degradation after being preliminarily oligoadenylated
by the TRAMP complex [23]. The majority of mole-
cules degraded by this mechanism are aberrant pre-
cursors and hypomodified tRNAs. However, normal
precursors were also found to be degraded in the
nucleus. Inactivation of the exosome increase the
mature tRNA level in the cell, indicating that func-
tional molecules capable of normal processing
account for an appreciable portion of normally
degraded pre-tRNAs [135]. This promiscuity of deg-
radation systems is possibly related to the fact that a
kinetic factor, rather than errors, provides a degrada-
tion signal in RNA quality control, as is the case with
mRNAs. In other words, a precursor that fails to
quickly proceed to the next processing step (that is, to
bind with necessary proteins) is to be degraded. How-
ever, there is evidence that Trf4 poly(A) polymerase,
which is a component of TRAMP, is capable of distin-
guishing between hypomodified and fully modified
tRNAs [136].

Functional tRNAs are extremely stable, living for
several hours or even days. A tRNA molecule goes
through approximately 40 translation cycles during
this period. Each tRNA type has specific modifica-
tions, which ensure its correct recognition and amino-
acylation. A mechanism known as rapid tRNA decay
(RTD) is responsible for quality control of mature
tRNAs in yeast cells. Hypomodified molecules are
quickly deacylated and degraded [137]. The process
involves 5′–3′ exonucleases Rat1 (in the nucleus) and
Xrn1 (in the cytoplasm) and the Met22 protein [138].
Degradation enzymes presumably recognize hypo-
modified tRNAs by a lower stability of the tRNA sec-
ondary structure, especially in the acceptor and T
stems [9]. In addition, a CCACCA sequence present in
structurally unstable tRNAs at the 3′ end provides a
signal for their fast degradation via RTD, while a CCA
sequence is found in stable tRNAs. The addition of
CCA is an important step of tRNA maturation in the
nucleus and is performed by tRNA nucleotidyltrans-
ferase. The enzyme seems to try to add a second CCA
triplet to all tRNAs, stimulating a temporary unfolding
of the acceptor stem in the process. Stable molecules
are sufficiently tough to avoid stem unfolding, while
unstable molecules are thus marked by the CCACCA
signal and degraded. It should be noted that this
CCACCA labeling of unstable tRNAs is characteristic
of all domains of life [139, 140].

Cleavage of the anticodon loop in tRNAs may
occur in yeast, human, and plant cells exposed to oxi-
dative stress. Rny1 endonuclease is responsible for the
process in yeasts, leaving the vacuole for the cytosol in
stress [141].

snRNAs and snoRNAs. snRNAs are transcripts
synthesized by RNA polymerases II and III and are
involved in the splicing of cell mRNAs. Mechanisms
of their degradation are still poorly understood. The
TRAMP complex and nuclear exosome are possibly
responsible for degradation of snRNAs, as well as for
their maturation [142, 143]. Degradation of the
mature U6 snRNA similarly involves TRAMP and the
nuclear exosome in Saccharomyces cerevisiae [144].
There are indications that the NEXT complex, which
is a TRAMP analog, facilitates degradation of the U6
snRNA in mammals by binding to the U-rich
sequences in its mature and immature variants [145].
In human cells, the pre-U6 snRNA is uridylated by
nuclear TUTase TENT1 (TUT6) during processing so
that 16 new uridine residues are added to the four uri-
dine residues present at its 3′ end. Than 15 of them are
hydrolyzed by Usb1 exonuclease, and a bond between
the third and second phosphates arises in the remain-
ing uridine residues to stabilize the U6 snRNA. Pre-
U6 snRNA molecules lacking this modification are
degraded by the nuclear exosome [146].

Defective yeast U1 snRNA molecules incapable of
forming a proper complex with proteins are degraded
in both the nucleus from the 3′ end by exosomal exo-
nuclease Rrp6 and the cytoplasm by the Dcp2 decap-
ping protein and Xrn1 5′–3′ exonuclease. Mammals
also have a similar mechanism for cytoplasmic degra-
dation of the U1 snRNA [147]. It was found addition-
ally that misprocessed snRNA precursors are
uridylated in the cytoplasm by TUT4/7 and then
degraded by Dis3L2 exonuclease [148].

Little is known about degradation of small nucleo-
lar RNAs (snoRNAs), which are involved in modify-
ing cell rRNAs, tRNAs, and snRNAs. Yeast snoRNAs
are encoded by autonomous genes, while higher
eukaryotic snoRNAs are encoded in gene introns and
are excised from respective transcripts. The nuclear
exosome is involved in their maturation, as is the case
with snRNAs [149]. In yeasts, snoRNA precursors are
degraded in the exosome after being oligoadenylated
by the TRAMP complex; the degradation process is in
equilibrium with the process of snoRNA precursor
maturation, which is mediated by the Pab2 and Rrp6
proteins [150, 151]. In mammals, the NEXT complex
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and nuclear exosome are most likely involved in
degrading snoRNAs, like with snRNAs. In addition,
PPD was implicated in degrading the non-coding
transcripts of the genes that have snoRNA-coding
introns in mammals [47].

Vault RNAs and Y RNAs are RNA polymerase III
transcripts of approximately 100 nt in length and are
involved in autophagy and the initiation of DNA rep-
lication, respectively [152, 153]. The human genome
harbors four genes for each of these RNA groups.
Vault RNAs are components of large cytoplasmic
ribonucleoprotein complexes known as the Vault
complexes. Y RNAs occur in both the cytoplasm
(cYtoplasmic) and nucleus, and a substantial portion
of their pool is associated with the La and Ro60 pro-
teins in the cell. The proteins most likely protect Y
RNAs from degradation [15]. Both Vault and Y RNAs
are uridylated by TUT4/7 TUTases and then degraded
by cytoplasmic Dis3L2 exonuclease [148]. However, a
recent study showed that the Y RNA level decreases in
response to a knockdown of PARN deadenylase,
which is responsible for degrading the oligo(A) tail
that is synthesized at the 3′ ends of these RNAs by
noncanonical poly(A) polymerase PAPD5. This
oligo(A) tail mediates Y RNA degradation by Dis3
exosomal nuclease [147]. It is known additionally that
both Vault and Y RNAs are processed to yield shorter
fragments, which are termed svRNA and YsRNA;
degradation of these fragments has not been investi-
gated as of yet [15].

MicroRNAs, endogenous siRNAs, and piRNAs.
Degradation is still poorly understood for microRNA
precursors, which are synthesized by RNA polymerase
II. In mammals, pre-microRNAs may be uridylated
by cytoplasmic TUTases TUT4/7. Once uridylated,
the molecules are degraded by exosomal nucleases
Rrp6 and Dis3 [15, 154]. Specifics of the function and
“life cycle” were most comprehensively studied for
microRNAs of the let-7 family. The Lin28 protein
pluripotency factor was shown to recruit TUT4/7 to
the let-7 RNA precursor (pre-let-7). As a result, the
pre-let-7 molecule is no longer capable of interacting
with Dicer and is degraded by cytoplasmic Dis3L2.
Certain mutations of the Dis3L2 exonuclease gene
cause Perlman syndrome, which includes fetal gigan-
tism. Distorted let-7 metabolism is probably responsi-
ble for Perlman syndrome [155]. Other aberrant pre-
microRNAs are also uridylated by TUT4/7 and subse-
quently degraded by Dis3L2 exonuclease, but
oligo(U) synthesis is distributive in this case because
of the absence of accessory factors, such as Lin28 [57].
Nuclear pri-microRNAs, which are pre-microRNA
precursors, may undergo polyadenylation and degra-
dation via the PPD pathway [47].

As for the majority of small RNAs regulating
mRNA translation (that is, microRNAs, siRNAs, and
piRNAs), different mechanisms of their degradation
were described in different organisms. Uridylation of
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these RNAs is common and leads to their degradation
in contrast to 2′-O-methylation of the 3′-terminal
ribose moiety; the latter modification stabilizes the
RNAs [56]. MicroRNAs consist of guide and passen-
ger strands. The guide strand usually shows an
extremely high stability (its average half-life is 119 h in
mice), while the passenger strand is highly vulnerable
to nucleases [156]. Many degradation pathways are
known for mature microRNAs, which can be
degraded both from the 5′ end and from the 3′ end. In
the former case, degradation is driven by Xrn nucle-
ases (cytoplasmic Xrn1 in human and Caenorhabditis
elegans and nuclear Xrn2 in C. elegans only).
MicroRNA degradation from the 3′ end can be per-
formed by the exosome (human and Drosophila),
polynucleotide phosphorylase (human), Eri1 exonu-
clease (mouse), PARN (human), Atrimmer2, and
small RNA-degrading nucleases (SDNs) (Arabidopsis)
[15, 157, 158]. Mature microRNAs that are bound
with their target mRNAs via complementary interac-
tions are degraded via a mechanism known as target
RNA-directed miRNA degradation (TDMD). The
mechanism is associated with uridylation, which is
performed by TENT1 TUTase (although other
enzymes cannot be excluded); Dis3L2 exonuclease is
responsible for degradation [61].

Mature piRNAs are 2′-O-methylated at the 3′ end
in the majority of organisms. The modification is
introduced by Hen1 methyltransferase. In the absence
of Hen1, an unidentified nuclease degrades these
RNAs from the 3′ end [159]. Endogenous siRNAs
decay similarly; the nuclease responsible for degrada-
tion of their uridylated forms is also unknown [15].

Short-lived RNA polymerase II transcripts. A great
variety of types of short-lived RNA polymerase II
transcripts were recently detected in eukaryotic cells
[160, 161]. The transcripts are capped at the 5′ end,
like mRNAs. There is evidence that some of the tran-
scripts are involved in regulating expression of other
genes. On the other hand, the majority of the tran-
scripts may be nonfunctional, resulting from pervasive
transcription by RNA polymerase II.

The degradation mechanism was studied in detail
for an RNA type known as the cryptic unstable tran-
scripts (CUTs) in yeasts. CUTs are transcripts of up to
400 nt in length that are synthesized from intergenic
regions close to the promoters of mRNA genes and are
degraded immediately. CUTs contain binding sites for
the NNS complex, which consists of the Nrd1 and
Nab3 RNA-binding proteins and Sen1 helicase. Nrd1
and Nab3 bind to specific motifs (GUAA/G and
UCUUG, respectively) present in nascent RNAs.
Nrd1 additionally interacts with the C-terminal
domain of RNA polymerase II to stimulate transcrip-
tion termination. The NNS complex recruits TRAMP
and the nuclear exosome, which perform 3′–5′ exonu-
clease degradation of CUTs [162]. Certain CUTs (e.g.,
SRG1) are exported from the nucleus and are
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degraded with the involvement of the Dcp1/Dcp2
decapping complex and Xrn1 exonuclease [163].

Degradation of plant short-lived upstream non-
coding transcripts (UNTs) and mammalian
PROMPTs takes place in the nucleus and similarly
depends on the nuclear exosome. The NEXT complex
acts as a cofactor to recruit the exosome in mammals
[164–167]. However, at least a portion of PROMPTs
are polyadenylated and degraded via PPD. There is
evidence that a cotranscriptional decapping and sub-
sequent degradation by Xrn2 are possible for
PROMPTs. It remains unclear whether different deg-
radation pathways are used for different PROMPT
subsets or any PROMPT may be degraded via any
pathway [47].

Xrn1 unstable transcripts (XUTs) were found in
yeast cells. XUTs are capped and polyadenylated in the
nucleus, like mRNAs, and are then exported into the
cytoplasm, where their degradation in the 5′–3′ direc-
tion is driven by Xrn1 exonuclease [168]. Recent stud-
ies showed that the NMD mechanism mediates cyto-
plasmic degradation of XUTs [169]. XUTs were found
to contain short open reading frames, where ribo-
somes land to start translation. A stalling of these ribo-
somes occurs rather far away from the 3′ end of the
molecule and triggers NMD with the help of Upf1,
which stimulates the decapping of the transcript and
its degradation by Xrn1 exonuclease [170]. Many
XUTs form duplexes with mRNAs in the nucleus. The
binding protects them from ribosome landing after
their transfer into the cytoplasm and thus prevents
their degradation via the NMD mechanism. However,
Mtr4 and Dbp2 helicases can unwind such a duplex if
a single-stranded 3′-terminal region is left after its for-
mation. The region seems to provide a platform for
helicase landing [169].

CONCLUSIONS
All RNAs are eventually degraded in the cell, while

the lifetime of a particular molecule depends on its
type. A substantial portion of the RNA pool synthe-
sized in the cell is rapidly degraded already in the
nucleus. The portion includes primarily the fragments
that are excised from RNAs of various types in the
course of their processing. Such fragments are
degraded cotranscriptionally in the immediate vicinity
of the RNA synthesis site by Xrn2/Rat1 exonuclease.
Numerous and probably nonfunctional RNA mole-
cules that are by-products of RNA polymerase II
activity (CUTs, PROMPTs, and UNTs) are degraded
in the nucleus with the involvement of the TRAMP
complex (NEXT in mammals) and the exosome.
Aberrant RNAs also undergo rapid degradation in the
nucleus. These molecules contain errors, which result
from distortions arising during RNA synthesis or pro-
cessing, and are potentially dangerous for the cell.
These RNAs are usually oligoadenylated by the
TRAMP complex and then degraded by the nuclear
exosome. Aberrant RNAs that escape degradation by
nuclear quality control systems are degraded in the
cytoplasm. It became clear in recent years that a vari-
ety of highly structured aberrant non-coding RNAs
are uridylated in the cytoplasm by TUT4/7 and
degraded by Dis3L2 exonuclease [61, 148, 171]. In
yeast cells, the NRD mechanism works in the cyto-
plasm to eliminate defective rRNAs and the RTD
mechanism degrades the tRNAs that have an insuffi-
cient number of nucleotide modifications. Defects in
mRNAs are detected during translation. The mRNA
molecules that contain premature stop codons and
introns are degraded via the NMD mechanism. Lack
of a stop codon results in mRNA degradation via
NSD, and barriers to the progress of the ribosome lead
to degradation via NGD. Different mechanisms trig-
ger the above degradation pathways, but the final step
is the same in all cases: defective RNAs are degraded
from the 3′ or 5′ end by cell exonucleases Dis3 (in the
exosome) and Xrn1, respectively.

The cell additionally possesses the mechanisms
that are aimed at degrading fully functional RNAs.
Stable long-lived RNAs, such as rRNAs and tRNAs,
are not degraded until their functionality is lost as a
result of accumulating defects. Defective molecules
are eliminated via the NRD and RTD mechanisms in
this case. According to data from recent studies, a
number of small non-coding RNAs, such as Y RNAs,
Vault RNAs, and BC1 and BC200 RNAs, are
degraded with the help of TUT4/7 and Dis3L2 [148].
Degradation of microRNAs, siRNAs, and piRNAs
similarly proceeds via uridylation and subsequent exo-
nuclease hydrolysis from the 3′ end. The mRNA deg-
radation process most commonly includes deadenyla-
tion, decapping, and subsequent exonuclease hydroly-
sis from the 5′ end by Xrn1 or from the 3′ end by the
cytoplasmic exosome. Another common variant is
degradation of oligoadenylated mRNAs via their
uridylation by TUT4/7, subsequent decapping, and
eventual hydrolysis from the 5′ end by Xrn1 nuclease
or from the 3′ end by Dis3L2.

The process of mRNA degradation is one of the
most important mechanisms that regulate gene
expression. Primary or secondary structure elements
are often present in mRNA molecules to ensure their
rapid degradation or high stability. AU- and GU-rich
elements are the most common signals for rapid deg-
radation of mRNAs coding for many regulatory fac-
tors; the same elements may recruit stabilizing factors
as well. Expression of certain proteins is regulated by
changing the life of their mRNAs via degradation by
the NMD mechanism. Signals for rapid degradation
of such mRNAs may include a long 3′-UTR, an addi-
tional short open reading frame upstream of the main
one, or an intron left by alternative splicing. Second-
ary structure elements less commonly act as determi-
nants that regulate the mRNA life. Examples of such
elements are provided by the stem-loop structure
found in histone mRNAs and the double-stranded
MOLECULAR BIOLOGY  Vol. 54  No. 4  2020
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SBS, which determines degradation of certain
mRNAs via the SMD mechanism.

Thus, a broad network of RNA degradation path-
ways exists in the eukaryotic cell. The network func-
tions to protect the cell from potentially dangerous
nonfunctional RNA molecules and, on the other
hand, to regulate gene expression.
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