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Abstract

The expression of any gene must be precisely controlled for appropriate function.

This expression can be controlled at various levels. This includes epigenetic

regulation through DNA methylation or histone modifications. At the

posttranscriptional level, regulation can be via alternative splicing or controlling

messenger RNA (mRNA) stability. RNA cleavage is one way to control mRNA

stability. For example, microRNA (miRNA)-induced mRNA cleavage has long

been recognised in plants. RNA cleavage also appears to be widespread in other

kingdoms of life, and it is now clear that mRNA cleavage plays critical functions

in animals. Although miRNA-induced mRNA cleavage can occur in animals, it

is not a widespread mechanism. Instead, mRNA cleavage can be induced by a

range of other mechanisms, including by endogenous short inhibitory RNAs

(endo-siRNAs), as well as the Ribonuclease III (RNase III) enzymes Drosha and

Dicer. In addition, RNA cleavage induced by endo-siRNAs and PIWI-interacting

RNAs (piRNAs) is important for genome defence against transposons. Moreover,

several RNase has been identified as important antiviral mediators. In this

review, we will discuss these various RNA endonucleolytic cleavage mechanisms

utilised by animals to regulate the expression of genes and as a defence against

retrotransposons and viral infection.
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1. Introduction

The expression of genes must be tightly regulated to ensure that the correct proteins

are synthesised at the appropriate time and in appropriate quantities. Regulation oc-

curs at many levels, from the epigenetic level via DNA methylation and histone

modifications; to the transcriptional level via transcription factors; and posttranscrip-

tionally, by regulating splicing and mRNA stability/turnover.

Posttranscriptional regulation are the last levels of control prior to protein translation.

The addition of a 50methyl cap and a polyA tail to the mRNA is one form of control.

These modifications to the nascent RNA molecule are required to protect it from

exonucleases that would otherwise lead to mRNA decay [1]. The RNA interference

(RNAi) pathway mediated by small RNAs, such as miRNAs, is another important

posttranscriptional regulatory mechanism that results in translational repression of

mRNAs [2]. In plants, miRNAs have long been known to direct the endonucleolytic

cleavage of target mRNAs instead of translational repression [3]. In animals, cleav-

age of miRNA targets is a rare occurrence, and a relatively recent discovery, but

clearly has an important function. In addition, we now know that cleavage can

also be induced in animals by the related endo-siRNAs. miRNAs/siRNAs them-

selves do not have cleavage ability but they direct cleavage-competent Argonaute

(AGO) proteins to target RNAs.

RNA cleavage is not only directed by mi/siRNAs. The RNase III enzymes Drosha

and Dicer, which are critical components of the miRNA biogenesis pathway, also

have RNA endonucleolytic activity. Drosha-mediated mRNA cleavage appears spe-

cific to stem cell populations where it is important for safeguarding their fidelity

[4, 5], while Dicer-mediated RNA cleavage is a necessary defence for the cleavage

against certain retrotransposons [6]. In addition, other transposable elements can be

silenced by RNA cleavage mediated by the piRNA pathway. This pathway can also

target and cleave mRNAs [7]. Furthermore, viral RNAs can be cleaved by host RN-

ases such as Regnase-1 [8] and RNase L [9] as a host antiviral defence mechanism.

The recognition of target RNAs for cleavage can be either sequence-specific, which

usually requires a small RNA to guide a protein complex to target mRNA, e.g.

miRNA and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)

pathways, or structure-specific where the targeted RNA forms a recognisable struc-

ture, e.g. Drosha and Dicer. While the regulation of RNA via endonucleolytic cleav-

age occurs in all forms of life, this review will focus primarily on mechanisms that

control gene expression in animals.
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2. Main text

2.1. miRNA-mediated cleavage

miRNAs are w21-nucleotide (nt) small non-coding RNAs that repress the expres-

sion of complementary mRNA targets. Computational analysis predicts that miR-

NAs have the potential to regulate the activity of more than half of all protein-

coding genes in mammalian cells [10].
2.1.1. miRNA biogenesis

The biogenesis of canonical miRNAs requires two endoribonuclease enzymes from

the RNase III family, Drosha and Dicer (Fig. 1A). The mature miRNA is derived

from the stem region of stem-loop structures embedded within longer primary

miRNA (pri-miRNA) transcripts. Drosha and its double-stranded RNA (dsRNA)

binding partner DiGeorge syndrome critical region 8 (DGCR8), also known as Pasha

in worms and flies, form a complex known as the “microprocessor”. This complex

first release the stem-loop structure from the flanking RNA via cleavage [11]. Then

the terminal loop is removed by Dicer with the help of its dsRNA binding partner

[12]. In mammals, Dicer has two dsRNA binding partners: transactivation response

RNA-binding Protein (TRBP) and protein activator of interferon-induced protein ki-

nase (PACT) [13, 14]. They contribute to the cleavage accuracy during miRNA
Fig. 1. Biogenesis of small RNAs. A. In the miRNA pathway, primary transcripts containing stem-loop

structures are first processed by Drosha and then by Dicer to generate mature miRNAs. B (I). The pro-

duction of siRNAs from dsRNA duplexes or long hairpin structures only requires processing by Dicer. B

(II). In addition to initial siRNA biogenesis, the production of siRNA can be amplified by RdRP. The

primary siRNA (red) in complex with the AGO protein recruits RdRP. RdRP then uses the target

mRNA as a template to generate pools of secondary siRNA (green). C. The production of piRNAs in-

volves cleaving single-stranded (ss) primary transcripts by Zucchini. These leaving behind truncated

RNA fragments containing a 50 Uridine that are then trimmed into mature piRNAs by exonucleases.
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biogenesis by determining distinct cleavage sites to produce different size miRNAs

[15]. The removal of the terminal loop releases the mature miRNA for loading into

the RNA-induced silencing complex (miRISC).
2.1.2. miRNA regulates mRNA

miRNAs guide the RISC to target mRNAs based on sequence complementarity. In

animals, base-pairing is primarily between the seed region (2nd-7th nt) of the miRNA

with its targets [16]. Repression of gene expression occurs via multiple mechanisms

including translational repression by interfering with ribosome recruitment/function,

deadenylation or decapping resulting in transcript degradation, or direct cleavage at

the site of miRNA/mRNA base-pairing [17].

Cleavage of perfect complementary mRNA targets occurs between nucleotides

10e11 on the mRNA in the miRNA:mRNA duplex, leaving a 30 hydroxyl on the

50-fragment and a 50 monophosphate on the 30-fragment (Fig. 2) [18]. Without the

protection of the 50 cap or a 30 polyA tail, cleaved transcripts are rapidly destroyed.

A track of non-templated uridine (U) with various lengths can be added to the 30 end
of the 50-fragment by terminal uridylyl transferase (TUTases), which has been

demonstrated for a few miRISC-cleaved mRNAs [19]. This U-track may be

involved in general transcript decay [20]. Whether 30-oligouridylation applies to

all miRISC cleaved transcript or even all endonucleolytic cleaved transcripts is still

to be determined.
2.1.3. Catalytic centre of miRISC e the AGO protein

At the core of the miRISC, is the miRNA in complex with members of the Argonaute

family proteins [21]. The Argonaute family proteins are defined by their conserved
Fig. 2. mi/siRNAs-guided target cleavage. Mature miRNAs and siRNAs can guide AGO2 to cleave per-

fect complementary mRNA targets. Cleavage of targets occurs between the nucleotides that pair with the

10th and 11th position of the mi/siRNA. This leave a 30hydroxyl (OH) and 50monophosphate(P) at the

cleaved termini. These cleaved mRNAs the are rapidly destroyed by exonucleases.
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PAZ (Piwi-Argonaute-Zwille), MID (middle) and PIWI (P-body-induced wimpy

testes) domains. The PIWI domain contains a bacterial ribonuclease H (RNase

H)-like catalytic fold, which can provide endonucleolytic activity [22]. The Argo-

naute family can be subdivided into the AGO and PIWI clades, of which only the

former is found in association with miRNAs.

Drosophila. melanogaster has two AGO proteins (dAGO1 and dAGO2). miRNAs

derived from precursors with almost perfect complementary stems are selectively

loaded into dAGO2, which can cleave mRNA targets that base-pair with perfect

complementarity [23]. On the other hand, dAGO1, has poor catalytic activity and

primarily represses the translation of non-perfect complementary mRNA targets.

Mammals have four Ago proteins (Ago1-4), and there is no preference to which

Ago protein miRNAs are loaded onto [24]. However, only AGO2 is able to cleave

perfectly complementary mRNA targets [25]. This is in contrast to plant miRNAs,

which are primarily loaded into cleavage-competent plant AGO1. These miRNAs

are highly complementary to their mRNA targets, which result in effective and irre-

versible target cleavage (for plants miRNA review, see [26]).

The mRNA cleavage mediated by miRNAs is only occasionally observed in mam-

mals [27] and may be due to the fact that only Ago2 has catalytic activity. Very few

examples of perfect base-pairing between miRNA and targets have been identified.

The first miRNA-directed cleavage target described was Hoxb8 mRNA. The

miRNA, miR-196 is perfectly complementary to the evolutionarily conserved 30-un-
translated region (UTR) of the Hoxb8 mRNA. This full complementarity results in

direct cleavage by miR-196-associated-Ago2 and represses Hoxb8 expression [28].

The miRISC-directed cleavage has also been observed for the retrotransposon Peg11

[29]. Its anti-sense transcript (antiPeg11) contains six miRNAs with all six miRNAs

fully complementary to Peg11, and this can direct the cleavage of the Peg11 sense

transcript. However, few miRNA-mediated cleavage examples were reported until

the development of Degradome Sequencing (Degradome-seq).
2.1.4. Degradome-seq

Degradome-seq was originally developed for whole-transcriptome analysis of

miRNA-directed cleavage in plants. The technique first isolates polyA tailed

RNA. RNA linkers are then ligated to the 50 end of uncapped RNA that bear a mono-

phosphate terminus, which is characteristic of endonucleolytic cleavage. The result-

ing library consists of uncapped polyA RNA which are then analysed by high-

throughput sequencing, revealing 50 ends of uncapped mRNA fragments [30].

This method was later employed to detect miRNA-directed and/or other endonucleo-

lytic cleavages in mammalian cells [27, 31] and in C. elegans [32]. The results from

Degradome-seq suggest that miRNA-directed cleavage requires extensive comple-

mentarity between miRNA and target mRNA. Furthermore, AGO2 gene knockout
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studies confirmed that even though miRNAs are able to direct cleavage, it is not a

prevalent mechanism of miRNA-mediated regulation in animals [27].
2.1.5. AGO2 cleavage in miRNA biogenesis

Mutagenesis of the catalytic motif in AGO2 reveals that one of the most important

functions of this cleavage-competent AGO is in fact unrelated to the cleavage of

target transcripts. Two miRNAs, miR-451 and miR-486, are the major miRNAs

in the haematopoietic system and their maturation requires cleavage-competent

Ago2. Ago2 cleaves pre-miR-451 to its mature form, miR-451 [33], while miR-

486 requires the catalytic activity of Ago2 to remove its duplex passenger strand

[34]. In addition, the RNA-sequencing data from diverse tissues and haematopoietic

populations in the human and mouse, shows that Ago1-4 are co-expressed across

most tissues and cell types, with a few exceptions [34]. Within the haematopoietic

system, Ago2 expression is elevated in the megakaryocytic erythroid progenitor

and becomes the only Ago expressed in the maturing erythroblasts. Furthermore,

the miR-451/486 double knockout has a similar phenotype as the haematopoietic lin-

eages specific Ago2-catalytic-dead mutants. This demonstrates that Ago2 and the

two miRNAs are essential for erythropoiesis. Interestingly, the only other tissue

type in human and mouse where Ago2 is dominantly expressed is in skeletal muscle,

which is also the other location of miR-486 expression [34]. Thus, while the conser-

vation of the cleavage function of AGO2 in the miRNA pathway may provide for

rapid clearance of target transcripts, it may be a by-product and a requirement for

specific miRNAs biogenesis mammals.
2.1.6. miRNA mediated cleavage in cnidarian

A recent study in a non-bilaterian animal cnidarian, Nematostella vectensis, uncov-

ered that cnidarian miRNAs frequently regulate near-perfect complementarity

protein-coding mRNA targets by cleavage [35]. Cnidarian miRNAs are highly

conserved with plants miRNAs. In addition, cnidarians express the plant-specific

Dicer partner hyponastic leaves 1 (HYL1) [36]. This raises the possibility that miR-

NAs in plants and animals may have evolved from a common ancestor and shared an

ancestral miRNA-direct cleavage mechanism. However, the irreversible cleavage of

target mRNAs may be less efficient and even deleterious for essential protein-coding

genes in a more complex organism that requires a more flexible and rapid response to

stimuli.
2.2. siRNA-mediated cleavage

The ability of experimentally-introduced siRNA duplexes to inhibit the expression

of a complementary target gene was first described in C. elegans in 1998, and
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was coined RNA interference (RNAi) [37]. RNAi has since been found to be

conserved in plants and other animals [38, 39]. Experimental RNAi is effectively hi-

jacking the endogenous mi/siRNA biogenesis machinery and has since become a

powerful experimental tool to knockdown genes of interest to study loss-of-

function phenotypes [40].
2.2.1. siRNA biogenesis

The siRNA, like miRNAs, are small RNAsw21nt in length that associate with Ago

subclade proteins in the RISC. The distinguishing difference is that while miRNAs

are derived from short stem-loop precursors, siRNAs are derived from long dsRNAs

or long stem-loop structures (Fig. 1B (I)). Dicer and its dsRNA-binding cofactor,

TRBP in mammals [13], R2D2/Loquacious (Loqs) in flies [41] or RDE-4 [42] in

nematodes, directly cleaves the dsRNA into siRNAs without the need to pass

through a Drosha-dependent step. Interestingly, PACT in complex with Dicer in

mammals, facilities miRNA biogenesis but inhibits the processing of pre-siRNA

[15]. While the mature siRNA can be loaded onto any Ago protein, loading to a

cleavage-competent Ago is necessary to form a siRISC that can mediate

sequence-specific cleavage of targets [43].

In addition to the initial siRNA effector phase, plants and nematodes are able to

amplify the signal by producing secondary siRNAs via RNA-dependent RNA poly-

merases (RdRP) (Fig. 1B (II)). In C. elegans, the interaction of target mRNAs with

primary siRNAs, in complex with the Ago protein RDE-1, recruits RdRP. The RdRP

then uses the target mRNA as a template to generate pools of secondary siRNA [44,

45] that associate with other catalytically inactive Ago proteins to enhance silencing

by chromosome modification [44, 46]. Since this review is focusing on mRNA

cleavage, for endo-siRNA mediated chromosome modification in C. elegans, see re-

view [47].
2.2.2. Exogenous siRNA

An important exogenous source of long dsRNA is virus RNAs. The processing of

these dsRNAs is an important innate immune mechanism in invertebrates. Upon

viral infection, siRNAs are generated from the viral dsRNA by Dicer. These asso-

ciate with Ago proteins that can target further viral RNA for cleavage [48]. This anti-

viral RNAi response is well studied in flies [49] and worms [50], but poorly

understood in mammalian cells. In mammals, the interferon response is dominant

except in stem cells and germ cells. For cells that do not mount an interferon

response, RNAi may be a necessary system for antiviral protection [51, 52]. The

role of endonucleolytic cleavage as an antiviral response will be discussed in

more detail in section 2.6.
on.2018.e00908
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2.2.3. Endogenous siRNA

In addition to an exogenous source, siRNAs are also produced from endogenous

dsRNA sources. Endogenous siRNA (endo-siRNA) are important for the inhibition

of retrotransposons mobility and regulation of endogenous genes [53]. Until 2008,

endo-siRNAs had only been studied in C. elegans, where the majority of endo-

siRNAs were found to be secondary endo-siRNAs produced by RdRP [44, 45].

RdRPs have not be found in other animals, and thus it was thought that endo-

siRNAs may not be present in animals other than nematodes. However, in 2008,

several groups reported that the endo-siRNAs do indeed exist in the animals that

lack RdRP [54, 55, 56, 57]. RdRP-independent endo-siRNAs arise from naturally

occurring long-dsRNAs. These include bidirectional transcription of retrotranspo-

sons, sense:antisense transcript duplex that is formed between an antisense pseudo-

gene transcript and its functional founder sense transcript, and long hairpin structures

resulting from inverted repetitive sequences within a single transcript [54, 57, 58].

Following Dicer processing, mature endo-siRNAs that are complexed with Ago2

have been found to inhibit complementary targets by endonucleolytic cleavage or

at the epigenetic level by inducing heterochromatin formation [55, 59, 60].
2.2.3.1. Endo-siRNA in flies

In Drosophila, endo-siRNAs are mainly active in the somatic tissues and have been

observed in immortalised cell lines but are less active in germ cells [54]. Those endo-

siRNAs play an important role in silencing transposons and regulating protein-

coding genes.

Drosophila has two different Dicers (Dicer-1 and Dicer-2). Dicer-1 is devoted to

miRNA biogenesis, whereas Dicer-2 is specific for siRNA production [61]. Endo-

siRNA precursors are processed by Dicer-2 in complex with one of the Loqs iso-

form, Loqs-PD [62]. Another dsRNA binding protein, R2D2, associates with

Dicer-2, facilities endo-siRNA loading onto dAGO2 specifically in the cytoplasm

[63]. Without R2D2, endo-siRNAs would be misloaded onto dAGO1 [41]. Dicer-

2 and dAGO2 are essential components of the flies endo-siRNA pathway, and

loss in either leads to the accumulation of transposon transcripts [43, 61]. Even

though transposon inhibition in Drosophila’s somatic cell occurs by siRNA-

guided dAGO2 mediated target cleavage posttranscriptionally, these siRNAs can

also direct heterochromatin formation to transcriptionally silence transposable ele-

ments [60].
2.2.3.2. endo-siRNA in mammals

In mammals, endo-siRNAs have been found in oocytes [56, 57], male germ cells

[64], and embryonic stem (ES) cells [65]. In contrast to flies, only a single Dicer
on.2018.e00908

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2018.e00908
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 https://doi.org/10.1016/j.heliy

2405-8440/� 2018 Published

(http://creativecommons.org/li

Article Nowe00908
protein is present in mammals, but two isoforms have been reported [66]. One iso-

form is lacking the N-terminus (denoted as DicerO) and is only expressed in the oo-

cytes [66]. DicerO appears adapted specifically for producing endo-siRNA from long

dsRNAs and exhibits higher cleavage activity compared to the somatic isoform

(DicerS). Abolishing DicerO expression without affecting DicerS or mutating the cat-

alytic site of AGO2 in the female oocytes leads to an increased expression of endo-

siRNA targets, both mRNAs and retrotransposons [66, 67]. Therefore, similar to the

somatic cells in flies, endo-siRNAs produced by DicerO requires a cleavage-

competent AGO protein to repress target expression.

In the mouse ES cells, where the Dicero isoform is not expressed, Dicer is primarily

involved in miRNA biogenesis, but also appears to generate siRNAs from RNAs

derived from long interspersed nuclear elements (LINE) [6]. An active antisense pro-

moter is present in the 50 UTR of LINE-1 [68], resulting in a bidirectionally tran-

scribed LINE-1. This is thought to generate a dsRNA segment that can be

processed into siRNAs by Dicer. Indeed, endo-siRNAs map to the 50 UTR of LINEs

in the wild-type ES cells, while LINE-1 transcripts accumulate in Dicer deficient

cells [6, 69]. This LINE-1 transcription leads to increased LINE retrotransposition,

and Dicer-deficient ES cells are unable to exit from the pluripotency state. However,

whether it is the direct cleavage of LINE-1 transcripts by Dicer when duplexed with

the antisense 50UTR, or the production of endo-siRNAs that direct AGO2 to the

LINE-1 transcript that is responsible for the repression of LINE-1 remains to be

clarified.

In addition, endo-siRNAs derived from pseudogene:founder gene duplexes are able

to control founder gene expression [56]. For example, Watanabe et al. showed that a

cluster of endo-siRNAs in oocytes appear to map to the Au76 locus, which is the

pseudogene of Rangap1 [57]. The sequence of Rangap1 and Au76 are w90% iden-

tical and are thus expected to form long dsRNA which can be recognised and diced

by Dicer. Indeed, Dicer deficiency reduces the abundance of endo-siRNAs derived

from Au76 in oocytes, while the expression of Rangap1 is increased. Moreover,

expression of founder genes targeted by endo-siRNAs are also upregulated when

the catalytic activity of AGO2 is disrupted [67]. Thus, it is thought that inhibition

of endo-siRNA targets is in part dependent on the direct cleavage of the pseudoge-

ne:founder gene mRNA duplex by Dicer, and is reinforced by the generated endo-

siRNAs that guide AGO2 to further repress gene expression by cleavage.
2.3. Drosha mediated RNA cleavage

While Drosha is best known for its role in miRNA biogenesis in animals, accumu-

lating evidence suggests Drosha has retained some ancestral bacterial RNase III

functions, including regulating gene expression by directly cleaving target RNAs

[70, 71]. Mammalian Drosha consists of an N-terminal proline-rich (P-rich) and
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an arginine/serine-rich (R/S-rich) domains, and two RNase III domains (IIIa and

IIIb). At the C-terminal end there is a dsRNA-binding domain (dsRBD) which is

connected by a central domain (CED). The two RNase III domains dimerise intra-

molecularly to form a catalytic centre which is specialised for dsRNA cleavage [70].
2.3.1. Drosha in regulating endogenous mRNA

Early biochemical studies showed that Drosha can cleave short stem-loop structures

in addition to bona fide pri-miRNA substrates [11, 72]. Therefore, it is not surprising

to find that Drosha is able to cleave stem-loop structures within mRNAs as well.

Most pri-miRNAs contain a 50 cap as well as a 30 polyA-tail and are essentially indis-
tinguishable from mRNAs.

Drosha has been shown to recognise and cleave some mRNAs that harbour stem-loop

structure resembling canonical pri-miRNA substrates. Processing of any structure

located within exons will result in destabilisation of the mRNA. This direct Drosha-

mediated cleavage has been primarily reported in various stem/progenitor cells and

is critical for maintaining the differentiation capacity of these cells. To date, the target-

ing of four transcripts has been functionally characterised in stem cells [5, 71, 73].

The deficiency of Drosha in embryonic neural progenitor cells causes an accumula-

tion of the differentiation factor Neurogenin-2 (Ngn2), leading to a loss of stem cell

fidelity, precocious differentiation and ultimately neuronal degeneration. The 30UTR
of Ngn2 harbours multiple pre-miRNA-like stem-loops that are recognised and

cleaved by Drosha only in the neural progenitor cells [5]. Interestingly, Ngn2 cleav-

age was independent of DGCR8, the dsRNA binding cofactor of Drosha. Therefore,

Drosha may function alone, or interact with another protein/cofactor in order to

cleave Ngn2 [74]. A similar interaction between Drosha and the stem-loop contain-

ing transcript nuclear factor I/B (NFIB), occurs in adult hippocampal neural stem

cells [73]. Active adult neural stem cells normally only give rise to neurons but

not oligodendrocytes. The Expression of NFIB is required for the oligodendrogen-

esis. Cleavage of NFIB by Drosha thus promotes neurogenesis from the stem cell at

the expense of oligodendrogenesis. The direct mRNA cleavage function of Drosha is

also critical for maintaining the function of haematopoietic stem cells [4]. Specif-

ically, it is required to facilitate the development of myeloid cells in the haemato-

poietic system. In haematopoietic progenitor cells, Drosha directly cleaves the two

stem-loop containing transcripts, myosin light chain 9 (MYL9) and target of Drosha

1 (Todr1). Expression of these two transcripts independent of any effects on miRNA

biogenesis is sufficient to inhibit myelopoiesis, while knockdown of these two tran-

scripts rescues the phenotype of Drosha deficient cells.

Numerous mRNAs can be targeted by Drosha within neural and haematopoietic

stem cells. However, only one or two are critical for maintaining stem cell function.
on.2018.e00908
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In addition to MYL9 and Todr1, Johanson et al. identified many other mRNAs that

are regulated by Drosha in haematopoietic stem cells independent of miRNAs. How-

ever, ectopic expression of these mRNAs were not found to affect myelopoiesis.

Drosha has also been shown to target multiple mRNAs in mouse ES cells [27],

although the biological implication for ES cells has yet to be determined.

Almost all direct mRNA cleavage events that have been identified, appears to be

restricted to progenitor/stem cells. In fact, the analysis of non-stem cells led others

to conclude that mRNAs are only a minor target of Drosha [75]. How and why

this restriction occurs remains to be elucidated. However, this requirement for

mRNA cleavage may be due to the need of a cell to rapidly turnover certain tran-

scripts of differentiation.

While most Drosha-cleavage targets were identified in stem cells, the first identified

target, DGCR8, has actually been reported to be cleaved in many different cell type

and species [4, 76, 77]. Drosha recognises and cleaves stem-loop structures within

the 50 end of the DGCR8 mRNA, and it is postulated to serve as a mechanism to

autoregulate the Drosha-DGCR8 complex. However, the precise physiological rele-

vance of this fine-tuning of DGCR8 remains unclear. In addition to direct cleavage

of mRNAs, Drosha can also directly cleave viral RNAs. This serves as an antiviral

mechanism and will be discussed in section 2.6.
2.4. Dicer-mediated repeat-element-derived RNA cleavage

As described earlier, Dicer is an enzyme central to both miRNA and siRNA biogen-

esis [12, 78], where processing of a longer dsRNA structure by Dicer produces func-

tional small RNAs. However, Dicer also appears to have an important degradative

function. It is able to directly cleave and degrade repetitive RNAs derived from short

interspersed nuclear elements (SINE).

Geographic atrophy (GA) is a severe macular degenerative disease involving the loss

of the retinal pigmented epithelium (RPE). Dicer expression is reduced in the RPE of

humans with GA and this is associated with the accumulation of RNAs from Alu

SINEs [79]. This macular degeneration is recapitulated in mice when the Dicer1

gene is inactivated specifically within the RPE, and is accompanied by the accumu-

lation of RNAs from Alu-like B1 and B2 SINEs. Inactivation of other miRNA ma-

chinery components does not cause this phenotype, thus implying that the

accumulation of Alu RNAs is a direct result of Dicer deficiency and not miRNA defi-

ciency. The phenotype is dependent on the accumulation of repetitive RNAs in RPE

cells as ectopic expression is sufficient to recapitulate the damage caused by Dicer

deficiency. The Dicer phenotype is rescued by knockdown of these repeat-

element-derived RNAs. A later study had found that Alu RNA accumulation induces

cell death due to activation of the inflammasome [80].
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Dicer was found to detoxify these SINE RNAs by degrading them into small 25e50

nt RNAs. Whether these small RNAs have a function in their own right within the

RPE remains unclear. An unrelated study found that small RNAs derived from

SINEs may function in preimplantation embryos in a negative feedback loop [81].

Reporter transgenes incorporating SINE sequence are only silenced when Dicer is

able to process these into small RNAs. However, unlike in the RPE, SINE-

derived small RNAs in the preimplantation embryo were found to be 22nt or 27nt

in length. These correspond to the sizes of conventional siRNA and piRNAs, respec-

tively. Although it is clear that Dicer can recognize repeat-element-derived RNAs,

the outcomes may be different depending on tissue context.
2.5. piRNA-mediated cleavage

Another class of functional small RNAs are the piRNAs. Unlike miRNAs and siR-

NAs, they arew26e30 nt in length and specifically associate with the PIWI clade of

Argonaute family proteins [82, 83]. They have a major role in germ cell develop-

ment, and function to repress transposons activity to safeguard genome integrity.
2.5.1. The PIWI subclade protein

PIWI proteins are mainly expressed in the gonads of developing germ cells and the

surrounding somatic cells [84]. Like AGO clade proteins, they also have a conserved

RNase H-like fold which is required for endonucleolytic activity [85]. There are

three PIWI proteins in Drosophila, Piwi, Aubergine (Aub), and Ago3 (Note this

confusingly named PIWI clade protein is not the ortholog of mammalian AGO clade

protein AGO3). Mice also express three Piwi subclade proteins, Miwi, Miwi2, and

Mili, which are expressed at different stages during spermatogenesis [86]. Gene

knockout studies have confirmed their importance for male germ cell development,

and therefore suggests the piRNAs are also important [87, 88, 89]. However, it re-

mains unclear whether PIWI proteins only function within the piRNA pathway.
2.5.2. piRNA biogenesis and functions

The piRNA precursors are transcribed from genomic region termed piRNA clusters,

such as the flamenco (flam) and 42AB locus. These clusters harbour a large number

of truncated antisense transposons, and transcripts from these fragments are pro-

cessed into mature piRNAs that guide PIWI proteins to target sense-strand transpo-

sons [90, 91]. This is the primary biogenesis pathway by which piRNAs are

produced (Fig. 1C). In the primary pathway, mature antisense piRNAs are loaded

into the Piwi protein, which then translocates into the nucleus to silence target genes

via the induction of chromatin modifications [92].
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In flies, somatic cells only express Piwi and thus can only employ the primary

pathway to silence the target genes [90, 93, 94]. However, in germline cells, Aub

and Ago3 can amplify the signal by producing secondary piRNAs via a ping-

pong cycle (Fig. 3) [90, 93, 95, 96]. The cycle is initiated by piRNAs in complex

with Aub. These piRNAs are mainly derived from genomic loci that are transcribed

from both strands. Antisense piRNA-Aub complexes first cleave complementary tar-

gets which can be either cognate transposon coding transcripts or the sense piRNA

precursor. The cleaved target is then trimmed to generate a secondary piRNA that is

loaded onto Ago3. This Ago3-piRNA complex then cleaves an antisense target, and

trimming generates a secondary antisense piRNA that is loaded onto Aub, which can

then provoke another round of amplification [96]. By taking advantage of the endo-

nucleolytic activity of PIWI proteins, the ping-pong amplification cycle combines

piRNA biogenesis with target transcript degradation. Interestingly, Aub-piRNA

complexes can be maternally inherited in files to boost target silencing in the

offspring [97]. Therefore, piRNAs can serve as a transgenerational molecular

memory.

In mouse testis, primary piRNAs associate with Mili to produce secondary piRNAs.

However, following loading of secondary piRNAs to Miwi2, Miwi2-piRNA com-

plexes translocate into the nucleus to silence target genes by inducing DNA methyl-

ation [89, 98, 99], therefore it is hard to provoke another round of piRNA biogenesis
Fig. 3. The ping-pong amplification pathway of piRNA biogenesis in Drosophila. In the primary

pathway, primary piRNA/Piwi complexes translocate to the nucleus where they induce heterochromatin

formation of target loci. In the ping-pong cycle, primary piRNAs in complex with Aub triggers ampli-

fication. Antisense piRNAs guide Aub to sense transposon transcripts to induce cleavage. Cleaved sense

transcripts are then loaded onto Ago3 and trimmed by 30-50 exonuclease to generate secondary sense piR-
NAs. These in turn guide Ago3 to antisense piRNA precursor transcripts to generate more antisense piR-

NAs. In this way, the ping-pong cycle incorporates secondary piRNA biogenesis and posttranscriptional

transcript silencing by endonucleolytic cleavage.
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in the cytoplasm. However, some evidence suggest that this piRNA amplification

only requires the endonuclease activity of Mili, rather than the two Piwi protein

ping-pong cycle that occurs in flies [99]. Whether ping-pong cycle amplification ex-

ists in the mouse testis still needs to be determined.

In addition to silencing transposon transcripts, piRNAs appear to function like siRNAs

to target protein-coding mRNAs for direct endonucleolytic cleavage. Deep sequencing

analysis of Miwi cleavage-deficient mutant mice identified w200 potential piRNA

target sites within mRNA transcript in mouse testes [7]. Indeed, mutation of putative

target sites prevents cleavage in reporter assays, while ectopic expression of piRNA-

targets impairs spermatogenesis. This suggests that the catalytic activity of Miwi is

required to repress piRNA-targeted mRNA cleavage during spermatogenesis.
2.6. Endonucleolytic cleavage during virus infection

2.6.1. Regulation of transcripts through cleavage

Mammals have also utilised the endonucleolytic cleavage pathway as a way of pro-

tecting oneself from virus infection. Infection in animals induces a range of immune

responses in order to clear the pathogen. The initial response can be triggered by

various virus-derived molecules or pathogen-associated molecular patterns

(PAMPs). This recognition occurs via pattern recognition receptors (PRRs),

including membrane-bound toll-like receptors or intracellular surveillance proteins

RIG-I and MDA5. Important viral PAMPs include ss/dsRNA, RNA with a 50

triphosphate, and RNA lacking a 20 O-methyl-containing cap [100]. The activation

of PRRs leads to the production interferons (IFN, and other cytokines), and in turn,

IFN-stimulated gene products that include enzymes with endonucleolytic activity,

such as RNase L and Regnase-1 [101,102].

RNase L, also known as oligoadenylate synthetase (OAS)-dependent ribonuclease,

is a potent antiviral RNase that has been shown to suppress the replication of a va-

riety of viruses [103]. Expression of OAS pathway components are up-regulated in

response to interferons. Upon recognition of viral dsRNAs, OAS proteins synthesize

20-50-linked oligoadenylates, which then function as a second messenger to activate

RNase L. Active RNase L can then cleave both viral and host ssRNAs predomi-

nately at UA and UU dinucleotides [9, 104], although other sequences such as

AU, AA and UG can also be cleaved but with less efficiency [105].

Another RNase that has shown antiviral activity is Regnase-1. It has also been shown

to play an important role in regulating the inflammatory response by controlling the

stability of transcripts that encode for the cytokines IL-6 and IL-2, transcription factor

IkBz, and the IL-17 receptor A and C [106, 107], via cleavage. This cleavage is pri-

marily mediated through the recognition of stem-loop structures containing a

pyrimidine-purine-pyrimidine sequence (UAU or UGU) [108]. This cleavage activity
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also acts on RNAs expressed from a broad range of viral genomes, including RNA

viruses; Japanese encephalitis virus, human immunodeficiency virus (HIV), and Hep-

atitis C virus and the DNA virus; dengue virus [8, 109, 110]. Cleavage of viral RNAs

thus acts to inhibit expression of viral components.

We have described the endonucleolytic cleavage mechanism of Drosha which are

critical in miRNA biogenesis, and in regulation of gene expression by targeting

mRNAs in stem cells. However, it also has a role in antiviral defence, but indepen-

dent of interferon response that activates Regnase-1 and RNase L. Drosha which

normally localises to the nucleus, can translocate to the cytoplasm to target viral

RNAs in response to viral infection [111]. Recognition of viral RNAs appears to

be via stem-loop structures similar to miRNA precursors and has been shown to

occur during Vesicular stomatitis virus and Sindbis virus infection [112]. The cleav-

age of the viral RNA inhibits the production of viral proteins and prevents virus

replication.

In addition to regulating viral RNA post-transcriptionally, Wagschal et al. showed

that Drosha and DGCR8 is able to control viral gene expression at a transcriptional

level in a cleavage-dependent manner at the HIV-1 promoter [113]. The study found

that the microprocessor is recruited to the stable stem-loop at the start of HIV-1 RNA

genome. In cooperation with termination factors, the microprocessor induces RNA

polymerase II (pol II) pausing and premature termination. In addition, 30-50 exoribo-
nuclease Rrp6 is also recruited after Drosha cleaves the stem-loop. Rrp6 generates

small RNAs that repress transcription presumably by hybrid formation with the pro-

moter sequence and chromatin remodelling at the HIV-1 promoter. Interestingly, a

follow up ChIP-sequencing analysis in HeLa cells reveals that Drosha bound pref-

erentially to human endogenous retrovirus (HERV) families. Knockdown of Drosha

results in enhanced recruitment of RNA pol II to HERV locus and an increase in

nascent transcription of HERV. The authors suggest that the microprocessor-

mediated transcriptional repression by RNA pol II may be an ancient mechanism

of regulation controlling the replication of endogenous retroviruses. While the cleav-

age activity is an obvious antiviral mechanism, Drosha can also function as a clamp

when bound to positive-stranded RNA viral transcripts. This blocks the ability of

RdRP to interact with the RNA and to initiate reverse transcription, thus preventing

the replication of the viral genome [111].

While cellular miRNAs work to fight off infection, viruses on the other hand work to

take over the cell. It has also been shown that viruses also encode for miRNAs which

serve to further infection. These virus derived miRNAs get processed by the host

miRNA biogenesis pathway [113, 114], In addition to cleaving mRNAs, pre-

miRNA intermediates are also recognised by Regnase-1. This was found during
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Kaposi sarcoma-associated herpesvirus infection. The genome of this virus encodes

12 pre-miRNAs, which are processed by the host miRNA pathway. These mature

viral miRNAs then target a variety of host genes as a mechanism of immune evasion

and are also involved in maintaining virus latency [115, 116]. Regnase-1 which can

target and cleave these viral pre-miRNAs leading to degradation is involved in an

antiviral defence [117].
2.6.2. Circumvention of the host cleavage activity

While a host cell can activate a range of mechanisms to prevent and eliminate viral

infections, viruses have concurrently evolved strategies to circumvent these host de-

fences. These also include RNA endonucleolytic mechanisms. A number of viruses

of the arena-, bunya- and orthomyxo-families encode proteins that can cleave off the

50 cap, along with a few nucleotides of host pre-mRNAs [118, 119]. While cleaved

host mRNAs are degraded, the cleaved 50 caps can also function as primers for viral

RdRP to initiate transcription of the viral genome [120]. This “cap-snatching” thus

allows viral transcripts to be preferentially transcribed over host proteins.

A range of other viruses encoded proteins that can also cleave host mRNAs. For

example, the gamma herpesviruses SOX protein can recognise and cleave regions

within the RNA that contain loops and bulges [121]. Cleavage sites are localised

to sequences with a string of adenines, which tends to induce these bulges. The

SARS-Coronavirus Nsp1 protein can also suppress host gene expression via a cleav-

age mechanism. Cleavage is mainly within 50UTRs, but with no obvious preference

for a specific sequences [122]. Nsp1 appears to access 50UTRs by first binding to the
host’s 40S ribosome [123]. The herpes simplex virus Vhs protein also exhibits this

ability to cleave the 50 UTR of host mRNAs. In this case, access to the mRNAs oc-

curs by first binding to translation initiation factors [124, 125]. The mechanism by

which Vhs recognises cleavage sites has not been fully elucidated. It may be trans-

ported into place as the ribosome/initiation factor complex scans the transcript for an

optimal Kozak sequence. It is also possible that as the initiation complex scans the

transcript, it induces structural changes which sensitises it to cleavage by Vhs. Thus,

viruses and host cells have coevolved a wide range of competing mechanisms that

employ endonucleolytic RNA cleavage against one another.

It is clear that there is a complex relationship between the host and the pathogen.

They are locked in an arms race with the host needing to evolve defences to prevent

infection by pathogens. While the pathogen needing to evolve countermeasures to

combat these defences for a successful infection. This is demonstrated with the en-

donucleolytic activity utilised by both the host and viruses for their own benefit

(Fig. 4).
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3. Conclusions

The endonucleolytic cleavage of target mRNAs is a rapid but irreversible way to

regulate gene expression. In animals, many of these pathways are devoted toward

clearing deleterious RNAs such retrotransposons and viral RNAs. However, it is

clear that endonucleolytic cleavage of the protein-coding mRNAs is also important

and critical for stem cells and germ cell development. It is likely this is only the tip of

the iceberg of RNA endonucleolytic events in cells, and further study is warranted to

understand these important mechanisms.
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