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Abstract

Eril is an evolutionarily conserved 3’-5" exoribonuclease that participates in 5.8S rRNA 3’ end
processing and turnover of replication-dependent histone mRNAs. Over the course of evolution,
Eril has also been recruited into a variety of conserved and species-specific regulatory small RNA
pathways that include endogenous small interfering RNAs and microRNAs. Recent advances in
Eril biology illustrate the importance of RNA metabolism in epigenetic gene regulation and
illuminate common principles and players in RNA biogenesis and turnover. In this review, we
highlight Eril as a member of a growing class of ribosome- and histone mRNA-associated
proteins that have been recruited into divergent RNA metabolic pathways. We summarize recent
advances in the understanding of Eril function in these pathways and discuss how Eril impacts
gene expression and physiology in a variety of eukaryotic species. This emerging view highlights
the possibility for crosstalk and coregulation of diverse cellular processes regulated by RNA.

Keywords
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Eril Structure and Substrate Specificity

RNA has long been understood to impact epigenetic gene regulation. Thus RNAses and
other RNA metabolizing enzymes provide an additional layer of regulatory control. Eril

© 2014 Elsevier Ltd. All rights reserved.

Corresponding Author: K. Mark Ansel, Ph.D., University of California San Francisco, Department of Microbiology & Immunology,
513 Parnassus Avenue, Box 0414, San Francisco, CA 94143-0414, Phone: 1 415 476 5368, Fax: 1 415 502 4995,
mark.ansel@ucsf.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Thomas et al.

Page 2

(also known as Thex1) is a 3-5’ exoribonuclease of the DEDDh family that includes
poly(A) ribonuclease, RNase T, and the & proofreading subunit of Escherichia coli DNA
polymerase 111 (€186) [1]. Eril impacts gene expression in multiple organisms by
participating in small regulatory RNA pathways. In Caenorhabditis elegans, ERI-1 forms a
complex with Dicer that generates specific classes of endogenous small interfering RNAs
(siRNAs), whereas Schizosaccharomyces pombe Eril regulates the turnover of chromatin-
associated siRNAs. In the mouse, Eril negatively regulates global microRNA abundance. In
addition to these small RNA targets, Eril has conserved roles in 3’ end trimming of the 5.8s
rRNA and turnover of replication-dependent histone mRNAs. Though quite diverse, these
substrates share a common structural motif: an RNA duplex bearing unpaired 3’ nucleotides
that are subject to exonucleolytic activity.

Like other DEDD exonucleases, Eril has a conserved catalytic core consisting of four acidic
amino acid residues, DEDD, that span across three conserved sequence motifs and
coordinate Mg2* cations (Fig. 1a). The DEDDh subfamily has a unique motif 111 variant, H-
x(4)-D, named exo Illg after €186 [2]. This conserved histidine deprotonates Mg2*-
coordinated water, thereby converting it into a nucleophile that cleaves terminal
oligoribonucleotide phosphodiester bonds [3]. The enzymatic pocket accommodates only
one to two nucleotides, which explains why double stranded RNA (dsRNA) is a poor Eril
substrate, while 3 single stranded RNA (ssRNA) overhangs are efficiently cleaved [4,5].

One feature of Eril that distinguishes it from other DEDDh family members is a conserved
SAP (SAF-box, Acinus and PIAS) domain (Fig. 1b—c), which binds double-stranded nucleic
acids via conserved amphipathic helices [6]. Eukaryotic SAP domains anchor nucleic acids
at protein C or N termini, which are then brought in close proximity to other RNA binding
or metabolizing domains [7]. As expected, Eril SAP mutants less efficiently process 5.8s
rRNA and histone mRNAs [4,8,9]. It is unclear if the SAP domain primarily anchors Eril to
RNA or if it additionally recruits proteins to RNA-dependent complexes that modify
substrate processing. A recent crystal structure shows that Eril SAP binding induces a
conformational change in the histone mRNA 3’ stem-loop [10]. This may explain why Eril
and Stem Loop Binding Protein (SLBP) bind cooperatively to opposite sides of the 3’
histone stem-loop [4,8]. Alternatively, the SAP domain may prevent helicase or nuclease
unwinding and degradation of RNA.

As a broadly expressed exoribonuclease, Eril affects both transcriptional gene regulation,
through targeting non-coding RNAs involved in heterochromatin formation, and post-
transcriptional gene regulation, by targeting regulatory small RNAs or by degrading mRNA
transcripts directly. This review summarizes recent advances in Eril substrate identification
and explores how Eril exemplifies a broader class of RNA modifying enzymes recruited
into diverse regulatory small RNA pathways.

Eril Regulation of Small RNAs

RNA interference (RNAI) was initially described in C. elegans as sequence-dependent
silencing of endogenous MRNAs by exogenous dsRNA [11-13]. This requires generation of
small ~22 nt RNA species that silence either translation or transcription based on binding to
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specific Argonaute complexes [14]. In the cytoplasmic RNA-induced silencing complex
(RISC), Argonaute uses one small RNA strand to guide degradation or translational
repression of cognate mRNAs. In the nucleus of S. pombe and C. elegans, small RNAs
guide silencing complexes to genomic regions. In metazoan somatic cells, the regulatory
small RNA repertoire is dominated by short interfering RNAs (siRNAs) and microRNAs
(miRNAs), which silence targets by similar mechanisms but differ in their precursors,
duplex mismatch frequency, and Argonaute specificity. sSiRNAs are generated from long
dsRNA precursors by Dicer cleavage. miRNAs originate from long hairpin-containing
primary transcripts that undergo successive cleavage by the Microprocessor complex
(comprised of DGCR8 and the RNase Il enzyme Drosha) and Dicer. Arabidopsis and C.
elegans have abundant miRNA and siRNA species. In contrast, miRNAs dominate the small
RNA repertoire in most mammalian cells with the exception of germ cells, which
additionally contain siRNAs and piRNAs [15,16].

Small RNA-induced silencing efficiency is tuned by numerous mechanisms, including small
RNA amplification and degradation. C. elegans eri-1 was discovered in a screen for mutants
demonstrating an enhanced RNAI (i.e. “ERI”) phenotype in neurons, which are partially
refractory to RNAI [5]. In physiologic conditions Eril degrades 3’ overhangs from RNA
duplexes but has little activity towards RNA with blunted ends.

C. elegans ERI-1 is a potent modulator of exogenous and endogenous RNAI pathways that
converge on Dicer [17,18]. Proteomic analysis of Dicer-associated proteins identified a
complex of four binding partners previously shown to display “ERI” phenotypes [19]. This
complex contained ERI-1, the RNA-dependent RNA polymerase RRF-3, the novel protein
ERI-3, and the Tudor domain-containing protein ERI-5. eri-1, dicerl, rrf-3, and eri-3
mutants fail to generate selective classes of endogenous siRNAs (endo-siRNAS), leading to
a corresponding increase in mMRNA targets. eri-1 and rrf-3 mutant animals specifically fail to
accumulate 26G endo-siRNAs that regulate spermatogenesis and zygotic development and
give rise to 22G RNAs [20,21]. eri-1 and rrf-3 mutants up-regulate transcripts
complementary to siRNAs [18]. Unexpectedly, only ten genes were up-regulated in both
eri-1 and rrf-3 mutants, suggesting function in both overlapping and distinct endogenous
RNAI pathways. ERI-1 was subsequently found to associate with dsSRNA binding factor
RDE-4, the microRNA-binding Argonaute proteins ALG-1 and 2, ERI-9, and the RNA
phosphatase PIR-1 [17,22,23].

ERI-1 is a selective RNase that promotes the biogenesis of some endo-siRNAs while
inhibiting the abundance of others, including exogenous siRNAs. The “ERI” phenotype
observed in eri-1 mutants may reflect RNAi pathway competition. In this model, the
absence of ERI-1-dependent Dicer recruitment into endogenous RNAI pathways enhances
exogenous RNAI. The opposite is also true. Wild-type animals fed exogenous siRNAs
showed reduced abundance of at least one endo-siRNA [17]. In an alternative model for the
ERI phenotype, exogenous and endogenous siRNAs may compete for limiting RISC
proteins, such as Argonautes.

Both human [24] and mouse [25] cells with reduced Eril also display an ERI phenotype.
Although competition for limiting Dicer protein may explain the phenotype in C. elegans
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eri-1 mutants, mammals likely have a distinct mechanism. Even though the ERI-1a splice
variant is deeply conserved, only ERI-1b, a unique C. elegans variant, binds Dicer. ERI-1b
contains a 400 nt C-terminal extension with no conserved domains (Fig. 1b), and its ectopic
expression is sufficient to rescue the ERI phenotype in eri-1 mutants [5]. In contrast, ectopic
ERI-1a expression cannot rescue ERI phenotypes [26]. Another reason the C. elegans Dicer
competition model may not broadly apply is that the endo-siRNAs affected by the absence
of Eril, like 26G endo-siRNAs, lack mammalian homologs. To date no endo-siRNAs have
been identified in somatic mammalian cells; however, Dicer competition between small
RNA pathways may occur in oocytes, which express endo-siRNAs. Although the role of
ERI-1b in C. elegans endo-siRNA biogenesis is poorly understood, it appears to anchor
Dicer to mRNAs (Fig. 2a) [17]. These mMRNAs may become substrates for RRF-3, which
has been proposed to generate long dsRNAs processed by Dicer [17]; however, evidence for
this specific model is currently lacking. Importantly, ERI-1 is found in complexes that do
not include Dicer but do include the microRNA Argonautes ALG-1/2 [22]. These
interactions hint at the existence of Dicer-independent small RNA pathways regulated by
ERI-1.

A better understanding of the small RNA profile of Eril-deficient mammalian cells was
recently obtained by sequencing small RNA libraries from Eri1~/~ and wild-type mouse
lymphocytes. Although eri-1 mutant C. elegans show at least a five-fold decrease in specific
endo-siRNAs [27], no such Eril-dependent small RNAs were identified in mouse [28].
However, there was a two-fold increase in all miRNAs (Fig. 2b) [29]. This observation is
consistent with the previous finding that eri-1 mutant C. elegans express increased levels of
pre-and mature miR-238 [18]. It is unclear if this finding extends to other miRNA species as
only miR-238 was assayed. However, given recent findings in mice, it is likely that C.
elegans ERI-1 impacts the abundance of multiple or possibly all miRNA species. Compared
to C. elegans eri-1 mutants, loss of Eril in the mouse does not affect accumulation of any
other abundant small RNA populations aside from miRNASs. Thus, Eril competition for
Dicer activity may explain why eri-1-deficient C. elegans species have decreased levels of
some endo-siRNAs and increased levels of at least one miRNA species; however, a Dicer
competition model is unlikely to explain the observed increase in miRNAS seen in Eril-
deficient mice. One exception would be if mouse Eril sequestered Dicer activity to promote
the biogenesis of larger RNA species not detected by small RNA sequencing.

Biochemical studies show that Eril cleaves 3’ overhangs from dsRNA, but it is unclear how
this activity reduces miRNA abundance. Eril may degrade precursor or mature miRNAS,
similar to the small RNA exonucleases SDN1 in Arabidopsis and XRN-2 in C. elegans
[30,31]. In this scenario, Eril would have to function in tandem with a helicase that exposes
single strands from dsRNA. Alternatively, Eril may cleave 3’ overhangs from pre-miRNAs
or miRNAs, thereby preventing their export into the cytosol [32,33] or loading onto RISC,
respectively [34-36]. Eril trimming might instead prime miRNA duplexes for uridylation
by a terminal uridylyl transferase (TUTase) such as Zcchcll, which was recently shown to
uridylate miRNAs and their precursors [37-40]. Interestingly, Zcchcl1 also uridylates and
destabilizes histone mMRNA, which is another Eril substrate [41].
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In contrast to metazoan Eril, which enhances post-transcriptional gene silencing by
inhibiting siRNAs and miRNAs, S. pombe Eril negatively regulates small RNAs that
promote transcriptional and cotranscriptional gene silencing (Fig. 2¢). This observation
complements the finding that RNAI in S. pombe acts primarily to silence heterochromatin-
bound RNAs and read through antisense transcripts [42]. In S. pombe, heterochromatin is
formed predominantly at centromeres and telomeres. These contain numerous repetitive
sequences whose transcripts are processed by Dicer into siRNAs that target the RNA-
induced initiation of transcriptional gene silencing (RITS) complex to the genomic repeats
from which they originate. The RITS complex mediates nascent transcript degradation
followed by recruitment of histone methyltransferases and chromo-domain proteins that
nucleate and maintain heterochromatin formation [43,44]. Eril deficiency leads to
accumulation of centromeric siRNAs and a concomitant increase in H3-K9 methylation and
heterochromatic silencing [45,46]. Eril likely degrades siRNA duplexes directly, as
demonstrated by in vitro assays [45]. Note that this activity is distinctly different from
metazoan Eril, which is strongly inhibited by dsRNA [4,5,8,9].

S. pombe Eril is crucial for limiting the extent and heritability of transcriptional gene
silencing. A fundamental difference between RNAi-mediated post-transcriptional gene
silencing in C. elegans versus RNAi-induced chromatin silencing in S. pombe is that the
former functions in trans whereas the later acts strictly in cis. Artificial tethering of RITS to
nascent ura4 transcripts produces ura4™ siRNAs that fail to silence trans alleles of ura4
[46]. In the absence of Eril, however, trans alleles readily undergo RNAi-induced silencing.
Thus S. pombe Eril functions to spatially restrict RNAi-mediated heterochromatin formation
in cis.

Eril has a broadly conserved role in regulating small RNA abundance despite the
divergence of small regulatory RNA populations in different organisms and cell types. The
diverse RNA populations altered in the absence of Eril differ in their biogenesis and
Argonaute association, however, in their mature form, all share a characteristic two
nucleotide 3’ overhang. One unifying molecular mechanism for this broad range of activity
is that Eril simply trims overhanging nucleotides from the 3’ end of small RNA duplexes
and in doing so prevents recognition by Argonaute and/or Dicer PAZ domains. As a result,
Eril-targeted small RNAs are not processed and loaded onto the RISC complex efficiently
and so are subject to exonucleolytic activity and faster rates of turnover. Natural variations
on this common theme may result from diverse species-specific and cell type-specific RNA
decay pathways and the observation that Eril exists in multiple different complexes. For
example, the C. elegans-specific ERI-1b isoform forms a complex with Dicer to generate
specific endo-siRNA populations [17] while both C. elegans isoforms inhibit exogenous
RNAI, likely by a conserved mechanism. In contrast, mammalian Eril exists in a larger
protein complex that mediates oligouridylation-dependent histone mRNA decay (see Eril
regulation of histone mRNA section below). This observation raises the possibility that Eril
additionally regulates the degradation of specific small RNAs and their precursors bearing a
oligouridine tag.

It is unclear if Eril constitutively represses regulatory small RNAs in most cell types or if
there are physiologic conditions where it is up- or down-regulated to tune sensitivity to
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RNAi-mediated silencing. Interestingly, Eril is up-regulated in response to high doses of
exogenous siRNAs [25,47], suggesting that it may buffer different RNAi pathways.

Eril Regulation of Ribosomal RNA

The most conserved RNA target of Eril is the 5.8S ribosomal RNA (rRNA) (Fig. 2d).
Although most ribosome processing happens in the nucleolus, Eril-mediated 5.8S rRNA
trimming is likely cytoplasmic [5,8,9,26,45]. The 5.8S rRNA 3’ end forms a duplex
reminiscent of pre-miRNAs by base pairing with the 5’ end of the 28S rRNA, which leaves a
3’ ssRNA overhang processed by Eril into a duplex with 1-2 nt 3’ overhang. dsRNA, which
inhibits Eril enzymatic activity, prevents overprocessing of the duplex. The ability of Eril
to process rRNA requires exonuclease activity and is deeply conserved from fission yeast to
mammals [9,26]. In C. elegans eri-1 mutants, ectopic expression of ERI-1a or ERI-1b is
sufficient to rescue 5.8s rRNA length defects. Thus both isoforms mediate rRNA processing
while having divergent roles in RNAI [26]. Although the function of 5.8S rRNA 3’ trimming
is poorly understood, it is likely important because it is conserved even in S. cerevisiae,
where eri-1 has been lost but an unrelated endonuclease, Ngl2, performs the same function
[48].

One hypothesis is that Eril may bind intact, cytoplasmic ribosomes as a way of localizing its
other functions, such as inhibition of RNAI, to the basal translation machinery. Interestingly,
Eril is just one of several rRNA processing proteins recruited into regulatory small RNA
pathways (Box 1, Table 1). Alternatively, Eril’s function in ribosome maturation and
miRNA turnover may be purely coincidental as 3’ end trimming is a relatively common
post-transcriptional modification required for the biogenesis of many unrelated noncoding
RNAs. To date, a connection between Eril-dependent rRNA processing and altered
epigenetic gene regulation remains purely speculative. The loss of Eril, as a ribosomal
protein, may compromise global translation rates by altering ribosome folding and/or
recruitment of ribosome-associated proteins. Alternatively, Eril deficiency may lead to
transcript-specific defects in translation, such as those observed in Rpl38-deficient mice
[49]. Interestingly, Eril remains attached to actively translating polysomes even after 5.8S
trimming [9]. Some evidence suggests that miRNAs may function by redistributing targeted
mRNAs from polysomes to more slowly-sedimenting ribosomal particles not actively
involved in translation [50]. Although the mechanism of Eril miRNA regulation is not fully
understood, it is intriguing to speculate that it may inhibit miRNA-mRNA target interactions
on polysomes. Ribosome profiling, which uses high-throughput sequencing to identify
ribosome positions on mRNAs, may provide mechanistic insights into the effects of Eril on
translation.

Box 1

Evolutionary recruitment of rRNA processing proteins into small regulatory
RNA pathways

Eril makes up a class of core rRNA processing enzymes recruited into regulatory small
RNA pathways. The large Microprocessor complex containing p68 and p72 (two ATP-
dependent DEAD-box RNA helicases) processes pre-miRNAs from pri-miRNAs and
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participates in pre-rRNA processing [70,71]. p68 or p72 mutations lead to reductions in
5.8S rRNA and selective miRNAs. DGCRS8, another microprocessor subunit, may
indirectly influence rRNA maturation by mediating cleavage of snoRNAs [72], which are
small RNAs that guide chemical modification of rRNA, snRNA, and tRNA. In the
absence of DGCRS there is marked accumulation of mature snoRNAs, though the
functional consequence on ribosome maturation is unknown. Depletion of Dicer or Ago2
leads to the accumulation of 5.8S precursor rRNAS, although this mechanism is poorly
understood [73]. Interestingly, a direct role for Dicer outside of pre-miRNA processing
has been observed in Candida albicans, where CaDCR1 mutants displayed defects in
pre-rRNA spacer cleavage and U4 snRNA 3’ end processing [74].

Some rRNA-associated enzymes participate in the biogenesis of non-canonical small
RNAs. For example, Rrp6, an exosome subunit and 3/-5’ exonuclease, functions in 3
end maturation of both the 5.8s rRNA (at a stage preceding Eril function [75]) and tailed
mirtrons, which are a subset of miRNAs spliced from introns. Mirtrons bypass Drosha
cleavage by relying on the spliceosome to generate precursor ends. After splicing and
debranching, Rrp6 is necessary and sufficient for 3’ tail removal from pre-miRNA-like
hairpins [76]. Further work is required to determine if this Rrp6 activity exists
independently of exosome function. There is also precedent for viral co-optation of host
RNA processing enzymes for the biogenesis of novel small RNAs, such as miRNAS
encoded by the murine gamma-herpesvirus 68. These miRNAs are transcribed by Pollll
near viral tRNA-like sequences so that resultant pri-miRNAs bear a 5’ tRNA moiety and
are not processed by Drosha but rather the host tRNA endonuclease tRNaseZ [77].

Like Eril, many of these proteins have been recruited into additional RNA processing
pathways independent of their roles in rRNA or small RNA biogenesis. For example, in
addition to binding pri-miRNAs and snoRNAs, DGCR8 localizes with long non-coding
RNAs and several hundred mRNAs [72,78-80]. DGCR8 cooperates with Drosha to
destabilize many of these transcripts, including the DGCR8 mRNA itself. In contrast,
DGCRS8 affects snoRNAs independently of Drosha. These findings are consistent with
the notion that deeply conserved RNA processing proteins exist in different
macromolecular complexes that spatially and temporally compartmentalize diverse RNA
processing functions. In some cases, however, the dual recruitment of enzymes into
rRNA and small regulatory RNA processing pathways may spatially couple RNAi
activity with target transcripts loaded onto basal translation machinery. The functional
significance of this coupling remains unclear for many of these enzymes and may be
purely coincidental.

Eril Regulation of Histone mRNA

Mammalian Eril was first described as 3’ histone mMRNA exonuclease (3’hExo) because of
its ability to degrade replication-dependent histone mRNAs. The abundance of these
mRNAs is tightly linked to DNA replication so that large numbers of histones are produced
in S-phase to accommodate DNA packaging into nucleosomes. Histone mRNA abundance
then falls rapidly in G2. Failure to coordinate histone gene expression with cell cycle
progression results in genomic instability and cell cycle arrest [51]. This coordination relies
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on a unique cis-regulatory stem-loop in the histone 3’'UTR, which is the only non-adenylated
eukaryotic ¥UTR [52]. Histone mMRNA 3’ ends are first formed by U7 snRNP-mediated
endonucleolytic cleavage of a precursor mRNA [53]. Cleavage generates a 3’ conserved
stem-loop flanked by a 4-5 nt ssSRNA overhang. This stem-loop marks the mRNA for rapid
degradation at the end of S-phase. SLBP is a key protein recruited to the histone 3’ UTR,
where it stabilizes and promotes the translation of histone mRNA. At the end of S-phase,
SLBP is degraded by the proteasome, permitting rapid degradation of histone mMRNASs [54].

The complex responsible for rapid degradation was hypothesized to contain a 3'-5/
ribosome-associated exoribonuclease with Mg2*-dependent activity [55]. Interestingly, early
studies showed that the location of the stem-loop relative to the stop codon is important for
rapid mRNA turnover because efficient degradation is lost if the stop codon is more than
45-80 nt away [56,57]. This observation suggested that stem-loop decay may require a
terminating ribosome in close proximity, which would explain why translation is required
for rapid histone mRNA degradation [56]. Eril was identified as a likely candidate for the
3’-5" exonuclease based on in vivo binding to histone stem-loops and in vitro substrate
specificity [4].

Subsequent studies revealed that Eril and SLBP cooperatively bind the 3’ and 5’ stem-loop
arms, respectively, and that Eril binding requires a 3’ unpaired ACCCA consensus sequence
[4,8]. A recent crystal structure of the full ternary complex shows no direct contacts between
SLBP and Eril [10]. Except for two conserved uridine nucleotides in the loop that mediate
binding specificity, SLBP and Eril primarily recognize the stem-loop shape. Binding of one
protein likely leads to a structural change in the loop that promotes cooperative binding of
the other. The crystal structure reveals that Eril can trim ssRNA only long enough to reach
the enzymatic active site [10]. These structural constraints are consistent with prior findings
that Eril removes only three of the five single-stranded nucleotides from the stem-loop 3’
end [4]. After three terminal nucleotides are trimmed, the 3’ overhang is too short to reach
the enzymatic active site. Thus the ternary complex limits the extent of Eril trimming.

Recent work in Eril-deficient mouse cells revealed that Eril was critically important for the
rapid degradation of oligouridylated histone mMRNAs at the end of S-phase [58]. In the
absence of Eril, there was marked accumulation of oligouridylated histone MRNASs in
hydroxyurea-treated cells. Small concentrations of Eril are sufficient for this function as 80—
90% knockdown of Eril had no discernable effect on histone mRNA stability [59]. In Eril-
deficient cells, histone mMRNA abundance still declined over two-fold at the end of S-phase,
suggesting a partially compensatory, Eril-independent turnover mechanism. Eril trims two
nucleotides from the histone mMRNA 3’ end prior to degradation at the end of S-phase (Fig.
2e), similar to its role in 5.8S maturation [58]. Although the function of this trimming is not
fully understood, these findings are consistent with prior observations that mature histone
mRNA 3’ ends are two nucleotides shorter than histone pre-mRNAs [59].

Mammalian Eril may exist in a larger complex that triggers histone mRNA degradation.
Mouse Eril shows RNA-independent co-immunoprecipitation with Lsm1 and Lsm4 [58],
which comprise the heptameric Lsm1-7 complex that preferentially binds oligo-U tails [60].
Eril additionally associates with the RNA helicase Upfl in an RNA-dependent manner.
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Like Eril, both Lsm1 and Upf1 are critical for the efficient decay of oligouridylated histone
mRNAs at the end of S-phase [41,59]. In contrast, human 3’hExo co-immunoprecipitates
with Lsm6 and Lsm4, which additionally binds SLBP [61].

These data offer the following model for Eril participation in histone mRNA decay (Fig.
2e): first, Eril is deposited on the 3’ stem-loop, where it trims two unpaired nucleotides. At
the end of S-phase, SLBP is degraded by the proteasome, and a terminal uridylyl transferase
(TUTase), most likely Zcchell [41], oligouridylates the 3" end. A combination of the
uridine tag and direct interactions between Eril and SLBP with Lsm subunits leads to
recruitment of the Lsm1-7 complex, which initiates mMRNA decapping and destabilization.
Decapping notably requires Eril function or occurs on a minority of mRNA transcripts
[58,59]. The Lsm1-7 complex and Eril bind to the oligouridylated tail, where Eril degrades
the histone mRNA through the stem-loop in a step-wise manner that likely requires the
helicase Upfl to expose ssSRNA. 3'-5’ exosome-mediated decay may contribute to clearance
of histone MRNAs lacking intact stem-loops [59]. Interestingly, Eril is just one member of a
growing family of enzymes that regulates both histone mMRNAs (Box 2, Table 1) or poly(A)
transcripts (Box 3, Table 1) and plays a role in the turnover of small regulatory RNAs.

Box 2

Evolutionary recruitment of histone mRNA processing proteins into small
regulatory RNA pathways

Eril joins a larger group of histone mRNA modifying proteins that influence small
regulatory RNA pathways. Ars2 is a component of the nuclear cap-binding complex that
promotes pri-miRNA processing and histone pre-mRNA 3’ end formation [81-85]. Ars2
mediates normal cell proliferation and efficient production of let-7, miR-21, and
miR-155, which participate in cellular transformation [85]. Ars2 deficient cells show
reductions in these miRNAs and an accumulation of histone mRNAs with
inappropriately polyadenylated 3’ ends [83]. During cell proliferation, the co-
transcriptional recruitment of Ars2 to pre-RNAs may bridge transcription and pre-mRNA
processing. As an additional example, Rrp6, an exonuclease that processes tailed
mirtrons and rRNA (see rRNA section above) is part of the exosome complex that
mediates efficient 3’5" decay of histone mMRNAs [86,87]. It is unknown if Rrp6 has
constitutive activity towards these diverse substrates or if its activity is coordinated in a
cell-cycle-dependent manner.

Pre-miRNAs and the 3’ ends of histone mMRNASs share in common a stem-loop structure
and a 3’ overhang that are important for maturation and turnover. Exciting new work
shows that the decay of several different classes of RNASs is associated with untemplated
3’ addition of one or more uridine nucleotides. These RNAs include replication-
dependent histone mRNAs [59], fission yeast MRNA [88], U6 snRNA [89], miRNAs,
and pre-miRNAs [38,39,90]. Three new studies support a widespread role for this decay
mechanism in eukaryotic RNA turnover and identify Dis3L2 as the major 3'-5
exonuclease that mediates oligouridylated RNA degradation. One study identified
Dis3L2 as the exonuclease that degrades uridylated pre-let-7 and in doing so maintains
pluripotency of stem cells by mediating lin28-induced inhibition of let-7 [91]. The
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remaining two studies identified a role for Dis3L2-mediated decay of widespread
uridylated S. pombe [92] and human [93] mRNA transcripts, respectively. Interestingly,
Zcchcell, a TUTase that targets histone 3’ ends, has also been shown to uridylate pre-
let-7, miR-122, and miR-26a [37-40,94].

Although Eril can trim 3’ oligouridylated histone mRNAs [58], it is unclear to what
extent it directly targets other classes of oligouridylated RNAs. High-throughput
sequencing techniques like HITS-CLIP will offer powerful methods for empirically
identifying the breadth of Eril targets. Although the function of uridylation-mediated
RNA decay remains unclear, it is likely a dual-purpose signal that prevents targeting by
some nucleases and stimulates the activity of others. Interestingly, both Dis3L2 and Eril
have been shown to co-localize with polysomes [9,93], which raises the intriguing
possibility that both may efficiently target transcripts for co-translational decay.

Box 3

Evolutionary recruitment of poly(A) transcript processing proteins into
small regulatory RNA pathways

Enzymes involved in turnover of polyadenylated transcripts have been repeatedly
recruited into species-specific small RNA pathways. Poly(A)-specific ribonuclease
(PARN), which is broadly conserved in eukaryotes and implicated in poly(A) tail
trimming and mRNA decay, was recently shown to mediate 3’ end processing of pre-
miR-451 [95]. mir-451 is an erythropoietic miRNA conserved in vertebrates and, unlike
canonical miRNAs, is generated by a Dicer-independent mechanism that relies on
Argonaute? slicing activity. PARN completes the last 3 maturation step whereby seven
nucleotides are trimmed to give mature ~23 nt miR-451. Though miR-451 is subject to 3’
oligouridylation prior to trimming, these uridines have no effect on the kinetics of 3’ end
trimming and, surprisingly, trimming is not required for mMRNA target silencing. In
fission yeast, the 3’ trimming of Dicer-independent primal small RNAs (priRNAS) is
completed by a previously uncharacterized 3-5’ exonuclease called Triman, which
belongs to the CAF1 family that is conserved in most eukaryotes [96]. Both of Triman’s
known small RNA targets, priRNAs and siRNAs that drive heterochromatin formation,
are S. pombe-specific and not conserved in metazoans. Of note, Eril negatively regulates
this class of siRNAs in S. pombe (see Small regulatory RNA section), suggesting
opposing roles for 3’5’ exonucleases in siRNA biogenesis and decay [45]. Similar to
miR-451 in vertebrates, priRNASs are generated by a trimming and protection mechanism
that requires the joint activity of Triman and Argonaute. Although Triman is unable to
generate RNAs of specific lengths, the presence of Argonaute protects small RNAs from
overtrimming, likely by sequestering 3’ RNA ends in the PAZ domain away from the
Triman catalytic site. Together these examples demonstrate how canonical enzymes in
the miRNA biogenesis pathway, such as Argonaute, recruit conserved exonucleases that
direct the processing of non-canonical small RNAs.
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Eril conservation and evolutionary loss

Species lacking Eril provide as much insight into its evolutionary history as those that have
evolved novel Eril functions. The study of Saccharomyces RNAI provides insight into the
co-evolution of Eril-mediated rRNA processing and small RNA regulation. In eukaryotes,
RNA.I serves as a kind of genetic immune system that defends against viral nucleic acids and
rogue mobile segments including transposons and retroelements [62]. Yet this potent
defense mechanism comes at an evolutionary cost. In fungi, RNAI is selectively lost in S.
cerevisiae and other sensu stricto clade members, while it is retained in S. castellii and S.
pombe [63]. This loss confers an evolutionary advantage in being able to maintain killer, an
endemic dsRNA virus system [64]. Killer encodes a protein toxin fatal to neighboring cells
while conferring protection to the infected host. Fungi harboring functional RNAi
machinery degrade Killer dSRNA, rendering themselves resistant to infection yet susceptible
to lethal toxins produced by neighboring cells. Although RNAi may confer a selective
disadvantage in the short term, RNAi-harboring species likely show more robust long term
survival as they are resistant to transposon-induced genomic damage [64].

The negative selective pressure on RNAI explains why it is lost from some species while in
others it is restricted by Eril-like factors. Interestingly, eril has been lost in S. cerevisiae,
which lacks RNAI machinery, but it is maintained in the RNAi competent S. pombe [5].
Although Killer virus has not been detected in S. pombe, it is tempting to speculate that Eril
dampens RNAI and renders fission yeast transiently susceptible to infection with killer or a
similar virus, thus conferring protection against viral toxins. A similar protective mechanism
may exist in C. elegans, where the presence of wild-type ERI-1 inhibits antiviral defense,
thus rendering animals more susceptible to potentially beneficial viral infections [65].
Notably, since Eril has been lost in S. cerevisiae, alternative nucleases have subsumed some
of its conserved functions, namely 5.8S 3’ trimming and rapid histone mRNA decay [48,66].

Drosophila melanogaster is one of the only known eukaryotic species with functional RNAi
machinery yet no clear Eril homolog. The closest Eril family member is Snipper (Snp), so
named for its potent, promiscuous exonuclease activity [67]. Unlike other Eril homologs,
Snp mutants fail to accumulate replication-dependent histone mMRNAs and show no
alteration in exogenous RNAI. Altered Snp substrate specificity can be explained by a 13
amino acid exonuclease domain insertion and the absence of a SAP domain (Fig. 1a-b),
which calls into question if Snp is a true Eril homolog. The exonucleases that turnover
canonical histone MRNAs at the end of S-phase and trim 5.8S rRNA remain to be defined.
Interestingly, the Drosophila “5.8S” actually consists of a shortened 5.8S rRNA paired with
2S rRNA to form a 5.8S-like structure seen in other eukaryotes [68]. Thus, 5.8S 3’ end
processing has diverged in Drosophila, which coincidentally also lack Eril. Further work
must determine the extent of Eril conservation and substrate specificity across metazoan
species.

Eril at the crossroads of multiple RNA processing pathways

Together the diverse RNASs regulated by Eril paint a portrait of a deeply conserved
exoribonuclease that functions as an important modulator of epigenetic gene expression.
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Eril has been repeatedly recruited into species- and cell-type-specific RNA metabolic
pathways over the course of evolution. The recruitment of one enzyme into multiple RNA
processing pathways may allow for crosstalk and coregulation of diverse cellular processes.
In one scenario, these unique pathways may compete for Eril, allowing the exonuclease to
buffer pathway activities. This model makes sense in a context where Eril is rate-limiting
and substrate processing is exquisitely sensitive to Eril dosage. This is not the case for 5.8S
rRNA, which requires only small amounts of Eril for 3’ end processing [9]. miRNAs,
however, may be more sensitive to Eril levels, as evidenced by the fact that Eril
heterozygotes show alterations in miRNA abundance [28]. There is a precedent for this type
of competition in C. elegans, where numerous small regulatory RNA pathways compete for
components of the RNAi machinery, perhaps including Eril [17,18].

As an alternative to this model, the role of Eril in one pathway may promote its function in
another. For example, the association of Eril with the ribosome may be required to spatially
couple translation termination with histone mRNA decay. Eril ribosome association may
also place it in appropriate proximity to affect small RNA deposition on mRNA targets.
Interestingly, a recent report found that reduced expression of many ribosome-associated
proteins diminished miRNA-mediated silencing in human cells, suggesting a precedent for
the basal translation machinery to affect RNAi [69]. It is not known whether other ribosome-
associated proteins can influence overall miRNA abundance, as is observed for Eril. An
interesting future area of research is to determine if there are specific Eril mutants that
restrict its activity to specific RNA processing pathways. Such mutants would allow
researchers to directly probe whether Eril’s activity in one pathway impacts its activity in
another. If so, it would suggest that these RNA pathways share an evolutionary or co-
regulatory relationship bound by Eril. The continued study of Eril biology will undoubtedly
lead us to a better understanding of the importance RNA metabolism plays in epigenetic
gene regulation.
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(@) |
H. Sapiens (Eri1) ======--~ YICI PﬁTCEEGNPP——EFVHEIIEFPVVLLNTHTLEIEDTFQQYVRPEINTQLSDFCISLT
M. musculus (Eri1) ----YICI F@,’\TCEEGNPA--EFLHEIIEFPVVLLNTHTLEIEDTFQQYVRPEVNDQLSEFCIGLT
C. elegans (eri-1a) -—— —YLIAEQF;E{TCVEIIY—— -DYPHEIIELPAVLIDVREMKIISEFRTYVRPVRNPKLSEFCMQFT
C. elegans (eri-1b) ----YLIA ‘" ﬁﬁCTCVEIIY—— -DYPHEIIELPAVLIDVREMKIISEFRTYVRPVRNPKLSEFCMQFT
S. pombe (eri1) --------- YLLI l " TCEEGCGF--SFENEIIELPCLLFDLIEKSIIDEFHSYVRPSMNPTLSDYCKSLT
D. melanogaster (Snp) KRLAMQPYSYVIAVDFREATCWEKQAPPEWREAEIIEFPAVLVNLKTGKIEAEFHQYILPFESPRLSAYCTELT

H. Sapiens (Eri1) GITQDQVDRADTFPQVLKKVIDWMKLKE - - - - - - - == = ===~ LGTKY-KYSLLTDGSWBMSKFLNIQC

M. musculus (Eri1) GITQDQVDRADAFPQVLKKVIEWMKSKE -~ - - - -~ ----LGTKY-KYCILTDGSWDMSKFLSIQC

C. elegans (eri-12) KIAQETVDAAPYFREALQRLYTWMRKFN----------- ~LGQKNSRFAFVTDGPHDMAKFMQFQC

C. elegans (eri-1b) KIAQETVDAAPYFREALQRLYTWMRKF! | GQKNSRFAFVTDGPHBMNKFMQFQC

S. pombe (eri1) GIQQCTVDKAPIFSDVLEELFIFLRKHSNILVPSVDEIEIIEPLKSYPRTQPKNWAWACDGPWDMASFLAKQF

D. melanogaster (Snp) GIQQKTVDSGMPLRTAIVMFNEWLRNENRARN KSNILGNCAFVTWTDWDFGICLAKEC

H. Sapiens (Eri1) QLSRLKYPPFAK-KWINIRKSYGN-FYKVPRS--QTKLTIMLEKLGMDYDGRPHCGLDBSKNIARTAVRML
M. musculus (Eri1) RLSRLKHPAFAK-KWINIRKSYGN-FYKVPRS--QTKLTIMLEKLGMDYDGRI _ GLD;ESKNIARIAIRML
C. elegans (eri-1a) LLSNIRMPHMFR-SFINIKKTFKEKFNGLIKGNGKSGIENMLERLDLSFVGNKHSGLDDATNIAATAIQMM
C. elegans (eri-1b) LLSNIRMPHMFR-SFINIKKTFKEKFNGLIKGNGKSGIENMLERLDLSFVGN GL@TNIAAIAIQVM

S. pombe (eri1) KYDKMPIPDWIKGPFVDIRSFYKD-VYRVPR----TNINGMLEHWGLQFEGS! GI[‘b‘ARNLSRIVKKM

D. melanogaster (Snp) SRKGIRKPAYFN-QWIDVRAIYRS-WYKYRP----CNFTDALSHVGLAFEGKAHSGIDDAKNLGALMCKM

(b) SAP 3-5’ Exonuclease
H. Sapiens (Eri1) ——— (Y ——
M. musculus (Eril) ——— G ——
C. elegans (ERIMa) ————— QU
C. elegans (ERI-1b) ————{— (NG
S. pombe (Eri1) —uu— Y G —
D. melanogaster (Snp) ——— (- G —

(c)

— C. elegans (ERI-1a)
L C. elegans (ERI-1b)
[ H. Sapiens (Eri1)
L M. musculus (Eri1)

I S. pombe (Eri1)
D. melanogaster (Snp)

| | ! ]
90 8'0 70 6[0 50 4|o 3|o 20 10 0

Amino Acid Substitutions (per 100 residues)

Figure 1.
Eril protein conservation among eukaryotic species. (a) ClustalW alignment of Eril family

exonuclease domains. Three conserved sequence motifs are indicated with roman numerals.
DEDDAh residues that coordinate Mg?* and H,O at the enzymatic active site are highlighted
in red. The green box indicates non-conserved amino acid inserts in the enzymatic domain.
(b) Location of conserved Eril SAP and DEDDh exonuclease domains. Note that C. elegans
express two ERI-1 isoforms, ERI-1a and ERI-1b, which arise from alternative splicing. The
ERI-1b splice variant is poorly conserved and contains a C-terminal extension that is
required for interaction with the C. elegans Dicer-containing ERI complex. Drosophila
melanogaster Snipper (Snp) is a relative of Eril that lacks a SAP domain. (c) Phylogenetic
tree produced from ClustalW alignment of eukaryotic Eril protein sequences.
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Figure 2.
Summary of the effects of Eril on cellular RNAs. (a)C. elegans DCR-1 forms a complex

with the ERI-1b isoform (green) and the RNA-dependent RNA polymerase RRF-3 (orange
circle). This complex is purported to sequester Dicer activity to promote the biogenesis of
some endogenous siRNAs while preventing the generation of others. (b) Metazoan Eril
inhibits RNAi mediated by exogenous siRNAs. In addition, mammalian Eril negatively
regulates the abundance of mature miRNAs. Both siRNAs and miRNAS repress gene
expression predominantly by destabilizing mRNA transcripts, but also by inhibiting
translation. Therefore, the absence of Eril leads to increased exogenous siRNA- and
miRNA-mediated silencing of cognate mRNA targets. (c) In S. pombe, Eril negatively
regulates endogenous siRNAs that participate in nascent transcript decay (co-transcriptional
gene silencing) and heterochromatin formation (transcriptional gene silencing) by recruiting
the RITS complex (not shown) to genomic regions in cis. In the absence of Eril, sSiRNAs
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target alleles in trans, leading to promiscuous heritable gene silencing. Euchromatin (gray
circles with blue diamonds) and heterochromatin (gray circles with green diamonds) are
represented. An RNA-directed RNA polymerase Complex is shown (yellow circle). (D) Eril
has a conserved function in 5.8S rRNA maturation by trimming several unpaired nucleotides
from the 3’ end. After trimming Eril remains associated the 40S and 60S subunits as well as
with monosomes and, to a lesser extent, actively translating polysomes. (E) In mammalian
cells, Eril trims two nucleotides from the 3’ end of replication-dependent histone mMRNAs.
At the end of S-phase, canonical histone MRNAs become oligouridylated, which leads to
recruitment of Eril, the heptameric Lsm1-7 decapping complex, and the RNA helicase
Upf1, all of which contribute to subsequent histone mRNA degradation through the 3’ stem-
loop.
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