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PREFACE

When in 2001 the first draft versions of the human genome revealed that there were no
more than 25,000 human genes, much soul searching resulted. How could a complicated
human being develop and function with a gene set not much bigger than that of a worm,
Caenorhabditis elegans?

Although the meaning of ‘gene counts’ is debatable when a single gene can give rise to
amultitude of different gene products (and when in fact much of the ‘inter-genic’ genome
appears to be transcribed), the apparent conundrum highlighted the importance of gene
regulation in making complex organisms. It thus appears particularly appropriate that it
was also in 2001 that microRNAs (miRNAs) were finding their way into the limelight.
These regulatory RNAs, named for their small size of some 22 nucleotides, had been
discovered in 1993 in C. elegans, but were initially considered a worm oddity and largely
ignored. It was only when small RNA cloning efforts started to reveal hundreds of different
miRNAs in a typical animal or plant genome that they were widely noticed. Today, it
appears that hardly any cellular or developmental pathway has escaped the control that
miRNAs exert by silencing target mRNAs through an antisense mechanism. Accordingly,
miRNAs dysregulation contributes to numerous diseases, most notably diverse cancers.

Given this pervasiveness and importance of miRNA-mediated gene regulation,
it should come as little surprise that miRNAs themselves are also highly regulated.
However, the recent explosion of knowledge on this topic has been remarkable, providing
a primary motivation for publication of this book. As miRNAs are transcribed by RNA
polymerase I, the enzyme that also generates mRNAs, it was perhaps not unexpected
that miRNA transcription would be subject to regulation, and we have willfully omitted
this aspect from this monograph. However, what has been unexpected is the extent of
post-transcriptional regulation of miRNAs that is illustrated in this book.

In the first chapter, René Ketting provides the background against which all of the
regulatory processes occur by revealing the complex biogenesis and function of miRNAs
and the related siRNAs. Akiko Hata and Brandi Davis then describe how SMAD proteins,
generally known for their function in controlling transcription, reveal another side in
regulating the processing of certain primary miRNA (pri-miRNA) transcripts by the
RNase Drosha. Drosha-mediated processing of pri-miRNAs into the short precursor
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miRNAs (pre-miRNAs) is also modulated by the RNA-binding proteins hnRNP A1, as
discussed by Javier Caceres and colleagues and KSRP (Michele Trabucchi et al). Whereas
SMADs, hnRNP Al and KSRP promote processing of specific pri-miRNAs, estrogen
receptor alpha represses this biogenesis step as related by Shigeaki Kato and colleagues.
Robinson Triboulet and Richard Gregory further reveal that the pri-miRNA processing
complex undergoes autoregulation.

KSRP not only promotes processing of pri-miRNAs, but also the subsequent
cleavage of pre-miRNAs by the RNase Dicer. Conversely, Lin28 was found to repress
pri-miRNA as well pre-miRNA processing as discussed by Nicolas Lehrbach and
Eric Miska. This inhibition involves 3’ end uridylation of the pre-miRNA. Another
RNA modification that occurs on miRNAs is adenosine-to-inosine editing, and Mary
O’Connell and colleagues critically evaluate its incidence and how editing affects
processing and functionality of miRNAs.

Gregory Wulczyn and colleagues discuss the Trim-NHL protein family whose
members utilize diverse mechanisms to regulate miRNA levels and activity both positively
and negatively. Nicole Meisner and Witold Filipowicz review HuR, an RNA-binding
protein that regulates mRNAs through a number of mechanisms, including at least one
instance in which HuR reverses miRNA-mediated mRNA silencing.

Finally, although mature miRNAs have long been viewed as highly stable molecules,
miRNA degradation pathways have now been identified in plants and algae, as revealed
by Heriberto Cerutti and Fadia Ibrahim, and in animals, as discussed by us.

Even if this monograph cannot strive to be comprehensive in a field developing at
such an amazing pace, I hope that the examples provided here will serve to illustrate the
diversity of mechanisms regulating miRNAs, as well as highlight some unifying themes,
particularly among the mechanisms regulating miRNA biogenesis. Undoubtedly, many
more examples of regulation of miRNAs remain to be discovered and mechanistic details
on known pathways to be revealed, promising an exciting future to this field of research.

Helge Grofshans, PhD
Friedrich Miescher Institute for Biomedical Research
Basel, Switzerland
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CHAPTER 1

microRNA BIOGENESIS AND FUNCTION

An Overview

René F. Ketting*

Abstract:

During the last decade of the 20th century a totally novel way of gene regulation
was revealed. Findings that at first glance appeared freak features of plants or C.
elegans turned out to be mechanistically related and deeply conserved throughout
evolution. This important insight was primed by the landmark discovery of
RNA interference, or RNAI, in 1998. This work started an entire novel field of
research, now usually referred to as RNA silencing. The common denominator
of the phenomena grouped in this field are small RNA molecules, often derived
from double stranded RNA precursors, that in association with proteins of the
so-called Argonaute family, are capable of directing a variety of effector complexes
to cognate RNA and/or DNA molecules. One of these processes is now widely
known as microRNA-mediated gene silencing and I will provide a partially
historical framework of the many steps that have led to our current understanding
of microRNA biogenesis and function. This chapter is meant to provide a general
overview of the various processes involved. For a comprehensive description of
current models, I refer interested readers to the reviews and primary literature
references provided in this chapter and to the further contents of this book.

INTRODUCTION: PTGS IN PLANTS AND SMALL RNAs

Inthe early 90s anumber of papers were published that revealed an activity in Tobacco
and Petunia plants that was triggered by repetitive transgenic DNA and that resulted in
the silencing of that DNA and any other DNA bearing significant homology to the trigger
(cosuppression).'? At least part of these phenomena acted downstream of transcription,
through destabilization of mRNA and hence was named ‘“Post-Transcriptional Gene
Silencing” (PTGS). The molecular trigger of this phenomenon was not clear, although

*René F. Ketting—Hubrecht Institute-KNAW and University Medical Centre Utrecht, Uppsalalaan 8,
3584 CT Utrecht, The Netherlands. Email: r.ketting@hubrecht.eu

Regulation of microRNAs, edited by Helge Grofhans.
©2010 Landes Bioscience and Springer Science+Business Media.



2 REGULATION OF microRNAs

it was speculated that “aberrant” RNA or double stranded RNA (dsRNA) were good
candidates for priming PTGS. Although aberrant RNAs still play an important role in
many models on RNA-mediated silencing events in plants, for example as templates
on which dsRNA is synthesized, we now know that dsSRNA is indeed in most cases the
primary trigger. Furthermore, in 1999 a landmark paper from David Baulcombe and
colleagues identified small RNA molecules as potential “specificity determinants” in
PTGS.? This hypothesis has turned out to be absolutely correct and the identification of
this type of small RNA species helped to lay the basis for an outburst of research activity
on RNA-based silencing processes in the years that followed.

RNAi

In 1998, double-stranded RNA (dsRNA) was first described as a very potent and
specific agent for gene silencing in C. elegans. The term RNA interference was coined
to refer to the described silencing effects, a term that is now usually abbreviated to
RNAI.* This ground-breaking work, published by Craig Mello, Andrew Fire and their
colleagues, was awarded the Nobel Prize in 2006. Mello and Fire noted that RNAi
targets exonic regions in RNA and leads to decreased RNA levels, consistent with a
model in which RNAI leads to sequence specific mRNA destabilization, as had been
found for cosuppression in plants. It was also noted that dSRNA could very well be a
trigger in plant cosuppression, since inverted repeat sequences had been described as
very potent triggers of PTGS. Soon after this paper, RNAi-like processes were identified
in numerous other systems.> Biochemical experiments in Drosophila started to reveal
a mechanistic framework of RNAi,%" while genetics in C. elegans was revealing
endogenous functions for RNAi and genes required for it.* It appeared that RN Ai could
mechanistically be roughly divided into two steps: an initiation step and an effector
step (Fig. 1)." In the initiation step small RN As are generated from the dsSRNA trigger;
in the effector step these small RNAs guide an Argonaute protein-containing complex
named RNA-Induced Silencing Complex (RISC) to cognate mRNAs. The realization
that small RN A molecules (then named siRNAs, for short interfering RNAs), like those
described by Baulcombe in Tobacco plants undergoing PTGS, rather than long dSRNA
molecules provided the sequence specificity of the whole process,”!! enabled efficient
RNAI also in mammalian cells.'? This provided a highly efficient way to perform
reverse genetic experiments in cell culture systems, a finding that has revolutionized
research on mammalian cells.

DICER

Dicer, the enzyme that generates siRNAs from dsRNA, was identified in 2001."3
This enzyme contains two RNase III active sites, a so-called PAZ domain (named after
three proteins in which this domain was first recognized: Piwi, Argonaute and Zwille), a
helicase domain and a dsSRNA-binding domain. It binds to the ends of dSRNA substrates
and introduces a staggered double-stranded break further along the dSRNA.'* The catalytic
activity is very characteristic and always leaves a 3’-hydroxyl group, a 5'-phosphate
group and a two base overhang at the 3’ end. The length of the small RNA generated
can vary, but usually is between 20 and 25 bases. Within one organism, different Dicer
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Figure 1. Schematic comparison between RNAi and miRNA mechanisms. For a more detailed scheme
of miRNA action see Figure 2. “RdARP activity” refers to RNA-dependent RNA polymerase activity
that in plants and yeast can turn ssSRNA into dsRNA that is subsequently cleaved by Dicer. Likely, this
is a major source for the dsRNA trigger in PTGS. The scissors indicate passenger strand and target
cleavage. The dashed lines crossing from RNAi to miRNA and vice versa indicate that the separation
between these pathways is not absolute: side effects from siRNAs in RNAi experiments can be triggered
through miRNA like activities and miRNAs are capable of inducing target cleavage if presented with a
properly matching target RNA. The type of silencing induced is also strongly dependent on the sub-type

of Argonaute protein involved.

genes can be present, each encoding a protein generating rather specific subsets of small

RNA products.”” Mammals, however, only have one Dicer gene.
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ARGONAUTE

Genetic experiments identified an Argonaute protein as a major player in RNAI in
C. elegans soon after the discovery of RNAi itself.'® Biochemical data supported this finding
by identifying an Argonaute protein as an essential component of RISC.!” Argonaute
proteins had no known biochemical activities at that time. The only thing that was clear
from Argonaute protein sequences is that they contained two characteristic domains:
aPAZ domain (also found in Dicer) and a Piwi domain (named after the Drosophila Piwi
protein, in which it was first recognized). It took a number of years before it became clear
that Argonaute proteins actually form the catalytic center of RISC. The PAZ domain was
shown to bind to the 3’ end of the small RNA,'®! while the Mid domain, in between the
PAZ and Piwi domains, appeared to interact with the 5’ end of the small RNA.?° Finally,
the structure of the Piwi domain revealed an RNaseH-like structure,?' consistent with the
biochemical characteristics of RISC that had by then been well defined: endonucleolytic
hydrolysis leaving a 5'-phosphate and a 3'-hydroxyl group.?%

This RNA cleavage activity is first used for RISC activation: Initially Argonaute
proteins are loaded with double-stranded siRNAs and in order to become active, one of
the strands has to be removed. This can be done through endonucleolytic cleavage.?*2¢
The discarded strand is referred to as the passenger strand, while the strand remaining
bound to the Argonaute is known as the guide strand. It is this strand that guides the
Argonaute protein to a target. At the target the very same catalytic activity used for RISC
activation now can induce target RNA destabilization. However, this scenario is most
likely an oversimplification, as there are indications that the catalytic activity of Argonaute
proteins on small RNA duplexes differs from that on target RNA .27

It should also be noted that many Argonaute proteins contain a Piwi domain that is
not compatible with nucleolytic activity. This has implications for both the mechanism of
RISC activation as well as for the mechanism through which the targeted RNA is silenced.
Passenger strand displacement in these Argonautes depends on weakened basepairing
interactions within the small RNA duplex,” while target RNA silencing depends on
additional cofactors recruited by the Argonaute (see below).

THE FIRST microRNAs AND LINKS TO RNAi

Already in 1993, years before the discovery of RNAi and siRNAs, two papers were
published by the Ambros and Ruvkun labs describing a small RNA molecule in C. elegans
that turned out to be the first microRNA ever to be described: lin-4.%*! [in-4 was named
as such because mutants display lineage defects during development. The molecular basis
of the lineage defects was the capability of /in-4 to repress the activity of another gene,
named /in-14, through imperfect basepairing interactions with the 3'UTR of the /in-14
mRNA. It was also clear that /in-4 came in two forms: a small 22 nucleotide version
and a longer 61 nucleotide version that could fold into an imperfect hairpin structure.
The small form of /in-4 contained all the bases required for the basepairing interaction
with /in-14 and hence was likely the active, or mature form. In a follow-up study it was
proposed that /in-4 represses lin-14 at the translational level.3? The broader relevance of
these findings remained unclear until 2000 when another small RNA gene was cloned:
let-7 .33 This second small RNA had many features in common with /in-4 but, in contrast to
lin-4, turned out to be extremely well conserved across bilaterian animals.* This sparked
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the idea that gene regulation through small RNAs could be a much more widespread
phenomenon than was appreciated at the time. Ruvkun and colleagues also proposed
that the biogenesis and/or function of /in-4 and let-7-like small RNAs could relate to the
phenomenon of RNAI for which many biochemical studies had by then also indicated
that small RNAs were providing the sequence specificity of the process (see above).

This notion appeared correct, as in 2001 a number of papers demonstrated that
Dicer mediates both RNAi and /let-7 function®* by processing the approximately 70
bases long let-7 precursor into the mature small RNA and the longer dsSRNA molecules
used in RNAI into siRNAs. What’s more, specific Argonaute proteins were shown to be
essential for /er-7 function and processing,® just like another type of Argonaute protein
had been shown to be required for RNA1.'¢ Finally, let-7 was found to trigger an RN Ai-like
reaction on target RN As to which let-7 could basepair perfectly.*® Together, these findings
made a very strong case for intimate mechanistic connections and similarities between
lin-4-and-let-7-mediated gene regulation on the one hand and RNAi on the other (also
see Fig. 1).

miRNAs: ANCIENT MEDIATORS OF GENE REGULATION

Not long after the finding that /et-7 was evolutionarily conserved, a number of
reports appeared describing numerous endogenous small RNA genes from different
animals, including C. elegans, Drosophila and human.*** Like /let-7, some of these
were evolutionarily well conserved. They also derived from potential double stranded
RNA structures, much like /et-7 and /in-4, and later studies indeed verified that for most
of these novel endogenous small RNAs Dicer is required for the conversion of a longer
precursor RNA into a mature small RNA.* Apart from their huge scientific impact, these
findings also started to illustrate the need for a unifying name for this type of regulatory
small RNA molecules: microRNAs (or miRNAs).*

Given all these results, it was absolutely clear that mRNA silencing by small RNA
molecules was no exceptional feature of either C. elegans or plants, but represented a
widespread and likely ancient mode of gene regulation. Indeed, miRNAs in the animal
kingdom date far back, as far as the very base of the metazoan tree, suggesting that
miRNAs have played an important role in the evolution of all animal life on our planet.*
Notably, the complexity of the encoded miRNA repertoire correlates with the apparent
complexity of the animal, raising the possibility that miRNAs have played a role in the
growing complexity of multi-cellular metazoans. As in the animal kingdom, very primitive
members of the plant kingdom produce miRNAs, as for example in the single celled
“green yeast” chlamydomonas,* suggesting that also during plant evolution miRNAs have
been around from very early-on. Interestingly however, while both plants and animals
have a well-developed miRNA system, fungi do not appear to contain an equivalent of
miRNA-mediated gene silencing, although a basic RNAi machinery is often present.
This, in combination with the fact that plant and animal miRNA biogenesis and silencing
mechanism appeared quite distinct in the first instance has been taken as an indication
that miRNA-like pathways have independently evolved from the basic RNAi machinery
in plants and animals.” However, recent discoveries on the mechanism of miRNA action
in plants have started to unveil many more similarities between plant and animal miRNA
systems, suggesting that despite the many differences, miRNA-type silencing may have
started to evolve from the basic machinery even before plant and animal lineages split.**
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Table 1. Factors involved in the various stages of miRNA biogenesis and function

Arabidopsis ~ Drosophila C. elegans Mammals
First miRNA cleavage DCL1 Drosha DRSH-1 Drosha

HYLI Pasha PASH-1 DGCRS
Second miRNA cleavage DCLI Dicer-1 Der-1 Dicer

? Logs ? TRBP, PACT
Nuclear export HASTY Exportin-5 ? Exportin-5
miRNA Argonaute Agol, Agol0  Ago-1 ALG-1,ALG-2  Agol,2,3,4
Silencing effector ? GW182 AIN-1, AIN-2 TNRC6
Decapping Varicose Ge-1 ? EDC4

? Dcp-1, 2 ? Dcepl, 2
Deadenylation ? ? ? Pan2-Pan3

? CAF1-NOT1  ? Ccr4-Cafl

? ? ? PABP

PRIMARY miRNA PROCESSING BY DROSHA

Already from the first description of /in-4 it was clear that miRNAs are derived
from RNA hairpin structures formed by RNAs of roughly 65-75 bases in length. As
this hairpin RNA is the direct precursor for a mature miRNA it is now referred to as the
pre-miRNA. However, it soon became clear that pre-miRNAs are only an intermediate
between a long primary RNA transcript (known as pri-miRNA) and the mature form.*
Pri-miRNAs are generated through transcription by RNA polymerase I and in most cases
resemble regular genic transcripts in that they are capped, poly-A tailed and spliced.**!
In fact, many pre-miRNAs are generated from protein-coding loci, in which cases they
are usually embedded in intronic sequences.*

While in Arabidopsis DCL1, one of the four available Dicer-like proteins, is the
only RNaselll-type nuclease required for the generation of most miRNA duplexes™ and
the whole process takes place in the nucleus, in animal systems Dicer only processes
the pre-miRNA into the mature form and does so in the cytoplasm. The step from pri- to
pre-miRNA occurs in the nucleus and is catalyzed by another RNase IlI-type enzyme,
named Drosha* (also see Table 1). This enzyme, together with the RNA-binding protein
Pasha, or DGCRS, and other components that together are named the microprocessor,>’
binds to the open-ended region of the miRNA-containing hairpin.*® It then releases the
pre-miRNA from the pri-miRNA by a double strand cleavage, leaving a two-base 3’
single-stranded overhang. After transport to the cytoplasm, mediated by a specialized
nuclear export factor named exportin 5,%-¢! Dicer recognizes the 3’ overhang on the pre-
miRNA through its PAZ domain, after which it cleaves off the loop, generating again a
two-basepair 3’ overhang. This product is then loaded into an Argonaute protein.

A minority of animal miRNAs can be processed without involvement of Drosha. In
these cases, pre-miRNAs are directly derived from spliced introns, which are processed
by a lariat-debranching enzyme into a suitable Dicer substrate. These microRNAs go by
the name mirtrons.5%
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SMALL RNA SELECTIVITY OF ARGONAUTE PROTEINS

In most species, multiple Argonaute proteins are present and in many cases, specific
Argonaute proteins have a strong preference for specific types of short RNA molecules.
Two well-described determinants of this effect are the identity of the most 5’ base of the
future guide strand® and the thermodynamic properties of the small RNA duplex.5®¢
Regarding miRNAs in mammals however, these all seem to go into each of the four
Argonaute proteins known as Agol, 2, 3 and 4% and functional differences between these
four proteins regarding miRNA function has so far remained unclear. Only Ago2 has a
unique role in target mRNA cleavage during RNAi in mammalian cells.

Argonaute loading occurs in the context of the so-called RISC-Loading Complex,
or RLC.%7" In general, this complex consists of a Dicer protein, an Argonaute and an
RNA-binding protein. The human version of this complex consists of three subunits:
Dicer, Argonaute and the RNA-binding protein TRBP.”? In addition, this core complex can
interact with additional RN A-binding proteins, such as the TRBP-related protein PACT.”
Structural studies have begun to reveal how the core Dicer-Ago2-TRBP complex may
enable the transition of a processed double-stranded siRNA from Dicer to Argonaute,™
although no data at atomic resolution is yet available for the RLC.

Apartfromamolecularunderstanding ofhow siRNAs can be transferred between two
proteins, such structural studies will likely shed light on another intriguing observation
regarding the maturation of miRNA:Argonaute complexes. This relates to the finding
that for most miRNAs, one of the two strands is found in vast excess over the other. The
dominating strand is named “mature miRNA” while the other strand is usually called the
“miRNA star” (miR*) strand. Interestingly, this is not unique to endogenous miRNAs,
as clear directional strand loading can be observed with synthetic, fully basepaired
siRNA duplexes where the chance of each strand to become either a guide or a passenger
strand is often not random. The physical basis behind this observation has been shown
to relate to the thermodynamic properties of the basepairing in the small RNA duplex:
in thermodynamically asymmetric duplexes the strand whose 5’ end is basepaired least
strongly will remain associated with the mature Argonaute complex (e.g., will become
the mature miRNA or the siRNA guide strand).”” The other strand is usually discarded
and degraded, although so far no study has directly addressed the fate of the discarded
strand in detail.

TARGET RECOGNITION

Asdescribed above, miRNAs guide the Ago protein to homologous mRNAs. However,
not the complete sequence of the miRNA is relevant in this step: a region in the 5’ part of
the miRNA is the main determinant when it comes to target recognition by miRNAs.”"8!
This region, spanning from base two to seven or eight is also known as the “seed” region
and structural studies have shown that precisely these bases are projected away from the
Argonaute protein allowing efficient basepairing to other RN A molecules.?** Surprisingly,
in animal systems, this region alone is sufficient for regulation of the targeted RNA
molecules, although more extensive basepairing of the target to regions more 3’ in the
miRNA can have an effect on target recognition.”™
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Although mRNAs canin principle be recognized along their complete length, meaning
either in their 5’ untranslated region (UTR), coding region or 3'UTR, most naturally
occuring miRNA regulatory sites in animals have so far been found in the 3'UTR.?! This
may relate to their mode of action, which often does not include direct target cleavage
but rather relates to processes affecting translation (see below), as target RNA cleavage
by extensively base-paring miRNAs, which is a common event in plants, often occurs
within the coding region.®

Given the small amount of sequence information used in target recognition by
miRNAs and the fact that target site accessibility also plays an important role in the
interaction between RISC and target RNA,* in silico target predictions are not easy
to make. Just searching for so-called “seed-matches” results in enormously long lists
of potential miRNA targets and more sophisticated algorithms had to be developed
to generate more meaningful outputs. These algorithms for example take into account
the conserved nature of a predicted miRNA target site and apply scores to certain base
compositions directly flanking the miRNA-binding site and/or the complete secondary
structure of the 3'UTR. Many of these programs produce very useful information to people
studying individual miRNAs or protein-coding genes, but one should keep in mind that
many of the applied rules are based on correlations and not on mechanistic studies. The
output of these programs is therefore highly enriched in genuine miRNA targets, but at
the gene-by-gene level one still has to take good care and validate predicted interactions
through experiments. For a more in-depth review on this topic please see.*!

MECHANISMS OF miRNA-MEDIATED SILENCING

As described above, some miRNAs regulate their mRNA target through direct target
cleavage, analogous to the mRNA degrading activity observed during RNAi. As already
described above, this cleavage eventis a very specific one: nucleolytically active Argonaute
proteins cleave targeted RNA molecules between the bases that pair to bases 10 and 11
of the small RNA, as counted from its 5’ end,!! leaving a 5’ phosphate and a 3’ hydroxyl
group on the cleavage products.’>** These signatures have been used to demonstrate
direct target RNA cleavage induced by miRNAs, as it is quite distinct from any other
indirect RNA decay pathway. In order to facilitate such direct, Argonaute-mediated
cleavage events, the miRNA requires significant basepairing beyond the seed region,
including perfect basepairing in the region surrounding the site to be cleaved, i.e., bases
9-11 of the miRNA. This type of regulation is mainly found in plants, although recent
work has shown that in plants translational inhibition, as discussed below, makes a major
contribution to miRNA-mediated silencing in plants as well.#7-%

Incases where miRNAs do notinduce direct target cleavage, they lead to translational
inhibition and mRNA destabilization through mechanisms other than Argonaute-mediated
cleavage. The mechanism of translational inhibition by miRNAs has been and still is
heavily debated with various models being proposed, ranging from effects directly on
the initiation step, shortening of the polyA tail, effects on translation elongation and
proteolysis of the nascent poly-peptide chain.* However, without going into the many
details that can be discussed regarding this topic, many laboratories seem to converge on
a model in which miRNAs interfere in some way with the initiation phase of translation,
through recognition of the initiation complex or the cap structure®** and in which the
Argonaute protein needs to interacts witha GW-repeat-containing proteinnamed GW 182,
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Figure 2. A schematic overview of miRNA biogenesis and function is presented. Important events
are indicated in italics. Regulatory activities and/or factors are indicated in bold. The various factors/
activities are described in detail in the main chapters of this book.

also known as TNRCG6, to achieve this.”>*" Interestingly, miRNA-targeted mRNAs appear
to be separated from the bulk of the active mRNA pool by sequestration into cytoplasmic
foci, named P-bodies.”® While initially P-bodies were considered mechanistically related
to the miRNA silencing event, it has now been clearly shown that these structures do not
to play an active role in the translational silencing process,” but rather might function as
a storage place from which silenced mRNA can sometimes be reactivated.!®

While none of the above interactions directly degrade the targeted mRNA,
miRNA-mediated silencing often correlates with decreases in mRNA abundance.® Most
likely this is the result of mRNA de-capping and de-adenylation processes, known to
be associated with P-bodies and these processes do contribute to the overall silencing
response,’95:101-105 syooesting that while P-body localization is not the main trigger in
miRNA silencing, it may still be relevant to the total silencing effect imposed by miRNAs.
In fact, large-scale proteomics experiments seem to indicate that mRNA destabilization
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may be even more important for general miRNA silencing than effects on translation.!%6:197
Clearly, the way miRNAs impose their effects is still open to much debate.

REGULATING miRNAs

Many recentreports have illustrated that miRNA activity itselfis subject to regulation.
The main focus of the following chapters in this book will discuss in detail a number of
mechanisms affecting miRNA-mediated gene regulation. Consequently, I limit myselfto
the notion that already at this point in time almost all levels in the miRNA pathway have
been found to be subject to regulation: miRNA transcription, Drosha, Dicer, Argonaute,
3'UTR and miRNA molecules themselves are all affected by the action of additional
proteins (Fig. 2). Furthermore, miRNA pathway genes themselves tend to be strongly
regulated by miRNAs, suggesting that negative feed-back loops are essential for proper
miRNA-mediated gene regulation. Although it may not be surprising that such a general
gene regulatory mechanism is notallowed to operate unchecked, these findings emphasize
that the rather simplistic way in which miRNA-mediated gene regulation has so far been
approached will surely not suffice to completely understand the how, when and why of
miRNA-mediated gene silencing.

CONCLUSION

In a very short time, the research field of small RNAs has grown enormously. The
fact that a book can now be written on the mere regulation of just one of the small RNA
pathways, the miRNA pathway, is by itself already a clear illustration of that notion.
Less than 10 years after the realization that miRNAs represent a significant and widely
conserved way of gene regulation, we know many of the core players (Table I) and we
are starting to develop a sense of how this small RNA machinery is interwoven with
the rest of the cell’s processes (Fig. 2 and further chapters). Given the rapid pace of
discovery of regulatory steps in the miRNA pathway at present, it seems inevitable that
the findings described in this book will soon turn out to describe only our first encounters
with miRNA regulatory steps. It appears likely that the miRNA pathway is manipulated
in many different ways and a good understanding of these processes will be of great
value not only for understanding miRNA function but also for a better appreciation for
the many noncoding RNA molecules, other than RNAi-related small RNAs, that are
presently being identified. Personally, I look forward to the many discoveries to be made
in these fields in the coming years.
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CHAPTER 2

REGULATION OF pri-miRNA PROCESSING
THROUGH Smads

Akiko Hata* and Brandi N. Davis

Abstract: microRNAs (miRNAs) are small (~22 nucleotides (nt)), noncoding RNAs that play
a critical role in diverse biological functions by modulating mRNA stability and
translational control. Numerous miRNA profiling studies have indicated that the
levels of miRNAs are tightly controlled during developmental stages and various
pathophysiological and physiological conditions. Following transcription, the long
primary miRNA transcript undergoes a series of coordinated maturation steps to
generate the mature miRNA. Signaling pathways that control miRNA biogenesis
and the mechanisms of regulation, however, are not well understood. In this chapter,
we will discuss the finding that signal transducers of the Transforming Growth
Factor § (TGFp) signaling pathway, the Smads, play a critical regulatory role in
the nuclear processing of miRNAs by the RNase I1I-type protein Drosha.

INTRODUCTION: BASIC TGFp SIGNALING

TGEFp signaling pathways are fundamental to metazoan development and adult
tissue homeostasis and are involved in the regulation of a variety of processes including
differentiation, proliferation and migration.! Deregulation of the pathways is implicated in
various developmental defects and human diseases, including cancer and cardiovascular
disorders.?* The TGFB-family of ligands, such as TGFf, activins and Bone Morphogenetic
Proteins (BMPs), transmit biological information to cells by binding to cell surface
receptors (Fig. 1). Binding of the ligand triggers the formation of heteromeric receptor
complexes composed of the Type I and Type Il receptors'* (Fig. 1). Both the Type I and
the Type II receptors contain serine/threonine kinase domains. Upon formation of the
heteromeric receptor complexes, the constitutively active Type II kinase phosphorylates
the juxtamembrane region of the Type I receptor and turns on the Type I receptor kinase
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Figure 1. TGFf and BMP signaling. TGFBs and BMPs signal by binding to Type II and Type I
receptors, resulting in activation of the Ser/Thr kinase domain of the Type I receptor and subsequent
phosphorylation of R-Smads. An activated R-Smad interacts with a Co-Smad generating a complex that
translocates to the nucleus. In the nucleus, R-Smad and Co-Smad form a complex with the appropriate
DNA-binding cofactor and together bind to a target gene promoter to induce or repress transcription.

activity. The activated Type I receptor kinase then phosphorylates cytoplasmic signal
transducer proteins called receptor-activated Smad family proteins (R-Smads) at the
carboxyl (C)-terminal serine residues (Fig. 1). The Type I receptors of TGF s phosphorylate
Smad2 and Smad3, while the Type I receptors of BMPs phosphorylate Smadl, Smad5
and Smad8. Upon phosphorylation, R-Smads associate with the common-partner Smad
(Co-Smad), Smad4 and then translocate to the nucleus as an R-Smad-Smad4 complex.!
In the nucleus, Smads are known to bind to a 5 base pair (bp) sequence (5'-CAGAC-3")
known as the Smad-binding element (SBE) through the conserved amino (N)-terminal Mad
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homology 1 (MH1)domain® (Fig. 1). The R-Smad-Co-Smad complex is known to interact
with various transcription factors through the C-terminal MH2 domain, which increases
the binding affinity and specificity of the Smad complex with target gene promoters.
Upon binding to DNA, Smads and their transcription partners recruit transcription
activators, such as histone acetyltransferases p300 or C/EBP-binding protein (CBP) and
induce transcription of some target genes. Alternatively, in some circumstances Smads
recruit transcription repressors, such as histone deacetylases and SKI/SNON and repress
transcription of other target genes.’ Although some specific functions of the TGFf signal
are known to be transmitted in a Smad-independent manner, Smad proteins and their
gene regulatory function play a fundamental role in the general functions of the TGFf
signaling pathway.! While Co-Smad has been known as an essential partner of R-Smads
in DNA binding and transcriptional regulation,® several studies have reported that a subset
of gene regulation events mediated by TGFf signal are observed in Smad4-null cells,”®
suggesting that R-Smads might be able to modulate gene expression without Co-Smad
at the level of transcription or through a novel mechanism.

miRNA BIOGENESIS

miRNAs have been reported to control diverse aspects of biology, including
developmental timing, differentiation, proliferation, cell death and metabolism. At least
30% of human genes are thought to be regulated by miRNAs. Approximately 30-50%
of miRNAs are encoded within the introns of protein coding genes while the remaining
miRNAs are located in intergenic sites.” The majority of miRNAs are transcribed by
RNA polymerase (RNA pol) II and bear the 5" 7-methyl guanylate cap and 3’ poly (A)
tail, characteristic of mRNAs'®!" (Fig. 2). The evolutionarily conserved mechanism that
gives rise to mature miRNA involves two sequential endonucleolytic cleavages by the
RNase III enzymes Drosha and Dicer (Fig. 2). Following transcription by RNA pol II,
Drosha processes the primary miRNA transcript (pri-miRNA) into a ~65-80 nt hairpin
structure termed the precursor-miRNA (pre-miRNA). Through the interaction with
exportin-5 and Ran-GTP, the pre-miRNA is transported into the cytoplasm, where it
undergoes a second round of processing catalyzed by Dicer (Fig. 2). This cleavage event
gives rise to a double-stranded ~22 nt product comprised of the mature miRNA guide
strand and the miRNA* passenger strand. The miRNA guide strand is then loaded into
the RNA-Induced Silencing Complex (RISC) while the passenger strand is degraded
(Fig. 2). The RISC complex loaded with miRNA associates with target mRNAs which
then leads, in a majority of cases, to negative regulation of protein synthesis or mRNA
degradation. The association of miRNAs with target mRNAs requires the presence of
binding sites that are partially complementary to the miRNA sequences. The 5’ region of
the miRNA (nt 2-7), termed the ‘seed sequence’ seems especially important for mRNA
recognition and repression by miRNAs.!>!* Functional miRNA-binding sequences are
often located in the 3'-untranslated region (UTR) of the target mRNA, but can also occur
within the 5’"UTR" or coding region.'’ Because miRNAs exert a variety of physiological
functions primarily through the repression of target genes, the determination of miRNA
targets has been an area of intense research. Computational and experimental approaches
indicate that a single miRNA may target several dozen or even hundreds of mRNA.'¢!
Although major progress has been made in understanding the fundamental mechanism
of miRNA biogenesis, little is known about the mechanisms that regulate this process.
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Figure 2. miRNA biogenesis pathway. Transcription by RNA pol II leads to capped and polyadenylated
pri-miRNAs, which are processed by Drosha in the nucleus to generate pre-miRNAs. After translocation
to the cytoplasm by exportin 5, pre-miRNAs are processed by Dicer to form mature miRNA/miRNA*
duplexes. Following processing, miRNAs are assembled into the RISC complex. Only one strand of the
duplex is stably associated with the RISC complex. The mature miRNA directs repression of mRNA
containing partially complementary miRNA-binding sites within the 3'UTR.

Giventheimportance of miRNAs in development, itis not surprising that deregulation
of miRNA expression is observed in a variety of developmental defects and human
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diseases, including cancer, neurological and cardiovascular disorders. A majority of
miRNAs are located at sites of genomic instability, including duplications and fragile
sites.!®!” Global miRNA expression is frequently reduced in tumor samples relative to
normal tissues, suggesting a role for miRNA in maintaining the differentiated state. For
example, let-7 expression is often dramatically reduced in lung cancer and exogenous
expression of let-7 can dramatically inhibit tumor growth in vivo.?° Conversely, a subset
of miRNAs, including miR-21 and miR-155, have been identified as highly expressed
in a variety of tumors and may serve to promote tumor growth through the inhibition of
pro-apoptotic pathways. miRNA expression profiling serves as a better predictor of tumor
origin and prognosis than conventional gene arrays, further emphasizing the importance
of miRNAs in oncogenesis.?' Understanding the mechanisms that control both normal
and deregulated miRNA expression may lead to new avenues for the treatment of a
variety of disorders.

THE FIRST PROCESSING STEP BY DROSHA

The first step of miRNA maturation is cleavage of the pri-miRNAs at the stem of
the hairpin structure by the nuclear RNase III enzyme Drosha. Cleavage by Drosha
results in the release of the pre-miRNAs.?? Although Drosha contains a highly conserved
RNase III domain, purified Drosha is unable to specifically and efficiently generate
pre-miRNAs in vitro.?* This suggests that other cofactors may be required for Drosha
activity. Indeed, gel filtration chromatography revealed that Drosha forms a large
complex known as the “Microprocessor complex”, including Drosha and an essential
cofactor, DiGeorge syndrome critical region gene 8 protein (DGCRS, also known as
Pasha) (Fig. 2), which can promote the efficient cleavage of pri-miRNA in vitro.?* The
pri-miRNA is composed of a ~33 nt stem connected by a terminal loop and flanked
by single-stranded segments. DGCRS is thought to recognize the region between the
single-stranded RNA and the double-stranded stem to direct Drosha cleavage one
helical turn (11bp) away from this junction.?* While the cropping of many miRNAs
can be mediated in vitro by purified DGCRS8 and Drosha, nuclear run-on and in vitro
processing assays indicate that the pri-miRNA to pre-miRNA cleavage of some miRNA
is relatively slow and inefficient.” Therefore, the efficient processing of some miRNAs
by the Drosha/DGCRS8 complex may require the involvement of accessory factors.
Furthermore, the precise position and orientation of Drosha cleavage serves a critical
role in the generation of miRNAs as it determines the identity of the terminal nucleotide
at either the 5° or the 3’ end of the mature miRNA. An error in the Drosha cleavage
site may result in the alteration of the miRNA seed sequence and cause redirection of
miRNA targets. Additionally, in some cases, altered cleavage could invert the relative
stability of the two miRNA strands, leading to the incorporation of the improper
miRNA strand into the RISC complex. The association of Drosha accessory factors
may promote the fidelity and activity of Drosha cleavage. Immunoprecipitation studies
of tagged Drosha expressed in HEK293 cells suggest that at least 20 polypeptides
may be associated with Drosha in vivo.?® Furthermore, several recent reports suggest
that cellular stimuli alters the association of Drosha with accessory factors.?’?® The
mechanisms which determine the precise composition of the Drosha complex in the
processing of specific pri-miRNAs is unclear.
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R-Smads REGULATE miRNA MATURATION

Recently, the DEAD-box RNA helicases p68 (DDX5) and p72 (DDX17) were
identified as components of the large Drosha-mediated processing complex by
immunopreciptition-mass spectrometry analysis and subsequently shown to also
associate with DGCR8.2°3° Members of the DEAD box family of proteins have been
shown to act as RNA helicases, using the energy from ATP hydrolysis to unwind RNA
structures or dissociate RNA-protein complexes. Additionally, p68 and p72 have been
reported to interact with a variety of proteins, including transcription factors such as the
Smads, p53 and estrogen receptor. Analysis of mature miRNA levels indicated reduced
steady-state levels of miRNAs in p68(—/-) or p72(—/-) mouse embryonic fibroblasts
(MEFs) in comparison with wild-type MEFs, suggesting an important role for p68
and p72 in miRNA biogenesis.?’ Although the exact role of p68 or p72 as subunits of
the Drosha complex is unclear, it has been suggested that p68 and p72 are required to
specifically recognize and stably bind to a subset of pri-miRNAs to initiate cleavage
at precise sites by Drosha, similarly to DGCRS8.% Interestingly, expression levels of
a distinct set of, but not all, miRNAs are lowered in p68(-/-) MEFs and p72(-/-)
MEFs, respectively and decreased expression of some of miRNAs are observed in
both p68(-/-) MEFs or p72(-/-) MEFs,” suggesting that a subset of miRNAs are
processed in p68- or p72-specific manner, while other miRNAs require both p68 and
p72 for the processing.

The role of p68/p72 in miRNA processing is further supported by the positive
regulation of Drosha-mediated processing mediated by the p68-interacting Smad
proteins. The Smads are the signal transducers of the TGF[} family signaling cascade.
TGFp and its family member, BMP4 are particularly important for the differentiation of
vascular smooth muscle cells (VSMCs). Treatment with either BMP4 or TGFf increases
expression of contractile smooth muscle genes. This process is due, at least in part, to the
miR-21-mediated repression of programmed cell death protein-4 (PDCD4). miR-21 is
rapidly induced by BMP4 and TGF in VSMC which results in a subsequent decrease
in PDCD4 and increased VSMC gene expression.?’ Interestingly, although knockdown
of the R-Smads prevents upregulation of mature and pre-miR-21 in response to BMP4
or TGFp, no alteration in pri-miR-21 transcription is detected.?’” Furthermore, BMP4 or
TGEFp could increase the expression of pre-miR-21 and mature miR-21 by facilitating the
Drosha-mediated processing step. The identification of R-Smads as binding partners of p68
by yeast-two-hybrid suggested that R-Smads could associate with the Drosha complex.*!
Consistently, co-immunoprecipitation (co-IP) and RNA-IP studies confirmed that Smad
is present in a complex with Drosha and p68 on the pri-miR-21 hairpin following BMP4
or TGFf stimulation in vivo?” (Fig. 3). Drosha binding to pri-miR-21 was also elevated
following ligand treatment, suggesting that Smads may promote the association of Drosha
with miRNA hairpins. These results indicate that TGF[3 can regulate gene expression not
only through direct transcriptional regulation but also through the regulation of miRNA
processing (Fig. 3). Nucleo-cytoplasmic shuttling of Smads is tightly controlled by
phosphorylation of serine residues at the C-terminus by the TGFf3 Type I receptor kinases.
Interestingly, mitogen-activated protein kinase (MAPK) and glycogen synthase kinase
3 (GSK3) can also alter the subcellular localization of Smads through phosphorylation
in the linker region.?>3 Thus, it is possible that Smad-dependent regulation of miRNA
biosynthesis could be modulated independently of TGF and BMPs by signals that alter
the nuclear localization of Smads, such as the ERK-MAPK and the Wnt pathways.
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Figure 3. Regulation of miRNA maturation by TGFP superfamily signaling. TGFf3 and BMP signaling
stimulates the production of pre-miR-21 by promoting the Drosha-mediated processing by controlling
nuclear localization of R-Smad proteins. Thus, Smads regulate gene expression in two distinct manners;
(i) transcriptional regulation by DNA binding and (ii) regulation of miRNA maturation by associating
with the Drosha/DGCRS8 complex.

Interestingly, the association of R-Smads with the Drosha-mediated processing
machinery does not require the Co-Smad Smad4. Knockdown of Smad4 in VSMC did
not affect induction of miR-21; furthermore, miR-21 is strongly induced by TGFf in
the Smad4-null MDA-MB-468 breast cancer cell line.?” It was previously reported that
R-Smads and Smad4 translocate into the nucleus as a complex.** A more recent study,
however, demonstrates that R-Smads and Smad4 can be independently transported into
the nucleus through different nuclear import machineries.***¢ Thus, R-Smads that are not
locked into a complex with Smad4 might preferentially participate in miRNA processing
through association with the Drosha/DGCR8 complex. In contrast, the R-Smad/Smad4
heteromeric complex may preferentially associate with the SBE in promoter regions of
the TGFp target genes and act as a transcription factor. miR-21 is highly expressed in a
variety of tumors and implicated in tumor growth through the inhibition of pro-apoptotic
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pathways by targeting tumor suppressor genes. High levels of expression of miR-21
are associated with increased expression of TGFf and implicated in poor prognosis in
human breast cancer.”’

MECHANISM OF REGULATION OF SPECIFIC pri-miRNAs BY Smad

To identify novel miRNAs regulated by R-Smads similarly to miR-21 and
miR-199a,>” a miRNA expression profiling analysis was performed using RNA
samples from human VSMCs stimulated with BMP4 or TGFf. Approximately 5%
of the miRNAs analyzed (20 out of 377), including miR-21, were induced more than
1.6-fold by both BMP4 and TGFp. Interestingly, many of these miRNAs contain the
consensus sequence 5'-CAGAC-3’, identical to the SBE, within the double-stranded
stem region of pri-miRNAs (named R-SBE). R-Smads bind to R-SBE through the
N-terminal MH1 domain which is known to interact with SBE in DNA. Similarly to
the R-Smad-Smad4 complex which shows increased affinity and specificity of DNA
binding through interaction with different DNA-binding proteins, we speculate that
R-Smads might gain affinity and specificity of pri-miRNA-binding through interaction
with p68 and/or Drosha. Mutations in the R-SBE abrogates TGFf-induced recruitment
of Smads as well as Drosha and DGCRS to pri-miRNAs; additionally, mutation of
the R-SBE impairs ligand-dependent pri- to pre-miRNA processing. Introduction of
an R-SBE sequence to an otherwise unregulated pri-miRNA is sufficient to confer
an ability to bind to Smad and hence the TGFB/BMP -mediated regulation of pri- to
pre-miRNA maturation. Thus, (i) direct association of Smad proteins with R-SBE
in mature miRNAs operates as a molecular tag for Drosha and DGCRS recognition
and preferential association with a set of pri-miRNAs, facilitating their processing
by Drosha upon TGFf or BMP4 stimulation and (ii) Smads are multifunctional
proteins which modulate gene expression transcriptionally through DNA binding and
posttranscriptionally by pri-miRNA binding and regulation of miRNA processing in
the nucleus.”’

Recently, p53 and estrogen receptor o (ERa) were demonstrated to regulate
processing by the Drosha microprocessor complex*® (Fig. 4, and see chapter by
Fujiyama-Nakamura et al). While p53 increases the expression of a subset of miRNAs
by facilitating the processing of pri-miRNAs by the Drosha complex through interaction
with the RNA helicase p68, similarly to Smads,*®* ERa bound to estradiol (E2)
inhibits the production of a subset of miRNAs by attenuating the pri- to pre-miRNA
processing through interaction with p68 and p72 and promoting a dissociation of the
Drosha microprocessor complex from pri-miRNAs? (Fig. 4). miRNA expression
profiling analysis in VSMCs includes a few miRNAs that are rapidly downregulated
upon TGFf or BMP4 stimulation (B.D. and A.H. unpublished observation). Together
with a report that the expression of miR-206 is downregulated by BMP2 treatment
at the post-transcriptional step in the myoblastic C2C12 cell line,* it is plausible to
speculate that R-Smads might be able to regulate the Drosha microprocessor activity
not only positively but also negatively, similarly to ERa.

It seems that only a subset of miRNAs are regulated by p53 or ERa, however, it
is yet unclear what determines a selective regulation of specific miRNA processing by
these proteins. It is possible that some levels of specificity are provided by the RNA
helicases p68 or p72, with which regulatory proteins interact, as p68 and p72 seem
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Figure 4. Positive and negative regulation of Drosha-mediated processing. ERa in the presence of
estradiol (E2) blocks, while R-Smads and p53 positively regulate Drosha-mediated processing of a subset
of p68/p72-dependent miRNAs.

to participate in the synthesis of partially overlapping but distinct sets of miRNAs.?
Another possibility is that p53 or ERa bind directly to pri-miRNAs in sequence-
or RNA secondary structure-specific manner. Based on evidence that p5S3 or ERa
modulate different sets of miRNAs from Smad-regulated miRNAs, it is intriguing to
speculate that p53 or ERa recognizes a specific RNA sequence or structure distinct
from R-SBE. It is of note that p53 is known to bind both DNA and RNA,* thus
p53 might play dual functions both in transcription and maturation of pri-miRNA,
similarly to Smads. In addition to Smad and p53, other transcription factors known to
bind both DNA and RNA include TFIIIA, Statl and WT1.*' It was also reported that
NF«B binds sequence-specifically to a DNA duplex and to a synthetic RNA aptamer
predicted to form a stem-bulge-stem-loop structure with indistinguishable affinity
and stoichiometry.*! The RNA helicases p68 and p72 have been shown to interact
with several additional DNA binding proteins, including MyoD,* Runx2** androgen
receptor® and f-catenin.** Thus, it is intriguing to speculate that some of these DNA
binding proteins might have dual roles and participate in the pri-miRNA processing
as a part of the Drosha microprocessor complex.

An additional role of Smads in the regulation of the Drosha complex has been
suggested by the study of a nuclear factor called Smad nuclear interacting protein 1
(SNIP1). SNIP1, which was originally identified as a nuclear protein partner of Smads,
is found in a complex with Drosha.** The Arabidopsis homologue of SNIP1, DAWDLE
(DDL), is required for efficient pri-miRNA to pre-miRNA processing and is thought
to promote the access or recognition of pri-miRNA by the Arabidopsis homologue of
Drosha; DCL1.% Furthermore, downregulation of SNIP1 in mammalian cells reduces
the expression of subset of miRNAs, including miR-21.% These results suggest that
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SNIP1 might participate in miRNA biogenesis by facilitating the Drosha function
possibly through interaction with Smad proteins.

TRANSCRIPTIONAL REGULATION OF miRNA GENES BY SMADs

RNA pol II-mediated transcription provides a major regulatory step for the
biosynthesis of miRNAs. A large-scale nucleosome positioning and chromatin
immunoprecipitation-on-genomic DNA microarray chip (or ChIP-on-chip) analysis of
the promoters of miRNA genes suggests that the promoter structure of miRNA genes,
including the relative frequencies of CpG islands, transcription initiator elements and
histone modifications, is indistinguishable between the promoters of miRNA genes
and protein-coding genes.***’ Furthermore, DNA-binding factors that regulate miRNA
transcription largely overlap with those that control protein-coding genes. Therefore, it
is likely that the Smad proteins might modulate expression of miRNAs by regulating the
transcription of miRNA genes (Fig. 2). Indeed, in the kidney, TGFf} activates AKT through
the transcriptional induction of miRNAs targeting PTEN; miR-216a and miR-217.%
Additionally, it is likely that the TGFf signaling pathways might modulate transcription
of genes encoding critical enzymes or regulators of miRNA biogenesis, including Drosha,
DGCRS, Dicer, or Argonaute (Ago) proteins, which are required for formation of the
RISC complex. Recently, the protein stability of Ago proteins was found to be regulated
by posttranslational modification.*” The relative level of Ago proteins may critically
regulate the stability of miRNA as knockdown or overexpression of Agos markedly
decreases or increases miRNA levels, respectively.” Ago2 protein stability was found to
be regulated by hydroxylation of a specific proline residue (Pro 700) by the Type I collagen
prolyl-4-hydroxylase [C-P4H(I)].* The Pro 700 is conserved among all four Ago proteins
(Agol-4) found inmammals, however, Ago2 and Ago4 seem to be hydroxylated to a greater
extent than Agol and Ago3 in vivo.* A single amino acid mutation of Pro 700 to alanine
of Ago2 reduced the steady-state expression of Ago2 protein.* Knockdown of the o or
[ subunit of C-P4H(I) in the cell reduced Ago2 protein stability, as well as RISC activity
mediated by Ago2,* suggesting that this posttranslational modification might regulate
the RNA interference (RNAi1) mechanism via modulation of the protein stability of Ago2
and possibly other Agos.* The a subunit of C-P4H(I) is rate-limiting for the formation of
active C-P4H(I) and has been reported to be transcriptionally induced by different stimuli,
including TGFf.*! Thus, it is plausible that induction of C-P4H(I) by TGF[3 may result in
the stabilization of Ago proteins, which may result in general increase in RNAI activity
and/or global increase in miRNA expression.

CONCLUSION AND FUTURE PROSPECTS

miRNAsare generated through the concerted action of multi-subunit complexes which
promote the sequential cleavage, exportand loading of miRNAs into RISC complexes. An
increasing number of reports suggest that each of these steps serves as a potential point
of regulation and therefore provides additional complexity to miRNA-dependent gene
regulation. So far, there are only a few reports demonstrating mechanism of regulation of
miRNA maturation. In comparison with traditional transcriptional role of Smads, which
requires both transcription and translation steps in order to exhibit a change in protein
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expression, the novel function of Smads on miRNA biogenesis could more rapidly modify
protein expression in response to ligand stimulation. Furthermore, it does not require the
Co-Smad Smad4, which is frequently deleted in various tumors, such as pancreatic and
colorectal tumors, thus gene regulation by Smad via miRNA is intact even in Smad4-null
cells. Therefore, regulation of miRNA biogenesis may serve as the first line of response
following TGF/BMP stimulation both in normal and tumor cells. Finally, as a single
miRNA modulates the expression of hundreds of targets simultaneously,'®!” the regulation
of even a handful of miRNAs by the TGF3/BMP signaling pathway could have a broad
impact on gene expression and cellular physiology. As an increasing number of molecules
and signaling pathways that affect miRNA biosynthesis are uncovered, a major challenge
is to elucidate how multiple mechanisms of miRNA regulation cooperatively control
both the variety and level of miRNA expression in a context-dependent manner. It will
also be crucial to understand the physiological impact of multiple miRNAs and their
target mRNAs whose expression are orchestrated by the TGFf/BMP-Smad pathway
and associate them with biological processes known to be governed by the TGF3/BMP
signaling pathways.
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CHAPTER 3

STIMULATION OF pri-miR-18a PROCESSING
BY hnRNP Al

Gracjan Michlewski, Sonia Guil and Javier F. Caceres*

Abstract:

Recent evidence suggests that the canonical miRNA processing pathway can be
regulated by a number of positive and negative trans-acting factors. This chapter
provides an overview of hnRNP Al-mediated regulation of miR-18a biogenesis.
Our laboratory has recently established that the multifunctional RNA-binding
protein hnRNP Al is required for the processing of miR-18a at the nuclear step
of Drosha-mediated processing. By combining structural and functional analysis
of RNA, we showed that hnRNP A1 regulates the processing of pri-miR-18a by
binding to its terminal loop and reshaping its stem-loop structure, thus allowing
for a more effective Drosha cleavage. Furthermore, we linked the event of hnRNP
A1-binding to the pri-miR-18a with an unusual phylogenetic sequence conservation
of'its terminal loop. Bioinformatic and mutational analysis revealed that a number
of pri-miRNAs have highly conserved terminal loops, which are predicted to act as
landing pads for trans-acting factors influencing miRNA processing. These results
underscore a previously uncharacterized role for general RNA-binding proteins as
factors that facilitate the processing of specific miRNAs, revealing an additional
level of complexity for the regulation of miRNA production and function.

INTRODUCTION

Mature miRNAs are derived from primary transcripts (pri-miRNAs) by sequential
nuclear and cytoplasmic processing events (reviewed by ref. 1). In the nucleus, the
microprocessor complex comprising the RNase III-Type enzyme Drosha and its
RNA-binding partner DGCRS8 generates stem-loop precursors, termed pre-miRNAs,>¢
which are exported to the cytoplasm by Exportin 5.7 Subsequently, there is an additional
cytoplasmic processing event carried out by the Type Il ribonuclease Dicer, which results

*Corresponding Author: Javier F. Caceres—Medical Research Council Human Genetics Unit, Institute
of Genetics and Molecular Medicine, Western General Hospital, Edinburgh EH4 2XU, UK.
Email: javier.caceres@hgu.mrc.ac.uk

Regulation of microRNAs, edited by Helge Grofhans.
©2010 Landes Bioscience and Springer Science+Business Media.

28



AUXILIARY FACTORS FOR miRNA PROCESSING 29

in the production of mature miRNAs.!*!3 One strand of this duplex is then incorporated
into the RNA-Induced Silencing Complex (RISC), which targets specific mRNAs and
controls their expression by either affecting transcript stability or translation (reviewed by
refs. 14,15). Although the canonical pathway of microRNA biogenesis is well understood,
diverse regulatory mechanisms governing post-transcriptional processing of microRNAs
are beginning to emerge. This regulation can be accomplished at different levels in this
pathway affecting Drosha or Dicer-mediated processing.'® Furthermore, only recently it
was established that RNA turnover acts to modulate mature miRNA levels and activity
in the nematode C.elegans (see chapter by GroBhans and Chatterjee).!” The DEAD-box
helicases p68/p72, which are components of the large microprocessor complex, have been
found to be required for the processing of a subset of miRNAs.'® They also seem to act to
recruit regulators of Drosha-mediated processing, such as the estrogen receptor'®? (see
also chapter by Fujiyama-Nakamura et al) and components of the transforming growth
factor beta (TGF-f) signaling (see also chapter by Hata and Davis).?!

hnRNP A1 BINDS TO THE pri-miR-18a STEM-LOOP STRUCTURE

A family of RNA-binding proteins, collectively known as heterogenous nuclear
ribonucleoproteins (hnRNP proteins), have a role in almost every aspect of mRNA
metabolism, including transcription and pre-mRNA splicing in the nucleus, nRNA export
and also many cytoplasmic events.”>* Among them, the nucleo-cytoplasmic shuttling
protein hnRNP A1 has been extensively studied. In the nucleus, hnRNP A1 and other
members of the hnRNP A/B family of proteins has been shown to affect alternative
splicing regulation by antagonizing the function of the SR family of proteins**?” and
also to have a function in constitutive splicing by modulating the conformation of
mammalian pre-mRNAs.?® In the cytoplasm, hnRNP Al regulates internal ribosome
entry site (IRES)-mediated translation.?-3! Surprisingly, only a relatively small number
of cellular and viral genes regulated by hnRNP Al have been identified, which
prompted us to search for endogenous RNA targets for this protein in HeLa cells. We
used a Cross-Linking Immunoprecipitation protocol (CLIP),*>* which relies on an in
vivo UV cross-linking step that is followed by highly stringent immunoprecipitation
conditions, so that only endogenous RNAs directly bound to the protein of interest are
selected. This resulted in the identification of a few hundred mRNA targets and also a
microRNA precursor, pri-miR-18a,* which is expressed as part of the miR-17-92 cluster
of intronic miRNAs. This cluster contains six precursor miRNAs on chromosome 13
(mir-17, mir-18a, mir-19a, mir-20a, mir-19b-1 and mir-92)* but hnRNP A1 was found
to bind only to miR-18a.3* This cluster has been shown to be amplified in human B-cell
lymphomas* and its overexpression promotes c-myc-induced tumor development in a
mouse B-cell lymphoma model.’” The CLIP experiment revealed that the sequence bound
by hnRNP A1 corresponded to the stem-loop precursor miR-18a, which after processing
renders two mature miRNAs: miR-18a and miR-18a*. This binding was confirmed using
Immunoprecipitation and RT-PCR (IP-RT-PCR) and RNA chromatography and revealed
that hnRNP A1 binds pri-miR-18a prior to Drosha cleavage.’*
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hnRNP A1 PROMOTES THE DROSHA-MEDIATED PROCESSING
OF pri-miR-18a

The binding of hnRNP A1l to pri-miR-18a was found to correlate with increased
levels of mature miR-18a, indicating a putative role of hnRNP A1l in the biogenesis of
this miRNA. Several lines of evidence confirmed this. First, the levels of pre-miR-18a
were strongly reduced in HeLa cells depleted of hnRNP Al, as revealed in Northern
blot analysis. Secondly, hnRNP Al was shown to be required for miR-18a-mediated
repression of a target reporter in vivo. Thirdly, HeLa cell extracts depleted of hnRNP
AT have reduced in vitro processing activity of pri-miRNA-18a and also display reduced
levels of endogenous pre-miR-18a.* Importantly, depletion of hnRNP A1 had no impact
on the efficient processing of a control miRNA cluster, nor did it affect the processing of
other members of the miR-17-92 cluster, indicating that hnRNP A1 specifically binds to,
and affects the processing of, miR-18a. Interestingly, placing pri-miR-18a in a different
context, makes its processing independent of hnRNP A1, suggesting that the sequence
and natural context of pri-miR-18a constitutes a suboptimal recognition site for Drosha/
DGCRS cropping. Altogether, this strongly suggested a direct role for hnRNP A1 in the
biogenesis of miR-18a.3*

RNA footprint analysis using pri-miR-18a and recombinant hnRNP A1 protein
revealed two major binding sites of hnRNP A1: one corresponding to the terminal loop
of pri-miR-18a and a secondary site that corresponded to the lower part of the stem?®
(Fig. 1). Binding to the latter resulted in the relaxation of the pri-miR-18a secondary
structure, creating a more favorable cleavage site for Drosha (Fig. 1B). This probably
reflects the reported unwinding/annealing activities of hnRNP A1.2#! Interestingly,
both sites share similarity with the consensus hnRNP A1 binding site, UAGGGA/U as
identified in SELEX experiments by the Dreyfuss laboratory.*

There is a highly related pri-miRNA sequence, pri-miR-18b, which is part of the
homologous primary cluster miR106a~18b~20b located on chromosome X3* and was
shown to be processed independently of hnRNP A1.3* Therefore, a comparison of the
secondary structure and requirement for hnRNP A 1 between pri-miR-18a and pri-miR-18b
presented an ideal situation to verify the model displayed in Figures 1 and 2. Interestingly,
pri-miR-18b in the absence of hnRNP A 1 mimics the structural rearrangements seen in the
stem of pri-miR-18a in the presence of added recombinant hnRNP A1 protein, which is
the relaxation of residues between U56 and U60 that are involved in strong Watson-Crick
pairing. Furthermore, forcing structural changes in the stem of pri-miR-18a, such that it
presents a bulge in its stem, as naturally found in pri-miR-18b, made its processing more
efficient and completely independent of the presence of hnRNP Al. Binding of hnRNP
Al to the terminal loop of pri-miR-18a was confirmed in EMSA analysis. Furthermore,
mutations in the terminal loop of pri-miR-18a that eliminate any hnRNP Al-binding
site blocked its in vitro processing in HeLa cell extracts. We speculate that hnRNP Al
binding to the terminal loop is required for efficient binding of hnRNP A1 at the base of
the stem, which creates a more favorable Drosha-mediated processing site. Altogether,
these experiments strongly suggest that the function of hnRNP A1 in the Drosha-mediated
processing of pri-miR-18a is to bind and alter the local conformation of the stem in the
vicinity of Drosha cleavage sites (Fig. 2).
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Figure 1. hnRNP A1 binds to the terminal and internal loops of pri-miR-18a causing relaxation of the
stem. A) Footprint analysis of the pri-miR-18a/hnRNP Al complex. Cleavage patterns were obtained
for 5%2P-labeled pri-miR-18a transcript (100 x 10° c.p.m.) incubated in the presence of increasing
concentrations of recombinant hnRNP A1 protein, as previously described.’® F and T identify nucleotide
residues subjected to partial digest with formamide (every nucleotide) or ribonuclease T1 (G-specific
cleavage), respectively. Thick lines on the right-hand side indicate rows of nucleotides protected by
hnRNP Al. Positions of selected residues are indicated (B) Proposed structure of free and hnRNP
Al-bound pri-miR-18a. The sites and intensities of cleavages generated by structure probes located at the
places of hnRNP Al binding are shown. Nucleotides are numbered from the 5’ site of Drosha cleavage.
[Reproduced from: Michlewski G, Guil S, Semple C, Caceres JF. Post-transcriptional regulation of miRNAs
harboring conserved terminal loops. Mol Cell 2008; 32:383-393; ©2008 with permission from Elsevier.]

ROLE OF THE TERMINAL LOOPS IN miRNA PROCESSING

Binding of hnRNP A1 to the terminal loop of pri-miR-18a prompted us to revise the
prevailing notion that the terminal loops of pri-miRNAs were not required for miRNA
processing.* Interestingly, we found that the terminal loop of pri-miR-18a was found
to be very well conserved across vertebrate species, together with other 73 miRNAs,
representing 14% of all miRNAs analyzed (Fig. 3). This conservation was proposed to be
diagnostic of these terminal loops acting as platform for the binding of auxiliary factors
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Figure 2. Model displaying the mechanism by which hnRNP A1 facilitates the Drosha-mediated
processing of pri-miR-18a. A) Canonical pri-miRNA processing pathway. B) HnRNP Al-driven regulation
of pri-miR-18a Drosha cleavage.

required for an efficient processing of this subset of pri-miRNAs. This was tested with
the use of oligonucleotides complementary to conserved terminal loops, which were
termed LooptomiRs (for Loop Targeting Oligonucleotide anti-miRNAs). It was shown
that specific LooptomiRs block pri-miRNA processing of miRNAs with conserved
terminal loops, whereas they had no effect on selected nonconserved terminal loops.*®
These findings suggest a general role of RNA-binding proteins as auxiliary factors in
the microRNA processing pathway. Of course, binding of proteins to conserved terminal
loops can result in an enhancement of miRNA biogenesis, as was demonstrated in the case
of miR-18a, but could alternatively result in negative regulation of miRNA biogenesis,
acting at the level of either Drosha or Dicer-mediated processing events, as shown in
the case of Lin28-mediated negative regulation of let-7a biogenesis (see also chapter by
Lehrbach and Miska).'¢
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Figure 3. A) The terminal loop of pri-miR-18a is atypically well conserved across vertebrate species
as revealed by sequence alignments across four species for pri-miR-18a (upper panel) or pri-miR-27a
(lower panel). The alignments were performed using ClustalW2 and visualised with BLOSUMG62
Score. B) Phylogenetic analysis of human pri-miRNAs sequences shows that ~14% (74 out of 533)
of the miRNAs analyzed had similar high conservation pattern across the whole pri-miRNA sequence,
including their terminal loops.

CONCLUSION AND FUTURE PROSPECTS

In summary, experiments described in this chapter describe the function of a general
RNA-binding protein, hnRNP A1, as a positive regulator of miR-18a processing (and
perhaps of other miRNAs), acting at the level of Drosha-mediated processing. Furthermore,
it emphasizes the role of conserved terminal-loops of pri-miRNAs as sites of regulation
by trans-acting factors that could positively or negatively regulate miRNA biogenesis.
Future directions will aim to identify additional regulatory factors binding to conserved
terminal loops and establish their role in miRNA biogenesis pathway. It will be important
to link the patterns of expression of these regulatory factors with the production of
mature miRNAs and their effect on mRNA targets. Altogether, these findings open up
new avenues towards a deeper understanding of miRNA biogenesis pathways and their
contribution to physiological states and pathological conditions.
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CHAPTER 4

KSRP PROMOTES THE MATURATION
OF A GROUP OF miRNA PRECURSORS

Michele Trabucchi,* Paola Briata, Witold Filipowicz, Andres Ramos,
Roberto Gherzi and Michael G. Rosenfeld

Abstract: microRNAs (miRNAs) are smallnoncoding RN As that down-regulate gene expression
by reducing stability and/or translation of target mRNAs. In animals, miRNAs
arise from sequential processing of hairpin primary transcripts by two RNAse 111
domain-containing enzymes, namely Drosha and Dicer, to generate a mature form
of about 22 nucleotides. In this chapter we discuss our latest findings indicating
that KSRP is an integral component of both Drosha and Dicer complexes. KSRP
binds to the terminal loop sequence of a subset of miRNA precursors promoting
their maturation. Our data indicate that the terminal loop is a pivotal structure where
activators of miRNA processing as well as repressors of miRNA processing act in
a coordinated way to convert cellular signals into changes in miRNA expression
processing. This uncovers a new level of complexity of miRNA mechanisms for
gene expression regulation.

INTRODUCTION

miRNA precursors are encoded within diverse functional regions of the genome
with more than half of human miRNA genes encoded within introns, while others
are transcribed as independent monocistronic or polycistronic units.! The majority of
miRNAs are transcribed by RNA polymerase II and, subsequently, they are capped and
polyadenylated.'? It has been recently demonstrated that Drosha cleavage of intronic
pri-miRNAs occurs cotranscriptionally and precedes splicing.* Additional work from
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Bozzoni and coworkers further strengthened the connection between transcription and
Drosha cleavage also for intragenic pri-miRNAs.*

The evolutionarily-conserved mechanism by which primary miRNAs (pri-miRNAs)
are processed first to precursor miRNAs (pre-miRNAs) and then to mature miRNAs
involves two consecutive endonucleolytic cleavages executed by multiprotein complexes
containing the RNase III enzymes Drosha and Dicer, respectively.’ Drosha processes
the pri-miRNA into a ~70 nt hairpin pre-miRNA.> Through the interaction with
Exportin-5 and Ran-GTP, the pre-miRNA is transported into the cytoplasm, where it
undergoes a second round of processing catalyzed by Dicer.’ This cleavage event gives
rise to a double-stranded ~22 nt product composed of the mature miRNA guide strand
and the miRNA¥* (star) passenger strand.’ The mature miRNA is then loaded into the
RNA-Induced Silencing Complex (RISC) while the passenger strand is degraded. In
the context of the RISC, miRNAs posttranscriptionally regulate the expression of target
genes.>® Although major progress has been made in understanding the basic mechanism
of miRNA biogenesis, many questions remain unanswered. Specific chapters of this
book, besides recently published reviews, extensively describe the majority of the known
aspects of miRNA biogenesis regulation’>” Thus we will focus our discussion on some
open questions regarding mechanistic and functional aspects of miRNA biogenesis
controlled by the multifunctional single-strand RNA-binding protein KSRP (KH-type
splicing regulatory protein).

CO-ACTIVATORS AND CO-REPRESSORS OF miRNA PRECURSOR
MATURATION

Pioneering studies from different laboratories have envisaged the possibility that
miRNA maturation is a finely regulated process that involves co-regulators and is suited
to respond to changing cellular conditions.®

Recent studies have revealed that different regulatory proteins participate in the
specific control of individual miRNAs. The DEAD-box RNA helicases p68 (DDX5) and
p72 (DDX17) were identified as components of the Drosha-mediated processing complex
and, in the absence of both DDX5 and DDX17 the expression of approximately 35% of
miRNAs (and pre-miRNAs) was reduced without concomitant changes in the levels of
corresponding pri-miRNAs.? This suggested a role for DDX5/DDX17 in promoting the
Drosha-mediated processing of a subset of miRNAs. The precise mechanism of DDX5/
DDX17-mediated processing is still unclear, but may involve re-arrangement of the
RNA hairpin, which results in enhanced Drosha recruitment or stability. Alternatively,
as DDX5/DDX17 are known to interact with a variety of proteins, they may serve as a
scaffold for the recruitment of multiple factors to the Drosha complex. Indeed, a recent
paper revealed that the tumor suppressor and transcription factor p53 interacts with the
Drosha complex through the association with DDX5 and facilitates the maturation of a
restricted population of pri-miRNAs in response to DNA damage in cancer cells.!* The role
of DDX5/DDX17 as adaptors for signal- and cell- specific cofactors inmiRNA processing
is further supported by the positive regulation of Drosha-mediated processing mediated
by the DDX5-interacting Smad proteins, the signal transducers of the TGF-beta family
signaling cascade (see also chapter by Hata and Davis).® Very recent data from the Kato
laboratory, reviewed in the chapter by Fujiyama-Nakamura et al, suggested a mechanism
whereby estradiol-bound estrogen receptor o blocks Drosha-mediated processing of a
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subset of miRNAs by binding to Drosha in a DDX5/DDX17-dependent manner and
inducing the dissociation of the microprocessor complex from the pri-miRNA. !5

Smad proteins as well as p53 and estrogen receptor o do not directly bind to RNA.
Conversely, other Drosha cofactors are RN A-binding proteins. The heterogeneous nuclear
ribonucleoprotein (hnRNP) A1, which interacts with RNA through its RNA recognition
motifs and appears to be involved in many aspects of RNA life, originally proved to
be required for the maturation of miR-18a, a member of the miR-17-92 cluster.'” We
recently demonstrated that also the KH-type splicing regulatory protein (KSRP) is able
to interact with select miRNA precursors.'? KSRP is a multifunctional single-strand
RNA-binding protein that affects many steps of RNA life including splicing, localization
and degradation.'®* Recently, we demonstrated that KSRP binds to the terminal loop (TL)
of a cohort of miRNA precursors and interacts with both Drosha and Dicer to promote
miRNA maturation.'>?! In Figure 1, the miRNAs whose biogenesis is regulated by KSRP
are listed. Interestingly, also hnRNP A1l binds to the TL of a group of pri-miRNAs,
which partly overlaps that interacting with KSRP.!*?? Even more intriguingly, KSRP
interacts with hnRNP A1 and regulates its expression by affecting its mRNA half-life.?*
A relevant difference between hnRNP A1- and KSRP-activated miRNA maturation is
that, in contrast to hnRNP A1, KSRP functions not only in the nuclear maturation of
pri-miRNAs to pre-miRNAs but also in the cytoplasmic maturation of pre-miRNAs into
miRNAs, thus representing a link between nuclear and cytoplasmic events. Indeed, we
also obtained evidence that KSRP interacts with Exportin-5 in an RNase A-sensitive
way thus suggesting that KSRP is associated with the TL of target miRNA precursors
during nucleo-cytoplasmic transit.

KSRP-RNA recognition is a complex event and relies both on the sequence
selectivity of the KH domains and on the actual availability of single stranded RNA

IRNAs whose precursor maturation
is controlled by KSRP

miR-1 miR-125
miR-16  miR-155
miR-20a  miR-196a
miR-21  miR-189a
miR-26b  miR-206

| miR27b  miR-361
miR-595
let-7 family

Figure 1. A schematic model of the interplay between positive and negative co-regulators of miRNA
precursors maturation, including a list of miRNAs whose maturation is controlled by KSRP.
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sequences at the recognition site.!”?* We have examined the sequence preference of the
four KH domains of KSRP. Three of them (KHI1, KH2 and KH4) display a moderate
selectivity towards specific sequences, while KH3 can discriminate strongly in favour
of short G-rich stretches.?* If a G-rich stretch is available within the single stranded
RNA target (e.g., in the let-7a precursors) KH3 will bind to it, defining KSRP’s binding
frame. However, if the RNA target does not include a G-rich stretch, the four KH
domains of KSRP will explore all available sequences in order to optimize the binding
affinity of KSRP (e.g., in the miR-21 precursors). In either case, the structural setting of
the single-stranded sequences will play a major role in KSRP binding, as KSRP-RNA
interaction is a multi-domain event and steric hindrance may limit the space available
to the protein domains within the RNA 3D structure. The size and conformation of the
TL of miRNA precursors vary significantly and, together with the presence of a G-rich
sequence, could represent a powerful selector for KSRP recognition.!? In conclusion,
we propose a general model for KSRP-RNA interactions based on the differential use
of multiple domains that underscores the adaptability of the protein to a broad range of
single-strand RNA sequences.

A number of manuscripts appeared in the last year proving that miRNA maturation
can also be negatively regulated through the intervention of cofactors. We have already
mentioned the estrogen receptor o, which exerts an indirect negative function on miRNA
maturation acting through DDX5/DDX17."* The RNA-binding protein Lin-28 is able
to repress the maturation of let-7 family members and this effect is mediated by its
interaction with the TL of let-7 precursors (see also chapter by Lehrbach and Miska).'?2326
In addition to inhibition of the Drosha-mediated processing step, Lin-28 also inhibits the
Dicer-mediated processing of let-7 family members.!>?’?* Indeed, similarly to KSRP,
Lin-28 is a shuttling protein and it is abundant in the cytoplasm, suggesting that this
may be the primary location of its interaction with let-7 precursors. Data from Wulczyn
laboratory suggest that Lin-28 compete with Dicer for access to pre-let-7.2” Additionally,
Kim and coworkers recently reported that Lin-28 promotes the 3'-uridylation of pre-let-7,
which inhibits Dicer-mediated processing and leads to degradation of pre-let-7 itself.?-!

While Lin-28 repressor function seems to be restricted to let-7 family members,
the double-stranded RNA-binding proteins NF90 and NF45 reduce the production of a
broader spectrum of pre- and mature miRNAs. NF90 and NF45 interact with the stem
of a group of pri-miRNAs to preclude their binding to DGCRS, an essential member of
the Drosha complex and, in turn, their maturation into pre-miRNAs.*

Figure 1 summarizes the proposed scenario of activators and repressors of miRNA
maturation.

IMPACT OF KSRP AND OTHER CO-ACTIVATORS AND CO-REPRESSORS
OF miRNA PRECURSOR MATURATION ON CELL PROLIFERATION,
DIFFERENTIATION AND CANCER

As a single miRNA modulates the expression of many targets simultaneously, it is
able to rapidly modify complex cellular functions that require the coordinated regulation
of gene networks, in response to environmental cues. Therefore, regulation of miRNA
biogenesis may serve as an important line of response to promote the modulation of gene
expression programs in response to cellular stimuli. As KSRP as well as the majority of
co-regulators mentioned in this review are able to influence maturation of discrete groups
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of miRNAs, this could allow the coregulation of miRNAs implicated in certain cellular
functions in response to certain cellular stimuli.

A good example of how the control of maturation of a group of miRNAs by a single
cofactor can affect a cellular function is represented by the KSRP-directed maturation
of myogenic miRNAs in response to differentiative stimuli in myoblasts.!> Upon serum
withdrawal, C2C12 myoblasts undergo differentiation into myotubes. This event is
accompanied by enhanced expression of some “myogenic” miRNAs (including miR-1,
miR-133aand miR-206) reported to have a causative role in the differentiation process.>***
KSRP knockdown impairs myogenic miRNA maturation, increases the expression of
some of their targets and inhibits C2C12 myoblasts differentiation.'> These data link the
stimulation of pri-miRNA processing by KSRP to a mammalian differentiation program.

Some evidence suggests a functional interplay between positive and negative
co-regulators of pri-miRNA maturation. Lin-28 and mature let-7g show reciprocal
expression patterns during both embryonic development and embryonic stem cell
differentiation thus supportingarole of Lin-28 inlet-7g regulation during embryogenesis. '
Even though Lin-28 and KSRP do not share common binding sites in the TL of let-7
family precursors,'>?32¢ our data suggest that when Lin-28 is expressed in undifferentiated
embryonic carcinoma cells, KSRP cannot interact with pri-let-7g. When Lin28 is not
expressed, as in differentiated P19 cells or in undifferentiated P19 upon specific Lin-28
knockdown, KSRP is able to promote let-7g maturation.'> We propose that the TL is a
pivotal structure where miRNA-processing-co-activators (KSRP and possibly additional
RNA-binding proteins) as well as miRNA-processing co-repressors (as exemplified by
Lin-28 for let-7 and possibly additional RNA-binding proteins) function in a coordinated
way to convert proliferation and differentiation cues into changes of miRNA expression.
In other words, the occurrence of a co-activator and a co-repressor for regulation of
miRNA maturation extends the concept of opposing co-regulators, analogous to events
now well established for DNA-binding transcription factors (Fig. 1).

The differential expression of miRNA processing co-regulators, as well as their
posttranslational modifications and sub-cellular localization, may serve to regulate miRNA
expression in a tissue-or context-dependent manner. For example, phosphorylation of
hnRNP A1by MAPK p38hasbeenreported to promote cytoplasmic localization of hnRNP
A1.353¢ Similarly, KSRP can be phosphorylated by two distinct Ser/Thr kinase, MAPK
p38 and Akt. While MAPK p38-mediated phosphorylation affects the binding efficiency
KSRP of to some RNA substrates, Akt promotes nuclear accumulation of KSRP through
interaction with 14-3-3.373% Intriguingly, phosphorylation by Akt impairs the ability
of KSRP to interact with some enzymes responsible for decay of labile mRNAs.** An
important future challenge will be to systematically dissect pathways that modulate the
function of KSRP and other RNA-binding proteins in the regulation of miRNA biogenesis.

Furthermore, it is now clear that the function of a single cofactor can vary depending
on the cellular context in which both the cofactor and its target miRNAs are expressed.
Forexample KSRP, which is ubiquitously expressed, affects, through miRNA maturation
control, cellular functions as different as myoblast differentiation and inflammatory
response to microbic products (such as lipopolysaccharide, LPS) in macrophages.
In this last case, the regulation of a single miRNA (miR-155) is responsible for the
KSRP-mediated response to LPS.?!

Finally, our studies showed that KSRP knockdown limits, in a let-7a-dependent
way, cell proliferation by influencing the expression of let-7a targets such as MYC and
NRAS.? A seminal study from Thomson and coworkers implicated the regulation of
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miRNA precursor processing in cell transformation and cancer.*’ Indeed, a notable global
reduction of mature miRNAs has been observed in cancers.* In addition, the importance
of miRNA processing regulation for tumorigenesis has been experimentally proved by
Drosha, Dgcr8 or Dicer knockdown.** The demonstration that Lin-28 is overexpressed
in primary human tumors and human cancer cell lines,** which is linked to the
down-regulation of let-7 expression,'® supports the idea that altered control of miRNA
biogenesis may critically impact on cancer pathogenesis, representing a stimulus for
further intense investigations.

CONCLUSION

Altogether, we conclude that KSRP also serves as a previously unsuspected component
of'both Drosha and Dicer complexes and regulates the biogenesis of a subset of miRNAs.
KSRP binds in a sequence-specific fashion to the TL of a subset of pri- and pre-miRNAs
and functions as a co-activator formiRNA processing. The evidence that both co-activators
(such as KSRP) and co-repressors (such as Lin-28) of miRNA maturation exist and their
interplay is required to precisely regulate miRNA expression in specific cellular contexts
provides the rational basis to identify additional co-regulators of miRNA processing,
stimulating therefore future research in this area of gene expression regulation.
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CHAPTER 5

HORMONAL REPRESSION OF miRNA
BIOSYNTHESIS THROUGH A NUCLEAR
STEROID HORMONE RECEPTOR

Sally Fujiyama-Nakamura, Kaoru Yamagata and Shigeaki Kato*

Abstract: The maturation of primary microRNAs (pri-miRNAs) to precursor miRNAs
(pre-miRNAs) is mediated by the “microprocessor” complex minimally
comprimising two core components, Drosha and DGCRS. However, the roles of
RNA-binding proteins associated with these core units in the large Drosha complex
remain to be defined. While signal-dependent regulation of miRNA biogenesis is
assumed, such regulation remains to be described. Here, we provide a short review
based on our recent findings of hormonally-regulated pri-miRNA processing by
nuclear estrogen receptor.

INTRODUCTION

miRNAs control cell proliferation/differentiation and fate through modulation of gene
expression by partially base-pairing with target mRNA sequences. Mammalian miRNA
genes encode noncoding large RNAs and are initially transcribed by RNA polymerase I1
as mono- or polycistronic precursor pri-miRNAs. Pri-mRNAs are processed into 60~70
nt hairpins with 3’-overhangs by the nuclear RNase III endonuclease Drosha to form
pre-miRNAs. Pre-miRNAs translocate into the cytosol and are then processed by Dicer,
another RNase IlI-related enzyme, to generate mature 17-24 nt miRNAs.

In 2004, human Drosha was biochemically identified and found to form two types
of complexes.! The small complex, named the microprocessor, consists of two subunits,
Drosha and DGCRS8 (a double-strand RNA-binding protein) and efficiently processes
pri-miRNA in vitro. The large complex is comprised of several classes of RNA-binding
proteins, including DEAD/DEAH-box type RNA helicases, heterogeneous nuclear
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ribonucleoproteins (hnRNPs) and putative RNA-binding proteins containing RNA
recognition motifs (RRM). However, the roles of these RNA-binding proteins in this
large complex have not been clear. Among them, p68/p72 are ATP-dependent DEAD-box
RNA helicases. Recently we observed that the p68/p72 components are required for
Drosha-mediated processing of specific pri-miRNA substrates in mice. Interestingly, we
had previously found that p68/p72 are transcriptional coregulators for nuclear estrogen
receptor a (ERa).>* Based upon the previous reports, we tested the hypothesis that
estrogen-activated ERa functionally associated with the large Drosha complex through
direct interaction with p68/p72 and thereby modulated Drosha-mediated processing of
pri-miRNA. Indeed, we found that activated ER o was inhibitory for pri-miRNA processing.’
In this review, we describe the roles of p68/p72 in nuclear estrogen receptor-mediated
miRNA biosynthesis.

p68/p72 DEAD-BOX RNA HELICASES SERVE AS RNA-BINDING
COMPONENTS IN THE DROSHA COMPLEX

p68/p72 RNA Helicases in RNA-Related Events

RNA helicases unwind RNA duplexes or disrupt RNA-protein interaction using the
energy generated from ATP hydrolysis.® Consequently, RNA helicases are assumed to
be involved in diverse RNA-related events, including transcription, splicing, translation,
ribosome biogenesis, RNA transport, RNA processing and degradation.® Of these, p68
(Ddx5)andp72 (Ddx17)are DEAD-box RNA helicases and share 90% amino acid sequence
identity in the central core domains, with much less homology at the N- and C-termini’
(Fig. 1A). p68 and p72 form a heterodimer in cells.® p68 was identified as a component
of biochemically purified spliceosomal complexes®!? and interacts with the Ul snRNA-5’
splice site duplex,'! while p72 was detected in Ul snRNP.!? These findings suggest
p68 and p72 have significant roles in mRNA splicing. Their contribution to ribosomal
RNA (rRNA) processing has been demonstrated in yeast.'*!* p68 also functions as an
intercellular signal transducer in 3-catenin activation by PDGF, although it is unlikely that
its RNA helicase activity is involved.!> Moreover, transcriptional coregulator activities
of p68 and p72 were documented by our previous reports that they co-activate estrogen
receptor alpha (ERa) through their direct interaction with the N-terminal A/B domain
of ERa.**!® Thus, diverse roles of p68/p72 RNA helicases in transcription, pre-mRNA
and pre-rRNA processing have been documented, presumably reflecting their inherent
capacity of associating with various RNAs of distinct tertiary structures.

p68/p72 Are Components of the Large Drosha Complex

Recently, p68/p72 were identified as components of the purified large Drosha
complex' and shown to be required for processing of rRNA and a subset of pri-miRNAs
in mice.? p68/p72 appear indispensable for life, since gene disruption of either p68 or
p72 in mice results in lethality at birth.? Using p72 knockout mice for a global microarray
survey of miRNA, we found that the expression of a particular set of miRNAs, but not
all 266 surveyed, were down-regulated,” suggesting that certain species of miRNAs
require p68/p72 for Drosha-mediated processing. A set of overlapping miRNA species
was down-regulated in the absence of either p68 or p72, but a few miRNAs (such as
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miR-214) appeared to be regulated by only p72, suggesting that p68/p72 helicases have
similar but distinct substrate specificities in their recognition of pri-miRNAs. Thus, p68/
p72 appear to specifically perceive the structures of RNA substrates and to facilitate
cleavage at precise RNA sites by Drosha, presumably owing to their RNA helicase
activities (Fig. 1B).

The p68 knockout (KO) in mouse was embryonic lethal by day 11.5, while p72
KO resulted in neonatal death at postnatal day 2. The double knockouts caused earlier
lethality than those seen in single KO mice,? consistent with previous implications that
these proteins are essential for development.'”!® Likewise, knockout of DGCRS8 in mice
arrested embryogenesis at early stages and ES cells deficient of DGCRS8 were defective
in self-renewal.!” Disorders were also detectable in cultured embryonic fibroblasts
deficient in p68 or p72. Taken together, these findings support the idea that proper
pri-miRNA processing via p68/p72 is required for cell proliferation and differentiation
of embryos. Furthermore, p68/p72 are significant components of the Drosha complex
for a subset of pri-miRNAs.

GENE REGULATION BY NUCLEAR ESTROGEN RECEPTORS
Transcriptional Control by Nuclear Estrogen Receptor

The female hormone estrogen participates in diverse physiological actions, including
development of female reproductive organs, the central nervous system and bone
maintenance.’*? The biologically active form of estrogen, 17p-estradiol (E,), serves
as a ligand for its nuclear receptors (ERa and ER3), which are members of the nuclear
steroid hormone receptor superfamily. ERs actas hormone-inducible transcription factors
to regulate the expression of a specific set of target genes.?**” Homo- or hetero-dimers
of ERa and ERf recognize and stably bind to estrogen response elements (EREs) in
target gene promoters.

Like other nuclear receptors, ERa and ERf consist of several conserved functional
domains®® (Fig. 2A). The N-terminal A/B region is a transcriptional activation domain
(AF-1), while the central C region encompasses the DNA-binding domain (DBD)
composed of the two cysteine-rich zinc fingers. The E region is bifunctional as the
hormone-binding domain (LBD) and the second AF domain (AF-2) and D/F domains
are hinge regions. ERa and ERf share high sequence similarity for the DBD C domain,
while the other regions are much less homologous (Fig. 2A). E, binding to the LBD
induces a conformational alteration of ERs and facilitates recruitments of transcriptional
co-activators that are docked to the AF-1 and AF-2 domains.*

Transcriptional Activation by Estrogen-Bound Estrogen Receptors Requires
Transcriptional Coregulators

Genome-wide ChIP-chip (Chromatin-immunoprecipitation followed by microarray
chip analysis) approaches have recently shown that estrogen-bound (activated) ERs
associate with chromatin at numerous sites and that FOXA1 (HNF3a), a forkhead
family transcription factor, is a pioneer factor that binds to chromatin, opens the
chromatin and participates in the recruitment of ERa to several cis-regulatory elements
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on chromatin.’*¥' Chromatin-bound ERs are believed to then recruit a number of
transcriptional coregulators for hormone-induced gene activators***?33 (Fig. 2B).
Transcriptional coregulators associating with ERs appear to reorganize nucleosomal
arrays through histone modification and ATP-dependent chromatin remodeling, which
facilitates formation of the transcription initiation complex at promoters.

The best characterized ER AF-2 co-activators are members of the p160 steroid
receptor co-activator (SRC) family. The SRC family consists of three 160 kDa proteins:
SRC-1 (NCoA-1), SRC-2 (transcriptional intermediary factor 2 (TIF2), GR-interacting
protein 1 (GRIP1)) and SRC-3 (ACTR/pCIP/receptor associated coactivator (RAC3)/
TRIM-1/amplified in breast cancer 1 (AIB1)).3*3 They are common co-activators for
many nuclear receptors (NRs) and directly interact with helix 12 in the NR LBDs
through their NR box motifs (LxxLL amino acid sequence: L, leucine; x, any amino
acid), when helix 12 is shifted by ligand binding to the NR LBDs.*3* Besides NR box
motifs, p160 proteins bear basic helix-loop-helix (b HLH) domains which are capable
of forming complexes with histone acetyltransferases (HAT), such as cAMP-response
element binding protein (CREB)-binding protein (CBP) and p300.%¢¥4° The p160
family of proteins docks histone methyltransferases, PRMT1 and CARM1 (PRMT4) to
transcriptionally co-activate ERs.* Thus, histone acetylation and methylation are likely
prerequisite for transcriptional activation by estrogen-bound ERs.*>* This idea is also
supported by the fact that other HATs and histone methyltransferases are coregulators
for nuclear receptors including ERs.**5 In response to histone modification, chromatin
structure is re-organized by ATP-dependent chromatin remodeling proteins.*® Indeed,
the SWI/SNF-type chromatin remodeling complex is assumed to facilitate ER-mediated
transcriptional activation.*’-*

Incontrasttothe NR AF-2 co-activators, AF-1 co-activators are believed to be receptor
species-selective, since the AF-1 domain is not conserved among NRs. In this regard,
p68/p72 were the first co-activators that were identified to be selective for ERo. AF-1.34
p68/p72 appear to form a complex with p300/CBP HAT and it was proposed that this
bridges the ERa AF-1 and AF-2 domains for efficient transactivation. The co-activator
activity of p68/p72 was enhanced when p68/p72 were bound to SRA, a known RNA
co-activator.*>! Thus, p68/p72 likely constitute a class of ERa. AF-1-selective co-activators
and their co-activation activity appears to be RNA-dependent, presumably through their
RNA helicase activity.

Post-Transcriptional Regulation by Estrogen

In addition to hormonal regulation at the transcriptional level,?”>5* estrogen also
mediates later regulatory steps. For instance, similar to progesterone androgen and
glucocorticoid receptor systems, the estrogen receptor is subject to autoregulatory
feedback loops at receptor transcript levels, although the precise mechanism remains
to be defined.>**! Likewise, estrogen prolongs the half-lives of target gene transcripts
such as integrin 3, cyclophilin 4, superoxide dismutase (SOD3), thyrotropin releasing
hormone receptor (Trhr) and vascular endothelial growth factor (VEGF).>¢7 As the
untranslated regions (UTRs) of mRNA are generally responsible for control of mRNA
stability, a number of studies have been performed to delineate the regulatory elements
and identify cognate binding proteins which control mRNA stability.**%° Nevertheless,
studies have thus far failed to fully explain estrogen-mediated stabilization of target
mRNAs at a molecular level.
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ESTROGEN-INDUCED mRNA STABILITY IS MEDIATED THROUGH
HORMONALLY REGULATED miRNA BIOSYNTHESIS

Activated ERo Attenuates Conversion of pri-miRNA into pre-miRNA

As the genes encoding miRNAs are transcribed by RNA polymerase II, we initially
reasoned that the promoters of some miRNA genes might harbor EREs. To address
this issue, an miRNA microarray analysis was performed in pre-ovariectomized mice
following estrogen treatment.’ Unexpectedly, estrogen treatment down-regulated a set
of miRNA in the uterus, while up-regulation was seen only in a few miRNA species.
Estrogen-mediated inhibition of miRNA expression in the uterus was also detected in
embryos deficient of ERa. In a human breast cancer cell line, MCF7 cells, estrogen
was also effective at down-regulating many but not all miRNA species and the estrogen
effect could be blocked by knock-down of ERa.. Since mature miRNA is generated by
Drosha and Dicer in a two-step process, we asked if miRNA processing was attenuated
by estrogen-activated ERa. Estrogen did not appear to reduce the expression levels of the
pri-miRNA forms of the down-regulated miRNA species. However, down-regulation of
pre-miRNAs reflected that seen in miRNAs. Thus, it is most likely at this stage that the
promoters of miRNA genes harbor neither regulatory elements for estrogen, nor direct
binding sites for ERs. Instead, the processing from pri-miRNA to pre-miRNA appeared
to be hormonally regulated by ERa.

Activated ERo Suppresses Processing Activity of Drosha through Its Direct
Interaction with p68/p72

Consistent with our previous observations that p68/p72 directly interacted with ERa,
activated ERa was found to be capable of associating with p68/p72 in the large Drosha
complex. This association was likely to be further potentiated by estrogen binding to ERa,
presumably owing to contact of the two LxxLL motifs in Drosha with ERa helix 12. Such
estrogen-induced stable association of ERa with the large Drosha complex suppressed
the processing of pri-miRNAs into pre-miRNAs in an in vitro processing assay as well
as in cultured cells. Direct association of activated ERa with p68/p72 in the large Drosha
complex is further supported by in vivo observations that Drosha-mediated processing of
a particular set of pri-miRNA species is controlled by either p68/p72 or activated ERa.

Hormonally Down-Regulated miRNAs Stabilize VEGF mRNA
in Estrogen-Dependent Breast Cancer Cells

Inmammals, miRNA destabilizes mRNA and/or inhibits translation through formation
of double-stranded RNA on target UTRs of mRNA.7> As mRNAs of the estrogen
target genes are stabilized by estrogen, we investigated the molecular link between the
regulated miRNAs and mRNA stability. By searching miRNA target sequences in the
UTRs of estrogen target genes mRNAs, human VEGF mRNA was found to bear several
target sequences in the 3’UTR for miR-125a and miR-195. These miRNAs were able
to destabilize reporter mRNAs containing the target sequences of the 3’UTR in MCF-7
cells. Indeed, hVEGF mRNA expression levels were reduced by the miRNAs targeting
the hVEGF 3’UTR. Taken together, we suggest that down-regulation of certain sets of
miRNAs results in stabilization of mRNAs of some estrogen target genes (Fig. 3).
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CONCLUSION

Estrogen-induced mRNA stabilization has long been documented; however, the
molecular basis has remained unclear. Our recent work provides in vivo and in vitro
evidence supporting a novel regulatory mechanism in which estrogen attenuates
pri-miRNA processing through hormone-dependent association of activated ERa with
components of the large Drosha complex and subsequently stabilizes mRNAs otherwise
targeted by the miRNA.* This hormonal regulation required association of p68/p72 with
activated ERa. In addition to ERa, SMAD was recently reported as a direct interactant
for p68 in the Drosha complex (see also chapter by Hata and Davis).” Interestingly,
TGF-p-induced association promoted Drosha-mediated processing of a particular set of
miRNAs.” More recently, p53 was identified as a p68 interaction partner for efficient
processing of a set of pri-miRNAs.™ Thus, it appears that the RNA helicase p68 has an
essential role as a regulatory subunit docking intracellular signal transducers for regulated
pri-miRNA processing by the large Drosha complex (Fig. 4). It is still unclear if p72 is
equally significant in regulated pri-miRNA processing, but p72 might have a distinct
role since the miRNA species regulated by p72 did not fully overlap with those by p68.?
In this respect, it is conceivable that RNA-binding proteins in the large Drosha complex
serve as adaptor subunits which cross-talk with other signaling pathways in addition to
facilitating processing of pri-miRNAs with distinct tertiary structures.
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CHAPTER 6

AUTOREGULATORY MECHANISMS
CONTROLLING THE MICROPROCESSOR

Robinson Triboulet and Richard I. Gregory*

Abstract:

The Microprocessor, comprising the ribonuclease Drosha and its essential cofactor,
the double-stranded RNA-binding protein, DGCRS, is essential for the first step
of the miRNA biogenesis pathway. It specifically cleaves double-stranded RNA
within stem-loop structures of primary miRNA transcripts (pri-miRNAs) to generate
precursor (pre-miRNA) intermediates. Pre-miRNAs are subsequently processed by
Dicer to their mature ~22 nt form. Thus, Microprocessor is essential for miRNA
maturation, and pri-miRNA cleavage by this complex defines one end of the mature
miRNA. Moreover, it is emerging that dysregulation of the Microprocessor is
associated with various human diseases. It is therefore important to understand
the mechanisms by which the expression of the subunits of the Microprocessor is
regulated. Recent findings have uncovered a post-transcriptional mechanism that
maintains the integrity of the Microprocessor. These studies revealed that the
Microprocessor is involved in the processing of the messenger RNA (mRNA)
that encodes DGCRS. This regulatory feedback loop, along with the reported role
played by DGCRS in the stabilization of Drosha protein, is part of a newly identified
regulatory mechanism controlling Microprocessor activity.

INTRODUCTION

There are now more than 700 human microRNAs (miRNAs) listed in the miRBase
registry http://www.mirbase.org. Each of these is thought to be capable of regulating
the expression of hundreds or even thousands of target messenger RNAs (mRNAs).!
Therefore, miRNA-mediated repression is considered to be an important and pervasive
level of gene regulation and is essential for normal development. Apart from a very
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small number of so-called mirtrons, which are a subgroup of miRNAs found in short
introns that bypass the first step of the miRNA biogenesis pathway,>* most mature ~22
miRNAs are sequentially processed by the canonical miRNA-processing pathway.’
miRNAs are embedded in both coding and noncoding genes, with approximately 40%
located in introns and ~10% located in exons for both type of genes. These genes are
mainly transcribed by RNA polymerase 11.%7 The maturation of miRNAs involves the
sequential cleavage of primary transcripts called pri-miRNAs that display stem-loop
structures containing mature miRNA sequences.® The nuclear RNase III enzyme Drosha
(also known as RNASEN) was identified as the enzyme responsible for cleavage of the
pri-miRNAs to generate hairpin-shaped precursor intermediates (pre-miRNA) of ~60-80
nucleotides in length.” Subsequently, it was found that Drosha resides in a multi-subunit
complex termed Microprocessor. Microprocessor is a 500-650kDa complex comprising
Drosha and its essential cofactor, the double-stranded RNA-binding protein DiGeorge
syndrome critical region gene 8 (DGCRS).!*!3 In Drosophila, the DGCR8 homolog is
named Pasha (Partner of Drosha). In vitro reconstitution experiments have established
that DGCRS is essential for substrate recognition, RNA-binding and recruiting Drosha
catalytic activity for pri-miRNA processing.'* Genetic studies in mice have demonstrated
that DGCRS is essential for normal development and for the rapid proliferation and
differentiation of embryonic stem (ES) cells.”> DGCRS interacts with the junction
between single- and double-stranded RNA at the base of the stem-loop and serves as
a ruler for Drosha-mediated endonucleolytic cleavage of the stem 11 base pairs away
from the junction, converting pri-miRNA into pre-miRNA.'® Microprocessor cleaves the
double-stranded RN A asymmetrically thereby generating pre-miRNAs with two-nucleotide
overhangs at the 3°-end that are ideal substrates for subsequent processing by Dicer in the
cell cytoplasm. Processing of pri-miRNA is a cotranscriptional mechanism that is also
coupled with pre-mRNA splicing and degradation events.!”!? Although Microprocessor is
necessary and sufficient for the processing of some miRNAs, the biogenesis of a subset of
miRNAs is regulated by additional factors, some of which were identified as components
of a very large (1-2 MDa) Drosha-containing complex:'® for example the DEAD-box
RNA helicases DDXS5 (p68) and DDX17 (p72), which facilitate the processing of some
miRNAs,? or the RNA-binding protein HNRNPA 1, which is required for processing
miR-18a from a cluster of miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1
and miR-92) that are generated from a single pri-miRNA transcript (see also chapter by
Michlewski et al).?' Other accessory factors, some of them discussed in other chapters
of this book, have also been implicated in pri-miRNA processing including ADAR,*
SMAD,? SNIP1,%#KSRP,* ARS2,%p53,%” the NF90-NF45 complex?® and ERo* although
their exact roles in this process remain to be determined.

Dysregulation of miRNA expression is associated with human disease. One of the best
characterized examples is the role of altered miRNA expression in cancer.* It has been
demonstrated that individual miRNAs can act as either tumor suppressors or oncogenes.
Interestingly, a global alteration in miRNA expression profiles has been observed in many
different primary human tumors. Specifically, it was found that most tumors express a
globally lower level of miRNAs than the corresponding normal tissues.’' Although the
mechanism for this phenomenon remains to be determined, DGCR8 mRNA level was
modestly changed in those tumors (1.7 fold). In a separate study, it was revealed that the
global downregulation of miRNA expression in cancer is post-transcriptional, likely the result
of a defect in miRNA processing.*? Several other studies have observed altered Drosha or
DGCRS expression in various different cancers (see Table 1).3° This raises the intriguing
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Table 1. Disease-associated alterations in Microprocessor
Disease Alteration Ref.
Cancer
Various primary human Global downregulation of miRNA expression in 31
tumors many different human primary tumors. DGCR8
expression decreased
Various primary human miRNA and mRNA profiling revealed that the 32
tumors global downregulation of miRNA expression in
human tumors is post-transcriptional
Mouse lung adenocarci- DGCRS or Drosha knockdown in LKR13 cells 41
noma (LKR13) cells. enhanced cell transformation. In mice, DGCR8/
Drosha-depleted cells formed more invasive tumors
with accelerated kinetics.
Esophageal squamous cell ~ Drosha upregulation. Elevated levels of Drosha 33
carcinoma associated with poor prognosis. Drosha knock-
down in esophageal cancer cell lines reduced
proliferation.
Cervical squamous cell Drosha upregulation and copy number gain 34
carcinoma
Cervical squamous cell Drosha upregulation and copy number gain 35
carcinoma
Pleomorphic adenomas of Upregulation of Drosha and DGCR8 39
the salivary gland
Ovarian carcinoma Drosha downregulation. Low Drosha expression 37
associated with poor prognosis
Breast Drosha expressed at lower levels in estrogen 38
receptor negative (ER-) tumors
Breast, ovarian and Drosha and DGCRS copy number loss/gain 36
melanoma
Blood malignancies Altered DGCRS8/Drosha expression 40
Other Disorders
Del22q11.2 syndrome/ Monoallelic microdeletion of chromosome 22q11.2 ~ OMIM
DiGeorge Syndrome including the DGCRS locus (NCBI)
Mouse model of Del22q11.2 DGCRS heterozygous deletion. DGCRS haploin- 48
syndrome/DiGeorge sufficiency in mice contributes to the behavioral
Syndrome and neuronal deficits associated with the 22q11.2
microdeletion.
Schizophrenia Upregulation of DGCRS expression and global 49

hypothesis that perturbation of Microprocessor activity, possibly involving altered DGCRS8
and/or Drosha expression, is associated with tumorigenesis. This notion is directly supported
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by experimental evidence in which shRNA-mediated depletion of DGCRS, Drosha or Dicer
enhanced cellular transformation and led to increased tumorigenesis when these knockdown
cells were transplanted to recipient mice.* Moreover, conditional deletion of Dicer enhanced
tumor development in a K-Ras-induced mouse model of lung cancer. Overall, these studies
indicate that abrogation of global miRNA processing promotes tumorigenesis.

The gene encoding DGCR8 maps a region of human chromosome 22 that is associated
with DiGeorge syndrome. DiGeorge syndrome is the most common human genetic deletion
syndrome, with an incidence of around 1:4000 live births and is caused by the monoallelic
microdeletion of chromosome 22q11.2 (del22q11.2), with most patients having a typical
deleted region (TDR) of ~3Mb, which encompasses >30 genes. The clinical features of the
disease are highly variable although the majority of patients are born with congenital heart
defects. Other common features include a characteristic facial appearance, immunodeficiency,
cleft palate, hypoparathyroidism and developmental and behavioral problems.*** Despite
its high incidence, the fact that most cases are caused by heterozygous deletion of a region
containing many genes has made the task of identifying the particular genes that underlie the
pathogenesis a challenge. Mouse models and the identification of mutations in nondeleted
patients, have revealed that haploinsufficiency of the T-box transcription factor, TBX1,
causes some of the DiGeorge syndrome phenotypes including heart defects. However, TBX1
is not responsible for other common features including the neurobehavioral phenotype that
manifests in early childhood as learning difficulties, cognitive defects and attention-deficit
disorder. In adolescence and adulthood, patients often develop various psychiatric disorders
including preponderance of schizophrenia.***+” Therefore other genes located within
the TDR must contribute to DiGeorge syndrome. Interestingly, a mouse model revealed
that DGCRS haploinsufficiency is associated with some of the behavioral and neuronal
deficits associated with del22q11.2 syndrome.*® Moreover, miRNA expression profiling
revealed a significant increase in global miRNA expression in the brains of schizophrenia
patients compared with unaffected individuals.*” Importantly, a schizophrenia-associated
increase in DGCRS expression was identified in these brain samples. Thus, it is apparent
that maintaining the integrity of the Microprocessor is critical for normal development and
its dysregulation, which leads to altered miRNA-processing activity, is associated with
several diseases including psychological disorders and cancer. Until recently, mechanisms
controlling the expression levels of the components of Microprocessor remained unknown.

POST-TRANSCRIPTIONAL REGULATION OF DGCRS
BY THE MICROPROCESSOR

A Dbioinformatics study using an algorithm called EvoFold, which searches for
evolutionary conserved secondary structures, identified that DGCR8 mRNA harbors
two hairpin structures, one in the 5’ untranslated region (UTR) and another in the coding
region close to the start of the open reading frame (ORF).*® These hairpins are conserved
in human, chimpanzee, mouse, rat, dog, chicken, zebra-fish and puffer-fish. A similar
observation was reported in Drosophila, where another hairpin-shaped secondary structure
was found in the 5’UTR of Pasha mRNA.*' Remarkably, these structures, which look like
pri-miRNAs, are themselves substrates for the Microprocessor and are cleaved in vitro by
immunopurified- or recombinant Microprocessor (Fig. 1).5>% Processing productsresemble
pre-miRNA in their size. However both studies noted that the processing of these hairpins
is considerably less efficient than seen for the in vitro processing of bona fide pri-miRNAs,



60 REGULATION OF microRNAs

A B
DGCR8
Pri-miR-1 5'UTR hairpin
Pri-miRNA jt I - + -  Flag-DGCRS8 IP
- -+ - - +  Flag-Drosha IP

e e \L F.1

§

Pre-miRNA W

Flanking sequences

.,

Figure 1. In vitro processing assay of DGCR8 5'UTR RNA by immunopurified Microprocessor.
A) Schematic representation of pri-miRNA processing by Microprocessor. B) The indicated in vitro
transcribed, internally labelled RNA was incubated with or without Flag-immunopurified DGCR8
(Flag-DGCRS IP) or Drosha (Flag-Drosha IP). Arrows indicate processing products. RNA was resolved
on 15% polyacrylamide denaturing gels and visualized by autoradiography.

suggesting that they do not represent optimal substrates for Microprocessor-mediated
cleavage compared to canonical pri-miRNAs. Also, the hairpin in the 5’UTR of DGCRS
seems to be a better substrate for Microprocessor cleavage than the second hairpin located
in the beginning of the DGCR8 ORF. Accordingly, the corresponding ‘pre-miRNA’ from
the DGCRS8 5°UTR is detected at low levels by Northern blot analysis of RNA extracted
from cultured Hela, HEK293 and mouse ES cells. The downstream hairpin in the DGCRS
coding region is undetectable by Northern Blot indicating that this pre-miRNA-like
hairpin barely accumulates in cells. The low steady state level of these hairpins may
be because either their cleavage is inefficient and/or they are rapidly degraded. Results
obtained with a more sensitive PCR-based analysis of DGCR8 mRNA using 5’ rapid
amplification of cDNA ends (5’RACE) are consistent with cleavage occurring only at the
5’UTR hairpin but not the hairpin located in the DGCR8 coding region. Mature miRNAs
of ~22 nt are hardly or not at all detected in cells. However, the ‘pre-miRNA’ from the
5’UTR can be effectively processed by recombinant Dicer to release a ~22 nt product
in vitro. One possible explanation that reconciles the lack of detectable mature miRNA
in cells is that the 5’UTR hairpin seems not to be transported to the cell cytoplasm and
is therefore inaccessible to Dicer cleavage. Mature miR-1306-3p and miR-1306-5p,
which are produced from the second hairpin, have been identified using massive parallel
sequencing approaches to analyze small RNA libraries prepared from human ES cells,
dog peripheral blood or skin, though again, very few sequences were identified, indicating
that these sequences are of very low abundance.’*3¢

Taken together, the aforementioned findings indicate that the hairpin located in the
5’UTR of DGCRS is a substrate for Microprocessor cleavage both in vitro and in vivo.
However, unlike canonical pri-miRNAs that give rise to mature miRNAs for the regulation
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of target genes, miRNAs are not robustly generated from DGCR8 mRNA. Could this
pathway be a novel mechanism that involves the direct post-transcriptional regulation
of gene expression by Microprocessor-mediated mRNA cleavage? Indeed, this notion
is supported by experiments using either siRNA to deplete Drosha or overexpression
of a catalytically inactive mutant Drosha protein. Both depletion of endogenous Drosha
or overexpression of mutant Drosha protein is accompanied by an increase in DGCRS
mRNA and protein levels. The destabilization of DGCR8/Pasha by Drosha was also
observed in mouse and Drosophila cells, suggesting that this mechanism is evolutionarily
conserved.’'** Importantly, this post-transcriptional destabilization of DGCR8 mRNA
is mediated through Microprocessor cleavage of the 5’UTR hairpin.’»** Reporter gene
constructs containing DGCR8 5’UTR sequence are stabilized by siRNA-mediated depletion
of DGCRS8 or Drosha. Thus, the DGCRS8 5’UTR confers Microprocessor-dependent
repression of a luciferase reporter gene in vivo. Together, these results uncover a novel
feedback loop that regulates DGCRS expression levels.

STABILIZATION OF DROSHA PROTEIN BY DGCRS

Anadditional level of post-transcriptional control, operating to maintain the expression
of Microprocessor subunits, was also uncovered. Although apparently more subtle than
the Microprocessor-mediated regulation of DGCR8 mRNA stability, this mechanism
seems to involve the stabilization of Drosha protein by association with its binding partner
DGCRS. Indeed, depletion of DGCR8 by RNAI is accompanied by a modest decrease of
Drosha protein expression whereas Drosha mRNA is not affected.’> Conversely, DGCRS8
overexpression results in accumulation of Drosha protein, but mutants of DGCRS that do
not to interact with Drosha fail to stabilize it. A similar observation is reported in DGCR8~~
mouse embryonic (ES) cells, where Drosha protein levels are lower compared to DGCR 8%
flox (wild-type) cells. Remarkably, in heterozygous DGCR8* ES cells, a compensatory
phenomenon is observed. In these cells, DGCRS8 expression should be reduced by 50%
and consequently Drosha protein expression should also be reduced compared to wild-type
cells. Actually, Drosha and DGCR8 mRNA and protein are expressed at similar levels
as in wild-type cells. Moreover, Microprocessor activity seems to be quite equivalent in
both types of cells, where the level of pri-miRNA and corresponding mature miRNA is
almost unchanged (over 85% of those in wild-type ES cells).'>* This suggests that these
post-transcriptional mechanisms operate to regulate DGCR8 and Drosha expression to
maintain a certain level of Microprocessor and miRNA in the cell. The stabilization of
other proteins involved in the miRNA and siRNA pathways has been reported previously.
For example, the levels of Dicer and its binding partner, the double-stranded RNA-binding
partner, TRBP, seem to be interdependent.”’** Similarly, Dicer-2 and R2D2 proteins
require each other to be stabilized in Drosophila.® This seems to be a more general theme
in RNA metabolic pathways involving RNA-binding proteins and interacting partners, as
exemplified by another recent study showing cross regulation between two factors involved
in nonsense-mediated decay.®
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Figure 2. Model for autoregulatory mechanisms controlling the Microprocessor. DGCRS8 contains
two double-stranded RNA-binding domains that endow Microprocessor with the ability to recognize
pri-miRNAs and to guide Drosha-mediated cleavage of the stem of pri-miRNA hairpins. Microprocessor
also directly cleaves the hairpin in the 5’UTR of DGCR8 mRNA leading to mRNA destabilization
and decreased DGCRS8 expression. This feedback mechanism helps to maintain a steady-state level of
DGCRS expression to control the subunit stoichiometry of the Microprocessor, which is physiologically
required to achieve efficient processing of pri-miRNA. Drosha protein is stabilized through its interaction
with DGCRS.

CONCLUSION

Accurate regulation of Drosha and DGCRS expression is important to maintain the
correct Microprocessor abundance, subunit stoichiometry and miRNA homeostasis. The
expression of both proteins is regulated posttranscriptionally by different mechanisms
(Fig.2). DGCR8 mRNA contains two hairpin structures that are recognized and processed
by the Microprocessor. The Microprocessor-mediated negative feedback mechanism
controls DGCRS expression by destabilization of DGCR8 mRNA. Of the two hairpins
in the DGCR8 mRNA, the 5’UTR hairpin is processed more efficiently in vitro and is
detectable by Northern blot analysis of RNA extracted from cells. Indeed, the 5’UTR
hairpin alone is sufficient to confer Microprocessor-dependent regulation to a luciferase
reporter construct. Therefore the autoregulatory control of DGCRS expression involves
primarily and perhaps exclusively, the 5’UTR hairpin. Given the high degree of sequence
and structural conservation in different organisms it seems likely that the hairpin in the
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DGCRS coding region is functionally important for regulating some aspect of DGCRS
expression. Interestingly, an RNA-affinity purification strategy recently identified
several proteins that specifically associate with this hairpin in Hela cell extracts.®! Of
note were several ribosomal proteins as well as other RNA-binding proteins implicated
in translation control, indicating that this hairpin may have a distinct role in controlling
DGCRS expression. Future work will likely illuminate the exact role of this hairpin and its
associated proteins. The autoregulation by an RNAse I1l enzyme seems to be a convenient
and more widespread gene regulatory mechanism. In E. coli, the bacterial RNase I11, rnc,
has been shown to cleave its own mRNA at sites in the 5’-noncoding region of the rnc
operon leading to RNA destabilization.®* It will be interesting to investigate the role of
these regulations in primary tumors where a block in Microprocessor activity has been
reported, or other instances where expression levels for these proteins are changed.?!*
DGCR8mRNA isthefirstcoding transcript to be identified that is processed and destabilized
by the Microprocessor. This raises the possibility that other mRNAs could be targeted
by Microprocessor endonucleolytic activity. Several studies indicate that hundreds of
protein-coding mRNAs could be under the negative regulation of Microprocessor.3!-3%63
These transcripts, which are found to be downregulated in a Microprocessor-dependent
and miRNA-independent manner in microarray analyses, are good candidates for direct
regulation by Microprocessor cleavage. However, deep-sequencing analyses looking
for 18 to 200-nt processing products generated by Microprocessor-mediated cleavage
suggested that DGCR8 mRNA is the only mRNA targeted by the Microprocessor.*
We cannot rule out yet the possibility that processing of mRNA could be cell-type or
tissue-specific, or yield highly unstable and/or larger processing products. Therefore,
an important open question is whether this Microprocessor-mediated mRNA cleavage
mechanism is dedicated to the regulation of DGCRS expression or whether this pathway
is more generally utilized.

PERSPECTIVES

Since both Microprocessor subunits are essential for pri-miRNA processing activity
and since correct complex stoichiometry is required for efficient processing, it is likely
that there are additional regulatory mechanisms that help maintain the subunit composition
of this complex. Many questions currently remain unanswered and future work is likely
to provide significant insight into the different modes of regulation. For example, what
is the role of different possible posttranslational modifications in the control of Drosha
and/or DGCRS expression and what is the identity of these modifying enzymes? Indeed,
proteomic studies have identified phospho-peptides corresponding to both Drosha®-¢’
and DGCR8% proteins. Although the functional significance of these phosphorylation
modifications remains to be determined, it was recently demonstrated that the Dicer-binding
partner TRBP is phosphorylated by the mitogen-activated protein kinase (MAPK) Erk
and TRBP phosphorylation enhanced miRNA production by increasing stability of the
Dicer-TRBP complex.*® Do cell-signaling pathways regulate Microprocessor activity? A
possible link between DGCRS8 and heme-mediated signal transduction pathway has been
proposed since DGCRS is a heme-binding protein.”" Also, although the signaling events
for this phenomenon are presently obscure, it has been observed that miRNA biogenesis
is globally activated in confluent cell cultures.” This increase in miRNA expression seems
to result from enhanced processing of pri-miRNAs by Microprocessor. Is Microprocessor
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developmentally regulated? Since tumorigenesis often involves the de-differentiation of
cancer cells and the reestablishment of a more embryonic gene expression signature, it
is possible that DGCRS8 and Drosha expression and thus Microprocessor activity may
be developmentally regulated. Indeed, we have found changes in DGCR8 and Drosha
expression associated with cell differentiation status (Triboulet and Gregory unpublished
data) and upregulation of DGCR8 mRNA occurs during the reprogramming of fibroblasts
to ES cell-like induced pluripotent stem (iPS) cells.” Can we identify small molecules to
manipulate Microprocessor activity? Although so far no high-throughput screens have
been performed to directly monitor Microprocessor activity, it seems plausible that such
a screen will identify compounds capable of modulating miRNA biogenesis. A small
molecule screen for activators of RNAi identified a compound (Enoxacin) that can also
enhance miRNA processing, an effect dependent on TRBP.™

In summary, recent studies have uncovered novel mechanisms controlling the
expression of DGCR8 and Drosha. Indeed, the identification of these and other novel
regulatory pathways controlling Microprocessor may lead to the development of novel
therapeutics for the treatment of human diseases that are associated with the global
dysregulation of miRNA expression including cancer and certain psychiatric disorders.
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CHAPTER 7

REGULATION OF pre-miRNA PROCESSING

Nicolas J. Lehrbach and Eric A. Miska*

Abstract: microRNAs are endogenously expressed ~21 nucleotide noncoding RNAs.
microRNA-mediated regulation of the translation of specific mRNA is implicated
in a range of developmental processes and pathologies. As such, miRNA
expression is tightly controlled in normal development by both transcriptional and
post-transcriptional mechanisms. This chapter is concerned with the control of
pre-miRNA processing of individual miRNAs by specific factors. It is focussed on
the regulation of a subset of miRNAs by the RNA-binding protein Lin28/LIN-28.
We discuss how Lin28/LIN-28 can sequester pre-let-7 miRNA precursor to prevent
Dicer-mediated processing. We describe how interaction of pre-let-7 with Lin28/
LIN-28leads to pre-let-7 uridylation and subsequent degradation. Finally, we analyze
how let-7 and Lin28/LIN-28 together act as a highly conserved developmental
switch that controls stem cell differentiation in C. elegans and mammals.

INTRODUCTION

Precise spatial and temporal expression of specific microRNAs is essential to
ensure their targets are repressed appropriately. Selective regulation of the processing of
individual miRNAs at the level of the pre-miRNA might have distinct advantages. First,
regulating the immediate precursor might provide a rapid-response control mechanism
over mature miRNA levels. Second, selective recognition might be easier to achieve
for pre-miRNAs than for pri-miRNAs as the former have a more tightly defined feature
set, a single hairpin structure of 70-90 bases in length. Indeed, a number of examples of
specific miRNA regulation at the level of pre-miRNA processing have been reported.
In 2006 the laboratory of Javier Martinez described differential expression of mature
miRNAs and their direct precursors in mammals.! This study demonstrated by northern
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blotting and in situ hybridization that mature miR-138 is spatially restricted to distinct
cell types, while its precursor, pre-miR-138-2, is ubiquitously expressed throughout all
tissues analyzed. Furthermore, pre-miR-138-2 was found to be exported from the nucleus
to the cytoplasm, suggesting that cleavage of this pre-miRNA by Dicer is restricted to
certain tissues and cell types. However, the factors controlling pre-miR-138-2 processing
remain unknown. More recently, the RNA-binding protein KSRP/KHSRP was reported to
promote the biogenesis of a subset of miRNAs in mammalian cells.? KSRP/KHSRP was
found to be associated with a Dicer-containing complex and to promote the maturation
of pre-let-7a-1, pre-miR-20, pre-miR-23b and pre-miR-26b. For more information on
KSRP/KHSRP see the chapter by Trabucchi et al. in this book.

The most studied example of selective regulation of pre-miRNA processing to date
is centered around the RNA-binding protein Lin28/LIN-28.3* This review will focus on
this protein, its miRNA targets, its mechanism of action and its biology. For simplicity
we will refer to mammalian LIN-28 orthologs as Lin28.

miRNAs AND DEVELOPMENTAL TIMING IN C. ELEGANS

Interestin the genes controlling developmental timing in C. elegans®” led to the cloning
of'the first miRNA, /in-4 miRNA,* and the identification of the first miRNA target, /in-14
mRNA.? The developmental-timing, or heterochronic, pathway regulates stage-specific
processes during C. elegans larval development. For a detailed review of this pathway,
please see Rougvie et al.' One focus of the study of the heterochronic pathway in C.
elegans has been the developmental fate of several stem cells in the lateral hypodermis,
collectively known as the seam cells. The seam cells undergo a cell division pattern that
is synchronised with the four larval molts of the animal (Fig. 1). Only at the adult stage
will the seam cells exit mitosis and terminally differentiate. In /in-4 mutant animals, the
seam cells repeat the cell division pattern that characterises the first larval stage (L1) and
fail to differentiate. This mutant phenotype has been interpreted as a heterochronic change
with the developmental clock being stuck at the L1 stage, resulting in developmental
“retardation”. Gain-of-function mutations in the /in-4 miRNA target /in-14 lead to the
identical phenotype, whereas loss-of-function mutations in /in-14 result in an opposite,
“precocious” phenotype, where the seam cells skip the cell division of the first larval
stage. The lin-4 and lin-14 gene products therefore act as a developmental switch that
controls the L1 to L2 transition.

Three miRNAs of the let-7 family, mir-48, mir-84 and mir-241 act redundantly to
control the next developmental transition.'"""* Loss-of-function mutations in these three
microRNAs lead to the repetition of the cell division pattern of the second larval stage,
whereas a gain-of-function mutation in mir-48 results in a precocious phenotype. A likely
target of mir-48, mir-84 and mir-241 during this transition is the C. elegans hunchback
orthologue /bl-1. The miRNA let-7, the second miRNA to be identified,'* controls the
transition from the fourth larval stage to the adult stage and two of its targets in the
heterochronic pathway are the /in-41 and hbl- 1 genes, both of which are also heterochronic
genes.'>"'”More recently, two additional let- 7 target genes, the transcription factors daf-12
and pha-4, were identified." daf~12 is also a regulator of the heterochronic pathway
controlling seam cell fate.” Finally, the two let-7 family microRNAs mir-48 and mir-84
also control the cessation of the larval molting cycle at the adult stage, with mir-48; mir-84
double mutant animals undergoing a supernumerary molt at the adult stage."
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Figure 1. The /et-7 family of miRNAs and the /in-4 miRNA regulate timing of larval development
in C. elegans. miRNAs including let-7 were discovered in C. elegans through the analysis of mutants
defective in the timing of cell divisions during larval development. C. elegans development comprises four
larval stages, L1, L2, L3 and L4, each separated by a molt. L4 larvae develop into adults (Ad) through
a final molt. The miRNA /in-4 and the let-7 family miRNAs mir-48, mir-84 and mir-241 are required
early in development to control appropriate transition between the L1 and L2 stage and the L2 and L3
stage, respectively. The let-7 miRNA and mir-48, mir-84 and mir-241 are required for the transition
from the L4 to the adult stage. The link between the early larval transitions and the /er-7-dependent
L4 to adult transitions were unclear until recently. microRNAs are in bold, target genes in normal font.

It is striking that at least two microRNA families and at least four microRNAs are
involved in the control of developmental timing in C. elegans. As the lin-4 and let-7
microRNA families are conserved, they might play similar roles in other organisms. This
notion is supported by the temporal regulation of let-7 expression in several species.?
However, at least one potential role for /e#-7 family microRNAs outside the heterochronic
pathway has been reported, as discussed below.?! The microRNAs in the developmental
timing pathway act to precisely control temporal expression of their target genes to ensure
stable developmental transitions. However, the mechanisms that ensure the precise temporal
expression patterns of the microRNAs themselves have largely remained elusive.

THE HETEROCHRONIC GENE /in-28 ENCODES A REGULATOR
OF let-7 MICRORNA PROCESSING

Lin28/LIN-28 isa conserved cytoplasmic RNA-binding protein containing cold-shock
and CHCC Zinc-finger domains.** In C. elegans, LIN-28 is expressed during L1 and L2
stages, but is down regulated during later development, in a /in-4-dependent fashion.?
Mutants lacking /in-28 are precocious; seam cells perform an L3 specific pattern of
cell division during the L2 stage. Animals bearing a transgene causing /in-28 gain of
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function display a retarded phenotype similar to that of /in-4 loss-of-function or /in-14
gain-of-function mutants. Until recently, the targets through which /in-28 acts to specify
temporal cell fates were unknown. However, the observation that lez-7 mutations almost
completely suppress the precocious phenotype of /in-28 mutants suggested that /in-28
might act by regulating this miRNA.'*

The mouse LIN-28 orthologue Lin28 blocks the processing of let-7 in embryonic
stem (ES) cells.? Initial reports suggested that Lin28 blocks processing of let-7 primary
transcripts, based on in vitro Drosha-mediated processing assays.’>? However, subsequent
studies have shown that mouse Lin28 can similarly prevent Dicer-mediated processing.***
In C. elegans, LIN-28 blocks let-7 processing at the Dicer step in vivo.*® As such,
regulation of Dicer-mediated processing is the conserved and likely major mechanism
by which Lin28/LIN-28 regulates /et-7. Both nematodes and mammals have multiple
let-7 family miRNAs. In C. elegans, LIN-28 regulates let-7, but not other /et-7 family
miRNAs during development and the functions of /et-7 are distinct from those of the
let-7 family miRNAs (as discussed above). It is not known whether different let-7 family
miRNASs have distinct functions in mice and humans, but loss of Lin28 results in elevated
levels of many let-7 family miRNAs and proposed determinants of Lin28 recognition
are shared throughout the family (see below). So, it is possible that Lin28 could regulate
all let-7 family pre-miRNAs in these species. Most vertebrate studies have focused on
single let-7 family members, but the observations made are likely to apply to other let-7
family miRNAs as well.

Consistent with a role in regulation of pre-let-7 processing by Dicer, Lin28/LIN-28
directly binds to pre-let-7.2>%¢ The precise mechanism by which Lin28 discriminates
pre-let-7 from other cellular RNAs is not completely understood. Various studies have
indicated that Lin28 binds pre-let-7 by specifically recognizing the terminal loop of the
let-7 pre-miRNA hairpin (Fig. 2).2*252"28 Piskounova et al. found a conserved cytosine
residue in the loop of pre-let-7g, which is required for Lin28 binding in vitro. In contrast,
Heo etal. identified a GGAG motif'in the loop of pre-let-7. The motifis required for Lin28
binding in vitro and is also sufficient to induce binding when introduced into the loop

1
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u a ugagg -a a 2
gagguagu guuuguacaguu gucu ug uacc ¢ =—p» a
LEEEEEEE TEEEEETTTTr LI T
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Figure 2. Mutations in the loop-region of pre-let-7 abolish Lin28 binding. Model of the predicted
secondary structure of human pre-let-7g. Bases corresponding to mature let-7g (5’ arm) and let-7g*
(3" arm) are highlighted. Bases that have been shown to disrupt interaction with Lin28 in vitro when
mutated are shown in bold. 1, data as described.? 2, data as described.”? 3, data were obtained for
pre-let-7a and Lin28b as described.?’
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-of unrelated pre-miRNAs. This motif is partially overlapping with sequences required
for Lin28 blockade of Drosha-mediated processing in Newman et al. Interestingly, the
GGAG motifis found in some additional unrelated miRNAs and these can also be bound
by Lin28 in vitro.?’” The terminal loop of pre-let-7 is not conserved between C. elegans
and vertebrates, yet mouse and human LIN-28 orthologues can still bind C. elegans
pre-let-7 in vitro®?° (E.A.M. and H. Lightfoot, unpublished results), suggesting some
conservation in the mechanism of recognition. Interestingly, Rybak et al. found that
RNAs that correspond to the let-7 mature miRNA sequence, or to the loop of pre-let-7
can compete for Lin28 binding to pre-let-7. More detailed studies are needed to resolve
this. The conserved domain structure of Lin28/LIN-28 is unique among animal proteins.
Both the cold shock and zinc finger domains may potentially interact with RNA and so
could mediate interaction with pre-let-7, but how this is achieved is currently poorly
understood, although both domains appear to contribute to binding and blockade of
processing in in vitro (cell-free) assays and in cell culture.?®?

Lin28/LIN-28 PROMOTES URIDYLATION AND DEGRADATION
OF PRE-LET-7

Once bound to pre-let-7 how does Lin28/LIN-28 prevent it from being processed
by Dicer? One possibility is that Lin28 binds to the precursor and physically prevents
Dicer from processing it. This suggestion is supported by the fact that Lin28 can prevent
processing of pre-let-7 in in vitro assays using recombinant Dicer.”> However it is
contradicted by the observation that steady state levels of pre-let-7 are not altered by
perturbation of Lin28/lin-28,2**2¢ indicating that Lin28/LIN-28 might inhibit processing
as well as promote turnover of pre-let-7 by another factor.

A study by Heo et al found that pre-let-7 is terminally uridylated in a Lin28-dependent
fashion.? The uridylated form of pre-let-7 cannot be processed by Dicer and instead is
subject to rapid decay by a Dicer-independent mechanism that does not produce mature
miRNA. This supports the notion that rather than simply blocking processing, Lin28/
LIN-28 mediates turnover of pre-let-7 molecules. Subsequently, three independent studies
identified the enzyme responsible both in humans (TUT4) and C. elegans (PUP-2),26:27:3
TUT4/PUP-2 is a member of a family of poly(U) polymerases, which add U residues to
the 3” termini of RNA in a substrate-independent fashion.’' A direct interaction between
TUT4/PUP-2 and Lin28/LIN-28 serves to recruit the enzyme to specifically uridylate
pre-let-7. In C. elegans the phenotypic consequences of pup-2 loss of function are
much less severe than for /in-28, suggesting that pup-2 enhances, but is not essential for
lin-28-mediated blockade of let-7 processing. It will be interesting to compare the roles
of let-7 family miRNAs, Lin28 and TUT4 in vivo in vertebrates. A current model of the
interactions of pre-let-7, Lin28/LIN-28 and TUT4/PUP-2 is shown in Figure 3.

HETEROCHRONIC GENE ORTHOLOGUES: ANCIENT STEM CELL
REGULATORS?

The let-7 miRNA is remarkable in that the entire 21 nucleotide sequence of the
mature miRNA is perfectly conserved in a wide range of species including nematodes
and man; in addition temporal regulation of let-7 is conserved in many bilateria
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Figure 3. A proposed model for pre-let-7 regulation by Lin28 and a poly(U) polymerase. Lin28(LIN-28)
sequesters pre-let-7 in the cytoplasm to prevent Dicer-dependent processing. However, pre-let-7 does not
accumulate, but is modified by 3’ uridylation by Tut4(PUP-2) and targeted for degradation. Lin28(LIN-28)
and let-7 can act as a switch that regulates cell differentiation. This pathway is conserved from nematodes
to mammals. A switch from Lin28(LIN-28) to let-7 expression is reinforced through direct negative
regulation of Lin28(LIN-28) by let-7 (not shown). Mouse and C. elegans nomenclature are shown.

including sea urchins (Fig. 4).2° As in C. elegans, mature let-7 is absent at early stages
of development and highly expressed in mature tissues, while pre-let-7 is expressed
throughout development. It is tempting to speculate that temporal expression of let-7
is regulated by lin-28 orthologs throughout the bilateria.

Regulation of let-7 by lin-28 provides a direct link between the early and late
developmental timing pathways in C. elegans (Fig. 1) and provides the mechanism by
which let-7 accumulation is controlled to ensure appropriate timing of differentiation
in development. The deep conservation of this regulatory relationship suggests this
may be a more universal mechanism that serves to control decisions between growth
and maturation in animals. Indeed, Lin28 has been linked in genome-wide association
studies to traits such as growth, onset of puberty and menopause.’*3*

This may reflect a role for Lin28/LIN-28 and let-7 in regulating the decision
between proliferation and differentiation at the cellular level. Lin28/LIN-28 and let-7 are
reciprocally expressed in stem cells and differentiated tissues; Lin28/LIN-28 levels are
high in stem cells, whereas let-7 levels are high in differentiated cells and misexpression
of either can be used to drive cell fates in vitro.’**” Indeed, Lin28 is one of a small
set of factors which when introduced into primary human or mouse cell cultures can
promote ‘reprogramming’ of these cells to induced pluripotent stem (iPS) cells.’” Two
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Figure 4. Developmental regulation of pre-let-7 is an evolutionary conserved mechanism. A) A
photograph of the sea urchin Strongylocentrotus purpuratus (Kirt L. Onthank). B) In the sea urchin S.
purpuratus pre-let-7 processing is developmentally regulated.® Northern blot for let-7. Lane 1, total
RNA from mixed-stage C. elegans. Lanes 2-12, total RNA from S. purpuratus isolated at different
stages of development.

transcription factors, Oct3/4 and Sox2, are necessary and sufficient for iPS formation,
but reprogramming efficiency is improved by factors including Lin28, Nanog, c-Myc
and K1f4.373% iPS cells can be maintained indefinitely in culture and bear morphological
and molecular hallmarks of embryonic stem (ES) cells.?* In the mouse, iPS cells, like
ES cells can contribute to all germ layers in chimeric animals generated after injection
into blastocyst stage embryos.***! Consistent with the notion that Lin28 promotes iPS
formation by preventing let-7 expression, let-7 inhibitors improve efficiency of iPS
induction in the absence of Lin28.** Conversely, the overexpression of let-7 can inhibit
self-renewal of ES cells; this is likely through downregulation of pluripotency factors
including Lin28 and c-Myec.

Finally, deregulation of the let-7/Lin28 switch has been associated with human
cancer. 236444 L et-7 can act as a tumour suppressor; direct targets of let-7 include the
oncogenes Ras, HMGA?2 and Lin28 itself.** let-7 is absent from a wide range of cancers
and introduction of let-7 can reduce tumorigenicity in mouse models.* Lin28, in contrast,
can act as an oncogene, is highly expressed in many cancers and overexpression of
Lin28 can drive the transformation of human cells.?¢4-4

CONCLUSION
Beginning with studies ofthe timing of developmental decisions in C. elegans, Lin28/

LIN-28 and let-7 have been uncovered as conserved regulators that control proliferation
in human stem cells and cancer. Future studies of the functions of Lin28 and let-7 not
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only promise to yield insights into the mechanisms that underlie development, but will
also be relevant to applications in stem cell-based therapeutics and treatment of cancer.
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CHAPTER 8

THE EFFECT OF RNA EDITING AND ADARs ON

miRNA BIOGENESIS AND FUNCTION

Bret S.E. Heale, Liam P. Keegan and Mary A. O’Connell*

Abstract:

From analysis of deep-sequencing data it is apparent that sequence differences
occur between the genome and miRNAs. Changes from genomic A to an apparent
G in miRNA can be accounted for by the editing activity of ADARs. Questions
that arise from this observation are: How many miRNAs are edited and to what
frequency? Is there a specific step in the biogenesis of miRNAs that is preferentially
susceptible to editing by ADARs? However the key question is whether editing
affects the downstream activity of miRNAs. Despite much evidence that miRNAs
are edited, critical examination of the functional data shows a dearth of examples
where editing has been demonstrated to actually affect the downstream miRNA
activity in vivo. Even where itis demonstrated that RN A editing can affect biogenesis
or targeting of a particular miRNA, effects may be limited by redundancy within
the miRNA network.

INTRODUCTION

The ADARs (adenosine deaminases acting on RNA) are the main family of RNA
editing enzymes found in mammals. They convert specific adenosines to inosines in
double-stranded (ds) RNA (Fig. 1). It is primarily the RNA duplex structure that is
recognised, rather than the sequence (for review ref. 1). Inosine is read as if it were
guanosine by the translation machinery so that editing within coding sequences can
result in another amino acid being inserted at the editing site. This can have a huge
impact on the properties of the encoded protein. For example, when transcripts encoding
subunit B of the AMPA class of a glutamate-gated ion channel receptor are edited so
that glutamine (Q) is converted into arginine (R) by ADAR?2 at Q/R site, this receptor
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Figure 1. A) ADAR enzymes can bind to pri-miR-376a2 and both ADAR1 and ADAR2 can edit it
at the +4 and +44 positions, the mature miRNAs are in bold. B) ADAR proteins recognise duplex
RNA and bind to it as a dimer. C) ADAR enzymes can convert adenosine to inosine via hydrolytic
deamination so that inosine now base-pairs with cytosine.
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is subsequently impermeable to calcium.? In most of the transcripts that are specifically
edited by ADARs at one or two positions, editing results in recoding and most of these
site-specifically edited transcripts are expressed in the CNS. However RNA duplexes
formed from opposite-sense transcripts of repetitive elements are also edited. This editing
is very prevalent within the human genome due to the abundance of A/u elements with the
capacity to form RNA hairpins within transcript introns and UTR regions.® Yet despite
the prevalence of this type of editing its biological function is unknown and as yet can
only be speculated on.

When the Drosophila and human genomes were first sequenced it came as a
surprise that they contained more proteins with dsSRNA-binding domains (dsRBD) than
anticipated.*® At that time it was thought that there was very little dSRNA in the cell so
why have so many proteins with dsSRBDs? Amongst the known proteins with dsRBDs
at the time were ADARI1, which has three dsRBDs and a catalytic deaminase domain
in the carboxy terminus in addition to ADAR2, ADAR3 and TENR which all have two
dsRBDs. So far, only ADAR1 and ADAR2 have been demonstrated to be active whereas
no catalytic activity has been shown for ADAR3 or TENR. The ADAR1p110 isoform
is a nuclear protein found constitutively in most tissue. The ADARI p150 isoform is
expressed from an interferon-inducible promoter; this protein shuttles in and out of the
nucleus and accumulates mainly in the cytoplasm.®* ADAR?2 is a nuclear protein expressed
in most tissues but at a lower level than ADAR1 whereas ADAR3 is brain-specific and
TENR is only found in the testis.

Considering that dSRNA is in the A form, the view has been that proteins that bind
dsRNA do so in a rather nonspecific way with the structure rather than the sequence being
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important. The major groove in the A form duplex is too narrow and inaccessible to amino
acid side chains and the minor grove, while more accessible, has fewer different hydrogen
bonding determinants on the bases that would allow sequence-specific recognition.’
Consequently binding of dsRBDs to dsRNA was considered to be rather nonspecific
with specific contacts to the nucleotides not being very important.® When it emerged
that many of the proteins with dsRBDs were involved in the processing of miRNAs the
assumption was that ADARs would either enhance or antagonise this pathway since
they bind to a very similar substrate. So the search began to identify the interactions
between ADAR proteins and the miRNA pathway and determine at what steps these
occur. As ADAR proteins are present both in the nucleus and the cytoplasm, they could
potentially influence both the nuclear and cytoplasmic processing of miRNA and their
downstream functions.

There may be RNA editing of nucleosides other than adenosine. High-throughput
sequencing studies of miRNAshaverevealed not only A to G changes and poly-uridylation,
but also G-to-A, C-to-U, U-to-C and U-to-A changes. There have even been suggestions
of insertions and deletions of nucleotides.’ In plants, there is evidence of a protective
effect of adenylation of miRNAs!'? and evidence that 2'-O-methylation protects miRNAs
from 3’-end uridylation and 3'-to-5" exonuclease-mediated degradation.!'"'> Further, in
animals Lin-28 has been demonstrated to be involved in uridylation of pre-let-7 as a step
in RNA degradation.'’ Liver specific miR-122 undergoes adenylation by the cytoplasmic
poly(A) polymerase GLD-2, which stabilizes it and prevents uridylation and subsequently
degradation.'* However in mammals, the most widespread and best studied example
of RNA editing of miRNA is adenosine to inosine (A-to-I) deamination by ADARs.
Consequently, the main question addressed in this chapter is: what is the evidence that
RNA editing by ADARs affects the miRNA pathway?

PREVALENCE OF EDITED miRNAs

When investigating the effect of A-to-1 editing on miRNA biogenesis one first has
to determine how many miRNA are edited and to what extent the individual miRNAs
are edited. Addressing this question is not straightforward as ADAR editing of either the
pri-miRNA transcript or the pre-miRNA can also result in inhibition of the production
of mature miRNA, potentially reducing the number of detectably edited miRNAs.

An additional consideration is the tissue expression profile of ADARs, which is
high in the central nervous system (CNS) but low in tissues such as muscle. Most of the
transcripts that are specifically edited are found in the CNS and the complexity of this
tissue may notbe well represented in sequence data. Also many cell lines, even though they
express ADAR proteins, do not have high endogenous editing activity; this is in particular
true for ADAR2. Comparison of neuronal tissue and neuronal cell lines might therefore
reveal conflicting results. Also, in most cases authors of miRNA cloning and discovery
projects avoid analyzing sequences that do not match to the genome. Understandably,
they are attempting to limit the noise of their sequencing data, but this has the side effect
that editing events go unrecorded. Yet despite these caveats some authors have directly
investigated the prevalence and abundance of A-to-I editing in miRNA while others have
revealed insight through high-throughput cloning screens.

Perhaps the best data on pri-miRNA editing in humans is from Blow and colleagues
who examined editing of pri-miRNAs and estimated that 6% of mature miRNAs are



THE EFFECT OF RNA EDITING AND ADARs ON miRNA BIOGENESIS 79

edited.” They chose 231 pri-miRNA transcripts to investigate in adult human brain,
heart, liver, lung, ovary, placenta, skeletal muscle, small intestine, spleen and testis.
Of these 99 were amplified and sequenced and they found that twelve pri-miRNAs
were edited, with six of these having editing within the mature miRNA sequence. The
editing frequency at single sites ranged from 10% to 70% and was tissue-specific.
For example, pri-miR-376a (position 49) was edited 70% in brain and 0% in skeletal
muscle. These results are a strong indicator that pri-miRNA can be substrates for A-to-I
editing. However, the analysis excludes the investigation of pre-miRNA editing and is
not a comprehensive examination of all miRNAs.

Landgraf and colleagues state in the miRNA Expression Atlas, that they found
A-to-I editing in about 2% of mature miRNA clones.'® The consortium’s robust data
was derived from collections of clones of small RNAs and miRNA arrays. Their
analysis covered over 140 samples from several tissue types and cell lines. They
even produced libraries from cell lines infected with virus. The primary goal of the
authors was to determine abundance and presence of mature miRNA in different
tissues and cell lines. So while the breadth of samples is exceptional, the number of
clones per miRNA is not sufficient for determining the frequency of RNA editing.
For example, for miR-363 there were three edited clones out of 133 clones across
the panel of 143 libraries, which is less than one clone of miR-363 per library. In
addition, two of the edited clones occurred in one tissue sample which had only six
clones for miR-363 which gave a frequency of 33% editing in this sample. This low
number of clones per tissue is not unique to miR-363 but is rather a general feature
of the cloning libraries. This raises the question of how reliable a low clone number
is for ascertaining editing frequencies. Overall, occurrence of edited mature miRNA
ranged from 38 out of 8837 clones to 19 out of 24 clones for an individual miRNA
across all samples. In some cases the editing was 100 percent in a particular tissue
or as low as one clone in 230 in another tissue.

Other work has investigated brain-specific samples,!” bovine miRNA'" and
T-cells.” The work by Kawahara and colleagues examined pri-miRNA in human
brain and found that 16% of pri-miRNA transcripts were edited. In contrast, bovine
mature miRNAs derived from different tissues showed less editing, as did clones
of mature miRNAs from T-cells. Explanations for the discrepancies could be that
editing of pri-miRNAs does not lead to production of edited mature miRNAs, or that
pri-miRNAs are simply longer with more positions that can be edited in comparison
to mature miRNAs.

To conclude: with the rise in high-throughput sequencing projects it has become
apparent that there is sequence variation in miRNAs—however the source this variation
is unknown in most cases. A-to-I editing, by ADARs, does account for some of this
variation. A database detailing the variation of miRNA sequences would clarify the
actual abundance of A-to-I edited miRNA. However the overall level of RNA editing
is not as important as the biological consequences of miRNA editing. Editing of the
Q/R site in the G/uR-B transcript is a prime example of biological importance. Even
though there are not many transcripts edited by ADAR2 in mammals the consequence
of editing this one transcript changes the properties not only of the encoded protein
but of AMPA receptors, the workhorse class of excitatory glutamate receptors,
throughout the CNS. So rather than focus on prevalence a better issue to address is
whether there is an equivalent to G/uR-B editing amongst the 10% of miRNAs that
are edited?
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EFFECTS OF EDITING OF pri-miRNAs AND pre-miRNAs ON BIOGENESIS

For the majority of edited pri-miRNAs and pre-miRNAs, the consistent outcome
has been a decrease in the levels of mature miRNA. Inosine appears to be a negative
modulator of miRNA production both at the Drosha microprocessor level, where pri-miRNA
transcripts are cleaved to produce pre-miRNAs, and at the Dicer-TRBP level, where the
pre-miRNA hairpin is cleaved to produce mature duplex miRNA (Fig. 2).

The first miRNA shown to be edited was miR-22. In a screen of EST clones, Maas
and colleagues found editing of pri-miR-22? and confirmed that this occurred in vivo.
This suggested that A-to-1 editing of miRNA can take place prior to Drosha-mediated
processing and supported the hypothesis that A-to-I editing could alter Drosha-mediated
processing. This hypothesis was proven when it was found that in an in vitro cleavage
assay the presence of an edited nucleotide inhibited the ability of the Drosha-DGCRS
complex to process pri-miR-142.>! Even with as little as 7% of the pri-miR-142 transcript
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Figure 2. Nuclear editing of pri-miRNAs by ADARs can lead to the disruption of Drosha-DGCRS
processing. Also, editing of pre-miRNAs in the nucleus may lead to export of edited pre-miRNAs or
degradation by Tudor-SN. In the cytoplasm, cytoplasmic ADARs, like ADAR1 pl150, can potentially
edit pre-miRNAs. So far, editing of pre-miRNAs has been observed to lead to disruption of Dicer-TRBP
processing and subsequent reduction in mature miRNA levels. Finally, if edited mature miRNA is made,
editing can lead to miRNA redirection to alternative target mRNAs.
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edited, there was a marked decrease in production of pre-miR-142. In further experiments
the authors transfected HEK293 cells using a construct expressing pri-miR-142 in which
guanosines replaced the edited adenosines. ‘Pre-editing’ by mutating the edited A to
G led to the accumulation of the mutated pri-miR in transfected HEK293 cells and a
concomitant loss of mature miRNA. Thus, the consequence of editing pri-miR-142 was
inhibition of cleavage by Drosha-DGCRS.

Conversely, arecent study examining miRNA edited in brain found that pri-miR-203
editing actually enhanced the in vitro cleavage by the Drosha-DGCR8 complex.'” This
is the only example to date of enhanced miRNA production through A-to-I editing.
Also, in this study the authors found additional miRNA editing events which inhibited
Drosha-DGCRS processing and the authors noted that evidence of in vivo expression of
mature miR-203 was difficult to obtain. The final caveat is that the cleavage reactions
were done in vitro with pre-edited pri-miRNA in the absence of ADARs, whose binding
alone can influence cleavage activity.?

Analysis of brain specific miRNAs revealed also examples of Dicer-TRBP complex
inhibition by RNA editing. Processing of pre-let-7g by Dicer-TRBP was shown to be
decreased by replacing the adenosine at the editing site with guanosine.'” A similar
example is pre-miR-151 where processing was also impaired by A-to-1 editing.?® In this
study, synthetic RNA containing inosine at the edited position was tested for cleavage
by Dicer-TRBP in vitro. While Dicer-TRBP could still bind edited pre-miR-151, the
presence of inosine at the +3 and/or -1 site restricted the production of mature miR-151.
This provides an explanation for the accumulation of edited pre-miR in human Amygdala
(38% editing in pri-miRNA, 100% in pre-miRNA) and in mouse cerebral cortex (13%
editing in pri-miRNA, 94% editing in pre-miRNA).

Finally, Tudor-SN, a staphylococcal nuclease which has been copurified with RISC,**
can cleave inosine-containing RNA duplexes.” Intriguingly, inhibition of Tudor-SN
by 2'-deoxythimidine-3',5"-bisphosphate (pdTp) results in the accumulation of edited
pri-miR-142 in HEK293 cells that overexpress pri-miR-142.2! Therefore A-to-1 editing,
in addition to inhibiting cleavage by the Drosha microprocessor or Dicer/TRBP, may
also generate a substrate for degradation of miRNAs by Tudor-SN.

Although A-to-I editing appears to have a largely inhibitory role on mature miRNA
production, edited mature miRNA are generated, as they have been cloned. For example,
Pfeffer etal. reported that 12 of 14 mature KSHV virus miR-K12-10 clones had an editing
event.” Also as mentioned previously, edited mature miRNAs have been observed by
Kawahara?” and by Landgraf.'® Thus, although editing is primarily inhibitory to processing,
A-to-I editing can result in the production of mature miRNAs with altered sequences.

THE EFFECT OF EDITING ON miRNA FUNCTION

For RNA editing effects on miRNA biogenesis or targeting to be significant, they
must produce detectable alterations in the final miRNA activity. Even though miR-22
was one of the first miRNAs found to be edited and even though it is widely expressed
in mammalian tissues, the consequences of this editing event have not been explored.?
One miRNA that has been studied is pri-miR-142, which is expressed in the T-lymphoid
lineage and edited by both ADAR1 and ADAR?2 at 11 different sites.?! Drosha cleavage
is impaired and the edited pri-miRNA is degraded by Tudor-SN. The level of mature
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miR-142 was seen to substantially increase in both ADAR [ and ADAR2 null mice. However
there is no obvious corollary effect on the T-lymphoid lineage in these mutant mice.

This exemplifies the problem that despite the evidence that miRNAs are edited,
when one critically analyses the functional data, there is a lack of examples where editing
has been demonstrated to actually affect the downstream miRNA activity in vivo. Even
where it is demonstrated that RNA editing can affect biogenesis of a particular miRNA,
there is probably redundancy within the miRNA network. Thus, other miRNAs could
affect the same target so the reduction in the amount of one miRNA may not have a
pronounced effect.

The most direct effect by an edited miRNA on downstream miRNA activity was
reported by Kawahara and colleagues.?” They demonstrated that editing within the seed
sequence in the mature miRNA-376a-5p alters the specificity of the miRNA (Fig. 1)
and this can redirect its silencing activity to a new set of targets transcripts such as the
transcript encoding phosphoribosyl pyrophosphate synthetase 1, which is involved in
uric acid synthesis. The authors elegantly showed that in ADAR2 null mice there is a
two-fold increase in uric acid levels in the cortex.

ADARs AS COMPETING dsRNA-BINDING PROTEINS

Heale and colleagues analysing the editing of pri-miRNA-376a2 demonstrated that
it was not editing of this pri-miRNA that interfered with Drosha cleavage activity in vitro
(Fig. 1) but the binding of ADAR2 to the pri-miRNA.?? These experiments suggested that
ADARSs could have a greater influence on miRNA biogenesis than previously anticipated
and that they could affect more than the 10% miRNAs that are found to be edited. It also
reiterated what had been previously observed that binding of proteins with dsRBDs to
dsRNA is rather nonspecific so that competition of dsSRBDs for dsRNA has significant
effects. In fact, RNA-binding proteins can strongly regulate miRNA biogenesis as has
been observed for hnRNP A1l (see chapter by Michlewski et al).?

This study also raised the possibility that other dsRBD-containing proteins may
have a role in regulating miRNA biogenesis. ADAR3 and TENR do not have enzymatic
activity yet they have dsRBDs and are evolutionarily conserved. In addition there are
other dsRBD proteins in various genomes that as yet have no assigned function. However,
it is possible that there is redundancy between these proteins so it may require multiple
knockouts to reveal such functions.

EDITING OF SEED TARGET SEQUENCES WITHIN 3'UTRs

The effect of editing might be greater when the miRNA target sequence within
the 3'UTR is edited rather than the miRNA itself. It has long been noted that 90% of
mammalian RNA editing occurs within 3’'UTR regions of protein-coding transcripts.
Heale and colleagues using a dual luciferase reporter assay found that when the target
sequence of a miRNA is replaced with a sequence corresponding to an edited version of
the miRNA this had a greater effect on activity than editing the miRNA itself.??

Recently 12,723 editing sites within human 3'UTRs were screened to investigate
if editing either created or destroyed miRNA seed recognition sequences.? Over 3,000
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editing events that were found within 3'UTRs were indeed within potential seed recognition
sequences. Particularly in the case of 200 ESTs, editing of a specific sequence motif
created a seed match to three unrelated miRNAs. This suggests that one outcome of editing
3'UTRs is to modulate miRNA target recognition. What is very intriguing is that in C.
elegans no editing has been identified that modifies codons within transcripts—however
there is extensive editing in both 3’and 5'UTRs of protein-coding transcripts.’® This raises
the possibility that editing can modulate miRNA target sequences in C. elegans.

CONCLUSION

There is strong evidence that editing can affect the biogenesis of miRNAs at
different stages. Nuclear editing of pri-miRNAs by ADARSs can lead to the disruption of
Drosha-DGCRS processing. At the next step, editing of pre-miRNAs in the nucleus may
lead to degradation by Tudor-SN or to export of edited pre-miRNAs. In the cytoplasm,
cytoplasmic ADARs, like ADARI p150, can also potentially edit pre-miRNAs. So far,
editing of pre-miRNAs has been observed to lead to disruption of Dicer-TRBP-mediated
processing and subsequent reduction in mature miRNA levels. Finally, if edited mature
miRNA is made, editing can lead to miRNA redirection to alternative target mRNAs.

In general, editing appears to reduce the amount of mature miRNA, yet despite this
there is only one example where it has been demonstrated unequivocally that editing
affects the downstream function of the miRNA. It is likely there are more examples as
we are still in the early days of analysing the function of miRNAs.

Itis possible thatediting miRNA target sequences within the 3'UTRs may have greater
consequences than editing individual miRNAs. Also ADAR RNA editing enzymes are
first and foremost dsRNA-binding proteins and this may ultimately be as important as
the effect of their enzymatic activity in miRNA biogenesis.
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miRNAs NEED A TRIM

Regulation of miRNA Activity by
Trim-NHL Proteins
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Abstract: Trim-NHL proteins are defined by RING, B-Box and Coiled-coil protein motifs
(referred to collectively as the Trim domain) coupled to an NHL domain. The C.
elegans, D. melanogaster, mouse and human Trim-NHL proteins are potential
and in several cases confirmed, E3 ubiquitin ligases. Current research is focused
on identifying targets and pathways for Trim-NHL-mediated ubiquitination and
in assessing the contribution of the NHL protein-protein interaction domain
for function and specificity. Several Trim-NHL proteins were discovered in
screens for developmental genes in model organisms; mutations in one of the
family members, Trim32, cause developmental disturbances in humans. In most
instances, mutations that alter protein function map to the NHL domain. The NHL
domain is a scaffold for the assembly of a translational repressor complex by the
Brat proto-oncogene, a well-studied family member in Drosophila. The link to
translational control is common to at least four Trim-NHLs that associate with
miRNA pathway proteins. So far, two have been shown to repress (Mei-P26 and
Lin41) and two to promote (NHL-2, Trim32) miRNA-mediated gene silencing. In
this chapter we will describe structure-function relations for each of the proteins
and then focus on the lessons being learned from these proteins about miRNA
functions in development and in stem cell biology.
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INTRODUCTION

The year 2000 was an auspicious one for the miRNA field. In a series of three papers,
the let-7 miRNA was first identified in a screen for mutations affecting developmental
timing in C. elegans.' Second, let-7 was quickly demonstrated to be highly conserved and
expressed in a wide range of bilaterally symmetric animals,? unlike the original miRNA
gene, lin-4, that was thought to be restricted to C. elegans.® Third, let-7 was shown to act
as a repressor for a conserved gene, /in-41,"* within the developmental timing pathway.
Analysis of predicted protein domains in LIN-41 led to the description of a novel class of
so-called Ring, B-Box, Coiled-coil (RBCC) domain proteins.** Later, the acronym Trim
(Tripartite motif) was adopted for this sequence of protein domains. Current annotations
recognize over 70 Trim domain proteins in mammalian genomes that can be subdivided
into distinct classes based on the presence of additional C-terminal domains (reviewed
in refs. 6,7). The C-terminus of LIN-41 was found to contain six copies of a 44 amino
acid repeat sequence shared with two other known proteins: HT2A and NCL-1.** These
were the founding members of the Trim-NHL (NCL-1, HT2A, LIN-41) family. As
seen in Figure 1, there are four Trim-NHL proteins encoded in the D. melanogaster,
M. musculus and H. sapiens genomes and five in C. elegans. Several of these proteins,
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Figure 1. Overview of the Trim-NHL protein family. The mammalian NHLrc1-3 proteins are not
considered due to space constraints and because of the lack of Trim motifs in these proteins (with the
exception of the RING in NHLrcl). Protein motifs were identified using the SMART (http://smart.
embl-heidelberg.de), InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/) and ProSitescan (http:/
expasy.org/tools/scanprosite/) tools. A phylogenetic tree was generated after ClustalW alignment of the
C-terminal sequences. The relationships may vary from published phylogenies depending on the sequences
chosen for alignment and precise methodologies used. For display, the x-axis was compressed six-fold.
C. elegans proteins are in light gray (green), D. melanogaster in medium gray (red), M. musculus in
black (blue) type. A color version of this figure is available at www.landesbioscience.com/curie.
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including the mouse ortholog of LIN-41, have recently been identified as regulators of
miRNA pathway activity, the subject of this review.

There are several reviews of Trim domain proteins, including their structural
characterization, disease phenotypes and functions in ubiquitin-mediated protein
degradation.®® As of this writing, however, there is no comprehensive review of
Trim-NHL family members and their roles in development and miRNA regulation. For
this reason, we will begin with a brief outline of the common structural features of this
protein family, followed by a review of earlier work on the functional characterization
of each of the members. We will then turn to recent evidence that at least some of the
Trim-NHL proteins act as post-transcriptional regulators of miRNA activity in their
capacity as E3 ubiquitin ligases.

THE Trim-NHL FAMILY OF DEVELOPMENTAL REGULATORS

Although there have been a number of important studies on Trim-NHL proteins in
chicken, zebrafish or rat, the bulk of the work has concerned the proteins from C. elegans,
Drosophila, mouse and humans presented in Figure 1. The phylogenetic tree presented in
Figure 1 is based on alignment of the C-terminal NHL sequences. Both the phylogenetic
relationships and the individual domain structures of these proteins have been more
rigorously treated elsewhere.®7!! As detailed below, the Trim-NHL sequence of motifs
was first recognized in LIN-41 from C. elegans and consists of a RING-type (Really
Interesting New Gene) Zinc-finger in close proximity to the N-terminus. One or two
copies of a distinct Zinc-finger motif referred to as the B-Box follow the RING. The
triad is completed by a hydrophobic heptad repeat termed the coiled-coil. This linear
arrangement is quite constant, suggesting cooperative functional interactions between the
three motifs. Less conserved is the Ig-filamin domain situated between the Trim motif
and the NHL domain in several of the proteins. The paradigm NHL domain contains
six copies of a 44 residue repetitive motif but the number of readily identified repeats
varies from 2 to 6.

Each of these motifs will be discussed in turn, beginning with the RING domain.
Although referred to as a RING finger, the actual structure is not fingerlike. Instead, the
RING sequence contains four pairs of Zinc binding residues (numbered 1-4). The peptide
chain loops back upon itself to juxtapose two non-adjacent pairs of Zinc binding residues
(pairs 1 and 3) to form the first Zinc-coordination site. The peptide chain then reverses
direction again to align the two remaining pairs (pairs 2 and 4). The result is a rigid,
self-reinforced globular structure referred to as a “cross-brace” (reviewed in refs. 12,13;
see NCBI Conserved Domain Database 00162). RING motifs are found in a large number
of proteins and were originally thought to mediate DNA binding and/or protein-protein
interactions. After several RING proteins were linked to ubiquitin-mediated protein
degradation, the RING domain of the Cbl (Casitas B-lineage lymphoma) proto-oncogene
was shown to actively participate in protein ubiquitination,'*! a finding then extended
to many additional family members'® (reviewed in refs. 13,17). The RING domain was
later shown to possess intrinsic E3 ubiquitin ligase activity and to directly recruit and
activate specific E2 ubiquitin conjugating enzymes.'®!° A brief description of the ubiquitin
pathway will be provided in the next section (see Fig. 2). However, it seems certain that
E3 activity is a general feature of the RING domain. Trim32 was the first Trim-NHL
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Figure 2. Basic principles of ubiquitination. a) A ubiquitin monomer is covalently linked to an El
activating enzyme. Interaction of the E1 with an E2 conjugating enzyme results in transfer of the primed
ubiquitin to an E2 conjugating enzyme. For RING domain E3 ubiquitin ligases, the E2 interacts directly
with the RING. In general, the E3 attracts substrates via additional interaction surfaces such as the
coiled-coil or NHL domains. Construction of polyubiquitin chains requires iterative cycles of E2 binding
and ubiquitin ligation. Ubiquitin is covalently attached via an isopeptide bond between the C-terminal
glycine of ubiquitin and a substrate lysine. See text and references for details. b) Current research is
revealing new forms of ubiquitin linkage. In the classical pathway depicted here linear chains of at
least four residues are connected at Lys48 of ubiquitin. This linkage is specifically recognized by the
26S proteasome, resulting in ubiquitin release for recycling and proteolytic degradation of the tagged
substrate. ¢) One alternative to the classical pathway is schematically shown. Monoubiquitination can
support protein binding with a partner containing a ubiquitin binding domain (UBD), allowing dynamic
regulation analogous to protein phosphorylation.

protein shown to be an E3 ubiquitin ligase,?*?! followed by Trim2%* and mouse LIN-41
(referred to as either Trim71, mLin41, or Mlin41).23

Less is known about the B-Box motifs, which are found either singly or in tandem.
When in tandem, the upstream B-Box conforms to a distinct consensus sequence. B-Boxes
are most commonly associated with a RING domain, but as seen in Brat and Dappled/
Wech, this is not always the case (Fig. 1). Mutations in the B-Box for the non-NHL Trim
proteins Trim5a and Trim18 (Midline-1) disrupt protein function (reviewed in ref. 6). As
discussed below, mutations in the B-Box of human Trim32 lead to a distinct developmental
disorder (Bardet-Biedl Syndrome)* compared to mutations in the NHL domain (Limb
Girdle Muscular Dystrophy).?"** However, in these and in other cases the precise role of
the B-Box remains elusive and may entail protein turnover, oligomerization or intracellular
localization in addition to specific protein-protein interactions. The solution structure of
the individual and the tandem B-Boxes of Trim18 is an important advance, revealing that
both adopt a cross-brace conformation quite similar to the RING domain®-?® (see also
NCBI Conserved Domain Database cl00034). This raises the interesting possibility that
the B-Box may directly interact with the RING and participate in E3 activity, perhaps
by serving as an accessory binding surface for E2 conjugating enzymes.

Of the three Trim motifs, the coiled-coil is the most widespread outside the Trim
superfamily and represents a basic building block of protein structure (reviewed in refs.
18,29). In principle, coiled-coils can form higher order homo- and heteromeric structures
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with a high degree of plasticity.® Less is known about their structural or functional
contribution to Trim domain function, although there is experimental evidence that they
support homomeric interactions.’ The same study showed that multimerization mediated
by the coiled-coil was required for correct localization to intracellular compartments.
Trim2, Trim3 and Trim32 eGFP fusions were found to be cytoplasmic with a filamentous,
diffuse or “speckled” distribution, respectively.’

When present, the Filamin homology domain, also referred to as an Ig-filamin repeat
(see NCBI Conserved Domain Database cl02665), lies between the Trim motifs and the
NHL repeats. No function has been assigned to the Filamin domain in the context of
Trim-NHL family members. In Filamin proteins, the Ig-Filamin repeats are present in
up to twenty-four copies and adopt a rod-like -barrel conformation that interacts with
actin and many other partners (see ref. 30 for a recent review).

Ofcourse, the defining domain of the Trim-NHL family is the NHL repeat (Fig. 1). The
similarity of the NHL repeats to a previously characterized motif, the WD-40 -propeller,
was significant enough to suggest a similar secondary structure.’ Furthermore, many of
the genetically isolated mutations in LIN-41 and Brat mapped to the NHL domain.**! The
NHL domain was necessary and sufficient for rescue of brat embryos during embryonic
patterning,*? demonstrating thatthe isolated domain has activity as a translational repressor
(see below for details). The crystal structure of the isolated NHL from Brat has been
solved and revealed that each of the NHL repeats forms one “blade” of a six-bladed
propeller, with the exception of the first blade. $-sheet elements derived from the first
and sixth NHL repeat contribute to the first blade. This brings both ends of the structure
together in a circular, or doughnut-like arrangement.>* Each blade is composed of four
[-sheets connected by exposed loops. Structural modeling suggests that the RNA-binding
protein Pumilio interacts with one face of the propeller via the looped out residues. The
properties of this potential interaction surface are predicted to vary substantially among
the individual Trim-NHL family members such as Dappled/Wech.*

THE Trim DOMAIN AS E3 UBIQUITIN LIGASE

As noted above, E3 ubiquitin ligase activity has been documented for an increasing
number of Trim proteins, making it the potentially largest class of E3 enzymes. In the case
of Trim-NHL proteins, a role in protein ubiquitination could account for the diversity of
their known functions in processes ranging from developmental timing (LIN-41, NHL-2),
patterning (Brat), cell growth, division and proliferation (Brat, Mei-P26, NCL-1), endosomal
trafficking (Trim3), muscle integrity (Trim32, Wech) and germ line (LIN-41, Mei-P26)
or nervous system development and function (Brat, Mei-P26, mLin41, Trim2, Trim32).
Ubiquitination is a post-translational modification rivaling phosphorylation in extent and
consequence. The ubiquitin literature is far too vast to summarize here and there are many
excellent reviews.!***35 Basic features relevant to this review are summarized in Figure
2. Covalent attachment of ubiquitin to substrate proteins involves a tag team of three
enzymatic activities (E1-E3). First, in an ATP-consuming reaction ubiquitin is activated
by attachment to an E1 activating enzyme. Interaction with an E2 conjugating enzyme
leads to transfer of ubiquitin from the E1 to the active site of the E2. E3 ligases belong
to one of two large classes, HECT or RING. In the case of RING domain E3s, the E3
serves as a bridge between the E2 and the substrate protein with primary responsibility for
substrate specificity. Trim E3s are believed to stimulate catalysis by inducing proximity
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between the E2 and the substrate.!* A total of six known Els (only two utilize ubiquitin,
the others employ ubiquitin-like proteins such as SUMO—Small Ubiquitin-like MOdifier)
can chose among ~40 E2s. A given E3 will productively interact with only one or a few
E2s and can recognize multiple substrate proteins. Substrate ubiquitination can take
many forms, including monoubiquitination, oligoubiquitination and various types of
polyubiquitin chains (Fig. 2). To date, for the Trim-NHLs there is experimental evidence
for polyubiquitination activity using Lys48 linkages, one of seven lysines available in
ubiquitin for chain elongation.?"*3¢37 This is the classical signal for recognition and
degradation by the 26S proteasome. Alternative linkages are nonproteolytic and alter
substrate function, for example in directing protein traffic to vesicles (monoubiquitination)
or by acting as a scaffold for protein-protein interactions (Lys63 polyubiquitination). Since
linkage specificity is primarily a function of the E2, an E3 can have dual capacity and there
is experimental support for substrate monoubiquitination via Trim32.%®

FUNCTIONAL ANALYSIS OF INDIVIDUAL Trim-NHL FAMILY MEMBERS
Trim32

Trim32 was the first Trim-NHL gene to be cloned, in a two-hybrid screen for proteins
interacting with the HIV Tat protein.*® A missense mutation in the Trim32 NHL domain
was later shown to underlie the human developmental disturbance Limb-girdle muscular
dystrophy (LGMD2H, Type 2H).* Subsequent studies have identified additional Trim32
mutations in LGMD2H; all map to the NHL and affect both the ability of the protein to
self-interactand to bind E2.% Inkeeping with the muscle phenotype, Trim32 was originally
shown to physically interact with the head and neck region of the myosin heavy chain.
The coiled-coil domain was required for myosin binding. Trim32 was shown to possess
E3 activity in an in vitro autoubiquitination assay, in conjunction with the E2 enzymes
UbcHS5a, UbcHS5c or UbcH6. Based on in vitro and in vivo assays, a role for Trim32 in
actin degradation was proposed during muscle regeneration.?! More recently, Dysbindin
was identified as an additional candidate for Trim32-mediated ubiquitination, primarily in
the form of monoubiquitination.*® Dysbindin is acomponent of Bloc-1, an actin-associated
protein complex involved in the biogenesis of lysosome-related vesicles.*!

An alternative model was proposed for Trim32 in keratinocytes, in which the NHL
domain of Trim32 interacts with Piasy. Piasy is itself an E3 ligase, but is specific for
SUMO,* an alternative ubiquitin-like protein tag with a distinct spectrum of activities.
Interestingly, Trim32 not only targeted Piasy for ubiquitin-mediated degradation, it
also caused the relocalization of Piasy from the nucleus to cytoplasmic foci resembling
P-bodies. A consequence of Trim32 expression in keratinocytes was reduced sensitivity to
NF-kB dependent apoptosis, suggesting a role for the Trim32/Piasy regulatory interaction
in skin carcinogenesis.*

It is not surprising that an E3 ligase might have multiple substrates, with the
possibility of multiple gene-phenotype relationships. This point is underscored by an
independent mutation in the B-Box domain of Trim32 that predisposes for the Bardet-Bied]l
Syndrome.** Bardet-Biedl is a multifaceted disorder encompassing renal abnormalities,
retinal dystrophy, polydactyly, mental retardation and obesity. Nevertheless, there is no
obvious phenotypic overlap between LGMD2H and Bardet-Biedl and none of the many
Bardet-Biedl genes other than Trim32 have any known connection to muscular dystrophy.
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However, the finding that Bardet-Biedl genes as a group cause defects in the basal body
of ciliated cells and impair ciliary function*** may be relevant to the proposed role for
Trim32 in neurogenesis,*” which is discussed below. New insights are likely to be gained
by transgenic approaches, for example deletion of Trim32 in mice was recently shown to
phenocopy many of the myopathies associated with LGMD2H.* The phenotype also has
aneurogenic component, manifested biochemically by reduced levels of neurofilaments
and morphologically by reduced diameters of motor axons. Bardet-Biedl symptoms were
not described. One caveat for comparing the human mutations with the gene deletion
model is that the mutations in Bardet-Biedl or in LGMD2H are not necessarily null alleles.
Therefore, it may be necessary to generate mice carrying NHL or B-Box mutations to
unravel the full functions of Trim32.

LIN-41

In C. elegans, lin-41 was discovered as a major downstream target for the let-7
miRNA in the developmental timing pathway'* (reviewed in ref. 45). Gain and loss of
function /in-41 mutants displayed opposite phenotypes affecting vulval development and
morphology, oocyte production and the timing of cell cycle exit and terminal differentiation
of a set of blast cells in the hypodermis known as seam cells.* Genetic analysis gave the
first indication that LIN-41 is itself a post-transcriptional regulator, acting to repress a
transcription factor downstream of /in-41 in the timing pathway. Sequencing of /in-41 led
to the recognition of the Trim-NHL domain structure as a new protein family, together
with the previously cloned NCL-1 and HT2A/Trim32.*° Many of the null mutations
recovered in the genetic screen mapped to the NHL domain, a clear indication of its
functional importance. Ultimately, the presence of the Trim domain led to the annotation
of mammalian homologs of LIN-41 as Trim71, but here we retain the designation Lin41
for the mouse and human proteins in deference to this pioneering work in C. elegans.

Database searches revealed the presence of LIN-41 homologs in Drosophila and in
vertebrates.* In zebrafish, Kloosterman et al. verified the prediction by Slack and coworkers
that regulation of /in-41 by let-7 is conserved.* Three papers described the cloning of the
chicken, mouse and human genes and analyzed embryonic mRNA expression patterns.*’#
In both mouse and chicken, Lin4 1 was temporally regulated and inversely correlated with
the induction oflet-7 and miR-125 expression in embryonic development.®# In C. elegans,
lin-41 is expressed in neurons, muscles and gonads.* Muscle expression was confirmed
in the chicken*” and all three research groups noted temporally dynamic regulation of
the mRNA in the limb, wing and tail buds.**** Consistent with this, mLin41 expression
was modified in mouse mutants for the limb bud patterning genes Sonic hedgehog, Fgf-8
and Gli3.*’ This represents the first evidence for developmental control of Lin41 and its
miRNA regulators let-7 and miR-125 by mammalian signaling pathways.

In Drosophila, the closest /in-41 homolog has been referred to as either dappled or,
morerecently, wech. As seenin Figure 1, the protein lacks a RING domain. Dappled refers
tothe appearance of mutant larvae, due to the presence of melanotic tumors that are thought
to be a sign of tissue abnormalities.>® dappled was next encountered in a differential screen
for genes expressed in the embryonic head. At Stage 11, the mRNA was expressed at low
levels throughout the embryo and more strongly in neuroblasts, ganglion mother cells
and neurons.’! A more comprehensive in situ study documented expression in the central
nervous system (CNS) and peripheral nervous system (PNS) throughout embryogenesis. '
Ectopic dappled expression interfered with proper development of the eye and sensory
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organs.''* Although the significance of these findings for normal development remains
unclear, the eye phenotype was sensitive to let-7 expression levels.!!

A quite different view emerged from studies of integrins and muscle attachment®
(reviewed in refs. 54,55). Analysis of a mutant with a near complete loss of embryonic
muscle attachment identified a loss of function mutation in a gene identical to dappled that
the authors named wech. Loss of Wech had no obvious effect on muscle cell differentiation,
as myoblasts fused and expressed actin and myosin heavy chain. The attachment defect
could be rescued by specifically restoring Wech expression in muscle and tendon cells,
orin either cell-type individually. The Wech protein colocalized to cortical foci in muscle
cells with the adhesion proteins Talin, ILK (/ntegrin Linked Kinase) and Tensin. These
three proteins act to link integrin to the actin cytoskeleton at focal adhesion points between
cells known as hemiadherens junctions. Wech may serve as an adaptor protein in the
organization of these foci, as ILK and Tensin localization was dependent on Wech and
Wech in turn was dependent on integrin and Talin. Interestingly, the B-Box and coiled-coil
domains were required for the interaction with both ILK and Tensin.

The adhesion junctions studied by Loer et al are by no means restricted to the
muscle-tendon interface, but there is not yet any information on Wech function in other
tissues. It may be relevant that Ambros and colleagues found that let-7 is critical for
the attainment of an adult neuromusculature.’® /et-7 was strongly upregulated in the
Drosophila CNS and PNS during metamorphosis. High-level expression was also observed
in adult body wall muscle and in remnants of larval muscle that are initially retained after
metamorphosis. Consistent with this expression pattern, /ez-7 null mutants were viable
without gross defects in external morphology but suffered from severe disturbances in
motor function. Overall CNS development appeared to be normal, but a juvenile pattern
of muscular innervation persisted that coincided with a failure of the muscular remodeling
that normally occurs upon execution of metamorphosis.*® Determining the contribution
of Wech/Dappled to this transformation is an obvious next step and it will be interesting
to see if the protein is downregulated in neurons and muscle at the transition. If so, the
question would then be whether another Trim-NHL protein adopts the larval function of
Wech/Dappled in adults and what the functional consequences of such a switch might be.

Trim2 and Trim3

As seen in Figure 1, the mammalian Trim2 and Trim3 proteins are more closely related
to one another than to their D. melanogaster or C. elegans paralogs. Like Trim32, both are
strongly, but by no means exclusively, expressed in the brain. Originally referred to as Berp
(Brain enriched Ring Protein) Trim3 was cloned in a search for RING finger proteins in the
brain.”” Like Trim32, Trim3 was found to interact with myosin. Unlike Trim32, the NHL
domain directed binding to the tail region of the unconventional Class V myosins Va and
Vb. Class V myosins are primarily involved in transport of macromolecular complexes,
organelles and vesicles, including endosomes (reviewed in ref. 58). Consistent with a role
in endosomal trafficking, Trim3 was found to copurify with early endosomes and to form
a complex with Actinin-4, Hrs and Myosin Vb dubbed CART (Cytoskeleton-A4ssociated
Recycling or Transport).”® Independently, Trim3 was found to copurify with the Lst2
protein.® Focusing on Lst2, Mosesson et al. found that Lst2 promotes trafficking of
the receptor for epidermal growth factor (EGFR) to early endosomes. Furthermore, the
localization of Lst2 to early endosomes was inhibited by monoubiquitination, but it is not
clear if Lst2 is a substrate for Trim3.% Mono- and oligoubiquitination are recurring signals
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in the complex pathways that decide receptor fate after endocytosis: either recycling by
return to the cell membrane or degradation by sequential sorting to endosomes and then to
lysosomes (reviewed in ref. 61). It remains to be seen if Trim3 has E3 activity, if it targets
Lst2 and what its putative role in vesicle trafficking may be.

Trim2 was originally designated NARF (Neural Activity-related Ring Finger), because
Trim2 mRNA was upregulated after pharmacological stimulation of seizure activity in
rats. Like Trim3, the NHL domain of Trim2 interacted with Myosin V.®* Within the
brain, 7rim2 expression is highest in the CA1-3 neurons of the hippocampus,® a finding
confirmed using a gene-trap allele to record Trim2 (Trim2°T) promoter activity.” Trim2
is dispensable for embryonic development, as mice homozygous for 7rim2°T appeared
normal until 1.5 months. The mice then presented a neurodegenerative phenotype initially
manifested by tremor, followed by ataxia and seizures. Morphologically, 7rim2°" brains
displayed increased accumulation of neurofilament and abnormally swollen axons. This
axonopathy preceded both neurological symptoms and loss of neurons in the cerebellum
and retina. Biochemically, Trim2 was shown to interact with the E2 enzyme UbcHS5a in
anautoubiquitination assay,?? one of the E2 utilized by Trim32.2' However, unlike Trim32
no autoubiquitination activity was observed with Ubc5SHc or UbcH6. The light chain
of neurofilament may be one substrate for Trim2% and it will be interesting to compare
axonal phenotypes and ubiquitin substrates for Trim2 and Trim32.

Brat

The Drosophila protein Brat (Brain tumor) is perhaps the best studied of the Trim-NHL
proteins, due to its dual role as an embryonic patterning gene and as a tumor suppressor
in the larval brain. brat mutants also have defects in male and female fertility, cuticle
formation and occasionally form melanotic tumors,* a constellation reminiscent of
lin-41 and dappled, respectively. During early embryonic development Brat is required
for the establishment of an anterior-posterior gradient in the translation of hunchback
(hb) mRNA, a maternal effect gene and Zinc finger transcription factor.* In this role
as translational regulator, Brat participates in complex formation with the translational
regulator Pumilio and the sequence specific RNA-binding protein Nanos. Despite detailed
information regarding the structural features of the regulatory complex, less is known
about the mechanistic contribution of Brat to translational control.** Sonoda and Wharton
have suggested that Brat may assemble on multiple mRNAs by engaging in combinatorial
interactions with RNA-binding proteins other than Nanos,* but this has not yet been
confirmed experimentally. This suggestion may, however, prove to be correct in light of
the discovery that Brat interacts with the miRISC effector protein Ago1,% as discussed
in more detail in the section on Mei-P26.

The most striking feature of hrat mutants is the growth of larval tumors in the optic
centers that can attain ten times the normal size.* Frank et al. found that ectopic Brat
inhibits RNA synthesis and cell proliferation while increasing cell size in several organ
contexts.®® However, Brat is primarily expressed in the embryonic PNS, the ventral
nerve cord and the developing brain.?' Even within the CNS, the tumor origin was later
shown to be confined to a subset of neural progenitors®’ with the characteristics of transit
amplifying cells.®® A recent review of the relevant issues in the larval nervous system is
highly recommended® (see also ref. 70) and can only be briefly treated here. In the basic
scheme, the intrinsic apical-basal polarity of neuroblasts is used as a guide to asymmetrically
sort cell fate determinants to daughter cells (Fig. 3a). Different regions of the fly brain
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Figure 3. Models for Trim-NHL proteins in stem cell niches. a) In the Drosophila CNS, neuroblasts
(NB) divide asymmetrically to produce a smaller committed daughter termed ganglion mother cell
(GMC) and a new neuroblast. An apical (A.) protein complex (or Par complex) directs segregation
of basal (B.) determinants including Brat. In most lineages the GMC divides once to produce two
neurons (N). b) In the lineage of origin for Brat tumors (PAN), the initial basal daughter is a
transit-amplifying stem cell (TA) able to undergo further division to generate multiple committed
GMC:s. In the absence of Brat, TA cells fail to differentiate and hyperproliferate. c) A wild-type female
Drosophila germarium is depicted (Drosophila ovarian stem cells are reviewed in ref. 112). Polarity
is dictated by the Germ cell niche, comprised of the basement membrane and terminal filament (T),
cap cells (C) and germ cells (G). Germ cell daughters, or cytoblasts (Cy), undergo four rounds of
transit-amplifying divisions. Cystoblasts remain connected by cytoplasmic bridges (not shown) and
become progressively smaller. One cytoblast is determined and differentiates to an oocyte (O, dark).
The remaining cystoblasts become nurse cells (N), enclosed in follicular epithelial cells to form an
egg chamber. Mei-P26 expression increases during cystoblast transit, as indicated. Expression levels of
selected proliferation markers (Cyclin E, d-Myc) that correlate with Mei-P26 are shown. In mei-P26
loss of function mutants cystocyte size is undiminished as the cells hyperproliferate. Differentiation to
oocyte and nurse cells is disrupted, with formation of cystic egg chambers. Cyclin E and d-Myc are
deregulated. d) A model for Trim32 in the neuroepithelium is depicted. Two radial progenitors (NPC
a and b) undergoing interkinetic nuclear migration are shown, with apical feet and basal processes.
At division Trim32 accumulates near the thinned basal process, to be differentially inherited by an
incipient neuron (N). Expression of Trim32, let-7 and c¢-Myc in the NPC and neural daughter cells
are indicated. A color version of this figure is available at www.landesbioscience.com/curie.
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execute specific programs of proliferation and specification, but the basic scenario of
asymmetric division is that the apical daughter retains neuroblast character while the basal
daughter, called a ganglion mother cell (GMC), is smaller and destined for cell cycle
exit and terminal differentiation. Segregation of cell fate determinants requires the action
of apical proteins in the mother cell, including Par-3, Par-6 and atypical Protein Kinase
C (reviewed in refs. 69,70)(Fig 3). These proteins are required for basal accumulation
of a second set of proteins, which drive GMC specification. Brat is a recent entry into
this group of specification factors, which includes Numb, an inhibitor of the Notch
pathway, and Prospero, a transcription factor that suppresses self-renewal and promotes
neural differentiation.®’”"”> Brat was shown to bind Miranda,””* a scaffold protein that
accumulates in a crescent at the basal pole of the mother cell destined for inheritance by
the GMC (or basal neuroblast, see below). After division, Brat suppresses neuroblast
markers and promotes cell cycle exit in the GMC.¢"12 One proposed regulatory target
for Brat is the Drosophila Myc protein, a neuroblast marker that is dysregulated in brat
mutants.”! A new wrinkle in this basic model comes from the discovery that the tumor
lineage in brat mutants does not immediately produce a GMC but instead a secondary
neuroblast® (Fig. 3b). This is a transit-amplifying cell that produces GMCs after further
division. In this scenario, loss of Brat leads to tumors because the secondary neuroblast
fails to mature. How Brat controls proliferation and maturation of these cells remains
unclear, but it appears to work cooperatively and in parallel to Numb.®® Recent evidence
derived from studies of Mei-P26% and other Trim-NHLs to be discussed next points to
a role for Brat as regulator of the miRNA pathway, but this has yet to be demonstrated.

TRIM-NHL PROTEINS AS REGULATORS OF THE miRNA PATHWAY
Mei-P26

Several of the biological processes relevant to the Drosophila mei-P26 gene have
already been mentioned in relation to other Trim-NHL proteins: seizure (Trim2), gonad
development (LIN-41) and centrosome function (Trim32). The mei-P26 gene was first
encountered as recombination defective in a screen for mutants in meiosis.” Further
analysis extended the phenotype of mei-P26 mutants to both male and female sterility.”
Affected ovaries of the mutants contained inappropriately high numbers of poorly
differentiated cells. Testes were cystic and failed to produce motile spermatozoa.’™ Despite
strong specificity for gonads in its zygotic expression, RNAi against mei-P26 resulted
in disruption of embryonic CNS and PNS organization.” Supporting a role in the CNS,
mei-P26 was picked up in a mutational screen as a strong suppressor of seizures in an eas
(easily shocked) background.” eas encodes an ethanolamine kinase; the exact nature of
seizure susceptibility is not known but the eas mutation affects phospholipid metabolism
and neuroblast proliferation.”””® Two missense mutations were discovered in the mei-P26
suppressor allele, one in the coiled-coil domain and one in the NHL domain.”

Little information on the molecular function of Mei-P26 was available until 2008,
when the Knoblich laboratory first implicated Trim-NHL proteins in the regulation of the
miRNA pathway.® In visually stunning work, they first carefully dissected the growth
control failure in the ovaries of mei-P26 mutants. Terminal differentiation to oocytes
was blocked in mei-P26 ovaries, with an accumulation of cells in an intermediate state
of differentiation in which proliferation markers (CyclinE, Phospho-histone-H3) were
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upregulated (see Fig. 3¢). In analogy to their earlier work on Brat, Myc expression and
nucleolar size were increased in the germ cell progeny of mei-P26 mutants. Conversely,
overexpression of Mei-P26 led to depletion of ovarian germ cells. Mei-P26 expression
was upregulated in the initial progeny of ovarian stem cells and Mei-P26 levels increased
during the four rounds of transit amplifying proliferative cell divisions. High Mei-P26
levels direct cell cycle exit and entry into terminal differentiation (Fig. 3c).

The model for Mei-P26 function in the germ line developed by Neumiiller et al.
shares similarity to the proposed role of LIN-41 in the vulva and seam cells* and of Brat
in neuroblasts.®”"72 Support for a common mechanism came from the observation
that Mei-P26 and Brat interact with Ago1,* the Drosophila Argonaute family member
responsible for miRNA-mediated gene silencing.”” The physical link between Mei-P26
and Agol wasreflected in global miRNA expression levels: increased in mei-P26 mutants
and decreased upon Mei-P26 overexpression.®® On balance, miRNAs appear to support
ovarian stem cell self-renewal, based on the phenotypes of mutations that block miRNA
biogenesis in the ovary.®** miRNA function was also affected, as Mei-P26 interfered with
repression of target genes by the bantam miRNA. Suppression of bantam by Mei-P26
may be a significant part of the pathway, as bantam is required for germ cell self-renewal
and mei-P26 is itself a predicted target for bantam. These results were the first indication
that regulatory interactions between miRNAs and Trim-NHL proteins are a two-way
street, which will be the theme of the rest of the review.

NHL-2

In a recent paper, the group of Victor Ambros set out to test if LIN-41 and other
Trim-NHL proteins share functions in the C. elegans developmental timing pathway.®2
Mutations in nkl-2 led to premature stem cell maturation in a manner reminiscent of /in-4
and /et-7 family mutants (let-7, mir-48, mir-84, mir-241). Combining mutations in /let-7
family members with the n//-2 mutant exacerbated the phenotype, as would be expected
if NHL-2 and /let-7 cooperate. Furthermore, cooperativity was not limited to /et-7 but
was also seen for the unrelated miRNA Isy-6. Interestingly, loss of nAl-2 was found to
partially rescue a /in-41 allele, suggesting that NHL-2 and LIN-41 might be actors in a
single pathway, but with opposite roles. The demonstration that NHL-2 interacts with
the CGH-1 protein in a two-hybrid screen strengthened the link to the miRNA pathway .*
CGH-1 is homologous with the human RCK/p54 protein, a DEAD Box helicase that
associates with Argonautes and the miRISC in P-bodies.®® NHL-2 was then shown to
colocalize to P-bodies and to physically and genetically interact with the core miRISC
proteins ALG-1 and AIN-1 (C. elegans Argonaute and GW 182 orthologs, respectively).
Despite the ability to enhance silencing of several miRNA target genes, NHL-2 did not
increase miRNA expression levels, suggesting that NHL-2 enhances the efficiency of
the miRISC downstream of miRNA biogenesis.®

Following the demonstration that Mei-P26 is an inhibitor of the miRNA pathway,*’ the
work by Hammell et al. showed that NHL-2 has the opposite role as a positive regulator
(reviewed in ref. 84). Mechanistically, the action of the two proteins has not yet been
clarified, butseveral models for NHL-2 were discussed.®? Relying on the precedent for Brat
as scaffold protein and the finding that the interaction between NHL-2 and the miRISC is
RNase sensitive, one possibility is that NHL-2 might facilitate binding of CGH-1 to the
miRISC effector-mRNA complex. This is consistent with the role of yeast and human
orthologs of CGH-1 in promoting mRNA decapping and translational repression.®>*
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Alternatively, action of NHL-2 as E3 ubiquitin ligase might serve to modify protein-protein
interactions or activities within the miRISC. One interesting suggestion is that NHL-2
might fulfill a fail-safe function by ubiquitinating and promoting the degradation of any
translation products that escape translational silencing. Insights into the mechanism of
NHL-2 function should soon emerge, perhaps through studies that combine the power
of C. elegans and D. melanogaster genetics with in vitro assays for miRISC activity.

Trim32 and the miRNA Pathway

Published back-to-back with the NHL-2 paper, the Knoblich lab reported that mouse
Trim32 also functions as an activator of the miRNA pathway.?” Pursuing functional
homologs of Brat in mammalian neurogenesis, Trim32 was first shown to suppress
proliferation of heterologous cells. During cortical development, expression of Trim32
tracked cell cycle exit and neuronal differentiation both temporally and spatially. Like
Brat, Trim32 was shown to distribute asymmetrically to the daughter cells after some,
but not all, neural progenitor cell divisions. Asymmetric inheritance was most frequent at
the high point of neurogenesis around E14.5 (see Fig. 3d). Consistent with this, cultured
neural progenitors displayed symmetric Trim32 inheritance during proliferative divisions
but switched to an asymmetric mode under conditions favoring neurogenesis. These
findings suggest that neurogenic signals regulate Trim32 localization, although the nature
of the signal or the mechanism causing asymmetric Trim32 accumulation has not been
determined. Current discussions of the determinants of asymmetry and the relationship to
cell fate in the mammalian neuroepithelium are complex and controversial and are beyond
the scope of this review (refer to refs. 69,87,88). One clue was that Trim32 concentrates
in the retracting basal fiber (also referred to as radial fiber or basal process), a structural
feature of mammalian neural progenitors that is involved in the initiation of the cleavage
furrow and perhaps asymmetric daughter cell fate (Fig. 3d) (reviewed in ref. 89).

To better characterize the role of Trim32 in neural progenitors, Schwamborn et al.
first combined in utero electroporation to manipulate Trim32 expression levels in the
neuroepithelium in vivo with subsequent in vitro culture of the transfected cells to follow
their fate.’” Trim32 overexpression reduced the proliferative capacity and enhanced
neuronal marker expression of the transfected cells. Conversely, Trim32 knockdown led
to enhanced proliferation and delay in in vitro neurogenesis. Similar results were obtained
when cell fate was examined in vivo: after electroporation. Trim32 overexpressing cells
showed an increased rate of migration into the cortical layers; Trim32 knockdown cells
were delayed in their exit from the progenitor zone. These results support a model in
which Trim32 plays a similar role to Brat: asymmetric Trim32 inheritance might support
cell cycle exit and favor neuronal fate choice.

To extend the parallel to Brat, Schwamborn et al. next demonstrated that Trim32
inhibits c-Myc. c-Myc protein levels were reduced in cells overexpressing Trim32,
accompanied by accumulation of polyubiquitinated c-Myc. Both effects were eliminated
after mutation of the RING domain in Trim32, suggesting that Trim32 might directly
target c-Myec for degradation. A second parallel to Brat (and Mei-P26) was then explored,
with the demonstration that Trim32 interacts with Agol in immunoprecipitation assays.
Comparison of the signature of miRNAs that coprecipitate with Trim32 or Ago1 identified
eight miRNAs with significant enrichment in Trim32 complexes. One of the significant
hits was let-7a (but not other let-7 family members). To test a role for let-7a in neuronal
differentiation, let-7a activity was blocked by in utero delivery of an anti-let-7a LNA
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antagomir. Cells receiving the let-7a antagomir had an approximately two-fold higher
likelihood of retaining the progenitor marker Nestin. Conversely, overexpression of let-7a
in the progenitor zone led to a strong increase in neuronal differentiation, as indicated by
neuronal marker expression. This result suggests that Trim32 acts in part by increasing
the activity of let-7a in neural progenitors.’’

Like many landmark papers, the work of Schwamborn and coworkers raises as
many new questions as it answers. Given the central role that c-Myc and let-7 play in the
circuitry of stem cells, with Myc acting as a suppressor of let-7 transcription while also
being a direct target gene for let-7 (reviewed in ref. 90, see also ref. 91), it is unclear if
the regulatory interactions with Myc and let-7 represent independent activities of Trim32.
It would be interesting to confirm if c-Myc and Trim32 directly associate and in what
cellular compartment the interaction takes place. Does Trim32 draw Myc into P-bodies,
as has been suggested for Piasy?*¢ It would also be interesting to know if the effect of
Trim32 on c-Myc degradation extends to other Myc family members, including N-Myc,
a protein more directly tied to neurogenesis than c-Myc.”*% Also, if downregulation of
Myec is central to both Brat and Trim32, is the RING-less Brat able to indirectly mediate
c-Myc degradation? This question can be stated more broadly, since it is unclear if the
E3 activity of Trim32, as well as NHL-2, is required for enhancing miRNA pathway
activity. Schwamborn et al. reported that the RING domain of Trim32 was not required
to suppress let-7 activity in a reporter assay, but it is far from clear if c-Myc is the only
relevant target for Trim32 in suppressing cell proliferation and encouraging neuronal
differentiation in vivo.*” Another intriguing possibility is whether or not asymmetric Brat
and Trim32 segregation to daughter cells implies differential inheritance of miRNAs and
the core miRISC machinery. Does Trim32 pull neurogenic miRNAs and an activated
miRISC into the cell destined to adopt a neuronal fate? It would be very interesting
to compare the activity of reporters for Trim32-associated miRNAs before and after
symmetrical and asymmetrical cell divisions. Such a mechanism might have functional
relevance, as several studies reported that neural progenitors express let-7 prior to terminal
differentiation.”**¢ Finally, it is not yet known if the Trim32-Agol interaction is unique
or common to all Argonautes. This would be important in assessing the significance
of preferential sorting of miRNAs to miRNPs containing Trim32. It is not currently
known how functionally redundant mammalian Argonautes are and if they favor some
miRNAs over others. Therefore, loading of miRNAs to the Trim32-Ago complex might
be a consequence of which Ago is bound to Trim32, or to the ability of Trim32 to alter
the properties of the miRISC.

mLin41

Based on mouse and human genetics, as discussed above, Trim2 and Trim32 are
developmental regulators of the mammalian CNS. Mouse LIN-41 (mLin41) is the
third mammalian Trim-NHL protein shown by genetic means to be involved in CNS
morphogenesis.”” Homozygous disruption of mLin41 in gene-trap lines revealed that
mLin41 is required for embryonic viability, with a striking but uncharacterized failure
of neural tube closure. Using the gene-trap as a reporter for mLin41 promoter activity in
heterozygotes, strong expression was detected in the brain, dorsal root ganglia, eyes and
branchial arches (and elsewhere) between E10.5 and E12.5. This corresponds closely
to the period of embryonic demise in the homozygotes.” However, it is unclear if the
craniofacial abnormalities and closure defect is specific or if it is a secondary result of
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growth arrest or reduced embryonic viability. Probing mLin41 expression at the protein
level, we confirmed mLin41 expression in embryonic stem cells and in Oct-4* cells of
the E7 embryonic ectoderm.?® After embryonic induction of let-7 and miR-125 combine
to downregulate mLin4 1, postnatal niches of mLin41 expression were found in ciliated
epithelia of the male and female reproductive tract, in male germ cells and in interfollicular
epidermal stem cells. Loer et al. had previously demonstrated the mLin41 protein in
muscle™ and, thus, the expression pattern of mLin41 seems quite analogous to that of the
C. elegans protein.*

In pluripotent cells and in transfection assays in heterologous cells, mLin4 1 was found
to accumulate in cytoplasmic P-bodies, as confirmed by colocalization with the P-body
markers Deplaand Hedls as well as the miRISC proteins Ago2, Mov10 and Tnrc6b.? This
observation dovetailed with a report that the C. elegans protein copurifies with the Dicer
protein.”® Association with Dicer was confirmed for mLin41 and extended to Ago2.?* The
interaction surface was mapped to the coiled-coil domain, suggesting the NHL domain is
free to participate in additional protein-protein interactions. Although the association with
Ago2 was studied in greater detail, cotransfection assays with tagged proteins confirmed
interaction with Agol and Ago4. mLin41 is thus the sixth Trim-NHL protein shown to
interact with one of the Argonautes (Mei-P26, Brat, Dappled,® NHL-2% and Trim32%).
Unlike the others, however, mLin41 was shown to mediate degradative ubiquitination of
Ago2.% First, in an autoubiquitination assay, E3 ubiquitin ligase activity was confirmed,
with the same E2 preference displayed by Trim2 (UbcHS5a).”? Adding immunoprecipitated
Ago?2 to the assay led to the accumulation of polyubiquitinated Ago2. In a transfection
assay, Ago2 ubiquitination was dependent on an intact RING domain and was strongly
enhanced in the presence of the proteasome inhibitor MG132. In keeping with these results,
depletion ofendogenous mLin4 1 inembryocarcinoma cells decreased Ago2 ubiquitination
and increased steady state Ago2 levels.”

IfmLin41 regulates Ago2 turnover and potentially other miRISC components, it should
alsoactasageneral inhibitor of miRNA-mediated silencing. Two observations support such
arole. Argonautes are thought to be limiting for miRNA-mediated silencing and ectopic
Ago2 expression enhances miRNA accumulation,” most likely by protecting small RNAs
from ribonucleolytic degradation.'® mLin41 was shown to block the ability of Ago2 to
increase let-7 levels.”® It will be interesting to see if a similar mechanism is responsible
for the global reduction in miRNA levels observed after overexpression of Mei-P26.%
Furthermore, mLin41 reduced silencing mediated by let-7, miR-124 ormiR-128 inreporter
assays. Interference with miRNA activity was dependent on an intact RING domain and
could be compensated by increased expression of Ago2.2* This finding was expanded by
demonstrating that mLin41 cooperated with Lin28 in suppressing let-7 in the reporter
assay, providing evidence for dual negative autoregulatory loops in the post-transcriptional
control of let-7 in pluripotent cells (see Fig. 4a and 4b for a schematic view).

CONCLUSION

Trim-NHL proteins serve as pleiotropic regulators of developmental processes and cell
function. In development, a picture is emerging in which Trim-NHL proteins coordinate
miRNA activity to sequentially drive transitions between self-renewal, commitment and
terminal differentiation of stem cells. The picture is incomplete, in part because recent
advances have come from parallel studies in C. elegans, D. melanogaster and mammals so
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Figure 4. Summary of miRNA regulation during stem cell differentiation. a) In committed cells such
as neural progenitors and their offspring, miRNA precursors such as pre-let-7 are processed by a core
complex of Dicer, Trbp and one of the Argonaute proteins (Ago). After cleavage, one strand is passed
to an effector complex. Composition of the effector is not yet fully defined, but is centered on one
Ago and associated proteins such as GW182/Tnrc6, Mov10, FMRP and Rck/p54 (in mammals). The
effector mediates translational silencing and frequently enhanced mRNA decay. b) In pluripotent cells,
the pre-let-7 specific RNA-binding protein Lin28 blocks access to pre-let-7, which is thereby subject
to uridylation and enhanced degradation. Lin41 binds Ago via the coiled-coil domain, stimulating
ubiquitin-mediated proteolysis. ¢) In pluripotent cells, let-7 maturation is inhibited by Lin28, while Ago
(and perhaps additional miRISC proteins) are downregulated by Lin41. A limited class of ES-specific
miRNAs participates in a positive feedback loop with pluripotency-associated transcription factors (Myc,
Nanog, Oct-4, Sox2). d) Activation of let-7 results in suppression of Lin28 and Lin41. Let-7 inhibits
the transcriptional program of pluripotent cells and downregulates ESC miRNAs. Trim32 (or NHL-2
in C. elegans) act to enhance miRNA activity. The signal that releases let-7 repression is not known,
but presumably involves Myc and miR-125. See text and references for details.
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that the issues of sequential action and redundancy have not yet been thoroughly addressed
for any one developmental context. For example, in C. elegans, LIN-41 and NHL-2
have opposite roles in the heterochronic pathway governing stem cell maturation in the
hypodermis and vulva.® Assuming that LIN-41 is an inhibitor of miRNA pathway activity,
as has been shown for the mouse protein, then LIN-41 most likely blocks the acquisition
of adult cell fates in the hypodermis at least in part by inhibiting full let-7 activity (the
primary miRNA driver of maturation in progenitor populations). Since LIN-41 is itself a
let-7 target,* this is yet another example of a double negative loop enhancing the potency of
amiRNA-target gene interaction (see Fig. 4). By promoting miRNA activity, NHL-2 can
flip this switch and unleash the full effects of /et-7 on downstream heterochronic regulators.

Specification of mouse embryonic stem cells (ESCs) appears to proceed by a similar
mechanism. Inundifferentiated, pluripotent cells, self-renewal is reinforced by a regulatory
loop comprising a unique class of ESC-specific miRNAs and transcription factors such
as Oct-4, Nanog and Myc.”1%! In ESCs, let-7 is inhibited by the combined action of
Lin28 and Lin41% (reviewed in ref. 102 and in the chapter by Lehrbach and Miska). The
importance of let-7 is threefold. First, the impact of let-7 on the proteome is amplified
due to direct targeting of miRNA pathway genes.?**¢1%3-19 Second, let-7 targets cell
cycle regulators, thereby directly influencing proliferation.'® Third, let-7 suppresses the
transcriptional program of transcription factors required for the maintenance of pluripotency
and self-renewal by both direct (c-Myc, N-Myc) and indirect mechanisms (Oct-4, Nanog,
Sox2, Tcf3).”! By analogy to the opposing action of LIN-41 and NHL-2 in C. elegans, it is
reasonable to expect a counterpoint to mLin41 which activates the miRNA pathway during
commitment. In neural lineages, Trim32 fulfills two of the expected criteria: it activates
a select class of miRNAs, including let-7a, and suppresses c-Myec.*

The dual function exerted by at least some Trim-NHLs in the ubiquitin and miRNA
pathways should provide a framework for exploring their functional pleiotropy. It will be
important to determine whether miRISC association is common to all family members.
Within the miRISC, evidence from a variety of sources suggests that Ago?2 is not the only
substrate for ubiquitination.?!1% The ubiquitination of additional miRISC components
could certainly affect more than just the turnover rate of the individual proteins in the
complex. Complex assembly, activity and intracellular compartmentalization might also
be influenced. One obvious possibility is that the ability of many Trim-NHLSs to associate
with cytoskeletal components in a variety of cellular compartments may reflect a role in
miRISC transport.'® " Alternatively, the association of Wech with focal adhesions or
Trim3 with CART may be evidence of miRISC-independent activities.

A recentstudy directly assayed functional redundancy and cooperation among the five
Trim-NHLs in C. elegans. Mutations in four of the five (with the exception of LIN-41) were
able to suppress a mutation in the embryonic polarity gene par-2, suggesting substantial
functional redundancy in this pathway.!® However, other specific functions differed'
and the function of NHL-2 in the heterochronic pathway later in development appears
to be independent of NCL-1, NHL-1 or NHL-3.% In the mouse, loss of Lin41 cannot be
compensated and leads to embryonic lethality.’” On the other hand, no obvious defect in
neurogenesis was reported after deletion of Trim32,* in contrast to the direct assays of
neuronal differentiation reported by Schwamborn et al.’’ In this case Trim2 and Trim3
may functionally compensate for Trim32 deficiency. Coiled-coil domains can mediate
heteromeric interactions,’ but there is no evidence yet for cooperativity among Trim-NHLs
orbetween Trim-NHLs and other E3 ligases. If Trim-NHLs can form heterodimers, then the
RING-Iess proteins Brat and Dappled/Wech might promote ubiquitination indirectly.
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The discovery of ubiquitin-mediated regulation of miRNAs has revealed a nexus
between two of the cell’s most powerful post-transcriptional regulatory pathways. The
miRNA pathway appears to make extensive use of autoregulatory feedback loops to
adjust miRNA activity during development and stem cell differentiation. Several of the
key molecules in these loops are involved in tumor formation (Brat in Drosophila or let-7,
Lin28 and Myc in humans), underscoring their potential relevance for human disease. Two
developmental disturbances have been linked to Trim32, more may be uncovered as the
other human Trim-NHLs are studied. In addition to development, regulation of Trim-NHL
protein synthesis or activity, for example in response to cell signaling, may allow cells to
modulate miRNA efficiency to maintain cellular homeostasis.
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CHAPTER 10

PROPERTIES OF THE REGULATORY

RNA-BINDING PROTEIN HuR AND ITS ROLE IN

CONTROLLING miRNA REPRESSION

Nicole-Claudia Meisner* and Witold Filipowicz*

Abstract:

Gene expression in eukaryotes is subject to extensive regulation at posttran-
scriptional levels. One of the most important sites of control involves mRNA 3’
untranslated regions (3'UTRs), which are recognized by RNA-binding proteins
(RBPs) and microRNAs (miRNAs). These factors greatly influence translational
efficiency and stability of target mRNAs and often also determine their cellular
localization. HuR, a ubiquitously expressed member of the ELAV family of RBPs,
has been implicated in regulation of stability and translation of over one hundred
mRNAs in mammalian cells. Recent data indicate that some of the effects of HuR
can be explained by its interplay with miRNAs. Binding of HuR may suppress the
inhibitory effect of miRNAs interacting with the 3'UTR and redirect the repressed
mRNA to polysomes for active translation. However, HuR can also synergize with
miRNAs. The finding that HuR is able to disengage miRNAs from the repressed
mRNA, or render them inactive, provides evidence that miRNA regulation is much
more dynamic then originally anticipated. In this chapter we review properties of
HuR and describe examples of the cross-talk between the protein and miRNAs,
with emphasis on response of the regulation to cellular stress.

INTRODUCTION TO HuR AND ARE ELEMENTS

Post-transcriptional control had been recognized as a central mechanism in mammalian
gene expression already in the preRNAI era, one of the most prominent pathways being
governed by so called AU-rich elements (AREs).!" These cis acting elements are usually
found in 3'-untranslated regions from where they orchestrate control of mRNA turnover,
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translation and/or transport by interacting with RNA-binding proteins (RBPs).2* As
for most other post-transcriptional processes, a hallmark of ARE-mediated regulation
is a fast on- and off-response at the protein level. It is therefore no surprise to find that
immediate-early and early response genes (i.e., genes which, in response to particular
triggers such as growth factors, cytokines or changed environmental conditions, are
activated transiently and rapidly, even before any new proteins are synthesized) in
particular use this mechanism to rapidly change their expression profiles. Based on their
sequence and decay-inducing characteristics, AREs were classified into three major
types. As originally proposed by Chen and Shyu,"¢ Class I AREs comprise multiple
dispersed AUUUA pentamers. mRNAs bearing these AREs are characterized by a
biphasic degradation kinetics, initiated by synchronous polyA-tail shortening prior to
exonucleolytic processing of the mRNA body. mRNAs containing Class IT AREs, which
are defined by at least two overlapping copies of the AUUUA pentamer, have halflives
usually shorter than that of Class [ and [l ARE mRNAs, and their turnover is characterized
by asynchronous polyA-tail shortening, which is paralleled by decay of the mRNA body.
Class III AREs comprise loosely defined non-AUUUA but U-rich elements and mRNAs
containing them follow similar decay kinetics as Class I ARE mRNAs. With a current
estimated existence of~4000 ARE-controlled genes,” AREs are involved in diverse cellular
processes, ranging from cell proliferation, migration, stress response, metabolism and
cell signaling to differentiation and senescence (reviewed e.g., in refs. 1-3,8,9). Among
the more than 20 ARE-binding proteins known to date, the majority has been associated
with a role in promoting mRNA degradation (e.g., AUF1, BRF1, KSRP or TTP) and/
or suppression of translation (e.g., TIAR, TIA-1).21%12 The Hu family of RBPs are the
most prominent antagonists of ARE-mediated downregulation. The Hu family includes
four members: HuA (HuR, ANNA-1), HuB (Hel-N1), HuC (Ple-21) and HuD. HuR is
ubiquitously expressed, while expression of the other three proteins is restricted to the
neuronal system;'*!* HuB was additionally reported to be expressed in gonads."
Mammalian Hu proteins, similar to their Drosophilahomologue, the ELAV (embryonic
lethal, abnormal vision) protein, are composed of three RNA recognition motifs (RRM)
(Fig. 1A). The two N-terminal RRM domains are most conserved across Hu family
members and between different species and function in tandem to bind to the ARE.3!617
While a general binding preference for U-rich sequences was noted early on,'®!” the first
evidence for a consensus motif came from crystallographic studies on HuD which showed
binding to an 8mer of sequence NUUNNUUU." An in vitro study using systematically
designed synthetic short RNA ligands then derived a related motif for HuR showing a
requirement for 9 nucleotides, NNUUNNUUU, in single-stranded conformation.'® This
means that such HuR binding sites are inherently present within Class I and Class II
ARESs, because NNUUNNUUU motifs are contained within their consensus sequences.
However, the converse does not apply and an HuR binding motif'is not sufficient to define
afunctional ARE. Therefore, we distinguish here between these two terms. Anindependent
study used a more unbiased bioinformatics approach to identify a consensus of mRNAs
immunoprecipitated with HuR based on primary and secondary structure analysis.?® This
approach delivered a less stringent motif of a 17-20 nucleotide stem-loop rich in uracils,
which the authors validated by de novo prediction of further HuR targets. While these
data suggest that this motif is a common feature of HuR targets, at this point it cannot be
concluded whether it represents indeed a direct binding motif for HuR, particularly as
it is in disagreement with the single stranded, AUUUA pentamer-related binding motif
revealed by the biochemical studies.'®! In a paper describing IL-4 regulation by HuR,
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Yarovinsky et al. reported that a computational analysis revealed no such stem-loop HuR
consensus motif within murine IL-4 mRNA,?' but rather two NNUUNNUUU motifs, both
of which were confirmed to be at the core of sites complexed by HuR. A more recent
study on the Eph receptor and ephrin 3'UTRs also identified HuR binding sites related
to single stranded NNUUNNUUU motifs.?? Next-generation methods for global analysis
of RNA-protein interactions such as CLiP? or HITS-CLiP?* are likely to further reveal
identities of HuR binding sites within its target mRNAs.

In contrastto the highly conserved RRM1 and 2, the basic hinge region and C-terminal
RRM3 show significant diversity among Hu proteins. The function of these domains
remains less well characterized, although they are both associated with nucleocytoplasmic
trafficking. HuR is a predominantly nuclear protein, but ARE-mediated decay is generally
considered to occur in the cytoplasm. Hence, it was not surprising to find that HuR
actively shuttles between the two compartments, as demonstrated by Fan and Steitz in
1998 through interspecies heterokaryon fusion experiments.? Shortly thereafter, the same
group identified a unique nuclear localization signal within the hinge region of HuR which
they termed HNS (HuR nuclear localization signal,?® Fig. 1A). The basic 32-amino acid
HNS mediates both nuclear localization and nuclear export of HuR. Gallouzi et al. later
showed that HuR can use two shuttling pathways, one of which depends on CRM1.%’
The CRMI1-dependent pathway does not involve HNS but depends on an indirect
interaction of HuR with CRM1 through pp32 and APRIL, two proteins which contain
CRM1-binding NES domains; the binding of pp32 and APRIL to HuR was mapped to
RRM3.7 In a subsequent study, Transportin-2 (Trn2) was identified as nuclear export
receptor for HNS.?® Later, Giittinger et al. demonstrated that Trn2 also acts as a nuclear
import receptor for HuR in a Ran-GTPase dependent manner.” Independent findings by
the Steitz lab showed that both, Trn1 and Trn2 can function as redundant import receptors
for HuR.* Interestingly, stress induced by inhibition of RNA Polymerase II (pol II)
transcription by actinomycin D resulted in almost quantitative relocalization of HuR,
as well as HNS-containing reporters to the cytoplasm,?® showing that HNS is sufficient
to promote both nuclear localization in quiescent cells and stress induced export. What
remains unclear is whether any observed net relocalization of HuR to the cytoplasm
is due to an actual stimulation of HNS-mediated export or an indirect consequence of
inhibited re-import into the nucleus.

REGULATION OF THE REGULATOR

Invitroand in vivo studies have shown that HuR is involved in the regulation of a large
number of transiently expressed genes with functions as diverse as cell cycle regulators,
growth factors, signal transducers, hormones, enzymes, metabolic factors, cytokines,
chemokines, or cell surface receptors (ref. 19 and reviewed e.g., in refs. §,31,32). HuR
is generally considered a ubiquitously expressed protein; hence, the obvious question is
how such a master-regulator is itself being regulated.

Different lines of evidence indicate that binding of HuR to the mRNA may be
sufficient to promote all the regulatory downstream events, including a response at the
protein level. Artificial recruitment of HuR to IL-2, IL-1 or TNF-o. mRNAs by “mRNA
openers”, small antisense RNAs designed to render a cognate NNUUNNUUU motif
accessible, was sufficient to promote selective, HuR-dependent stabilization of the
targeted mRNA in cell-free systems.” In numerous studies, HuR binding to mRNA
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Figure 1. Schematic overview of HuR domain organization, functions, posttranslational modifications
and ligands (adapted from ref. 106 and ref. 47). A) HuR domain organization and functional annotation.
B) Positions of posttranslational modifications of HuR. Phosphorylation of S88, S100 as well as T118 is
catalyzed by Chk2.°%7 S158 and S221 are phosphorylated by PKCa.* S221 can also be phosphorylated
by PKCd, which also targets S318.¢! S202 is a substrate for Cdkl1.® Mutation of S242 to aspartate
to mimic phosphorylation, but not mutation to alanine, led to retention of HuR in the nucleus.'?®
However, direct evidence that this amino acid is indeed a target for phosphorylation remains to be
shown. Arg217 is methylated by CARM-1."?7 Finally, HuR can be cleaved by caspase3 at S226. C)
Overview of currently known RNA, protein and small molecule ligands of HuR. HuR is functional
as a high-affinity homodimer, mediated via a dimerization interface within RRM1/2."? Binding to
the ARE RNA has been assigned to these tandem RRMs,*'®!7 with each HuR monomer contacting a
single stranded NNUUNNUUU nonamer.'” An interaction with protein ligands has been described
for RRM1 (Von-Hippel Lindau tumor suppressor protein, VHL®) as well as for the hinge region
and RRM3 (pp32, APRIL, SETo/p'?*). Small molecule HuR inhibitors which have been described
to date comprise RRM1/2 targeted inhibitors of HuR homodimerization (MS-444, Dehydromutactin,
Okicenone'”?) as well as ligands interacting with the ATP binding pocket in RRM3, such as the small
molecule HIN1." Flavonoids, which were recently described to inhibit HuR and HuC'*!3° are close
analogues of MS-444 and therefore likely target a related binding pocket within RRM1/2.
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was found to coincide with stabilization and/or increased expression of the encoded
gene. Thus, a tight control of access of HuR to the target mRNA may be essential for
keeping the system in check. Considering that both HuR and many of its target mRNAs
are generally expressed in the same cell at the same time, there are generally two main
possibilities for ensuring target specificity and dynamic on-off control: modulation of
the HuR-RNA recognition by modifications acting on either the mRNA or the protein
partner (including conformational changes), or control of their subcellular localization,
or a combination of these mechanisms.

The movement of HuR from the nucleus to the cytoplasm has been correlated with
its ability to stabilize ARE-containing mRNAs.**-** Following induction of MAPK via
Anisomycin, for example, the 30 min time required for the exit of HuR from the nucleus
coincided with stabilization of the §2-adrenergic receptor transcript.’>*¢ Based on numerous
studies it is now well established that export of HuR into the cytoplasm is a prerequisite
for its protective effects on cognate target mRNAs.?>*7 Also for the neuronal Hu proteins,
cytoplasmic localization is required for their function and unlike HuR, HuD as well as
HuB are generally localized in the cytoplasm. HuD mutants lacking the nuclear export
signal dominantly inhibited the function of the wild-type protein in promoting neurite
outgrowth in PC12 neuroblasts.*® Interestingly, aberrant and constitutive cytoplasmic
localization of HuR was observed in a number of cancers and found to correlate with
upregulation of proliferative, anti-apoptotic, pro-angiogenic and pro-metastatic genes and
to be prognostic for poor patient outcome.**-* While this has raised interest in HuR as a
potential drug target for cancer therapy, the question remains as to whether overexpression
and cytoplasmic localization of HuR is a cause or consequence of the disease.

Tounravel the mechanismsunderlying dynamic control of HuR trafficking, extensive
effort has been made to identify upstream signaling pathways as well as posttranslational
modifications of HuR itself that modulate its localization (Fig. 1C).”’ Physiologically,
HuR nucleocytoplasmic transport can be induced by many different stimuli, including
specific triggers such as growth factors, activation of immune cells, or particular receptors.
Relocalization into the cytoplasm is also observed in response to different kinds of
stress, i.e., UV irradiation,®* oxidative stress,® starvation,” or global transcription
block.?® These triggers act on HuR likely through a limited number of kinase-controlled
signaling cascades, including the mitogen-activated protein kinases (MAPKs) and
their upstream kinase MK-2,55* the AMP-activated kinase (AMPK),* the cell-cycle
checkpoint kinase 2 (Chk2),%*7 cyclin dependent kinase 1 (Cdk1),*® and members of
the protein kinase C (PKC) family.*-¢' A direct posttranslational modification of HuR in
response to these signaling events was found for Chk2, Cdk1, PKCa and PKC9, as well
as for the coactivator-associated arginine methyltransferase 1 (CARM1¢?), summarized in
Figure 1B. Most of these modifications were implicated in mediating either HuR nuclear
import or export, as comprehensively reviewed in reference 47. Interestingly, specific
phosphorylation at S202 by Cdk1 results in sequestration of HuR by 14-3-3 proteins—
an elegant mechanism to keep HuR in check during apoptosis.® Of note, cleavage of
cytoplasmic HuR at S226 by caspase 3 in response to lethal stress was found to convert
its role from an anti-apoptotic into a pro-apoptotic factor,* although the molecular details
of its function remain to be revealed.

Besides influencing cellular trafficking, there are also indications of a direct impact
of HuR phosphorylations events on RNA-binding. Among these are phosphorylation
of S88, T118 and S100 which are all catalyzed by the cell cycle checkpoint kinase
Chk2.°” Abdelmohsen et al. suggested that HuR phosphorylation at S100 may reduce
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RNA-binding, while phosphorylation at S88 and T118 (located in RRM2) may result
in increased RNA-binding.”” Based on our crystal structure of HuR RRM1 (PDB entry
3HI9, ref. 131) and in superposition with the crystal structure of RRM1 and RRM2 of
HuD in complex with the c-fos ARE (PDB entry 1FXL, ref. 18), one may speculate about
the structural impact of these modifications: It seems plausible that phosophorylation at
HuR S100 may influence RNA-binding by inducing changes in RRM2-interdomain linker
interactions. A phosphate at S88 would be expected to come in molecular proximity to
the RNA, which, however, is more likely to repel the phosphate backbone.

In addition to posttranslational modifications, also protein ligands of HuR were
reported to modulate its binding to target mRNAs. Datta et al. reported that binding
of von Hippel Lindau (VHL) tumor suppressor protein via its elongin-binding domain
to HuUR RRM1 may compete with binding of HuR to VEGF mRNA, resulting in a
shortened mRNA half-life and downregulation of VEGF expression.®* More recently, a
direct protein-protein interaction with the ARE-binding protein RNPC1 was reported to
cooperatively increase the affinity of HuR to the p21 mRNA.%

Despite the general assumption that HuR is a ubiquitously expressed protein, there are
some indications of dynamic changes of its levels. For example, nitric oxide was described
to accelerate MMP9 mRNA decay by downregulating HuR expression.®® As shown in
a series of more recent studies, HuR expression may be subject to both transcriptional
and post-transcriptional control. Based on HuR expression studies in renal tubular cells,
Jeyaraj et al. suggested a model for HuR transcriptional and translational control by Smad
proteins after renal injury.’” Under basal conditions, two isoforms of the HuR transcript
with different 5"UTRs were observed. In contrast to a short ~20 nt 5'UTR isoform, the
longer~150nt 5"UTR isoform was poorly translatable. In response to bone morphogenetic
protein 7 (Bmp7), Smadl was found to bind to an alternative Smad1/5/7 binding site
within the genomic region corresponding to the 150 nt 5S'UTR and shift transcription
towards production of the shorter, translatable isoform, thereby promoting an increase
in the HuR protein level. Also the 3'UTR of HuR mRNA was found to be subject to
various post-transcriptional control mechanisms. Interestingly, HuR was found to bind
to an ARE in its own mRNA, which may result in an auto-regulatory feedback loop.®®
Again, different transcript isoforms were identified with varying lengths of the 3'UTR,
generated by alternative polyadenylation. The distal portion of the 3'UTR, containing the
ARE, was lost in the shorter, more abundant isoform. This part of the 3'UTR rendered
reporter mRNAs unstable, but binding of HuR to it resulted in mRNA upregulation due
to the decreased mRNA turnover.®® More recently, additional HuR-mediated feedback
mechanisms were reported to promote nucleocytoplasmic export of HuR mRNA.%
However, it is to be expected that mechanisms are also in place to counterbalance this
positive feedback loop to prevent the system to turn into a self-accelerating mode—a
situation which may be dangerous for the organism. In fact, HuR overexpression is
associated with a number of different cancers®***#*7° and even if it is not yet clear whether
this is sufficient to cause malignancies, increased HuR expression emerges at least as
a significant contributing factor for tumor onset as well as progression. Interestingly,
the anti-metastatic effects of green tea catechins, targeting the laminin receptor, were
recently reported to be, at least in part, due to a downregulation of HuR and, subsequently,
post-transcriptional reduction of the matrix metalloproteinase 9 (MMP9) expression.”
A peptidic compound targeting the same receptor has recently gone through Phase Ila
clinical trials in patients with prostate cancer refractory to hormone therapy (PCK3145,
Ambrilia Biopharma). Finally, there is also evidence for miRNA-mediated control of HuR
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expression. miR-519 was described as the first miRNA to target HuR mRNA." Based
on experiments involving overexpression of miR-519 or its sequestration by anti-miRs,
Abdelmohsen etal. showed that miR-519 represses HuR translation by targeting two sites,
one in the coding region and one in the 3'UTR. More recently, it was shown that also
miR-125a can translationally repress HuR.” Overexpression of the miR-125 precursor
in MCF-7 breast cancer cell lines resulted in decreased proliferation and promotion of
apoptosis, which was partly rescued by HuR re-expression. Given all these possible
mechanisms through which the master-regulator HuR can itself be regulated, it will be
interesting to further explore the defects that are responsible for HuR overexpression in
malignancies and inflammatory diseases.

MOLECULAR MECHANISMS OF POST-TRANSCRIPTIONAL CONTROL
BY HuR

While itis now well established that HuR is an essential factor modulating expression
of a large variety of ARE controlled genes, we still face a lack of understanding in the
underlying molecular mechanisms. For numerous targets, it has been shown that HuR
interferes with ARE-dependent rapid mRNA turnover (reviewed e.g., in refs. 8,74).
However, the molecular mechanism of this effect is still not clear. Initial reports of direct
binding of Hu proteins via their RRM3 to polyA-RNA, as supported by crosslinking
experiments,” would have suggested an elegant and plausible mechanism involving direct
binding and protection of the mRNA polyA tail by ARE-bound HuR. However, evidence
for such a mechanism is still missing. In fact, overexpression experiments suggested that
HuR primarily protects the body of mRNA from degradation rather than slowing down
mRNA deadenylation.”* Additionally, HuR was shown to also modulate translation of a
number of target mRNAs. In most of these cases, it was found to re-activate translation
(e.g.,p53,¢ ProTa,” HIF 1a,*° Cytochrome c,*! MKP-1,*> GLUT1,% CAT-1*) however,
there are also a few examples in which HuR promotes ARE-mediated translational
repression (e.g., c-Myc,’% p27 3687 Wnt5a).® Interestingly, an additional role as control
factor in alternative polyadenylation was described for nuclear HuR.* Finally, it is not
surprising to find that viruses have found ways to hijack such a general host pathway for
promoting gene expression. Hepatitis C Virus (HCV) as well as Human Immunodeficiency
Virus HIV-1 were found to exploit HuR as host factor not only for nuclear export and
stabilization of their RN As, but also for RNA replication”®' and internal ribosome entry
site (IRES)-mediated translational activation.®

Notably, the molecular mechanisms underlying these diverse functions of HuR as
post-transcriptional regulator are still not understood. Whileitis generally assumed that HuR
stabilizes mRNAs primarily by competing with decay factors for ARE binding, some data
in the literature suggest that other mechanisms are also involved. For example, while HuR
was found to compete in vitro for ARE binding with one of its main antagonists, AUF-1,
in intact cells the two proteins were found concurrently bound on the same message.”
Follow-up studies using fluorescence resonance energy transfer (FRET) in live or fixed cells
then revealed that HuR and AUF1 are in sufficient proximity to associate with each other in
both the nucleus and the cytoplasm.* Further interactions were reported for HuR with the
RRM protein RNPC1 and the two proteins were found to cooperatively act on p21 3'UTR
to result in mRNA stabilization.®® Similarly, crosstalk of HuR on the Cox-2 3'UTR with the
RNA-binding proteins CUGBP2%* or RBM3% were found to modulate Cox-2 translation.
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One important level for HuR to control the fate of mRNAs might be through
modulating their subcellular localization. Besides its ability to transport mRNAs into
the cytoplasm, HuR was also found to move between different RNP complexes and/or
compartments within the cytoplasm. Consistent with its role in translational activation,
for example, HuR was found to transiently associate, together with its cognate transcripts,
with ribosomes and large polysomes in response to different stimuli.”®” Under various
conditions of stress, however, not only relocalization of the protein into the cytoplasm is
observed but also association with stress granules.***® These cytoplasmic foci represent
an accumulation of translationally arrested mRNAs and putatively function as reversible
storage compartment of mRNAs which are temporarily not required during the stress
response.” % The presence of HuR in stress granules is therefore plausible, as its role may
be not only to protect mRNAs from degradation during stress but also to rapidly shuttle
them into polysomes and promote translation once the stress is relieved. In germ cells,
dynamic localization of HuR in chromatoid bodies, sites of RNA storage and processing,
has also been noted.”” Altogether, this suggests that HuR helps controlling the fate of
its target mRNAs by promoting their localization into sites of translation, translational
arrest or mRNA turnover in dependence of cellular conditions. While plausible, direct
evidence that HuR is an active transport factor rather than being dragged along with the
associated mRNA remains to be provided.

Another interesting mechanistic aspect is that HuR itself seems to function as a
homodimer. A self-association of Hu proteins was noted early on in yeast two-hybrid
screens'”! and a band migrating at the size of the dimer on nonreducing SDS-PAGE was
observed for recombinant HuR in several studies (e.g., ref. 102). FRET experiments then
confirmed the presence of HuR homodimers in both the nucleus and the cytoplasm of
live as well as fixed cells.*® Using a chemical biology approach, the homodimerization
was finally quantitatively characterized in vitro and revealed a self-association with
subnanomolar affinity, mediated by RRM 1 and RRM2; each monomer in the dimer bound
one NNUUNNUUU containing RNA fragment.'” High affinity low molecular weight
inhibitors of HuR dimerization, identified in the same study, showed that only the dimer
is capable of ARE binding in vitro. These compounds also inhibited HuR relocalization
into the cytoplasm upon T-cell activation'®” as well as in response to several other triggers
(Meisner et al., unpublished data). These data suggest that HuR either needs to be present
as homodimer, or be bound to the mRNA to pass through the nuclear pore. The crystal
structure of HuR RRM 1, solved recently by our group, identifies an extensive hydrophobic
interface between two RRM1 monomers at the a-helical backbone of the canonical
RRM fold. However, an intermolecular disulfide bridge linking the cysteins located in
the flexible N-terminal domain of the two monomers seems to play an essential role for
at least nucleating the dimer formation (PDB entry 3HI9, Benoit et al., unpublished). In
addition to RNA-independent homodimerization, an RNA-dependent oligomerization
was reported for Drosophila ELAV,!931% HuD!! as well as HuR.!® Most plausibly, this
may involve a stepwise and cooperative association of HuR monomers or preformed
HuR dimers with mRNA, following nucleation of the interaction at the ARE. Finally,
the recently discovered terminal transferase activity of HuR RRM3 opens still another
mechanistic perspective.'® A scenario where HuR plays an active role in RNA metabolism
by modifying RNA 3'termini appears intriguing. However, physiological RNA substrates
and functional significance of the RNA modification by HuR remain to be revealed.
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Altogether, these studies suggestthat HuR does not only act by displacing its antagonists
from the ARE, but that is also involved in a more complex network of interactions with
itself and other RBPs, and also miRNPs, on cellular mRNAs.

FUNCTION OF HuR IN THE RELIEF OF miRNA-MEDIATED
REPRESSION

In the light of the aforementioned evidence that HuR has, generally, a positive affect
on mRNA accumulation and sometimes also upregulates translation of target mRNAs
(see above), we hypothesized that these effects of HuR might, at least in some situations,
be due to this protein alleviating the inhibitory function of miRNAs. Similarly to HuR
and many other regulatory proteins, miRNAs interact with mRNA 3'UTRs. However,
their effect is opposite to that of HuR: miRNAs inhibit protein synthesis by repressing
translation and/or destabilizing mRNAs (reviewed by ref. 107). In cells grown under
normal conditions, HuR is primarily localized in the nucleus, but upon subjecting cells to
different types of stress it relocates to the cytoplasm (see above). Hence, it was plausible
to investigate the effect of stress on the miRNA-mediated repression and a potential
regulatory role of HuR in this process. A more general objective of the study was to
find out whether the miRNA-mediated inhibition is a regulated process and whether the
repression can be reversed under specific cellular conditions.

miR-122 and liver cells grown in culture were chosen as a system most suitable
to investigate the effect of HuR on miRNA-mediated repression. miR-122 represents
the most abundant known tissue-specific miRNA. It is expressed almost exclusively
in liver hepatocytes at over 50,000 copies per cell.'®! miR-122 is also expressed in
human hepatoma Huh7 cells grown in culture but not in cultured hepatoma HepG?2 cells,
which can then serve as a convenient control. CAT-1 mRNA was selected as a model
mRNA to study the regulation. This mRNA encodes the high-affinity cationic amino
acid transporter, CAT-1, which facilitates uptake of arginine and lysine in mammalian
cells. CAT-1 protein is expressed ubiquitously but its expression is known to undergo
extensive regulation at transcriptional and post-transcriptional levels (reviewed by
ref. 110). Tight regulation of CAT-1 activity and control of the uptake of arginine
are particularly important in liver cells to avoid hydrolysis of the plasma arginine by
arginase, a highly expressed enzyme in hepatocytes. Importantly, the CAT-1 mRNA
is subject to regulation by both miR-122 and HuR. Several miR-122 sites are present
in the 3'UTR of mouse and human CAT-1 mRNAs (Fig. 2A) and a role of miR-122 in
regulation of CAT-1 synthesis has been demonstrated for both mRNAs.?1% Regulation
of CAT-1 mRNA by HuR was previously established in rat glioma cells.’!

Different types of stress (i.e., amino acid starvation, endoplasmic reticulum (ER)
or oxidative stress), applied to Huh7 cells, were found to increase rapidly, within one
hour, expression of either endogenous CAT-1 or luciferase reporters bearing the CAT-1
3'UTR. The induction occurred without an appreciable change in mRNA levels and was
independent of Pol I transcription, since neither actinomycin D nor oi-amanitin, inhibitors
of pol II, had any effect. In contrast, the stimulation was inhibited by cycloheximide,
an inhibitor of translational elongation. Taken together, these data indicated that the
stimulation is caused by a translational mobilization of the pre-existing CAT-1 mRNA.*

The luciferase reporters bearing different fragments ofthe CAT-1 mRNA 3'UTR were
then used to dissect the requirements for the stress-mediated activation. The induction of
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Figure 2. HuR-mediated relief of the CAT-1 mRNA repression by miR-122. A) Scheme of the human
CAT-1 mRNA, with positions of the three miR-122 sites and a region interacting with HuR indicated.
B) Summary of events occurring during the stress-mediated relief of repression. The repressed mRNA,
shown in the upper part, is localized in P bodies. Upon stress, HuR translocates from the nucleus to
the cytoplasm, binds to the CAT-1 3’UTR in a region positioned downstream of miR-122 sites and
causes the relief of repression by either displacing the miRNP from mRNA or preventing its inhibitory
function. Binding of HuR to the CAT-1 3’UTR also leads to the exit of the mRNA from P bodies and
its recruitment to polysomes (for details, see text and ref. 84).

luciferase activity was only observed with reporters bearing both the miR-122 and HuR
sites. Deletion of the HuR binding sites, positioned in the downstream portion of the
CAT-13"UTR, completely eliminated the stimulatory effect of stress on translation, but
the effect could be rescued by insertion of heterologous HuR sites, originating from other
mRNAs. As discussed earlier in this chapter, HuR translocates from the nucleus to the
cytoplasm in response to different forms of stress. RNA interference (RNAi)-mediated
knock-down experiments were performed in order confirm that HuR is indeed essential
for the activation of translation in the cytoplasm in response to stress. Depletion of HuR
with either of two different small interfering RNAs (siRNAs) resulted in elimination
of the stress effect. In addition, immunoprecipitation experiments showed that HuR
specifically associates with CAT-1 mRNA in the cytosolic fraction from cells subjected
to the amino acid starvation stress but not in unstressed control cells.®

The stimulatory effect of stress on CAT-1 mRNA or luciferase/CAT1 reporters was
strictly dependent on the presence of miR-122 sites in the 3’UTR and the availability of
miR-122. Consistently, stressing of hepatoma HepG2 cells, which do not express miR-122
and in which synthesis of CAT-1 is not repressed by miRNA, had no stimulatory effect
on CAT-1 or reporter mRNA translation. Similarly, stress had no stimulatory effect
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on CAT-1 mRNA translation in Huh7 cells when activity of miR-122 was blocked by
transfecting the cells with anti-sense oligonucleotides (anti-miRs) complementary to
miR-122. Importantly, the effect of stress and HuR was not limited to mRNAs repressed
by miR-122 but also occurred with reporters containing sites recognized by another
miRNA. Activity of mRNA bearing sites specific for the let-7 miRNA was upregulated
by stress in HeLa cell, which abundantly express this miRNA. Again, the derepression
was dependent on a combined presence of both the let-7- and HuR- binding sites in the
3'UTR. The latter findings indicated that the ability of HuR to suppress the miRNA
repression is of general character and does not apply to just one specific miRNA or
one type of cells.™

Immunofluoresence and in situ hybridization experiments provided some
understanding of how HuR is bringing about the relief of miRNA inhibition. In
nonstressed Huh7 cells, a considerable fraction of CAT-1 mRNA localizes to processing
bodies (P bodies; also known as GW bodies), cytoplasmic structures implicated in
translational repression and mRNA degradation (reviewed by refs. 111,112). P bodies
were also previously linked with miRNA repression: they are enriched in miRNAs and
miRNA-inhibited mRNAs.!">!"* In addition, Argonaute (AGO) and GW 182 proteins, two
key components of miRNA ribonucleoproteins (miRNPs), that acting as the effectors in
miRNA repression, are concentrated in P body granules (reviewed by ref. 107). P bodies
are devoid of ribosomes and most translational initiation factors, consistent with the
idea that they represent aggregates of inactive mRNAs.'"!"2 Upon stressing Huh7 cells,
the CAT-1 mRNA was found to relocalize from P bodies to the soluble fraction of the
cytosol. As indicated by the results of RNAi depletion experiments, this relocalization
was dependent on HuR. In addition, this redistribution was associated with the increase
in the fraction of CAT-1 mRNA bound to polysomes, which is diagnostic of enhanced
mRNA translation. Notably, derepression of CAT-1 induced by transfection of the
anti-miR-122 oligonucleotide was likewise accompanied by relocalization of CAT-1
mRNA out of P bodies and its increased association with polysomes, consistent with the
miRNA inhibition acting at the translation initiation step. In HepG2 cells, which do not
express miR-122, the CAT-1 mRNA is actively translated even in the absence of stress
and is not concentrated in P bodies. However, in HepG2 cells transfected with miR-122,
the CAT-1 mRNA became enriched in P bodies, supporting the idea that the repression
and P body localization of CAT-1 mRNA are controlled by miR-122.%

The experiments presented above provided a first example for a cross-talk between
miRNPs and RBPs interacting with a 3'UTR. They demonstrated that CAT-1 mRNA
and reporters bearing its 3'UTR can be relieved from miR-122-mediated repression in
human Huh7 hepatoma cells when they are subjected to different types of stress. They
also showed that the derepression is accompanied by the release of CAT-1 mRNA from
P bodies and its entry into polysomes and that the process involves binding of HuR to
ARE-like elementsinthe 3'UTR of CAT-1 mRNA (illustrated in Fig. 2). The demonstration
that mRNAs repressed by miRNAs can be mobilized from P bodies to return to active
translation indicated that P bodies are dynamic structures, exchanging their content rapidly
with that of the cytosol, as also suggested previously by photobleaching experiments
(ref. 115, reviewed in refs. 111,112). Together with the studies analyzing the response
of miRNA regulation to synaptic stimulation in neurons''*!'” and additional examples of
effects of RBPs on miRNA repression''®!"” the CAT-1/miR-122/HuR findings indicated
that miRNA regulation is much more dynamic than previously anticipated and is able to
respond rapidly to specific cellular needs.
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How could HuR interaction with the mRNA 3'UTR lead to reversal of the inhibitory
effect of miRNAs on translation? It is unlikely that this is due to the protein competing
with miRNAs for the same or overlapping binding sites on a target mRNA. In CAT-1
mRNA and also some ofthe tested reporters, HuR binding sites are positioned up to several
hundreds nucleotides away from sequences recognized by miRNAs. However, itis possible
that HuR, even when positioned at the distance, is brought in proximity of miRNP by
RNA folding, which in turn might facilitate interaction of the protein with some miRNP
components and either lead to the dissociation of miRNPs from the mRNA or prevent
them from acting as effectors in the repression (Fig. 2B). Alternatively, interaction of HuR
at sequences positioned even far away from miRNA sites could nucleate oligomerization
of the protein and its “spreading” along the RNA sequence, leading to the displacement
of miRNP from mRNA. Indeed, RNA-dependent formation of oligomers of HuR and
some other ELAV family proteins has been previously described!*!% (see also above).
Another interesting possibility is raised by recent findings that HuR has enzymatic activity,
catalyzing addition of adenylate residues to the RNA 3’ end.!” Could HuR affect activity
or stability of an mRNP by inducing modification of its miRNA component?

Itis alsonotclearhow HuR induces the relocation of translationally repressed mRNAs
from P bodies. As already discussed above, P bodies are dynamic structures, exchanging
their content rapidly with that of the cytosol. Thus, it is possible that HuR, present in
abundance in the cytoplasm of stressed cells, shifts the P-body-to-cytosol equilibrium
of repressed mRNAs by binding to their 3'UTRs. The transfer into the cytosol would
then facilitate re-entry of mRNAs to active translation. This scenario takes into account
the observation that HuR, even in cells subjected to different stress conditions, is not a
component of P bodies.** Clearly, additional studies are required to establish molecular
understanding of the HuR role in both the relocation of repressed mRNAs from P bodies
and their relief from the inhibitory function miRNAs.

SYNERGISM BETWEEN HuR AND let-7 IN TRANSLATIONAL
REPRESSION OF ¢-Myc mRNA

In contrast to the situation with CAT-1 mRNA, repression of mRNA encoding
the proto-oncogene c-Myc by the let-7 miRNA is enhanced by the binding of HuR to
ARE:s adjacent to the let-7 site.””® The c-Myc mRNA was identified as a target of HuR
already long time ago,® but Kim et al.'?® investigated the relevance of this interaction
in more detail. In initial experiments they found that, in HeLa cells, HuR has repressive
effect on the expression of c-Myc at both mRNA and protein levels and that this effect
is mediated by the 3'UTR. Reporters bearing the c-Myc 3'UTR were subjects to similar
regulation and pull-down analysis confirmed the binding of HuR to the 3'UTR. Kim
et al. then identified a site in the c-Myc 3'UTR predicted to interact with let-7b or let-7¢
miRNAs and confirmed that these miRNAs indeed exert repressive effects on the level
of either endogenous c-Myc mRNA and protein or reporters bearing the c-Myc 3'UTR.
Surprisingly, they found that repression by let-7 was completely dependent on the binding
of HuR to the region adjacent to the miRNA site. Consistently, depleting cells of HuR
abrogated let-7-mediated inhibition of c-Myec. It also diminished association of Ago-2 with
the 3'UTR, supporting the involvement of miRNP in the regulation. Additional control
experiments, involving use of reporters bearing mutations in the let-7 site, indicated



118 REGULATION OF microRNAs

that HuR itself has no repressive effect on expression of c-Myc; instead, it functions in
promoting association of let-7 miRNP with the 3'UTR.

The requirement of HuR for the let-7-induced repression of c-Myc contrasts with
the stress-induced suppression of the inhibitory effect of miRNAs on expression CAT-1
and reporter mRNAs investigated by Bhattacharyya et al.3 It is difficult to explain these
two different outcomes of the HuR regulation. In ¢c-Myc 3'UTR, the let-7 and HuR sites
are located relatively close to each other. Hence, it is possible that HuR binding modifies
local RNA secondary structure to unmask the let-7 recognition site. Such scenario would
be unlikely to operate in the case of CAT-1 mRNA, in which HuR and miR-122 sites are
positioned very far apart.® It should be noted that while the CAT-1 mRNA regulation
was studied in cells subjected to different stress conditions, the effects on c-Myc were
investigated in nonstressed cells. Clearly, the cytoplasmic concentration of HuR, but
possibly also a pattern of its posttranslational modifications, might differ between stress
and nonstressed cells.

CONCLUSION

Results described in this and other chapters of the book indicate that regulation
of miRNA repression by RBPs is probably a widespread phenomenon. In addition to
HuR, also Dnd1'"® and APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3G; ref. 119) were already shown to regulate miRNA repression in
mammalian cells and/or zebrafish. Recent comparative studies of mRNAs interacting
with Pumilio (PUF) proteins, which have been linked to let-7 repression of hbl-1 mRNA
in C. elegans,"*' showed a considerable enrichment of PUF binding sites in the vicinity of
predicted miRNA recognition sequences in human mRNAs,'? suggesting aregulatory role
also for PUF proteins. Animportant challenge will be to elucidate mechanisms underlying
the function of all the aforementioned proteins in regulating miRNA repression. For
HuR, it will be essential to investigate a potential role of posttranslational modifications
of this protein and its catalytic activity to adenylate the RNA 3’ end. It will be important
to identify new RBPs participating in the regulation of miRNA function. For example,
given that many miRNAs are specifically expressed in the brain'?® and that three of the
four mammalian ELAV proteins, HuB, HuC and HuD, are restricted to neurons,'>'* it
is possible that these proteins play a regulatory role in miRNA-mediated repression in
neuronal cells. In neurons, many mRNAs are transported along the dendrites as repressed
mRNPs to become translated at dendritic spines upon synaptic activation. miRNAs have
already been implicated in reversible control of translation at synapses (reviewed by ref.
123) and it will be important to investigate contribution of RBPs to this type of regulation.
New, high throughput technologies, such as HITS-CLIP (ref. 24), will greatly facilitate
identification of mRNA sites recognized by different RBPs in vivo and in establishing
relationships between RBPs and miRNPs.

Vasudevan etal.!?*!2* have recently reported that, in serum-starved or nonproliferating
human cells, the AGO2-miRNA complex bound to the 3'UTR of TNFa mRNA recruits
the Fragile-X-Related Protein 1 (FXR1; a well characterized RBP), which results in
miRNA-dependent stimulation, rather then inhibition, of translation of target mRNA.
This finding revealed still one additional possible effect of the interplay between miRNPs
and RBPs interacting with mRNA 3'UTRs. It is probably safe to conclude that different
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combinations of RBPs and miRNAs will have very different effects on the outcome of
translation, strongly dependent on the identity of the target mRNA. The spectrum of
the effects will extend from the increase in translational repression, through its relief, to
translational activation. Similar broad range of effects will likely apply to modulation of
mRNA stability. Although, thus far, these were generally effects of RBPs on the activity
of miRNPs that have been scrutinized, no doubt also miRNPs will be found in the future
to modulate function of specific RBPs involved in post-transcriptional control.
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CHAPTER 11

TURNOVER OF MATURE miRNAs AND siRNAs

IN PLANTS AND ALGAE

Heriberto Cerutti* and Fadia Ibrahim

Abstract:

microRNAs (miRNAs) and small interfering RNAs (siRNAs) play important
roles in gene regulation and defense responses against transposons and viruses
in eukaryotes. These small RNAs generally trigger the silencing of cognate
sequences through a variety of mechanisms, including RNA degradation,
translational inhibition and transcriptional repression. In the past few years, the
synthesis and the mode of action of miRNAs and siRNAs have attracted great
attention. However, relatively little is known about mechanisms of quality control
during small RNA biogenesis as well as those that regulate mature small RNA
stability. Recent studies in Arabidopsis thaliana and Caenorhabditis elegans
have implicated 3'-to-5" (SDNs) and 5'-to-3' (XRN-2) exoribonucleases in mature
miRNA turnover and the modulation of small RNA levels and activity. In the
green alga Chlamydomonas reinhardtii, a nucleotidyltransferase (MUT68) and
an exosome subunit (RRP6) are involved in the 3" untemplated uridylation and
the degradation of miRNAs and siRNAs. The latter enzymes appear to function
as a quality control mechanism to eliminate putative dysfunctional or damaged
small RNA molecules. Several post-transcriptional modifications of miRNAs and
siRNAssuchas 3’ terminal methylation and untemplated nucleotide additions have
also been reported to affect small RNA stability. These collective findings are
beginning to uncover a new layer of regulatory control in the pathways involving
small RNAs. We anticipate that understanding the mechanisms of mature miRNA
and siRNA turnover will have direct implications for fundamental biology as well
as for applications of RNA interference technology.
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INTRODUCTION

RNA-mediated silencing is an evolutionarily conserved mechanism(s) by which
small RNAs (sRNAs) induce the inactivation of cognate sequences.'”” However, recent
results indicate that these noncoding RNAs may also participate in transcriptional or
translational activation.?® The regulation of gene expression by SRNAs, ~20-30 nucleotides
in length, plays an essential role in developmental pathways, metabolic processes and
defense responses against viruses and transposons in many eukaryotes.'® In plants and
some algae, at least two major classes of small RNAs have been identified based on the
molecules that trigger their production: microRNAs (miRNAs) and small interfering RNAs
(siRNAs).*712 miRNAs originate from single-stranded noncoding RNA transcripts or
introns that fold into imperfect stem-loop structures and often modulate the expression
of genes with roles in development, physiological processes or stress responses.*’
siRNAs are produced from long, near-perfect complementarity double-stranded RNAs
(dsRNAs) of diverse origins, including transcripts of long inverted repeats, products
of convergent transcription or RNA-dependent RNA polymerase activity, viral and
transposon RNAs, or dSRNAs experimentally introduced into cells.*” In higher plants the
siRNA population includes natural antisense transcript sSiRNAs (nat-siRNAs), trans-acting
siRNAs (ta-siRNAs), heterochromatic siRNAs (hc-siRNAs), several other endogenous
siRNAs (endo-siRNAs) as well as those derived from invading viral or transgene
transcripts.>”'* These siRNAs play various roles in post-transcriptional regulation of gene
expression, suppression of viruses and transposable elements and/or DNA methylation
and heterochromatin formation.>”!3 However, there is a growing realization that, despite
their differences, distinct small RNA pathways often interact, competing for and sharing
substrates, effector proteins and cross-regulating each other.

Hairpin and long dsRNAs are processed into small RNAs by an RNase III-like
endonuclease named Dicer.'*>¢ The short RNA duplexes produced by Dicer are
incorporated into multisubunit effector complexes, such as the RNA-induced silencing
complex (RISC).!2%¢ Argonaute proteins, which include two main subfamilies of
polypeptides named after Arabidopsis thaliana ARGONAUTE1 (AGO1) and Drosophila
melanogaster PIWI, are core components of the RISC and some function as SRNA-guided
endonucleases.! 1415 Recent evidence suggests that an siRNA duplex is first loaded into
RISC and then AGO cleaves one of the siRNA strands (the passenger strand) triggering
its dissociation from the complex.'? Similarly, miRNA duplexes are loaded onto AGO
and rapidly unwound by a poorly characterized mechanism.>!® Activated RISC then
uses the remaining single-stranded small RNA as a guide to identify homologous RNAs,
ultimately triggering transcript degradation and/or translational repression.'® sSRNAs
associated with certain AGOs can also direct cytosine DNA methylation and/or chromatin
modifications*™"* and RISC complexes often contain auxiliary proteins that extend or
modify their function(s).?®

The biogenesis and the mode of action of SRNAs have attracted great attention,' %7
but relatively little is known about mechanisms of mature miRNA/siRNA turnover and
theirrole(s) in small RNA function. The accumulation of other cellular RN As is dependent
on the rates of transcription, processing and, also, decay. For instance, messenger RNA
degradation is now known to contribute significantly to the post-transcriptional regulation
of gene expression and as a quality control mechanism to prevent the expression of
inappropriate RNAs.'®! By analogy, active small RNA turnover may conceivably
modulate the levels of mature miRNAs/siRNAs and/or eliminate defective sSRNA
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molecules. Here we examine the, as yet, relatively scant evidence on the mechanisms
of small RNA degradation and their biological roles, with a specific focus on plants
and algae. Along the way, we briefly review the biogenesis of miRNAs/siRNAs and
seek to delineate the current knowns and the many unknowns in the field of small
RNA turnover.

SMALL RNA PROCESSING

Most characterized eukaryotic miRNA genes correspond to RNA polymerase 11
transcription units, either in intergenic regions or embedded in introns of protein-coding
genes, that produce a primary miRNA transcript (pri-miRNA)."*>7 This pri-miRNA
typically forms an imperfect fold-back structure, which is processed into a short stem-loop
precursor miRNA (pre-miRNA). In metazoans, this step is catalyzed by the nuclear
microprocessor complex that includes as core components an RNase I1I enzyme (Drosha)
and a double-stranded RNA-binding protein.!>>%!7 Pre-miRNAs are then exported to
the cytoplasm by the karyopherin Exportin 5% and further processed in the cytosol
by Dicer to generate mature miRNAs.!>>%!7 Dicer cleavage produces a short duplex
containing two strands, named miRNA (equivalent to the guide strand) and miRNA*
(the complementary, passenger strand).'>>%!" In plants, which lack Drosha-like enzymes,
both pri-miRNA-to-pre-miRNA conversion and pre-miRNA-to-duplex miRNA/miRNA*
processing are carried out by Dicer-like proteins (Fig. 1).">%!3 In Arabidopsis these steps are
largely dependent on the activity of the nuclear DICER LIKE 1 (DCL1).562!"2 However,
higher plants and the green alga Chlamydomonas reinhardtii also have additional DCL
proteins that are mostly responsible for the processing of a multitude of siRNAs from
long dsRNAs, although they may also be involved in the making of some miRNAs.*7!!

In metazoans, the biogenesis of certain miRNAs is regulated at the level of
microprocessor-and/or Dicer-mediated processing, as demonstrated by the identification
of RNA-binding proteins such as Lin-28, hnRNP A1 and KSRP that can either prevent or
promote the conversion of specific pri-/pre-miRNAs to mature miRNAs (see chapters by
Lehrbach and Miska, Michlewski et al, and Trabucchi et al, respectively).!”*?¢ Recently,
the estrogen receptor o has also been implicated in inhibiting the processing of a subset
of miRNAs that depend on the microprocessor-associated DEAD box helicases p68
and p72 for their biogenesis (see chapter by Fujiyama-Nakamura et al).?’ In addition,
Caenorhabditis elegans and mammalian Lin-28, besides its role in pri-miRNA processing,
can also bind the precursor of the let-7 miRNA in the cytoplasm and stimulate its 3’
end uridylation by a poly(U) polymerase, leading to precursor RNA degradation and
downregulation of the mature let-7 miRNA levels (see chapter by Lehrbach and Miska).?-3
In contrast to this wealth of information, to our knowledge, there is as yet no experimental
evidence supporting miRNA-specific regulation at the processing steps in plants or algae.
However, discrepancies between pri-/pre-miRNA and mature miRNA levels in northern
blot analyses of certain miRNAs suggest that post-transcriptional mechanisms affecting
miRNA accumulation are also likely to exist in plants.>3!
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Figure 1. General model of miRNA biogenesis and RISC loading in plants and some algae. Primary
miRNA transcripts (pri-miRNAs), mostly generated by RNA polymerase 1I, are processed into hairpin
precursor miRNAs (pre-miRNAs) by Dicer-like enzymes (DCL). These pre-miRNAs are further processed
by DCL into short miRNA/miRNA* duplexes (miRNA duplexes). Mature miRNA duplexes are then
methylated at the 3’ end of each strand by HENI. Some miRNA/miRNA* or methylated miRNA/
miRNA* duplexes are likely exported to the cytoplasm by HASTY, the plant homolog of Exportin 5.
Guide miRNA strands are eventually loaded, either in the nucleus or the cytosol, into effector complexes
containing Argonautes (AGOs). Commonly accepted pathways in higher plants are indicated with solid
lines whereas potential alternative pathways, currently lacking direct experimental evidence, are indicated
with dashed lines (see text for details).
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SMALL RNA MODIFICATION BY 2'-O-METHYLATION

In plants, mature miRNAs and siRNAs are methylated at their 3’ ends, a modification
dependent on the RNA methyltransferase HUA ENHANCER 1 (HEN1).>1332 This is also
likely to occur in the alga C. reinhardtii, as suggested by the resistance of its small RNAs
to periodate oxidation/f elimination reactions.®** In vitro studies with recombinant HEN 1
strongly suggest that the Arabidopsis protein prefers as substrates small RNA duplexes
with 2-nt overhangs at their 3’ ends, typical features of Dicer products.>*!133435 Thus, after
DCL proteins catalyze the release of miRNA/miRNA* or siRNA duplexes from their
precursors, it has been proposed that HEN1 methylates each strand of the duplex on the
2'-OH oftheir 3'-terminal ribose molecules.®'*** Interestingly, a HEN 1-YFP fusion protein
has been detected in both the nucleus and the cytosol in transgenic Arabidopsis lines?!
and several viral RNA silencing suppressors, that appear to function in the cytoplasm,
partly inhibit miRNA methylation.*® Thus, it seems likely that HEN1-catalyzed reactions
can occur in the nucleus as well as in the cytosol of plant cells (Fig. 1), although this has
not been formally demonstrated.

In metazoans, PIWI-interacting RNAs (piRNAs), a class of small RNAs specifically
bound by PIWI proteins and absent in plants, as well as several siRNAs also have a
2'-0O-methyl group on their 3" termini.>”* In flies, miRNA*s associated with AGO2 have
also been found to be 3'-modified.*** In contrast, animal miRNAs do not appear to be
methylated.'** Moreover, the animal homologs of HEN 1 lack a dSRNA-binding domain
and appear to act on single-stranded, mature small RNAs already associated with AGO
or PIWI proteins.*®** Indeed, the substrate specificity of HEN1 homologs in metazoans
may reflect the fact that these proteins only interact with certain Argonaute polypeptides.
Whether plant HEN1 could also methylate some single-stranded small RNAs already
bound to AGOs is presently unknown (Fig. 1, dashed lines pathway). In both animals
and plants, the methylation of small RNAs seems to protect them against untemplated
nucleotide additions, such as uridylation, and/or exonucleolytic shortening.®!3-383%44
Likewise, in the ciliated protozoan Tetrahymena thermophila, ~28-29 nt long sRNAs,
which are expressed during sexual reproduction and required for DNA elimination, are
selectively stabilized by 3'-terminal 2'-O-methylation.*

SMALL RNA LOADING AND ACTIVATION OF THE RNA-INDUCED
SILENCING COMPLEX

In metazoans, siRNAs seem to be loaded onto RISC as duplexes and then AGO
cleaves the passenger strands triggering their dissociation from the complex and the
concomitant maturation of RISC."*!74¢ Ribonucleases, such as C3PO (whose subunits
Translin and Translin-associated factor X have homologs in plants), promote RISC
activation by removing the passenger strand cleavage products.*® Likewise, miRNA/
miRNA* duplexes, which often contain mismatches or bulges, are loaded onto AGO and
the two strands are separated by a poorly defined “slicer-independent” mechanism.>!¢
However, recent evidence suggests that AGO proteins themselves can function as RNA
chaperones capable of unwinding small RNA duplexes.'**” The dissociated miRNA*
strands appear to be rapidly degraded, but the enzyme(s) involved in this process is
presently unknown (Fig. 2). In either case, no single-stranded guide siRNA or miRNA
appears to be produced prior to these RISC maturation steps.>¥48
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Figure 2. Proposed model for the turnover of mature miRNAs based on combined evidence from
plants, algae and metazoans. An miRNA/miRNA* duplex is loaded into AGO and the two strands are
separated by a poorly characterized mechanism. The unwound miRNA* strand is rapidly eliminated
by an unknown enzyme(s). In C. reinhardtii, MUT68 (a terminal nucleotidyltransferase) and RRP6
(a 3’-to-5" exoribonuclease) may be part of a quality control mechanism to eliminate dysfunctional or
damaged miRNAs that are loaded into Argonautes, in kinetic competition with the methyltransferase
HENTI (see text for details). Both C. elegans XRN-2 (a 5’-to-3” exoribonuclease) and A. thaliana SDN
enzymes (3’-to-5’ exoribonucleases) may contribute to the decay of mature small RNAs dissociated from
Argonautes (see text for details). For simplicity, the AGO-bound miRNA strand is shown methylated,
as it occurs in plants and some algae, but C. elegans miRNAs would not undergo this modification.

Inseveral metazoans, the relative thermodynamic stability of the 5’ ends ofthe strands
in a small duplex RNA, in some cases sensed by dsRNA-binding proteins partnering
with Dicer in a RISC-loading complex, determines which strand is chosen as the guide
siRNA or miRNA 21641493051 [n addition, in Drosophila, sorting of small RNA duplexes
into specific AGO paralogs appears to be governed by the structure of the duplex, whether
it is nearly perfectly double-stranded or contains central bulges and mismatches.!¢4!:43
As reported in plants, the identity of the first nucleotide of a small RNA may also play a
role in this sorting process.*** However, the extent to which these factors weigh in the
fate of specific small RNAs, in particular in different metazoans, is not clear as yet.’>*
Moreover, it has been commonly accepted that the passenger and miRNA* strands
are simply byproducts of siRNA/miRNA biogenesis and RISC loading, destined to be
degraded. Yet, recent evidence in flies suggests that certain miRNA/miRNA* duplexes
could be bifunctional, with each strand being independently sorted into different AGO
proteins and most miRNA*s detected in cells appear to represent those associated with
Argonaute proteins rather than undegraded discarded strands.*'#

Much less is known about RISC assembly in plants and algae, and elucidating
this process is complicated by the existence of many Argonaute paralogs in a given
organism.*7!:135% In 4. thaliana, which contains ten AGOs, some heterochromatic and
repetitive siRNAs are loaded into AGO4-containing complexes, likely in the nucleus.>!35557
In contrast, most miRNAs appear to become associated with AGO1.%:6545658 At Jeast part
of the sorting into different Arabidopsis AGOs seems to be determined by the identity of
the 5’ nucleotide of the small RNAs.5%"7-% For instance, AGO1 predominantly associates
with small RNAs with a uridine at the 5’ terminus, which most miRNAs possess, whereas
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AGO4 prefers an adenine as the 5'-terminal nucleotide.>*%7 Additionally, the asymmetric
thermodynamic stability of the miRNA/miRNA* duplex termini also appears to play a
role in miRNA strand selection in plants, but these rules do not seem to apply to at least
some siRNAs.*!

The subcellular location of miRNA loading into AGOs remains elusive in plants.
HASTY (HST), the planthomolog of Exportin 5, is thought to transport miRNA/miRNA *
or methylated miRNA/miRNA* duplexes to the cytoplasm>*® for assembly into AGO
complexes (Fig. 1). However, the role of HST is not as clear as that of Exportin 5 in
animals since Arabidopsis hasty mutants show decreased accumulation of only a subset of
miRNAs.>* Moreover, in plants, miRNA abundance is higher than that of the corresponding
miRNA¥* in both the cytoplasm and the nucleus, suggesting that mature, RISC-associated
miRNAs are present in both compartments.® Interestingly, Arabidopsis HYPONASTIC
LEAVES 1/DsRNA-BINDING PROTEIN 1 (HYL1/DRBI1), a dsSRNA-binding protein
that cooperates with DCL1 in the processing of pri-/pre-miRNAs to mature miRNAs,*'
influences miRNA strand selection, presumably in a similar way as related polypeptides
in some metazoan RISC loading complexes.*! Since Arabidopsis HYL1/DRB1 is mainly
localized in the nucleus®?? and a YFP-AGOI fusion protein is present in both the cytosol
and the nucleus,”! at least a subset of AGO1 molecules may interact with HYL1/DRBI1
and be loaded with miRNA/miRNA* or methylated miRNA/miRNA* duplexes in the
nuclear compartment (Fig. 1). Recent findings in mammalian cells also indicate that
Argonaute proteins and associated miRNAs can shuttle between the nucleus and the
cytoplasm and that their transport depends on the import receptor Importin 8 and the
karyopherin CRM1.%63

Another unresolved issue in plant RISC assembly is the exact role of the
methyltransferase HEN1, proposed to act on short dSRNA substrates after DCL-mediated
processing but prior to RISC loading.®"*** For instance, small RNA duplexes generated
by DCL could be released, methylated by HEN1 and then rebound by metazoan-like
RISC-loading complexes that associate with Argonautes.’! Alternatively, HEN1 could
be an integral component of plant RISC-loading complexes and participate actively in
the transfer of small RNAs to AGOs.

MATURE SMALL RNA DEGRADATION BY RIBONUCLEASES

Relatively little is known about the stability of endogenous small RNAs and the
enzymes involved in their turnover in most eukaryotes. A conserved nuclease from C.
elegans and Schizosaccharomyces pombe, ERI-1 (of which there are also six putative
homologs in Arabidopsis),** degrades siRNA duplexes with 2-nucleotide 3'-overhangs
in vitro and reduces the efficiency of RNAI in vivo.®*% However, its role in small RNA
turnover is not clear since, innematodes, ERI-1 has recently been implicated in 5.8STRNA
processing and in the biogenesis of certain endo-siRNAs.* In contrast, in C. elegans,
the 5'-to-3" exoribonuclease XRN-2 (related to the yeast Ratl enzyme) is involved in the
degradation of mature, single-stranded miRNAs (Fig. 2) and has been shown to modulate
miRNA accumulation in vivo (see chapter by Grosshans and Chatterjee).®

In Arabidopsis, the existence of ribonucleases targeting siRNAs/miRNAs and the
protective role of the 3'-terminal 2'-O-methyl group was recognized from analyses of
small RNAs in mutants lacking SRNA methyltransferase activity.®'>324 In hen I mutants,
miRNAs and siRNAs fail to accumulate or their levels are considerably reduced.'** In
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addition, miRNA cloning and sequencing revealed the presence of 3’ end-truncated miRN A
molecules as well as others with untemplated 3'-terminal nucleotides, predominantly
uridine residues.'>* These observations indicated that methylation protects small RNAs
from uridylation and degradation and, by analogy to the mechanism of decay of longer
transcripts such as human histone mRNAs, 7! led to the proposal that uridylation recruits
and/or stimulates an exonuclease to degrade miRNAs.%!* Interestingly, a family of 3'-to-5'
exoribonucleases (related to the yeast Rex exonucleases) encoded by the SMALL RNA
DEGRADING NUCLEASE (SDN) genes was recently implicated in the turnover of
single-stranded, mature SRNA in Arabidopsis® (Fig. 2). However, the enzymes involved
in untemplated nucleotide additions to the 3’ ends of mature SRNAs and in the proposed
3'-to-5" degradation of unmethylated and uridylated small RNAs remain unknown since
SDNI1 is inhibited by 3’ terminal uridylation while it still acts, albeit with somewhat
lower efficiency, on 2'-O-methylated sSRNAs.*

Recent studies with in vitro systems (either cell extracts or recombinant proteins)
demonstrated that single-stranded, guide small RN As can be dissociated from Argonaute
proteins.*’ In C. elegans extracts, this process is partly dependent on XRN-2 and
appears to be inhibited by interaction of the miRNA-AGO complex with a target RNA.%
If confirmed in vivo, this mechanism could provide a way to recycle AGO proteins
associated with SRNAs that lack a target transcript, allowing them to rebind to other
guide siRNAs/miRNAs. Nevertheless, current evidence is most consistent with both
C. elegans XRN-2% and Arabidopsis SDN enzymes® participating in the decay of
mature small RNAs dissociated from Argonautes (Fig. 2). Moreover, since homologs of
these proteins are widely distributed among eukaryotes,**%-” these pathways might be
evolutionarily conserved; although partly redundant, multiple paralogs may complicate
the detection of phenotypic defects in individual mutants or epi-mutants.’% Alternatively,
the prevalence of 5'-to-3' versus 3'-to-5" degradation of dissociated mature small RNAs
may vary in different organisms since C. elegans homologs of Arabidopsis SDN1 do not
appear, individually, to be required for miRNA turnover® and the Arabidopsis XRN-2
homologs XRN2 and XRN3 seem to degrade the loop sequence of miRNA precursors
without affecting mature miRNA levels.”

A mutant in the green alga Chlamydomonas reinhardtii (Mut-68) also provided
insight on the pathways of mature miRNA/siRNA degradation. Mut-68, which is deleted
for a gene encoding a terminal nucleotidyltransferase named MUT6S8, was initially
characterized as being deficient in the addition of untemplated nucleotides to the 5’ RNA
fragments produced by the RISC cleavage of target transcripts, a requirement for their
efficient decay.” In addition, Mut-68 showed elevated levels of miRNAs and siRNAs
and the MUT68 enzyme was found to play a role in the untemplated uridylation of the
3" termini of SRNAs in Chlamydomonas.>® High throughput sequencing of small RNAs
revealed that ~7.3% of the examined molecules had 3'-untemplated nucleotides in the
wild type strain but this fraction was reduced to ~4.9% in Mut-68. Moreover, SRNAs
displayed markedly lower uridylation, the predominant addition to the 3’ ends of miRNAs/
siRNAs, in the mutant and, consistent with the possibility that U-tailed RNAs may be
degradation intermediates, their average size was smaller than that of the SRNAs in the
entire population.®

The MUT68 activity stimulated in vitro the degradation of single-stranded small
RNAsby RRP6,* aperipheral component ofa 3'-to-5" multisubunit exoribonuclease, the
exosome.”>’®Moreover, like the defect in MUT68, RNAi-mediated depletion of RRP6 in
Chlamydomonas resulted in the accumulation of miRNAs and siRNAs in vivo.** RRP6,
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which is related to bacterial RNase D, is widely distributed in eukaryotes and acts as
a distributive 3'-to-5" hydrolytic exonuclease that prefers unstructured substrates.”’’
As proposed before, it seems likely that, in Chlamydomonas, uridylation by MUT68
creates a short unstructured 3’ end that facilitates small RNA degradation by the RRP6
enzyme (Fig. 2). Several cycles of uridylation and truncation may be required for
complete SRNA decay by this nonprocessive exoribonuclease. Interestingly, MUT68
appears to collaborate with RRP6 in the turnover of miRNAs/siRNAs* and with
the core exosome in the degradation of longer RNAs generated by RISC cleavage.™
Additionally, MUT68 seems to carry out preferentially uridylation of small RNAs*
and adenylation of RISC-cleaved transcripts.” The basis for this differential specificity
is presently unclear but nucleotidyltransferases with context-dependent nucleotide
preferences have been previously described.”®®” Furthermore, in respect to SRNA
degradation, 3'-terminal adenylation, unlike uridylation, has recently been proposed
to lead to stabilization of miRNAs. The poly(A) polymerase GLD-2 adds a single
adenine residue to the 3’ end of mammalian miR-122 and this modification appears to
stabilize selectively this particular miRNA in liver cells.® Untemplated adenylation of
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Figure 3. Proposed model for the role of MUT68 and RRP6 in the quality control of mature small
RNAs in Chlamydomonas reinhardtii. Slight errors during Dicer-mediated processing and/or cleavage by
alternative Dicer paralogs result in 5 nucleotide variants of at least some miRNAs and endo-siRNAs.*
In the wild type strain one sSRNA isoform usually predominates and is presumably associated with an
active RISC (1). However, in the Mut-68 mutant alternative isoforms can also become quite noticeable,*
suggesting that their decay depends on the MUT68 nucleotidyltransferase activity. Certain 5’ nucleotide
variants may be subfunctional or dysfunctional when associated with a particular Argonaute protein, for
instance because of an unsuitable 5’ terminal nucleotide (2) and/or a tendency to form intramolecular
secondary structures (3) that will hinder the recognition of target RNAs. In the absence of the MUT68/
RRP6 machinery, these small RNA variants can accumulate, conceivably sequestering AGO proteins
into inactive RISC complexes. Additionally, some 5’ nucleotide isoforms of miRNAs/siRNAs may be
loaded into different AGO paralogs (4). In strains depleted for MUT68 and/or RRP6, these small RNAs
may compete out those commonly associated with these Argonaute proteins, rendering the complexes
functionally inert or leading to altered regulatory outcomes. Since small RNA processing isoforms
have different seed sequences, if assembled into functional complexes, they could potentially affect
the expression of distinct repertoires of target RNAs. For simplicity, MUT68 and RRP6 are shown
degrading RISC-associated small RNAs but this has not been directly demonstrated as yet.
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miRNAs has also been observed in plants and algae®*#8! and it also seems to protect
small RNAs against degradation in an in vitro assay with Populus trichocarpa (black
cottonwood) cell extracts.®!

Both MUT68 and RRP6 are only active in vitro on small RNAs lacking a 3'-terminal
2'-O-methyl group.** Thus, homologs of MUT68 and RRP6 may conceivably be
responsible for the observed uridylation and decay of small RNAs lacking 3" methylation
in the Arabidopsis henl mutants. However, defining the role(s) of MUT68 and RRP6
in Arabidopsis may be complicated by the fact that both proteins are encoded by small
multigene families.”** More importantly, how these enzymes function in a wild-type
background, where most miRNAs and siRNAs are methylated, is less obvious. As discussed
in the next section, we have proposed® that, at least in Chlamydomonas, MUT68 and
RRP6 may be part of a quality control mechanism to eliminate dysfunctional or damaged
small RNAs associated with Argonautes (Fig. 3).

QUALITY CONTROL OF MATURE SMALL RNAs

The Chlamydomonas Mut-68 mutant was originally identified as being deficient in
RNAi7 and the RRP6-depleted strains also shows diminished RNAi activity. However,
since Mut-68 contains enhanced levels of mature, single-stranded miRNAs and siRNAs,
which correlate with higher amounts of an endogenous AGO protein, RISC assembly
appears to occur normally.** As already mentioned, no single-stranded siRNA or miRNA
appears to be produced prior to RISC maturation>*“® and, thus, the accumulated mature
sRNAs detected in Chlamydomonas Mut-68 likely correspond to those associated with
Argonautes. Yet, the function of a significant fraction of these RISC complexes may be
compromised if the associated guide sSRNAs are dysfunctional, inert and/or damaged,
resulting in the sequestration of AGO proteins into inactive complexes (Fig. 3). This
interpretation for the diminished RNAI activity in Mut-68 (and in the RRP6-depleted
strains) is consistent with a role for MUT68/RRP6 as a quality control mechanism for
the removal of functionally defective SRNAs in Chlamydomonas (Fig. 3). Moreover, this
process may be operative in other eukaryotes since a recent RNAi screen to identify genes
involved inmiRNA/siRNA pathways in D. melanogasterrevealed that depletion ofan RRP6
homolog resulted in an RNAi defect.® In addition, the C. elegans nucleotidyltransferase
CDE-1 is required for the uridylation of siRNAs bound to a specific Argonaute protein
(CSR-1) and in the absence of CDE-1 these siRNAs accumulate to inappropriate levels,
accompanied by defects in an RNAi pathway involved in chromosome segregation.™

Recent evidence suggests that RISC-bound small RNAs can be subfunctional.
For instance, changing the 5’ uracil residue of the let-7a miRNA did not affect the
formation of a complex with human AGO2 but reduced significantly the association
of this complex with a target mRNA.% In Arabidopsis, a uridine-to-adenosine change
at the 5" end of engineered miRNAs resulted in an AGO1-to-AGO2 switch in sSRNA
loading and abolished their silencing activity.*® In plants and some algae, slight errors
during DCL processing and/or cleavage by alternative DCL paralogs may result in 5’
nucleotide variants of miRNAs/siRNAs that could be assembled into the wrong AGO
isoform and have drastically altered regulatory outcomes,>*® including rendering the
miRNA/siRNA functionally inert and sequestering Argonaute proteins into ineffective
complexes. Inaccuracies by RISC-loading complexes may also lead to the association
of small RNAs with an incorrect AGO paralog. Thus, a quality control mechanism(s)
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may be required to eliminate AGO-bound dysfunctional or subfunctional small RNAs
and MUT68 and RRP6 may participate in such a pathway (Fig. 3). We have not
demonstrated directly that MUT68 and RRP6 act on Argonaute-associated small RNAs
but, in C. elegans, uridylated siRNAs are immunoprecipitated with the CSR-1 AGO.%
In addition, both Chlamydomonas Mut-68 and CDE-1-defective C. elegans are deficient
in RNA interference pathways, suggesting that, in these mutants, the accumulated small
RNAs hinder RISC activity.*** In contrast, this phenotype has not been reported upon
depletion of C. elegans XRN-2 or Arabidopsis SDNs, implicated in the turnover of small
RNAs dissociated from Argonautes.®* One expectation is that the populations of mature
small RNAs accumulated in these sets of mutants would be different, including SRNAs
with processing defects (and/or associated with incorrect AGOs) in the first case and
predominantly correctly processed, functional miRNAs/siRNAs in the second.

Chlamydomonas MUT68/RRP6 may function in competition with HEN1 in a
putative assessment of small RNA functionality. The D. melanogaster HEN1 homolog
appears to methylate single-stranded piRNAs and siRNAs already associated with
certain AGO/PIWI proteins.'**3° Thus, sSRNAs lacking 2'-O-methyl groups are loaded
into RISC in animals and, conceivably, this may also happen for at least a fraction of
the small RNAs in Chlamydomonas. We proposed that, in these cases, the MUT68/
RRP6 machinery may operate as a quality control mechanism in kinetic competition
with HEN1 (Fig. 2).3* Functional guide sSRNAs (with respect to their interactions with a
particular AGO isoform) may be protected by HEN1-mediated 3’ end methylation whereas
subfunctional or dysfunctional SRNAs may be preferentially degraded by MUT68/RRP6
(Fig. 2). However, it is not clear whether a similar mechanism could also act in higher
plants where HEN1 has been suggested to methylate small RNA duplexes prior to their
loading into RISC.%!334 Additionally, dysfunctional or subfunctional small RNAs may be
conceivably dissociated more easily from an Argonaute protein and XRN-2 and/or SDN
homologs could also contribute to the degradation of some of these molecules.

In degradative RNAi, RISC functions as a multiple turnover enzyme**” and a quality
control mechanism(s) may also be necessary to assess the integrity of guide siRNAs after
each round of target RNA cleavage. In mature RISC, the 3’ end of the guide siRNA is
bound by the AGO PAZ domain but, when the siRNA forms an extensive duplex with a
target RNA, its 3’ terminus is released from the PAZ pocket.'*!>% After RISC-mediated
endonucleolytic cleavage, the target RNA products are released and degraded by
exoribonucleases.”*#° At this step, the 3’ end of the guide siRNA may become accessible
to the MUT68/RRP6 machinery prior to rebinding to the PAZ domain. We speculated
that MUT68/RRP6 may also operate here, as a quality control mechanism to degrade
damaged sRNAs lacking 2'-O-methyl groups.*® However, understanding the molecular
details of the proposed quality control mechanism(s) will require addressing the nature
of the putative dysfunctional or damaged small RNAs.

CONCLUSION

Small RNAs, bothmiRNAs and siRNAs, play importantroles in the regulation of gene
expression ineukaryotes. Yet, the complexity of small RNA biogenesis and function is just
beginning to be understood. Recent studies have established that post-transcriptional SRNA
modifications (such as 3’ terminal methylation and untemplated nucleotide additions) and
several exoribonucleases can affect the stability of mature, single-stranded miRNAs
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and siRNAs 3364991 Moreover, these factors can have profound effects on the homeostasis
and the function of small RNAs in plants, algae and metazoans.**%+%! However, despite
these advances, we still know relatively little about the molecular mechanisms of mature
small RNA turnover and whether the discovered pathways are common to most eukaryotes.
Additionally, many enzymes implicated in the modification and the degradation of
miRNAs and/or siRNAs appear to be encoded by small multigene families, in plants,
algae and animals, and potential redundancy of function may complicate uncovering
their significance in SRNA metabolism and developmental and physiological responses.

The biological role(s) of small RNA degradation also needs further exploration.
Some pathways may operate as quality control mechanisms to eliminate AGO-associated
dysfunctional or subfunctional small RNAs, resulting from errors in Argonaute loading
and/or mistakes in the processing of miRNAs/siRNAs.>* Critical questions in this
context are the nature of the postulated dysfunctional or subfunctional small RNAs and
the way they are recognized by the degradation machinery. Other turnover mechanisms
may modulate the overall levels of AGO-bound miRNAs.*¢ An intriguing possibility
raised by work in C. elegans is that the accumulation of small RNAs may be linked to
the availability of target RNAs,” provided that target binding maintains miRNAs in an
Argonaute-associated state protected from exonuclease-mediated degradation. These
pathways would potentially facilitate the recycling of AGO proteins in dysfunctional or
inert complexes for rebinding to other small RNAs. Whether the levels of specific mature
miRNAs could also be regulated by selective turnover is not clear as yet. In this case,
factors that recognize certain miRNA sequences would presumably be needed to recruit
ribonucleases to particular substrates. Interestingly, a 3’ terminal hexanucleotide sequence
in human miR-29b promotes its nuclear localization, suggesting that specific small RNA
sequence motifs can direct distinct outputs, but the factors involved in this selective
localization are not known.*?

Untemplated nucleotide additions appear to influence the stability of mature miRNAs
and siRNAs but the significance of small RNA modifications is not entirely obvious. For
instance, 3'-terminal uridylation may create unstructured SRNA ends, facilitating their
degradation by nonprocessive exoribonucleases.'>?%33"" However, 3’ end uridylation
of mature miR-26 in mammalian cells appears to impart functional differences that
attenuate miRNA-targeted repression without noticeable changes in miRNA steady-state
levels.” Likewise, in Arabidopsis certain 3'-uridylated miRNAs are almost as abundant
as the unmodified canonical forms in particular tissues, suggesting a specialized role for
these modified small RNAs.% The 3'-terminal adenylation of some miRNAs appears to
stabilize them®*#! but this same modification promotes the degradation of the 5" RNA
products of RISC cleavage and a number of misprocessed and unstable RNAs.7#76:94-9
Thus, the consequences of untemplated nucleotide additions to small RNAs may be
context-dependent. Conceivably, the effect of 3'-untemplated nucleotide additions
may depend on how they alter the length and/or the 3’'-terminal structure of a given
miRNA or siRNA and, as a result, the SRNA interactions with AGO and susceptibility
to ribonuclease activities.

Similarly, 3" end methylation of small RNAs seems to protect them directly from
nucleotidyltransferases and exoribonucleases,'**%3%#45 but additional functions for this
modification have not been explored. For instance, 3'-terminal methylation may affect
the association of an SRNA with the PAZ domain of AGO, potentially influencing the
kinetics of double-strand zippering with atarget RNA. Indeed, a 2'-O-methyl group on the
3’-terminal nucleotide appears to decrease the siRNA-binding affinity by the PAZ domain
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of human AGO1.°" In higher plants, 2'-O-methylation may also promote or decrease the
ability of RNA-dependent RNA polymerases to use small RNAs as primers."* Another
outstanding question is why all siRNAs and miRNAs are methylated in plants (and likely
in some algae) whereas miRNAs do not seem to undergo this modification in metazoans.
Interestingly, it has been noted that all 2'-O-modified small RNAs identified thus far
are associated with RISC complexes that have the capability to cleave efficiently their
RNA targets.*® This might reflect a requirement of 3" methylation of SRNAs (through
its potential effect on AGO binding) for optimal duplex formation as an intermediate
for target RNA cleavage and/or a role of this modification in preventing the unintended
degradation of small RNAs by the exoribonucleases that participate in the decay of
RISC-cleaved RNA products.

Finally, the subcellular localization of the pathways that affect small RNA stability
remains to be evaluated in most eukaryotes. In Chlamydomonas, MUT68 appears to be
located predominantly in the cytosol,* but it is becoming increasingly clear that distinct
RISC complexes function in both the nucleus and the cytoplasm.'® Thus, certain pathways
for small RNA degradation, for instance those associated with quality control, may be
required to operate in both compartments. Conversely, selective subcellular localization
of turnover processes might provide another layer of regulation for the degradation of
specific miRNAs. We anticipate that deepening our knowledge about the mechanisms
that regulate mature small RNA turnover will be relevant not only to the comprehensive
understanding ofhow miRNA and siRNAs execute their function but also to the successful
use of RNALI for practical applications.
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CHAPTER 12

MicroRNases AND THE REGULATED

DEGRADATION OF MATURE ANIMAL miRNAs

Helge GroBhans* and Saibal Chatterjee

Abstract:

microRNAs (miRNAs) are small noncoding RNAs that regulate numerous target
mRNAs through an antisense mechanism. Initially thought to be very stable with
half-lives on the order of days, mature miRNAs have recently been shown to be subject
to degradation by ‘microRNases’ (miRNases) in plants (the small RNA degrading
nucleases, SDN) and animals (exoribonuclease 2/XRN-2/XRN2). Interference with
these miRNA turnover pathways causes excess miRNA activity, consistent with an
important contribution to miRNA homeostasis. Moreover, it isnow emerging that long
half-lives are not an invariant feature of miRNAs but that marked differences exist
in the stabilities of individual miRNAs and that cellular states can further determine
miRNA turnover rates. Although the means of regulation are still largely unclear,
biochemical data suggest that target mRNA-binding can stabilize miRNAs within
their Argonaute (AGO) effector complexes, providing one possible mechanism that
may control miRNA half-lives. We will summarize here what is known about miRNA
turnover in animals and how recent discoveries have established a new dynamic of
miRNA-mediated gene regulation. We will highlight some of the open questions in
this emerging area of research.

INTRODUCTION

microRNAs (miRNAs) are small regulatory RNAs, about 22 nucleotides in length,
that bind to partially complementary messenger RNAs (mRNAs) and repress them
translationally or by transcript degradation.! The discovery, about a decade ago, that
miRNAs modulate the expression of a substantial fraction of animal genes** came as a
major surprise, as this extensive post-transcriptional control of gene expression necessitated
major revisions to our view of how genes are regulated.
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Over the past few years, we have now learned that miRNA expression itself is also
heavily regulated at the post-transcriptional level,® adding yet another layer of complexity
to gene regulation. However, regulation appeared to be largely restricted to modulation
of miRNA biogenesis, as mature miRNAs were considered exceptionally stable,® wedded
for life to their Argonaute (AGO) effector protein. Evidence for this was derived from
a few observations of miRNA turnover rates in cultured cells or in tissues,” as well as
the typically slow and/or incomplete response of mature miRNA levels to alterations in
miRNA biogenesis rates (Fig. 1).%'*'* Consistent with this view appeared the observation
that miRNAs were also extremely stable in fixed tissue samples, where they could be
detected for years'>—unlike the longer mRNAs, which are substantially degraded under
these conditions. However, there were already hints that not all miRNAs were created
equal so that some miRNAs might be less stable, at least under certain conditions, than
expected.® Indeed, given the dynamic of miRNA expression during development,!®!8
with some miRNAs being up-, others down-regulated, it appeared unlikely that the long
half-lives reported for some miRNAs, measuring days or more, could hold true under
all conditions, for all miRNAs.

A first observation hinting at the possibility of active and regulated miRNA turnover
was made in plants, namely in the thale cress Arabidopsis thaliana: Xuemei Chen and
coworkers identified a family of small RNA degrading nucleases (SDNs) that could
degrade synthetic miRNAs in vitro and whose joint depletion elevated mature miRNA
levels in vivo' (see chapter by Cerutti and Ibrahim for details). Subsequently, our lab
identified a different nuclease, XRN-2, as a mediator of miRNA degradation in the
roundworm C. elegans.*® These RNases belong not only to distinct protein families,
they also act through distinct mechanisms, SDNs being 5°—3’ exonucleases, but
XRN-2 a5’—3’ exonuclease. Intriguingly, however, the yeast SDN homologues Rex1p
through Rex4p are involved in ribosomal RNA (rRNA) biogenesis, as is yeast Ratlp,
the XRN-2 orthologue (see also separate section below). It was noted previously?! that
Drosha, the RNase that processes pri-miRNAs into pre-miRNAs,!'* and its associated
helicases DDX5 and DDX17 (also known as P68 and P72),” are also all involved in
rRNA biogenesis.?>?* There thus appears to be a theme of overlap between miRNA and
rRNA pathways, although the rationale for this, if any, is still unclear.

We will discuss here what is known about miRNA turnover in animals and its
potential effects on gene expression. We will particularly focus on the XRN-2 miRNase
in C. elegans, but additionally highlight studies hinting at a wide-spread occurrence of
regulated miRNA degradation as a means to achieve dynamic gene regulation. We will
also discuss some of the open questions in the field that will need to be addressed in
future studies.

microRNA BIOGENESIS AND FUNCTION

As detailed reviews on miRNA biogenesis and function are provided in the chapter
by Ketting and elsewhere,? this section will give only a brief summary of the most
relevant points. Briefly, miRNAs are transcribed by RNA polymerase [1 as long, primary
miRNAs (pri-miRNAs) that are capped and polyadenylated.??® In addition to these
independent, ‘intergenic’ pri-miRNAs, a substantial fraction of miRNAs, particularly in
mammals, appears to be cotranscribed with ‘host” pre-mRNAs, in the introns of which
they reside.”* The RNase I1I-type enzyme Drosha processes both intergenic and intronic
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Figure 1. Rapid changes in mature miRNA levels require short miRNA half-lives. Accumulation of a
mature, stable miRNA is at equilibrium at t,. At t;,, miRNA decay and/or biogenesis rates are altered.
The graph (fop) depicts the changes (colored double-arrows) that will be observed at t,, a time point
shortly after t, (i.e., t,-t; << t,, where t,, is the half-life of the miRNA at t,).
i) Both biogenesis and decay rates remain unaltered, thus leaving mature miRNA levels unchanged at t;.
ii) Biogenesis rate is reduced but miRNA decay remains slow, thus causing only a modest decrease in
mature miRNA levels at t,. iii) Biogenesis rate is unchanged, but the decay rate increased, causing a
notable decrease in mature miRNA levels at t,. iv) miRNA decay is increased and the biogenesis rate
is decreased, causing a substantial decrease in mature miRNA levels at t,.
Note that under the conditions depicted here, a decline in miRNA biogenesis rate has little effect on the
levels of stable mature miRNAs at t, (compare i and ii). Conversely, an identical decrease in miRNA
biogenesis causes a much stronger decline in the levels of unstable mature miRNAs (i.e., t,-t; = t,,)
(compare iii and iv). Also note that in these examples miRNA biogenesis is assumed to be impaired at the
pre-miRNA processing step, leading to pre-miRNA accumulation. No such accumulation would be observed
if other steps of miRNA biogenesis such as transcription, or pri-miRNA processing were impaired.
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pri-miRNAs, releasing by cleavage the so-called precursor miRNA (pre-miRNA),!°
aprocessing intermediate that is characterized by a stem-loop structure of approximately
70 nucleotides. The pre-miRNA is exported into the cytoplasm,'>332 where another
RNase III enzyme, Dicer, processes it into a duplex RNA consisting of miRNA guide
and passenger strands, also known as miR and miR*.33-3% Incorporation of the miRNA
guide strand into AGO yields an miRNA-induced silencing complex (miRISC), whereas
the passenger strand is discarded.” Within miRISC, the miRNA serves as an ‘address
label’ that targets the complex to partially complementary sequences in mRNAs that
will be silenced by miRISC binding.! Although the precise composition of miRISC
is controversial, recent data from several systems have provided strong evidence for
GW 182 proteins, also known as TNRC6 in humans and AIN-1, AIN-2 in C. elegans,
as important components and downstream effectors of AGO.** The mechanism of
miRNA silencing has also been hotly debated, with proposed mechanisms involving
translational repression at the initiation or elongation level, mRNA degradation with
or without deadenylation and cotranslational protein degradation. However, recently
there has been a convergence on mRNA deadenylation and degradation and repression
of translation initiation as the major mechanisms.’

The latter mechanism is of particular interest, as it permits reversible repression of
miRNA targets,’ as discussed in the chapter by Meisner and Filipowicz. By contrast,
a degradation mechanism would imply permanent target silencing. Moreover, such an
mRNA clearance mechanism would ultimately cause an accumulation of ‘unemployed’
miRISC lacking targets. This is unless there is either a limited amount of miRISC
programmed with a specific miRNA that silences an excess of cognate targets (which
would permit continuous miRISC reuse), or active degradation of miRISC and/or its
associated miRNA when they are devoid of targets. With the discovery of ‘miRNases’,
the latter scenario now appears to be a distinct possibility and as we will discuss below,
we have demonstrated that miRNAs can indeed be dislodged from target-free miRISC
to become subject to degradation by XRN-2.2

XRN-2, A MULTIFUNCTIONAL EXORIBONUCLEASE

The 5°—3’ exonuclease XRN-2 is conserved across eukaryotes and also known as
exoribonuclease 2, XRN2 and, in yeast, variously Ratlp, Hkelp or Taplp. We will use
here XRN-2, except when referring explicitly to the yeast protein, for which we will use
Ratlp, both for Saccharomyces cerevisiae and Schizosaccaromyces pombe.

It is in yeast that Rat1p/XRN-2 has been particularly well characterized, ironically
a eukaryote that does not have an miRNA pathway. Ratlp is required for degradation of
pre-mRNAs*® and noncoding telomeric RNAs,*’ the 5” processing of ribosomal and small
nuclear RNAs*-*2 and transcriptional termination.** A role in transcriptional termination
has also been reported for mammalian XRN-2.* However, transcriptional termination
activity might be unrelated to exonucleolytic RNA cleavage by Rat1p/XRN-2 and the
enzyme appears largely dispensable for correct termination.*3+4¢

In addition to its role in miRNA turnover, which we will discuss below, XRN-2 also
functions during miRNA biogenesis. However, this activity does not appear to affect
mature miRNA levels, but instead is needed to clear away potentially harmful byproducts
of miRNA processing. Thus, it has been shown that for intronic miRNAs, cleavage by
Drosha can occur cotranscriptionally, prior to splicing.”’” Clearance of the remaining
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intron sequence involves XRN-2, together with the exosome, and depletion of XRN-2
impairs splicing of the host gene. XRN-2 also promotes transcriptional termination at
intergenic miRNA loci, but it appears that this function might have no direct bearing
on levels or activity of the miRNAs.*® Finally, in Arabidopsis, where XRN2, XRN3
and XRN4 are three paralogues whose closest animal homologue is XRN-2, XRN2 and
XRN3 are involved in degradation of the pre-miRNA loop following processing of the
pre-miRNA by Dicer.* Again, this scavenger-type function of XRN-2-related enzymes
did not affect mature miRNA levels.

Many of the functions of Ratlp overlap with those of its paralogue Xrnlp, although
the two proteins differ in their preferential intracellular localizations, with Ratlp being
nuclear and Xrnlp cytoplasmic.’® However, Xrnlp contributes to nuclear functions such
as snoRNA and rRNA processing**#>*! or cotranscriptional RNA degradation,* whereas
RATI, at least when over-expressed, can suppress loss of XRN7*? (although the reverse
does indeed require targeting of Xrnlp to the nucleus).®> Thus, the clear separation
into nuclear and cytoplasmic exonucleases appears to be an oversimplification based on
steady-state localization of the involved enzymes. Ithardly requires a stretch of imagination
to propose that the actual localizations might be more dynamic and/or that minor pools
of Ratlp in the cytoplasm and Xrnlp in the nucleus could exist> that can sustain some
but not all functions of the respective paralogue.

As in other animals, both Rat1p (XRN-2) and Xrn1p (XRN-1) orthologues existin C.
elegans, but so far a function in miRNA turnover has only been established for XRN-2,
although a function of XRN-1 remains possible.

DEGRADATION OF C. ELEGANS miRNAs BY XRN-2

We have described? the identification of XRN-2 as a nuclease that altered miRNA
levels and activity in C. elegans by degrading mature miRNAs upon their dislodging from
the Argonaute effector protein (“AGO”; the paralogous ALG-1 and ALG-2 proteins in
C. elegans).** Specifically, incubation with C. elegans larval lysate caused degradation of
synthetic, radiolabelled miRNAs and this degradation was impaired when the lysate had
been depleted for XRN-2. In a more physiological scenario, we confirmed that XRN-2
activity wasnot limited to ‘naked’ RNA, but also occurred on protein-covered miRNA, i.e.,
the kind of substrate that is likely to be encountered in the cell. Thus, when pre-miRNA
was added to C. elegans lysate, it was processed by Dicer to yield the mature miRNA,
which was incorporated into AGO. However, in the presence of XRN-2, this mature
miRNA would be released again from AGO and degraded by XRN-2 (Fig. 2). How the
release step itself is achieved, is currently unknown. Although XRN-2 is important for
this function in vivo (see below), it appears to play only an auxiliary role in vitro. Indeed,
given that the 5° end of the mature miRNA is thought to be buried within the AGO Mid
domain,> and thus not accessible to XRN-2, it appears unlikely that XRN-2 would be
the primary release factor, at least in a model where its release activity would be directly
coupled to exonucleolytic decay of the miRNA.

We confirmed that our assays recapitulated a true physiological function of XRN-2,
by examining the effects of RNAi-mediated depletion of x7n-2 on miRNA levels in vivo.?
We found that, relative to a mock RNAi control, levels of different mature miRNAs,
but not of their pre- or pri-miRNA precursors were elevated (Fig. 3). Importantly,
this elevation also coincided with enhanced miRNA activity, as demonstrated by the
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Figure 2. Accumulation of a mature miRNA from a pre-miRNA requires protection through a target
mRNA or reduced XRN-2 levels in a C. elegans lysate. (Adapted from ref. 20.) A) Schematic depiction
of the in vitro RNA transcripts used in (B) (not to scale). The Renilla luciferase (RL) reporter mRNAs
contain 3’UTRs with (i) three functional /ez-7 binding sites and (ii) three mutated sites or (iii) lack a
3’UTR. B) Pre-let-7 turnover using N2 (C. elegans wild-type) lysate in the absence or presence of three
different mRNAs as indicated and schematically shown in (A). Radiolabelled substrate and product
are indicated. Note that all lysates equally reduce pre-/et-7 levels relative to input (compare lanes 5-9
to lane 4), but that mature /et-7 only accumulates if either an mRNA with functional miRNA-binding
sites is present (lane 6) or xrn-2 is depleted by RNAIi (lane 9). Conversely, the mononucleotide decay
product (asterisk) is depleted under these conditions, whereas an independent decay product (circle),
presumably the partially degraded loop that dicing of the pre-miRNA releases, remains unchanged.
Labels indicate lysates prepared from animals exposed to mock RNAi and xrn-2(RNAi), respectively.
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Figure 3. Depletion of xrn-2 causes accumulation of mature miRNAs but not their precursors in vivo.
A) Northern blot analysis reveals that RNAi-mediated depletion of xrn-2 elevates the levels of mature
mir-234 and mir-245 relative to mock RNAI, but barely affects /in-4 levels (arrowheads), possibly
indicating substrate specificity or technical limitations (see main text for discussion). B) Elevation is
moderate (~2-fold) for mature /et-7 in wild-type animals, but more substantial for the mutant /et-7(n2853)
variant, the levels of which are reduced relative to wild-type animals. A,B) Pre-miRNA levels (asterisks)
are unchanged for any miRNA, whereas disruption of pre-miRNA processing by depletion of Dicer
(dcr-1) results in elevated pre-miRNA levels. Figure in part adapted from reference 20.
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Figure 4. A model of XRN-2 affecting miRNA homeostasis and AGO recycling. Following processing
of the pre-miRNA by Dicer and unwinding of the passenger:guide duplex, (1) mature miRNA is loaded
into Argonaute (AGO) to (2) silence its targets. If no target is available or (3) the target has been
degraded by the miRNA:AGO complex, (4) the miRNA can be released from AGO for (5) degradation
by XRN-2. This may permit (6) recycling of AGO and loading with a different miRNA, which (7) can
silence other targets. Release of the miRNA from AGO is promoted by XRN-2, but appears to involve
additional factors, yet to be identified. Note that the presence of target mRNA prevents release of the
miRNA from AGO (right dashed line). Left dotted line: a fraction of mature miRNA might also be
degraded directly, without prior incorporation into RISC. Modified from reference 20.

increased repression of /et-7 miRNA targets in a let-7(n2853) mutant background. In
this mutant, a single point mutation in the mature miRNA causes, for unknown reasons,
a decrease in mature /et-7 levels and a desilencing of let-7 targets and both of these
effects are reversed upon xrn-2 depletion. Intriguingly, the increase in mature /et-7
levels caused by xrn-2(RNAi) was fairly modest (Fig. 3)—approximately three-fold
relative to the mock RNAI control—yet this sufficed not only to restore repression of
the let-7 targets, but also to suppress the lethality, as well as additional developmental
phenotypes caused by reduced /et-7 activity. This observation thus provides evidence
for the importance of precise and faithful regulation of miRNA levels during animal
development.

Since activity of the miRNA requires its incorporation into the miRISC effector
complex, specifically, its binding to AGO, we can further conclude that in vivo, XRN-2
is indeed important for miRNA release from AGO, whereas it appears to play only a
facilitating role in vitro (Fig. 4). One speculative scenario to reconcile these differences
would be the existence of a limited pool of dedicated miRNA release factor, the recycling
of which would require degradation of the unloaded miRNA by XRN-2.
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IS miRNA TURNOVER A SUBSTRATE-SPECIFIC EVENT?

Exoribonucleases of the XRN1/XRN2 family prefer 5’-monophosphorylated,
single-stranded and unstructured RNAs as substrates, whereas 5’ triphosphates, 5> mRNA
caps, or RNA structures severely impair or even entirely abrogate activity in vitro.* Little
additional specificity is known to exist and we confirmed that four different synthetic
mature miRNAs were similarly degraded in C. elegans lysate.

However, itremains a strong possibility that additional substrate specificity could exist
in vivo, conferred through cofactors or through distinct spatial organization of miRNA
turnover. In yeast, for instance, Ratlp functions with a cofactor, the Ratl-interacting
protein 1, Railp, which, in Schizosaccharomyces pombe, is required for processivity of
Rat1p-mediated RNA decay.* More intriguingly, Railp possesses pyrophosphohydrolase
activity, which hydrolyzes 5’ triphosphate ends on RNAs to yield 5’-monophosphorylated
Ratlp substrates.*® However, structural and interaction studies suggest that the higher
eukaryote Railp orthologue Dom3Z does not physically associate with XRN-2,%¢7 [eaving
it unclear if and which cofactors act with non-yeast XRN-2.

Superficially consistent with the notion of increased substrate specificity under
physiological conditions, we found when we examined the effect of xrn-2 depletion
on 12 different miRNAs in vivo? that the levels of nine were at least twofold elevated,
whereas the other three revealed only minor accumulation (Fig. 3). However, it is unclear
whether this reflects true substrate specificity, as all of the weakly affected miRNAs,
such as /in-4, tended to be expressed already early during C. elegans development, in the
first larval (L1) stage.'® As our experiments involved exposure of synchronized L1 stage
larvae to xrn-2(RNAi) and subsequent harvesting of the animals at the L4 stage, it appears
likely that during L1 (and perhaps even some later stages), sufficient XRN-2 would still
have been available to shape the expression patterns of these miRNAs. Clearly, more
extensive miRNA profiling will be needed to determine whether XRN-2 does indeed
exhibit specificity with regard to the miRNAs that it degrades.

A FUNCTION OF XRN-2 IN miRNA TURNOVER BEYOND C. ELEGANS?

At this point, it is not known whether XRN-2 also effects degradation of miRNAs
in other organisms, although its high level of conservation would support this notion.
Intriguingly, however, a recent report links XRN2 to lung cancer in mice and humans.>®
Specifically, a genome-wide association study aimed at identifying gene loci relevant
to spontaneous (non cigarette smoke-induced) lung cancer in mice revealed a strong
association between lung cancer development and single nucleotide polymorphisms
(SNPs) located near the XRN2 locus in mice. Further studies revealed that this correlation
extended to altered XRN2 expression levels, with animals more at risk for lung cancer
expressing higher levels of XRN2. Moreover, in vitro (in cell culture), over-expression of
XRN2 in human Beas-2B lung epithelial cells increased their proliferation and reduced
the expression of differentiation markers. Finally, an association between lung cancer and
SNPs in XRN2 was also confirmed for human lung cancer. These findings are of particular
interest when considering the number of connections between lung cancer and miRNA
expression, in particular the fact that the human /et-7 miRNAs act as tumor suppressors
in the lung, where they repress HMGA2, RAS and other proto-oncogenes.* It will be of
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substantial interest to learn whether this novel link between XRN2 and lung cancer does
indeed reflect a function of mammalian XRN2 in miRNA degradation, perhaps even
geared towards specific miRNAs such as the let-7 family.

HALF-LIVES OF miRNAs—NOT ALL miRNAs ARE EQUAL

As hinted earlier in this chapter, it has long been assumed that mature miRNAs
are highly stable molecules.® Half-lives of 14 hours and more’*!* appeared to argue
against the presence of a vigorous miRNA turnover activity, as did the stability of
miRNAs in fixed tissue samples'*—although the latter could hardly be considered to
reflect a physiological situation. However, in vitro pre-miRNA processing reactions
using Drosophila lysates revealed very inefficient accumulation of mature miRNA,
although the pre-miRNA substrate was readily consumed.* One possible explanation
for this observation, not further investigated at that time, was that mature miRNA
was made, but subsequently efficiently degraded. Even within cells, not all miRNAs
appeared to behave the same:® Whereas a synthetic miR-29a transfected into HeLa
cells (above a background of endogenous miR-29a and miR-29b, produced from the
same pri-miRNA) had a half-life of ~14 hours, its sequence-related ‘sister’ miR-29b,
had a half-life of only 4 hours. Moreover, when cells were arrested in mitosis, both
miRNAs were stabilized to half-lives exceeding 12 hours, reflecting the fact that the
endogenous miR-29b accumulates specifically during mitosis. Thus, it appeared that
both elements within the miRNA and cellular states could affect miRNA stability, at
least at the elevated levels achieved through transfection.

A recent report revealed that the accumulation of additional endogenous miRNAs
(which did not include miR-29b) also varied substantially across cell cycle stages in
HeLa cells.® Since an entire cell cycle under these conditions takes some 16 hours,
these findings would suggest that also for some endogenous miRNAs, decay has to
occur much more rapidly than suggested by half-lives of 14 or more hours (Fig. 1),
although precise half-life measurements are yet to be reported.

Direct evidence for the notion that endogenous miRNAs can decay rapidly comes
from a study on postmortem human brain tissues and primary human neuron cultures,®!
which revealed half-lives ranging from less than an hour to under four hours for miR-9,
miR-125b, miR-132, miR-146a and miR-183. As other miRNAs were not investigated,
it is unclear whether these selected miRNAs have unusually short half-lives or whether
miRNA decay in brain is generally accelerated.

Regardless of these possibilities, the notion that some or all neuronal miRNAs
could have short half-lives is particularly intriguing when considering the importance
of translational control at synapses and, more specifically, the observation that target
silencing by miR-134 at synapses can be readily reversed, albeit through an unknown
mechanism.® Intriguingly then, it was found in Aplysia californica (sea slug) neurons
that the levels of miR-124, a particularly abundant, brain-specific miRNA, were rapidly
reduced upon treatment of sensory neurons in cell culture with the neurotransmitter
serotonin.® The precise kinetics of miR-124 depletion are unclear, as treatment involves
five pulses of five minutes’ treatment with serotonin with pulses being spaced 20
minutes apart (i.e., 105 min for the entire procedure). However, a two-fold reduction
was already apparent at one hour after the last pulse, further extending to a maximum
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of threefold reduction two hours after the last pulse, before miR-124 amounts slowly
returned to baseline levels. When MAP kinase signaling was abrogated through use of
the MAPK inhibitor U0126, serotonin failed to induce a reduction of miR-124 levels,
implicating this cell signaling pathway in the regulated clearance of miR-124, although
the relevant effector proteins remain to be identified.*

The reduction in miR-124 levels upon serotonin treatment, although modest, could
be functionally relevant: One of the targets of miR-124 is the transcriptional activator
CREBI (Cyclic AMP-responsive element-binding protein 1), the overexpression of
which enhances long-term facilitation, i.e., synaptic activity, and inhibition of miR-124
was found to phenocopy this effect.

At this point, it is not completely clear whether it is truly the decay of miR-124 or
its biogenesis rate that is altered by serotonin exposure. Precursor levels of miR-124
were reported to remain stable, suggesting that serotonin-treatment indeed increased
mature miRNA turnover rate.®> However, as the PCR-assay that was used to detect
miR-124 precursors cannot distinguish between pri- and pre-miRNA, the relative
abundance of which is also unknown, it remains equally possible that the decrease in
miR-124 levels reflects a selective reduction in processing of either precursor against
a background of constitutively high turnover of miR-124 (Fig. 1).

In a different system, immortalized MCF10A cells that contain a fusion of the
estrogen receptor (ER) domain with the Src oncoprotein, rapid, possibly regulated
turnover of mature miRNAs has also been observed. Treatment of these cells with
tamoxifen activates Src and causes cellular transformation. Under these conditions, let-7
miRNAs are lost with an approximate half-life of four hours and a 20-fold depletion
occurs by 36 hours after tamoxifen treatment.** Based on the rapidity of this effect,
Iliopoulos and colleagues speculated that this observation reflected a regulated mechanism
of RNA degradation.® However, it remains to be experimentally established that the
regulation indeed occurs at the level of mature lez-7 stability. The fact that LIN28B,
a known regulator of pre- and pri-let-7 processing®”’' (reviewed in the chapter by
Lehrbach and Miska), is required for the effect, would rather seem to point to impaired
let-7 biogenesis. Nonetheless, this would still require constitutively high turnover of
let-7 in MCF10A cells, as a block in processing of miRNA precursors would fail to
deplete stable mature miRNAs rapidly (Fig. 1).

Finally, selective stabilization of a specific miRNA, miR-122, has been reported to
occur in mouse liver.”” Mature miR-122 undergoes 3’-adenylation by the noncanonical
cytoplasmic poly(A)-polymerase GLD2 and loss of GLD2 reduces steady-state levels
and activity of the mature mir-122. Several question remain to be explored, namely, does
GLD?2 indeed affect the miR-122 half-life and does this depend on 3’-adenylation. If so,
what is the mechanism? The notion that adenylation of miR-122 could interfere with a
3’—5’ degradation pathway is clearly an attractive possibility that deserves to be tested.

In summary, although the investigation of miRNA half-lives has only begun,
it has already become clear that miRNA stabilities can be quite variable. The
short half-lives of some miRNAs further indicate that turnover has the potential to
substantially affect miRNA steady-state levels and thus activity, providing a new
dynamic to miRNA-mediated gene regulation. However, at this point little is known
about the mechanisms that can destabilize miRNAs in any of the situations discussed
here, let alone the factors that could direct degradation of specific miRNAs, in specific
tissues or developmental situations.
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TARGET AVAILABILITY AFFECTS RELEASE OF miRNAs
FROM AGO AND THEIR SUBSEQUENT DEGRADATION

As evidence of regulation of miRNA turnover is scarce, little is known about the
mechanisms that could be involved. However, our in vitro studies revealed one potential
mechanism whereby the abundance of miRNA targets modulates accumulation of their
cognate miRNAs within miRISC.?

Although amature guide miRNA was readily degraded upon incubation in C. elegans
larval lysate, this was not true for the guide:passenger duplex processing intermediate
whose generation precedes guide strand incorporation into AGO.? Accordingly, when
pre-miRNA was processed in a lysate depleted of XRN-2, the mature miRNA that
accumulated was single-stranded. These findings were consistent with the requirement
of XRN-2 for single-stranded RNA substrates,* and immediately raised the question
whether the binding to target mRNA would prevent the miRNA from being degraded.
Subsequent turnover studies in the presence of target transcripts confirmed this notion,
revealing that co-incubation of pre-miRNA with a target mRNA, but not an equivalent
mRNA lacking the miRNA target sites, led to accumulation of the mature miRNA
(Fig. 2), incorporated into AGO.? The effect was not limited to /et-7, a miRNA that
is known to be highly regulated,*® but also held true for a second miRNA that was
investigated, mir-237.

Although regulation of miRNA degradation through target mRNA-binding still
needs to be confirmed in vivo, its existence would make sense on theoretical grounds:
Several studies have provided circumstantial evidence for AGO as a limiting factor
in miRNA/siRNA pathways. For instance, when exogenous siRNA/miRNA duplexes
are supplied to cells, endogenous miRNA targets tend to become upregulated,’”>™
consistent with competition for a limiting factor downstream of Dicer. Conversely,
AGO overexpression results in an accumulation of mature miRNAs,” whereas 4GO
depletion reduces miRNA levels.3*7 A pathway that permits alignment of programmed
(that is, miRNA-bound) AGO levels with target mRNA levels, as well as recycling of
AGO loaded with miRNAs not engaged with targets, would appear highly beneficial
under such limiting AGO conditions. Interestingly, such a scenario would also imply
that it is indeed the AGO release step that is particularly important, perhaps more so
than the ultimate degradation of the mature miRNA.

We also note that proteins have been identified that prevent miRNAs from repressing
specific targets’”’® or, yet more dramatically, that reverse silencing of a target by a
miRNA.° If such a ‘target-less’ programmed AGO could be recognized and its bound
miRNA released and degraded, this would not only recycle AGO for re-use but also
reinforce target de-silencing, preventing futile cycles of silencing and de-silencing.
Finally, given that mRNA half-lives can be very short and extensively regulated in
response to cellular or environmental cues, loss of miRNA protection through targets
might also account for some of the changes in miRNA levels seen in various systems
and discussed above. Intriguingly, in such a scenario reduced miRNA levels would be
a consequence, not a cause of altered mRNA expression patterns.
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CONCLUSION

So far, two classes of miRNases are known, SDN proteins in Arabidopsis" and
XRN-2 in C. elegans.?® Current data would suggest at face value that neither XRN2 in
Arabidopsis nor SDN/Rex in C. elegans share these functions.?>* However, as usual,
absence of evidence should not be taken as evidence of absence, i.¢., although individual
depletion of the SDN family members in C. elegans did not cause suppression of the
let-7(n2853) mutation, it remains possible that these proteins could function redundantly,
so that their individual depletion has no effect. Moreover, it is conceivable that they might
have some substrate and/or tissue specificity that would prevent them from acting on
let-7. Similarly, although Arabidopsis XRN2 and XRN3 (which, together with XRN4,
form a family of paralogues that is most closely related to animal XRN2, not XRN1)
appear to be involved in degradation of the pre-miRNA loop following processing of the
pre-miRNA by Dicer, but do not seem to affect mature miRNA levels,* this does not rule
out that they might also degrade some mature miRNAs, in some situations.

More generally, there is little reason to believe that other RNases could not be
involved in miRNA degradation. For instance, miRNA accumulation upon codepletion
of multiple SDN family members in Arabidopsis rarely exceeds three-fold the levels
seen in control plants,' as does XRN-2 depletion in C. elegans.”® Although incomplete
depletion is likely to account for this at least in part, it seems reasonable to assume that
additional RNases could support miRNA degradation. As some miRNAs accumulate
more than others upon depletion of SDN or XRN-2, a miRNA-specific function would
also appear possible for those two miRNases, although it will need to be ruled out that
technical reasons account for the observed differences; e.g., time and space of expression
of the miRNA vs depletion of the miRNase.

Work by Cerutti and colleagues’™ has recently revealed a role of an additional RNase,
RRP6, in miRNA turnover. In the alga Chlamydomonas reinhardtii, miRNAs that lack
the characteristic 2’-O-methylation of their 3* end that is typically found in plant and algal
miRNAs can be uridylated by the nucleotidyltransferase MUT68. This 3’ end uridylation in
turn makes the miRNAs susceptible to degradation by RRP6 (see also the chapter by Cerutti
and Ibrahim). Although this function appears to be related to miRNA quality control rather
than regulation, it is tempting to speculate that lack or loss of the 2°-O-methyl modification
could be favored under some circumstances, thus permitting regulated miRNA turnover.

We also note that although both the work of the Chen lab and ours showed the
importance of degradation of functional miRNAs to maintain miRNA homeostasis, it
remains to be shown ifand how these processes are regulated. However, given that miRNA
expression patterns can be very dynamic during development, there seems to be little
question about the ‘if” and it will be exciting to identify the cofactors and regulators of the
miRNases that determine their activity at specific times or towards specific substrates.
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