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Abstract: MicroRNA (miRNA)-guided gene silencing is a key
regulatory process in various organisms and linked to many
human diseases. MiRNAs are processed from precursor mol-
ecules and associate with Argonaute proteins to repress the
expression of complementary target mRNAs. Excellent work
by numerous labs has contributed to a detailed understanding
of the mechanisms of miRNA function. However, miRNA ef-
fects havemostly been analyzed and viewed as isolated events
and their natural environment as part of complexRNA-protein
particles (RNPs) is often neglected. RNA binding proteins
(RBPs) regulate key enzymes of the miRNA processing ma-
chinery and furthermore RBPs or readers of RNA modifica-
tions may modulate miRNA activity on mRNAs. Such proteins
may function similarly to miRNAs and add their own contri-
butions to the overall expression level of a particular gene.
Therefore, post-transcriptional gene regulationmight bemore
the sum of individual regulatory events and should be viewed
as part of a dynamic and complex RNP world.
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1 Introduction

When cells change their gene expression program due to
external stimuli or during proliferation or differentiation
processes, for example, not only transcriptional activity but
also post-transcriptional RNA regulation is required to
establish robust and homeostatic gene expression patterns.
Post-transcriptional gene regulation has been the focus of

intense research during the past decades and includes
diverse mechanisms directly acting on the transcribed RNA.
Its significance is now recognized as a crucial regulatory
cellular process and has been associated with numerous
diseases. To facilitate these regulatory processes, RNA
binding proteins (RBPs) or non-coding RNAs such as micro-
RNAs (miRNAs) contact the RNA and initiate downstream
effects on translation efficiency or mRNA stability. More
recently, mRNA modifications, commonly referred to as the
epi-transcriptome, have also been associated with regula-
tion of gene expression. It is becoming more and more
apparent that all these regulatory events can function in
parallel on one mRNA and need to be integrated in order to
assess the overall level of gene regulation. In addition, such
pathways might cross talk and form silenced messenger
ribonucleoprotein particles (mRNPs) that often condensate
into granules (referred to as biomolecular condensates).
This review summarizes findings on miRNA-guided gene
silencing and highlights parallels and differences to other
gene regulatory pathways.

2 Components and mechanisms of
human miRNA-guided gene
silencing

MiRNAs are small regulatory RNAs that are present in
almost all eukaryotes (Bartel 2018; Treiber et al. 2019). They
are encoded in the genome and are transcribed by RNA
polymerase II to capped and polyadenylated primary tran-
scripts (Cai et al. 2004; Lee et al. 2004a, b). In the nucleus, the
microprocessor complex composed of the RNase III enzyme
Drosha and its double stranded (ds) RNA binding partner
DGCR8 process such transcripts to hairpins often referred to
as miRNA precursors or pre-miRNAs (Denli et al. 2004; Han
et al. 2004; Landthaler et al. 2004; Lee et al. 2003). Recent
structural and biochemical work shed light on the archi-
tecture of the microprocessor. It is composed of two mole-
cules of DGCR8 and onemolecule of Drosha (Kwon et al. 2016;
Nguyen et al. 2015; Partin et al. 2020). DGCR8 binds the loop of
the hairpin and helps positioning Drosha correctly on its
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RNA substrate. Interestingly, DGCR8 binds a hememolecule,
which appears to be important for Drosha positioning (Faller
et al. 2007; Nguyen et al. 2018; Partin et al. 2017; Quick-
Cleveland et al. 2014; Weitz et al. 2014). However, not all
hairpin structures are Drosha substrates. Several sequence
and structural features have been identified that affect
Drosha processing efficiency (Fang and Bartel 2015; Kang
et al. 2021; Kim et al. 2021; Rice et al. 2020). The pre-miRNA
products are transported to the cytoplasm by the export
factor Exportin5 (Bohnsack et al. 2004; Lund et al. 2004; Yi
et al. 2003). In the cytoplasm, the RNase III enzyme Dicer
cleaves the pre-miRNA and produces a short dsRNA of about
20–24 nucleotides (nts) in length (Grishok et al. 2001; Ketting
et al. 2001). Dicer enzymes are widespread and many or-
ganisms express several Dicer variants that are specialized
on distinct small RNA classes (Henderson et al. 2006; Lee
et al. 2004a, b). Besides the two catalytic RNase III domains, a
helicase and several other domains, Dicer enzymes possess
specific pockets that accommodate the 3′ and the 5′ end of the
pre-miRNA substrate. Dicer enzymes can be divided into
two classes. Processive Dicer enzymes hydrolyze ATP and
actively move along a dsRNA substrate, which is channeled
through the helicase domain. They subsequently cleave off
21–23 nt long dsRNAs from the ends of the long dsRNA (Su
et al. 2022; Yamaguchi et al. 2022). Non-processive Dicers,
such as human Dicer, do not use ATP. The helicase domain is
flexibly linked to the core of Dicer andmoves up and down to
load and accommodate the pre-miRNA during the dicing
process (Jouravleva et al. 2022; Lee et al. 2023a,b; Zapletal
et al. 2022). Although critical residues are fully conserved,
the helicase domain has acquired a different function.

In human, Dicer, with the help of the dsRNA binding
protein TRBP, loads the strand with the less stably paired 5′
end directly to a member of the Argonaute protein family to
form the RNA-induced silencing complex (RISC) (Khvorova
et al. 2003; Noland et al. 2011; Schwarz et al. 2003). MiRNA
containing Argonaute proteins are Ago1, 2, 3 and 4 (abbre-
viated as Ago proteins in the following to distinguish them
from Piwi proteins, which also belong to the Argonaute
protein family) in human cells and amiRNA-carrying RISC is
often referred to asmiRISC. During loading, Ago proteins are
kept in an open conformation allowing to take over the
mature miRNA directly from Dicer (Willkomm et al. 2022).
Chaperones such as Hsp90 together with associated co-
chaperones stabilize the open conformation and leave the
loaded Ago protein when it is transferred to a closed and
functional conformation (Iwasaki et al. 2010; Miyoshi et al.
2010). Ago proteins are composed of four distinct domains:
the N-domain, the PAZ domain, the MID domain and the
PIWI domain. While the N-domain helps loading the small
RNA (Kwak and Tomari 2012), the PAZ domain binds the 3′

end and the MID domain the 5′ end of the small RNA (Lingel
et al. 2003; Ma et al. 2005; Parker et al. 2005; Schirle and
MacRae 2012; Song et al. 2003). The PIWI domain is struc-
turally related to RNase H and some Ago proteins are indeed
endonucleases and thus referred to as Slicers. For slicing,
Ago proteins contain a conserved catalytic tetrad (Nakanishi
2022; Nakanishi et al. 2012). In human, Ago2 is the only slicer
enzyme guided by small RNAs such as miRNAs or siRNAs
(Liu et al. 2004; Meister et al. 2004). However, the catalytic
tetrad is conserved in Ago3 and it has been shown that an
Ago3-specific insertion at the N-terminus inactivates it when
loaded with a 21 nt long RNA (Hauptmann et al. 2013;
Nakanishi et al. 2013; Schurmann et al. 2013). Interestingly,
recent work has shown that Ago3 can accommodate smaller
RNA species (referred to as tinyRNAs), which can serve as
guides for Ago3-mediated cleavage of complementary RNAs
(Park et al. 2020). The physiological relevance and context of
this activity, however, is still under investigation. Recently, a
role of Mn2+-dependent trimming by the exoribonuclease
ISG-20 has been proposed (Sim et al. 2022).

2.1 Cytoplasmic functions of Ago proteins

The best understood aspect of Ago protein function in hu-
man cells is miRNA-guided gene silencing in the cytoplasm.
MiRNAs guide Ago proteins to specific target sites onmRNAs,
which are mainly located in 3′ UTRs. Biophysical and also
structural studies revealed that Ago proteins arrange the
miRNA in a very distinct conformation. The miRNA itself is
characterized by the so-called seed sequence ranging from
nts 2–7 or 2–8, a central region that is typically not paired
with the mRNA target and a 3′ complementary region that
can contribute to miRNA-mRNA pairing but is often not
essential (reviewed in (Kilikevicius et al. 2022)). The seed
region is pre-ordered and behaves more like an RBP allow-
ing for lateral diffusion on the mRNA for target site identi-
fication (Klum et al. 2017). When a target site is recognized, it
becomes stably bound by forming an RNA-RNA helix be-
tween the seed and the complementary target sequence. For
silencing, amember of the TNRC6 protein family is recruited
(commonly referred to as GW proteins) (Liu et al. 2005;
Meister et al. 2005; Rehwinkel et al. 2005). These remarkable
proteins are largely unstructured and bind with two tryp-
tophans (Ws) into specific binding pockets located on the
surface of the PIWI domain of Ago proteins (Elkayam et al.
2017; Pfaff et al. 2013; Schirle and MacRae 2012). TNRC6
proteins forma large scaffold and directly bind to the poly(A)
binding protein on the poly(A) of the target mRNA and also
recruit deadenylases such as the CCR4-NOT complex or
PAN2/3 to themRNA (Braun et al. 2011; Chekulaeva et al. 2011;
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Fabian et al. 2009; Huntzinger et al. 2010, 2012; Mathys et al.
2014). Subsequent deadenylation leads to recruitment of the
decapping complex to the 5′ cap (Rehwinkel et al. 2005).
Decapped mRNA targets are rapidly degraded by the 5′–3′
exoribonuclease Xrn1 (Braun et al. 2012) (Figure 1).

TNRC6 proteins are large scaffold proteins of about
180 kDa in size, which form biomolecular condensates
known as cytoplasmic P-bodies (Eystathioy et al. 2002; Liu
et al. 2005; Sheu-Gruttadauria and MacRae 2018). Further-
more, TNRC6 proteins can interact with at least three Ago
proteins simultaneously and thus form large macroscopi-
cally visible condensates (Elkayam et al. 2017; Pfaff et al. 2013;
Sheu-Gruttadauria and MacRae 2018). Interestingly, binding
of TNRC6 proteins to multiple Ago proteins can enhance the
silencing effect suggesting biochemical cooperativity,
i.e. binding of an Ago protein to one target site enhances the
affinity to a second target site (Briskin et al. 2020). TNRC6

proteins may link Ago proteins on either the same mRNA or
different mRNA molecules and thus mediate condensation
or recruit such silenced mRNPs to already existing conden-
sates. Contrary, it has been shown that macroscopically
visible P-bodies are not essential for miRNA-guided gene
silencing and thus the physiological role of P-body conden-
sation in miRNA-guided gene silencing remains still elusive
(Eulalio et al. 2007).

MiRNA-guided gene silencing is tightly regulated.
Among many other principles, phosphorylation of Ago pro-
teins has been shown to affect gene silencing efficiency.
Phospho-proteomics studies identified various residues on
Ago proteins that are modified by phosphorylation. For
example, Akt-mediated S387 phosphorylation affects locali-
zation of Ago proteins in P-bodies and Ago2 cleavage activity
(Horman et al. 2013; Zeng et al. 2008). Phosphorylation of a
specific residue in the 5′ phosphate binding pocket interferes

Figure 1: miRNA-guided gene regulation processes and regulation. (A) AGO and TNRC6 proteins can shuttle between the nucleus and the cytoplasm.
Importin-β and other import receptors are required for nuclear import. Potential export processes are largely unknown. In the nucleus, TNRC6 proteins
can form condensates. Ago proteins have been implicated in transcription and nuclear mRNA processing. (B) Regulation of mRNA expression through
miRNA-guided deadenylation and subsequent decapping and degradation processes. Both TNRC6 and Ago proteins can form cytoplasmic condensates
known as P-bodies. A phosphorylation cycle involving the kinase CSNK1A1 and the phosphates PPP6C and its binding partner ANKRD52 have been shown
to be important for Ago dissociation frommRNAs. (C) Extensive pairing of the 3′ end of themiRNAwith its target mRNA induces structural changes in Ago
that are recognized by the ZSWIM8 ubiquitin ligase, which in turn polyubiquitinates Ago. This tags it for proteasomal degradation. The liberatedmiRNA is
subsequently degraded and therefore, this process is referred to as target-directed miRNA degradation (TDMD). Figure created with BioRender.com.
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with miRNA binding (Rudel et al. 2011). Where this modifi-
cation is physiologically relevant is still unclear. Phosphor-
ylation of Y393 by EGFR modulates binding to Dicer and
loading of a specific group ofmiRNAs (Shen et al. 2013). More
recently, we and others have identified a phospho-cluster on
human Ago proteins at the very C-terminus (824–834 in
human Ago2) (Golden et al. 2017; Quevillon Huberdeau
et al. 2017). This cluster appears to be conserved on
miRNA-associated Ago proteins in various species. A hier-
archical hyper-phosphorylation of this cluster leads to
dissociation of Ago proteins from target mRNAs without
affecting miRNA binding (Bibel et al. 2022). A genome-wide
CRISPR screening approach identified CSNK1A1 as one of the
kinases that contribute to hyper-phosphorylation (Golden
et al. 2017). It is, however, likely that after a priming phos-
phorylation event, other kinases might add phosphates to
the cluster until a negative charge threshold is reached and
the target mRNA dissociates. Such amechanismwould allow
for an efficient crosstalk between miRNA-guided gene
regulation and various signaling pathways. The same screen
also identified two subunits of the PP6 phosphatase complex,
the catalytic subunit PP6C together with its regulatory sub-
unit ANKRD52, that can dephosphorylate the cluster (Golden
et al. 2017) (Figure 1). The function of the kinase and phos-
phatase might argue in favor of a phosphorylation cycle
allowing Ago proteins to associate and dissociate from target
mRNAs upon specific phosphorylation signals. Such a model
raises several intriguing questions. First, is there miRNA
specificity and if so, how is it achieved? Moreover, how are
kinases and phosphatases recruited to Ago proteins? Are
there different factors involved that may sense the miRNA
load of a specific Ago protein? Future research will help to
answer these exciting questions and may also elucidate
potential links to disease.

UnloadedAgo proteins are unstable and rapidly degraded
by the proteasome (Smibert et al. 2013). In addition, it has been
realized that target RNAs with a high degree of complemen-
tarity to the miRNA induce miRNA degradation, a process
commonly referred to as target-directed miRNA degradation
(TDMD). For example, several herpesviruses produce a non-
coding RNA that induces the degradation of host miR-27 (Buck
et al. 2010; Cazalla et al. 2010; Lee et al. 2013; Libri et al. 2012;
Marcinowski et al. 2012). Similarly, introduction of comple-
mentary antisense oligonucleotides also induces specific
degradation of a miRNA. For degradation, the miRNA is first
tailed with non-templated nucleotides, which triggers subse-
quent recognition by ribonucleases (Ameres et al. 2010). It was
further recognized that also endogenous mRNA targets can
affect miRNA levels by TDMD in neurons (Bitetti et al. 2018; de
la Mata et al. 2015). Studies in mouse brain further identified
an extended regulatory circuit composed of the circular RNA

cdr1as, the non-coding RNA Cyrano, miR-7 andmiR-671. In this
complex network, Cyrano directs miR-7 degradation by trig-
gering TDMD thus preventing repression of neuronal miR-7
targets including cdr1as, which is important for neuronal ac-
tivity. High levels of miR-7 also stimulate cleavage of cdr1as by
miR-671 (Hansen et al. 2011; Kleaveland et al. 2018; Piwecka
et al. 2017). Cyrano-triggered TDMD is very efficient and was
used to screen factors that are involved in this process.
Interestingly, a ubiquitin ligase complex centered on ZSWIM8
was identified to ubiquitinate Ago proteins and initiate
degradation by the proteasome (Figure 1) (Han et al. 2020; Shi
et al. 2020). Furthermore, TDMD is essential in Drosophila
since disrupting this pathway leads to embryonic lethality
(Kingston et al. 2022).Mechanistically, recent structural aswell
as single molecule (sm)FRET studies have demonstrated that
TDMD targets lock Ago proteins in a specific conformation
allowing exoribonucleases or other enzymes to access the
miRNA 3′ end (Sheu-Gruttadauria et al. 2019; Willkomm
et al. 2022). Taken together, insights into the mechanisms of
TDMD are still scarce and it will be interesting to unravel how
widespread such target sites in humans are and how impor-
tant shaping of the miRNAome by highly complementary
targets is for pathogenesis.

2.2 Nuclear localization and functions of
human Ago and TNRC6 proteins

In many organisms such as plants, fungi and nematodes,
specific Argonaute proteins are found in the nucleus and
function in transcriptional gene silencing (Gutbrod and
Martienssen 2020; Holoch and Moazed 2015; Ketting and
Cochella 2021). Human miRNA-specific Ago proteins have
been found in the nucleus aswell and various functions have
been proposed (Gagnon and Corey 2012; Gagnon et al. 2014).
For example, early work showed that Ago proteins can be
targeted to promoter regions and either silence or enhance
gene expression (Chu et al. 2010; Janowski et al. 2006).
Whether such effects are directly acting on transcription or
through silencing of promoter-associated regulatory tran-
scripts, is only poorly understood and requires further
investigation. In addition, Ago proteins have been associated
with DNA double strand break repair mechanisms in plants,
flies and human (Francia et al. 2012; Michalik et al. 2012; Wei
et al. 2012). Finally, alternative splicing could also be affected
by nuclear Ago proteins (Allo et al. 2009; Ameyar-Zazoua
et al. 2012; Chu et al. 2021; Johnson et al. 2021).

Due to sometimes inconsistent results obtained from
immunofluorescence experiments and biochemical frac-
tionations combined with moderate effects in functional
assays, nuclear Ago protein functions in human cells remain
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a matter of debate. Under steady state conditions, only a
minor portion of Ago as well as TNRC6 proteins are detected
in nuclei of tissue culture cells using immunofluorescence.
However, it was demonstrated that rather specific cell types
such as stem cells contain a large Ago-TNRC6 pool in their
nuclei (Sarshad et al. 2018). Human TNRC6A contains a nu-
clear export signal suggesting shuttling between the nucleus
and the cytoplasm (Nishi et al. 2013). Interestingly, when the
nuclear export signal (NES) is mutated, TNRC6A is trapped
and forms condensates in the nucleus clearly demonstrating
shuttling activity of this TNRC6 protein (Figure 1). Importin-β
is required for this localization and when CRM1-mediated
export is inhibited by adding leptomycin b, TNRC6 proteins
are retained in the nucleus (Schraivogel et al. 2015). Simi-
larly, Ago proteins tend to accumulate in the nucleus when
CRM1 is blocked suggesting that these proteins shuttle as
well. Interestingly, TNRC6 or Ago proteins are more abun-
dant in the nucleus when the direct binding partner is
reduced in the cytoplasm. We and others thus proposed a
model in which nuclear localization of proteins of the Ago
and the TNRC6 family are a consequence of balancing
equimolar cytoplasmic levels of Ago and TNRC6 proteins
(Kalantari et al. 2016; Nishi et al. 2015; Schraivogel and
Meister 2014; Schraivogel et al. 2015).

3 Small RNA-guided gene silencing
factors in an RNA-protein world

Naked RNA is rarely found in cells and is always associated
with proteins. Thus, RNAs should be viewed as RNPs.
Moreover, the composition of such RNPs is dynamically
changing throughoutmaturation steps and the lifetime of an
RNA molecule (Gehring et al. 2017).

Primary miRNA transcripts (pri-miRNAs) are co-
transcriptionally processed (Morlando et al. 2008). Since
manymiRNA genes are found in introns of human genes, pri-
miRNA processing and splicing needs to be coordinated. Nu-
clear RBPs that associate with the transcription machinery
and sequence-specifically interact with RNA transcripts may
help to guide RNA maturation processes depending on the
cellular demands. Particularly, RBPs can occupy miRNA
hairpins and thus inhibit processing. Vice versa, it is also
conceivable that RBPs recruit Drosha or Dicer by direct
interaction or changing the structure of themiRNA precursor
(a recent summary of RBPs involved in miRNA maturation
can be found in Treiber et al. 2019).Most prominently, the RBP
LIN28abinds to specific sequencemotifs present in the loop of
members of the let-7 pre-miRNA family and induces decay in
stem cells (Heo et al. 2008; Piskounova et al. 2008). To achieve

this, LIN28a recruits a TUTase (TUT4 or 7), which adds an
oligo-U tail to the 3′ end (Heo et al. 2009; Thornton et al. 2014).
Such a tail attracts the 3′–5′ exoribonuclease DIS3L2, which
subsequently degrades the pre-miRNA (Chang et al. 2013;
Faehnle et al. 2014; Ustianenko et al. 2013). In addition, it has
also been shown that pre-miRNA can be mono-uridylated
which leads to an optimal Dicer substrate or even miRNA
strand switch (Kim et al. 2020).

The lupus autoantigen La is a specialized RBP that in-
teracts with a short poly-U tail of polymerase III transcripts. It
can serve as RNA chaperone and support folding of tran-
scripts such as tRNA precursors (pre-tRNAs) (Bayfield and
Maraia 2009; Naeeni et al. 2012). Interestingly, in the absence
of La, some tRNAs can adopt alternative structures such as
hairpins. These pre-tRNAstructures are in equilibriumandLa
shifts it towards correct tRNA folding.When La is not present,
these hairpins become Dicer substrates and accidentally end
up as miRNAs (Hasler et al. 2016). These examples highlight
the complex anddynamic interplaybetweenRBPsandmiRNA
transcripts during miRNA biogenesis.

In miRNA-guided gene silencing, not only pre-miRNAs
during miRNA maturation are bound by RBPs. Ago proteins
are also embedded into dynamic mRNPs during gene
silencing. In such silencedmRNPs, Ago proteins may crosstalk
with other RBPs to enhance or weaken silencing effects.
Furthermore, four different Ago proteins exist in humans and
it is still not understood what their individual functions are.
RIP and miRNA-seq experiments revealed that the four Ago
proteins may bind similar subsets of RNAs suggesting redun-
dant functions (Dueck et al. 2012). However, some RNA speci-
ficity has also been reported and thus it is possible that
individual functions have evolved (Burroughs et al. 2011;
Landthaler et al. 2008). Since TNRC6 proteins are large scaf-
folding proteins with potentially many interactions within a
silenced mRNP, it is conceivable that Ago proteins are linked
with each other or even with other RBPs in cis on the same
RNA target or even in trans on different mRNAs. Consistently,
recent work suggests that binding of Ago proteins to 3′ UTRs
alone does not well predict gene repression and a more
complex interplay between many components on 3′ UTRs
might be more realistic (Chu et al. 2020). Therefore, gene
silencing in the context of a dynamic mRNP is still not well
understood and an exciting aspect for future research.

Mass spectrometry analysis have characterized the
interaction landscape of Ago and TNRC6 proteins in the nu-
cleus and the cytoplasm of human cells (Frohn et al. 2012;
Hicks et al. 2017; Hock et al. 2007; Kalantari et al. 2016; Meister
et al. 2005; Suzawa et al. 2017; Weinmann et al. 2009). A gen-
eral picture that emerges fromall these interactome studies is
that Ago proteins are embedded into RNA-dependent and to a
lesser extent -independent interaction networks. Many of
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these interactions are found both in the nucleus and the
cytoplasm of human cells. Thus, these findings underscore a
tightly knit regulatory meshwork, in which individual con-
tributions may become important only in the context of the
entire RNP interactome.

4 miRNA-guided gene silencing in
the context of mRNPs

Human Ago proteins are a very specific class of RBPs since
they need a miRNA in order to contact the target mRNAs
which they regulate. Yet, similar regulatory processes are
conducted by RBPs that do not need a particular guide and
directly interact with the substrate RNA. In addition to the
approximately 1000 miRNA genes that guide Ago proteins
(Kim et al. 2021), over 2000 RBPs are present in the human
genome (Corley et al. 2020). RBPs are characterized by RNA
binding domains (RBDs), which bind to specific sequence
motifs or structural elements (Corley et al. 2020; Katsantoni
et al. 2023; Sasse et al. 2018). Many RBDs typically bind
rather short sequence motifs and RBPs often possess
multiple RBDs, which strongly increase binding specificity
due to combined and thus more complex binding motifs
(Hennig and Sattler 2015). Similar to miRNAs, the target
mRNA repertoire of RBPs is often only partially under-
stood. Different proteins have been found to affect
miRNA-mediated gene silencing (Figure 2). Several sce-
narios can be envisioned how RBPs could influence
miRNA-guided silencing as part of an mRNP (Figure 3A).

First, RBPs could directly interact with miRISC and either
recruit or inhibit binding to the targetmRNA. For example, the
AU-rich RBP HuR can oligomerize on specific target mRNAs
leading to dissociation of miRISC and loss of P-body localiza-
tion (Bhattacharyya et al. 2006; Kundu et al. 2012; Tominaga
et al. 2011; Young et al. 2012; Zhuang et al. 2013). Vice versa, it
has also been reported that HuR can actively recruitmiRISC to
distinct mRNAs (Kim et al. 2009) suggesting that the complex
interplay within an mRNP might be key for the regulatory
outcome. Another factor that positively affects miRNA func-
tion is Imp8 (Weinmann et al. 2009). Although not an RBP,
Imp8 appears to directly interact with Ago proteins and helps
recruiting them to mRNA targets by unknown mechanisms.
Interestingly, recent work has shown that import receptors
can control phase separation of the ALS-associated RBP FUS in
addition to their functions in nuclear import (Guo et al. 2018;
Hofweber et al. 2018; Yoshizawa et al. 2018). It is tempting to
speculate that Imp8 might engage in Ago function by modu-
lating condensates such as P-bodies. However, this hypothesis
needs to be evaluated.

Second, and probablymorewidespread as recognized so
far due to technical limitations, is the modulation of local
secondary RNA structures nucleated by RBP interactions.
Such effects could also be positive or negative depending on
whether a miRNA binding site is liberated from or included
into a structure initiated by RBP binding. It has been re-
ported that PUM1 binding to the 3′ UTR of the mRNA of the
p27 tumor suppressor increases accessibility of miRISC car-
rying miR-221 and miR-222 (Kedde et al. 2010). Contrary, the
RBP Dnd1 blocks target site access (Kedde et al. 2007).
Another example for mRNA structure modulating RBPs is
FMRP in complex with the RNA helicase MOV10 (Gregersen
et al. 2014), which can affect accessibility of miRNA target
sites in neurons (Kenny et al. 2014).

Third and perhaps more provocative, RBPs might
directly bind to miRNAs and block integration into mRNPs.
Despite several reports, it is rather unlikely that protein-free
miRNA pools exist in a cell since the ends would not be
protected and immediately attacked by ribonucleases. Since
miRNAs are generated from dsRNA and very specifically
transferred to Ago proteins during RISC loading (likewise
involving the PAZ domains of Dicer and Ago proteins), a
model in which miRNAs are associated with other RBPs is
also not straight-forward. In agreement, depletion of Ago
proteins from cellular extracts co-depletes the miRNA pool
in such lysates (Hauptmann et al. 2015). It is nevertheless
possible that such alternative miRNA-complexes exist in
specific cellular compartments, which are not recapitulated
by such biochemical studies (Janas et al. 2012). Furthermore,
several studies reported that in extracellular vesicles that
contain secreted miRNAs, Ago proteins can hardly be found
(e.g. (Mukherjee et al. 2016)). In order to explain these ob-
servations, a mechanism how miRNAs bypass RISC loading
or dissociate from Ago proteins is still awaiting discovery.

Some RBPs are well characterized and biological roles
have been unraveled. Several RBPs can recruit deadenylases
such as the CCR4-NOT complex to remove the poly(A) tail and
silence themRNA, a process reminiscent tomiRNAs (Figure 4).

One example of RBPs that lead tomRNA silencing through
deadenylation are members of the highly conserved Pumilio
protein family (PUM/Puf proteins, reviewed in Nishanth and
Simon 2020). Pumilio proteins contact RNA substrates through
a conserved domain, referred to as PUM-homology domain or
PUM-HD (Zamore et al. 1997). This domain contains eight
rather short repeats each contacting one base of the RNA
binding motif (Wang et al. 2002). Pumilio proteins have been
implicated in processes as diverse as embryonic development
(Lin et al. 2018), innate immunity (Liu et al. 2017) or general
cellularpathways suchas ribosomebiogenesis (Qiuet al. 2014),
for example. Among many other mechanisms that have been
reported, some Pumilio proteins can recruit the CCR4-NOT
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Figure 2: RBPs that have been reported to enhance or suppress miRNA function on specific mRNAs. Domain architecture: Cold Shock Domain [CSD]; RNA
Recognition Motif [RRM]; PilT N terminus domain [PIN]; RNA-binding domain [RBD]; K Homology (KH) domain [KH]; Intrinsically Disordered Region [IDR];
Recombination-A domain [Rec-A]; Repression domains [RD]; Pumilio conservedmotifs [PCMaand PCMb]; RING-finger E3 ubiquitin ligase domain [RING]; CNOT
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complex by a direct interaction with CNOT1 and CNOT2 to
induce deadenylation-dependent RNA degradation (Arvola
et al. 2020; Enwerem et al. 2021).

Another example for a deadenylase recruiting RBP is
Nanos (NOS). Similarly to Pumilio proteins, NOS is important
for development in various organisms. NOS proteins use a
specialized Znfingermotif to contact its substrate RNA (Curtis
et al. 1997). NOS can also directly interact with the CCR4-NOT
complex through interaction with the NOT module and re-
cruit it to specific target mRNAs (Bhandari et al. 2014; Raisch
et al. 2019). Moreover, PUM and NOS have been found
together in one repressive complex and since they contact
CCR4-NOT at different sites, these concerted interactions
could increase the affinity of the CCR4-NOT complex to spe-
cific RNAs. In Drosophila, NOS can enhance PUM-mediated
repression (Weidmann and Goldstrohm 2012), which would
be consistent with such a model. The two examples highlight
that recruitment of deadenylase complexes can be facilitated
by specific RBPs similarly to miRNAs (through the interaction
with TNRC6 proteins). A summary of known RBPs that can
recruit the CCR4-NOT complex is presented in Figure 4.

5 M6A-modification:
deadenylation-guided by
adenine methylation

BesidesRBPsandmiRNAs, also specificmRNAmodifications can
regulate gene expression through recruitment of deadenylases

such as the CCR4-NOT complex.Methylation of the amino group
at theN6position of the adenine nucleobase (m6A) has emerged
as one of the most abundant internal mRNA modifications in
eukaryotes (Meyer et al. 2012). This modification is typically
clustered around the stop codon and within the 3′ UTR and is
found within an GG(m6A)C sequence motif refer to as DRACH
motif (Fu et al. 2014). M6A is generated co-transcriptionally by a
specificwriter complexwhich is assembled around the catalytic
core composed of METTL3/14 (Liu et al. 2014). Recent work re-
ported amodel for the enrichment ofm6A at 3′UTRs. The Exon-
junction complex (EJC), which is deposited close to a splice
junction after splicing, occupies the coding sequence (CDS).
Therefore, the DRACHmotifs within the CDS are not accessible.
Motifs that are not protected by the EJC are accessible and found
often close to the 3′ end (He et al. 2023; Uzonyi et al. 2023; Yang
et al. 2022). Exceptions are also observed and it is possible that
specific sites of distinct mRNAs can escape protection and can
still be modified (Slobodin et al. 2017).

Accumulating data suggest that m6A can regulate the
stability, processing or translation of the modified mRNA
through the recruitment of specific proteins known as
“readers” (Wang et al. 2014). The YT521-B homology domain
family (YTHDF) proteins are cytoplasmic readers ofm6A that
selectively recognizem6A through the highly conserved YTH
domain (Zhang et al. 2010). The human YTHDF family in-
cludes three members, YTHDF1, -2 and -3 and the crystal
structure of the isolated YTH domain revealed an aromatic
cage that specifically recognizes and stabilizes the m6A
through stacking interactions (Zhang et al. 2010). YTHDF
proteins are part of dynamic cytoplasmic mRNPs and

Figure 3: Mechanisms of post-transcriptional gene regulation by RBPs and m6A modification. (A) Synergistic or competitive effects of RNA binding
proteins (RBPs) onmiRNA-mediatedmRNAdecay. Such RBPs could either recruit or inhibit binding ofmiRISC to a specific targetmRNA. Some of them can
directly contact the CCR4-NOT complex for deadenylation. RBPs typically contain IDRs which engage in RNA or protein interactions. (B) m6A-mediated
mRNA decay. A very specific RBP, YTHDF2, that interacts with m6A can recruit the CCR4-NOT complex for mRNA deadenylation. Intrinsically disordered
region [IDR]. Created with BioRender.com.

Binding Domain [CNBD]. References: CSDE1 (Kakumani et al. 2021); DND1 (Kedde et al. 2007); FAM120A (Katsantoni et al. 2023; Kelly et al. 2019); FMR1 (Ascano
et al. 2012; Kenny et al. 2014); FUS (VanNostrand et al. 2020; Zhang et al. 2018); hnRNPD/AUF1 (Min et al. 2017; Yoon et al. 2015); hnRNPK (Katsantoni et al. 2023;
Shin et al. 2017); hnRNPL (Jafarifar et al. 2011; Katsantoni et al. 2023); hnRNPI/PTBP1 (Cui andPlaczek 2018; Katsantoni et al. 2023); HuR (Bhattacharyya et al. 2006;
Tominagaet al. 2011); IGF2BP1-3 (Buschet al. 2016; Elchevaet al. 2009;Muller et al. 2018; VanNostrandet al. 2020);MOV10 (Kenny et al. 2014;Meister et al. 2005);
RBM38 (Leveille et al. 2011; Yan et al. 2017); SFPQ (Bottini et al. 2017; Van Nostrand et al. 2020); TTP (Jing et al. 2005). Figure created with BioRender.com.
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particularly YTHDF2 has been shown to regulate RNA decay
in a methylation-dependent manner by recruiting the
CCR4-NOT complex. This is mediated by directly binding the

CNOT1 subunit (Wang et al. 2014). YTHDF2 is able to recruit
the CCR4-NOT deadenylase complex by directly interacting
with the superfamily homology (SH) domain of CNOT1, the

Figure 4: Identity and domain organization of
CCR4-NOT recruiting RBPs. Domains interacting
with the CCR4-NOT complex are highlighted in
yellow. Domain architecture: (Dm) Drosophila
melanogaster; CNOT Binding Domain [CNBD];
canonical eIF4E-binding motif [C]; noncanonical
eIF4E-bindingmotif [NC]; UNR-interacting domain
[UNR]; DDX6-interacting domain [DDX6];
PatL1-interacting domain [PatL1];
Lsm14A-interacting domain [Lsm14A];
CAF40-binding motif [CBM]; K Homology (KH)
domain [KH]; AntiPROliferative domain [APRO];
eIF4E-binding motifs [4E-BM1 and 4E-BM2]; RNA
RecognitionMotif [RRM]; Zinc finger domain [Znf];
putative helicase (Asp, Glu, Ala, Ala) domain
[DEAA]; NOTmodule binding region [NBR]; Nanos
effector domain [NED]; NOT1-interacting motif
[NIM]; repression domains [RD]; Pumilio
conserved motifs [PCMa and PCMb]; RNA-binding
domain [RBD]; RING-finger E3 ubiquitin ligase
domain [RING]; ROQ RNA-binding domain [ROQ];
14-3-3-like domain [14-3-3]; Proline-rich
C-terminus [PC] region; References: 4E-T (Rasch
et al. 2020); DmBam (Sgromo et al. 2018);
Bicaudal-C (Chicoine et al. 2007); BTG2 (Stupfler
et al. 2016); CUP (Igreja and Izaurralde 2011);
DND1 (Yamaji et al. 2017); HELZ (Hanet et al. 2019);
DmNanos, Nanos1, Nanos2 (Raisch and Valkov
2022; Suzuki et al. 2010); NOT4 (Keskeny et al.
2019); PUM1, PUM2 (Keskeny et al. 2019); Roquin1,
Roquin2 (Glasmacher et al. 2010); SMG7 (Loh et al.
2013); TTP (Bulbrook et al. 2018; Fabian et al. 2013).
Created with BioRender.com.
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scaffolding subunit of the complex, through a small region in
its N-terminus (residues 101–200) (Figure 3B) (Du et al. 2016).
YTHDF1 has been shown to promote translation of modified
mRNAs, further highlighting the diverse roles of m6A and its
associated proteins in RNAmetabolism (Lin et al. 2016; Meyer
et al. 2015; Wang et al. 2015). YTHDF3 appears to play a dual
role in the regulation of m6A-marked mRNAs by facilitating
bothmRNA translation andmRNAdecay. Specifically, YTHDF3
is involved in mRNA decay through the recruitment of the
PAN2/PAN3 deadenylase complex (Liu et al. 2020; Shi et al.
2017). In contrast, itwas also reported that YTHDF1, 2, and3 are
rather similar and may play more redundant roles (Lasman
et al. 2020; Zaccara and Jaffrey 2020). However, only YTHDF2
seems to interactwith the CCR4-NOTcomplex. SinceYTHDF2 is
the largest paralog, specific interactions may be contributed
by the unstructured N-terminal region. This may explain the
many interactions that have been reported for YTHDF2. Be-
sides the CCR4-NOT complex, YTHDF2 recruits UPF1 to induce
decapping ofm6A-markedmRNAs (Booet al. 2022) andalso the
endonuclease complexes RNaseP/MRP to initiate the degra-
dation of mRNAs and circRNAs (Park et al. 2019).

BioID and mass spectrometry analysis of Ago protein
interaction networks in miRNA-containing and miRNA--
depleted cells also showed that YTHDF2 is in a complex
with Ago proteins suggesting a potential crosstalk between the
two pathways (Frohn et al. 2012; Youn et al. 2018). However, a
clear mechanistic link between miRNA- and m6A-guided
cytoplasmic gene silencing still remains to be established. It
is conceivable that, similar to RBPs, m6A modification
may modulate local RNA structure and thus increase or
decrease miRNA target site accessibility. However, it is not yet
clear how much m6A modification contributes to structural
changes. Future work will shed light on this exciting regula-
tory concept.

6 Conclusions and outlook

Taken together, miRNAs, RBPs and m6A readers
contribute individually to gene regulation through
recruiting deadenylases to the poly(A) tail of a mRNA.
Individual effects could be weaker or stronger depending
on the target site, the identity of the mRNA, cellular stages
or developmental stages, for example. As highlighted
above, even if there is no physical link between the three
processes, the context of an mRNP may alter individual
effects and regulation is likewise the sum of all individual
contributions. Within silenced mRNPs, large scaffolding
proteins such as TNRC6 proteins exist that form
many interactions and also induce phase separation and
the formation of condensates. It is tempting to speculate

that such proteins not only facilitate individual regulatory
processes but may also coordinate different pathways by
direct physical interactions. Interestingly, it has been re-
ported very recently that TNRC6 proteins can bind to RBPs
other than Ago proteins and may connect such pathways
(Welte et al. 2023). TNRC6 proteins are largely unstruc-
tured and such intrinsically disordered regions (IDRs) are
known to establish interactions with RNAs and proteins.
Moreover, many RBPs including YTHDF proteins also
contain IDRs. Components of the CCR4-NOT complex
contain such elements as well and it is likely that a dense
meshwork of IDR interactions connects and coordinates gene
regulatory pathways and as a consequence form biomole-
cular condensates such as P-bodies.

Althoughwe only begin to understand the complexity of
gene regulation in the context of mRNPs, it is becoming
clearer and clearer that such dynamic structures are critical
for normal cellular function. Dysregulation may contribute
to disease states and developmental defects. Exciting novel
insights can be expected in this area of research, which may
even impact potential therapeutic developments.
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