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Abstract
Regulation of gene expression by small non-coding RNAs, such as miRNAs and siRNAs, is an inherent part of complex bio-
logical processes that allow function and survival of eukaryotic cells. The type III ribonuclease DICER is widely recognized 
as a key step in the production of miRNAs and siRNAs, although it also has non-canonical functions such as DNA repair 
and induction of apoptosis. DICER is at the cornerstone of most biological processes; hence, its mRNA and protein levels 
are subject to multiple layers of regulation. Accordingly, DICER derangement is related to disease and leads to accelerated 
aging. Interventions that boost DICER function hold great potential as strategies to promote health and longevity. In this 
review, we will summarize the structural features of DICER, describe its canonical and non-canonical roles, and discuss the 
most common regulatory mechanisms having an impact on DICER abundance and function. We will also touch upon the 
current literature demonstrating that DICER deregulation can lead to diseases, thus highlighting the importance of DICER 
in warranting the beneficial effects of health-promoting interventions.
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Introduction

Organisms must regulate their biological processes in order 
to survive and succeed as species. This includes fine-tuning 
gene expression, which is partially accomplished by post-
transcriptional regulation by microRNAs (miRNAs) and 
other types of small non-coding RNAs (ncRNAs) (Ebert and 
Sharp 2012). miRNAs guide post-transcriptional silencing 
of mRNA targets by translational repression and/or mRNA 
destabilization (Eichhorn et al. 2014). First discovered in the 

nematode Caenorhabditis elegans (C. elegans), they have 
now been identified in a wide variety of eukaryotes. Based 
on the most stringent definition criteria, there are at least 500 
human miRNAs, many of them conserved in other animals. 
Given that each miRNA can target hundreds of mRNAs, 
miRNAs are predicted to have a wide impact over the tran-
scriptome/translatome (Bartel 2018).

In humans, the canonical miRNA processing pathway 
initiates with the transcription of miRNA genes by RNA 
polymerase II giving rise to “pri-miRNAs”, which fold 
back and form a hairpin structure that is processed by the 
microprocessor complex containing the double-stranded 
RNA-binding protein (dsRBP) DGCR8 and the RNase 
III DROSHA. The product, a ~ 70-nt stem-loop called 
“pre-miRNA”, is exported to cytoplasm by Exportin-5, 
and there, the DICER complex recognizes and cleaves 
the pre-miRNA loop hairpin, generating a miRNA duplex 
of ~ 22-nt with a 2-nt overhang at the 3′-end. DICER and 
the auxiliary proteins will load and deliver the miRNA 
duplex onto argonaute (AGO) proteins, thus forming the 
RNA-induced silencing complex (RISC). One strand of the 
duplex, called the “passenger” strand, is removed, while 
the other, the “guide” strand, remains in the complex to 
direct the silencing of target transcripts (Ha and Kim 
2014; Bartel 2018). Although a large number of miRNAs 

Carlos A. Vergani-Junior, Guilherme Tonon-da-Silva and Mehmet 
Dinçer Inan have contributed equally.

 * Marcelo A. Mori 
 morima@unicamp.br

1 Department of Biochemistry and Tissue Biology, University 
of Campinas, Campinas, Sao Paulo 13083-862, Brazil

2 Program in Genetics and Molecular Biology, University 
of Campinas, Campinas, Sao Paulo 13083-862, Brazil

3 Obesity and Comorbidities Research Center (OCRC), 
University of Campinas, Campinas, Sao Paulo 13083-862, 
Brazil

4 Experimental Medicine Research Cluster (EMRC), 
University of Campinas, Campinas, Sao Paulo 13083-862, 
Brazil

/ Published online: 16 November 2021

Biophysical Reviews (2021) 13:1081–1090

http://orcid.org/0000-0003-2595-7477
http://orcid.org/0000-0003-3222-9654
http://orcid.org/0000-0001-6439-1619
http://orcid.org/0000-0001-7112-5263
http://crossmark.crossref.org/dialog/?doi=10.1007/s12551-021-00902-w&domain=pdf


1 3

requires DROSHA and DICER for their biogenesis, some 
miRNAs bypass the cleavage activity of these enzymes. 
The miRtrons are miRNAs generated from intronic regions 
and do not depend upon DROSHA-mediated cleavage; 
instead, they undergo a lariat-debranching processing by 
the debranching enzyme 1 (DBR1) (Ruby et al. 2007). 
Similarly, miRNAs derived from small nucleolar RNAs 
(snoRNAs) and from transfer RNAs (tRNAs) are alter-
natively processed and do not require DROSHA (Scott 
et al. 2009; Li et al. 2018). To our knowledge, miR-451 is 
the only miRNA described to date to be processed inde-
pendently of DICER (Cheloufi et al. 2010; Stavast and 
Erkeland 2019).

At the same time DICER is a key enzyme in the miRNA 
pathway, it is also a central player in the RNA interference 
(RNAi) pathway, a more ancient gene-silencing pathway 
involved in a myriad of eukaryotic processes such as viral 
defense, transposon silencing, and development (MacRae 
et al. 2006; Shabalina and Koonin 2008; Bartel 2018). In 
the RNAi pathway, DICER cleaves long double-stranded 
RNAs (dsRNAs) to generate small interfering RNAs (siR-
NAs) (Shabalina and Koonin 2008; Kurzynska-Kokorniak 
et al. 2015).

While DICER has been recognized to process various 
ncRNAs other than just miRNAs and siRNAs, accumulat-
ing evidence also shows that DICER operates beyond its 
function in small RNA biogenesis (Rybak-Wolf et al. 2014; 
Burger and Gullerova 2015; Kurzynska-Kokorniak et al. 
2015; Song and Rossi 2017). Some of these non-canonical 
DICER functions are independent of its ribonuclease activ-
ity, including the association with P-bodies/RNA granules 
by passive binding to target RNAs (Rybak-Wolf et al. 2014) 
and promotion of apoptosis after acquisition of deoxyribo-
nuclease activity (Nakagawa et al. 2010).

DICER was first discovered 20 years ago in Drosophila 
melanogaster (Bernstein et al. 2001) and soon shown to be 
conserved in many species, although certain differences in 
DICER domains, isoforms, catalytic activity, and number of 
family members exist across phyla  (Kurzynska-Kokorniak 
et al. 2015; Song and Rossi 2017). DICER abundance and 
function are tightly controlled by several layers of regulatory 
mechanisms, which go from transcriptional (Jafarnejad et al. 
2013) to post-translational regulation (Rigbolt et al. 2011; 
Gross et al. 2014). These layers of regulation have to be 
fine-tuned to ensure dynamic changes in DICER function 
to occur in response to environmental challenges without 
disrupting homeostasis. Accordingly, disbalance in DICER 
levels and activity can accelerate aging and cause disease, 
including cancer and metabolic disease (Hill et al. 2009; 
Mori et al. 2012; Emde et al. 2015; Aryal et al. 2019), while 
promotion of DICER function may be beneficial (Mori 
et al. 2012; Pinto et al. 2018; Guerra et al. 2019; Rocha 
et al. 2020).

In this review, we will cover the roles of each DICER 
domain as well as the canonical and non-canonical func-
tions of DICER. Then, we will provide an overview on how 
DICER is regulated. Finally, we will discuss physiological 
implications of DICER dysregulation on disease. Due to 
space constraints, we will focus mostly on C. elegans and 
mammalian data.

DICER structure

DICER is a multidomain endonuclease that belongs to the 
fourth class of type III ribonuclease (RNase III) enzymes. 
DICER is encoded by a single gene in vertebrates and C. 
elegans, although it can be present in more paralogs in other 
species. For instance, Drosophila melanogaster has two 
DICER paralogs, while Arabidopsis thaliana presents four 
(Paturi and Deshmukh 2021). In humans, DICER is encoded 
by the DICER1 gene located at chromosome 14, compris-
ing a region of about 72 kbp containing 29 exons. Human 
DICER (hDICER) consists of 1922 amino acids (~ 220 kDa) 
which represents the largest and most complex member of 
the RNase III family (Zhang et al. 2004). Recently, a study 
by Liu and colleagues reconstructed the 3D structure of 
hDICER using cryo-electron microscopy, revealing its 
architecture as an L-shaped molecule which consists of a 
N-terminal helicase, a DUF283 domain, a Platform-PAZ-
connector helix domain, two RNase III domains (RNase IIIa 
and RNase IIIb), and a C-terminal double-stranded RNA-
binding domain (dsRBD) (Liu et al. 2018) (Fig. 1). Below a 
more detailed description of the DICER domains and their 
function:

Helicase DICER’s helicase domain is structurally organ-
ized into three lobes consisted of HEL1, HEL2i, and HEL2 
subdomains (Liu et al. 2018). These subdomains are con-
served in DExD/H and RIG-I-like helicase families. While 
DExD/H-box helicases unwind RNA or DNA duplexes, 
RIG-l-like helicases translocate along these nucleic acids 
(Byrd and Raney 2012). Regarding spatial organization, the 
HEL1 subdomain links the long and short arms of the “L” 
via interaction with the DUF283 and RNase IIIb domains 
(Liu et al. 2018). HEL2 is located between the other two 
helicase subdomains, on a C-shaped arrangement, whereas 
HEL2i rests at the end of the short arm of the “L” (Liu et al. 
2018). The helicase domain discriminates pre-siRNAs and 
pre-miRNAs depending on the dsRNA termini, in a process 
that can be fueled or not by ATP. For example, C. elegans 
and D. melanogaster DICER cleave dsRNAs with blunt ter-
mini in an ATP-dependent manner, while processing of pre-
miRNAs, which carry a 3’-overhang, does not require ATP 
(Welker et al. 2011; Sinha et al. 2018). The helicase domains 
from vertebrate DICER are not ATP-dependent (Zhang et al. 
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2002), and their discrimination mechanism relies on the 
interaction with the apical loop of pre-miRNA substrates. 
Besides dsRNA discrimination, the helicase domain serves 
as a platform for binding double-strand RNA-binding pro-
teins (dsRBPs) (Lee et al. 2006).

DUF238 Although the DUF283 (domain of unknown func-
tion) of hDICER has structural similarities with dsRBPs, it 
does not bind dsRNAs, but instead, binds single-stranded 
nucleic acids and acts as a nucleic acid annealer, facilitat-
ing the hybridization between RNA or DNA complementary 
strands (Kurzynska-Kokorniak et al. 2016). This domain is 
also important for the binding of adenosine deaminase act-
ing on RNA 1 (ADAR1), a protein that partners with DICER 
to increase efficiency of pri-miRNA cleavage and miRNA 
transfer to AGO proteins (Ota et al. 2013). Interestingly, 
hDICER with deleted DUF238 has increased binding but 
reduced cleavage efficiency of dsRNA, whereas it can bind 
and cut pre-miRNA substrates as efficient as the wild type 
hDICER (Ma et al. 2008).

PAZ domain The Piwi/Ago/Zwille (PAZ) is a highly con-
served domain found in DICER and AGO proteins. This 
domain possesses a variant of the OB (oligonucleotide/

oligosaccharide-binding) fold, a structure involved in single-
stranded nucleic acid binding (Song et al. 2003). The PAZ 
domain has adjacent elements, the structured linker platform 
and the connector helix (Tian et al. 2014). The PAZ domain 
has a 3’ binding pocket where the 3’ overhang of the RNA 
substrate is connected by hydrogen bonds, while the plat-
form has a phosphate binding pocket that accommodates 
the 5’-phosphate end (Song et al. 2003; Tian et al. 2014). A 
truncated version of hDICER lacking the PAZ domain is not 
able to process pre-miRNA or dsRNA substrates, but still 
retains both RNase and DNase activity over short single-
stranded RNA and DNAs, suggesting that in the absence of 
the PAZ domain, non-canonical products can be generated 
(Wojnicka et al. 2020).

RNase domains DICER has two RNase domains: RNase IIIa 
and IIIb. These domains form a dimer that constitutes the 
single dsRNA cleavage center, the catalytic core of DICER, 
which processes dsRNAs generating shorter RNA fragments 
of 18–24 bp with an 2-nt 3´ overhang (Zhang et al. 2004; 
MacRae et al. 2006). DICER RNase III domains, in the 
presence of divalent metal ions (e.g.,  Mg2+), catalyze the 
hydrolysis of a phosphodiester bond within each strand of 
the dsRNA, in a way that the RNase IIIa domain cleaves the 

Fig. 1  hDICER domains and 
their respective roles. Sche-
matic illustration of domain 
arrangement of hDICER and 
the 3D cartoon representation 
of hDICER domains colored, 
and their main functions. The 
3D cartoon representation was 
obtained from RCSB Protein 
Data Bank (Burley et al. 2021), 
ID: 5ZAL (Liu et al. 2018) 
using Mol*viewer (Sehnal 
et al. 2021). The RNA, present 
in the cryo-EM map, has been 
omitted.

1083Biophysical Reviews (2021) 13:1081–1090



1 3

3´hydroxyl-bearing strand, whereas the RNase IIIb domain 
cleaves the 5′ phosphate-bearing RNA strand (Zhang et al. 
2004; MacRae et al. 2006).

dsRBD The dsRBD is a binding domain that comprises 
65–70 amino acids folding into a αβββα conformation 
(Masliah et al. 2013). The main function of the dsRBD is 
to bind to dsRNA. Even though dsRBD can bind to spe-
cific dsRNA sequences, binding of this domain to substrates 
appears to be shape-dependent (Masliah et al. 2013). The 
dsRBD was proven necessary for RNA substrate binding 
in the absence of the PAZ domain (Ma et al. 2012), and 
its deletion reduces processing of blunt dsRNA, making 
hDICER processing more dependent on the presence of 
the 3′-overhang (Zhang et al. 2004). Interestingly, a nuclear 
localization signal is present in the dsRBD, which supports 
evidence of noncanonical functions of DICER in the nucleus 
(Pong and Gullerova 2018).

DICER‑associated proteins

DICER can bind to other proteins to form a complex 
that enhances small RNA processing. DICER-interacting 
dsRBPs are present in different species, such as R2D2 
and Loqs-PD in D. melanogaster, RDE-4 in C. elegans, 
and PACT and TRBP in humans (Liu et al. 2003; Masliah 
et al. 2013). In humans, the binding of PACT and TRBP 
to DICER seems to be mutually exclusive, which leads 
to distinctive effects on substrate selection and cleavage 
(Masliah et al. 2013). In association with PACT, hDICER 
has a cleavage preference for pre-miRNAs rather than 
pre-siRNAs, whereas this is not evident when hDICER 
is bound to TRBP (Lee et al. 2013). TRBP increases sub-
strate recognition by DICER and enhances the stability 
of DICER/dsRNA complexes, leading to a better cleav-
age efficiency (Chakravarthy et al. 2010). TRBP also 
participates in assembling the RISC and is one of the 
components of this complex (Chendrimada et al. 2005; 
Ma et al. 2008; Masliah et al. 2013). Moreover, evidence 
suggest that PACT and TRBP may affect the cleavage site 
of dsRNAs, thus allowing generation of different sized 
miRNAs, also called iso-miRs (Masliah et  al. 2013). 
Interestingly, as it is the case for some miRNAs, TRBP 
interferes with the position where hDICER cleaves the 
precursor and switches guide strand selection (Masliah 
et al. 2013). In addition to PACT and TRBP, ADAR1 
has also been shown to bind to hDICER. The complex 
ADAR1/hDICER enhances pre-miRNA cleavage reaction 
and promotes loading of miRNA onto the RISC (Ota et al. 
2013).

DICER function

dsRNA and pre‑miRNA processing DICER was firstly rec-
ognized for its role in siRNA processing. In a seminal work, 
Bernstein and colleagues showed that D. melanogaster 
DICER cleaves dsRNA precursors into ~ 22-nt small dsR-
NAs revealing a fundamental role for DICER in the RNAi 
pathway (Bernstein et al. 2001). Shortly after, DICER was 
also shown to cleave hairpin RNA structures and be essential 
for miRNA maturation (Hutvágner et al. 2001).

In some species, including humans, DICER recognizes dif-
ferent dsRNA substrates by its PAZ and helicase domains. 
Studies using recombinant D. melanogaster Dcr-2 show 
that dsRNA containing a 2-nt 3’ overhang interacts with 
the PAZ domain in an ATP-independent manner, whereas 
dsRNA with blunt termini is threaded through the heli-
case domain, cleaved and then the 2-nt 3’ overhang of 
the dsRNA is recognized by the PAZ domain (Sinha et al. 
2018). Regarding the cleavage position, different models 
have been proposed, including the 3’ counting rule, the 5’ 
counting rule, and the loop counting rule, which consider 
the distance from either the 3’-end, the 5’-end, or the loop 
of the pre-miRNA (MacRae et al. 2007; Park et al. 2011; 
Gu et al. 2012). Recently, it was confirmed that several 
pre-miRNAs are indeed cleaved by hDICER using at least 
one of these counting rules (Luo et al. 2021). Regard-
less of the model, the physical distance between the PAZ 
(3’-end and 5’-end binding pockets) and the RNase IIIa 
catalytic site, which is about 58 Å, is determinant for the 
cleavage site (Liu et al. 2018). The catalysis mechanism of 
the RNase III domain is shared with all the enzymes in the 
RNase III family, which use metal ion-mediated hydrolysis 
(Nowotny and Yang 2006). Each RNase III domain cata-
lyzes the hydrolytic cleavage of one strand of the dsRNA 
substrate, a process facilitated by the presence of divalent 
cations in the catalytic sites (MacRae et al. 2006).

Non‑canonical functions In addition to dsRNA and pre-
miRNA processing, DICER has alternative functions, some 
of which are related to its nuclear localization (Fig. 2). 
DICER has been reported to have a role in DNA repair; 
this ribonuclease is highly expressed in the developing cer-
ebellum in mice, and its deficiency increases DNA dam-
age in that region (Swahari et al. 2016). Moreover, in vitro 
evidence shows that DNA double-strand breaks (DSBs) 
induce hDICER phosphorylation leading to accumula-
tion of DICER in the nucleus, where it is then recruited to 
DSB sites to facilitate DNA damage response (Burger et al. 
2017). In C. elegans cells, DICER (DCR-1) was implicated 
with chromatin remodeling in response to UV radiation, a 
phenomenon shown to be independent of DICER catalytic 
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activity (Chitale and Richly 2017). In addition, DICER 
mediates the recruitment of the histone methyltransferase 
MMSET to the DNA damage site, which leads to efficient 
nucleotide excision repair (Chitale and Richly 2018). Con-
versely, C. elegans CED-3 caspase cleaves DCR-1 to gen-
erate a truncated version with deoxyribonuclease activity, 
which produces 3' hydroxyl DNA breaks, promoting apopto-
sis (Nakagawa et al. 2010). In addition, C. elegans DCR-1 is 
required for ribonucleoprotein granule formation, suggesting 
a role in RNA localization and assembly of RNA–protein 
complexes (Beshore et al. 2011). Indeed, later evidence 
has also shown that hDICER and C. elegans DCR-1 were 
functionally linked to RNA granules. hDICER and DCR-1 
interact with mRNAs carrying “passive” sites that seques-
trate DICER endonuclease activity (Rybak-Wolf et al. 2014). 
Many of these mRNAs with “passive” sites were shown to 
encode RNA granule-associated genes, and their translated 
proteins were able to interact with DICER (Rybak-Wolf et al. 
2014). Recent data has also identified the role of an alterna-
tively spliced hDICER isoform capable of processing viral 
dsRNA into siRNA to protect stem cells from viral infec-
tion (Poirier et al. 2021). These exciting findings defy the 
previous assumption that, by having the dsRNA processing 
inhibited by its own helicase domain, mammalian DICER 
would not use RNAi to fight viral infection as plants and 
invertebrates do.

DICER regulation

Our knowledge about the molecular mechanisms control-
ling DICER expression and function under basal condi-
tions is limited, although it is clear that different stress 
conditions such as autophagy, apoptosis, and hypoxia cul-
minate in DICER regulation (Matskevich and Moelung 
2008; Gibbings et al. 2012; Van Den Beucken et al. 2014). 
It is important to elucidate the regulatory mechanisms 
affecting DICER levels and/or function given the asso-
ciation between DICER and disease pathogenesis (Mori 
et al. 2012; Boon et al. 2013; Theotoki et al. 2020). Below 
are examples of the current knowledge regarding these 
mechanisms:

Transcriptional regulation Transcriptional regulation of 
the DICER gene is complex considering the wide variety 
of mRNA isoforms generated by a combination of alterna-
tive promoters and alternative splicing. Four DICER mRNA 
variants encode full-length hDICER (containing 1922-amino 
acid residues) only diverging in their 5’- and 3’-untranslated 
regions (UTRs) (https:// www. ensem bl. org/ Homo_ sapie ns/ 
Gene/ Summa ry? db= core;g= ENSG0 00001 00697;r= 14: 
95086 228- 95158 010). Other variants, however, may result 
in alternative open reading frames or change mRNA stability 

Fig. 2  Functions of DICER. 
Illustrative scheme showing 
the canonical (siRNA and 
pre-miRNA processing) and 
non-canonical functions (chro-
matin remodeling, DNA repair, 
ribonucleoprotein granule 
formation, apoptosis promotion, 
and viral dsRNA degradation) 
of DICER
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or translational efficiency. For example, in mice, an intronic 
MT-C retrotransposon promoter gives rise to an oocyte-
specific Dicer mRNA variant which is translated into a 
DICER isoform that lacks the N-terminal helicase domain 
and confers more efficient production of small RNAs from 
long dsRNA, thus boosting the endogenous RNAi pathway 
in mouse oocytes (Flemr et al. 2013).

Overall, the transcriptional regulation of the DICER gene 
is operated by selective transcriptional factors and controlled 
by epigenetic mechanisms. In breast cancer cells, hypoxia 
reduces DICER expression by silencing the DICER1 pro-
moter through oxygen-dependent inhibition of H3K27me3 
demethylases KDM6A/B (Van Den Beucken et al. 2014). 
There are several transcription factors shown to control 
DICER expression on a cell-, tissue- or developmental stage-
dependent manner. SOX4 plays a role in the regulation of 
embryonic development and determination of cell fate, and 
its function partially relies on its ability to trigger DICER1 
transcription (Jafarnejad et al. 2013). Microphthalmia-asso-
ciated transcription factor (MITF) triggers the expression of 
the DICER1 gene in melanocytes by binding to a conserved 
regulatory sequence (Levy et al. 2010). The DICER1 pro-
moter can also be targeted by p53, p63, or TAp63 (Boomi-
nathan 2010; Su et al. 2010).

Post‑transcriptional regulation The level of DICER tran-
scripts does not always mirror the protein levels, which illus-
trates the complexity of DICER regulation and highlights the 
importance of post-transcriptional mechanisms (Kurzynska-
Kokorniak et al. 2015). The notion that DICER abundance 
is determined by post-transcriptional mechanisms is further 
supported by evidence showing that pharmacological inter-
ventions that are expected to interfere with transcription, 
such as the use of histone deacetylase inhibitors, slightly 
change DICER1 mRNA levels while markedly decrease 
DICER protein levels in human cells (Wiesen and Tomasi 
2009). How exactly DICER protein abundance is controlled 
remains elusive, although many post-transcriptional mecha-
nisms have been described.

Several alternative splicing variants have been identi-
fied for the DICER transcript. Some of these splicing vari-
ants encode shorter isoforms of the DICER protein, while 
others do not encode any protein (Kurzynska-Kokorniak 
et al. 2015). Alternative splicing or promoter selection may 
also create alternative open reading frames and change the 
5’-UTR, thus impacting the stability of the DICER transcript 
and its translation (Irvin-Wilson and Chaudhuri 2005; Singh 
et al. 2005; Potenza et al. 2010). Indeed, DICER mRNA 
translation efficiency is highly dependent on the nature of 
the 5’-UTR (Irvin-Wilson and Chaudhuri 2005; Singh et al. 
2005). The 5’-UTRs within the DICER transcript may be 

comprised by a combination of three unique leader exons 
(1A, 1B and 1C) and three alternatively spliced exons (AS1, 
AS2, and AS3). DICER transcripts with 5’-UTRs containing 
any of these alternatively spliced exons are less efficiently 
translated compared to the transcript variants without them 
(Singh et al. 2005). Moreover, DICER transcripts containing 
the leader exon 1B have the lowest translational efficiency 
(Singh et al. 2005).

In differentiated human epithelial cells and numerous 
cancer cell lines, shorter DICER mRNA variants are pro-
duced through alternative processing of the pre-mRNA 
(Grelier et al. 2009; Hinkal et al. 2011). Moreover, a splicing 
variant found in neuroblastoma cells lacks one of the protein 
coding exons, causing the translation of an alternative open 
reading frame with a premature stop codon that gives rise to 
a protein lacking the dsRBD and defective in one of the two 
RNase III domains (Potenza et al. 2010).

The 3’-UTR also plays a key role in post-transcriptional 
regulation of the DICER mRNA. DICER 3’-UTR is targeted 
by various miRNAs, including miR-103/107 (Grelier et al. 
2009; Martello et al. 2010; Hinkal et al. 2011), miR-192 
(Feinberg-Gorenshtein et al. 2013), and members of the let-7 
miRNA family (Forman et al. 2008; Hinkal et al. 2011). 
DICER mRNA variants may also have shorter 3’-UTR 
lacking miRNA-binding sites and thus escaping from 
miRNA-mediated repression (Stavast and Erkeland 2019). 
These shorter variants are polyadenylated at certain sites 
of the transcript and are more abundant in cancer cell lines 
(Hamaya et al. 2012; Stavast and Erkeland 2019).

Another factor regulating the expression of DICER is the 
export of DICER mRNA to the cytoplasm. It has been dem-
onstrated the saturation of Exportin-5 with other RNAs such 
as pre-miRNAs, viral RNAs, and some tRNAs decreases 
DICER protein abundance by reducing mRNA export (Ben-
nasser et al. 2011).

Post‑translational regulation DICER protein undergoes 
post-translational modifications such as phosphorylation 
(Rigbolt et al. 2011) and SUMOylation (Gross et al. 2014). 
These modifications may affect DICER abundance and/or 
activity. In C. elegans, during oogenesis, DCR-1 becomes 
phosphorylated within the RNase IIIb and dsRBD domains 
by extracellular signal-kinase (ERK), and this is an essential 
step for DCR-1 nuclear translocation (Drake et al. 2014). In 
addition, phosphorylation of DCR-1 inhibits its function, 
and it has been shown that DCR-1 gets rapidly dephospho-
rylated prior to fertilization (Drake et al. 2014). DICER has 
10 lysine moieties which are described to change DICER 
activity upon SUMOylation (Gross et al. 2014). Interest-
ingly, it has been shown that alveolar macrophages from 
smokers undergo downregulation of several miRNAs due to 
SUMOylation-related decrease in DICER activity, indicating 
environmental factors can affect DICER function through 
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post-translational modification (Gross et al. 2014). Indi-
rectly, phosphorylation of TRBP by Ras signaling may also 
stabilize DICER and increase miRNA biogenesis in human 
cells (Paroo et al. 2009).

The physiological and pathophysiological 
roles of DICER

Given the role of miRNAs in regulating crucial cellular and 
organismal processes, disturbances in their production are 
largely connected to disease (Mori et al. 2014; Foulkes et al. 
2014; Kurzynska-Kokorniak et al. 2015; Emde et al. 2015). 
Disruption of DICER, being a key enzyme in the miRNA 
biogenesis pathway, is pervasive for life and health span. 
For example, whole-body Dicer knockout mice die early 
during development (Bernstein et al. 2003), and various 
models of tissue-specific deletions in Dicer exhibit prema-
ture lethality (Chen et al. 2008; Mori et al. 2014). Indeed, a 
growing body of evidence places DICER at the cornerstone 
of pathways related to stress resistance, metabolism, and 
longevity. In mice, DICER protein levels are downregulated 
in adipose tissue during obesity or normal aging, which cul-
minates in reduced miRNA levels (Mori et al. 2012; Olive-
rio et al. 2016). Consistently, adipose-specific removal of 
Dicer causes lipodystrophy, impairs metabolism, and accel-
erates aging (Mori et al. 2014; Reis et al. 2016). Age-related 
DICER downregulation can be prevented by dietary restric-
tion (Mori et al. 2012), an intervention that prolongs lifes-
pan. Furthermore, in C. elegans and mice, several dietary 
restriction protocols not only upregulate DCR-1/DICER but 
also depend on dcr-1/Dicer to drive their beneficial effects 
on metabolism and lifespan (Reis et al. 2016; Guerra et al. 
2019), suggesting a positive association between DICER 
levels/activity and health span. Consistently, overexpression 
of dcr-1 in C. elegans increases lifespan and stress resistance 
(Mori et al. 2012). Furthermore, treatment with enoxacin—
a broad spectrum fluoroquinolone that binds to TRBP and 
facilitates pre-miRNA processing by DICER—increases 
lifespan in C. elegans (Pinto et al. 2018) and ameliorates 
metabolism and counteracts obesity in mice (Rocha et al. 
2020).

Altered post-transcriptional regulation of DICER may 
also impinge on health. Mice harboring constitutively phos-
phorylated DICER that accumulates in the nucleus display 
abnormal metabolism, increased cellular stress and accel-
erated aging (Aryal et al. 2019). This can be explained in 
part by decreased levels of some miRNAs, but promotion 
of DICER nuclear functions may also be involved (Aryal 
et al. 2019).

Cellular stress appears to be the main driver for DICER 
dysregulation. Stress resulted from pathogenic ALS-
causing mutations leads to stress granule formation and 

reorganization of the DICER complex, which in turn impairs 
miRNA biogenesis (Emde et al. 2015). DICER expression is 
also downregulated by different pro-oxidative agents (Mori 
et al. 2012).

In humans, mutations in the DICER1 gene are linked to 
cancer. Heterozygous germline mutations in the DICER1 
gene are the underlying cause of a modestly penetrant, auto-
somal dominant syndrome known as DICER1 syndrome 
(Foulkes et al. 2014). The syndrome involves increased risk 
for several types of cancer, including the pediatric cancer 
pleuropulmonary blastoma, thyroid gland neoplasia, and 
ovarian tumors (Hill et al. 2009; Foulkes et al. 2014; Schultz 
et al. 2020), as well as other developmental abnormalities 
(Hill et al. 2009). Most of the tumors affect individuals 
before the age of 40 years.

Conclusion

DICER is an evolutionarily conserved enzyme playing a 
central role in small RNA biogenesis and involved in a wide 
range of biological processes, from antiviral responses to 
regulation of gene expression (Fig. 2). DICER abundance 
and activity are tightly regulated, and defects in such regula-
tion lead to disease. Future research assessing the landscape 
of DICER regulatory mechanisms, modifications, and iso-
forms across different conditions will be instrumental for 
the development of new pharmacological, genetic, and/or 
dietary strategies aimed at safeguarding DICER function to 
prevent disease and increase health and lifespan.
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