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Ribonuclease Dicer belongs to the family of RNase Il endoribonucleases, the enzymes that specifically hydrolyze
phosphodiester bonds found in double-stranded regions of RNAs. Dicer enzymes are mostly known for their essential role
in the biogenesis of small regulatory RNAs. A typical Dicer-type RNase consists of a helicase domain, a domain of
unknown function (DUF283), a PAZ (Piwi-Argonaute-Zwille) domain, two RNase Il domains, and a double-stranded RNA
binding domain; however, the domain composition of Dicers varies among species. Dicer and its homologues developed
only in eukaryotes; nevertheless, the two enzymatic domains of Dicer, helicase and RNase lll, display high sequence
similarity to their prokaryotic orthologs. Evolutionary studies indicate that a combination of the helicase and RNase I
domains in a single protein is a eukaryotic signature and is supposed to be one of the critical events that triggered the
consolidation of the eukaryotic RNA interference.
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| 1. Introduction

The gene encoding for Dicer ribonuclease, as reported by Hansen et al. I, was first revealed in 1994 by Bass et al. in a
screen of the Xenopus ovary cDNA expression library for double-stranded RNA (dsRNA) binding proteins (dsRBPs) 2.
Later, in 1999, Provost et al. published the first literature record related to human Dicer (hDicer) El. The authors isolated
hDicer cDNA clones from a yeast two-hybrid screen, using as a bait, 5-lipoxygenase, a pivotal protein in cellular
leukotriene synthesis. Analysis of the predicted amino acid sequence of the newly identified protein revealed its high
homology to a hypothetical helicase K12H4.8 from Caenorhabditis elegans as well as the presence of a ribonuclease Il
(RNase Il1) signature motif and a dsRNA binding domain (dsRBD) . A year later, in 2000, a detailed description of the
DICER1 gene was published ¥, at that time under the name “HERNA” (helicase with RNase motif), because the protein
product of the gene contained conservative evolutionary motifs characteristic of the ATP-dependent RNA helicase, i.e.,
ATP binding motif and DEXD/H-box (Asp-Glu-X-Asp/His), and RNA binding motifs [4l. Expression of HERNA was shown to
be ubiquitous and tissue-specific 4. The name “Dicer” was first introduced into the scientific world in 2001 by Bernstein,
Caudy, Hammond and Hannon B, and it derived from the ability of the enzyme to “dice”, i.e., digest dsRNA into uniformly
sized small RNAs, ~22 nucleotides (nt) in length. As Dicer displayed specificity for dSRNAs, it was assigned to the family
of RNase Il endoribonucleases [2.

Relating to the plant kingdom, the first literature record of Dicer goes back to 1999, when Jacobsen et al. identified in
Arabidopsis thaliana the CARPEL FACTORY (CAF) gene, which played a role in floral meristem determinacy €. The CAF
gene encoded a putative protein of 1909 amino acids containing an amino (N)-terminal DExXH/DEAD-box type RNA
helicase domain and a carboxy (C)-terminal RNaselll-like domain followed by a dsRNA binding domain . In those days,
as mentioned above, a highly similar protein of an unknown function was found to be encoded by a fungal and an animal
genome, indicating that the CAF-type proteins could play a role in many eukaryotic organisms. Moreover, the structure of
CAF protein suggested that it could act as an RNA processing enzyme. Later, in 2002, Reinhart et al. made the
observation that the plant microRNA (miRNA) accumulation is dependent on the CAF protein . Nowadays, the CAF
gene is referred to as DICER-LIKE1 (DCL1), which encodes well known endonuclease that produces plant miRNAs (&,
Identification of three other genes similar to CAF in A. thaliana led to the recognition of additional DICER family members:
DCL2, DCL3 and DCL4 B,

RNase Il specifically hydrolyzes phosphodiester bonds found in double-stranded regions of RNAs and generate products
having 5'-phosphate, 3'-hydroxyl, and 2-nt 3'-overhangs 9. Based on the domain organization and biological functions,

the RNase IIl family can be divided into three subfamilies (Eigure 1). The first subfamily includes bacterial RNase 1l and
yeast Rntl, which contain only one RNase Ill domain and one dsRBD domain. RNase llls of this subfamily form
homodimers to assemble a dsRNA-cleavage center 1. The bacterial RNase Ill and yeast Rntl are essential for
processing of ribosomal RNA precursors 12, Moreover, Rntl functions in the maturation of both small nuclear RNAs 13



(141 and small nucleolar RNAs 221 in processing of mMRNA 1€ and mRNA quality control 4. The second subfamily of
RNase lll is represented by enzymes containing two RNase Il domains and a single dsRBD in the C-terminal region, e.g.,
ribonuclease Drosha. Drosha is the core nuclease initiating processing of a primary miRNA precursor (pri-miRNA) in the
nucleus. Products of Drosha cleavage are 50-70-nt pre-miRNAs with hairpin structures X8, Drosha is also involved in
mRNA processing 29 and, presumably, in ribosomal RNA maturation 2921, Finally, the third subfamily of RNase I
comprises Dicer-type enzymes. Dicer-type RNases consist of two RNase Ill domains and a dsRBD in the C-terminal
region, and they also include helicase domain, a DUF283 (Domain of Unknown Function) and a PAZ (Piwi—Argonaute—
Zwille) domain in the N-terminal region. Nevertheless, there are a few examples of Dicers that lack some of these
domains, e.qg., the Dicer from Giardia intestinalis, which does not possess helicase, DUF283, and dsRBD domains 19 A,
thaliana DICER-LIKE 3 (DCL3) protein, which lacks a DUF283 domain 22, or the green alga Chlamydomonas reinhardtii
DCL3, which lacks the PAZ domain [23l. The second and third subfamily members use intramolecular dimerization of their
two RNase Il domains to form a cleavage center. Dicer ribonucleases are mostly known for their essential role in the
biogenesis of small regulatory RNAs, such as miRNAs or small interfering RNAs (siRNAs). They recognize and cleave
pre-miRNAs or dsRNAs into functional 21-23-nt miRNAs or siRNAs, respectively.
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Figure 1. Scheme showing the domain organization of the individual classes of the RNase Il family enzymes: class 1—
represented by E. coli ribonuclease lll, class Il—represented by human Drosha ribonuclease and class lll—represented
by hDicer ribonuclease.

| 2. Evolution of Dicer-Type Proteins

Evolutionary studies indicate that Dicer and its homologues developed only in eukaryotes, and the Dicer gene underwent
duplication during the emergence of the first multicellular organisms 24, Then, Dicer genes differentiated independently in
the animal, plant and fungal kingdoms 24!, Animals developed two genes coding for Dicer proteins, Dicer-1 and Dicer-2.
Dicer-1 is responsible for pre-miRNA recognition and miRNA production, while Dicer-2 cleaves dsRNA to generate siRNA
(23], One of the best characterized Dicer-2 proteins in the animal kingdom is the insect Dicer-2 which, by cleaving viral
dsRNAs, plays an important role in the response to viral infections 28271 Dicer-2 was subsequently lost from lineages
that developed complex immune systems, such as vertebrates [24. Moreover, the Dicer gene was lost from some
protozoan parasites and some fungi, e.g., the model organism Saccharomyces cerevisiae and other closely related yeasts
(28129] | the plant kingdom, at least four genes encoding Dicer-type enzymes developed 4. Plant Dicers are termed
DICER-LIKE (DCL) proteins. DCL1 is involved in the production of miRNAs, typically 21-nt long, from primary transcripts
that contain stem-loop structures, while DCL2, DCL3 and DCL4 are involved in siRNA production B%. Precisely, DCL2
produces 22-nt siRNAs which can silence transgenes in the plant response to viral infections, and similarly to its insect
homolog Dicer-2, is a part of the antiviral defense system 3132 DCL3 generates 24-nt siRNA, which participates in
chromatin modifications, thus influencing the chromatin structure 31, DCL4 is responsible for the formation of trans-acting
siRNAs (tasiRNAs) 4. DCL4 is also involved in the antiviral response 1. Some plants encode more than four DCL
proteins; for example, in Medicago truncatula, six DICER-LIKE protein genes are expressed: DCL1, DCL2, DCL3, DCL4
and two DCL2 homologues, including the variant that encodes a truncated version of the DCL2 protein 5. Plant DCL
proteins form a protein family, whose diversification time dates to the emergence of mosses (Physcomitrella patens) 1281,
DCL proteins are ubiquitously but not evenly expressed in plant tissues, depending on developmental stages and
response to stresses [28],



It is also important to mention DICER proteins encoded by algae. Chlamydomonas reinhardtii is a single-cell green alga,
which has a complex RNA silencing machinery involving three DCL proteins (DCL1-3) and three Argonaute proteins
(AGO1-3) 3738l The miRNASs silencing system in algae is distinct from that of land plants and even may have common
features with the miRNA silencing mechanism found in animals. DCL3 of C. reinhardtii is known to process the majority of
miRNA, although it lacks the PAZ domain 23, Another unique feature of DCL3 is a proline-rich domain on the N-terminal
side of the RNase Il motifs, though a similar domain is also present in a related protein, a ribonuclease Drosha that also
lacks the PAZ domain (2389 Considering these features, it could be possible that C. reinhardti DCL3 performs the
function of Dicer and Drosha, being involved in several stages of miRNA biogenesis 23l Plant and animal miRNA
pathways are very different, thus it is likely that they evolved separately from an ancestral RNA silencing pathway with
Dicer proteins 4241 The algal miRNA pathway is also distinct from that of higher plants, and the two evolutionary
scenarios could explain those differences. The first scenario assumes that animal, higher plant, and algal miRNA
pathways all evolved independently of each other. A second scenario takes into account that an animal-like miRNA
pathway evolved early and persisted in lower plant lineages, including the green algae, though it was not retained in
higher plants. The second scenario is more likely because C. reinhardtii and animal miRNA pathways share the presence
of a Drosha-like structure (i.e., the presence of the proline-rich domain and the absence of the PAZ domain) of the miRNA
processing enzyme [23],

Although evolutionary studies indicate that the ribonuclease Dicer is absent in bacteria and archaea, the helicase domain
of Dicer displays high sequence similarity to its prokaryotic orthologues, archaeal Hef proteins that belong to Superfamily
2 (SF2) helicases [42[43]: the RNase Il domains of Dicer are highly similar to bacterial RNase 11l 44!, A combination of the
SF2 helicase and RNAse Il domains in a single protein is considered a eukaryotic signature, and is supposed to be one
of the critical, early events that lead to the consolidation of the eukaryotic RNA interference (RNAI) system [44],

| 3. Dicer Structure and the Importance of Its Domains

The hDicer ribonuclease is encoded by the DICER1 gene located on chromosome 14 in the subtelomeric region
14932.13. The DICER1 gene spans a region of about 72 kbp and contains 29 exons. DICER1 is considered a
housekeeping gene 3], although, compared to other housekeeping genes, it has an unusually long 3-untranslated region
(3-UTR), i.e., over 4000 base pairs (bp) “2. The protein product of DICER1 consists of 1922 amino acids (~220 kDa),
and similar to other members of the third subfamily of RNases lll, comprises a putative helicase domain, DUF283, PAZ,
two RNase Il domains (RNase llla and RNase Illb) and dsRBD (Figure 1) 1. Structural studies on hDicer have revealed

new functional domains adjacent to the PAZ domain, namely, Platform and Connector helix (481147 the Platform-PAZ-
Connector helix fragment is often referred to as “hDicer PAZ cassette” &1 or “PPC cassette” 28, The experiments
conducted with the use of cryo-electron microscopy (cryo-EM) techniques, revealed that the three-dimensional structure
of the hDicer resembles the letter L #8491 within this structure, the head, core and base can be distinguished. The head
constitutes the PAZ and the Platform domains, the RNase Ill domains are in the core, while the helicase domain forms the
base (Figure 2 and Figure 3A) 421,
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Figure 2. Scheme of the tertiary structure of hDicer in complex with pre-miRNA, prepared based on Liu et al. 4. Arrows
indicate the pre-miRNA cleavage sites by RNase Il domains.

A

Figure 3. The 3D structure of hDicer (PDB entry 5ZAL) and hDicer individual domains visualized by PyMOL. (A) hDicer in
complex with pre-let-7 (the loop region is not seen in this structure), the 5'-phosphate and the 3'-hydroxyl are indicated
with spheres; (B) the helicase domain, with its three internal subdomains, is indicated in orange and yellow; (C) the
DUF283 domain is indicated in green; (D) the Platform—PAZ—Connector helix cassette is shown in two orientations; the
upper panel presents the 3' pocket, whereas the lower panel exposes the 5' pocket. The Platform domain is indicated in
purple, PAZ in light pink, and Connector helix in brown. The OB fold within the PAZ domain is marked by the red
rectangle; (E) the catalytic core—RNase llla and Illb domains are indicated in red and wine red, respectively; fragments
connecting RNase lll domains are indicated in gray; fragments constituting the RNase Il signature motifs are colored in
beige; (F) the dsRBD domain is indicated in blue.

| 4. A Variety of Dicer Functions

In addition to miRNA and siRNA production, Dicer has been implicated in the biogenesis of a group of small RNAs, which
are derived from tRNAs, called tRNA-derived fragments (tRFs) 9. Studies on A. thaliana suggest that DCL proteins could
be involved in tRF biogenesis in plants 5. However, similar data from Drosophila and S. pombe revealed that the lack of



Dicer does not significantly affect tRF levels [22. Some tRNAs can fold into structures that resemble canonical Dicer
substrates, thus it is possible that Dicer-dependent tRFs processing has evolved in certain organisms as a mechanism
with biological relevance 53!,

Beyond the biogenesis of small regulatory RNAs, Dicer also performs functions that are related to its nuclear localization.
In organisms such as flies, plants and fission yeast, nuclear Dicer is involved in formation of heterochromatin B4, |n
addition, it was demonstrated that, in mouse embryonic stem cells, chromatin modifications and DNA methylation of
centromeric repeats are affected upon Dicer knockout, leading to accumulation of RNAs transcribed from centromeric
repeats 231, More recently, it was shown that, in mouse germ cells, Dicer is necessary for normal spermatogenesis, since
during this process it controls pericentric heterochromatin expression B8, Additionally, it was demonstrated in mice that
Dicer is highly expressed in developing cerebrum, and lack of this protein causes the loss of cerebellar progenitor cells,
presumably due to the accumulation of DNA damage that triggers apoptosis B3 These results implicate Dicer
involvement in DNA repair. Interestingly, it was shown in human and mouse cell lines, that inactivation of Dicer leads to
inefficient DNA Damage Response (DDR) and the reduction in the level of Dicer-dependent small RNAs (ddRNAs), the
regulatory RNAs involved in this process 4. Another study reported that Dicer is involved in DNA double-strand break
(DSB) repair 28], and DSB repair efficiency is reduced in A. thaliana in DCL2, DCL3 and DCL4 mutants 2. Interestingly, it
was demonstrated that hDicer is phosphorylated at position S1016 (the serine residue within the PPC cassette) upon
induction of DSBs and recruited to facilitate DDR in the nucleus 9. Nuclear Dicer was also implicated in the transcription-
independent, global-genomic nucleotide excision repair pathway, in which it mediates the recruitment of a histone
methyltransferase complex to the DNA damage site 81, This way, Dicer presumably facilitates chromatin decondensation
that, in consequence, allows repair factors to access the damage sites 62,

Dicer ribonuclease was found to be directly involved in the apoptosis process €3, Apoptosis is a natural process of
programmed cell death in multicellular organisms. One of the hallmarks of apoptosis is the fragmentation of chromosomal
DNA leading to irreversible cell death. The process of apoptosis itself can be regulated by the Dicer-produced miRNAs
(64 Nevertheless, in a nematode C. elegans the apoptosis-induced caspases can cleave Dicer within the RNase llla
domain, which results in releasing the C-terminal fragment of Dicer. Such truncated Dicer does not act as an RNase Il
enzyme; instead it displays the activity characteristic of DNases by initiating the chromosome fragmentation in the nucleus
631 Such DNase activity has not been found for vertebrate Dicers; however, it was demonstrated that in human
astrocytes, hypoxia-induced apoptosis is mediated by a decrease in hDicer levels via caspase-1 activation [62],
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