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Abstract

The RNase III endoribonuclease Dicer was discovered to be associated with cleavage of double-

stranded RNA in 2001. Since then, many advances in our understanding of Dicer function 

have revealed that the enzyme plays a major role not only in microRNA biology but also in 

multiple RNA interference-related pathways. Yet, there is still much to be learned regarding 

Dicer structure–function in relation to how Dicer and Dicer-like enzymes initiate their cleavage 

reaction and release the desired RNA product. This Perspective describes the latest advances in 

Dicer structural studies, expands on what we have learned from this data, and outlines key gaps 

in knowledge that remain to be addressed. More specifically, we focus on human Dicer and 

highlight the intermediate processing steps where there is a lack of structural data to understand 

how the enzyme traverses from pre-cleavage to cleavage-competent states. Understanding these 

details is necessary to model Dicer’s function as well as develop more specific microRNA-targeted 

therapeutics for the treatment of human diseases.
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MicroRNAs (miRNA) are a family of single-stranded, noncoding RNAs involved in 

regulating protein-coding genes via post-transcriptional silencing of mRNA translation.1–

6 The multistep, protein-mediated process of the miRNA biogenesis pathway is critical 

in ensuring that proper miRNA expression levels and seed sequence integrity are 

maintained.4,5,7 The canonical miRNA biogenesis pathway consists of sequential cleavage 

reactions performed by the RNase III enzymes, Drosha and Dicer. Noncanonical pathways 

are also present in which miRNA processing is Drosha or Dicer independent, but this is 

less common.8–10 Alterations to these pathways, causing either the overexpression or loss 

of miRNAs, are linked to a variety of human diseases, including cancers.11,12 Attempts to 

regulate this activity via directly targeting miRNAs remain challenging due to difficulties 

associated with the development of RNA-based miRNA inhibitors and mimetics, as well 

as the selective targeting of miRNAs with small molecules.12–16 With respect to the latter, 

a deeper functional and structural understanding of the proteins involved in the miRNA 

biogenesis pathway and, more specifically, how these proteins interact with their RNA 

substrates is required to aid inhibitor design and development.

The canonical miRNA biogenesis pathway begins in the nucleus where a miRNA gene is 

transcribed by RNA polymerase II (Figure 1).5,17–19 The resulting transcript folds back 

on itself to form the hairpin loop structure of a primary miRNA (pri-miRNA) with long 

overhang regions at the flanking 5′ and 3′ ends. Pri-miRNAs then undergo two processing 

steps taking place in the nucleus and cytoplasm by the RNase III-type enzymes Drosha and 

Dicer, respectively. During the first cleavage reaction, Drosha and its cofactor DiGeorge 

Syndrome Critical Region 8 (DGCR8) cleave off the flanking regions of the pri-miRNA, 
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excising out the precursor miRNA (pre-miRNA) hairpin loop. The pre-miRNA is then 

exported to the cytoplasm by Exportin 5 for the final cleavage reaction performed by Dicer 

and its cofactor, Transactivation Response Element RNA-Binding Protein (TRBP). Dicer 

cleaves off the loop region of the pre-miRNA to form the mature miRNA duplex consisting 

of the 5 prime (5P) and 3 prime (3P) strands.4,17 Either the 5P or 3P strand from the 

mature miRNA duplex is then loaded into Argonaute 2 (Ago2) to form the RNA-induced 

silencing complex (RISC).20,21 One proposed mechanism of strand selection between Ago2 

and human Dicer suggests that it is based on the thermodynamic stability of the 5′ end 

of the miRNA duplex; however, it is still not fully understood if additional factors dictate 

this process or if Dicer proteins from varying species perform an altogether alternative 

mechanism depending on the RNA substrate.20,22–26 After RISC formation, this complex 

targets mRNAs based on complementarity to the miRNA guide strand sequence to mark the 

mRNA for translational repression and/or degradation (Figure 1).1,3,7,27–29

STRUCTURAL DIVERSITY AMONG RNase III FAMILY ENZYMES

Despite performing similar cleavage reactions in the miRNA biogenesis pathway, Drosha 

and Dicer fall into separate classes among the RNase III family of enzymes.30 These 

differences are related to the non-RNase III domains that ultimately diversify the primary 

functions and substrate specificity of each class within the RNase III family. Figure 2 shows 

an overview of the domain organization of RNase III enzymes found in each class and how 

their domain distributions compare across species.17,26,31,32

Class I RNase III enzymes are the smallest family members ranging between ~200 and 

300 amino acids in length, and accordingly, based on their limited complexity, are the most 

well-characterized of the classes.30,33 Class I RNase III enzymes are found ubiquitously 

in bacteria, bacteriophage, and some fungi and contain a single RNase III domain and a 

double-stranded RNA-binding domain (dsRBD).30 These enzymes cleave double-stranded 

RNA (dsRNA) substrates through the homodimerization of two RNase III domains to form 

a single processing center. The overall structure of this homodimeric RNase III processing 

center is highly conserved across all Class I RNase III enzymes;26 however, in higher 

eukaryotes that rely on Class II and/or Class III RNase III enzymes, the processing center 

is composed of two separate RNase III domains, RNase IIIA and RNase IIIB.34–37 This 

evolutionary change from a simple homodimeric network to a more complex heterodimeric 

internal processing center suggests the need for higher eukaryotes to have added control 

in differentiating their cleavage substrates and performing more precise roles in RNA 

interference (RNAi) pathways. In line with this hypothesis, Class II and Class III enzymes 

also contain a larger variety of noncatalytic domains that function in substrate binding and 

recognition.

Drosha enzymes, representing the Class II RNase III family, contain a heterodimeric RNase 

III processing center, as well as a PAZ-like and Platform domain within the central domain 

of Drosha (CED).38,39 Proline-rich (P-rich) and arginine serine-rich (RS-rich) domains 

are also present in most Drosha species and may serve to localize the enzyme to the 

nucleus.38,40 Drosha works in tandem with its cofactor DGCR8 to bind to pri-miRNA 

substrates and perform its cleavage reaction. Unlike Dicer’s interaction with TRBP, which 
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has been shown to be dispensable for cleavage activity, Drosha is unable to cleave 

primiRNAs in the absence of DGCR8. The PAZ-like and Platform domains in Drosha 

function in binding to the stem region near the cut site of the pri-miRNA, while two DGCR8 

proteins coordinate to bind the hairpin loop region.38,39 The cleavage reaction performed by 

Drosha leaves the characteristic 3′ 2 nucleotide (nt) overhang that is needed for Dicer to 

recognize and bind the resulting pre-miRNA substrate.41,42

The Class III RNase III family is composed of Dicer and Dicer-like enzymes. The 

defining structural difference between Class II and Class III proteins is the addition of an 

N-terminal duplex RNA-activated ATPase (DRA) helicase domain, also sometimes referred 

to as a DExD/H-box helicase domain.43–46 The DRA helicase domain, formed by three 

subdomains, Hel1, Hel2i, and Hel2, binds and unwinds the hairpin loop region of the pre-

miRNA substrate.44,47–49 As shown in Figure 2, while the majority of Dicer and Dicer-like 

enzymes contain an N-terminal DRA helicase domain, there is variability between species 

regarding whether this domain is ATP dependent or independent. These differences in 

ATP dependence are seemingly linked to Dicer’s substrate specificity during cleavage.44,49–

51 For instance, in Drosophila, Dicer-1 is ATP independent and primarily cleaves pre-

miRNA, while Dicer-2 requires ATP to cleave pre-small interfering RNAs (siRNA).49,51–54 

Interestingly, the minimal Giardia Dicer lacks the helicase domain altogether despite being 

classified as a Class III RNase III enzyme.55 Lack of a helicase domain may suggest an 

evolutionary shift in Dicer enzymes requiring a more sophisticated means to differentiate 

RNA substrates in higher eukaryotes. Therefore, variability in ATP dependence and/or the 

presence of a helicase domain may regulate the types of RNA substrates that Dicer can 

recognize and cleave; however, it is currently unclear how or why certain Dicer species have 

evolved these divergent mechanisms.44,56

The RNase IIIA domain of Dicer also contains a degree of sequence diversity within the 

Class III RNase III family. In human and mouse Dicers, a large sequence insertion adds 200 

amino acids in the middle of the RNase IIIA domain and binds to Ago2.57,58 This stretch 

of amino acids is referred to as the Ago2 minimal binding motif and is unique to the Class 

III RNase III enzymes. When the insertion in the RNase IIIA domain is deleted, a decrease 

in Ago2 binding to human Dicer (hsDicer) is observed, suggesting that this region may by 

a critical binding point for Ago2 loading.58 While there are currently no structures of this 

motif/region for hsDicer, recent structures of Drosophila Dicer-2 show that this motif may 

facilitate dmDicer-2 dimerization.54 This recent discovery raises questions of how Dicer 

proteins in lower eukaryotes, such as Arabidopsis and Drosophila, utilize this sequence 

insertion, perhaps for alternative functions outside of Ago2 binding and RISC loading. 

Further investigation is needed to determine if this binding motif plays a role in RISC 

assembly during the strand selection process when Ago2 is present and if this mechanism is 

used across Dicer-containing species. One hypothesis we propose, which would be specific 

to humans, is that Dicer acts as a scaffolding unit for Ago2 to bind and load the mature 

miRNA guide strand in contrast to Dicer simply releasing the mature miRNA duplex or a 

handoff process occurring through TRBP alone.59

The dynamic and multifunctional nature of Dicer has historically made the functional and 

structural characterization of this enzyme challenging; however, the resolution revolution in 
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cryo-electron microscopy (cryo-EM) has led to structures of Dicer from a variety of species 

at resolutions conducive to building detailed molecular models that can then be tested 

biochemically or in vivo.60–62 Yet, even with these breakthroughs, mechanistic questions 

remain. For example, the lack of structural information about human Dicer in cleavage-

competent and post-cleavage states is still required for interpreting how human Dicer’s 

noncatalytic domains function during the cleavage reaction. Additionally, it is unclear how 

sequence diversity among Dicer proteins in various species alters structure and function. 

Until additional hsDicer structures are determined at various stages of RNA processing, 

we will continue to struggle to accurately model interactions with RNA substates before, 

during, and after the cleavage reaction. In this Perspective, we discuss what is known about 

Dicer function and structure; summarize what mechanistic information regarding human 

Dicer remains to be discovered; present a hypothetical model for the initiation, cleavage, 

and release of miRNA using currently available data; and provide insights into future studies 

necessary to answer fundamental questions regarding the role of Dicer structure–function in 

miRNA processing and biology.

ADVANCES IN DICER STRUCTURAL STUDIES

Since the discovery of Dicer in 2001,63 our biochemical understanding of this Class III 

RNase III enzyme has quickly developed, while structural information was at first slow to 

advance. This is due to the size, complexity, and flexibility of Class III enzymes making 

structural studies of full-length Dicer and Dicer-like enzymes using traditional structural 

techniques such as X-ray crystallography and NMR challenging.60,62 However, during the 

resolution revolution of cryo-EM, protein and protein complexes previously thought of 

as unsolvable became attainable.60,61,64,65 Figure 3 shows a snapshot of major structural 

breakthroughs between 2001 and 2022 that have aided our understanding of Dicer structure 

and function.

Initial structural studies of Dicer and related RNase III enzymes first relied on the 

analysis of the simpler Class I RNase IIII enzymes. In 2001, X-ray crystallographic 

studies of the Aquifex RNase III domain provided the first look at active site organization 

and the characteristic dimerization pattern of the RNase III processing center which is 

conserved across all RNase III family enzymes.35–37 Shortly after, NMR structural studies 

of S. cerevisiae Rnt1 RNase III revealed a mechanism for substrate recognition that is 

dependent on RNA structure and illustrated how accessory domains contribute to substrate 

specificity.66 Although these first structures introduced the field to key attributes of RNase 

III enzymes, such as active site dimerization and RNA binding patterns, they only allowed 

for conjecture about the mechanisms used by the multidomain Class II and Class III RNase 

III enzymes. Additionally, these early studies provided no structural information on how or 

why Class III RNase III enzymes utilize a helicase domain to perform their downstream 

cleavage reactions.

To expand upon these initial structures and begin addressing key mechanistic questions 

related to Class II and Class III enzymes, researchers first focused on understanding how 

Dicer performs its cleavage reaction with product-length specificity. Dicer’s ability to cleave 

dsRNA to a particular length is one of its defining functions compared to Class I RNase 
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III enzymes.19,36,55 To answer this question, structural studies of more complex and larger 

Dicer species were required, but during this early period (pre-2013), the only structural 

techniques available that would also yield a resolution quality high enough to build the 

molecular models needed to answer detailed mechanistic questions were limited by protein 

size and flexibility.60,62 As such, researchers focused on the investigation of the minimal 

Dicer from Giardia and determining structures of individual Dicer domains. Due to its 

smaller size and lack of flexible helicase domain, Giardia Dicer enabled characterization of 

the functional core of Dicer (Platform-PAZ and RNase III) using X-ray crystallography.55 

This structure showed that not only was the PAZ domain responsible for binding to the 

3′ 2 nucleotide (nt) overhang of dsRNA but also a 65 Å distance between the PAZ and 

RNase III processing center matched the length of mature miRNA products of ~22–25 nt. 

This finding made it possible to propose a molecular model for how Dicer can precisely 

cleave dsRNA to a predetermined length in which the physical distance between the PAZ 

RNA-binding pocket and the catalytic residues in the RNase III domains act as a ruler 

for cleaving dsRNA. Nearly 8 years after this discovery, structural characterization of the 

Platform-PAZ-Connector domain using X-ray crystallography also revealed a 5′ phosphate 

binding pocket contained within the Platform domain adding additional insight into the 

Dicer cleavage mechanism.67 However, the lack of the helicase domain in Giardia Dicer 

and structural studies of only Dicer’s Platform-PAZ and RNase III domains made it difficult 

to understand how this essential helicase domain in hsDicer or Dicer-like species of higher 

complexity contributes to the cleavage of dsRNA.

Early attempts at studying full-length hsDicer to better characterize the helicase domain 

and additional noncatalytic domains were done in 2009 and 2012 using negative stain 

transmission electron microscopy (TEM).68,69 Although only reaching ~20 Å resolution, the 

structures showed that Dicer forms a L-shaped structure and provided an initial model for 

the structural organization of hsDicer. Later advancements in the field of cryo-EM, both 

instrumentation and computation, made it possible to determine structures of full-length 

Dicer from humans, Drosophila, and Arabidopsis at resolutions amenable for building 

molecular models despite its highly flexible nature.52–54,60,70,71 As a result, by the end 

of 2021, the first four full-length Dicer and Dicer-like structures were published with 

resolutions spanning 7 to 3.1 Å. These include structures of Drosophila Dicer-2,49 Apo-

hsDicer-TRBP complex,70 hsDicer-TRBP bound to pre-let-7 in a pre-cleavage state,70 

and a cleavage-competent structure of Arabidopsis Dicer-like-protein 3 (DCL3) bound 

to pre-siRNA.71 In addition to these structures, new structures continue to be reported 

including six Drosophila Dicer-1–Loquacious-PB (Loqs-PB) complex structures,52 six 

Drosophila Dicer-2–Loqs-PD complex54 structures, and two Drosophila Dicer-2–R2D2 

complex structures.53 The 14 Drosophila Dicer structures depict dmDicer-1 and dmDicer-2 

both apo- and in complex with dsRNA spanning a variety of conformational states. This 

quickly growing pool of structural knowledge has provided insight into the Drosophila Dicer 

mechanism, which is described later; however, in terms of human Dicer, our structural 

knowledge remains lagging.
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CRYO-EM STUDIES OF DROSOPHILA DICER-1 AND DICER-2 REVEAL 

STEPWISE MECHANISM

Unlike humans which only contain one copy of Dicer, Drosophila has evolved two copies 

of Dicer known as Dicer-1 and Dicer-2.26,43 As previously mentioned, these Dicer proteins 

differ in their ATP dependence with dmDicer-1 cleaving pre-miR substrates independent of 

ATP, while dmDicer-2 depends on ATP to cleave long dsRNA and discriminate between 

the dsRNA termini for specific cleavage.44,50,51,72 This functional duality is dependent 

on dmDicer’s helicase domain, but until very recently, we lacked structural insights to 

explain these activity differences. Using cryo-EM, multiple structures of dmDicer-152 and 

dmDicer-253,54 in a variety of conformational states have been determined ranging in 

resolution from 5 to 3 Å. Figure 4 outlines some of these structures in their proposed 

mechanistic sequence and compares this structural information to what is currently available 

in regard to hsDicer. Missing from Figure 4 are additional structures of dmDicer-1 in 

complex with Loqs-PB determined in the presence of Ca2+, as well as dmDicer-1 bound to 

dsRNA in an intermediate cleavage state,52 a dimer structure of dmDicer-2 in complex with 

Loqs-PD,54 and apoDmDicer-2 in complex with R2D2.53

In order to determine the structure of dmDicer-1 in complex with Loqs-PB bound to a 

pre-miR substrate, a pre-let-7 mimic was used in which the stem region was perfectly 

base-paired.52 This artificially increased the stability of the RNA substrate in order to 

capture snapshots of dmDicer-1 in a variety of conformational states. In addition to this 

pre-let-7 mimic, Ca2+ and Mg2+ ions were used to capture structures of dmDicer-1 in apo- 

and active states, respectively.52 To enable the active dicing (cleavage-competent) state, 

an additional step of heating the Dicer-RNA sample for 5 min at 25 °C was performed 

before vitrification.52 These additional steps, and the use of a highly stable pre-let-7 

substrate, allowed for the determination of dmDicer-1 in a cleavage-competent, cleavage 

intermediate with one RNA strand cleaved and post-cleavage-competent conformations. The 

apo-, cleavage-competent, and post-cleavage states are shown in Figure 4. Since dmDicer-1 

is ATP independent, there are no translocation conformations since that activity is dependent 

on ATP hydrolysis.

The dmDicer-1 structures present new information regarding the structural basis for 

dmDicer-1 activity and its interactions with a pre-miR. Based on these structures, the 

authors suggest that, when not bound to dsRNA, the Platform-PAZ is dynamic which would 

contribute to the observed lower resolution and loss in density in the EM maps. dmDicer-1 

is depicted in cleavage-competent and post-cleavage conformations that seemingly show 

minimal conformational changes in the helicase domain (Figure 4). These results are 

surprising when compared to available structures for dmDicer-2 in which there is a large 

conformational change occurring in the helicase domain moving from an apo- to cleavage-

component state (Figure 4). Large conformational changes in the helicase domain have 

also been reported in cleavage-competent cryo-EM structures of a 3.1 Å DCL3–pre-siRNA 

complex71 and a recent 6.2 Å mouse Dicer–pre-miR-15a complex.73 Thus, the dmDicer-1 

structure suggests that, at least in Drosophila, Dicer may perform its cleavage reactions 

through an alternative mechanism that is not as strongly dependent on conformational 
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changes in the helicase domain. However, further work is needed using a native pre-miR 

substrate that has not been modified to determine if these conformational states are 

biologically relevant.

In contrast to dmDicer-1, which is known to primarily process pre-miRs, dmDicer-2 has an 

alternative function in processing long dsRNA through the utilization of its ATP-dependent 

helicase domain.51,74 Structures of dmDicer2 in complex with Loqs-PD bound to a 50 base 

pair (bp) dsRNA were determined using a catalytically inactive dmDicer-2 mutant (D1217N/

D1476N).54 The use of this dmDicer2 mutant, in addition to assembling components in 

the presence or absence of ATP, resulted in the structural determination of dmDicer-2–

Loqs-PD in complex with a 50 bp dsRNA in early translocation, midtranslocation, 

cleavage-competent, and post-cleavage conformations (Figure 4).54 These structures directly 

support previous midresolution 7 Å dmDicer-2 structures49 and transient kinetic studies 

that characterize the importance of ATP for translocation activity.50,51,75–78 Additionally, 

separate structural studies of dmDicer-2 bound to R2D2 in complex with siRNA revealed 

structural information for a strand selection/transfer conformation (Figure 4).53 Together, 

these structures depict a nearly complete stepwise mechanism for dmDicer-2 ATP-dependent 

activity. However, while these structures may suggest that we have learned all we can about 

dmDicer-2, a unique dmDicer-2 dimer which is not shown in Figure 4 was also determined, 

revealing that, in the absence of ATP, dmDicer-2 dimerizes to form an initial binding 

complex with dsRNA.54 This type of Dicer dimerization has not been previously reported 

and, even more interestingly, involves an interface at the RNase IIIA insert typically thought 

to function in Ago2 binding in hsDicer.57 As a result, this structural discovery introduces 

new questions regarding the biological importance of this dimerization and what additional 

binding or mechanistic roles the RNase IIIA insert may play.

As more studies continue to advance our structural knowledge of Dicer, it is important to 

focus on the key questions that remain to be answered. These include filling in the missing 

structural conformations of hsDicer (Figure 4), uncovering what activates Dicer’s transition 

from the pre-cleavage to cleavage state, and probing the structural differences of Dicer 

when bound to a variety of pre-miR and non-pre-miRNA substrates.56,79 As seen in the 

dmDicer-1 and dmDicer-2 structures, the RNA substrate used can have a major impact on 

the structural state. As a result, it is important to recognize that current structural studies 

of hsDicer only depict structures in the presence of a pre-miR substrate. Moving forward, 

designing structural experiments that contain both pre-miR and nonpre-miR substrates will 

help us to better understand and model hsDicer’s versatile function(s). Additionally, further 

characterization of the noncatalytic domains and regions of Dicer is needed to determine if 

they have additional functions outside of Dicer cleavage activity. In response, the following 

sections focus on presenting what is known and unknown about hsDicer, as well as how 

we can utilize currently available Dicer and Dicer-like structures to propose a hypothetical 

model to explain the hsDicer mechanism-of-action.

OVERVIEW OF HUMAN DICER DOMAINS AND FUNCTIONS

Despite the structural gaps in our knowledge of hsDicer, years of functional studies have 

given us insight into the individual domains of Dicer and their impact on activity.5,17,80,81 
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Dicer plays a major role in multiple RNAi pathways, and its sequence is highly conserved 

across eukaryotes with many species containing more than one copy of Dicer, each 

with divergent functions.17,80–82 HsDicer contains an N-terminal DRA helicase domain 

consisting of 3 subdomains: Hel1, Hel2i, and, Hel2. This is followed by a pincer domain, a 

DUF283 domain, a Platform-PAZ-connector helix (PPC) domain, a large unknown region, 

two RNase III domains (RNase IIIA and RNase IIIB), and a C-terminal dsRBD (Figure 

2). The structural organization of these domains is shown in Figure 5A modeled from the 

4.4 Å structure of the apo-Dicer-TRBP complex determined via cryo-EM.70 This model 

depicts the characteristic L-shaped architecture of hsDicer with the N-terminal helicase 

domain forming the bottom of the overall L-shape. The pincer domain connects the helicase 

domain to DUF283, and from there, the linker between DUF283 and the PPC domains, 

which is missing in this structure, is postulated to connect the N-terminus of the enzyme 

to the top PPC domain. The PPC domain anchors the top of the enzyme and contains a 

unique Dicer-specific α-helix that is not found in homologous PAZ domains such as that in 

Ago2.67,83 Finally, there is an unknown region that connects the PPC from the connector 

helix to the RNase IIIA and IIIB processing center in the middle of the enzyme and dsRBD 

at the C-terminus. While the function of this unknown region has yet to be fully determined, 

recent cryo-EM structures of dmDicer-253,54 have given us some insight into its structural 

purpose but this region remains unseen in cryo-EM structures of hsDicer.70 The RNase III, 

PPC, and helicase have been determined to be the primary domains facilitating the binding 

and cleavage of RNA substrates.34,55,67 In the following section, we discuss what is known 

about these major functional domains, as well as what remains to be characterized.

RNase III DOMAINS

The RNase III domain is the defining catalytic domain for all RNase III family enzymes. 

Mechanistically, each RNase III domain cleaves dsRNA substrates through the coordination 

of two divalent Mg2+ ions.84 This coordination is used to catalyze the hydrolysis of a 

phosphodiester bond within each strand of the dsRNA. A network of acidic amino acids 

found within the RNase III domains are key to stabilizing Mg2+ coordination. In hsDicer, 

these residues are E1316, D1320, D1561, and E1564 within the RNase IIIA domain and 

E1705, D1709, D1810, and E1813 within the RNase IIIB domain (Figure 5B).70,81 A 

proposed model for Mg2+ ion coordination by key metal-binding residues in RNase IIIB 

is shown in Figure 5B with D1709 and D1813 coordinating one Mg2+ and E1705, D1810, 

and D1813 binding to the second Mg2+.17,34,71 In the absence of Mg2+, Dicer is unable 

to perform its cleavage reaction. In fact, studies have shown that the replacement of Mg2+ 

with Ca2+ can have an inhibitory effect on Dicer cleavage activity.84,85 As such, Ca2+ is 

often used to study binding affinity in the absence of a chelating agent, such as EDTA, 

to avoid any unwanted cleavage reaction. Recent structural studies have also utilized the 

inhibitory effect of replacing Mg2+ for Ca2+ in the RNase III active site as an approach 

for determining Dicer and Drosha structures bound to their respective uncleaved pre- and 

pri-miRNA substrates.39,70 However, while this eliminates unwanted substrate cleavage, 

the effects of ion replacement on RNA substrate stability are not well understood.86,87 

Structural methods that focus on profiling inactivating mutations, such as those used to 
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characterized dmDicer-2,54 rather than ion replacement may offer a more accurate depiction 

of pre-cleavage RNA–protein interactions.

Taking a closer look at the interplay between the RNase IIIA and RNase IIIB domains, 

biochemical studies have shown that these domains can act independently of each other.88 

Class II and Class III enzymes differentiate the cleavage reactions associated with each 

domain so that the RNase IIIA and RNase IIIB domains cleave the 3P and 5P miRNA 

strands, respectively.88–90 Mutations that change the metal-binding amino acid residue 

D1709 in the RNase IIIB domain cause significant negative effects on 5P strand processing 

leading to a 3P strand bias.88,91 Additionally, mutations at the remaining metal-binding 

residues within the RNase IIIB domain also lead to a decrease in 5P strand processing but 

not to the same severity as the D1709 mutation.88 Mutations in the RNase IIIB domain, 

collectively termed Dicer hotspot mutations (E1705, D1709, D1810, and E1813, Figures 

5B and 6),91 are associated with Dicer-related disease onset and an increased risk for 

developing tumors in the lungs, kidneys, ovaries, thyroid, and several other organs in the 

human body.92–94 Often referred to as DICER1 Syndrome, this genetic disorder is linked 

to a loss of 5P strand processing.91,94–96 Disease-associated mutations that cause a loss 

in the processing of both strands are also common, but mutations that primarily affect 3P 

strand processing have currently not been linked to the disease.91,97,98 Some examples of 

disease-associated Dicer mutations that have been shown to affect Dicer processing but are 

not located in the RNase IIIB domain are S1344L, L881P, and S839F (Figure 6).97–103 

These mutations are located within the RNase IIIA domain, the Platform domain, and the 

PAZ domain, respectively. With respect to the mechanism-of-action of these mutations, the 

RNase IIIA mutant S1344L is predicted to affect Mg2+ coordination within the RNase IIIB 

domain and impact 5P strand processing similar to the Dicer hotspot mutations despite its 

association within the RNase IIIA domain.99 In contrast, the disease-associated mutations 

L881P and S839F located in the Platform-PAZ domains are located away from both the 

catalytic site and any binding sites.97,98 As such, these mutations have no direct basis 

for affecting Dicer processing but have been shown to decrease both 5P and 3P strand 

processing.97,98 Interesting, a mutation at R944 was also identified in patients but did not 

result in the development of a disease phenotype despite its close proximity to the RNA 

binding pockets.99 Further research, both biochemical and structural, is needed to better 

understand how mutations in domains not directly associated with the RNA processing 

center of the protein alter Dicer processing of both RNA strands and whether changes in 

Dicer cleavage activity may vary depending on which RNA substrate is being cleaved.

PLATFORM-PAZ-CONNECTOR DOMAIN

Following Drosha processing, the pre-miRNA substrate contains a 3′ 2nt overhang along 

with a phosphorylated 5′ end, which are required for recognition by hsDicer, specifically its 

PAZ and Platform domains, respectively (Figure 5C).42,48,55,67 Within the PAZ domain, the 

amino acid residues R937, Y936, Y971, Y972, and Y976 form the 3′ 2nt overhang binding 

pocket. The 5′ phosphate binding pocket, in contrast, is contained primarily within the 

Platform domain and consists of residues R788, R790, R821, and H992.41,67,70,104 Of note, 

the residue assignments shown in Figure 5C are based on the sequence reported from the 

cryo-EM apo-Dicer-TRBP complex structure,70 which is notably 10 amino acids off from 
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the original PPC crystal structure (PDB: 4NGG).67 The importance of these binding pockets 

has been further explored through biochemical and mutational studies, demonstrating their 

significance in enabling Dicer’s ability to bind to RNA and initiate the cleavage reaction.67

Compared across species, the Platform-PAZ and RNase III domains are considered the 

functional core of Dicer-type enzymes since these domains are present in the minimal 

Dicer found in Giardia and are highly conserved among eukaryotes.26,55 The presence of 

the Platform-PAZ domain allows Dicer to accurately cleave RNA substrates to a precise, 

predetermined length. Deletion of this domain leads to indiscriminate cleavage resulting 

in the production of miRNAs of varying lengths, thereby affecting downstream mRNA 

targeting.42,105 It is still not fully understood what precise features of Dicer and/or RNA 

define the substrate length; however, accepted models are that the enzyme uses RNA-

binding interactions in the Platform-PAZ and/or helicase domain to determine sites of 

cleavage (Figure 7).48,55,79

The Dicer counting rule generally refers to the physical distance between RNA binding 

pockets and the RNase III catalytic residues. These cleavage counting rules are the 3′ 
counting rule, 5′ counting rule, and loop counting rule (Figure 7).48,49,55,79 In the proposed 

3′ counting rule, Dicer measures from the 3′ 2-nt overhang of the RNA substrate toward 

the loop region cleaving at a length of ~22 nt; while in the 5′ counting rule, the counting 

to determine the cleavage site starts from the 5′ phosphate (Figure 7A).42,79 In the loop 

counting rule, Dicer uses the single-stranded regions of the RNA substrate, either an internal 

bulge or terminal hairpin loop, to anchor the cleavage site 2 nt upstream of this region 

(Figure 7B).48,79,90 Recent studies using an in vivo click selective 2′-hydroxyl acylation 

and profiling experiment and mutational profiling (icSHAPE-MaP) surveyed the structural 

landscape of hsDicer substrates to determine if structural features associated with the RNA 

substrate determine which counting rule hsDicer employs to measure cleavage product 

length.79 Interestingly, results from this study revealed that there is likely no one dominant 

counting rule “enforced” by hsDicer. Instead, in many cases, the factor determining where 

a substrate is cleaved and which counting rule is used depends upon the structural features 

of the RNA substrate. Indeed, recent studies have identified pH-dependent impacts on Dicer-

mediated processing of select miRNAs with nucleotide base mismatches and base flipping-

induced structural arrangements within the RNA stem region leading to different cleavage 

sites.106–108 These studies also suggest that the cleavage reactions performed by the RNase 

IIIA and IIIB domains may not occur simultaneously.79,88 As a result, two separate counting 

rules could be used to determine the cleavage sites for the 5P and 3P strands.79 This 

cleavage versatility can act as an additional mechanism that Dicer uses to distinguish 

between RNA substrates, as well as determine strand selection during RISC assembly. 

Furthermore, the interplay between Dicer binding at the Platform-PAZ and cleavage in the 

RNase III domains may be more closely linked than previously thought. As previously 

mentioned, structural studies of dmDicer-152 revealed a high degree of flexibility in the 

Platform-PAZ domain, but similar conformational flexibility has not been observed for 

dmDicer-253,54 or hsDicer67,70 structures. However, transient kinetic studies of dmDicer-2 

do suggest that the Platform-PAZ domain may play a larger role in the initiation of cleavage 

and stabilization of RNA substrates.51 To understand the mechanisms for how cleavage 

sites are regulated and what additional functionals the Platform-PAZ domain might have in 
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hsDicer, additional kinetic and structural investigations that focus on the intermediate steps 

occurring during hsDicer processing are needed.

Lastly, one interesting feature of the hsDicer PAZ domain that has only begun to be explored 

is the Dicer-specific α-helix (DSH).67 This helix insertion, unique to the Dicer family, is 

notably absent from similar PAZ domains such as those found in other RNA processing 

enzymes like Ago2.27,83 In crystal structures of the Platform-PAZ, the DSH partially 

occupies the 5′ phosphate binding pocket when the RNA substrate is not fully bound.67 

The role of the DSH and why it is unique to Dicer is still being investigated, but structural 

studies of the Platform-PAZ domain and full-length hsDicer suggest conformational changes 

within the Platform-PAZ domain are needed in order to free the DSH from the 5′ phosphate 

binding pocket, thereby allowing the RNA substrate to fully enter and bind. A deeper 

exploration into this mechanism is described later in this Perspective.

HELICASE DOMAIN

The hsDicer DRA helicase domain also contributes to RNA-binding interaction as well 

as substrate unwinding45 and consists of 3 subdomains (Hel1, Hel2i, and Hel2) sharing 

high sequence identity to the super family 2 nucleic acid-dependent ATPase (SF2) helicase 

family.44–46 Unlike traditional RNA helicases, such as DExD/H-box helicases which are 

powered through ATP hydrolysis, DRAs rely on conformational changes that occur upon 

RNA binding to initiate RNA unwinding activity.45,109 This RNA-binding dependence 

is also reflected in the unique α-helical insertion domain (HEL2i) not found in other 

DExD/H-box helicases.110–113 However, not all Dicer helicase domains within the Class III 

RNase III family function independently of ATP. Furthermore, as shown in Figure 2 and 

as described in previous sections, ATP dependence, conformational flexibility, and substrate 

specificity within the helicase domain seems to vary among Dicer species. For instance, 

while cleavage-competent structures of dmDicer-1 depict minimal changes in the helicase 

domain, cleavage-competent structures of dmDicer-2, DCL3, and mouse Dicer show 

significant conformational changes in the helicase domain. What is most interesting about 

these differences is the fact that those structures showing large conformational changes in 

the helicase domain are not directly related to if the helicase domain is ATP dependent. 

Both DCL3 and mouse Dicer have ATP-independent helicase domains and yet share more 

structural similarities to the ATP-dependent dmDicer-2 than the ATP-independent Dicer-1. 

It remains to be determined if hsDicer shares more similarity to dmDicer-1 or dmDicer-2; 

however, based on current structural information, it can be inferred that hsDicer may present 

more similar conformational changes to those seen for DCL3 and mouse Dicer.

Adding even more complexity, hsDicer also functions in the binding and cleavage of a 

variety of RNA substrates outside of the RNAi pathway.56,79,114–117 Studies have shown 

that hsDicer and ceDicer are capable of actively cleaving non-pre-miR substrates such 

as tRNA and small nucleolar (snoRNA), as well as passively binding mRNA and long 

noncoding (lncRNA) with no cleavage activity.56 Whether the binding and cleavage of 

these alternative substrates is ATP dependent or if these interactions may induce a different 

conformational state than the ones previously determined is currently unknown. Structural 

and functional studies using a variety of small RNA substrates would aid the determination 
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of what RNA-dependent factors may dictate ATP dependence, as well as substrate specific 

recognition, cleavage, and conformational changes. The diverse functionality of the Dicer 

helicase domain seems to contribute to the enzyme’s substrate specificity, but there is 

still much to be learned with respect to the variability of Dicer ATP dependence. Current 

structures of hsDicer and mouse Dicer lack the resolution needed to accurately characterize 

and model the helicase domain to develop a molecular model of how substrate selection 

occurs.118 As a result, models of helicase function rely on structural studies of homologous 

domains in RIG-1 and MDA5;46,111,112 however, these structures are unable to provide 

information regarding how conformational changes that may occur in the helicase domain 

can affect other domains within hsDicer. To answer these questions, mutational studies of 

the helicase domain within the context of the full-length hsDicer are needed to identify key 

functional residues. An ideal place to begin these studies would be within the pincer region 

which is unique to the SF2 helicase family and has been shown to play an important role in 

conformational movement for the homologous helicase RIG-1.47,48,111,119 An added benefit 

of these types of mutational studies would be providing additional targets for structural 

analysis that could aid in “locking” Dicer in different intermediate states that are normally 

quickly transitioned through during RNA processing. This would ideally help to better 

resolve missing regions that are not visible in current structures and improve the overall 

resolution of hsDicer structural intermediates, making it easier to build more precise models.

INFERRING HUMAN DICER MECHANISM, CLEAVAGE ACTIVATION, AND 

PRODUCT RELEASE

Transitioning from the functional information gained from studying the individual hsDicer 

domains, it was not until 2018 that the first full-length structures of hsDicer, both unbound 

and bound to a pre-miRNA substrate, pre-let-7, reached resolutions enabling molecular 

modeling of the secondary structure.70 From the structure of the apo-hsDicer-TRBP 

complex, the major hsDicer domains were modeled using previously reported crystal and 

homology-based models;70 however, there was no density for the RNase IIIA domain 

insert containing the Ago2 minimal binding motif and the connecting domain between the 

Platform-PAZ and RNase IIIA. To determine the structure of the hDicer-TRBP-pre-let-7 

complex, Ca2+ was used as an ion replacement for Mg2+ to prevent unwanted RNA 

processing.70,84 Interestingly, the subsequent structure of the hsDicer-pre-miRNA complex 

reflected a pre-cleavage state with the RNA extended away from the catalytic core (Figure 

8). Furthermore, this complex showed the 5′ end of the RNA nearly 15 Å away from its 

proposed binding pocket, suggesting incomplete binding to the Platform domain (Figure 

9C). This finding suggests that an additional step might be needed to activate hsDicer and 

its transition into a cleavage-competent state. Yet, lack of high-resolution information and 

missing density in the map for the helicase domain hinders interpretation of how hsDicer 

binds and interacts with the hairpin loop region of the RNA. While the hsDicer-TRBP 

complex structures are the first examples of visualizing the 3D organization of full-length 

hsDicer at resolutions possible to recognize secondary structural information in specific 

domains, how hsDicer interacts with pre-miRNA in the helicase domain and what additional 

conformational changes take place to initiate the cleavage reaction remain unknown (Figure 

4).
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Following these structural studies, in 2021, a 3.1 Å structure of Arabidopsis (plant) DCL3 

was determined using cryo-EM. This study described the first cleavage-competent structure 

of Dicer bound to a dsRNA substrate at a resolution appropriate for building a detailed 

molecular model.71 Structures of DCL1 bound to pre-siRNA and pre-miRNA were also 

determined during this time but at lower resolutions (4.6 and 4.9 Å, respectively).120 The 

quality of the 3.1 Å DCL3-pre-siRNA complex density map allowed for de novo model 

building of Dicer and the RNA substrate, revealing for the first time the direct amino 

acid interactions of Dicer with the RNA substrate.71 In order to prepare a stable DCL3-pre-

siRNA complex, Mg2+ was replaced with Ca2+ to mitigate unwanted RNA processing, 

and an additional cross-linking step was performed before vitrification to promote locking 

the enzyme in a cleavage-competent conformation.71,121 A similar protocol was followed 

to determine a 3.7 Å structure of the Drosha-DGCR8 complex bound to a pri-miRNA 

in a fully docked conformation using cryo-EM.39 Despite its significance, there are still 

major domains missing from the DCL3 structure (Figure 8). Again, density for the helicase 

domain was not well resolved in the EM map and is blurred in the 2D class averages. As 

mentioned previously, a 6.2 Å cryo-EM structure of mouse Dicer bound to pre-miR-15a 

in a cleavage-competent conformation also showed a loss in density within the helicase 

domain and has a similar overall structure compared to DCL3.73,109 This lack of density 

for the helicase domain in multiple cryo-EM structures from multiple organisms suggests 

extensive flexibility in this domain and/or that a large conformational change occurs in this 

region during the cleavage process. More work remains to find ways to stabilize the helicase 

domain in the cleavage-competent state.

By comparing the structures of hsDicer and DCL3, we can start to propose a mechanism 

for understanding and explaining hsDicer function. We focus on DLC3 rather than the 

other structures of Dicer due to its overall structurally similarity to the cleavage-competent 

mouse Dicer cryo-EM structure73 and since DLC3 contains an ATP-independent helicase.71 

Furthermore, while the mouse Dicer shares far more similarities in size and sequence to 

hsDicer,32,122 at 3.1 Å, the DCL3-siRNA cleavage-competent structure gives us much more 

structural information to learn from compared to the 6.2 Å mouse Dicer structure. Lastly, it 

should be noted that both the DCL3 and mouse Dicer structures are lacking EM density for 

the helicase domain in their cleavage-competent conformations, making it difficult to infer 

the mechanism for cleavage activation from this structural information alone. Therefore, we 

focused these comparisons around subtle changes in Platform-PAZ domain, specifically in 

reference to the Dicer-specific α-helix (DSH). As shown in Figure 9, in transitioning from 

the pre-cleavage to cleavage-competent state, the DSH loses its overall α-helical structure 

and becomes disordered. In previous X-ray crystallographic studies of the Platform-PAZ 

bound to siRNA substrates, the DSH was found to separate the two RNA-binding pockets 

and orient the bound siRNA away from Dicer.67 A subset of the structures revealed a second 

conformation in which this DSH was disordered with the bound siRNA aligned toward 

Dicer (PDB: 4NHA).67 These studies categorized the ordered and disordered DSH structures 

as product release/transfer and cleavage-competent complexes, respectively.

Since these X-ray crystallographic studies focused solely on a single domain (e.g., PPC), 

it is difficult to determine the purpose of this order-to-disorder transition; however, now 

observing a similar structural change within the context of full-length Dicer and Dicer-like 
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structures, a model explaining the importance of this ordered-to-disordered change can be 

developed. In both cleavage-competent structures, the DSH is disordered with the RNA 

substrate ideally positioned for cleavage. When the DSH becomes ordered, as shown in 

the pre-cleavage hsDicer and proposed Platform-PAZ release/transfer structures,67 the DSH 

occupies the space between the 3′ and 5′ RNA binding pockets inhibiting binding of 

the 5′ phosphate. Using these structures as a guide, we propose that the transition from 

pre-cleavage to cleavage-competent and product release/transfer states is dependent upon the 

structural order and position of the DSH. This proposed transition state mechanism suggests 

a release of the 5′ phosphate associated with the 5P strand but retention of the 3′ overhang 

of the 3P strand in the pre-cleavage state in which the DSH is still structured. Upon 

binding within the 5′ phosphate pocket, the DSH denatures allowing for complete phosphate 

binding and transition to a cleavage-competent state. After the cleavage reaction and once 

the product is ready for release, the DSH reoccupies the 5′ pocket and kicks out the 5′ 
phosphate group of the 5P strand. Overall, this comparison suggests that the DSH plays a 

role in priming and releasing RNA substrates; however, further structural studies to isolate 

a cleavage-competent conformation of hsDicer and functional studies determining how the 

DSH might affect product release are needed to better model this proposed mechanism.

CONCLUSIONS

While the structures described above have provided essential molecular models that make 

it possible for the first time to propose detailed models for dmDicer-1 and dmDicer-2 

functions, key questions still remain regarding hsDicer. These include how the various 

domains function in the context of the holoenzyme before, during, and after the cleavage 

reaction. Most notably, current structures of hsDicer have yet to be able to resolve the 

helicase domain or the various conformational changes likely required for initiating binding 

and cleavage of RNA substrates. To date, there is only one partial crystal structure of 

HEL2i bound to one of the dsRBD of TRBP, and much of what we know about the human 

helicase domain is due to extrapolating from homologous protein structures.47,111,113,118 

Furthermore, structures of the RNase III domains have focused primarily on studying a 

homodimer between RNase IIIB domains, giving us limited understanding of the RNase 

IIIA domain and its Ago2 minimal binding motif. Answering these questions and aiming to 

resolve intermediate states of hsDicer bound to a variety of RNA substrates are necessary 

to generate a detailed model of hsDicer function, including how the enzyme chooses and 

processes various RNA substrates. Until then, we will continue to struggle in defining 

hsDicer RNA specificity and ways in which this process can be controlled. However, once 

we have made such breakthroughs, a new and exciting route toward the development 

of miRNA-targeted therapeutics will be introduced. From there, structure-guided drug 

discovery can be deployed to target critical regulatory regions of the Dicer family to 

therapeutically manipulate gene silencing mechanisms for the treatment of diseases.
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Figure 1. 
Canonical miRNA biogenesis pathway highlighting the processing steps carried out by 

Drosha and Dicer. The 5P and 3P strands of microRNA are shown in dark blue and 

light blue, respectively, while the red arrows indicate the sites of cleavage. Purple and 

pink represent the 50S and 30S ribosome with additional proteins recruited for translation 

inhibition by RISC shown in orange, royal blue, and green. The 7-methlyguanosine 5′ 
mRNA cap is represented by an orange circle with the letter “G”, while the 3′ poly(A) tail is 

shown as a green circle with the letter “A”.
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Figure 2. 
Domain organization and distribution of the Class I, II, and III RNase III family of enzymes. 

Ec – E. coli; Aa – A. aeolicus; Sc – S. cerevisiae; Hs – Human; Dm – Drosophila; Gi – 

Giardia; Ce – C. elegans; At – Arabidopsis.
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Figure 3. 
Timeline of major findings that have expanded the understanding of the structural 

organization of Dicer. Significant advances that contributed to new information regarding 

full-length Dicer and Dicer-like structures are shown in red with their corresponding 

resolutions.
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Figure 4. 
Mechanistic insights into Drosophila and human Dicer through cryo-EM structural studies. 

Molecular models built from either EM density maps or predicted from AlphaFold* 

are organized into their proposed mechanistic sequence. The RNA substrates for human 

Dicer, dmDicer-2, and dmDicer-1 are colored blue, orange, and purple, respectively. 

Conformations yet to be structurally characterized are left as black outlines. Conformational 

states that are ATP dependent are only shown for dmDicer-2 (PDBs for Apo-hsDicer: 

5ZAK; dmDicer-2: 7W0B; dmDicer-1: 8DG1; Early Translocation dmDicer-2: 7W0C; 

Midtranslocation dmDicer-2: 7W0D; Pre-Cleavage hsDicer: 5ZAL; Cleavage-Competent 

dmDicer-2: 7W0E; dmDicer-1: 8DG5; Post-cleavage dmDicer-2: 7W0F; dmDicer-1: 8DGA; 

Strand Release/Transfer dmDicer-2: 7V6C).
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Figure 5. 
Structural model of human Dicer. (A) Structural overview modeled from a 4.4 Å cryo-EM 

structure. Domain organization and color code used for labeling the domains from the N- 

to C-termini are also shown at the bottom. Dashed panels are zoomed-in views of the 

(B) RNase III processing center and (C) major binding pockets within the Platform-PAZ 

domains with key amino acids highlighted. A cartoon representation of RNA binding within 

the 3′ 2 nt overhang and 5′ phosphate binding pockets is depicted in the bottom right panel 

in (C). (PDB: 5ZAK).
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Figure 6. 
3D structural representation of disease-associated Dicer mutation and their locations relative 

to major binding and catalytic sites. Key residues are highlighted including metal binding 

residues (D1709, E1705, D1810, and E1813 within the RNase IIIB domain catalytic core), 

S1344 located within the RNase IIIA domain catalytic core, and Platform-PAZ domain 

mutants (S839, L881, and R944) (PDB: 5ZAK).
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Figure 7. 
Dicer cleavage counting rules. (A) 5′ and 3′ counting rules determined by RNA binding 

within the Platform (light blue) and PAZ (dark blue) domains, respectively. (B) Loop 

counting rule determined by binding within the helicase domain (green). Approximate sites 

of cleavage are represented by red arrows.
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Figure 8. 
Structural comparison of cryo-EM densities for the hsDicer pre-cleavage state and DCL3 

cleavage-competent state. An overview of domain organization and color code for each 

protein is shown above. Region/domains missing density are shown in light gray in the 

domain organization and are represented by dashed lines in the EM structures. For both 

EM structures, the individual RNA strands are colored gray and dark gray (EMBD: 

hsDicer-6905; DCL3-31963).
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Figure 9. 
Overview of the major structural differences between the (A) hsDicer pre-cleavage complex 

and (B) DCL3 cleavage-competent complex cryo-EM structures. Outlined in black is the 

Dicer-specific α-helix which has a notable structural change from structured to unstructured 

within the transition between states. (C) Significant binding interactions occurring in the 

pre-cleavage structure with a red circle indicating the absence of complete binding by the 

pre-miRNA substrate in the Platform domain. (D) Zoomed in view of the catalytic core 

of DCL3 with Ca2+ bridging the contact between the RNase III domains and pre-siRNA 

substrate (PDB: hsDicer, 5ZAL; DCL3, 7VG2).
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