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Dicer is an RNase III enzyme that is responsible for the maturation of small RNAs such as 

microRNAs. As Dicer’s cleavage products play key roles in promoting cellular homeostasis 

through the fine-tuning of gene expression, dysregulation of Dicer activity can lead to several 

human diseases, including cancers. Mutations in Dicer have been found to induce tumorigenesis 

and lead to the development of a rare pleiotropic tumor predisposition syndrome found in 

children and young adults called DICER1 syndrome. These patients harbor germline and 

somatic mutations in Dicer that lead to defective microRNA processing and activity. While most 

mutations occur within Dicer’s catalytic RNase III domains, alterations within the Platform-PAZ 

(Piwi-Argonaute-Zwille) domain also cause loss of microRNA production. Using a combination 

of in vitro biochemical and cellular studies, we characterized the effect of disease-relevant 

Platform-PAZ-associated mutations on the processing of a well-studied oncogenic microRNA, 

pre-microRNA-21. We then compared these results to those of a representative from another 

Dicer substrate class, the small nucleolar RNA, snord37. From this analysis, we provide evidence 

that mutations within the Platform-PAZ domain result in differential impacts on RNA binding 

and processing, adding new insights into the complexities of Dicer processing of small RNA 

substrates.

Graphical Abstract

The RNase III endoribonuclease Dicer, which recognizes and cleaves double-stranded RNA 

(dsRNA), is an essential enzyme in the RNA interference (RNAi) pathway and in the 

maturation of microRNAs (miRNAs or miRs).1 MiRNAs are single-stranded, noncoding 

RNAs that are ~22 nucleotides (nt) in length that function in the regulation of protein-coding 

genes via post-transcriptional silencing of mRNA translation.2 Expression and biogenesis of 

miRNA are tightly controlled through a multiprotein pathway with Dicer playing a central 

role in the final maturation step.1,3,4 Starting in the nucleus, a miRNA is first transcribed 
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by RNA polymerase II to produce a primary miRNA (pri-miRNA), which is subsequently 

recognized by the Microprocessor complex comprised of the RNase III enzyme Drosha and 

its cofactor DiGeorge syndrome critical region gene 8 (DGCR8). This complex cleaves the 

flanking regions of the pri-miRNA to excise a hairpin loop precursor miRNA (pre-miRNA) 

with a 2-nt overhang on the end of the 3′ (3P) strand and a phosphorylated 5′ (5P) 

strand. Following export to the cytoplasm by Exportin 5, the pre-miRNA is recognized 

by Dicer and its cofactor, transactivation response element RNA-binding protein (TRBP), 

for the final maturation step. Dicer performs this cleavage reaction through the work of 

its Mg2+-dependent RNase III domains, RNase IIIA and RNase IIIB.1 Interestingly, these 

RNase III domains act independently with the RNase IIIA domain cleaving the 3P strand 

and the RNase IIIB domain in control of 5P strand processing.5 The result of these cleavage 

events leads to removal of the loop region of the pre-miRNA and production of a mature 

miRNA duplex. A single strand from this duplex is then loaded into Argonaute 2 (Ago2) to 

form the RNA-induced silencing complex (RISC), which uses the loaded miRNA to target 

mRNAs on the basis of their complementarity to the miRNA seed sequence.1,2

Because miRNAs regulate a diverse pool of transcripts and, thus, biological processes, 

dysregulation of miRNA function, sequence integrity, and/or expression level can lead to 

a variety of diseases.2,6 In particular, alterations of the cleavage activity of Dicer, through 

either mutation or changes in expression, directly impact miRNA maturation, ultimately 

leading to tumor development.7,8 Loss-of-function mutations in Dicer have been shown 

to be recurrent across many cancer types.7-11 Indeed, analyses of human sequencing data 

have revealed that the prevalence of pathogenic variations in Dicer is more common than 

would be anticipated: 1:10600 in the general population and 1:4600 in cancer patients from 

The Cancer Genome Atlas (TCGA).9,12 Mutations are primarily found in metal-binding 

RNase IIIB domain residues (E1705, D1709, D1810, and E1813), leading to a strand bias 

in pre-miRNA processing from 5P to 3P.13-15 As most mature miRNAs are active as the 

5P strand,2 RNase IIIB domain mutation results in severe impairment of miRNA biogenesis 

and activity, including a loss of miRNAs that function as tumor suppressors such as let-7 

and miR-15/16.10,16 Accordingly, expression of Dicer RNase IIIB mutants in Dicer-null cell 

lines can induce oncogenic transformation and promote cell proliferation.17,18

While mutation of Dicer has been observed across many cancers, the earliest studies of 

Dicer mutant cancers emerged from the discovery of a rare pleiotropic tumor predisposition 

syndrome found in children and young adults called DICER1 syndrome, in which the 

patients harbor germline and somatic mutations in Dicer that lead to defective miRNA 

processing and activity.7,8,10,13,19,20 On the basis of the diverse array of miRNA activities 

throughout human tissues, patients with DICER1 syndrome exhibit multiple pathologic 

and oncogenic phenotypes. Some of the common cancers found in these patients include 

pleuropulmonary blastoma (PPB),14,21,22 gynecologic tumors such as ovarian Sertoli-Leydig 

cell tumors23 and cervical embryonal rhabdomyoscarcoma,24 cystic nephroma,25 etc.7,8,19 

While most disease-associated Dicer mutations occur within the catalytic core and affect 5P 

strand processing via disruption of Mg2+ coordination, Dicer mutations in the Platform-PAZ 

(Piwi-Argonaute-Zwille) domain have also been shown to alter miRNA maturation and lead 

to the development of disease phenotypes, although the mechanisms for how they disrupt 

Dicer activity are not well understood.7
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The Platform-PAZ domain plays an important role in substrate recognition as it contains 

binding pockets for both the 3′ 2-nt overhang and 5′ phosphate of a pre-miRNA 

substrate.1,26-28 Disruption of the residues associated with these binding pockets directly 

affects the binding affinity of Dicer for pre-miRNAs and its ability to produce mature 

miRNAs of an appropriate length.5,27,28 Interestingly, some Platform-PAZ domain disease 

mutations are not located within the substrate-binding pockets, and unlike disease mutations 

found in the RNase III domains, preliminary studies have demonstrated that these mutations 

impact Dicer’s ability to cleave both 5P and 3P strands.7,29 Thus, we became interested in 

further examining the functional impact of disease-associated mutations within the Platform-

PAZ domain, and herein, we describe our efforts to characterize select mutants using a 

combination of in vitro biochemical analyses and cellular studies.

MATERIALS AND METHODS

Plasmids.

The pCAGGS-Flag-hsDicer plasmid used for expression was a gift from P. Sharp 

(Addgene plasmid 41584; http://n2t.net/addgene:41584; RRID:Addgene 41584). To obtain 

the mutant Dicer constructs, site-directed mutagenesis was carried out by GenScript 

(Piscataway NJ). Mutations were confirmed by sequencing (forward primer, 5′-GGAAT-

GGTTTTAACTACACC-3′; reverse primer, 5′-CCCCT-TCTGATTCAAATGTC-3′).

Recombinant Dicer Cell Culture and Transfection.

Expi293 cells were cultured in suspension with Expi293 expression medium in a humidified 

orbital shaker (120 rpm) at 37 °C with 8% CO2. Expression plasmids pCAGGS-Flag-hs WT 

and mutant Dicer constructs were transiently transfected into Expi293F cells according to 

the manufacturer’s instructions. Briefly, Expi293F cells at a density of 3 × 106 viable cells 

per milliliter were transfected with expression plasmids complexed with ExpiFectamine 

293 transfection reagent (Thermo Fisher Scientific). One day after transfection (~18–22 h), 

the cells were supplemented with a cocktail of transfection enhancers (ExpiFectamine 293 

transfection enhancer 1 and enhancer 2). Then, the cultures were incubated for 4 days, cells 

pelleted gently by centrifugation, and pellets stored at −80 °C for protein purification.

Recombinant Dicer Purification.

N-Terminally Flag-tagged hsDicer1 and hsDicer1 mutants were purified from Expi293F 

cells transiently transfected with pCAGGS-Flag-hs WT or mutant Dicer constructs. The 

pelleted cell samples were resuspended in 5 pellet volumes of lysis buffer [20 mM Tris (pH 

7.4), 150 mM NaCl, 10% glycerol, 1% NP-40, and 0.5 mM tris(2-carboxyethyl)phosphine 

(TCEP) containing an EDTA-free protease inhibitor mixture (Roche)] and lysed by being 

gently rocked at 4 °C for 45 min. Insoluble material was pelleted by centrifugation at 

20000g for 20 min, and the supernatant solution was applied to 250 μL (packed) of anti-

FLAG M2 affinity gel (Sigma) in a 15 mL Falcon tube and incubated at 4 °C for 4 h while 

being gently rocked. After batch binding for 4 h, the resin was pelleted by centrifugation at 

500g for 5 min and washed by being resuspended in 5 mL of wash buffer [50 mM Tris (pH 

7.4) and 150 mM NaCl]. The resuspended resin was pelleted by centrifugation at 500g for 5 

min and washed two additional times with wash buffer. The resin was incubated in 500 μL 
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of elution buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1 mg/mL 3X Flag peptide (Sigma), 

and 0.5 mM TCEP] for 12 h at 4 °C. The resin was finally pelleted using centrifugation 

at 500g for 5 min, and the supernatant containing Dicer was concentrated to ~2 mg/mL, 

flash-frozen using liquid nitrogen, and stored at −80 °C.

Negative Stain Electron Microscopy (EM).

Samples of purified WT or mutant Dicer proteins were prepared for negative stain EM 

using established methods.30 In brief, 200 mesh copper grids covered with carbon-coated 

collodion film (EMS, Hatfield, PA) were glow discharged for 30 s at 5 mA in a PELCO 

(Fresno, CA) easiGlow glow discharge unit. Protein (3.5 μL at ~0.05 mg/mL) was adsorbed 

onto the grids and incubated for 1 min at room temperature. Samples were washed with 

two drops of water and then two successive drops of 0.7% (w/v) uranyl formate (EMS) and 

then blotted until dry. Samples were visualized on a FEI Morgagni instrument operating at 

an accelerating voltage of 100 keV (Thermo Fisher Scientific, Hillsboro, OR) at a nominal 

magnification of 22000× (2.1 Å per pixel). Images were collected individually on a Gatan 

Orius charge-coupled device camera.

Collection and Processing of Negative Stain EM Data.

For further negative stain EM analysis, samples were visualized on a Tecnai Spirit T12 

instrument operating at an accelerating voltage of 120 keV (Thermo Fisher Scientific) 

at a nominal magnification of 42000× (1.45 Å per pixel). Data were collected using 

Leginon software31,32 on a 4K × 4K Rio complementary metal oxide semiconductor camera 

(Gatan, Pleasanton, CA) at a −1.5 μm defocus value. Five data collection sessions were 

performed, and an average of 200 micrographs were collected for WT, S839A, S839F, 

L881A, and L881P Dicer. CTF estimation was performed on the images using CTFFIND433 

in cryoSPARC. Particle picking was carried out in cryoSPARC using a trained Topaz 

model.34,35 This model was created by first manually picking 500 particles from the WT 

Dicer data set and then using the extracted particle coordinates as a training set. On average, 

the trained Topaz model picked ~20000–30000 particles per data set using a box size of 

256 pixels (37 nm). Two rounds of two-dimensional (2D) classification with a circular mask 

diameter of 200 Å were subsequently performed using cryoSPARC. A table of micrograph 

and particle numbers corresponding to each Dicer construct is presented in Figure S1.

RNA Substrates.

Chemically synthesized RNAs (deprotected, desalted, and HPLC 

purified) were purchased from Horizon Discovery Biosciences 

(formerly Dharmacon) and used as received for cleavage and 

binding assays: pre-microRNA-21, 5′-P-UAGCUUAUCAGACUGAUGUUGAC-

UGUUGAAUCUCAUGGCAACACCAGUCGAUGGGCU-GUC-3′; blunt-end 

pre-microRNA-21, 5′-P-UAGCUU-AUCAGACUGAUGUUGACUGUUGAAUCUCAU-

GGCAACACCAGUCGAUGGGCUG-3′; 
snord37, 5′-AUUCGUGAUGACUGAUCAUUUCUUCACUUU-

GACCAGAUGUCUACUGAAGAAAGCCUGCGUCUG-AGG-3′.

Torrez et al. Page 5

Biochemistry. Author manuscript; available in PMC 2024 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Electrophoretic Mobility Shift Assay (EMSA).

pre-miR-21, snord37, or blunt-end pre-miR-21 was first diluted to a working concentration 

of 2 μM in a 2× master mix solution containing 0.2% NP-40 and 8 mM DTT. After the RNA 

solution was prepared, 5 μL of the 2× RNA master mix (final concentration of 500 nM) was 

incubated with WT or mutant Dicer protein (final concentration of 0.1 mg/mL) in a buffer 

[100 mM Tris (pH 7.6), 100 mM NaCl, 20% glycerol, and 1 mM EDTA] on ice for 0, 10, 30, 

60, 90, and 120 min in a total reaction volume of 20 μL. Binding was halted via the addition 

of 5 μL of 80% glycerol. The RNA–protein interaction was analyzed via gel electrophoresis 

by running on a 4–15% Tris/glycine gel (Bio-Rad) at 100 V for 1 h, stained using SYBER 

Green II, and visualized with a Molecular Imager Gel Doc XR+ instrument (Bio-Rad).

Dicer Cleavage Assay.

RNA cleavage was carried out in a total reaction volume of 10 μL. RNA substrates (pre-

miR-21, snord37, or blunt-end pre-miR-21; final concentration of 500 nM) were incubated 

with WT or mutant Dicer protein (final concentration of 0.1 mg/mL) in a buffer [20 mM Tris 

(pH 7.4), 12 mM NaCl, 2.5 mM MgCl2, and 1 mM DTT] at 37 °C for 0, 10, 30, 60, 90, 

and 120 min. The reaction was quenched with 2.5 μL of 80% glycerol and analyzed via gel 

electrophoresis. Samples were run on a 10% 8 M TBE-urea gel (Bio-Rad), and the gel was 

stained using SYBER Green II (Thermo Fisher Scientific) and visualized with a Molecular 

Imager Gel Doc XR+ instrument (Bio-Rad).

Dicer1−/− Cell Culture.

Dicer1−/− mouse mesenchymal cells (CRL-3221) were purchased from ATCC. 

Cells were maintained in α minimum essential medium with ribonucleo-sides and 

deoxyribonucleosides and 10% fetal bovine serum at 37 °C with 5% CO2 in a humidified 

incubator.

Plasmid Transfection and Western Blot for Dicer −/− Cell Lines.

First 125000 cells were plated in a six-well tissue culture plate. After 24 h, cells 

were transfected with 2.5 μg of pCAGGS-Flag-hs wild-type (WT) or mutant Dicer 

constructs using 7.5 μL of TransIT-LT1 (Mirus Bio, MIR 2304). Two sets of plates were 

simultaneously transfected. One set was harvested in RIPA buffer [10 mM Tris (pH 7.4), 150 

mM NaCl, 1% Triton, 1% sodium deoxycholate, and 0.1% SDS (pH 7.2)]; total protein was 

quantified using the BCA assay and analyzed by Western blotting. The other set of plates 

was used for RNA extraction and qRT-PCR (see below). In brief, proteins were resolved on 

a 4% to 15% Tris/glycine gel and transferred to a PVDF membrane in Towbin’s buffer [25 

mM Tris, 192 mM glycine, and 20% (v/v) methanol (pH 8.3)]. The membrane was blocked 

in 5% milk for 1 h at 25 °C and then incubated with a primary antibody (overnight at 4 

°C) and a secondary antibody (1 h at 25 °C). The Dicer antibody was purchased from Cell 

Signaling Technology (3363), and the actin-HRP antibody was purchased from Santa Cruz 

Biotechnology (sc-47778). Proteins were visualized using a Bio-Rad ChemiDoc imaging 

system.
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RNA Extraction and qRT-PCR.

First, 125000 cells were plated in a six-well tissue culture plate. After 24 h, cells were 

transfected with 2.5 μg of pCAGGS-Flag-hs wild-type (WT) or mutant Dicer constructs 

using 7.5 μL of TranSIT LT-1 (Mirus Bio, MIR 2304). After 48 h, RNA was extracted 

using TRIzol reagent (Ambion 15596018) according to the manufacturer’s instructions. 

Then, 400 ng of RNA was used to prepare cDNA using the TaqMan Advanced miRNA 

cDNA synthesis kit (Thermo Fisher Scientific A28007). The following TaqMan miRNA 

assays were used in the study: hsa-miR21-5p 477975_mir (A25576) and U6 snRNA 

assay (4427975). To quantify mRNA levels, qRT-PCR was performed using the TaqMan 

Advanced Master Mix (Thermo Fisher Scientific 444557) according to the manufacturer’s 

instructions on a Quant Studio 5 thermocycler using the fast-qPCR protocol. Standard 

curves with WT DICER cDNA samples were used to determine the efficiency of the miR-21 

and U6 snRNA assays. The relative fold change was calculated using the comparative 

threshold cycle (CT) method.36 Standard curves with standard cDNA samples were used to 

determine the efficiency of the miRNA assays. U6 snRNA was used as a control, and all 

mRNA levels were normalized to U6 snRNA. All experiments were performed in biological 

quadruplicate.

Quantification and Statistical Analysis.

For quantification of the impact of Dicer PAZ mutations on dicing and binding activity, 

triplicate experiments were carried out, and the results were analyzed using ImageJ. Each 

data point represents the average of three independent experiments. Error bars represent the 

standard deviation.

RESULTS AND DISCUSSION

Effects of Platform-PAZ-Associated Dicer Mutations on Pre-miR-21 Binding and 
Processing.

Although rarer than RNase III domain mutations, alterations within the Platform-PAZ 

domain are observed in cancer patients and, in some cases, are associated with disease. 

Select examples are highlighted in Figure 1A, which provides an overview of Dicer 

alterations found within the Platform-PAZ domain, their related disease phenotype, and 

the likelihood of pathogenicity based upon the proposed impact on Dicer structure and, 

thus, activity.7,10,29,37 While frame shift and deletion mutants would have an obvious impact 

in altering Platform-PAZ integrity and Dicer activity through loss of amino acids or a 

shift in the amino acid sequence in sections of the domain (Figure 1B), the effects of the 

disease-associated point mutations shown are less clear.

We became particularly interested in the germline point mutants, S839F and L881P,7,29 

which are located on the opposite side of the Platform-PAZ domain relative to the RNA-

binding pockets and are predicted to disrupt secondary structural elements within this 

domain (Figure 1B). More specifically, the S839F mutation is predicted to disrupt α-helix 

1 according to a model generated using Phyre (Protein homology/analogy recognition 

engine)38 due to the loss of stabilizing hydrogen bonding interactions at the N-terminus 

of the α-helix from the side chain of serine (Figure 1B).29,39 For the L881P mutation, 
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we proposed that it would alter a nearby β-sheet on the basis of the known propensity of 

proline to disrupt β-sheet stability (Figure 1B).40 Although S839F and L881P are outside 

of the 3′ 2-nt overhang- and 5′ phosphate-binding pockets, from analyzing the structure, 

we hypothesized that they may hinder pre-miRNA binding, particularly because production 

of both 3P and 5P strands is affected by these alterations.7,29 Thus, we set out to perform 

biochemical characterizations of these disease-relevant mutant Dicer proteins.

To initiate our investigation, we expressed and purified N-terminally Flag-tagged hsDicer1 

and hsDicer1 mutants from Expi293F cells transiently transfected with pCAGGS-Flag-hs 

WT or mutant Dicer constructs (Figure S1A). In addition to the disease mutants, S839F and 

L881P, we also prepared alanine mutants to further probe amino acid changes at these sites. 

Before performing in vitro studies, we visualized WT and Dicer mutants using negative stain 

electron microscopy to assess the overall protein integrity. For each recombinantly expressed 

and purified protein, we collected images, picked ~20000–30000 particles, and used 2D 

class averaging (Figure S1B-D). A representative micrograph and 2D class average for WT 

and each Dicer mutant are shown in Figure S2. As expected, WT Dicer exhibited an overall 

L-shaped globular structure as previously established.41 Analysis of the four recombinant 

Dicer mutants demonstrated the same global fold as that of the WT protein, indicating that 

these mutations do not destabilize the overall structure of Dicer. Although it is possible that 

protein structure was altered on a local level because negative stain 2D averages provide 

only a gross view of protein structure, this analysis afforded confidence that our expression 

and purification efforts resulted in folded proteins suitable for biochemical characterization.

With proteins in hand, we first sought to examine binding to a pre-miRNA substrate. As a 

model, we selected miR-21, a well-studied Dicer-dependent miRNA that is overexpressed 

in a majority of human tumors and whose maturation was previously shown to be impacted 

by mutation in Dicer’s PAZ domain.5,6 To characterize the binding of Dicer proteins to 

pre-miR-21, we performed electrophoretic mobility shift assays (EMSAs). As shown in 

Figure 2, in line with our hypothesis, negligible binding was observed for the S839F and 

L881P disease mutants in comparison to that of the WT protein. For the alanine mutants, 

while S839A demonstrated binding like that of WT as visualized by the gel shift, the L881A 

mutant showed only weak complex formation. We hypothesize that this is due to the fact that 

alanine, like proline, can also destabilize β-sheet structures.42

We next analyzed the functional consequence of these mutations by carrying out time-

dependent in vitro cleavage assays monitoring pre-miR-21 processing. In agreement with 

our binding studies, the S839F and L881P Dicer mutants showed a significant decrease in 

the level of pre-miR-21 processing compared to that of the WT protein. After a 2 h reaction, 

while WT Dicer was able to cleave 82% of the pre-miR-21 substrate, the S839F and L881P 

mutants displayed 20% and 0% total cleavage, respectively (Figure 2C,D). Also analogous 

with our EMSA results, the S839A and L881A mutants exhibited in vitro cleavage activity 

similar to that of WT Dicer albeit reduced for the L881A protein (76% and 68% cleavage, 

respectively) (Figure 2C,D).

To extend our analysis, we performed cellular assays to determine the activity of these 

mutants in Dicer1−/− mouse mesenchymal cells, an established model for studying Dicer 
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activity.5,26 As an additional mutant for testing, we chose the point mutant R944Q, which 

was found only in hypermutated tumors and not anticipated to be a driver of disease 

despite being located in the proximity of the RNA-binding pockets of the Platform-PAZ 

domain.10 Because this mutant was previously shown to have a negligible impact on Dicer 

function in cells,10 we selected it as an additional control for our assays. Dicer1−/− cells 

were transfected with WT and mutant Dicer constructs using the TransIT-LT1 transfection 

reagent, which was found to yield suitable transfection efficiency and to cause minimal 

toxicity to the cells (Figure S5). Mature miR-21 levels were then quantified from extracted 

RNA via qRT-PCR. As shown in Figure 2E, miR-21 levels were reduced for most of the 

mutants, and in line with our in vitro cleavage assays, Dicer mutants S839F and L881P 

showed the greatest decrease in comparison to WT Dicer. The R944Q mutant exhibited 

activity similar to that of WT as expected. To determine if changes in miR-21 were due to 

enzymatic activity, we measured protein levels of each mutant via Western blot analysis. 

Interestingly, quantification of protein levels via densitometry analysis and normalization 

to WT Dicer revealed significant changes in protein levels for the S839F, L881P, and 

L881A mutants (Figure 2F). All other Dicer mutants were present at protein levels with no 

significant difference from WT Dicer in the transfected cells (Figure 2F). Thus, in cells, 

additional regulatory mechanisms may be utilized to reduce the level of production of these 

loss-of-function Dicer mutants and/or the mutant proteins could be degraded in cells. Thus, 

the measured decreases in activity are likely due to a combination of the weakened ability to 

bind substrate and enzymatic activity as revealed by our biochemical analyses, and protein 

levels.

Effects of Platform-PAZ-Associated Dicer Mutations on snord37 Binding and Processing.

While the primary emphasis of Dicer characterization studies has been on its function in pre-

miRNA processing, Dicer is capable of binding and processing a variety of RNA substrates, 

including small nucleolar RNAs (snoRNAs).43-45 The canonical role of snoRNAs is to guide 

post-transcriptional modification of rRNA and small nuclear (snRNA) targets.46 However, 

snoRNAs can also be cleaved into sno-derived RNAs (snordRNA), which perform functions 

similar to those of miRNAs acting as Ago2-bound guides in the RNA interference (RNAi) 

pathway.43,47 Further investigations have revealed that Dicer plays a role in snordRNA 

production and is capable of precisely cleaving certain snoRNAs to a predetermined 

length.44,45 As this type of cleavage pattern mirrors that observed for pre-miRNAs, we 

were curious if the Platform-PAZ mutants also altered snoRNA processing.

As a model snoRNA, we chose snord37, which was previously shown to be processed by 

Dicer and cleaved in a pattern similar to that of pre-miRNAs despite containing distinct 

predicted secondary structure motifs.44 As shown in Figure 3A, while pre-miR-21 exists as 

a hairpin loop with minimal perturbation within the stem region,48 snord37 is predicted to 

contain larger internal loops within its stem–loop structure. Additionally, and of relevance 

to Platform-PAZ binding, snord37 lacks the canonical 5′ phosphate and 3′ 2-nt overhang 

found in pre-miRNA substrates. To determine how these distinct RNA structures affect 

binding to WT and Platform-PAZ Dicer mutants, we utilized EMSA-based binding assays 

(Figure 3B,C). As expected, because both are known Dicer substrates, the WT enzyme 

showed no significant differences in binding across the two RNA substrates (30% and 22% 
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for pre-miR-21 and snord37, respectively) (Figure 3D). For the disease mutants, S839F and 

L881P, although we observed significant impairment of binding to pre-miR-21, this was not 

observed with snord37 (Figure 3D). Indeed, snord37 exhibited a level of binding similar to 

that of WT across all mutants examined (Figure 3B,C).

To determine if this greater binding capacity was correlated with enhanced substrate 

processing for snord37, we performed time-dependent in vitro cleavage assays (Figure 3E). 

In line with our binding data, WT Dicer showed little difference in cleavage activity between 

pre-miR-21 (82% cleavage) and snord37 (89% cleavage) after 2 h. Moreover, each of the 

mutants, including disease-associated mutants S839F and L881P, could process snord37 

better than pre-miR-21. In particular, S839F showed a major increase in activity, cleaving 

95% of snord37 compared to 20% for pre-miR-21 (Figure 3F). L881P, which exhibited 

negligible activity with pre-miR-21, could cleave 20% of the snord37 substrate (Figure 3F). 

This diminished cleavage activity in comparison to those of the other mutants is likely due 

its reduction in the level of RNA binding (Figure 3B,C). Thus, these results, overall, indicate 

a direct correlation between binding and enzymatic activity for the Dicer substrates tested.

Effects of Platform-PAZ-Associated Dicer Mutations on the Integrity of Small RNA 
Processing.

As described, the Platform-PAZ domain plays an important role in pre-miRNA substrate 

recognition via binding to the 3′ 2-nt overhang and 5′ phosphate, and docking of these 

motifs within the domain enables Dicer to produce mature miRNAs of a precise length.27-28 

To determine how the disease-relevant Platform-PAZ mutants affect the integrity of small 

RNA processing, we were eager to probe the ability of the Dicer mutants to produce the 

expected 5P and 3P cleavage products.

As an additional substrate for this analysis, we included a 5′-phosphorylated pre-miR-21 

lacking a 3′ 2-nt overhang (blunt pre-miR-21). Previous characterization studies of human 

Dicer have demonstrated the significance that the 3′ 2-nt overhang, specifically, plays in 

Dicer’s ability to cleave pre-miRNA substrates.49,50 To determine if the absence of this 

motif also impacts activity with the S839 and L881 mutants, we first examined binding of 

blunt pre-miR-21 to WT and Platform-PAZ mutants in comparison to that of pre-miR-21 

and snord37. As shown in Figure 4A, binding to WT Dicer was similar across the substrates 

(30%, 22%, and 26% for pre-miR-21, snord37, and blunt pre-miR-21, respectively) and 

diminished for most of the mutant proteins. For the disease-associated S839F and L881P 

mutants, blunt pre-miR-21 exhibited binding that was intermediate between those measured 

for pre-miR-21 and snord37. Most notable was an improvement in binding of blunt pre-

miR-21 to L881P in comparison to that of pre-miR-21 (9% and 3%, respectively), indicating 

that the lack of a 3′ 2-nt overhang may aid in binding to this mutant. No significant 

difference was observed for S839F in binding to blunt pre-miR-21 and pre-miR-21.

We next compared cleavage activity and cleavage product formation across the three Dicer 

substrates. As shown in Figure 4B, across WT Dicer and disease-associated Platform-PAZ 

mutants, we observed distinct RNA bands for the cleavage products of both pre-miR-21 and 

snord37. However, despite sharing a nearly identical secondary structure with pre-miR-21 

and similar binding and cleavage patterns across the Dicer enzymes, blunt pre-miR-21 
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showed a drastic change in product formation. As observed with the WT enzyme, cleavage 

of blunt pre-miR-21 resulted in an increase in the levels of RNA products of varying lengths 

and a decrease in the level of formation of the canonical 5P and 3P cleavage products 

observed with pre-miR-21. These results suggest that proper cleavage of pre-miR-21 is 

influenced by the presence of its 3′ 2-nt overhang. However, as evidenced by the inactivity 

of the S839F and L881P mutants with blunt pre-miR-21, the integrity of the Platform-PAZ 

domain is also critical for processing of this substrate lacking an overhang, potentially 

indicating disrupted 5′ phosphate interactions with these mutants. This effect is specific to 

the disease mutants, as both alanine mutants were found to process blunt pre-miR-21 to a 

level similar to that of WT Dicer.

On the contrary, snord37, which lacks a 5′ phosphate and 3′ 2-nt overhang, was not as 

strongly affected by the presence of disease-associated mutations S839F and L881P. Indeed, 

this substrate was the only RNA tested that showed binding to both Dicer disease mutants. 

These results imply that other structural features of snord37 likely play a role in determining 

why mutations affecting the structural integrity of the Platform-PAZ domain have a 

minimized effect on binding and processing of this substrate. One potential hypothesis is 

that snord37 uses an alternative counting rule. Typically, counting to determine the precise 

site at which to cleave mature miRNA products begins at the 3′ or 5′ binding pockets 

within the Platform-PAZ domain, and cleavage is dependent upon the physical distance 

between these binding pockets and the RNase III domains.1,26-28,44,51 However, more recent 

studies have revealed a third counting rule, termed the loop counting rule, which uses the 

single-stranded regions of the RNA substrate, either an internal bulge or a terminal loop, to 

anchor the cleavage site 2 nt upstream of this structural motif.44,52 Thus, it is possible that 

loop interactions drive the binding and processing of snord37, and future studies should be 

directed at investigating this question as well as global analysis of small RNA processing 

affected by these Dicer mutants in cellular disease models.

CONCLUSION

While it is known that Dicer plays an important role in miRNA biogenesis, we are just 

beginning to understand the mechanisms behind Dicer processing and its interactions with 

RNA substrates beyond pre-miRNAs. This extends to Platform-PAZ Dicer mutations and 

disease-associated Dicer mutations, in general, which are usually characterized only via 

examination of their effects on miRNA processing. The focus on studying one type of 

substrate has limited our understanding of how Dicer engages and processes RNA substrates 

outside of the canonical miRNA pathway. Using clinically relevant and alanine mutations at 

residues S839 and L881, we tested the significance of the Platform-PAZ domain in Dicer 

activity between a canonical pre-miRNA, pre-miR-21, and a non-miRNA substrate, snord37. 

From these analyses, we observed that mutations in the Platform-PAZ domain do not affect 

Dicer binding and activity uniformly between these substrates. As our study focused on 

only a representative pre-miRNA and snoRNA, future efforts should focus on expanding this 

analysis across Dicer’s small RNA substrates to determine the generality of our findings. 

Nonetheless, our work contributes new knowledge to how Dicer activity can be altered by 

changes in one of its noncatalytic domains and adds to recent findings characterizing the 

significance of cancer-associated mutations in Dicer’s Platform-PAZ domain.28
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Figure 1. 
Overview of patient-derived Dicer mutations located within the Platfrom-PAZ domain. (A) 

Table of patient-derived alterations with corresponding phenotypes. (B) Three-dimensional 

representation of the Platform-PAZ domain (Protein Data Bank entry 5ZAK) with the 

location of patient-derived mutations highlighted and close-up views of the secondary 

structural features surrounding S839 and L881. Residues associated with point mutations 

are shown as ball and stick models, while frame shift and deletion mutants are grouped by 

large dashed and solid boxes, respectively. Major RNA-binding pockets are highlighted in 

light blue with key amino acids colored gray. α-Helices 1 and 2 are colored gray in all 

models.
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Figure 2. 
Characterization of the binding and cleavage activity of WT and Dicer mutants for pre-

miR-21 in vitro and in cells. (A) Representative EMSA data (Figure S3) shown over 

the course of 120 min. (B) Quantification of binding at the 120 min time point as 

determined using the relative difference in the intensity of bound RNA (top band) to 

unbound RNA (bottom band). (C) Representative time-dependent cleavage visualized via 

gel electrophoresis (Figure S4). (D) Quantification of Dicer cleavage activity determined 

on the basis of the relative changes in the band intensity of the uncleaved RNA (top) 

band and the cleaved RNA (bottom) bands. Bands between these regions, which represent 

intermediate cleavage products, were not included in our quantification. Gel-based analysis 

was carried out using ImageJ. Error bars represent the standard deviation from three 

independent experiments (Tables S1 and S2). (E and F) Impact of Dicer mutations on 

miR-21 and Dicer protein levels in Dicer1−/− cells. (E) miR-21 expression in WT and 

Dicer mutant-transfected cells from three biological replicates (Figure S6 and Table S3). 

RNA levels were normalized to U6 snRNA, and fold changes in miR-21 expression were 

calculated relative to WT Dicer. (F) Relative protein levels of WT and Platform-PAZ Dicer 

mutants from three biological replicates (Figure S6 and Table S4). Protein levels were 

quantified through densitometry analysis from Western blots using ImageJ. Mutant protein 

levels were normalized to WT Dicer. The variability of the cell-based assays is likely due to 

deviations in transfection efficiency (Figure S5).
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Figure 3. 
Characterization of the binding and cleavage activity of WT and Dicer mutants for snord37. 

(A) Predicted secondary structures of pre-miR-21 and snord37 as determined via RNAfold 

2.4.18. The color scale indicates base-pair probabilities. (B) Representative EMSA data 

from three independent experiments (Figure S3) shown over the course of 120 min. (C) 

Quantification of binding at the 120 min time point as determined using the relative 

difference in intensity of bound RNA (top band) to unbound RNA (bottom band). (D) 

Comparison of binding to pre-miR-21 and snord37 at 120 min. (E) Quantification of time-

dependent Dicer cleavage activity (Figure S4). Gel-based analysis was carried out using 

ImageJ. Error bars represent the standard deviation from three independent experiments 

(Tables S1 and S2). (F) Comparison of cleavage of pre-miR-21 and snord37 at 120 min by 

Dicer disease mutants S839F and L881P.
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Figure 4. 
Comparison of the binding, cleavage activity, and cleavage product formation of WT and 

Dicer mutants for pre-miR-21, snord37, and blunt pre-miR-21. (A) Comparison of binding 

across substrates at 120 min. Quantified data from three independent experiments (Figure 

S3 and Table S1). (B) Characterization of Dicer cleavage product formation; representative 

data from three independent experiments (Figure S4). Cleavage products were observed for 

pre-miR-21 and snord37 after a 120 min reaction. Blunt pre-miR-21 showed an increase in 

the levels of multiple cleavage products of varying sizes based on positions in the gel.
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