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siRNA and miRNA processing: new functions for Cajal bodies
Olga Pontes and Craig S Pikaard
Glossary

AGO: ARGONAUTE, proteins in this family bind small RNAs including

siRNAs and miRNAs.

DCL1: Arabidopsis DICER-LIKE 1, involved in miRNA biogenesis.

DCL3: Arabidopsis DICER-LIKE 3, involved in 24 nt siRNA

biogenesis.

DCR1: Drosophila DICER 1, involved in the biogenesis of miRNAs.

DCR2: Drosophila DICER 2, involved in the biogenesis of siRNAs.

DRD1: DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1, a

putative chromatin remodeling protein involved in RNA-directed DNA

methylation.

DRM2: DOMAINS REARRANGED METHYLYTRANSFERASE 2, the

primary Arabidopsis de novo DNA methyltransferase.

dsRNA: Double-stranded RNA.

EJC: Exon-joining complex; proteins that remain associated with

spliced mRNAs.

GFP: Green Fluorescent Protein.

GW182: A glycine (G) and tryptophan (W)-rich protein enriched in

P-bodies (also known as GW-bodies).

HYL1: HYPONASTIC LEAVES 1, a dsRNA-binding protein that

interacts with DCL1.

LOQ: Drosophila RNA-binding protein LOQUACIOUS.

miRNA: MicroRNA.

NMD: Nonsense-mediated decay pathway, functions in the

elimination of aberrant mRNAs.

P-body: Processing bodies involved in post-transcriptional

regulation and fates of mRNAs.

Pol II: RNA POLYMERASE II; mRNA and miRNA genes are

transcribed by Pol II.

R2D2: Drosophila protein with both RNA and DNA-binding domains.

RDR2: RNA-DEPENDENT RNA POLYMERASE 2, required for the

biogenesis of 24-nt siRNAs in Arabidopsis.

RISC: RNA-induced silencing complex, includes an ARGONAUTE

protein and siRNA or miRNA.

RNA: Ribonucleic acid.

RNP: Ribonucleoprotein, a complex of RNA and proteins.

siRNA: Small interfering RNA.

snRNP: Small nuclear ribonucleoprotein.

snRNA: Small nuclear RNA present in snRNPs, typically involved in

mRNA processing.

snoRNP: Small nucleolar ribonucleoprotein.

TMG cap: The 2,2,7-trimethylguanosine (TMG) cap on the 50 ends of

snRNAs.
In diverse eukaryotes, micro-RNAs (miRNAs) and small

interfering RNAs (siRNAs) regulate important processes that

include mRNA inactivation, viral defense, chromatin

modification, and transposon silencing. Recently, nucleolus-

associated Cajal bodies in plants have been implicated as sites

of siRNA and miRNA biogenesis, whereas in animals siRNA and

miRNA dicing occurs in the cytoplasm. The plant nucleolus also

contains proteins of the nonsense-mediated mRNA decay

pathway that in animals are found associated with cytoplasmic

processing bodies (P-bodies). P-bodies also function in the

degradation of mRNAs subjected to miRNA and siRNA

targeting. Collectively, these observations suggest interesting

variations in the way siRNAs and miRNAs can accomplish their

similar functions in plants and animals.
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Introduction
siRNAs and miRNAs are �20–25-nt RNAs involved in

silencing homologous genes or their transcripts [1,2] (see

the Glossary for abbreviations used in this review). miR-

NAs typically inactivate developmentally important

mRNAs by inhibiting their translation or bringing about

their cleavage and degradation. Like miRNAs, siRNAs

can target homologous mRNAs for cleavage and degra-

dation [3], but they can also cause transcriptional silen-

cing of homologous DNA sequences [4,5]. In plants, and

perhaps mammals, this involves a process known as RNA-

directed DNA methylation [6]. In at least some systems,

siRNAs also transcriptionally silence genes by directing

repressive post-translational modifications of histones

[4,5,7].

miRNAs and siRNAs are generated from double-stranded

RNA (dsRNA) precursors by Dicer endonucleases.

Whereas miRNAs are derived from dedicated genes that
www.sciencedirect.com
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produce transcripts that fold into imperfect dsRNA hair-

pins, siRNAs are generated from perfectly paired dsRNAs

that result from transcripts of overlapping genes, viruses

that replicate via dsRNA intermediates or RNA-depend-

ent RNA polymerases that generate complementary

strands from single-stranded RNA templates [8]. Fission

yeast (S. pombe), nematodes (C. elegans) and mammals

have a single Dicer; Drosophila has two dicers and Ara-

bidopsis has four. Arabidopsis Dicers, which figure pro-

minently in our review, have partially redundant

functions, but DCL1 is primarily responsible for miRNA

production whereas DCL2, DCL3, and DCL4 specialize

in siRNA production [9,10]. Following dicing, single-

stranded siRNAs or miRNAs associate with effector com-

plexes (e.g. RNA-induced silencing complexes (RISCs))
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Figure 1

Compartments of the interphase cell nucleus. The nuclear envelope is a double membrane punctuated by nuclear pores through which molecules

traffic to and from the cytoplasm. The nuclear lamina is a meshwork of proteins mediating nuclear envelope structure and chromatin attachment. In the

nucleus, chromosomes occupy non-random positions known as chromosome territories [52]. Genes transcribed simultaneously tend to cluster in

‘transcription factories’ [53]. In the vicinity of transcription factories for Pol II-transcribed protein-coding genes, speckles serve as storage, recycling or

assembly sites for snRNPs and other splicing proteins. The nucleolus is the site of ribosome biogenesis and numerous RNA-related functions. Cajal

bodies are spherical structures involved in the biogenesis of ribonucleoprotein complexes including siRNA and miRNA RISC complexes in plants. PML

bodies are linked to various aspects of transcriptional regulation, virus accumulation, tumor suppression, and DNA repair.
that mediate gene silencing. At the heart of these effector

complexes is an Argonaute (AGO) family protein that

binds the siRNA or miRNA [11,12]. The RISC then uses

the associated small RNA to seek out homologous target

sites in order to bring about the translational arrest or

degradation of mRNAs or the transcriptional silencing of

chromatin targets [2,4,5]. Although plant and animal

miRNA and siRNAs mediate similar functions, recent

findings indicate that their biogenesis may take place in

different compartments of the nucleus (Figure 1) or

cytoplasm, the implications of which are the focus of

our review.

Dicing in animals
In Drosophila, representing the animal kingdom for our

discussion, miRNA primary transcripts are first cleaved in

the nucleus by the DROSHA endonuclease in a reaction

aided by the double-stranded RNA-binding domain

protein PASHA (Figure 2) [13,14]. The resulting pre-

miRNA is exported to the cytoplasm by EXPORTIN-5, a

Ran-GTP dsRNA-binding protein [15]. In the cytoplasm,

DCR1 cleaves the pre-miRNA into a mature miRNA

duplex. The duplex is unwound and the miRNA strand

becomes bound to AGO1 with the help of LOQ, a protein

with three dsRNA-binding domains [16]. A similar small

RNA loading process involving R2D2, which has two

RNA-binding domains, is responsible for siRNA associ-
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ation with AGO2 following cytoplasmic DCR2 dicing

[17]. In mammals and nematodes that have only one

Dicer, miRNAs and siRNAs are necessarily produced

by the same enzyme. Following assembly of the miRNA

or siRNA RISC complexes, there is increasing evidence

that they exert their post-transcriptional regulatory func-

tions in the context of processing bodies, or P-bodies (see

Figure 2), as we will discuss.

A nucleolus-associated siRNA processing
center in plants
In Arabidopsis, a pathway generating 24 nt siRNAs is

responsible for RNA-directed DNA methylation and

transcriptional silencing of homologous loci [6,8,18].

The pathway begins with RNA POLYMERASE IVa

(Pol IVa), a plant-specific nuclear enzyme that is structu-

rally related to DNA-dependent RNA polymerases in-

cluding Pol I, II, and III [19,20]. Acting downstream of

Pol IVa is RNA-DEPENDENT RNA POLYMERASE 2

(RDR2), one of the six Arabidopsis RDRs (Figure 3).

RDR2 is thought to generate dsRNAs that are cleaved by

DICER-LIKE 3 (DCL3) and then associate with ARGO-

NAUTE4 (AGO4). Resulting AGO4 effector complexes

mediate the methylation of siRNA-homologous loci in a

process involving Pol IVb (an alternative form of Pol IV

with a distinct subunit structure), the chromatin remo-

deler DRD1 and the de novo DNA methyltransferase,
www.sciencedirect.com
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Figure 2

Roles of P-bodies (processing bodies) in miRNA and siRNA functions and post-transcriptional regulation in animals. Pol II transcription gives rise to

imperfectly base-paired double-stranded pri-miRNAs as well as pre-mRNAs, both of which undergo processing in the nucleus followed by export to

the cytoplasm. Pre-miRNAs processed by Drosha in the nucleus undergo further cleavage by Dicer in the cytoplasm and one strand is loaded into an

Argonaute-containing RNA-induced silencing complex (RISC; denoted miRISC in the figure). Similarly, perfectly base-paired double-stranded siRNA

precursors are diced and one strand is loaded into a RISC complex (denoted siRISC). The miRNA or siRNA strands within the RISC complexes target

homologous mRNAs for translational arrest or destruction in P-bodies (GW bodies) that are enriched for activities including the AGO-interacting

GW182 protein, decapping (DCP) and exonuclease (XRN1) enzymes and proteins of the nonsense-mediated decay (NMD) pathway. mRNAs targeted

to P-bodies can also be stored and released to the cytoplasm for translation.
DRM2 (Figure 3) [6]. Some of these proteins colocalize

with the source/target loci, including Pol IVa, Pol IVb,

and DRD1 [21�]. However RDR2, DCL3, and AGO4

colocalize with one another at a distance from the source/

target loci within a compartment in the nucleolus

[21�,22�]. This compartment lacks pre-ribosomal RNA,

which is abundant elsewhere in the nucleolus, but con-

tains 24-nt siRNAs detectable by RNA-fluorescence in
www.sciencedirect.com
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situ hybridization [21�]. Colocalization of RDR2, DCL3,

AGO4, and siRNAs suggest that this compartment is a

center for siRNA processing and AGO4 effector complex

assembly [21�,22�]. The fact that the siRNA processing

center is distant from the source/target loci indicates that

trafficking of RNAs and AGO4 effector complexes must

take place within the nucleus, by unknown mechanisms

(Figure 3).
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Figure 3

The role of Cajal bodies in miRNA and siRNA biogenesis and function in plants. In Arabidopsis, miRNA processing by DCL1 and 24-nt siRNA

production by DCL3 occur within processing centers located in nucleolus-associated Cajal bodies rather than in the cytoplasm, as in animals. Multiple

proteins of the nonsense-mediated decay pathway also localize within the nucleolus, suggesting that aberrant mRNAs or non-coding RNAs may be

sensed and degraded in the nucleus, possibly feeding into the siRNA-directed DNA methylation pathway in order to silence the offending loci. It is

possible that AGO1-mediated miRNA targeting of mRNAs or pre-mRNAs may take place primarily in the nucleus. However, the involvement of the

Exportin 5 homolog, HASTY in some miRNA-mediated developmental phenomena suggests that at least some miRNAs function in the cytoplasm,

presumably in the context of P-bodies, as in animals.
A miRNA processing center in plants is also
associated with the nucleolus
Unlike animals that use Drosha and Dicer to produce

miRNAs, Arabidopsis miRNA production is accom-

plished solely by DICER-LIKE 1 (DCL1) in a process

assisted by HYL1, a dsRNA-binding protein that interacts

with DCL1 and presumably plays a role analogous to

PASHA in flies [23]. Also involved in miRNA biogenesis

is a zinc finger protein SERRATE (SE), whose precise

role in the process is unknown but whose mutation causes

a general defect in miRNA production [24,25]. An Expor-

tin 5 homolog, HASTY is thought to mediate the export

of at least some miRNAs to the cytoplasm where miRNAs

are expected to exert their negative regulation of mRNAs,

presumably in the context of P-bodies, as in animals [26].

Recently, DCL1, HYL1, and SE were found to colocalize

within nucleolus-associated bodies similar in appearance
Current Opinion in Genetics & Development 2007, 18:1–7
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to DCL3-containing siRNA processing centers

[27�,28�,29,30�]. Moreover, fluorescently tagged miRNA

precursors colocalize with the DCL1, HYL1, and SE

bodies (Figure 3), indicating that these bodies are sites

of miRNA processing [27�,28�].

The plant DCL3 and DCL1 processing centers
correspond to Cajal bodies
What are siRNA and miRNA processing centers doing in

the nucleolus? The nucleolus is well known as the site of

ribosomal RNA (rRNA) synthesis, rRNA processing and

ribosome assembly, a process that includes RNA poly-

merase I transcription, multiple pre-rRNA cleavages, and

methylation and pseudouridylation (base modification)

events that are guided by small nucleolar RNAs, or

snoRNAs [31]. However, the nucleolus also participates

in tRNA transcription and processing, mRNA maturation,

RNA deamination by ADAR proteins and biogenesis or
www.sciencedirect.com
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storage of signal recognition particle and telomerase

ribonucleoprotein (RNP) complexes [31–33]. Therefore

a nucleolar role in siRNA biogenesis is plausible. A

related possibility tested by Li et al. [22�] was that the

DCL3/AGO4-containing siRNA processing center might

be a Cajal body, named in honor of Ramon y Cajal, who

referred to the structures as nucleolar accessory bodies

[32,34–37]. Cajal bodies are common in the nucleolar

periphery but can also be observed in the nucleoplasm

(see Figure 1). They are highly dynamic structures, in a

continual state of assembly/disassembly, that are impli-

cated in trafficking RNA polymerase I, II, and III tran-

scription factors, assembly of snoRNA ribonucleoprotein

(snoRNP) complexes, base modification of spliceosomal

small nuclear RNAs (snRNA) guided by Cajal body-

specific scaRNAs, and assembly of spliceosomal snRNP

complexes involved in mRNA-splicing [32,34–36].

snoRNPs are thought to accumulate in Cajal bodies en

route to the nucleolus, whereas snRNPs are thought to

traffic through Cajal bodies en route to nuclear speckles

and spliceosomes [32,34]. Cajal bodies also play roles in

the assembly and trafficking of telomerase, which is

sequestered in the nucleolus until telomeres replicate

in S phase [38] and of U7 snRNP, which functions in co-

transcriptional histone mRNA 30 end processing [32,34].

The hypothesis that DCL3/AGO4 siRNA processing

centers correspond to Cajal bodies has been tested using

antibodies recognizing several Cajal body markers,

specifically the 2,2,7-trimethylguanosine (TMG) cap on

the 50 ends of spliceosomal snRNAs (except U6), the

SmD3 protein (one of the seven Sm proteins common to

all spliceosomal snRNPs except U6 snRNP) and the

U2B00 protein that associates with U2 snRNP [22�]. All

three were found to colocalize with AGO4 at the nucleolar

siRNA processing center. TMG, SmD3, and U2B00 are

also spliceosome components, but spliceosomes associate

with sites of pol II transcription in the nucleoplasm and

are not expected to be present in the nucleolus, from

which pol II appears to be excluded [21�]. Collectively,

these findings indicate that the siRNA processing center

is a Cajal body, an unexpected and new role for Cajal

bodies [22�].

The DCL1-containing bodies that also localize to the

nucleolar periphery in Arabidopsis were initially thought

to be unrelated to Cajal bodies because they do not

colocalize with structures enriched for the Cajal body

protein coilin [28�,30�]. The DCL1 bodies nonetheless

colocalize with the SmB and SmD3 snRNP proteins [27�],
suggesting that Arabidopsis nuclei have Cajal bodies

which lack coilin as well as Cajal bodies that contain

coilin. An interesting parallel is that coilin is absent from

the Drosophila genome, yet flies have Cajal bodies that

contain nucleolar and snRNP components as well as

distinct bodies that contain U7 snRNP and have been

named Histone Locus Bodies [39�].
www.sciencedirect.com
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P-bodies as sites of siRNA and miRNA action
in animal cells
There is mounting evidence that siRNAs and miRNAs

bring about mRNA degradation or translational arrest in

cytoplasmic P-bodies where AGO proteins, miRNAs,

target mRNAs and processing intermediates are all

detected (see Figure 2) [40,41�]. AGO proteins interact

with P-body proteins that include GW182 and the DCP1/

DCP2 decapping enzyme complex that removes the

7-methylguanosine cap protecting the 50 end of mRNAs

[42�]. Decapping facilitates 50-to-30 degradation by the

XRN1 exonuclease, which also localizes to P-bodies

(Figure 2) [43]. Depletion of GW182 or DCP1/DCP2

in mammalian or Drosophila cells disrupts P-bodies and

impairs the ability of miRNAs or siRNAs to inhibit

translation [42�,44–46]. Likewise, AGO2 mutations that

impair siRNA binding and silencing inhibit AGO2 local-

ization to P-bodies [42�]. These, and other, studies

strongly implicate P-bodies in miRNA and siRNA-

mediated mRNA inactivation [40].

A nucleolus–P-body connection?
In addition to mediating miRNA and siRNA function, P-

bodies are localization sites for proteins involved in non-

sense-mediated mRNA decay (NMD; Figure 2). NMD is

a quality control mechanism that recognizes premature

nonsense or stop codons within an mRNA, and in mam-

mals functions primarily to detect failed intron removal

[47–49]. In collaboration with the exon joining complex

(EJC) that marks properly fused exons, the NMD system

recognizes incorrectly positioned stop codons and signals

the elimination of problematic mRNAs through decap-

ping, deadenylation, and exonucleolytic degradation

[47–49].

Interestingly, analysis of the Arabidopsis nucleolar pro-

teome by mass spectrometry led to the unexpected

realization that at least six EJC and NMD proteins are

present in the nucleolus (see Figure 3), which was con-

firmed by the nucleolar localization of the proteins fused

to GFP [50�]. These results suggest that aspects of

mRNA quality control may occur in the nucleolus as well

as in cytoplasmic P-bodies in plants.

Conclusions
A common thread connecting Cajal body functions is

assembly and trafficking of ribonucleoprotein (RNP)

complexes, with RISCs being yet another class of RNP

linked to Cajal bodies. It seems probable that there are

many kinds of Cajal bodies given the diverse functions

attributed to them, suggesting a need for better nomen-

clature to differentiate among them. Presumably differ-

ent types of Cajal-like bodies can be distinguished by

unique immunological or protein markers, or combi-

nations of markers. Protocols for Cajal body purification

suggest that proteomic approaches could also be useful for

identifying such markers.
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In Arabidopsis it is intriguing that DCL3 siRNA proces-

sing centers colocalize with SmD3 [22�], as do DCL1

miRNA processing centers [27�], suggesting the possib-

ility that DCL1 and DCL3 colocalize within an siRNA/

miRNA processing supercenter. If so, the partial redun-

dancy of Arabidopsis dicers in siRNA production may

reflect crosstalk made possible by the close physical

proximities of the RNA processing machineries.

Considering that EJC, NMD, and siRNA pathway proteins

associate with the Arabidopsis nucleolus, it is tempting to

speculate that aberrant mRNAs or non-coding RNAs of

heterochromatic regions might be recognized by the NMD

pathway and fed into the 24-nt siRNA pathway (Figure 3).

The transcripts would be degraded and the offending loci

giving rise to aberrant RNAs could be silenced by siRNA-

directed DNA methylation, shutting down further pro-

duction of aberrant RNAs. Likewise, the production of

miRNAs in the nucleolus by the DCL1 processing center

may allow for certain miRNA-mediated RNA degradation

events to occur in the nucleus. In this regard, it is intriguing

that the multi-exonuclease complex known as the exo-

some, which is involved in rRNA processing as well as

30-to-50 degradation of deadenylated mRNAs, has both a

nuclear form enriched in the nucleolus as well as a cyto-

plasmic form [51].

Other important questions in need of further research

include knowing whether siRNA-RISCs or miRNA-RISCs

carry out their chromatin or miRNA targeting functions in

the context of Cajal bodies. In particular, do Cajal bodies

participate in the transport of chromatin modifying RISCs

to chromosomal sites of action? The localization of Cajal-

like U7 snRNP-containing bodies at histone loci provides

precedent for thinking that Cajal body-mediated RISC

delivery to target loci is a distinct possibility.
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