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Genes Involved in the RNA Interference
Pathway Are Differentially Expressed During
Sea Urchin Development
Jia L. Song* and Gary M. Wessel

RNA-mediated interference (RNAi) is a conserved gene silencing mechanism that involves double-stranded
RNA as a signal to trigger the sequence-specific degradation of target mRNA, resulting in
posttranscriptional silencing and/or translational repression. Bioinformatic searches in the sea urchin
genome database identified homologs of Drosha, DGCR5, Dicer, TRBP, Exportin-5, and Argonautes.
Quantitative, real-time polymerase chain reaction indicated that all mRNA accumulate in eggs and in
variable levels throughout early development. Whole-mount in situ RNA hybridization showed that all of
the important players of the RNAi silencing pathway have abundant mRNA accumulation in oocytes and
eggs, but have distinct spatial and temporal expression patterns throughout development. Sequence
analysis revealed that each of the four Argonautes examined contain conserved residues important for
RNAseH activity within the Piwi domain. This study elucidated that genes involved in the RNAi silencing
pathway have dynamic expression and, thus, may have regulatory roles during germ cell development and
embryogenesis. Developmental Dynamics 236:3180–3190, 2007. © 2007 Wiley-Liss, Inc.
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INTRODUCTION

RNA-mediated interference (RNAi) is
a conserved gene regulatory mecha-
nism that involves double-stranded
(ds) RNA as a signal to trigger the
sequence-specific degradation of tar-
get mRNA, resulting in posttranscrip-
tional silencing and/or translational
repression. RNA-directed transcrip-
tional silencing was first identified in
plants (Wassenegger et al., 1994;
Mette et al., 2000), and subsequent
studies revealed that a wide range of
eukaryotes from fungi to human use

small RNAs and the canonical compo-
nents of the RNA silencing machinery
to carry out conserved gene silencing
mechanisms (reviewed in Zamore and
Haley, 2005). The RNAi silencing
pathway is directed by small RNAs,
21 to 30 nucleotides in length, which
can be endogenously synthesized or
exogenously introduced. Small regula-
tory RNAs are categorized by their or-
igin, not by their functions. The bio-
genesis of both miRNA (micro RNA)
and siRNA (small interfering RNA)
require dsRNA—specific endonucle-

ase Dicer and small RNA-binding pro-
teins of the Argonaute family.

The ribonuclease III family enzyme
Drosha and the dsRNA binding pro-
tein DGCR8/Pasha are required for
the initial processing of an RNA poly-
merase II transcribed primary
miRNA (pri-miRNA) into approxi-
mately 65 nucleotide stem-loop RNA
precursors (Basyuk et al., 2003; Lee et
al., 2003, 2006). DGCR8/Pasha binds
directly to pri-miRNAs by recognizing
the flanking single-stranded RNA of
the pri-miRNA hairpin structure and
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acts as a molecular anchor for Drosha-
mediated catalysis (Han et al., 2004,
2006; Yeom et al., 2006). The stem-
loop precursor structure is essential
for Exportin-5 interaction and export
in a Ran-GTP–dependent manner (Yi
et al., 2003; Lund et al., 2004).

In contrast to the polymerase II tran-
scribed pre-miRNAs, siRNAs are de-
rived from long dsRNA hundreds to
thousands of base pairs. The pre-
miRNAs or long dsRNAs are further
recognized and processed by Dicer and
its cofactor TRBP (HIV-1 transactivat-
ing response RNA binding protein) into
miRNAs and siRNAs in the cytoplasm,
respectively (Bernstein et al., 2001;
Grishok et al., 2001; Hutvagner et al.,
2001; Ketting et al., 2001; Chendri-
mada et al., 2005). Dicer-cleaved small
dsRNAs are then used by the RISC
(RNA-induced silencing complex) for
target processing. Small RNAs and
their associated proteins together regu-
late transcriptional silencing, transla-
tional repression, heterochromatin for-
mation, genome integrity, and mRNA
stability (Mochizuki et al., 2002; Bartel,
2004; Verdel et al., 2004; Mochizuki and
Gorovsky, 2005; Murchison et al.,
2007).

Small RNA-directed mRNA cleav-
age or translational repression is
catalyzed by Argonaute proteins in
the RISC. The Argonaute family is
divided into AGO-like and PIWI-like
subfamilies based on their amino
acid similarities (Yigit et al., 2006;
reviewed in Tolia and Joshua-Tor,
2007). All Argonaute proteins con-
tain two RNA-binding domains: the
PIWI domain, which binds the small
RNA guide at the 5�end, and the PAZ
domain, which binds the single-
stranded 3�end of small RNA (Yan et
al., 2003; Haley and Zamore, 2004;
Song et al., 2004). The crystal struc-
ture of Argonaute from P. furiosus
revealed that the PIWI domain has
an RNAse H fold with conserved as-
partate and histidine residues im-
portant for its catalytic activity of
cleaving the target mRNA (Song et
al., 2004).

The sea urchin is a basal deutero-
stome that shares a common ancestor
with the chordates. The embryos of
the purple sea urchin, Strongylocen-
trotus purpuratus, consists of only
10–15 cell types with a single cell
layer epithelium surrounding several

different types of mesenchymal cells
(Ettensohn and Ingersoll, 1992; Et-
tensohn et al., 2004). A diagrammatic
representation and fate map of the sea
urchin embryo are depicted in Figure
1A. A vast majority of the specific cell
fates acquired in this embryo are
based on cell interactions (Ransick
and Davidson, 1993), and the blas-
tomeres express distinct sets of signal-
ing molecules and transcription fac-
tors that regulate these cellular
specification and differentiation
events (Duboc et al., 2005; Croce et al.,
2006; Howard-Ashby et al., 2006a–c;
Lapraz et al., 2006; Materna et al.,
2006; Walton et al., 2006). However, a
regulatory role of small, noncoding
RNAs has not been investigated in
this organism.

This study examines the spatial and
temporal RNA expression patterns of
genes that are involved in the biogen-
esis and function of small regulatory
RNAs in the sea urchin RNAi silenc-
ing pathway. Their presence and dy-
namic expressions suggest that the
sea urchin may selectively use the
RNAi silencing pathway in regulating
embryogenesis.

RESULTS AND DISCUSSION

Key Molecules Involved in
the RNAi Pathway Are
Present in the Sea Urchin
and Have a Strong Maternal
Component

Genes involved in the RNAi pathway
were identified bioinformatically from
the sea urchin genome database
(http://annotation.hgsc.bcm.tmc.edu/
Urchin and www.genbore.org) and
partial sequences were cloned for fur-
ther analysis. S. purpuratus contains
one putative gene each for Drosha,
DGCR8/Pasha, Dicer, TRBP, and Ex-
portin-5, and at least 4 Argonaute
genes. Each of these predicted pro-
teins contains the known conserved
residues for function (Fig. 1B).

Quantitative, real-time polymerase
chain reaction (QPCR) analysis indi-
cates that each gene involved in the
RNAi pathway has a high mRNA ac-
cumulation in the egg that generally
decreases during the 72 hr of growth
to the pluteus larval stage (Fig. 2).
AGO1 and Seawi (Rodriguez et al.,
2005; Juliano et al., 2006), however,

each has the highest RNA accumula-
tion at the mesenchyme blastula
stage. The QPCR results from this
study are consistent with the data-
base results from the global genome
oligonucleotide microarrays (Wei et
al., 2006). The only discrepancies seen
between the two technologies are (1)
the peak RNA accumulation of PiwiL1
observed by QPCR is in the egg,
whereas by the oligonucleotide mi-
croarray, it occurs in the early blas-
tula stage; and (2) AGO1 observed by
QPCR peaks at mesenchyme blastula
stage, whereas it is not detected after
the blastula stage by the oligonucleo-
tide microarray (Wei et al., 2006).
These minor differences may reflect
more differences in the batches of
wild-type embryos used for these stud-
ies than the technologies themselves.
Overall, however, the QPCR results
shown here are consistent with the
results from the whole genome arrays.

Drosha and Its Cofactor,
DGCR8 (DiGeorge Syndrome
Critical Region 8
Gene)/Pasha, Have Similar
Spatial and Temporal
Expression Patterns

The mRNA of sea urchin homologs of
Drosha and its cofactor DGCR8/Pasha
are most abundant in the oocytes and
eggs (Fig. 3). In early blastulae, the
mRNA of both genes accumulate
throughout the embryo, and later in
mesenchyme blastulae, they are en-
riched in the apical ectoderm, primary
mesenchyme cells, and in the vegetal
plate. Low levels of Drosha and
DGCR8/Pasha mRNA are detected se-
lectively in the endoderm of the gas-
trulae. In general, this accumulation
pattern reflects areas of the embryo
most active in cell division, and/or cell
fate determinations.

Exportin-5 Is Enriched in
the Oocytes

One Exportin-5 homolog was identi-
fied in the sea urchin genome. Its RNA
accumulation is highest in the oocytes
and decreased dramatically by the 32-
cell stage. Exportin-5 is at low levels
and cannot be detected by whole-
mount in situ hybridization through
subsequent development but is detect-
able consistently by QPCR (Figs. 2, 3).
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Dicer mRNA Is
Asymmetrically Enriched in
the Egg and Embryos

Only one homolog of Dicer was bioinfor-
matically identified from the sea urchin
genome database, suggesting that, sim-
ilar to humans, the sea urchin Dicer
may mediate both miRNA and siRNA
silencing pathways. Dicer mRNA accu-
mulates asymmetrically in one periph-
ery of the oocyte in punctate cytoplas-
mic structures, similar to some of the
Argonaute mRNAs (Fig. 3). This asym-
metric localization of Dicer mRNA is
maintained throughout development;
in mesenchyme blastula and gastrula
stages, its RNA accumulation is en-
riched selectively in the presumptive
oral ectoderm and endodermal epithe-
lium. The transcript then decreases to
undetectable levels in the larval plu-
teus stage 72 hr after fertilization
(Fig. 3).

Of special note here is that several
sea urchin transcription factors have
similar spatial expression patterns as
Dicer, including the orphan steroid re-
ceptor TF-COUP, the zinc finger z55,
and the homeobox transcription factor
E2f3 in that their mRNAs are enriched
in the oral ectoderm (Vlahou et al.,
1996; Materna et al., 2006; Howard-
Ashby et al., 2006a). TF-Coup has
asymmetric RNA localization in oocytes
and eggs, similar to Dicer. However, in
cleavage stage embryos, TF-COUP
RNA is localized lateral to the animal/
ventral axis and at 45-degree angle to
the oral/aboral axis, whereas Dicer
RNA is ubiquitous (Vlahou et al., 1996;
Fig. 3). z55 has maternal RNA tran-
scripts in the egg, ubiquitous expression
at 7 hr after fertilization, and is re-
stricted to the presumptive oral ecto-
derm in the blastula stage (Materna et
al., 2006). E2f3 mRNA is not detectable
with whole-mount in situ hybridization
before 24 hr postfertilization (blastula
stage) and is localized to the oral ecto-
derm in blastula and to the oral ecto-
derm and the endodermal gut in gas-

Fig. 1. A,B: The diagrammatic representation and fate map of the embryo during sea urchin devel-
opment (A; adapted from Gilbert, 2000) and protein domains predicted by the Simple Modular Archi-
tecture Research Tool (B; Schultz et al., 1998). Proteins involved in the RNAi silencing pathway contain
conserved functional protein domains. The scale bar represents the number of amino acids.

Fig. 2.

Fig. 2. Quantitative, real-time polymerase chain
reaction (QPCR) measurement of genes in-
volved in the RNA-mediated interference (RNAi)
pathway. QPCR results are normalized to ubiq-
uitin and presented relative to the levels in the
egg. Standard deviations of triplicates are
shown.
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trula similar to Dicer (Howard-Ashby et
al., 2006a). Whether these transcription
factors functionally interact with Dicer
is unclear, but very few genes identified
in the sea urchin have this particular
pattern of expression.

Phylogenetic analysis indicated

that the S. purpuratus Dicer clusters
with the deuterostome Dicers (Fig.
4). In addition to having the con-
served dicer protein domains, the S.
purpuratus Dicer has an HDAC (hi-
stone deacetylase) interaction do-
main between the PIWI and ribonu-

clease III domains (Fig. 1). Analysis
of Dicer homologs with SMART
(Simple Modular Architecture Re-
search Tool; Schultz et al., 1998) in-
dicated that the HDAC interaction
domain is unique to S. purpuratus and
not found in Dicer homologs from

Fig. 3. RNA transcripts detected by whole-mount in situ RNA hybridizations. Genes involved in the RNA-mediated interference silencing pathway
have dynamic expression patterns during sea urchin development. Embryos are presented in lateral views with the animal pole at the top, except for
those marked (v) with ventral side or (a) with animal side of the embryo facing the page. The arrows indicate coelomic pouches. The different
developmental stages of the sea urchin are correlated with the time scale indicated by hours postfertilization (hpf). Scale bar � 20 �M.

RNAI IN THE SEA URCHIN 3183



Schizosaccharomyces pombe, Nema-
tostella vectensis predicted Dicer, Dro-
sophila melanogaster, Caenorhabditis
elegans, Ciona intestinalis, Xenopus
tropicalis, Mus musculus, and Homo
sapiens.

The RNAi machinery can repress
transcription by recruiting histone
modifying enzymes to the chromatin.
For example, the RNAi-induced
initiation of transcriptional gene si-
lencing (RITS) is required for hetero-
chromatic gene silencing at centro-
meres in the fission yeast (Hansen et
al., 2005; Buhler et al., 2006; Moazed
et al., 2006; Buker et al., 2007). Di-
cer-deficient mouse embryonic stem
cells are defective in DNA methyl-
ation and histone modifications, sug-

gesting a close link between the
RNAi pathway and chromatin re-
modeling (Kanellopoulou et al.,
2005). Therefore, the S. purpuratus
Dicer may function in posttranscrip-
tional regulation through RISC and
transcriptional gene silencing by us-
ing its HDAC interaction domain to
directly recruit chromatin remodel-
ing complexes.

TRBP/PACT mRNA
Localization Overlaps With
Its Cofactor Dicer

BLASTing the human TRBP and PACT
(protein activator of the interferon-in-
duced protein kinase) identified a single
homolog in the sea urchin genome da-

tabase. The TRBP mRNA localization
overlaps with Dicer mRNA localization
at the apical ectoderm in mesenchyme
blastula through late gastrula (Fig. 3).
Because TRBP/PACT has an additional
role in immunity within mammals, this
may explain why its localization does
not solely correspond to that of its cofac-
tor Dicer (Chendrimada et al., 2005;
Gatignol et al., 2005). The sea urchin
has a large repertoire of potential im-
mune receptors, regulators, and effec-
tors, and a complex innate immune sys-
tem (Hibino et al., 2006; Rast et al.,
2006). Perhaps TRBP mRNA localiza-
tion in the secondary mesenchyme cells
and their descendents reflect a second
function.

The sea urchin TRBP mRNA also
accumulates in the coelomic pouches
of the larva (72 hr), where conserved
markers of early primordial germ
cell development such as vasa and
nanos transcripts are localized (Fig.
3; Table 1; Juliano et al., 2006). In
mammalian cells, TRBP is expressed
in spermatids where it’s involved in
translational repression of prota-
mine mRNA translation and regula-
tion of male germ cell differentiation
(Lee et al., 1996; Siffroi et al., 2001).
The expression patterns of the TRBP
homolog in the sea urchin suggest
that it may have multiple roles, in-
cluding germ cell regulation and em-
bryogenesis.

Sea Urchins Have at Least
Four Argonaute Proteins
With Dynamic Expression
Patterns

BLAST searches of PAZ and PIWI do-
main-containing proteins from the sea
urchin genome database and molecular
cloning identified at least four Argo-
naute proteins (Fig. 5C). Sea urchin
AGO1 and AGO2 are most closely re-
lated to the AGO-like subfamily of Ar-
gonautes, whereas the sea urchin Pi-
wiL1 and Seawi are most closely related
to the PIWI subfamily of Argonautes
(Fig. 5A). All four of the sea urchin Ar-
gonautes examined contain conserved
aspartic acid and histidine residues im-
portant for RNAse H activity within the
PIWI domain, suggesting that they all
have potential slicer activity (Fig. 5B).
Seawi was previously found to be a com-
ponent of microtubule-ribonucleopro-
tein complexes from two species of sea

Fig. 4. Phylogenetic tree of Dicer. Amino acid sequences of the sea urchin Dicer gene was aligned
using ClustalX (http://www.ebi.ac.uk/clustalw/ and http://www.ch.embnet.org/software/Clustal-
W.html). Amino acid sequences of the sea urchin Dicer (with asterisk) were aligned with other Dicer
proteins from GenBank using the Clustal algorithms within MacVector (Accelrys, Burlington, MA).
Neighbor joining trees were computed using PAUP with 1,000 bootstrap replicates (Swofford,
2002). The scale bar represents 0.1 amino acid substitutions per site. The GenBank accession
numbers for these genes are available in Supplementary Table S1, which can be viewed at
http://www.interscience.wiley.com/jpages/1058-8388/suppmat.
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urchins, S. purpuratus and Paracentro-
tus lividus, and its associated mRNA in
the ribonucleoprotein complex were
translationally repressed (Rodriguez et
al., 2005).

All sea urchin Argonautes have high
levels of RNA accumulation in oocytes
(Fig. 3). Sea urchin AGO2, PiwiL1,
and Seawi mRNA have cytoplasmic,
punctate localizations in the oocytes;
the punctate staining seemed more
prevalent in younger oocytes, whereas
in larger oocytes, the cytoplasmic ac-
cumulation is more perinuclear (Fig.
3). In the 32 cell stage, PiwiL1 and
Seawi RNA accumulate in all cells,
but seem to accumulate less in the
micromeres. The micromeres give rise
to the skeletal mesenchyme and small
micromeres that end up in the coelom
(body wall; Gilbert, 2000). In the mes-
enchyme blastula stage, PiwiL1 is lo-
calized to the vegetal plate, whereas
Seawi, AGO1, and AGO2 have a
broader mRNA accumulation in the
vegetal plate, primary mesenchyme
cells, and the apical ectoderm. In the
late gastrula stage, mRNAs of all Ar-
gonautes have decreased significantly,
and by the pluteus stage, only the
Seawi mRNA remains detectable, and
is enriched in one of the coelomic
pouches, where the future adult rudi-
ment arises (Fig. 3).

The expression profile of PiwiL1
mirrors that of several germline deter-
mination genes, such as vasa and
nanos, in the sea urchin (Juliano et
al., 2006). The miRNA pathway has
been implicated in the regulation of
self-renewal of Drosophila germline
stem cells and primordial germ cell
(PGC) maintenance (Jin and Xie,
2006; Megosh et al., 2006; Park et al.,
2007). Depletion of individual mem-
bers of the RISC complex including
PIWI, dFMRP (Fragile X Mental Re-
tardation Protein), or DCR-1, the Di-
cer protein involved in the miRNA bio-
genesis, leads to a failure in pole-
plasm maintenance and primordial
germ cell formation in Drosophila
(Megosh et al., 2006). Similar to Dro-
sophila, mammalian Piwi proteins
MIWI and MILI are also involved in
transposon suppression during sper-
matogenesis (Aravin et al., 2007).
Miwi2 and Mili mutations affect the
methylation of L1 repetitive elements
(Aravin et al., 2007; Carmell et al.,
2007). This finding suggests a con-

served pathway of a developmentally
regulated transposon repression by
piRNA mediated by PIWI subfamily of
the Argonaute proteins. The expres-
sion patterns of the sea urchin PiwiL1
and TRBP suggest that, similar to
Drosophila, both piRNA-mediated
transposon suppression and miRNA-
mediated germline specification may
be involved in the maintenance of the
germline.

The results of this study indicate
that all the important molecules in-
volved in the RNA-mediated interfer-
ence silencing pathway are present
and differentially expressed during
sea urchin embryogenesis. These dif-
ferences in RNA accumulation sug-
gest an important developmental reg-
ulatory role of the RNA-mediated
silencing pathway in this organism.

EXPERIMENTAL
PROCEDURES

Gene Identification and
Cloning

All genes discussed in this manuscript
were identified and analyzed using the
Sea Urchin Genome site (http://hgsc.
bcm.tmc.edu/projects/seaurchin/), the
Sea Urchin Annotation site (http://
annotation.hgsc.bcm.tmc.edu/Urchin/),
and the Genebore site (www.genboree.
org). Subsequently, part of these genes
was cloned by PCR using the S. purpu-
ratus ovary cDNA library or by reverse
transcription-PCR (RT-PCR) using em-
bryos collected throughout early devel-
opment. Total RNA was extracted as
previously described (Bruskin et al.,
1981), and RT-PCR was performed ac-
cording to manufacturer’s directions us-
ing the Access RT-PCR kit (Promega
Corporation, Madison, WI). The reverse
transcription reaction was conducted
for 45 min at 48°C, followed by denatur-
ation for 2 min at 94°C. PCR amplifica-
tion was performed for 40 cycles (dena-
turation for 30 sec at 94°C, annealing
for 1 min at 60°C, and extension for 2
min at 68°C). RT-PCR products were
run on 1% agarose electrophoretic gels
and PCR fragments were gel purified
using QiaQuick spin columns (Qiagen
Inc., Valencia, CA) and cloned into
pGEM-T EASY vector (Promega Corpo-
ration) for nucleotide sequencing.

Animals

Strongylocentrotus purpuratus were
collected by Charles Hollahan (Santa
Barbara, CA) and housed in aquaria
cooled to 16°C in artificial sea water
(ASW; Coral Life Scientific Grade Ma-
rine Salt; Energy Savers Unlimited,
Inc, Carson, CA). Sea urchins were
shed by intracoelomic 0.5 M KCl injec-
tion. Embryos were cultured at 16°C
and collected at various developmen-
tal stages.

QPCR

cDNA was prepared from 2 �g of total
RNA from embryos and adult ovary by
RT-PCR (TaqMan Reverse Transcrip-
tion Reagents Kit, Foster City, CA).
QPCR was performed on the 7300
Real-Time PCR system (Applied Bio-
systems, Foster City, CA) using SYBR
Green chemistry (Applied Biosys-
tems). Primer sets were designed to
amplify 100–150 bp (Table 2) using
Primer3 (Rozen and Skaletsky, 2000).
Reactions were run in triplicate, nor-
malized against ubiquitin mRNA, and
are presented relative to the egg lev-
els.

In Situ RNA Hybridization

Whole-mount in situ RNA hybridiza-
tions were performed as previously
described (Minokawa et al., 2004).
Partial gene sequences were cloned by
RT-PCR using templates from the S.
purpuratus ovary cDNA library and
total RNA extracted from embryos at
the 4-cell, 32-cell, blastula, mesen-
chyme blastula, gastrula, and pluteus
stages (Table 3). cDNA products gen-
erated from the RT-PCR reactions
were cloned into pGEM-T EASY vec-
tors (Promega Corporation). Plasmids
containing Argonaute genes were lin-
earized with various restriction en-
zymes to exclude the PAZ and PIWI
regions. Linearized plasmids were in
vitro transcribed, and the antisense
probes were labeled with digoxigenin
(DIG) using the DIG RNA Labeling kit
(Roche Applied Science, Indianapolis,
IN). Negative controls were tran-
scribed off plasmid pSPT18-Neo or
pSPT19-Neo provided in the DIG
RNA Labeling kit.
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Sequence and Phylogenetic
Analysis

Protein sequences were aligned using
ClustalX (http://www.ebi.ac.uk/clustalw/

and http://www.ch.embnet.org/software/
ClustalW.html). Protein domains were
analyzed with the Simple Modular Ar-
chitecture Research Tool (SMART)
site (smart.embl-heidelberg.de/). Amino

acid sequences of the Dicer and Argo-
naute genes were aligned using the
Clustal algorithms within MacVector
(Accelrys, Burlington, MA). These se-
quence alignments were analyzed in

Fig. 5. Phylogenetic tree of Argonautes and sequence analysis. Amino acid sequences of the sea urchin Argonaute genes (with asterisks) were aligned using
ClustalX (Thompson et al., 1997) with other Argonautes in GenBank. Neighbor joining trees were constructed using PAUP with 100 bootstrap replicates (Swofford,
2002). Group 3 Argonautes that are specific to Caenorhabditis elegans were excluded from this analysis. GenBank accession numbers for the Argonautes are listed
in Supplementary Table S2. A: Sea urchin Argonaute protein sequences were aligned with three of the C. elegans Argonautes that contain slicer activity.
B: Conserved residues of aspartic acid and histidine residues shaded in grey are found in the PIWI domains of the sea urchin Argonautes. Four sea urchin Argonautes
are aligned using Clustal X (Thompson et al., 1997). C: Conserved PAZ and PIWI domains are shaded in gray.
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PAUP (Swofford, 2002) using neigh-
bor joining method to establish their
relationships. Bootstrap scores were
determined from 1,000 or 100 reitera-
tions.
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TABLE 1. Summary of Spatial Expression Patterns of Genes Involved in the RNAi Pathwaya

Gene Oocyte Egg 16/32 cells Blastula
Mesenchyme
blastula Gastrula Late gastrula Pluteus

Drosha Pe; Pa Pa Ub V PMC; V; AEC E; AEC E; AEC E
Pasha/DGCR8 Pe; Pa Pa Ub Ub PMC; V; AEC AEC; E; SMC E; AEC; CB ND
Exportin 5 Pe; Pa Ub ND Ub ND ND ND ND
Dicer asymmetric asymmetric Ub OEC OEC E; AEC; OEC AEC; E; OEC; CB ND
TRBP Pe; Pa Pa Ub; less in

the
micromeres

V PMC; AEC AEC; SMC E; AEC; CP ND

AGO1 Pe Ub Ub Ub AEC; PMC; V ND ND ND
AGO2 Pu Ub Ub Ub AEC; PMC V E; AEC;

PMC; MD;
SMC

E; AEC; MD ND

PIWIL1 Pu Ub Ub; less in
the
micromeres

Ub V MD MD ND

Seawi Pu Ub Ub; less in
micromeres

V PMC; AEC; V AEC; E; EC;
MD

MD; AEC; E CP

aND, not detectable; Ub, ubiquitous; Pu, punctuate; Pe, perinuclear; Pa, patchy; E, endoderm; V, vegetal plate; EC, ectoderm; AEC,
apical ectoderm; CB, ciliary band; MD, micromere descendents; AEC, aboral ectoderm; OEC, oral ectoderm; PMC, primary
mesenchyme cells; SMC, secondary mesenchyme cells; CP, coelomic pouches.

Fig. 5. (Continued)
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REV GCATGTTGTCCTGTGGAATG

TRBP SPU_08206 FOR CCCTGGCCTCATAAACAGAA
REV GTAGGTGGGGTCTGGGAAAT

AGO 1 SPU-19389 FOR GCTCCAGAAGATCTCCAACG
REV ACGATCAGCTGCAGTCCTTT

AGO 2 SPU_19390 FOR GTGGTAACATCCCAGCAGGT
SPU_20628
SPU_23100 REV ACGACTGGTGCCCTGAATAC

PiwiL1 SPU_23335 FOR AGCTGGGAGAGAGGTGATGA
SPU_12335 REV TACCCAGGCCAGATCTCAAG

aGene assignments corresponding to the sea urchin genome database (http://annotation.hgsc.bcm.tmc.edu/Urchin/ and
www.genboree.org).

TABLE 3. PCR Primers Used to Generate RNA In Situ Antisense Probes

Gene 5� to 3� Length (bp)

Drosha FOR TGATGGCTTCCAATGATGAA 1083
REV GTCGACATTCGCTTGGATTT

Dicer FOR GCCAGAGCCAGTTTGAGTTC 1707
REV GGAAGATCAGCTGCAGGAAG

Exportin-5 FOR CTCCTGAATGCAGAGGGAAG 1293
REV TCTGCATCACTGGCAAAAAG

DGCR5/Pasha FOR GCCTGATGTAGACATGAAGG 908
REV TCAGCTCTGTCACGCTCTGT

TRBP FOR CCATCAGCCAAAGTTCACCA 643
REV TGACGAAGCACTGGTAGTGG

AGO1 FOR CCTGATGGAATTCTATCGGTC 1004
REV TCGAAATTAACCCTCACTAAAGGGa

AGO2 FOR ATGTATCAACCACCCTTTCCG 1962
REV CCTCCCAGTTTGACGTTGAT

PiwiL1 FOR AGCTGGGAGAGAGGTGATGA 1305
REV TCCCGGTTCATACTGGCTAC

Seawi FOR TTCACAGGTTTCACGGCAAAC 919
REV GTACTGGTAGAGTTGCCAGTC

aT3 primer corresponding to the vector sequence of the S. purpuratus ovary cDNA library.
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