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SUMMARY

RNAi-related pathways regulate diverse processes,
from developmental timing to transposon silencing.
Here, we show that in C. elegans the Argonaute
CSR-1, the RNA-dependent RNA polymerase EGO-1,
the Dicer-related helicase DRH-3, and the Tudor-
domain protein EKL-1 localize to chromosomes and
are required for proper chromosome segregation.
In the absence of these factors chromosomes fail
to align at the metaphase plate and kinetochores
do not orient to opposing spindle poles. Surprisingly,
the CSR-1-interacting small RNAs (22G-RNAs) are
antisense to thousands of germline-expressed pro-
tein-coding genes. Nematodes assemble holocentric
chromosomes in which continuous kinetochores
must span the expressed domains of the genome.
We show that CSR-1 interacts with chromatin at
target loci but does not downregulate target mRNA
or protein levels. Instead, our findings support
a model in which CSR-1 complexes target protein-
coding domains to promote their proper organization
within the holocentric chromosomes of C. elegans.

INTRODUCTION

In many organisms, centromeric regions are flanked by repetitive

sequences that assemble into densely packed heterochromatin

(reviewed in Carroll and Straight, 2006; Vos et al., 2006). These

pericentromeric heterochromatin domains are thought to play

a role in stabilizing kinetochores, the proteinaceous structures

to which spindle attachments are made (reviewed in Cheeseman

and Desai, 2008; Welburn and Cheeseman, 2008). In plants
(Arabidopsis thaliana) (Kasschau et al., 2007), fission yeast

(Schizosaccharomyces pombe) (Reinhart and Bartel, 2002; Buh-

ler et al., 2008), and fruit flies (Drosophila melanogaster) (Bren-

necke et al., 2007), deep-sequencing studies have identified

abundant endogenous small RNAs derived from repetitive

regions, including the pericentromeric heterochromatin.

In S. pombe, transcripts generated from the repetitive pericen-

tromeric regions become substrates for an RNA-dependent RNA

polymerase (RdRP). After processing by the ribonuclease Dicer,

small RNAs derived from these transcripts are loaded into an

Argonaute (AGO) complex (the RNA-induced transcriptional

silencing complex; RITS). The RITS complex targets pericentro-

meric heterochromatin and is thought to function in a feedback

loop to reinforce chromatin marks that stabilize centromeres

during mitosis (reviewed in Buhler and Moazed, 2007).

Not all organisms exhibit repetitive heterochromatin domains

associated with centromeric regions. A striking example of this

is the organization of the holocentric chromosomes of nema-

todes (reviewed in Dernburg, 2001). Holocentric, or holokinetic,

chromosomes were first described over 100 years ago, in a series

of elegant cytological studies by Theodor and Marcella Boveri. In

these classic studies, the large presomatic germline chromo-

somes of the parasitic nematode, Parascaris, were shown to

make multiple spindle attachments along their length (reviewed

in Pimpinelli and Goday, 1989; Satzinger, 2008). Remarkably, in

the somatic cells of the early embryo, the large germline chromo-

somes were observed to undergo fragmentation resulting in the

elimination of heterochromatin and the production of over 40

small, euchromatic chromosomes that comprise the somatic

genome. Despite the elimination of heterochromatin, these newly

formed chromosomes continued to exhibit holocentric features

including continuous kinetochores and multiple spindle attach-

ments along their lengths (Goday et al., 1992).

Although C. elegans chromosomes do not exhibit chro-

mosomal fragmentation, they are similar to the somatic
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chromosomes of Parascaris in that they are largely euchromatic

and exhibit a well-defined holokinetic structure (Albertson and

Thomson, 1982). Despite superficial differences, the kineto-

chores of holocentric and monocentric chromosomes are

assembled from a set of highly conserved proteins (reviewed in

Maddox et al., 2004), including the histone variant HCP-3/

CENP-A. However, unlike monocentric chromosomes, HCP-3/

CENP-A is incorporated into nucleosomes along the entire pole-

ward face of condensed holocentric chromosomes (Buchwitz

et al., 1999; Nagaki et al., 2005). The underlying sequences

required for the assembly of holokinetic centromeres, and the

potential involvement of Argonaute/small-RNA pathways in their

assembly and function, have not yet been explored.

In C. elegans, previous studies have shown that depletion of

drh-3, a Dicer-related helicase, or csr-1, an AGO, result in similar

anaphase bridging and chromosome segregation defects (Duch-

aine et al., 2006; Yigit et al., 2006; Nakamura et al., 2007). Both

factors are also required for RNAi (Duchaine et al., 2006; Yigit

et al., 2006), and in vitro studies suggest that DRH-3 is required

for the synthesis of small RNAs by RdRPs, whereas CSR-1 has

been shown to cleave complementary RNA targets when loaded

with triphosphorylated small RNAs (Aoki et al., 2007).

Here we have analyzed the role of DRH-3 and CSR-1 in chro-

mosome segregation and have identified endogenous small

RNAs that interact with CSR-1. The CSR-1-interacting small

RNAs are members of a class of endogenous small RNAs that

are neither microRNAs nor piRNAs (Ambros et al., 2003; Ambros

and Lee, 2004; Ruby et al., 2006; Pak and Fire, 2007; Guang et al.,

2008; Gu et al., 2009). These abundant small RNAs (termed 22G-

RNAs) are primarily 22 nucleotides in length, with a 50 triphos-

phate and a strong bias for a 50 Guanosine (Ambros et al., 2003;

Ruby et al., 2006; Gu et al., 2009). Together with Gu et al.

(2009), we demonstrate that the CSR-1-interacting small RNAs

comprise one of two major 22G-RNA pathways. The second

22G-RNA system is dependent on the worm-specific AGOs

(WAGOs) and functions to silence transposons, pseudogenes,

and cryptic loci, as well as certain protein-coding genes.

We provide evidence that EGO-1, an RdRP (Smardon et al.,

2000), and EKL-1, a tudor-domain protein (Rocheleau et al.,

2008), function along with DRH-3 and CSR-1 to promote chro-

mosome segregation. Together, these factors are required for

the biogenesis of CSR-1-interacting 22G-RNAs, which, surpris-

ingly, are antisense to thousands of germline-expressed genes.

CSR-1 interacts with chromatin at its target loci but does not

appear to silence mRNA or protein expression. We hypothesize

that the role of CSR-1 in chromosome segregation in C. elegans

is analogous to that of Ago1 in the S. pombe chromosome segre-

gation pathway. However, instead of targeting repetitive peri-

centromeric heterochromatin, CSR-1 targets protein-coding

euchromatic domains to promote their proper organization

within the holocentric chromosomes of C. elegans.

RESULTS

A Set of RNAi-Related Factors Required
for Chromosome Segregation
To identify additional genes that function with drh-3 and csr-1

to promote chromosome segregation, we examined the mutant
124 Cell 139, 123–134, October 2, 2009 ª2009 Elsevier Inc.
phenotypes of genes previously implicated in RNAi-related

pathways for evidence of chromosome segregation defects.

We found that one of four RdRP genes, ego-1 (Smardon et al.,

2000), and the tudor-domain-containing gene, ekl-1 (Rocheleau

et al., 2008), exhibited defects in fertility and chromosome segre-

gation, similar to those described previously for drh-3 and csr-1

(Duchaine et al., 2006; Yigit et al., 2006; Nakamura et al., 2007)

(see below). EKL-1 had been implicated in several silencing

pathways by RNAi-based screens (Kim et al., 2005; Robert

et al., 2005; Rocheleau et al., 2008). We found that a null allele

of ekl-1(tm1599) was deficient for both germline and somatic

RNAi and in addition caused a fully penetrant sterile phenotype

(Figure S1 available online and data not shown).

Mutation or RNAi depletion of drh-3, csr-1, ego-1, and ekl-1

resulted in a similar spectrum of meiotic and mitotic defects.

The germlines of each mutant are underproliferated, with nuclei

of abnormal shape and size (Maine et al., 2005; Vought et al.,

2005; Duchaine et al., 2006; She et al., 2009) (data not shown

and see Figure 3E). Chromosomal abnormalities were evident

in DAPI-stained oocytes, which occasionally possessed more

than six DAPI-staining bodies (Figure 1A) (Nakamura et al.,

2007; She et al., 2009). One measure of chromosome segrega-

tion defects in the hermaphrodite germline is the proportion of

XO male progeny, which arise via spontaneous loss of the

X chromosome at a frequency of 0.1%–0.2% in wild-type popu-

lations (Meneely et al., 2002). We found that a partially rescued

transgenic csr-1(tm892) strain (Figure S1) generated approxi-

mately 6% male progeny (a high incidence of males, or him,

phenotype) (Figure 1B). A similar him phenotype was also

observed in strains homozygous for hypomorphic alleles of

drh-3 (Gu et al., 2009). These observations suggest that the

loss of csr-1 or drh-3 can lead to defects in chromosome segre-

gation during either mitotic or meiotic divisions in the germline.

Despite the evidence described above for chromosomal abnor-

malities in the germline, we failed to directly observe mitotic or

meiotic chromosome mis-segregation (n = greater than 100

germlines examined, data not shown). In most cases, the

dividing nuclei exhibited either wild-type segregation or already

contained an abnormal DNA complement. The relative paucity

of abnormalities observed in csr-1(tm892) germlines could

reflect a perdurance of maternally loaded CSR-1.

In addition to the him phenotype, dead embryos were also

prevalent in both the csr-1(tm892) rescued strain and the hypo-

morphic drh-3 strains (Gu et al., 2009). For instance, the csr-1

(tm892) rescued strain only generated approximately 38%

viable progeny (Figure 1C). The dead embryos produced by

this strain arrested at various points in embryogenesis, up to

approximately the 100-cell stage, and accumulated nuclei with

abnormal DNA content (data not shown). To better examine

chromosome morphology and segregation defects in the

absence of csr-1, ekl-1, ego-1, and drh-3, we used DAPI as

well as histone-GFP and tubulin-GFP (Figure 1D; Movies S1–

S4) in RNAi-depleted embryos. Chromosomes appeared to con-

dense during prophase with wild-type timing and morphology.

However, as the cell cycle progressed, the following defects

were evident during essentially every cell division, beginning

with the first cell division of the embryo. At metaphase, chromo-

somes failed to align into well-organized plates perpendicular to
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Figure 1. csr-1, ego-1, ekl-1, and drh-3 Mutants Display Chromosome Segregation Defects in Mitosis and Meiosis

(A) Diakinetic oocyte chromosomes in wild-type and drh-3 or ego-1 RNAi-depleted animals. Six discrete DAPI figures are observed in wild-type, whereas greater

than six figures are present in mutant oocytes.

(B) Incidence of males in wild-type (N2) and 33 Flag csr-1 rescue.

(C) Viable progeny per brood in wild-type (N2), 33 Flag csr-1 rescue, and csr-1(tm892).

(D) DAPI-stained wild-type (N2) and RNAi-depleted embryos undergoing the first mitotic division. Anaphase bridging is evident (white arrowhead). An aberrant

piece of DNA is visible in ego-1 (yellow arrowhead).

(E) Fluorescence in situ hybridization with probes for chromosome V 5S rDNA in wild-type and csr-1 RNAi-depleted embryos (DNA, blue; FISH signal, green). Left

panels in each set show FISH signal alone. White dotted lines indicate embryo (large oval) and nuclei (circles). Yellow dotted lines indicate polar bodies. Images

are projections of Z stacks through the entire embryo after deconvolution.
the long axis of the spindle. At anaphase, chromosomal bridging

was evident in the spindle midzone (Figure 1D; Movies S1–S4),

and at cytokinesis the lagging chromosomes were bisected by

the cleavage furrow. As embryogenesis progressed, abnormally

shaped nuclei, with greater or less than wild-type chromosomal

complements, accumulated until cell division arrested at about

the 50-cell stage (visible in Figures S2, S3, and S5).

To examine the chromosome segregation abnormalities

resulting from loss of these RNAi factors at the molecular level,

we utilized fluorescence in situ hybridization (FISH) with 5S

rDNA probes to chromosome V. Of 32 wild-type embryos, only

two showed aberrant FISH signals in one or more nuclei (van

Wolfswinkel et al., 2009 [this issue of Cell]). In contrast, more

than half (10/19) of the csr-1-depleted embryos displayed

abnormal numbers of FISH-positive chromosomes along with

a range of additional abnormalities including aberrantly sized

and shaped nuclei (Figures 1E and S2).

DRH-3, EKL-1, EGO-1, and CSR-1 Promote the Proper
Organization and Alignment of Metaphase
Chromosomes
We next examined three related aspects of chromosome struc-

ture that are essential for faithful chromosome segregation:

kinetochore formation, condensin loading, and cohesin loading.

During mitotic divisions in wild-type C. elegans embryos, HCP-3

localizes to the poleward faces of metaphase chromosomes

(Buchwitz et al., 1999; Oegema et al., 2001). In csr-1, drh-3,

ekl-1, and ego-1 RNAi-depleted embryos, HCP-3 was loaded
onto chromosomes but was dramatically disorganized. Instead

of poleward localization on both sides of the metaphase plate,

HCP-3 was distributed over the metaphase chromosomes in an

interrupted pattern that extended throughout the spindle mid-

zone (Figures 2A and 2B). This pattern could reflect a defect in

chromosome alignment and/or compaction or could indicate

that, even though HCP-3 is loaded, it is not targeted to the appro-

priate regions of the chromosome. Another conserved inner

centromeric protein, HCP-4/CENP-C (Moore and Roth, 2001),

displayed the same disorganized localization (data not shown).

Finally, to assess whether the kinetochores were fully assembled

in csr-1, drh-3, ekl-1, and ego-1 RNAi-depleted embryos, we

examined the outer kinetochore protein KLP-7/MCAK (a kinesin)

and the conserved spindle checkpoint protein BUB-1 (Oegema

et al., 2001). Both were loaded onto mitotic chromosomes in

the RNAi-depleted embryos but were disrupted in a manner

similar to HCP-3 (Figures 2C and S3 and data not shown).

Because the observed chromosome segregation defects

could result from problems in chromosome condensation or

cohesion, we examined the localization of proteins involved in

these processes. Both the Condensin I/Condensin IDC protein

CAPG-1 and the Condensin II protein KLE-2 (Csankovszki

et al., 2009), as well as the cohesins SCC-1 and SCC-3 (Mito

et al., 2003; K. Hagstrom, personal communication), were

loaded onto mitotic chromosomes in csr-1, drh-3, ekl-1, and

ego-1 RNAi-depleted embryos but displayed highly disorga-

nized localization patterns, in a manner similar to HCP-3 (Figures

2D and S3 and data not shown).
Cell 139, 123–134, October 2, 2009 ª2009 Elsevier Inc. 125



Expression Studies Reveal Localization to P Granules
and Mitotic Chromosomes
To explore the role of these RNAi components in chromosome

segregation, we examined the expression and localization

patterns of DRH-3, EGO-1, EKL-1, and CSR-1. Western blot

analyses revealed that DRH-3, EKL-1, and two isoforms of

CSR-1 are present at all developmental stages, and that EGO-1

and CSR-1 are most enriched in young adults, gravid adults, and

embryos (Figure 3A) (Vought et al., 2005). DRH-3 and EKL-1

were detected in glp-4(bn2) adults, which fail to develop a germ-

line and are thus greatly enriched in post-mitotic cells (Beanan

and Strome, 1992). This finding is consistent with the role of

DRH-3 and EKL-1 in the biogenesis of a broader set of somati-

cally expressed 22G-RNAs (Gu et al., 2009). The larger CSR-1

isoform was expressed throughout larval development and

was also present at low levels in post-mitotic populations lacking

a germline. Quantitative real-time RT-PCR analysis of both csr-1

transcripts indicated that their expression recapitulates the

protein expression pattern (Figure S4).

DRH-3, EGO-1, and CSR-1 colocalize in the germline with

PGL-1, a previously characterized component of the germline
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Figure 2. csr-1, ego-1, ekl-1, and drh-3 RNAi-Depleted

Embryos Display Defects in Chromsome Organization

(A) Single confocal sections showing kinetochore organization in

the first cell division of wild-type (N2) and csr-1 RNAi-depleted

embryos (HCP-3, red; tubulin, green; DNA, blue).

(B) HCP-3/inner kinetochore disorganization frequency in wild-

type (N2), versus ego-1 and csr-1 RNAi-depleted embryos

(example metaphase images: HCP-3, red; DNA, green).

(C) BUB-1/outer kinetochore disorganization frequency in wild-

type (N2), versus ego-1 and csr-1 RNAi-depleted embryos

(example metaphase images: BUB-1, red; DNA, green).

(D) KLE-2/condensin disorganization frequency in wild-type (N2),

versus ego-1 and csr-1 RNAi-depleted embryos (example meta-

phase images: KLE-2, red; DNA, green).

nuage structures called P granules (Figures 3B and

3C and data not shown) (Kawasaki et al., 1998). EKL-1

was not detected in P granules (data not shown). While

many developmentally important factors transiently

localize to P granules, DRH-3 and CSR-1 maintained

their P granule localization in germ cells throughout

the life cycle (Figure 3D and data not shown). As was

previously shown for ego-1 mutants (Vought et al.,

2005), mutations in ekl-1, csr-1, and drh-3 also caused

a striking disruption in the perinuclear localization of P

granules (Figure 3E and data not shown), indicating

that these factors function more intimately in pro-

moting or maintaining P granule structure and associ-

ation with the nuclear periphery.

As oocytes matured, EGO-1 was lost from the P

granules (data not shown), while DRH-3 (Figure 3C)

and CSR-1 (Figure 4A) maintained P granule associa-

tion. In mature oocytes, CSR-1 (Figure 4A) and EGO-1

(data not shown) both became enriched in nuclei,

where CSR-1 was enriched on the diakinetic chromo-

somes.

In the mitotic cells of embryos, each factor became enriched in

prophase nuclei. As chromosomes condensed, DRH-3, EGO-1,

and EKL-1 became enriched along the length of each chromo-

some, while CSR-1 remained nuclear (Figures 4B–4E). All four

proteins exhibited robust localization around the metaphase

plate (Figures 4F–4I). CSR-1 and DRH-3 displayed a pattern

similar to cohesins (Mito et al., 2003), whereas EKL-1 (and to

a lesser degree, EGO-1) appeared to be more closely associated

with chromosomes in a pattern similar to kinetochore proteins. In

fact, EKL-1 retained a robust association with chromosomes

during anaphase, whereas the other RNAi factors became

more difficult to detect (Figures 4J and 4K). Cytoplasmic locali-

zation was also detected for each protein (data not shown).

Finally, all aspects of the localization patterns were absent in

each respective mutant background (Figure S5).

We then asked whether DRH-3, EGO-1, CSR-1, and EKL-1

depend on each other’s wild-type activities for their expression

and localization. Consistent with the idea that these factors func-

tion together, we found a codependence for proper localization

both to metaphase chromosomes and to the P granules.

Whereas western blotting demonstrated that the expression of
126 Cell 139, 123–134, October 2, 2009 ª2009 Elsevier Inc.



EGO-1, CSR-1, and EKL-1 was undiminished in drh-3 mutants

(Figure S5) (Gu et al., 2009), the localization of each protein to

chromosomes at metaphase was nearly abolished (Table S1

and data not shown), and EGO-1 and CSR-1 lost their associa-

tion with germline P granules. In ekl-1 and ego-1 RNAi-depleted

embryos only CSR-1 exhibited greatly reduced association

with the metaphase plate and with P granules. Finally, DRH-3,

EGO-1, and EKL-1 localized to the disrupted metaphase plates

in csr-1 RNAi-depleted embryos, and DRH-3 and EGO-1 associ-

ated with mislocalized P granules in csr-1 RNAi-depleted germ-

lines. Taken together, these data indicate a hierarchy in the

RNAi/chromosome segregation pathway, in which the wild-

type activity of DRH-3 was necessary for the proper targeting

of EKL-1, EGO-1, and CSR-1 to chromosomes.

CSR-1 Associates with Small RNAs that Are Antisense
to Germline-Expressed Genes
The targets of AGO proteins can be deduced by analyzing the

sequences of the AGO-associated small RNAs. Therefore, we

recovered CSR-1 complexes and analyzed the associated small

RNAs using a deep-sequencing approach. CSR-1 complexes

were enriched 2-fold or greater for a class of drh-3-, ego-1-, and
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Figure 3. CSR-1, DRH-3, EKL-1, and EGO-1

Are Expressed in the Germline

(A) Western blots of developmentally staged

protein lysates (left) or various germline mutant

lysates (right) probed for EGO-1, DRH-3, EKL-1,

CSR-1 (multiple isoforms), and tubulin (as a loading

control). L1, L2, L3, and L4 are larval stages; YA,

young adults; GA, gravid adults; Embryos, mixed

stage embryos. GA 25�C, gravid adults grown at

25�C; fem-1(hc17), no sperm at 25�C; fog-2(q71),

enriched to 95% males by filtration (20�C); and

glp-4(bn2), no germline at 25�C.

(B) Wild-type perinuclear germline localization of

DRH-3, CSR-1, and EGO-1 (left, yellow) (DNA,

center, blue).

(C) DRH-3 (left, green) colocalizes with the P

granule component, PGL-1 (center, red; DNA,

blue).

(D) DRH-3 and CSR-1 (left, yellow) remain local-

ized to P granules in the embryonic P cell lineage

(dashed circles; DNA, center, blue).

(E) Single confocal sections of PGL-1 (red)

in wild-type and csr-1(tm892) mutant germlines

through the germline surface and core. P granules

become detached from the nuclear periphery in

csr-1(tm892) (DNA, green; distal is to the left).

ekl-1-dependent 22G-RNAs that are anti-

sense to at least 4191 protein-coding

genes. These gene-targeted 22G-RNAs

collectively represented greater than

99% of all 22G-RNA reads matching loci

with a 2-fold or greater increase in read

count in the CSR-1 IP complex (Figures

5A, 5B, and S6 and Table S2). MicroRNAs,

21U-RNAs, and nearly all other 22G-RNA

species, including those targeting trans-

posons and other repetitive sequences, pseudogenes, and inter-

genic or nonannotated regions, were depleted in CSR-1 com-

plexes (Figures 5A and 5B). The exceptions were 22G-RNAs

targeting seven families of repetitive elements and 23 loci anno-

tated as pseudogenes. Altogether, repeat-targeted 22G-RNAs

accounted for only 0.25% of the total reads enriched in the

CSR-1 IP complex, whereas pseudogene-targeted reads repre-

sented less than 0.5% (Table S3). 22G-RNAs corresponding to

at least 80% of the CSR-1-targeted mRNAs were strongly

depleted in the glp-4(bn2) mutant (Figure 5C) (Gu et al., 2009),

which lacks a germline, indicating that the CSR-1 22G-RNAs are

expressed in the germline. Finally, consistent with the involve-

ment of the b-nucleotidyl transferase CDE-1 in the uridylation of

CSR-1-associated 22G-RNAs, approximately 40% of the 22G-

RNA reads enriched in the CSR-1 IP were extended at the 30 end

with at least one uridine (Figure S6) (van Wolfswinkel et al., 2009).

When factors involved in Argonaute-mediated small RNA

biogenesis are absent or nonfunctional, the corresponding small

RNAs are also depleted (Grishok et al., 2001; Yigit et al., 2006;

Batista et al., 2008). Thus, we prepared small RNA libraries

from csr-1(tm892) and ego-1(om97) mutants and compared

them to libraries from drh-3(ne4253) and ekl-1(tm1599) mutant
Cell 139, 123–134, October 2, 2009 ª2009 Elsevier Inc. 127
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populations (Gu et al., 2009). Consistent with the IP analysis

described above, csr-1 and ego-1 mutants were depleted for

a set of 22G-RNAs that are antisense to protein-coding genes

(Figures 5D and S7 and Tables S4 and S5). To be scored as

depleted in the mutants, an arbitrary cut off of 25 reads per

million in the wild-type data set was used. As a consequence,

many loci for which read counts were significantly increased in

the IP studies above were excluded from this analysis. Neverthe-

less, approximately 900 loci exhibited 22G-RNAs that were

dependent on csr-1, as well as on ego-1, drh-3, and ekl-1.

Consistent with a germline origin for these 22G-RNAs, the

majority were depleted in glp-4(bn2) animals, which lack a germ-

line (data not shown). While the proportion of 21U-RNAs was

unaltered in the four mutants, microRNA populations, overall,

appeared slightly decreased in csr-1 and ego-1, relative to the

total read count, possibly due to a dearth of embryos in these

mutant populations (Figure S7) (Gu et al., 2009).

As expected, based on their broad role in 22G-RNA biogenesis,

all 22G-RNAs, including those targeting repetitive elements, were

depleted in drh-3 and ekl-1 samples (Gu et al., 2009). 22G-RNAs

targeting repeats (including those targeting the seven repeat

families that were enriched in CSR-1 complexes) were unaltered

in small RNA populations from the csr-1 and ego-1 mutants

(Figure 5D). Furthermore, those 22G-RNAs, which were not asso-

ciated with, or dependent on CSR-1, were instead dependent on

the activity of the ego-1 paralog, rrf-1, or on a combination of

ego-1 and rrf-1 activities but exhibited no other distinguishing

biochemical properties. These remaining CSR-1-independent

22G-RNAs, including thoseproducedbyRRF-1,engageadistinct

family of Argonautes that mediate transposon silencing and other

silencing activities unrelated to chromosome segregation (Gu

et al., 2009). These data are consistent with CSR-1 IP data and

suggest that csr-1 and ego-1 are specifically involved in the

expression of a particular subset of gene-targeted 22G-RNAs.

CSR-1 Targets Are Not Misregulated in csr-1 Mutants
The genes targeted by CSR-1 22G-RNAs include numerous

genes whose mRNAs are expressed in the germline, oocytes,

and embryos. To determine if CSR-1 regulates its targets at

the mRNA level, we performed transcriptional profiling on csr-1

(tm892) mutant versus wild-type (N2) adult worms. Previous

work demonstrated that CSR-1 is capable of degrading target

mRNAs in vitro (Aoki et al., 2007). However, strikingly, the global

profile of gene expression for csr-1, including the profile of

CSR-1 22G-RNA targets, was very similar to that for wild-type

Figure 4. CSR-1, DRH-3, EKL-1, and EGO-1 Localize to Chromo-

somes

(A) Single confocal sections of CSR-1 (left, red) in wild-type oocytes. CSR-1 is

enriched on diakinetic chromosomes as oocytes mature (yellow arrowhead)

and remains in some P Granules (blue arrow) (DNA, center, green; distal is

to the left).

(B–E) Single confocal sections of CSR-1 (B), DRH-3 (C), EGO-1 (D), and EKL-1

(E) (red) in wild-type embryo prophase/prometaphase (tubulin, green; DNA,

blue).

(F–I) Single confocal sections of CSR-1 (F), DRH-3 (G), EGO-1 (H), and EKL-1 (I)

(red) in wild-type embryo metaphase (tubulin, green; DNA, blue).

(J and K) Single confocal sections of EKL-1 in wild-type embryo early (J) and

late (K) anaphase (tubulin, green; DNA, blue).
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Figure 5. Analysis of Small RNAs Enriched in CSR-1 IP Complexes

(A) Line plot comparing the relative proportions of small RNA classes bet-

ween wild-type (N2) input (left) and CSR-1 IP (right) samples (AS = antisense,

S = sense).

(B) Box and whisker plot of the relative proportion of small RNA reads for each

locus targeted within each small RNA class, in the CSR-1 IP relative to input.

Loci with values closer to 1 indicate enrichment of small RNA reads in the IP,

a value of 0.5 indicates equal proportions of reads in the IP and input, and values

closer to 0 indicate loci depleted of small RNA reads in the IP. Boxes contain

50% of siRNA loci (between the 25th and 75th percentiles), with the line inside

each box representing the median value. Lines extending to the right of the box

represent the most enriched value, and lines extending to the left of the box

represent the most depleted value in the IP. X axis is relative proportion of reads

(measured as IP value divided by input plus IP values for any given locus).

Dotted lines indicate the values corresponding to 2-fold enrichment (a value

of 0.66) or depletion (a value of 0.33). Calculations were made with small

RNA cutoffs as described in the Supplemental Experimental Procedures.

(C) Venn diagram depicting the proportion of loci that possess a 2-fold or

greater depletion of 22G-RNAs in the glp-4(bn2) mutant that are also enriched

2-fold or more in the CSR-1 IP. Only loci present in both datasets with 25 reads

per million or more are represented.

(D) Box and whisker plot of the relative proportion of small RNA reads for each

locus in the csr-1(tm892) and ego-1(om97) relative to a congenic wild-type
(Figure 6A and Table S6). Thus, CSR-1 does not downregulate its

target mRNAs. Similar results were reported for the expression

of CSR-1 targets in transcriptional profiling studies performed

on drh-3 (Figure S8) (Gu et al., 2009) and cde-1 mutants (van

Wolfswinkel et al., 2009).

With available antibodies for the protein products of several

CSR-1 22G-RNA targets, we next used immunofluorescence

and western blotting to examine protein expression levels in csr-

1, drh-3, and cde-1 mutants. There were no significant changes

in the protein levels of the CSR-1 22G-RNA targets we examined,

including those of the small RNA pathway components PRG-1

and DCR-1; the P granule factors PGL-1, CAR-1, and CGH-1;

the cohesin SCC-3; and the dosage-compensation factors

DPY-27 and CAPG-1 (Figures 6B and S8 and data not shown).

Together, these data suggest that CSR-1 22G-RNA complexes

do not act globally to significantly alter target gene expression.

CSR-1 Is Bound to Chromatin at 22G-RNA Target Loci
In S. pombe, the Argonaute Ago1 associates directly with chro-

matin as a part of the RITS complex (Motamedi et al., 2004; Buh-

ler et al., 2006). A large-scale proteomics study identified CSR-1

associated with fractions of sperm and oocyte chromatin (Chu

et al., 2006). Using a similar method (Chu et al., 2006), we have

determined that CSR-1 associates with chromatin in embryos

(Figure S9). These observations led us to examine whether

CSR-1 complexes directly bind to the genomic loci of the

CSR-1 22G-RNA targets.

Using chromatin immunoprecipitation (ChIP), we found an

enrichment of CSR-1 at target loci when compared to several

other genomic loci that are not targeted by small RNAs. RNA poly-

merase II was used as a positive control and consistently showed

enrichment at many CSR-1 target loci (Figure S9). In contrast,

negative control experiments using agarose beads alone (without

CSR-1 antibody) never displayed enrichment (Figures 6C and

S9). Of the 12 CSR-1 22G-RNA target loci examined, 10 showed

1.5-fold or greater enrichment of CSR-1 binding in five or more

independent experiments (Figure 6C and data not shown).

Conversely, CSR-1 was never enriched at the targets of another

germline-expressed Argonaute, WAGO-1 (Figure 6C). CSR-1

was not detected in chromatin fractions treated with RNase A

(data not shown), nor did we detect CSR-1 enrichment by ChIP

at target loci in the drh-3(ne4253) mutant, in which 22G-RNAs

are depleted (Figure S9). These findings indicate that CSR-1 inter-

acts with its target genomic loci in a 22G-RNA-dependent

manner. Furthermore, CSR-1 22G-RNA target loci are distributed

relatively uniformly along the chromosomes (Figure 6D), suggest-

ing that the CSR-1 22G-RNA pathway could act in a genome-

wide manner to influence chromosome segregation.

DISCUSSION

Here we have investigated the role of the C. elegans Argonaute

CSR-1 in promoting proper chromosome segregation. We

have shown that CSR-1 interacts with a class of 22-nucleotide

RNAs, called 22G-RNAs, which are antisense to at least 4191

strain (DA1316). Protein-coding genes (red) and repeat elements (blue) are rep-

resented. drh-3 and ekl-1 small RNA analyses are described in Gu et al. (2009).
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protein-coding genes, seven repeat element families, and 23

pseudogenes distributed throughout the genome. A parallel

study by Gu et al. (2009) has shown that a distinct Argonaute,

WAGO-1, interacts with a nonoverlapping set of 22G-RNAs

that primarily target transposons, cryptic elements, and pseudo-

genes (see below). The biogenesis of both CSR-1- and WAGO-1

-bound 22G-RNAs is dependent on a core set of factors,

including DRH-3, EKL-1, an RdRP, and a b-nucleotidyl trans-

ferase. However, WAGO-1-associated 22G-RNAs appear to

downregulate their mRNA targets, whereas CSR-1 22G-RNAs

do not. Whole-genome microarray studies showed that the

mRNA targets of CSR-1 22G-RNAs are not misregulated in the

csr-1, drh-3, and cde-1 mutant backgrounds (Gu et al., 2009

and van Wolfswinkel et al., 2009) (Figures 6 and S8). In addition,

immunoflourescence and western blot analysis on the protein

products of several CSR-1 targets revealed no change in expres-

sion (Figures 6 and S8). Based on these findings, it seems

unlikely that perturbed expression of CSR-1 22G-RNA targets
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Figure 6. CSR-1 22G-RNA Complexes Bind

to Target Genomic Loci

(A) Box and whisker plot of mRNA expression from

microarray experiments in wild-type versus csr-1

(tm892) mutants. The analysis was done for all

genes measured by the array (left) and the subset

of only CSR-1 22G-RNA target genes (right).

(B) Western blot analysis of wild-type and csr-1

(tm892) protein lysates, probed for CSR-1 22G-

RNA target proteins. EKL-1 is a loading control.

(C) ChIP/quantitative real-time PCR analysis

of CSR-1 enrichment at CSR-1 22G-RNA or

WAGO-1 22G-RNA target loci. Fold enrichment is

calculated relative to the Y47H10A.3 locus, which,

like clp-3, Y47H10A.4, and M01G12.9, is not tar-

geted by small RNAs. Data from a single, repre-

sentative set of experiments are presented; error

bars are the standard deviation from the mean of

three replicates of a single ChIP sample. (IP with

CSR-1, blue; IP with beads only/no antibody, red.)

(D) Density of CSR-1 22G-RNA target genes on

each chromosome. Each bar represents the

numbers of genes in a 100 kb bin. (Watson strand,

blue; Crick strand, red.) Chromosome number is

as indicated. Scale bar represents one gene.

results in the observed chromosome

segregation defects. Instead, our findings

support a model in which the CSR-1

pathway may directly contribute to holo-

centric chromosome organization by

ensuring that the expressed, euchromatic

domains within the genome support the

proper juxtaposition and alignment of

the kinetochores, which must span these

domains (Figure 7).

How Does CSR-1 Influence
Chromosome Segregation?
Several lines of evidence, including ChIP,

chromatin isolation, and immunolocaliza-

tion studies, indicate that CSR-1 pathway components asso-

ciate directly with chromatin in an RNA-dependent manner.

These data support a direct role for CSR-1 22G-RNA complexes

in promoting chromosome segregation, perhaps through

a mechanism that is similar to the Ago1 pathway that regulates

centromere formation in S. pombe. Indeed, both the CSR-1

and the Ago1 pathways utilize similar components for small

RNA biogenesis. These include a helicase, an RdRP, and a b-nu-

cleotidyl transferase. However, these pathways target dramati-

cally different loci: the Ago1 system targets repetitive, pericen-

tromeric heterochromatin, whereas the CSR-1 pathway

overwhelmingly targets protein-coding euchromatic domains

distributed throughout the genome. Despite this difference,

perhaps the small RNAs produced in both systems perform anal-

ogous functions. The targeting of CSR-1 22G-RNA complexes to

chromosomal loci in the germline could recruit chromatin modi-

fiers that mark CSR-1 22G-RNA-targeted domains and provide

boundaries that define the adjacent centromeric domains of
130 Cell 139, 123–134, October 2, 2009 ª2009 Elsevier Inc.
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Figure 7. Model for the Activity of the CSR-1

22G-RNA Pathway in Chromosome Segre-

gation

(A) 22G-RNA synthesis: In the germline, DRH-3,

EGO-1, and CSR-1 localize to perinuclear P gran-

ules, where DRH-3 and EGO-1 initiate the

synthesis of 22G-RNAs from transcripts that are

important for germline development and early

embryogenesis. These 22G-RNAs are loaded

onto CSR-1 and can guide the complex to its

targets.

(B) Initial targeting of genomic loci: In oocytes,

CSR-1 22G-RNA complexes move into the

nucleus where they target nascent transcripts,

possibly by cleaving them. Chromatin-modifying

factors may associate with CSR-1 complexes to

promote local modification of histones at and

near CSR-1 target loci, establishing pericentro-

meric chromatin domains (green nucleosomes).

A complex containing EGO-1, DRH-3, and

possibly EKL-1 is proposed to amplify the signal

in a positive feedback loop, by generating more

22G-RNAs in the nucleus with the CSR-1 22G-

RNA-targeted nascent transcripts as the template.

(C) Establishment and maintenance of chromatin

domains: The CSR-1 22G-RNA-dependent chro-

matin domains containing modified histones

(green nucleosomes) may promote the proper

binding and organization of other components

such as condensins and cohesins in embryo

mitotic divisions. Furthermore, these chromatin

domains could help to both recruit and restrict

the incorporation of the centromeric histone H3

variant HPC-3/CENP-A (red nucleosomes) in chromatin domains adjacent to those targeted by CSR-1 22G-RNA complexes. Regions of the chromatin loop

out and self-associate, permitting the assembly of a proper planar, rigid kinetochore on the poleward faces of condensed chromosomes. As cell divisions

continue, chromatin domains could be maintained epigenetically, possibly even by EKL-1, thus becoming less reliant on CSR-1 22G-RNA activity throughout

development.
HCP-3 incorporation. Consistent with this notion, a preliminary

comparison indicates that the domains targeted by CSR-1

22G-RNAs are, in large part, mutually excluded from regions

that are enriched for the conserved, centromeric histone variant

HCP-3/CENP-A (R. Gassmann and A. Desai, personal communi-

cation). Thus, like the S. pombe Ago1 system, the CSR-1 path-

way may help to define adjacent domains of HCP-3 incorpora-

tion but does so by targeting protein-coding genes rather than

repetitive heterochromatin.

CSR-1 22G-RNA targets are distributed relatively uniformly on

each chromosome, as would be expected if these targets serve

in the positioning or alignment of kinetochores along the length

of each chromosome. The one notable exception is the X chro-

mosome, which is depleted of genes expressed in the germline

(Reinke et al., 2000), and which possesses fewer CSR-1 targets

than the autosomes (�70 versus 500–900 per autosome). It is not

clear how this lower number of CSR-1 target sites might impact X

chromosome segregation. The X chromosome is the only chro-

mosome whose loss is tolerated by the organism (resulting in

spontaneous males within hermaphrodite populations). Indeed,

the stability of the X chromosome is more than an order of magni-

tude lower than that of the autosomes (the loss of which is gener-

ally not detected in wild-type populations) (Meneely et al., 2002).

Whatever the explanation for the reduced fidelity of X chromo-
some segregation, clearly the limited number of CSR-1 targets

is sufficient, or there are other pathways governing segregation

of the X chromosome.

P Granules and 22G-RNA Biogenesis
CSR-1 and the other protein components of the 22G-RNA

pathway localize to P granules. P granules are found in close

apposition on the cytoplasmic face of nuclear pores (Pitt et al.,

2000) and are thought to be sites of accumulation for many

mature polyadenylated mRNAs (Schisa et al., 2001). The nuclear

association of P granules is lost in csr-1, ego-1, ekl-1, and drh-3

mutant backgrounds, suggesting that the association of CSR-1

and its cofactors with mRNA targets emerging from the nuclear

pore may help to drive the perinuclear association of P granules

(Figure 7A). Perhaps consistent with this idea, P granules also

lose their perinuclear association in transcriptionally quiescent

or nearly quiescent germ cells, e.g., oocytes and early embryo

germ cells.

If their initial biosynthesis occurs in P granules, 22G-RNAs may

subsequently guide CSR-1 back to chromatin or to chromatin-

associated nascent transcripts (Figure 7B). Because CSR-1

targets are robustly expressed in the maternal germline, it is

possible that CSR-1 complexes initially engage nascent tran-

scripts during gametogenesis. Once established, these
Cell 139, 123–134, October 2, 2009 ª2009 Elsevier Inc. 131



hypothetical CSR-1-chromatin domains could be preserved

throughout embryogenesis, perhaps even in the absence of

additional transcription (Figure 7C). Consistent with this idea,

we found that CSR-1-chromatin localization was most promi-

nent in the two or three most mature oocytes in each gonad

arm (Figure 4A and data not shown). The retention of CSR-1

complexes at target loci could occur through direct binding to

other chromatin components, possibly even through EKL-1, as

tudor domains have been shown to interact with the methyl-argi-

nine and -lysine moieties of histone tails (reviewed in Taverna

et al., 2007).

Distinct Roles for Argonautes in RNAi and 22G-RNA
Pathways
Our studies indicate that at least two distinct germline 22G-RNA

pathways with several overlapping core components exist in

C. elegans: the CSR-1 and WAGO-1 pathways. Like CSR-1,

WAGO-1 prominently localizes to P granules. However, the peri-

nuclear distribution of P granules and chromosome segregation

are not altered by the loss of wago-1, even within the context of

a 12-fold WAGO mutant (composed of null alleles of wago-1 and

11 related WAGO Argonautes) (Gu et al., 2009). How are these

Argonautes loaded with distinct 22G-RNA species, despite their

shared localization and reliance on upstream factors? One

attractive scenario is that mRNA targets are sorted into distinct

P granule subcompartments, wherein the amplification of 22G-

RNAs takes place. Additional protein factors, such as CDE-1,

and/or structural elements within target transcripts may be

involved in the recognition and compartmentalization of target

mRNAs (see the Discussion in Gu et al., 2009).

Recombinant CSR-1 protein has been shown to exhibit Slicer

activity in vitro (Aoki et al., 2007), and CSR-1 has been implicated

in downregulating genes in response to foreign dsRNA (Yigit

et al., 2006). However, endogenous CSR-1 22G-RNA targets

do not appear to be downregulated by CSR-1 (see above).

CSR-1 22G-RNAs are expressed at low levels relative to

WAGO-1 22G-RNAs (Figure S10), perhaps below a threshold

to trigger mRNA turnover. Consistent with this idea, not all

WAGO-1 22G-RNA targets exhibit mRNA silencing, but those

that do typically exhibit the highest levels of corresponding

22G-RNA accumulation (Gu et al., 2009).

It is tempting to speculate that the incompletely penetrant

effects of csr-1 mutants on RNAi are indirect, perhaps arising

as a consequence of the dramatic disruption of P granules in

csr-1 mutants. There are already two distinct AGO systems

implicated in the RNAi pathway, RDE-1 (Tabara et al., 1999)

and the WAGO system (Yigit et al., 2006), and at least the

WAGO-1 protein is localized to P granules (Gu et al., 2009). In

csr-1 mutants, perhaps the dissociation of P granules from

germ nuclei disrupts access to target mRNAs or other activities

required for the full activity of the germline RNAi response.

Our findings together with those of Gu et al. (2009) indicate

that the majority of the genome is targeted by Argonaute

systems that provide diverse surveillance functions. Expressed

genes are targeted by CSR-1, while classically heterochromatic

domains including transposons and pseudogenes are targeted

by WAGO-1. Both of these systems contribute to the physical

maintenance of the genome by promoting, respectively, (1) chro-
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mosome segregation and (2) the suppression of mobile or other-

wise potentially deleterious elements.

Correlates of these pathways are likely to function in other

nematodes and, indeed, could help explain the classic observa-

tions in Parascaris made by Theodor and Marcella Boveri more

than 100 years ago (reviewed in Pimpinelli and Goday, 1989; Sat-

zinger, 2008). By targeting heterochromatic domains, a system

analogous to the WAGO-1 pathway could promote chromosome

fragmentation and the elimination of the heterochromatin in Par-

ascaris. This could occur via an Argonaute pathway similar to

that which mediates chromosome fragmentation during macro-

nuclear formation in Tetrahymena (reviewed in Yao and Chao,

2005). By targeting genes, correlates of the CSR-1 22G-RNA

system could ensure the proper higher-order assembly of the

holocentric kinetochores found in diverse nematode species

and could provide this function even after fragmentation and

the elimination of heterochromatin as in the tiny somatic chromo-

somes of Parascaris. Additional insights into the underlying

molecular mechanisms through which Argonaute systems

promote the higher-order structure of chromosomes will require

further study. The observation that such pathways, however

different, exist in nematodes and fungi suggests that similar

activities are likely to be ubiquitous in eukaryotes.

EXPERIMENTAL PROCEDURES

Worm Strains

Bristol N2 was the wild-type strain used in these studies. All other alleles used

in this study, including csr-1(tm892) rescued strains, can be found in the

Supplemental Experimental Procedures.

RNAi

1 mg/ml dsRNA targeting drh-3, csr-1, or ekl-1 was injected into young adult

Bristol N2 worms. After 36–48 hr at 20�C, worms containing embryos were

dissected and fixed for immunostaining.

Antibody Generation

A rabbit antibody, used in immunostaining, was generated against the CSR-1

polypeptide from amino acids E462 to E987 (containing the PAZ and most of

the PIWI domain) (Capralogics, Inc.). Additional rabbit antibodies, used in IP

experiments, were generated and purified by Anaspec using the following

peptides: VDYNAPKDPEFRQKYPNLKFP and QRCKDKGMHIGSYSMDQHN

GERGSENFL. A GST-fusion protein containing an EKL-1 N-terminal fragment

(L58 to S309) was used to generate rabbit antisera. DRH-3 and EGO-1 anti-

bodies are described in Gu et al. (2009).

Immunostaining

Gonads and embryos were excised in 13 sperm salts, frozen, and cracked on

dry ice for 10 min and fixed at �20�C for 5 min each in methanol, 1:1 metha-

nol:acetone, and acetone. Blocking (1 hour at 20�C) and antibody incubations

(primary, overnight at 4�C; secondary 1 hour at 20�C) were performed in

13PBS/0.1% Tween-20/3%BSA. Washes were performed with 13PBS/

0.1% Tween-20 (PBST). DNA was stained with DAPI. For details, see the

Supplemental Experimental Procedures.

FISH

Embryos were dissected in egg salts with 0.1% Tween-20, followed by brief

2% formaldehyde fixation, permeabilization by freeze crack, and fixation for

1 min in �20�C methanol. Slides were washed in PBST and gradually trans-

ferred to 100% ethanol. Slides were dried and incubated in 23SSC/50% form-

amide at 37�C for 1 hr. The probe was sealed on the slide, DNA was denatured

at 95�C for 3 min, and hybridization was performed overnight at 37�C. Slides



were washed in 23SSC/50% formamide, 23SSC, 13SSC, and PBST, then

counterstained with DAPI.

Western Blot Analysis

Analysis is as described in Batista et al. (2008), with the exception that proteins

were resolved by SDS-PAGE on Criterion Precast gradient gels (4%–15%,

Biorad).

Small RNA Cloning and Data Analysis

Cloning and data analysis are as described in Batista et al. (2008) for Termi-

nator exonuclease (Epicenter Technologies) treated samples. For small RNA

cloning of CIP/PNK (New England Biolabs) and TAP (Tobacco Acid Pyrophos-

phatase, Epicenter Technologies) libraries, the procedure is described in the

Supplemental Experimental Procedures.

Tiling Microarray Procedures

Procedures are as described in Batista et al. (2008). For details, see the

Supplemental Experimental Procedures.

Chromatin Immunoprecipitation

ChIP procedures were based on the technique of Whittle et al. (2008), except

that live embryos were treated, when indicated (Figure 6), with 10 mM dimethyl

3, 30-dithiobispropionimidate (DTBP, Thermo-Fisher Scientific) in M9 buffer (in

50 ml total) for 30 min at room temperature. DTBP was quenched with 2.5 ml of

2.5 M glycine for 5 min, washed with M9, and then embryos were incubated

with 2.6% formaldehyde. ChIP samples were analyzed by quantitative real-

time PCR. Details are found in the Supplemental Experimental Procedures.

ACCESSION NUMBERS

All RNA sequences extracted from Illumina reads as described were deposited

in the NCBI’s Gene Expression Omnibus (GEO) (Edgar et al., 2002) and are

accessible through GEO Series accession number GSE18165. Included under

this accession number are the following data: Small RNAs that coimmunopre-

cipitate with CSR-1 and the corresponding wild-type input control, 50 ligation-

dependent (TAP); and small RNA populations from csr-1(tm892), ego-1(om97),

and a congenic wild-type strain (DA1316), 50 ligation-dependent (CIP/PNK).

Microarray data were deposited in the NCBI’s GEO and are accessible through

GEO Series accession number GSE18141.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, ten

figures, six tables, and four movies and can be found with this article online

at http://www.cell.com/supplemental/S0092-8674(09)01174-X.
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