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SUMMARY

Microtubule behavior changes during the cell
cycle and during spindle assembly. However,
it remains unclear how these changes are regu-
lated and coordinated. We describe a complex
that targets the Protein Phosphatase 2A holo-
enzyme (PP2A) to centrosomes in C. elegans
embryos. This complex includes Regulator of
Spindle Assembly 1 (RSA-1), a targeting subunit
for PP2A, and RSA-2, a protein that binds and
recruits RSA-1 to centrosomes. In contrast to
the multiple functions of the PP2A catalytic sub-
unit, RSA-1 and RSA-2 are specifically required
for microtubule outgrowth from centrosomes
and for spindle assembly. The centrosomally lo-
calized RSA-PP2A complex mediates these
functions in part by regulating two critical mi-
totic effectors: the microtubule destabilizer
KLP-7 and the C. elegans regulator of spindle
assembly TPXL-1. By regulating a subset of
PP2A functions at the centrosome, the RSA
complex could therefore provide a means of co-
ordinating microtubule outgrowth from centro-
somes and kinetochore microtubule stability
during mitotic spindle assembly.

INTRODUCTION

A mitotic spindle is a bipolar microtubule-based structure

that ensures accurate inheritance of genetic material. As

cells enter mitosis, the interphase microtubule cytoskele-

ton is reorganized to form the mitotic spindle. During spin-
dle formation, microtubule dynamics are modulated glob-

ally but also locally at spindle poles and in the vicinity of

chromatin (Desai and Mitchison, 1997; Karsenti and Ver-

nos, 2001; Wittmann et al., 2001). Numerous studies

have shown that the function of many organizers of the mi-

crotubule cytoskeleton, such as microtubule motors and

microtubule-associated proteins (MAPs), is modulated

by their phosphorylation state (Verde et al., 1990; Nigg,

2001; Cassimeris, 1999). A key question that remains

poorly understood is how protein phosphorylation is regu-

lated temporally and spatially during spindle assembly.

Phosphorylation states are determined by the balanced

activities of kinases and phosphatases. Mitotic kinases

(Nigg, 2001) rely largely on consensus sequence motifs

for substrate recognition; however, recent work suggests

that kinase activation and targeting can also occur

through specific adaptor proteins. Examples include

TPX2, which leads to activation of Aurora A kinase and

its binding to spindle microtubules (Gruss and Vernos,

2004) and the chromosomal passenger proteins INCENP

and Survivin, which localize and activate Aurora B kinase

(Carmena and Earnshaw, 2003).

Protein phosphatases, which counteract the activity of

kinases, are also required for correct microtubule organi-

zation. Protein Phosphatase 2A (PP2A), for example, has

been implicated in the regulation of microtubule dynamics

during the cell cycle (Gliksman et al., 1992; Tournebize

et al., 1997), and Protein Phosphatase 4 is required for

centrosome maturation and function (Sumiyoshi et al.,

2002). The dephosphorylation of substrates during mitosis

is presumably as tightly controlled as the corresponding

phosphorylation reactions. However, there are far fewer

phosphatases than kinases present in eukaryotic cells,

and unlike kinases, most phosphatases do not appear

to target consensus sequence motifs. This implies a far

more complex regulation of individual phosphatases,
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and regulatory subunits are crucial for the activity as well

as the specificity of phosphatases (Faux and Scott,

1996; Dagda et al., 2003; Arnold and Sears, 2006).

PP2A, for instance, forms heterotrimeric complexes con-

sisting of a catalytic C subunit and a structural A subunit

(the core heterodimer) and a variable regulatory B subunit.

The association of the core heterodimer with different B

subunits can modulate phosphatase activity, localization,

or substrate specificity (Janssens and Goris, 2001). How-

ever, little is known about how regulatory subunits deter-

mine phosphatase function during mitosis and how they

themselves are regulated.

In C. elegans embryos, centrosomes dominate the spin-

dle-assembly process (Hamill et al., 2002; Oegema and

Hyman, 2006). Shortly before mitotic spindle assembly,

microtubule levels at C. elegans centrosomes increase

about 5-fold (Hannak et al., 2002). A subset of these

microtubules attach to the holocentric kinetochores to

form kinetochore microtubules. Genome-wide RNA inter-

ference (RNAi) screens and forward genetics have identi-

fied a number of centrosome-localized effectors required

for spindle assembly (reviewed in Oegema and Hyman,

2006). Microtubule nucleation requires centrosomal core

components and a trimeric g-tubulin complex (Hannak

et al., 2002). Plus-end growth of microtubules away

from the centrosome depends on free tubulin and the

activity of a complex of ZYG-9 (the C. elegans ortholog

of the microtubule stabilizer XMAP215) and its activator

TAC-1 (Srayko et al., 2005). The number of microtubules

that grow out from centrosomes is limited by the activity

of the microtubule depolymerizing kinesin KLP-7 (Srayko

et al., 2005). Proper length of kinetochore microtubules

and therefore the stability of the assembling mitotic spin-

dle depends on the activity of the Aurora A kinase AIR-1

and its activator TPXL-1 (Ozlu et al., 2005). However, it

is still unclear how the process of spindle assembly is con-

trolled temporally and spatially and how the different as-

pects of microtubule dynamics are coordinated to form

this complex structure.

Here we identify a C. elegans protein complex that is re-

quired for two distinct processes in spindle formation: the

outgrowth of microtubules from centrosomes and the sta-

bility of kinetochore microtubules. This complex consists

of the new RSA-1 and RSA-2 proteins (Regulator of Spin-

dle Assembly) and the core centrosomal protein SPD-5

and constitutes a centrosome-targeting module for Pro-

tein Phosphatase 2A.

RESULTS

The PP2A Regulatory Subunit RSA-1 Is Required for

Spindle Stability and Normal Levels of Microtubules

at Centrosomes

During a genome-wide RNA interference (RNAi) screen in

C. elegans embryos, we identified C25A1.9, an uncharac-

terized gene whose silencing disrupted mitotic spindle

assembly (Sonnichsen et al., 2005). Based on its RNAi

phenotype and likely regulatory function (see below) we
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termed C25A1.9 rsa-1, for regulator of spindle assembly.

In rsa-1(RNAi) embryos, centrosomal microtubules were

reduced (Figure 1A and Movie S1) and centrosomes col-

lapsed onto chromatin after nuclear envelope breakdown

(NEBD) and separated again at anaphase (Figures 1A and

1B). We used electron-microscope tomography to inves-

tigate the structure of the collapsed spindles more closely.

Three-dimensional modeling of tomographic sections

from rsa-1(RNAi) embryos with collapsed spindles

showed that microtubules still contacted the chromatin

(Figure 1D), suggesting that these spindles are otherwise

intact and that kinetochore microtubules form but are

less stable than in wild-type spindles.

We confirmed the rsa-1(RNAi) phenotype by isolating a

mutant in rsa-1 using ethyl-methane sulfonate (EMS) mu-

tagenesis and TILLING to identify mutants in the gene

(Figure S1; for a review of the TILLING method see Stem-

ple, 2004). The mutant allele rsa-1(dd13), predicted to give

rise to a C-terminally truncated protein (Figures S1B and

S1C), caused a phenotype indistinguishable from that of

rsa-1(RNAi) embryos (Figure 1A and Movie S1).

RSA-1 encodes a 404 amino acid (aa) protein with

sequence similarity to B-type regulatory subunits of

Protein Phosphatase 2A (PP2A) (Figure S2). PP2A

regulatory B subunits belong to one of at least three

groups, the B, B0, or B00 families (Janssens and Goris,

2001). Based on sequence conservation, the B00 subunits

can be grouped into two classes: the PR48/PR130 and

the TON2 subfamilies (Figure S2). RSA-1 is most closely

related to B00 subunits of the TON2 subfamily (Figure S2).

Consistent with this classification, the Arabidopsis

thaliana B00 PP2A subunit TON2 has been implicated in as-

pects of microtubule cytoskeleton organization (Camilleri

et al., 2002).

RSA-1 Is Part of a Complex that Contains the PP2A

Core Heterodimer and a Previously Uncharacterized

Protein, RSA-2

To test biochemically whether RSA-1 associates with a

PP2A core heterodimer in C. elegans, we generated a

worm strain expressing RSA-1 fused to green fluorescent

protein (GFP) and immunoprecipitated the protein using

anti-GFP antibodies. The gfp::rsa-1 transgene fully res-

cued rsa-1(dd13) mutants, indicating that it is functional

in vivo (see Supplemental Experimental Procedures).

GFP::RSA-1 coprecipitated with the PP2A catalytic and

structural subunits LET-92 and PAA-1, indicating that

RSA-1 functions as part of a PP2A heterotrimeric com-

plex. In addition to the PP2A core heterodimer, we consis-

tently coimmunoprecipitated the core centrosomal pro-

tein SPD-5 and an uncharacterized protein, Y48A6B.11

(Table 1). SPD-5 is a coiled-coil protein required for the

recruitment of all known components of the pericentriolar

material (PCM) and thus is essential for the formation of

functional centrosomes (Hamill et al., 2002; Dammermann

et al., 2004). Nevertheless, no direct interaction partners

of SPD-5 have been described to date. Y48A6B.11 is a

coiled-coil-containing 108 kDa protein with no obvious



Figure 1. Spindle Assembly Fails in C. elegans Embryos Defective in the PP2A Regulatory Subunit RSA-1 and in Embryos Depleted

of RSA-2
(A) Still images from spinning disk confocal time-lapse recordings of wild-type (first column), rsa-1(RNAi) (second column), rsa-1(dd13) (third column),

and rsa-2(RNAi) (fourth column) one-cell stage C. elegans embryos expressing GFP::b-tubulin. Time points are relative to nuclear envelope break-

down (NEBD = 0 s). Scale bars are 10 mm. See also Movie S1.

(B and C) Measurement of pole-to-pole distances over time during spindle formation from single frames of time-lapse recordings as in (A). Measure-

ments from three wild-type (WT) embryos (green and blue diamonds) and three rsa-1(RNAi) (B) or rsa-2(RNAi) (C) embryos (red and orange circles) are

shown.

(D) Microtubules contacting the chromatin form in the absence of RSA-1. The 3D model shows a half spindle in anaphase. The partial reconstruction

was computed from a 3 3 1 montage. The 3D model shows the boundaries of chromosomes (green) and the position of spindle microtubules (red and

white lines). Microtubules that ended on the chromosomes were defined as kinetochore microtubules (white). Scale bar is 1 mm.
homologs in other organisms. Y48A6B.11(RNAi) embryos

displayed a phenotype indistinguishable from that of rsa-

1(RNAi) embryos (Figures 1A and 1C and Movie S1).

Therefore, we refer to this gene as rsa-2.
A Targeting Pathway of SPD-5, RSA-2, and RSA-1

Recruits the PP2A Complex to Centrosomes

Consistent with the association of RSA-1 and RSA-2 with

SPD-5, antibodies raised against these two proteins
Cell 128, 115–127, January 12, 2007 ª2007 Elsevier Inc. 117



labeled centrosomes in wild-type embryos (Figure 2A), as

did GFP fusions of the proteins (data not shown). The cen-

trosomal staining was strongly reduced after RNAi knock-

down of the respective proteins, confirming the specificity

of the antibodies and the RNAi phenotypes (Figure 2A). In

spd-5(RNAi) embryos, we could not detect any localized

intracellular staining for RSA-1 or RSA-2, indicating that

both proteins depend on SPD-5 for binding to centro-

somes (data not shown).

In order to investigate the assembly relationship

between RSA-1 and RSA-2, we determined the location

of each protein in the absence of the other. In both rsa-

1(RNAi) embryos (Figure 2A) and rsa-1(dd13) mutants

(data not shown), RSA-2 localized correctly to centro-

somes. However, in rsa-2(RNAi) embryos, RSA-1 was

not detected on centrosomes (Figure 2A). Western

blotting showed that RSA-1 levels were decreased by

about 50% upon rsa-2(RNAi) and RSA-2 levels were also

reduced by about 50% in rsa-1(RNAi) (Figure 2C). These

results suggested that RSA-2 is specifically required for

the centrosomal recruitment of RSA-1, while RSA-1

appears to be dispensable for RSA-2 binding to centro-

somes.

A GFP-tagged version of the RSA-1-associated PP2A

catalytic subunit LET-92 also localized to centrosomes.

GFP::PP2AcLET-92 fluorescence was additionally ob-

served in the cytoplasm and around chromatin after

NEBD. After depletion of RSA-1, the centrosomal

GFP::PP2AcLET-92 signal was no longer detectable, while

the cytoplasmic and nuclear pools persisted (Figure 2B

and Movie S2). These localization results suggested an

assembly hierarchy of SPD-5, RSA-2, RSA-1, and the

PP2A catalytic subunit onto centrosomes.

In order to investigate how the RSA proteins facilitate

PP2A binding to centrosomes, we performed a yeast

two-hybrid analysis. These experiments suggested that

Table 1. RSA-1 Coimmunoprecipitates with a PP2A
Complex, SPD-5 and the Uncharacterized Protein
Y48A6B.11 (RSA-2)

Proteins Coimmunoprecipitating Specifically with RSA-1

Y48A6B.11 (RSA-2) Uncharacterized protein. RNAi

phenotype identical to
rsa-1(RNAi)

SPD-5 Core component of the

pericentriolar material

PAA-1 PP2A structural A subunit

LET-92 PP2A catalytic subunit

RSA-1 Coimmunoprecipitates with a PP2A Core Complex,

SPD-5, and Y48A6B.11

Proteins coimmunoprecipitating with GFP::RSA-1 were sepa-
rated by SDS-PAGE and analyzed by nanoLC-MS-MS. Corre-

sponding molecular weight region samples of RSA-1 and con-

trol experiments were compared. Proteins that specifically

coprecipitated with RSA-1 in two independent experiments
are listed.
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RSA-2 could directly bind to both RSA-1 and the core

PCM protein SPD-5 (Figure 2D and Table S1). Further-

more, we found that the amino-terminal part of RSA-2

interacted with SPD-5 and its carboxy-terminal half with

RSA-1 (not shown), indicating that RSA-2 acts as a scaf-

fold to link the phosphatase complex to centrosomes.

These results support the view of a linear assembly path-

way that is based on direct protein-protein interac-

tions, whereby the centrosomal core protein SPD-5 links

RSA-2 to centrosomes, which then recruits RSA-1, the

localizing B regulatory subunit for the PP2A complex

(Figure 2E).

RSA-1 and RSA-2 Are Required for the Generation

of Normal Numbers of Outgrowing Microtubules

from Centrosomes

To more closely examine the functions of RSA-1 and

RSA-2, we measured centrosomal GFP::b-tubulin

fluorescence in rsa-1(RNAi) and rsa-2(RNAi) embryos.

Centrosomal microtubules were reduced to 10%–20%

of wild-type levels during prophase, and a small nonuni-

form accumulation of tubulin at centrosomes appeared

after NEBD (Figures 3A–3D and Movie S1). Consistent

with the microtubule reduction observed in rsa-1(RNAi)

and rsa-2(RNAi) embryos, depletion of these proteins

also caused a substantial decrease in outgrowth of micro-

tubule plus ends from centrosomes (Movie S3). The num-

ber of microtubules growing out from rsa-1(RNAi) centro-

somes at metaphase was previously measured to be

approximately 25% of the wild-type number (Srayko

et al., 2005).

Microtubule Stability at Centrosomes Depends on

PP2A Catalytic Activity

To determine whether RSA-1- and RSA-2-mediated stabi-

lization of centrosomal microtubules requires the PP2A

catalytic subunit LET-92, we examined let-92(RNAi)

embryos. In contrast to RSA-1 or RSA-2 depletion,

let-92(RNAi) resulted in a highly pleiotropic phenotype,

including a failure in meiotic spindle disassembly, a

failure in the formation of nuclear envelopes around the

pronuclei and unseparated centrosomes. Nevertheless,

a spindle-like bipolar structure eventually formed (Fig-

ure 4A and Movie S4), but with greatly reduced microtu-

bule numbers at the poles (Figure 4A, compare let-

92(RNAi) panel IV with wild-type anaphase stage embryo

in the right panel).

The pleiotropic defects observed in let-92(RNAi) em-

bryos made it difficult to compare the function of this

phosphatase with the functions of RSA-1 and RSA-2 in

centrosomal microtubule stability. We therefore used the

PP2A and Protein Phosphatase 1 (PP1) inhibitor Calyculin

A to remove phosphatase activity from embryos that had

progressed into mitosis normally. Embryos expressing

YFP::a-tubulin were mounted in the presence or absence

of Calyculin A, which does not penetrate the eggshell.

A UV laser was used to perforate the eggshell during



Figure 2. A Linear Assembly Hierarchy Targets the RSA-PP2A Complex to Centrosomes

(A) Centrosomal localization of RSA-1 depends on RSA-2. Wild-type, rsa-1(RNAi), and rsa-2(RNAi) embryos were stained for DNA (blue), RSA-1

(green), RSA-2 (red), and microtubules (green in right panels). Projections of Z stacks are shown. The inset in the merged image of the top panel high-

lights RSA-1 and RSA-2 colocalization at centrosomes. Panels on the right illustrate the RNAi phenotypes and the position of the centrosomes. Scale

bars are 10 mm; inset scale bar is 1 mm.

(B) The PP2A catalytic subunit LET-92 is recruited to centrosomes by RSA-1. Paired fluorescence and DIC still images from time-lapse series of meta-

phase embryos expressing the GFP-tagged PP2A catalytic subunit LET-92. A wild-type embryo is shown in the left panel, a rsa-1(RNAi) embryo is

shown in the right panel. Arrows indicate the position of centrosomes in the rsa-1(RNAi) panel as obtained from corresponding DIC recordings. Times

indicated are seconds relative to NEBD. Scale bars are 10 mm. See Movie S2.

(C) The mislocalization of RSA-1 in rsa-2(RNAi) does not appear to be caused by destabilization of the protein. Western blot of whole-worm lysates

from wild-type, rsa-1(RNAi), and rsa-2(RNAi) animals. Both the RSA-1 and the RSA-2 antibodies recognize a protein doublet. In the case of RSA-1,

only the upper band (arrow) is specific for the protein, as the lower band is RNAi resistant. A nonspecific reactivity of the RSA-2 antibody served as

loading control.

(D) RSA-2 interacts with RSA-1 and SPD-5 in a yeast two-hybrid assay. A vector encoding RSA-2 fused to the GAL4 DNA binding domain (BD) was

cotransformed with GAL4 activating domain (AD) fusions of either full-length RSA-1 or a SPD-5 fragment that corresponded to aa 280–1198. Complex

formation was detected by activation of the lacZ reporter gene in a b-galactosidase assay. See Table S1 for a quantification of b-galactosidase units.

Complex formation was further confirmed by use of two additional reporters: growth on plates lacking histidine or uracil, respectively (data not shown).

(E) Scheme of the linear assembly hierarchy that targets the PP2A complex to centrosomes.
mitosis, facilitating the entry of Calyculin A into the cyto-

plasm. In embryos exposed to Calyculin A, microtubules

rapidly disappeared from centrosomes (Figure 4B and
Movie S5). These observations indicate that phosphatase

catalytic activity is required for microtubule stability at

spindle poles.
Cell 128, 115–127, January 12, 2007 ª2007 Elsevier Inc. 119



Figure 3. Depletion of RSA-1 or RSA-2 Causes a Reduction of Centrosomal Microtubules

(A and C) Quantification of centrosomal GFP::b-tubulin fluorescence from single frames of time-lapse recordings as in Figure 1A. Fluorescence in-

tensity values are shown as (mean ± standard error of the mean) for wild-type (diamonds) and rsa-1(RNAi) (panel A) or rsa-2(RNAi) (panel C) embryos

(circles).

(B and D) Representative images of centrosomes of rsa-1(RNAi) (panel B) and rsa-2(RNAi) (panel D) embryos acquired as in Figure 1A. Scale bars are

1mm. Time points indicated are relative to NEBD.
RSA-1 and RSA-2 Control Microtubule Dynamics

through the Microtubule Depolymerizing Kinesin

KLP-7

Our results so far suggested that RSA-1 and RSA-2 medi-

ate a specific subset of PP2A functions that are required

for maintenance of normal microtubule levels at centro-

somes. Microtubule amounts at C. elegans centrosomes

are also modulated by KLP-7, the only identified Kine-

sin-13 in C. elegans (Desai et al., 1999; Siddiqui, 2002).

However, in contrast to the RSA complex, which normally

stabilizes microtubules, KLP-7 reduces the microtubule

number at centrosomes. Specifically, the number of mi-

crotubule plus ends growing out from centrosomes is

doubled in klp-7(RNAi) embryos (Srayko et al., 2005).

Therefore, KLP-7 and the RSA complex have opposite ef-

fects on microtubule outgrowth. Indeed codepletion of

KLP-7 and either RSA-1 or RSA-2 restored centrosomal

microtubules to wild-type levels. However, spindle poles

still collapsed onto each other (Figures 5A and 5B and

Movies S6 and S7; for controls, see Experimental Proce-

dures). Similar results were obtained when KLP-7 was de-

pleted from rsa-1(dd13) mutant embryos (Figure S3 and

Movie S8). Thus, codepletion of KLP-7 rescues the micro-

tubule outgrowth defect in rsa-1(RNAi), rsa-1(dd13), and

rsa-2(RNAi) embryos but cannot rescue spindle instability.

This result indicates that the RSA complex has at least two

functions in the formation of a mitotic spindle: regulation of

kinetochore microtubule length and regulation of microtu-

bule outgrowth from centrosomes. The above result also
120 Cell 128, 115–127, January 12, 2007 ª2007 Elsevier Inc.
suggested that the nucleation capacity of the centro-

somes is intact in the absence of RSA-1 and RSA-2. Con-

sistent with this notion, we found that g-tubulin, the major

microtubule nucleator in C. elegans embryos (Hannak

et al., 2002), localizes normally in rsa-1(RNAi) and rsa-

2(RNAi) embryos (Figures 5C, S4A, and S4B). We suggest

that the RSA complex acts in a process downstream of

microtubule nucleation per se and regulates the out-

growth of nucleated microtubules.

The RSA complex could control microtubule outgrowth

from centrosomes directly by regulating KLP-7 catalytic

activity, or indirectly, for instance by regulating KLP-7

levels at centrosomes. We tested whether the RSA-

PP2A complex affects KLP-7 localization using a trans-

genic line expressing GFP-tagged KLP-7. KLP-7 levels

at centrosomes were about 1.6–1.8-fold increased in

rsa-1(RNAi), as compared to wild-type (Figures 5D and

5E and Movie S9). This observation indicated that the

RSA-PP2A complex controls microtubule outgrowth

from centrosomes at least in part by restricting the levels

of the microtubule destabilizer KLP-7 at centrosomes.

The RSA Complex Recruits the Kinetochore

Microtubule Stabilizer TPXL-1 to Centrosomes

The collapse of spindle poles at NEBD and their subse-

quent re-elongation observed in rsa-1(RNAi) (Figures 1A

and 1B and Movie S1) as well as the ultrastructure of

rsa-1(RNAi) spindles obtained by EM tomography (Fig-

ure 1D) are very reminiscent of the depletion phenotype



Figure 4. Protein Phosphatase Activity Is Required for Centrosomal Microtubule Stability

(A) Depletion of the PP2A catalytic subunit LET-92 leads to pleiotropic defects in the early embryo and to reduced centrosomal microtubules. Em-

bryos expressing GFP::b-tubulin were depleted of the PP2A catalytic subunit LET-92 and imaged by spinning disk confocal microscopy. Still images

representing cell-cycle progression (panels I–IV) in let-92(RNAi) embryos are shown. In panel I, meiotic spindle remnants (arrowhead) and the unsep-

arated centrosomes (arrow) are at the embryonic cortex. In panel II, meiotic spindle remnants and centrosomes migrate toward the center of the em-

bryo where they meet. In panel III, the meiotic microtubule array and the centrosomes fuse and form a bipolar structure. In panel IV, the bipolar struc-

ture elongates. The right panel shows a still image of a wild-type embryo at anaphase acquired under the same conditions for comparison of

microtubule amounts with panel IV of the let-92(RNAi) series. See Movie S4.

(B) Microtubules are destabilized in embryos treated with Calyculin A, an inhibitor of Protein Phosphatase 2A and Protein Phosphatase 1. YFP::a-

tubulin embryos were mounted with 10 mM Calyculin A diluted from a 1 mM DMSO stock (DMSO/Calyculin A embryo, lower panels) or with 1% v/

v DMSO alone (DMSO control embryos, upper panels). An image of the cellular microtubules before drug treatment was acquired (left panels). After

laser-mediated eggshell permeabilization and entry of Calyculin A into the embryonic cytoplasm (circle marks the site of eggshell perforation), micro-

tubule behavior was followed using one-second interval time-lapse acquisitions. Time points indicated are seconds after eggshell perforation and

drug entry (right panels). See Movie S5.

Out of 15 embryos that were exposed to Calyculin A; 10 showed a rapid microtubule depolymerization like the embryo shown in this figure; 5 embryos

displayed a slower loss of microtubules, which might be caused by slightly different cell-cycle stages at the time of drug entry or by poor access of

Calyculin A to the cytoplasm of these embryos.

In panels (A) and (B), scale bars are 10mm.
described earlier for the Aurora kinase activator TPXL-1

(Ozlu et al., 2005), suggesting a role of the RSA complex

in regulating TPXL-1.

Consistent with this idea, TPXL-1 amounts at centro-

somes were substantially reduced after depletion of

RSA-1 (Figure 6A). The decrease in TPXL-1 at the centro-

some did not result from the reduced microtubule number,

as it was also observed when microtubule amounts were

restored to wild-type levels by codepletion of KLP-7 and

RSA-1 (Figures 6A and 6B and Movie S10). Similar results

were obtained in rsa-2(RNAi) (data not shown).

We next determined whether TPXL-1 and the RSA pro-

teins also interact physically. Indeed, immunoprecipitation

of TPXL-1 resulted in copurification of the RSA complex,

as judged by Western blot and mass spectrometry

(Figure 6C and Table S2). Depletion of the RSA complex

did not affect the localization of other known centrosomal

regulators, (see Figure S4). Based on these results, we

conclude that the RSA complex contributes to mitotic
spindle assembly, at least in part by targeting TPXL-1 to

centrosomes, likely via a direct physical interaction.

DISCUSSION

PP2A Subunits and Specificity

One of the major questions regarding phosphatase regu-

lation is how target specificity is achieved. Our data sug-

gest that PP2AcLET-92 activity in the C. elegans embryo

is regulated by the RSA centrosome-targeting complex,

indicating that the RSA complex confers temporal and

spatial specificity to the PP2A holoenzyme. This result fur-

ther suggests that other regulatory subunits could medi-

ate different functions of PP2AcLET-92 in the early embryo.

Indeed, out of the potential PP2A subunits of the B, B0, and

B00 classes identified by BLAST searches (seven proteins

in total), the B type subunit SUR-6 has a clear function in

early embryonic mitoses (Kao et al., 2004; Sonnichsen

et al., 2005; our unpublished observations). sur-6(RNAi)
Cell 128, 115–127, January 12, 2007 ª2007 Elsevier Inc. 121



Figure 5. Microtubule Reduction in rsa-1(RNAi) and rsa-2(RNAi) Depends on KLP-7

(A) Microtubule reduction in rsa-1(RNAi) and rsa-2(RNAi) can be overcome by codepletion of the microtubule depolymerizing kinesin KLP-7. Shown

are still images of time-lapse series of GFP::b-tubulin-expressing embryos of wild-type, klp-7(RNAi), and rsa-1(RNAi) single depletions, rsa-1(RNAi);

klp-7(RNAi) double depletion as well as rsa-2(RNAi) single depletion and rsa-2(RNAi); klp-7(RNAi) double depletion. Aspects of both single depletion

phenotypes are observable in the double RNAi experiments: spindle collapse marking rsa-1(RNAi) and rsa-2(RNAi), respectively, and enlarged polar

bodies (arrowheads), indicating efficient removal of KLP-7. Double RNAi experiments were controlled by dilution of single dsRNAs with an unspecific

dsRNA. See Movies S6 and S7.

(B) Quantification of centrosomal GFP::b-tubulin fluorescence from single frames of time-lapse recordings as in (A). Measurements are displayed as

(mean values ± SEM) for wild-type embryos (green diamonds), klp-7(RNAi) embryos (blue squares) and rsa-1(RNAi); klp-7(RNAi) double RNAi em-

bryos (red circles). Microtubule amounts for RSA-1 single depletion could not be quantified in this experiment, as exposure times had to be decreased

to avoid overexposure of the brighter klp-7(RNAi) centrosomes, so that rsa-1(RNAi) centrosomes were too dim for quantifications. See Figure 3A for

comparison of rsa-1(RNAi) and wild-type microtubule amounts.
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did not alter the targeting of LET-92 or TPXL-1 to centro-

somes (our unpublished observations). SUR-6, therefore,

appears to mediate LET-92 functions that are separate

from those regulated by RSA-1. The Arabidopsis thaliana

homolog of RSA-1, TON2, is also required for microtubule

organization (Camilleri et al., 2002). This raises the possi-

bility that PP2A-B00 subunits of the RSA-1/TON2 subfamily

have a conserved role in the regulation of the microtubule

cytoskeleton.

Apart from the roles of TON2 and the RSA complex,

there is little evidence of specific PP2A complexes regu-

lating microtubule functions in other organisms. A PP2A

complex of defined subunit composition was observed

to bind microtubules and centrosomes in mammalian tis-

sue culture cells (Sontag et al., 1995). However, the mode

of interaction of the respective B subunit with these struc-

tures was not determined, and the regulatory significance

of this binding remains unclear.

Centrosomal Targeting of PP2A

The RSA complex contains a linker protein, RSA-2, which

connects the core PCM protein SPD-5 to the PP2A com-

plex via the B00 subunit RSA-1. RSA-2 depletion caused no

additional defects compared to RSA-1 depletion, and

therefore it probably has no additional functions. RSA-2

might modulate the number of phosphatase complexes

that bind to centrosomes or facilitate the presentation of

substrates to the phosphatase and thereby adjust micro-

tubule outgrowth to cellular needs. RSA-2 is the first

identified target of the essential PCM recruiting protein

SPD-5, and this interaction indicates that specific sub-

complexes can be recruited by SPD-5, maybe via different

domains of the protein. It will be interesting to determine

how SPD-5 binds and recruits distinct proteins of the

PCM.

Regulation of Microtubule Growth from

Centrosomes through KLP-7 Targeting

Our data indicate that the RSA complex regulates micro-

tubule growth from centrosomes through KLP-7. Recent

work from our laboratory suggests that the Kinesin-13

proteins KLP-7 and MCAK limit the number of microtu-

bules growing out from centrosomes, both in C. elegans

embryos and in Xenopus egg extracts (Srayko et al.,

2005; Kinoshita et al., 2005). As Kinesin-13 proteins are

microtubule depolymerases that target microtubule

ends, we presume that KLP-7 decreases the stability of

nascent nucleated plus ends, although we cannot rule
out a role of KLP-7 in nucleation. Possibly, the RSA phos-

phatase complex regulates the catalytic activity of KLP-7

itself. Experiments in tissue culture cells have shown that

phosphorylation decreases the microtubule depolymeriz-

ing activity of MCAK, the human homolog of KLP-7 (An-

drews et al., 2004; Lan et al., 2004). By analogy, dephos-

phorylation by PP2A should increase the activity of KLP-7,

contradictory to the apparent increase of KLP-7 activity

after RNAi knockdown of the RSA complex. We cannot

exclude that the RSA complex controls KLP-7 through

a different phosphorylation site with an opposite effect

on its enzymatic activity. However, our data suggest that

the primary role of the RSA complex is the regulation of

KLP-7 targeting. Consistent with this idea, a nonphosphor-

ylatable mutant of Xenopus laevis MCAK cannot target to

centromeres (Ohi et al., 2004).

Regulation of Spindle Formation by Targeting

of the C. elegans Ortholog of TPX2

The most direct evidence we have found for how the RSA-

PP2A complex regulates spindle assembly is through

physical interaction with and targeting of TPXL-1 to cen-

trosomes (Figures 6A–6C). Further support for the idea

that TPXL-1 and the RSA complex work in the same path-

way is that in both tpxl-1(RNAi) and rsa-1(RNAi) embryos,

kinetochore microtubules form but are much shorter than

in wild-type spindles (Ozlu et al., 2005 and Figure 1D).

C. elegans TPXL-1, like other microtubule-associated

proteins, is highly basic and might thus bind to the acidic

tails of tubulin. Phosphorylation is known to negatively

regulate the binding of many MAPs to microtubules (Cas-

simeris and Spittle, 2001). It is conceivable that TPXL-1 is

generally phosphorylated in C. elegans embryos and

thereby prevented from binding to microtubules. Spatially

restricted dephosphorylation at the centrosome by the

RSA complex could enable TPXL-1 to bind microtubules

and fulfill its microtubule-stabilizing function.

Coordination of Microtubule Outgrowth and Stability

by the RSA Complex

One of the least explored problems in the assembly of

complex cytoskeletal structures, like the mitotic spindle,

is how the cell coordinates the distinct processes that

lead to the formation of this structure. In this context, it

is interesting that the RSA complex targets the appropri-

ate amounts of two centrosome-effector proteins for cor-

rect spindle assembly. RSA-PP2A activity thereby poten-

tially allows coordination of the different microtubule
(C) g-tubulin localizes normally in rsa-1(RNAi) and rsa-2(RNAi) embryos. Wild-type, rsa-1(RNAi), and rsa-2(RNAi) embryos were fixed and stained

for DNA (blue), microtubules (green), and g-tubulin (red). Z-stack projections are shown. See also Figure S4B for a quantification of g-tubulin levels

in rsa-1(RNAi).

(D) Centrosomal levels of KLP-7 are increased in rsa-1(RNAi). Shown are still images of time-lapse series of wild-type and rsa-1(RNAi) embryos

expressing GFP::KLP-7. See also Movie S9.

(E) Quantification of centrosomal GFP::KLP-7 fluorescence in wild-type (WT) embryos (green diamonds) and rsa-1(RNAi) embryos (red circles) from

single frames of time-lapse recordings as in panel (D). Values are mean ± SEM. In panels (A) and (D), times indicated are seconds relative to NEBD.

In panels (A), (C), and (D), scale bars are 10 mm; inset scale bars are 1 mm.
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Figure 6. RSA-1 Is Required for the Centrosomal Localization of TPXL-1

(A) Shown are still images taken from time-lapse series of wild-type, rsa-1(RNAi), and rsa-1(RNAi); klp-7(RNAi) double depletion embryos expressing

TPXL-1::GFP. Paired fluorescence and DIC images are shown. Arrows indicate the positions of the centrosomes in rsa-1(RNAi) and rsa-1(RNAi);

klp-7(RNAi). Successful depletion of KLP-7 is indicated by an enlarged polar body (arrowhead). Time points are relative to NEBD. Scale bars are

10mm. Inset scale bars are 1 mm. See Movie S10.

(B) Quantification of centrosomal TPXL-1::GFP amounts from single frames of time-lapse recordings as shown in (A). Mean values ± SEM are shown

for wild-type (green diamonds) and rsa-1(RNAi); klp-7(RNAi) centrosomes (circles).

(C) TPXL-1 associates with the RSA complex. TPXL-1 was immunoprecipitated from C. elegans embryo extracts. Copurifying proteins were identified

by western blotting and antibody detection. In a different IP experiment, the association of TPXL-1 was confirmed by mass spectrometric analysis

(Table S2).

(D) The RSA-PP2A Complex Regulates Two Separate Pathways in Spindle Formation. Downregulation of KLP-7 by RSA-PP2A allows the correct

number of microtubules to grow out from centrosomes (left branch). Recruitment of TPXL-1 to centrosomes by the RSA-PP2A complex is required

for stabilization of kinetochore microtubules (gray) and thereby spindle stability (right branch).
events required to form a spindle. By restricting the

amount of KLP-7, the RSA complex ensures that enough

microtubules grow from centrosomes to assemble a

spindle. Concomitantly, recruitment of TPXL-1 by the

RSA complex stabilizes some of these microtubules that

are captured by kinetochores. The RSA complex could

therefore integrate the requirements for microtubule sta-

bility at kinetochores and centrosomes, fine-tuning the

number of microtubules contributing to the mitotic spindle

accordingly.
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EXPERIMENTAL PROCEDURES

Transgenic Worm Strains

All C. elegans strains were maintained as described (Brenner, 1974).

Transgenic lines were created by microparticle bombardment as

described (Praitis et al., 2001). The strains used are listed in Table S3.

The isolation of mutant alleles by TILLING is outlined in the supple-

mental material section.

RNA-Mediated Interference (RNAi)

dsRNA synthesis was performed as previously described (Oegema

et al., 2001) using N2 genomic DNA as template and the primer
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sequences documented at http://www.worm.mpi-cbg.de/phenobank2/

cgi-bin/PrimersPage.py (rsa-1, rsa-2, and let-92 dsRNAs) and in Grill

et al. (2001) (klp-7 dsRNA).

The efficiency of depletion of each single protein in the double RNAi

experiments was confirmed by dilution of specific dsRNAs with

a dsRNA targeting MIG-5, a protein with no function in the one-cell

stage embryo. Quantification of GFP::b-tubulin fluorescence revealed

that rsa-1(RNAi) and rsa-1(RNAi); mig-5(RNAi) caused an identical

reduction in centrosomal microtubule levels (not shown). Reduction

of the two depleted proteins in the double RNAi experiment was

also confirmed by immunostaining. Primers for mig-5 dsRNA pro-

duction were AATTAACCCTCACTAAAGGCAGTGGGCCTCAAGCAGT

(forward)and TAATACGACTCACTATAGGCTGCCAGAGCATGTGGTG

(reverse).

dsRNA was injected into the gonad of L4 stage hermaphrodites,

and the worms were incubated at 25�C for 22–26 hr before being

examined.

Time-Lapse Microscopy and Quantification

GFP::b-tubulin, TPXL-1::GFP, GFP::g-tubulin and GFP::AIR-1 movies

were acquired as described in Ozlu et al. (2005). For EBP-2::GFP,

imaging was performed as described in Srayko et al. (2005). Quanti-

fication of centrosomal GFP::b-tubulin, GFP::g-tubulin, GFP::KLP-7,

and TPXL::GFP was performed with Metamorph Software. A circular

region was used to measure fluorescence intensity at the centrosome

and at a nearby cytoplasmic area (‘‘background’’). The background

subtracted intensity values were plotted over time using Excel.

For recordings of YFP::a-tubulin embryos with Calyculin A treat-

ment, microscope and laser setup were used as detailed in Grill

et al. (2003), but Metamorph software controlled the microscope.

Worms were dissected in 10 ml egg buffer (118 mM NaCl, 48 mM

KCl, 2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES, pH 7.3) on a polylysine

(Sigma)-coated microscope slide. Calyculin A (Sigma) from a 1 mM

stock in DMSO was added to a final concentration of 10 mM; for con-

trols, DMSO alone was added to 1% v/v. For each embryo, one control

image was acquired at the start of metaphase, as determined by DIC

optics, and entry of the drug was facilitated by targeting the embryonic

eggshell with UV laser beam pulses.

Electron Tomography and 3D Modeling

Sample preparation for electron tomography was carried out essen-

tially as published (Srayko et al., 2006). Briefly, isolated RNAi embryos

were high-pressure frozen (Leica EMPACT2+RTS), freeze-substituted

(Leica EM AFS), and thin-layer embedded in Epon/Araldite for serial

sectioning. Electron tomography was performed on 300 nm plastic

sections with a TECNAI F30 intermediate-voltage microscope (FEI)

operated at 300 kV. Tomograms were computed and analyzed by

using the IMOD software package as published (O’Toole et al.,

2003).

Antibody Production

RSA-1 antibodies were generated by immunizing rabbits with the RSA-

1 COOH-terminal peptide H2N-AGFLSNSDDYMKYERREQ-COOH.

This peptide with an additional N-terminal cysteine residue was used

for coupling the peptide to SulfoLink resin (Pierce) for affinity purifica-

tion of the antiserum. The antibody was directly labeled using Alexa

Fluor 488 succinimidyl ester (Molecular Probes) according to the man-

ufacturer’s instructions.

Two different antibodies were generated against RSA-2. aRSA-

2(pep) was obtained by immunizing rabbits with the peptide H2N-

CQMVLESEIDATVTDV-COOH (aa 933–947 plus aminoterminal cyste-

ine) and affinity purification as described above. aRSA-2(M1522) was

obtained by immunizing rabbits with a GST-RSA-2(aa 1–714) fragment

and purification of the antiserum with MBP-RSA-2(aa 1–714). Purifica-

tion of antisera was performed according to standard procedures

(Harlow and Lane, 1988).
Immunoprecipitations

Immunoprecipitations were essentially performed as previously de-

scribed (Desai et al., 2003). For RSA-1 IPs, whole worm extracts of

transgenic worms expressing LAP::RSA-1 were used. LAP::RSA-1

was precipitated using an affinity purified antibody raised in goat

against 6-His EGFP (protein expression and purification facility, MPI-

CBG). For controls, rabbit random IgG (dianova) was incubated with

extracts from LAP::RSA-1 worms or anti-6-His EGFP antibodies

were incubated with wild-type extracts. Proteins were eluted in sample

buffer and separated by SDS-PAGE. Mass spectrometric analysis of

these samples was performed by nanoLC-MS-MS as described in

the Supplemental Data.

For RSA-2 and TPXL-1 IPs, either aRSA-2(pep) or aTPXL-1(aa 1–

210) (Ozlu et al., 2005) antibodies and 1 ml of C. elegans embryo ex-

tract were used. Proteins were eluted in sample buffer for Western

blot analysis or in 50 mM Tris (pH 8.5), 8 M urea for mass spectrometry.

Mass spectrometry on these samples was conducted essentially as

described in Cheeseman et al. (2001), but tandem mass spectra were

searched against the most recent version of the predicted C. elegans

proteins (Wormpep150).

Western Blotting and Immunofluorescence

Extract preparation and Western blotting was performed as described

(Ozlu et al., 2005). 100% input corresponded to four worms. For the

detection of RSA-2, the aRSA-2(M1522) antibody was used at

0.3 mg/ml. Immunofluoresence experiments were performed as de-

scribed (Oegema et al., 2001). Antibodies were used at 1mg/ml. The

Alexa 488 conjugated aRSA-1 antibody was used for labeling RSA-1.

The aRSA-2(pep) antibody was used for detection of RSA-2 and

‘‘converted’’ to a goat antibody by incubation with an anti-goat Fab

fragment as described (Hannak et al., 2002). DM1a (Sigma) was

used at a dilution of 1:500 to visualize microtubules. The antibody

against g-tubulin has been described previously (Hannak et al.,

2001). Z stacks through entire embryos were acquired using a wide-

field Delta Vision microscope (Applied Precision). The stacks were

computationally projected and deconvolved using SoftWorx (Applied

Precision).

Yeast Two-Hybrid Analysis

For yeast two-hybrid assays, the Proquest Two-Hybrid System with

Gateway Technology (Invitrogen) was used according to the manufac-

turer’s instructions. The host strain for the analysis was MAV203

(MATa, leu2-3,112, trp1-901, his3D200, ade2-101, gal4D, gal80D,

SPAL10::URA3, GAL1::lacZ, HIS3UAS GAL1::HIS3@LYS2, can1R,

cyh2R).

Briefly, a vector encoding RSA-2 fused to the DNA binding domain

(BD) of the GAL4 transcription factor was cotransformed with GAL4

activating domain (AD) fusions of either full-length RSA-1 or a SPD-5

fragment that corresponded to aa 280–1198. This SPD-5 fragment

was obtained in a separate yeast two-hybrid screen for interactors of

RSA-2 (unpublished). Complex formation was detected by activation

of the lacZ reporter gene in a b-galactosidase assay and growth on

plates lacking either histidine or uracil (not shown). b-galactosidase

units were quantified using ONPG as substrate according to the man-

ufacturer’s instruction. Values for b-galactosidase units as well as the

vectors used are described in Table S1.

Supplemental Data

Supplemental Data include four figures, three tables, Supplemental

Experimental Procedures, Supplemental References, and ten movies

and can be found with this article online at http://www.cell.com/cgi/

content/full/128/1/115/DC1/.
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