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The conserved PAR proteins are localized in asymmetric cortical domains and are required for the polarized localization
of cell fate determinants in many organisms. In Caenorhabditis elegans embryos, LET-99 and G protein signaling act
downstream of the PARs to regulate spindle positioning and ensure asymmetric division. PAR-3 and PAR-2 localize
LET-99 to a posterior cortical band through an unknown mechanism. Here we report that LET-99 asymmetry depends on
cortically localized PAR-1 and PAR-4 but not on cytoplasmic polarity effectors. In par-1 and par-4 embryos, LET-99
accumulates at the entire posterior cortex, but remains at low levels at the anterior cortex occupied by PAR-3. Further,
PAR-3 and PAR-1 have graded cortical distributions with the highest levels at the anterior and posterior poles, respec-
tively, and the lowest levels of these proteins correlate with high LET-99 accumulation. These results suggest that PAR-3
and PAR-1 inhibit the localization of LET-99 to generate a band pattern. In addition, PAR-1 kinase activity is required for
the inhibition of LET-99 localization, and PAR-1 associates with LET-99. Finally, examination of par-1 embryos suggests
that the banded pattern of LET-99 is critical for normal posterior spindle displacement and to prevent spindle misorien-
tation caused by cell shape constraints.

INTRODUCTION

Asymmetric cell division, a process that generates two
daughter cells with distinct cell fates or functions, is of
fundamental importance for normal development (Betsch-
inger and Knoblich, 2004). Two events are coordinated to
achieve intrinsically asymmetric cell division. First, cell fate
determinants are differentially localized within the cell to
create a polarized axis. Second, the mitotic spindle, which
determines the position of the cleavage plane, is oriented
along the axis of cell polarity so that division results in
differential inheritance of determinants.

In the nematode Caenorhabditis elegans, a series of asym-
metric cell division events occur during early embryo devel-
opment (reviewed in Schneider and Bowerman, 2003;
Cowan and Hyman, 2004; Gönczy and Rose, 2005). The
anterior/posterior (A/P) polarity axis is defined at fertiliza-
tion when the position of the sperm nucleus and its associ-
ated centrosome specify the posterior pole of the cell, which
is also the future posterior end of the embryo. In response to
the sperm cue, several PAR proteins are asymmetrically
localized to either the anterior or posterior cortex. The PAR
proteins are essential for cell polarization, spindle orienta-
tion, and unequal cleavage during the asymmetric division
of the one-cell and the P-cell lineage. Genetic and immuno-
localization studies have established a PAR-dependent hier-
archy that leads to the asymmetric distribution of cell fate

determinants (see Figure 1; Kemphues et al., 1988; Morton et
al., 1992; Etemad-Moghadam et al., 1995; Guo and Kem-
phues, 1995; Boyd et al., 1996; Tabuse et al., 1998; Hung and
Kemphues, 1999; Schubert et al., 2000; Watts et al., 2000;
Cuenca et al., 2003). PAR-3 and -6, both PDZ domain–con-
taining proteins, and an atypical protein kinase, PKC-3, are
localized at the anterior cortex. All three are interdependent
for anterior localization, which is maintained by posteriorly
localized PAR-2. In response to these initial asymmetries,
PAR-1, a serine/threonine kinase, is recruited to the poste-
rior cortex and restricts the effectors MEX-5 and -6 (MEX-
5/6) to the opposite anterior cytoplasm. MEX-5/6, two
nearly identical proteins, are redundantly required for
proper asymmetry of several cell fate determinants. In ad-
dition to their role in localizing cytoplasmic determinants,
MEX-5/6 are required in a positive feedback loop to main-
tain the normal localization of the PAR proteins. The PAR-4
serine/threonine kinase is uniformly localized to the cortex.
Although PAR-4 is not required for polarity establishment, it
is required to maintain the normal position of the PAR-3/
PAR-2 boundary in the late one-cell embryo, and has been
suggested to act downstream of PAR-1 and MEX-5/6 in the
generation of cytoplasmic asymmetries.

The one-cell embryo exhibits reproducible nuclear and
spindle movements that define the division plane such that
asymmetrically localized cell fate determinants are segre-
gated into separate daughter cells (reviewed in Cowan and
Hyman, 2004; Bellaiche and Gotta, 2005; Gönczy and Rose,
2005). Just after the establishment of cortical PAR domains,
the female pronucleus migrates toward the posteriorly lo-
cated male pronucleus. The pronuclear-centrosomal com-
plex then migrates back to the center of the cell. During
centration, the complex rotates to align the two centrosomes
with the A/P polarity-axis (Figure 1B). After nuclear enve-
lope breakdown, the spindle shifts posteriorly and under-
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goes asymmetric anaphase spindle elongation movements,
which result in unequal cleavage.

Long astral microtubules and the microtubule motor dy-
nein are required for centration, rotation, and at least some
aspects of anaphase spindle positioning (Skop and White,
1998; Gönczy et al., 1999; Severson and Bowerman, 2003;
Schmidt et al., 2005; Pecreaux et al., 2006). Moreover, laser-
severing experiments indicate that posterior spindle dis-
placement is the result of polarized pulling forces exerted on
the mitotic apparatus from the cell cortex (Colombo et al.,
2003; Grill et al., 2003). The precise mechanism through
which the PAR proteins regulate these cortical forces re-
mains to be determined, but it is known that a heterotrimeric
G protein signaling pathway acts downstream of the PARs
to transmit polarity cues to the machinery that moves the
spindle (Gotta and Ahringer, 2001; Colombo et al., 2003;
Gotta et al., 2003; Srinivasan et al., 2003; Tsou et al., 2003a;
Afshar et al., 2004, 2005; Couwenbergs et al., 2004). The G�
proteins, GOA-1 and GPA-16, the guanine nucleotide disso-
ciation inhibitors GPR-1/2, and several other positively act-
ing factors are required for generation of cortical pulling
forces that drive asymmetric spindle movements. In their
absence, no asymmetric metaphase/anaphase movements
are observed, and spindle pole separation is greatly attenu-
ated in the one-cell stage; nuclear rotation is abnormal at the
two-cell stage as well. The G� proteins and GPR-1/2 are
localized to the cytoplasm, spindle poles and cortex. GPR-
1/2 are asymmetrically localized to the posterior cortex
during metaphase/anaphase in a polarity dependent man-
ner, which correlates with the higher pulling forces observed
during this time.

LET-99, a DEP domain–containing protein, is also re-
quired for spindle positioning and is asymmetrically local-
ized in cells of the P lineage (Rose and Kemphues, 1998;
Tsou et al., 2002, 2003b). In one-cell embryos, cortical LET-99
is present at highest levels in a posterior band (Figure 1) in
response to PAR-3 and -2. In let-99 mutant embryos after
pronuclear meeting, exaggerated pronuclear-centrosomal
rocking movements occur instead of normal centration and
rotation. As a result, the spindle forms at a random orien-
tation in the posterior end of the cell. The spindle continues
rocking and orients onto the A/P axis during metaphase,
and spindle pole movements are symmetric during an-
aphase. However, in let-99 embryos in which the eggshell is
removed to abolish the oblong shape of the cell, nuclear
rotation fails. This is in contrast to the normal rotation of
wild-type one-cell embryos made spherical by eggshell re-
moval, showing that LET-99 is essential for intrinsic polarity
driven rotation (Tsou et al., 2002). The hyperactive nuclear
and spindle rocking movements suggest that let-99 is re-
quired to reduce the forces exerted on microtubules from the
cortex.

Based on these observations and the LET-99 localization
pattern, a LET-99 band model was proposed for spindle
movements during asymmetric cell division (Figure 1B;
Tsou et al., 2002). In this model, the forces acting on micro-
tubules in the lateral-posterior cortical region enriched for
LET-99 are reduced relative to the forces acting from the
anterior and posterior-most cortical regions where LET-99
levels are lower. This reduction in force generation is
through inhibition of G protein signaling, based on genetic
interactions and the observation that LET-99 inhibits the
cortical accumulation of GPR and restricts GPR enrichment
to the posterior-most cortex (Tsou et al., 2003a). Specifically,
the model proposes that during prophase, the inhibition of
force generation in the lateral posterior LET-99 domain
would lead to a higher net force from the anterior that

would pull the centrosome complex away from the posterior
and initiate rotation; higher forces at both poles would en-
hance rotational movement. At metaphase/anaphase when
the centrosomes have aligned with the A/P axis, the LET-99
dependent accumulation of GPR at the very posterior, the
down-regulation of G protein signaling laterally, or both,
would lead to higher net forces acting from the posterior to
produce spindle displacement and oscillations. Consistent
with this model, the absence of the LET-99 band correlates
with defects in rotation in par-2 and -3 embryos. However,
as with let-99 embryos, rotation defects occurred in par-3
embryos only when the embryo was made spherical by
eggshell removal, showing that in wild type, extrinsic cell
shape can compensate for the loss of intrinsic polarity cues
(Tsou et al., 2002, 2003b).

In this study, we address several questions regarding the
mechanism of LET-99 localization and the role of the LET-99
band pattern: First, which other members of the canonical
PAR-dependent pathway for cytoplasmic polarity regulate
cortical LET-99 localization? Second, how do anterior and
posterior polarity domains result in a band pattern? Third, is
localization of LET-99 to the entire posterior domain, instead
of a band, compatible with normal nuclear rotation and
spindle displacement? Our results show that LET-99 local-
ization is regulated only by the cortical part of the canonical
PAR protein pathway and suggest a model in which gradi-
ents of PAR-3 and -1 act to inhibit localization of LET-99 at
the anterior and posterior poles respectively, potentially
through phosphorylation. Further, although nuclear rota-
tion can occur when LET-99 is localized to the entire poste-
rior domain in par-1 embryos, this rotation is easily perturbed
by cell shape constraints. Posterior spindle displacement is also
defective in the absence of the LET-99 band at metaphase.

MATERIALS AND METHODS

Strains and Maintenance
C. elegans worms were maintained using standard protocols (Brenner, 1974;
Church et al., 1995). The following worm strains were used in this study:
RL19, let-99(or81) unc-22(e66)/DnT1 (Tsou et al., 2002); N2, wild-type Bristol;
BS509, ozDf2/dpy-21(e428) par-4(it33); JJ1244, mex-6(pk440) mex-5(zu199) unc-
30(e191)/nT1; KK288, par-1(b274) rol-4(sc8)/DnT1; KK292, par-1(it51) rol-
4(sc8)/DnT1; KK434, dpy-21(e428) par-4(it75)/�; KK653, par-3(it71) unc-
32(e189)/qC1; EU772, spn-4(or80)/DnT1; TH32, unc-119(ed3) ddIs6[tbg-1::GFP �
unc-119(�)]; ruIs32[unc-119(�) pie-1::GFP::H2B]. RL19 was constructed in this
lab, the KK strains were kindly provided by D. Morton and K. Kemphues
(Cornell University), EU772 by B. Bowerman (University of Oregon), and
TH32 by K. Oegema (University of California, San Diego), and the other
strains were obtained from the Caenorhabditis Genetics Center. All mutants
analyzed bear strong loss-of-function or null alleles, and these were used for
all analyses unless otherwise indicated. Strains were grown at 20°C, except
TH32, which was maintained at 25°C for optimal transgene expression. Em-
bryo filming was performed at room temperature (23–25°C).

Immunofluorescence and Quantification of
Staining Intensities
For determination of the localization of LET-99, PAR-3 and -1, and PKC-3, in
situ immunofluorescence staining was performed using standard freeze-crack
and methanol fixation protocols as described (Miller and Shakes, 1995; Tsou
et al., 2002). Primary antibodies used were as follows: rabbit anti-PAR-1
antibodies (1:100 in PBS, a gift from K. Kemphues; Guo and Kemphues, 1995),
mouse monoclonal anti-PAR-3 P4A1 (1:20; purchased from Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA; Nance et al.,
2003), rabbit anti-PKC� C-20 (1:50, Santa Cruz Biotechnology, Santa Cruz,
CA), rat anti-LET-99 (1:2), and rabbit anti-LET-99 (1:40; Tsou et al., 2002).
Fluorescein isothiocyanate (FITC) goat anti-rabbit, FITC goat anti-rat, FITC
goat anti-mouse, rhodamine goat anti-rabbit and rhodamine goat anti-mouse
antibodies (1:100 in PBS, Sigma, St. Louis, MO) were used as secondary
antibodies. Primary and secondary antibodies were preabsorbed with acetone
powder from glutathione S-transferase (GST)-expressing bacteria and wild-
type worms, respectively. DAPI (4�,6-diamidino-2-phenylindole dihydrochlo-
ride) was used to label nuclei for determination of cell cycle stages.
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Single-section (0.215 �m) confocal images were taken at the midfocal plane
of the embryo with an Olympus FV1000 confocal microscope (Melville, NY),
using the same laser power and nonsaturating exposure settings for all
specimens. For quantification of cortical staining intensities in one-cell em-
bryos, images were analyzed with IP Lab Images software (Scanalytics, Fair-
fax, VA). Embryos were divided into segments corresponding to 10% egg
length. A 0.5-�m-thick cortical region was highlighted with the segmentation
tool, and the average pixel intensity was obtained for each cortical segment,
as well as the underlying cytoplasmic region. For most experiments, staining
intensities are presented as the ratio between cortical and cytoplasmic values
(i.e., relative cortical intensity) to control for variations in staining between
replicates. However, for the direct comparison of cortical PAR-1 levels in
Figure 6, the absolute fluorescence intensities are given. Whole cell staining
intensities were measured by outlining the entire embryo and measuring the
total intensity over the whole area. Cortical and whole cell intensity values
were compared using the Student’s t test (Excel, Microsoft, Redmond, WA).
For quantification of cortical LET-99 localization in the P1 cell, an intensity
trace for a 0.4-�m-thick line drawn along the cortex of the P1 cell was
obtained using ImageJ (http://rsb.info.nih.gov/ij/). For each genotype, the
trace region from the cell–cell contact site to the posterior tip of the cell for the
upper and lower cortices (0–100% cell length) were separately smoothened
using the running average function of SigmaPlot (Systat Software, Point
Richmond, CA) and then averaged and plotted using SigmaPlot.

RNA Interference
RNA interference was used to inhibit par-3 for the comparisons in Figure 5.
Antisense and sense RNAs were transcribed in vitro (MEGAscript; Ambion,
Austin, TX) from a linear DNA template produced by the PCR, using T3 and
T7 primers to amplify a partial par-3 cDNA (from K. Kemphues). Double-
stranded RNA was prepared as described (Fire et al., 1998), and L4 stage
worms were soaked (Tabara et al., 1998) with 1 mg/ml double-strand DNA
(dsRNA) for 4 h at 20°C; 24–36 h after recovery the worms were examined for
the par-3 phenotype by differential interference contrast (DIC) microscopy
and prepared for immunofluorescence. RNAi by feeding was used to inhibit
par-1 expression in TH32 worms and to inhibit let-99 for immunoprecipitation
experiments. Bacterial strains expressing dsRNA corresponding to par-1
cDNA clone yk1179c04 (from Y. Kohara, National Institute of Genetics, Japan)
or a full-length let-99 cDNA (Tsou et al., 2002) were generated, and feeding
was performed as described (Timmons and Fire, 1998). Depletion was con-
firmed by observation of the mutant phenotype or loss of immunofluores-
cence staining.

Immunoprecipitations and Pulldown Assays
Synchronized L1 stage animals were generated and plated onto NGM plates
with control or RNAi bacteria strains. Animals were collected at the early
adult stage, and the embryos were obtained by hypochlorite treatment (Lewis
and Fleming, 1995). The packed embryos were resuspended in lysis buffer
(100 mM phosphate buffer, pH 7.2, 120 mM NaCl, 1% NP-40, plus protease
inhibitors), frozen with liquid nitrogen, ground to powder with a mortar and
pestle, and stored at �80°C for further use. Embryo extract (1 mg) was treated
with the cross-linking reagent DSP (1 mM, dithio-bis-succimidylpropionate)
on ice for 2 h. The reaction was stopped by adding 25 mM Tris, pH 7.5, for 15
min. Anti-LET-99 antibodies (2 �l) were added to the extract, incubated 4°C
overnight, and precipitated with protein A-Sepharose beads (Pharmacia,
Piscataway, NJ) using the manufacturer’s directions. The products were sep-
arated by 8% SDS-PAGE, transferred to membranes, and blotted with anti-
PAR-1 (1:4000) and anti-LET-99 antibodies (1:4000).

A full-length let-99 cDNA was cloned into pET28 (Novagen, Madison, WI)
such that the His6 tag was at the N-terminus of LET-99. His6-LET-99 fusion
protein was expressed in Escherichia coli and purified with Ni2�-NTA agarose
(Qiagen, Chatsworth, CA) using the manufacturer’s protocols. Increasing
amounts of His6-LET-99 protein (0–20 �g) were added to embryonic extracts
and incubated at 4°C with rocking overnight. The extracts were then purified
over Ni2�-NTA agarose beads that were preblocked with 5% bovine serum
albumin (BSA). The beads were washed and subjected to 8% SDS PAGE, and
Western blots were probed with anti-PAR-1 antibodies.

Analysis of Nuclear and Spindle Movements
To analyze nuclear rotation and anaphase spindle pole rocking events, one-
cell embryos were isolated from adult hermaphrodites, mounted on polyl-
ysine-coated slides without flattening (Rose and Kemphues, 1998), and filmed
under DIC optics using time-lapse videomicroscopy. For nuclear rotation
analyses, the positions of both centrosomes were followed from pronuclear
meeting to nuclear envelope breakdown (NEB) at 1-s intervals. The coordi-
nates of both centrosomes were depicted with OpenLab (Improvision, Lex-
ington, MA), and the angles of the centrosomal axis with respect to the A/P
axis were calculated using Excel. To generate spherical one-cell embryos, the
eggshell was removed from early stage embryos mounted in chitinase and
examined by DIC time-lapse videomicroscopy as described (Tsou et al., 2002).
Because the effectiveness of chitinase varies, only embryos in which the ratio
of the transverse to the long axis was greater than 0.7 by NEB were scored.
Generation of spherical P1 cells and introduction of ectopic flat sides were

performed as described (Tsou et al., 2003b). For anaphase spindle movement
analyses, live imaging of GFP::histone and GFP::�-tubulin expressing worms
was carried out using strain TH32 (Oegema et al., 2001) and an Olympus BX60
epifluorescence microscope. Images were taken every 5 s from pronuclear
meeting to the completion of the first cell cycle using OpenLab. Kymographs
were generated from the exported image stacks in ImageJ (NIH) using the
kymograph plug-in (http://www.embl.de/eamnet/html/kymograph.html).

RESULTS

Cortical LET-99 Asymmetry Is Dependent on Cortical
PAR Proteins
The asymmetric cortical localization of LET-99 in the one-
cell embryo was previously shown to be dependent on
PAR-3 and -2 (Tsou et al., 2002; Figure 1), which are at the
top of the pathway that establishes polarity in C. elegans
embryos (Figure 1A). In par-3 embryos LET-99 was localized
uniformly. LET-99 was weakly localized to the cortex in
par-2 embryos, with higher levels in a small posterior cap; in
this background, there is a gradient of PAR-3 that expands
farther into the posterior in wild type (Etemad-Moghadam
et al., 1995). Together these results suggest that PAR-3 inhib-
its LET-99 localization, but the role of other factors down-
stream of PAR-3 was not tested. Therefore to gain insight
into how the PAR pathway regulates LET-99 localization,
we investigated the role of downstream polarity factors in
generating LET-99 asymmetry.

We first tested the requirement for PAR-1 by examining
LET-99 localization in par-1 mutant embryos (Kemphues et
al., 1988). We found that LET-99 was localized to the entire
posterior cortex in par-1 embryos at prophase and meta-
phase (Figure 2A), instead of in a band pattern as in wild

Figure 1. The PAR proteins regulate the asymmetric localization of
cytoplasmic cell fate determinants and the cortical localization of
LET-99. (A) The pathway for the localization of the PAR proteins
and downstream cell fate determinants: PAR-3/PAR-6/PKC-3 and
PAR-2 are at the top of the hierarchy and inhibit each other (�—�) to
maintain anterior and posterior PAR domains. PAR-3 inhibits (�)
the anterior cortical localization of PAR-1, which in turn prevents
cytoplasmic MEX-5/6 accumulation at the posterior. Asymmetric
MEX-5/6 are required for downstream asymmetries. MEX-5/6 and
PAR-4 are also required to maintain the position of the PAR-3–
PAR-2 boundary (arrow). (B) Schematic of the one-cell distribution
of the components shown in A. PAR-2 and -3 are also required for
the asymmetric cortical localization of LET-99 and GPR-1/2, which
are proposed to regulate cortical pulling forces that produce nuclear
rotation and spindle displacement.
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type. To quantify cortical LET-99 levels, we measured cor-
tical LET-99 staining intensity relative to the cytoplasm,
across the A/P axis (Figure 2B). In wild-type embryos, cor-
tical LET-99 intensity at the anterior (0% egg length) was
similar to that of the cytoplasm and then increased such that
the highest levels occur from �50 to 70% egg length. Beyond
70% egg length, cortical LET-99 levels gradually decreased
again to cytoplasmic levels. The enrichment of cortical
LET-99 was detected in wild-type prophase embryos in
which the pronuclei had met and became more prominent in
metaphase and anaphase embryos. In par-1 mutant embryos,
cortical intensities were higher throughout the embryo com-
pared with wild type, and a 1.5-fold and twofold relative
intensity increase of posterior cortical LET-99 intensity was
observed in prophase and metaphase par-1 embryos, respec-
tively (Figure 2B). In par-1 embryos at anaphase, a weak
band pattern was observed, but the band was broader than
in wild type, and intensities did not decrease as much at the
posterior end (Figure 2B). We conclude that posteriorly lo-
calized PAR-1 inhibits LET-99 recruitment to the cortex at
the very posterior end of the embryo.

In par-1 embryos, LET-99 levels were still reduced at the
anterior cortex compared with the posterior cortex (Figure
2, A and B). However, the position at which cortical
LET-99 levels began to rise was more anterior in par-1
mutant embryos at prophase and metaphase. It was pre-
viously shown that the posterior PAR-2 domain expands
anteriorly in par-1 mutant embryos, and the PAR-3/6
domain is concomitantly smaller (Cuenca et al., 2003). To
determine if the anterior extension of LET-99 accumula-
tion in par-1 mutants correlated with the smaller PAR-3
domain in this background, we double stained embryos
with antibodies directed against PAR-3 (Etemad-Mogh-
adam et al., 1995; Nance et al., 2003) and LET-99. In all
embryo stages examined in both wild-type and par-1 em-
bryos, the anterior boundary of the LET-99 domain did
not overlap with the PAR-3 domain (Figure 3A). Quanti-
fication of cortical PAR-3 and LET-99 intensities con-
firmed that the decrease of PAR-3 staining at midembryo
correlated with the increase in LET-99 staining, as in wild
type (Figure 3B). Together with the previous findings that
cortical LET-99 is uniform in prophase and metaphase

Figure 2. Cortical LET-99 asymmetry is de-
pendent on par-1 and -4. (A) Confocal images
of LET-99 from wild-type and par-1 and -4
embryos at the cell cycle stages indicated. Ar-
rows indicate the boundaries of the LET-99
band in wild-type embryos, and the anterior
border of the LET-99 domain in par-1 and -4
embryos. Scale bar, 10 �m. (B) Quantification
of cortical LET-99 staining intensities in N2
and par-1 and -4 embryos. Intensities were
measured on the cortex from anterior (0% egg
length) to posterior and are expressed as a
ratio of the cortical staining to underlying cy-
toplasmic staining. Each line represents the
average of 5–10 embryos. Error bars, SEM.
Only embryos in late prophase (pronuclear
meeting through rotation) were included in
prophase measurements. The intensities of
cortical LET-99 at the posterior-most cortex in
par-1 mutant are higher than wild-type em-
bryos (p � 0.05). (C) Wild-type and par-1 two-
cell embryos stained with LET-99. Arrows in-
dicate the boundary of the LET-99 domain.
Scale bar, 10 �m. (D) Average linescan inten-
sities for cortical LET-99 measured from the
point of cell–cell contact (0% cell length) to the
posterior tip (100%) of the P1 cell from wild-
type and par-1 embryos. Error bars, SEM.
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par-3 mutants (Tsou et al., 2002), these results suggest that
PAR-3 inhibits LET-99 recruitment to the anterior cortex
and that this effect is independent of PAR-1 activity.

We next asked if cortical LET-99 asymmetry requires
PAR-4 (Kemphues et al., 1988; Watts et al., 2000). In par-4
embryos during prophase and metaphase, LET-99 was lo-
calized to the entire posterior cortex instead of a band (Fig-
ure 2A). Quantification of cortical LET-99 intensity in par-4
embryos showed that cortical LET-99 staining starts to in-
crease from �60–70% egg length to the posterior end, and
the cortical levels of LET-99 at the posterior during prophase
and metaphase are slightly higher than in the band region in
wild-type embryos (Figure 2B). The more posterior position
at which LET-99 levels increase is consistent with the finding
that PAR-3 expands toward the posterior in par-4 embryos
(Hung and Kemphues, 1999). The results suggest that
PAR-4, like PAR-1, is required to inhibit LET-99 localization
at the posterior cortex. As in par-1 embryos, a LET-99 band
pattern became apparent again during anaphase in par-4
embryos, suggesting that a PAR independent mechanism
can generate a band late in the cell cycle.

We also examined LET-99 localization in mex-5; mex-6
double mutant embryos, as MEX-5/6 are required for nearly
all cytoplasmic asymmetries downstream of the PAR pro-
teins (Schubert et al., 2000). MEX-5/6 also play a feedback
role in PAR asymmetry, such that many embryos have an
expanded PAR-3 domain, and some embryos do not estab-
lish anterior versus posterior PAR domains (Cuenca et al.,
2003; Cheeks et al., 2004). We therefore double-labeled mex-
5;mex-6 embryos with LET-99 and PKC-3 to mark the ante-
rior PAR domain. The overall staining intensity of LET-99
was greatly reduced in mex-5;mex-6 mutant embryos, and
thus scoring of the cortical pattern in prophase embryos was
difficult. However, in metaphase embryos, where cortical
LET-99 was more apparent, a band was visible in 10/10
mex-5;mex-6 embryos. In these embryos, the band did not
overlap with the PKC-3 domain just as in wild type, but the
LET-99 band was more posteriorly positioned when the
PKC-3 domain was larger than in wild type (5 of 10 embryos

had larger PKC-3 domains; Supplementary Figure S1A). In
contrast, no par-1, -4, or -3 metaphase embryos examined
exhibited a banded pattern of LET-99 (this report; Tsou et al.,
2002) Thus, we conclude that MEX-5/6 are not required for
formation of a cortical LET-99 band downstream of PAR-3
and -1 in metaphase one-cell embryos. However, MEX-5/6
are required for normal levels of LET-99. Quantification of
whole cell staining intensities confirmed that mex-5;mex-6
one-cell embryos had significantly lower levels of LET-99
than wild-type embryos (Supplementary Figure S1C). The
levels of LET-99 were also slightly decreased in embryos
mutant for SPN-4, which is required for the normal expres-
sion of several factors downstream of MEX-5/6 (Supple-
mentary Figure S1). Together these results suggest that the
cortical PAR pathway regulates the pattern of LET-99, and
that in addition, a mechanism involving MEX-5/6 and
SPN-4 regulates the levels of LET-99 in the embryo.

The presence of a LET-99 band in the P1 cell but not the
AB cell suggests the PAR proteins function to localize
LET-99 in this cell as well (Tsou et al., 2002). Because par-1
mutants reestablish PAR-3 and -2 domains in the P1 cell
(Etemad-Moghadam et al., 1995), this background allowed
us to address the role of PAR proteins in the localization of
LET-99 in the P1 cell. par-1 mutant embryos stained for
LET-99 showed a pattern similar to that seen in P0. The
anterior domain exhibited lower staining intensities (Figure
2, C and D), suggesting that PAR-3 inhibits LET-99 cortical
localization in the anterior. In addition, the entire posterior
domain had higher levels of cortical LET-99 than in wild-
type; however, a gradient of LET-99 was still present. This
observation suggests that at the two-cell stage, another fac-
tor may cooperate with PAR-1 to regulate the LET-99 pat-
tern. Nonetheless, the overall regulation of LET-99 by PAR-3
and -1 appears similar to that in P0.

PAR-3 and -1 Inhibit LET-99 Localization to Generate a
Cortical Band
The results above indicate that only the cortical parts of the
polarity pathway regulate LET-99 localization and point to a

Figure 3. PAR-3 and -1 inhibit cortical
LET-99 localization. (A) Confocal images of
embryos double stained for PAR-3 and LET-
99. Scale bar, 10 �m. (B) Traces of cortical
PAR-3 and LET-99 intensities from the em-
bryos shown in A.

J.-C. Wu and L. S. Rose

Molecular Biology of the Cell4474



role for PAR-3 and -1 in inhibiting cortical LET-99 localiza-
tion. To gain more insight into possible mechanisms by
which PAR proteins regulate LET-99 localization, we ana-
lyzed the distribution of PAR-3 and -1 in more detail. In
particular, because the LET-99 band appears to overlap with
the posterior PAR domain, we reasoned that PAR-1 should
be present in a gradient with the highest PAR-1 levels at the
posterior, such that LET-99 localization is only inhibited at
the posterior-most cortex. The quantification of prophase
staining intensities of embryos double-labeled for PAR-3
and -1 is shown in Figure 4 (n � 9); similar results were
obtained for metaphase and anaphase embryos (n � 11).
PAR-1 staining intensity increased from 50 to 75% egg
length, and then reached a plateau (Figure 4B). Furthermore,
there was a gap between the PAR-1 and -3 domains in
wild-type embryos at all stages, similar to what was re-
ported for PAR-3 and -2 (Munro et al., 2004). The gap be-
tween PAR-3 and -1 staining correlates with the region
where LET-99 cortical levels rise, although the highest levels
of LET-99 overlap with the PAR-1 domain. The staining
intensity of LET-99 then decreases as PAR-1 levels increase
at the posterior (Figure 4B). In contrast, the gap between the
PAR-1 and -3 domains was still present in let-99 mutant
embryos (n � 8). These observations suggest that low levels
of both PAR-3 and -1 are required for LET-99 to accumulate
to high levels at the cortex.

If both PAR-3 and -1 inhibit cortical LET-99 localization,
embryos lacking both proteins should have high levels of
LET-99 at the cortex. To test this, we compared LET-99
staining in wild-type, par-3, par-1 and par-3;par-1 embryos.
As expected, LET-99 was highly enriched at the entire cortex
in par-1;par-3 double mutant embryos at prophase and meta-
phase (n � 19; Figure 5). The staining intensity of LET-99 in

Figure 4. A gap is present between the PAR-3 and
-1 domains. (A) Confocal images of N2, par-4, and
let-99 embryos double-stained with PAR-3 and -1.
Scale bar, 10 �m. (B) Averaged cortical intensities of
PAR-3 and -1 in prophase wild-type (n � 10) and
par-4 (n � 9) embryos. The graphs are superimposed
with the average LET-99 cortical intensities from
Figure 2. Error bars, SEM.

Figure 5. Cortical LET-99 levels are inhibited by both par-1 and -3.
Confocal images of LET-99 staining in N2, par-1, par-3, and par-1;
par-3 embryos. Scale bar, 10 �m.
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the double mutant appeared comparable to the level of
posteriorly mislocalized LET-99 in par-1 mutants and higher
at prophase than in par-3 single mutants. The latter obser-
vation is consistent with the model that PAR-1, which is
uniformly cortical in par-3 mutants, inhibits LET-99 localiza-
tion to the cortex. All together, these observations support
the model that both proteins inhibit cortical localization of
LET-99 and thus act together to generate an asymmetric
cortical LET-99 band.

If the cortical PAR-1 gradient correlates with LET-99 lo-
calization, then the lack of a LET-99 band in par-4 embryos
could be due to defects in PAR-1 localization. The PAR-3/
PAR-6 domain expands in par-4 mutant embryos during
mitosis (Hung and Kemphues, 1999), and PAR-1 is localized
to a smaller posterior domain (D. Morton and K. Kemphues,
personal communication). However, the levels of PAR-1
have not been measured. Quantification of PAR-1 intensity
in par-4 embryos showed that the PAR-1 gradient is shifted
toward the posterior as expected (Figure 4B). In addition
PAR-1 intensity did not increase to the same extent in par-4
embryos as observed in control embryos. Thus, the absence
of the LET-99 band in par-4 embryos may be a consequence
of lower levels of PAR-1. These observations and the fact
that LET-99 overlaps with the PAR-1 gradient in wild type
(Figure 4B) suggest that a certain threshold of PAR-1 is
required to inhibit LET-99 localization at the posterior
cortex.

PAR-1 Kinase Activity Is Required for LET-99
Localization, and PAR-1 and LET-99 Associate In Vivo
High levels of PAR-1 could inhibit LET-99 accumulation at
the posterior cortex through its activity as a kinase or
through a direct competition for the same cortical sites. To
distinguish between these possibilities, we examined LET-99
localization in par-1(it51) mutants, which have a mutation in
a conserved residue of the kinase domain that is predicted to
eliminate kinase activity (Guo and Kemphues, 1995). In
these embryos, mutant PAR-1 localized to the posterior cor-
tex (Guo and Kemphues, 1995) in a gradient similar to
wild-type PAR-1 (Figure 6C). LET-99 was mislocalized to
the entire posterior domain in it51 embryos, just as in par-
1(b274) embryos (cf. Figure 6A to Figure 1). These observa-
tions suggest that PAR-1 kinase activity is required to inhibit
cortical LET-99 localization.

PAR-1 could phosphorylate LET-99 directly or regulate it
indirectly through PAR-4 or an unknown intermediate. We
have not detected modified forms of LET-99 that would
allow us to determine if LET-99 is phosphorylated in a
PAR-dependent manner. However, if LET-99 is a substrate
of PAR-1, we reasoned that they may interact, albeit tran-
siently. Immunoprecipitations from embryonic extracts
were carried out using an anti-LET-99 antibody. Western
blotting showed that PAR-1 coimmunoprecipitated with
LET-99 in extracts from wild-type embryos, but not in ex-
tracts from let-99(RNAi) embryos (Figure 6D). In addition,
recombinant His6-LET-99 associated with PAR-1 in embry-
onic extracts. His6-LET-99 was added to embryonic extracts,
repurified by nickel column chromatography, and the prod-
ucts examined by Western blotting. PAR-1 copurified with
LET-99 in this experiment, and the amount of PAR-1 was
dependent on the input of His-tagged LET-99 (Figure 6E).
These observations along with the analysis of par-1(it51) lead
to the model that PAR-1 phosphorylates LET-99 to inhibit
accumulation at the cortex.

Finally, quantification of whole cell staining intensities at
specific stages showed that the overall LET-99 levels did not
change significantly with cell cycle progression in wild-type

or par-1 embryos (Supplementary Figure S1C). In addition,
the overall staining intensities of LET-99 in par-1 embryos
compared with wild-type were similar, although par-1 em-
bryos had slightly higher levels of LET-99 at metaphase.
These observations suggest that the accumulation of cortical
LET-99 in the band pattern in wild-type embryos and at the
posterior cortex in par-1 embryos results from regulation of
cortical versus cytoplasmic localization, rather than to
changes in protein expression levels.

Nuclear Rotation in par-1 Embryos Is Sensitive to
Changes in Cell Shape
If the cortical band pattern of LET-99 is important for rota-
tion, then the presence of a posterior domain of high LET-99

Figure 6. PAR-1 kinase activity is required for LET-99 localization.
(A) Confocal images of LET-99 staining in two par-1 alleles. (B)
Confocal images of PAR-1 staining in wild-type and par-1(it51)
embryos. (C) Cortical PAR-1 intensities in wild-type and par-1(it51)
embryos. Error bars, SEM. (D) Western blots of LET-99 immuno-
precipitation products. LET-99 antibodies were used for immuno-
precipitation from wild-type or let-99(RNAi) embryos as indicated;
a no-primary antibody control from wild-type extracts is also
shown. Products were probed with PAR-1 and LET-99 antibodies.
(E) Western blots of His6-LET-99-pulldown products. Various
amounts of bacterially expressed His6-LET-99 were incubated with
embryo extracts and purified with Ni2�-beads. Products were
probed with PAR-1 antibodies.
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levels in par-1 and -4 embryos should correlate with defects
in spindle orientation. Previous studies revealed only weak
defects in par-1 two-cell rotation, whereas par-4 mutants
appeared to have normal spindle orientation in both the
one- and two-cell stages (Kemphues et al., 1988; Watts et al.,
2000). However, it has also been shown that cell shape
asymmetries can rescue spindle positioning in par-3 em-
bryos, where both polarity and LET-99 localization are dis-
rupted (Tsou et al., 2003b). Similarly, nuclear rotation fails
completely in let-99 embryos made spherical by digestion of
the eggshell (Tsou et al., 2003b). We therefore reexamined
nuclear rotation in par-1 and -4 mutant embryos in more
detail.

In all intact par-1 mutant embryos examined, the pro-
nuclear-centrosomal complex centered and underwent rota-
tion with similar kinetics to wild-type embryos (n � 13;
representative embryos are shown in Figure 7, A and B;
Supplementary Movies 1 and 2). In all par-1 embryos the
pronuclear-centrosome complex rotated to within 15° of a
line drawn on the A/P axis before NEB as in wild type
(Figure 7C). On the other hand, in par-4 mutant embryos, the
pronuclear-centrosomal complex did not rotate fully before
NEB (n � 7, Supplementary Movie 3). After NEB in par-4
mutant embryos, the spindle gradually oriented onto the
A/P axis (Figure 7A) and showed asymmetric spindle pole
oscillations (Supplementary Movie 3). Therefore, nuclear
rotation is defective in par-4 mutant embryos in which
LET-99 is localized to the posterior cap instead of a discrete
band.

The difference between par-1 and par-4 phenotypes could
be due to the difference in the size of the LET-99 posterior
cap (compare Figure 2, A and B) or because par-4 embryos
are more spherical than par-1 mutant embryos, or both.
Thus, we examined par-1 embryos that were made spherical

by chitinase digestion of the eggshell. In such embryos,
nuclear rotation was not completed during prophase; in-
stead, at NEB the spindle formed at an angle to the long axis
in most embryos, but then oriented onto the long axis as in
par-4 embryos (Figure 7A; Supplementary Movie 4). These
results suggest that a banded pattern of LET-99 is necessary
to ensure efficient nuclear rotation onto the A/P axis before
spindle formation in response to intrinsic polarity cues.

The LET-99 band pattern is reestablished in the wild-type
P1 cell (Tsou et al., 2002; Figure 2A), which undergoes nu-
clear rotation to orient the mitotic spindle onto the A/P axis.
We previously showed that the nuclear rotation that occurs
in two-cell par-3 embryos (which have uniform cortical LET-
99) is induced by cell shape asymmetries such as flat cell
contact regions, and rotation does not occur in spherical cells
(Tsou et al., 2003b). Conversely, wild-type embryos showed
robust rotation even in the presence of ectopically induced
flat surfaces. Thus, it was not surprising that nuclear rotation
occurred normally in the P1 cell of par-1 embryos (Figure
8B). However, we reasoned that rotation in the P1 cell of
par-1 embryos could be sensitive to cell shape effects. To test
this, we UV-irradiated the AB cell (Tsou et al., 2003b), which
results in loss of the flat cell contact region and a more
spherical P1 cell at the time of rotation. As previously re-
ported, in wild-type embryos with spherical P1 cells, the
nuclear centrosome complex rotated during prophase onto
the A/P axis (Figure 8A; Supplementary Movie 5) so that by
the time of NEB, 5 of 6 wild-type spindles were aligned
within 30° of the A/P axis (Figure 8B). In par-1 embryos with
spherical P1 cells, nuclear rotation also occurred in most
embryos (Figure 8; Supplementary Movie 6). However,
when an ectopic flat side was introduced on top of the P1
cell by pressure of a coverslip, the nuclear-centrosomal com-
plex oriented toward the ectopic flat side in 6 of 13 par-1 P1

Figure 7. Defective nuclear rotation in par-1
and -4 embryos. (A) DIC images from time-
lapse movies showing spindle orientation
events in one-cell embryos. White dots indi-
cate the location of centrosomes. Scale bar, 10
�m. (B) Plots of the angles between the A/P
axis (0°) and a line drawn through the centro-
somes, for each embryo shown in A from
pronuclear meeting to NEB (t � 0). (C) Quan-
tification of the extent of nuclear-centrosome
rotation at NEB in indicated genetic back-
grounds and manipulations. Each line repre-
sents a single embryo, with 0° indicating com-
plete rotation of the centrosomes onto the A/P
axis. The average rotation angle � SD is also
given.
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cells during prophase; after NEB, the elongating spindle
reoriented parallel to the coverslip (Figure 8, A and B; Sup-
plementary Movie 7). In contrast, in 8 of 8 wild-type em-
bryos filmed under the same flattening conditions, the nu-
cleus rotated onto the A/P axis with normal timing
(Supplementary Movie 8). We conclude that par-1 embryos
are sensitive to changes in cell shape, unlike wild-type em-
bryos. Together, the par-4 and -1 results support the model
that a cortical LET-99 band is required for efficient nuclear
rotation in response to intrinsic polarity cues and impor-
tantly, to prevent rotation according to cell shape asymme-
tries. In wild-type embryos cell shape asymmetries can com-
pensate for the lack of a band during rotation in the P0 and
P1 cells, but we speculate that cell shape asymmetries would
interfere with spindle orientation during later divisions
when more cell shape constraints are present.

par-1 Embryos Exhibit Anterior Spindle Displacement and
Oscillations of the Anterior Spindle Pole
Based on the LET-99 band model, alterations in posterior
spindle pole displacement and oscillations are predicted

when LET-99 is mislocalized (Tsou et al., 2002). par-1 mu-
tants were previously described as having a reduction in the
overall posterior displacement of the spindle, but individual
spindle pole movements were not tracked in detail (Kem-
phues et al., 1988). We therefore traced the displacement of
the spindle and of each spindle pole using both DIC time-
lapse microscopy and kymograph analysis of embryos ex-
pressing green fluorescent protein (GFP)::�-tubulin and
GFP::histone (Oegema et al., 2001; Figure 9). As previously
described, in wild-type embryos, the entire spindle shifted
posteriorly before spindle pole separation began (n � 11),
and anaphase elongation was asymmetric, with the poste-
rior spindle pole moving faster during early anaphase (9 of
11; Figure 9 shows a representative kymograph; 2 of 11
showed symmetric spindle pole elongation during an-
aphase). Posterior spindle pole oscillations began on average
133 s after NEB, and the maximum amplitudes of the pos-
terior spindle pole oscillations were higher than those of the
anterior spindle pole (Table 1). In all par-1 embryos, the
spindle showed some initial posterior displacement as in
wild type, but then the entire spindle shifted more anteriorly

Figure 8. P1 nuclear rotation is perturbed by cell
shape changes in par-1 embryos. (A) DIC images
from time-lapse movies taken from wild-type and
par-1 embryos with different manipulations. (B)
Quantification of the extent of nuclear-centrosome
rotation at NEB in untreated and manipulated P1
cells.

Figure 9. Metaphase and anaphase spindle move-
ments in wild-type and par-1 embryos. Representative
kymograph analyses of spindle movements in embryos
expressing GFP::�-tubulin to label centrosomes and
GFP::histone to label DNA. Images were recorded every
5 s from pronuclear meeting to telophase and kymo-
graphs were generated from a line drawn through mid-
dle of the embryo along the A/P axis. During centra-
tion/rotation the centrosome and DNA signals appear
as one bright area. The centrosomes become visible at
prometaphase (two outer fluorescent signals); the chro-
mosomes become visible as a bright line between the

poles when aligned at metaphase and then separate into two masses during anaphase. Line traces of the paths of the spindle poles and
chromosomes are shown below each kymograph. Brackets indicate anterior displacement during metaphase in a par-1 embryo (middle
panels) and anterior spindle pole movement during anaphase in another par-1 embryo (right).
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during metaphase (10 of 16) or the anterior spindle pole
moved faster during early anaphase (6 of 16; Figure 9). These
movements resulted in the final spindle position being less
posterior on average than in wild type, and the extent of
spindle pole separation was also reduced in par-1 embryos
compared with wild type (Table 1). Finally, spindle pole
oscillations in par-1 embryos began earlier than in wild type
(on average 102 s after NEB), and the maximum amplitude
of the anterior spindle pole was larger than that of the
posterior spindle pole (Table 1). The anterior-directed spin-
dle movements and the more vigorous anterior spindle pole
rocking suggest that cortical forces are higher at the anterior
in par-1 embryos. These observations support the model that
LET-99 inhibits force generation and that the band pattern is
important for normal posterior spindle displacement.

DISCUSSION

In many polarized cell types, the PAR proteins localize to
cortical domains that then specify the asymmetric localiza-
tion of downstream components. Much progress has been
made in understanding the regulation of PAR asymmetry
and that of cytoplasmic cell fate determinants (for review see
Golden, 2000; Schneider and Bowerman, 2003; Betschinger
and Knoblich, 2004; Cowan and Hyman, 2004; Macara, 2004;
Gönczy and Rose, 2005; Nance, 2005). However, the path-
ways by which PAR proteins regulate cortical proteins in-
volved in spindle positioning are less well studied. In this
report, we present evidence that the cortical components of
the PAR pathway regulate the localization pattern of LET-99
independent of effects on cytoplasmic polarity, which sug-
gests that the PAR proteins may act directly on LET-99. We
also provide further evidence that the LET-99 band pattern
is important for transmitting polarity cues to the machinery
that positions nuclei and spindles.

PAR-3 and -1 Inhibit LET-99 Localization to Generate a
Cortical LET-99 Band
Of the proteins that show asymmetric localization in early C.
elegans embryos, LET-99 is unique in being enriched in a

cortical band encircling the cell, rather than to either the
anterior or posterior cortex. In this report we show that the
highest levels of LET-99 staining correlate with a gap be-
tween the graded distributions of PAR-3 and -1 in wild-type
embryos, although the cortical band of LET-99 extends into
the PAR-1 domain as well. Quantification of staining inten-
sities shows that cortical LET-99 levels are higher at the
anterior in par-3 embryos, higher at the posterior cortex in
par-1 embryos (Figure 10A) and high overall in par-1;par-3
double mutants. These observations suggest a simple mech-
anism for formation of the LET-99 band: The presence of
high levels of cortical PAR-3 inhibits LET-99 accumulation at
the anterior cortex (independently of PAR-1), and high lev-
els of PAR-1 inhibit LET-99 accumulation at the posterior-
most cortex (Figure 10B). It would appear that a threshold of
PAR-1 levels are required for complete inhibition at the
cortex, because the LET-99 and PAR-1 domains overlap.
This model also explains the previous observation that
LET-99 levels are uniform in par-3 mutants (Tsou et al., 2002),
because PAR-1 is not present at high enough levels at the
posterior in par-3 mutants to completely inhibit LET-99 ac-
cumulation at the posterior-most cortex (Figure 10A). Our
results are most consistent with the model that PAR-4 acts
upstream of PAR-1 in LET-99 localization, because the levels
of PAR-1 at the posterior cortex are lower in par-4 embryos
than in wild type and because PAR-1 associates with LET-
99. However, even if PAR-4 acts downstream of or parallel
to PAR-1, the gradient of PAR-1 would be the essential
factor that results in the LET-99 band, because PAR-4 is
uniformly localized.

How might the PARs regulate LET-99 localization? Be-
cause only the cortical part of the pathway is required and
the effect of PAR-3 on LET-99 is independent of PAR-1 and
-4, we speculate that LET-99 could be a direct target of
PAR-3/PAR-6/PKC-3 and of PAR-1 or -4. PAR-1 and -4, and
PKC-3 are kinases, and there are several precedents for
protein localization being regulated by PAR-associated
phosphorylation in other organisms (Nagai-Tamai et al.,
2002; Riechmann et al., 2002; Benton and St. Johnston, 2003;
Hurov et al., 2004; Suzuki et al., 2004; Betschinger et al., 2005).

Table 1. Anaphase spindle movements are defective in par-1 mutant embryos

Wild type (n � 7) par-1 (n � 10)

Anterior pole Posterior pole Anterior pole Posterior pole

Position at NEB (%EL) 33.8 � 2.1 65.0 � 3.8 32.7 � 2.0 65.7 � 4.8
Position at anaphase rocking (%EL) 39.0 � 1.4 79.3 � 1.6 36.1 � 12.6a 73.1 � 3.2a

Max rocking amplitude (�m) 5.29 � 0.74 6.63 � 0.64 7.45 � 1.74a 6.83 � 2.74
Pole separation at NEB (�m) 14.43 � 0.94 14.07 � 0.96
Pole separation at anaphase rocking (�m) 21.37 � 1.22 20.11 � 0.80a

All measurements were made from tracking the centrosomes/spindle poles in DIC time-lapse microscopy movies. Values are means � SD.
a Values are significantly different from wild type (p � 0.05).

Figure 10. Model. (A) Summary of LET-99 localiza-
tion patterns in wild-type and par-3 and -1 embryos.
(B) Model for the formation of the cortical LET-99 band
by PAR-3 and -1. Both PAR-3/PAR-6/PKC-3 and
PAR-1 inhibit the recruitment of LET-99 onto the cor-
tex. Because PAR-3 and -1 are both present in gradients
with the highest levels at the poles, inhibition of
LET-99 cortical localization results in a band pattern.
PAR-4 is uniformly localized but is proposed to act via
promoting high levels of PAR-1 at the very posterior.
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In C. elegans embryos, PAR-2 was recently shown to be
phosphorylated by PKC-3, which results in exclusion of
PAR-2 from anterior cortex (Hao et al., 2006). These obser-
vations and our findings that PAR-1 associates with LET-99
and that a predicted PAR-1 kinase-dead mutant fails to
localize LET-99 are all consistent with the model that the
cortical localization of LET-99 is regulated through phos-
phorylation by PAR-1 and potentially PKC-3. Testing this
model will be an active area of future study.

Although the PAR inhibition model can explain the estab-
lishment of the LET-99 pattern, a band “reappears” during
anaphase in par-1, -3, and -4 mutants. In these cases, the
position of the band correlates with that of the mitotic spin-
dle, suggesting that the spindle may somehow feedback on
LET-99 localization at this stage (this report; Tsou et al.,
2002). Indeed, a recent report on a role for LET-99 in cyto-
kinesis showed that the position of the LET-99 band can be
changed by experimentally moving the spindle during late
anaphase but not at earlier stages (Bringmann et al., 2007).

The Role of the LET-99 Band in
Spindle-positioning Events
The defects observed in let-99 mutant embryos suggest that
LET-99 has roles in centration, rotation, and posterior spin-
dle displacement (Rose and Kemphues, 1998; Tsou et al.,
2002). The cortical LET-99 band has been proposed to func-
tion in these processes by inhibiting G protein signaling, and
thus force generation, on astral microtubules contacting the
lateral-posterior cortex enriched for LET-99 (Figure 1; Tsou
et al., 2002, 2003a). Centration and rotation occur simulta-
neously in most wild-type embryos and thus have often
been grouped together when describing effects of mutants
like let-99 on spindle positioning. However, recent modeling
experiments suggest that centration of the pronuclear com-
plex could be mediated in part by cytoplasmic pulling forces
that are length dependent and thus would not require asym-
metries at the cortex (Kimura and Onami, 2005). Consistent
with this model, we have seen no correlation between the
degree of centration and the boundary of either the LET-99
domain or the PAR-3 domain in par-1 and various mutants
(this report; Tsou et al., 2002; Cuenca et al., 2003), and the
centration defects of let-99 can be rescued in double mutant
combinations (Rose and Kemphues, 1998; Tsou et al., 2003b).
These observations are consistent with the view that in
wild-type embryos, LET-99 is required to down-regulate
GPR-1/2 and thus cortical forces, either generally or at the
posterior cortex, to allow centration; however, LET-99 is
probably not part of the centration mechanism itself.

Unlike centration, the cortical localization patterns of the
PARs and LET-99 do appear important for nuclear rotation
(Tsou et al., 2002). However, it was not surprising that par-1
embryos undergo rotation, given that anterior cortical
LET-99 levels are still low in this background (Figure 10),
and thus anterior cortical pulling forces are predicted to be
high. Interestingly, however, par-1 embryos did exhibit ro-
tation delays when made spherical. These observations con-
firm earlier findings that in wild-type embryos extrinsic cell
shape acts redundantly with intrinsic polarity mechanisms
to orient the spindle both in P0 and P1 (Tsou et al., 2002,
2003b). Further, our findings suggest that when cell shapes
are perturbed, the banded pattern of LET-99 results in more
efficient rotation than that produced by a posterior domain
of LET-99. Cell-shape–dependent rotation could be medi-
ated by differential forces produced when microtubules con-
tact the cortex at different angles in an oval shaped embryo,
as we previously suggested (Tsou et al., 2003b). Alterna-
tively, the length-dependent-pulling force mechanism men-

tioned above (Kimura and Onami, 2005) provides another
model for robust centration and rotation in one-cell par-1
and par-3 embryos in the absence of the LET-99 band: In an
oval embryo, the microtubules projecting toward the ante-
rior are longer than those projecting laterally or posteriorly
and could thus result in forces pulling the centrosome ante-
riorly even in the absence of polarity or a LET-99 band
(Figure 10A). However, this asymmetry of microtubule
length, and thus force generation would be lost in spherical
embryos.

Why generate a band pattern of LET-99 if a posterior
LET-99 domain can support rotation, especially in combina-
tion with cell shape cues? One possible explanation stems
from the observation that ectopic cell shape constraints do
not alter wild-type rotation but do disrupt rotation in par-1
embryos. Thus, the importance of a LET-99 band may be to
ensure efficient nuclear rotation under conditions that alter
cell shape, such as compaction within the uterus or cell
contact with neighboring cells later in development. An-
other, not mutually exclusive, explanation for the LET-99
band pattern is that it is critical for metaphase/anaphase
spindle movements. LET-99 inhibits the localization of GPR
to the cortex, and so the presence of a posterior domain of
LET-99 at metaphase is predicted to prevent high levels of
GPR from accumulating at the posterior-most cortex (Figure
1). The altered spindle orientation movements observed in
par-1 embryos are consistent with this view. In particular,
par-1 embryos showed an anterior displacement of the spin-
dle during metaphase or anaphase, as predicted by the
model that high levels of LET-99 inhibit force generation.
Surprisingly, the timing of this shift varied and all embryos
exhibited some posterior displacement. We speculate that
the initial posterior shift and variability in phenotype is due
to posterior GPR enrichment that occurs independently of
LET-99. In wild-type embryos, LET-99 is not present at the
anterior cortex where GPR levels are also low (Colombo et
al., 2003; Gotta et al., 2003; Tsou et al., 2003a); thus, the
presence of PAR-3 or other proteins at the anterior in par-1
embryos may produce a gradient of GPR by early meta-
phase even when LET-99 is mislocalized. As cortical GPR
levels rise with cell cycle progression (Colombo et al., 2003;
Tsou et al., 2003a), LET-99 inhibition of further accumulation
at the posterior may then allow free GPR to accumulate at
the anterior and cause anterior displacement and more vig-
orous oscillations of the anterior spindle pole.

In summary, these studies provide evidence that the PAR-
3/PAR-6/PKC-3 complex and PAR-1 regulate LET-99 local-
ization. We speculate that this is a direct consequence of
LET-99 phosphorylation by the PKC-3 and -1 kinases, which
would cause LET-99’s dissociation from cortical anchors.
This work also provides additional evidence that LET-99 is a
key downstream component of the PAR pathway and sup-
ports the LET-99 band model for spindle positioning. The
PAR proteins and GPR-1/2–related proteins are conserved
in spindle positioning, and LET-99 shows similarity to the
DEP1 family of vertebrate proteins. Although many DEP
domain–containing proteins play roles in G protein path-
ways (Sato et al., 2006), the roles of DEP1 proteins remain to
be determined. Further study of LET-99 and its interactions
with the PAR proteins and G protein signaling should yield
insight into the function of this family of proteins.
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