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PAR Proteins Regulate Microtubule Dynamics
at the Cell Cortex in C. elegans

sophila PAR proteins are also localized to discreet regions
of the cell cortex and may locally define and modulate
the properties of cortices. In human cells, the PAR-3/
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tight junctions and also has been shown to participateChapel Hill, North Carolina 27599-3280
in cell polarity [14–16]. Nevertheless, the mechanisms by
which PAR proteins establish polarity remains elusive.

Mutations in the C. elegans par genes result in pheno-Summary
types that include failure in several microtubule-depen-
dent processes, including posterior spindle displace-Background: The PAR proteins are known to be local-
ment, spindle rocking, and rotation of the nucleus/ized asymmetrically in polarized C. elegans, Drosophila,
centrosome complex [4]. Because PAR proteins are lo-and human cells and to participate in several cellular
calized at the cortex in early embryos, we were inter-processes, including asymmetric cell division and spin-
ested to find out whether they can regulate microtubuledle orientation. Although astral microtubules are known
dynamics in a manner that might influence these cellularto play roles in these processes, their behavior during
processes. We therefore examined the properties of as-these events remains poorly understood.
tral microtubules in early wild-type and par mutant C.Results: We have developed a method that makes it
elegans embryos.possible to examine the residence time of individual

astral microtubules at the cell cortex of developing em-
bryos. Using this method, we found that microtubules

Resultsare more dynamic at the posterior cortex of the C. ele-
gans embryo compared to the anterior cortex during

Microtubules Are More Dynamic at the Posteriorspindle displacement. We further observed that this
Cortex Compared to the Anteriorasymmetry depends on the PAR-3 protein and hetero-
In order to characterize the effects of PAR proteins ontrimeric G protein signaling, and that the PAR-2 protein
microtubule dynamics during microtubule-dependentaffects microtubule dynamics by restricting PAR-3 ac-
processes, we chose to study microtubule dynamicstivity to the anterior of the embryo.
during the event of spindle positioning, as opposed toConclusions: These results indicate that PAR proteins
spindle rocking or rotation of the nuclear/centrosomefunction to regulate microtubule dynamics at the cortex
complex, for the following reasons. First, microtubule-during microtubule-dependent cellular processes.
dependent cellular processes are associated with much
intracellular movement, and spindle positioning displays

Introduction the least movement among these, making it easier to
monitor individual microtubules over time. Second, the

The C. elegans par genes were identified through mater- PAR proteins are localized at the cortex along the ante-
nal-effect lethal genetic screens and have been shown roposterior axis of the embryo at the stage of spindle
to be required for establishing the initial anteroposterior positioning, and the spindle remains oriented along the
axis of polarity in the early embryo [1–3]. While all PAR anteroposterior axis throughout all this process [4]; this
proteins are found at the cell cortex, some of them are stable orientation makes it easier to discriminate be-
localized to discreet regions along the anteroposterior tween populations of microtubules that interact with
axis of the embryo [4]. For instance, PAR-3, PAR-6, either the anterior or the posterior region of the cortex.
and PKC-3 are members of a protein complex and are And, third, recent spindle-severing experiments demon-
localized at the anterior cortex of the embryo [5–7]. Like- strated that the PAR-2 and PAR-3 proteins regulate pull-
wise, the proteins PAR-1 and PAR-2 are present at the ing forces on each side of the spindle during spindle
posterior cortex of the embryo [8, 9]. Localization of positioning [17]; this finding indicates that PAR proteins
some of these proteins along the anteroposterior axis are influencing microtubule-dependent processes at
is mutually exclusive, as members of the anterior and this stage. We determined that posterior spindle dis-
posterior groups show little overlap in their localization, placement occurs at metaphase: it starts 94 � 4 s after
and the PAR-2 and PAR-3 proteins exclude each other pronuclear envelope breakdown and ends 50 � 8 s later
from their respective cortices [4]. Therefore, PAR pro- at the start of sister chromatid and centrosome separa-
teins define anterior and posterior cortical domains in tion at anaphase B (n � 5 embryos; see Figure S1 in
the early C. elegans embryo. the Supplemental Data available with this article online).

Interest in the par genes has grown lately from reports We first attempted to quantify microtubule dynamics
showing that their functions are conserved in Drosophila by imaging microtubules in a middle plane of wild-type
and human cells [10]. In Drosophila, the par genes are embryos and quantifying the length of time during which
required for polarity in the early embryo as well as in each microtubule could be seen in the plane of focus
neuroblasts and neuroepithelial cells [11–13]. The Dro- (data not shown). However, because microtubules enter

and leave the plane of focus in these time-lapse images,
this approach could not discriminate between microtu-*Correspondence: jeanclaude.labbe@bc.biol.ethz.ch
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during the time of analysis; this appears to be the case
(compare methods in Tables 1 and S1). Since the resi-
dence times estimated by the indirect method were sta-
tistically indistinguishable between independent ob-
servers (data not shown), and nearly all of the differences
found between specific conditions were found by using
both the direct and indirect methods (Tables 1, 2, and
S1), we conclude that both methods are valid means of
comparing microtubule residence times at the cortex,
although only the direct method produces the true resi-
dence times. Although our approach does not allow usFigure 1. Diagram of the Mounting Method for Cortical Imaging of
to visualize all aspects of microtubule dynamic instabil-Microtubule Stability

ity, it enables us to determine how long microtubulesFlattening of the upper surface of the embryo allows the visualization
of both anterior and posterior regions of the cortex. Such flattening interact with the cortex and thus to assess this aspect
reduces the thickness of the embryo from 30 �m to approximately of their dynamic state.
20 �m. See the main text for further details. We quantified microtubule residence time at the cor-

tex by using this approach and found a difference in
stability between anterior and posterior microtubules

bules that shorten and those that leave the plane of during posterior spindle displacement. As shown in Fig-
focus and was therefore not suitable to accurately quan- ure 3, anterior microtubules stayed at the cortex for an
tify microtubule dynamics. average of 16.5 � 1.0 s, while posterior microtubules

We therefore devised an approach to directly assess stayed at the cortex for 14.5 � 0.6 s (mean � SE over
the stability of individual microtubules at the cortex. ten embryos); this difference is statistically significant
Embryos were mounted on agarose pads as described (p � 0.05; Table 1). These results indicate that anterior
previously [18]. In this method, applying a coverslip flat- microtubules reside at the cortex on average 15% longer
tens the upper surface of each embryo (Figure 1; see the than posterior microtubules. For convenience, we refer
Experimental Procedures). Focusing near the coverslip to our imaging approach as CIMS, for cortical imaging
allowed the simultaneous imaging of both the anterior of microtubule stability.
and posterior cortex, where the pulling force-modulating
proteins PAR-3 and PAR-2, respectively, are localized
[17, 19]. Monitoring microtubule properties in these re- The PAR Proteins Regulate Microtubule Dynamics

at the Cortexgions of the cortex is relevant because pulling forces
are active at these sites (S. Grill and T. Hyman, personal The fact that microtubules are more stable at the anterior

cortex of the embryo during posterior spindle displace-communication; J.-C.L. and B.G., unpublished data). By
this method, tips of microtubules at the cortex are visible ment suggested that PAR proteins could regulate micro-

tubule stability. We set out to test this more directlyas individual dots or short line segments of fluores-
cence, while microtubules that shorten away from the by looking at microtubule stability in polarity-defective

embryos, mutant for either par-1, par-2, or par-3, incortex are no longer visible (Figures 2A and 2B). Al-
though microtubules could also disappear from the which posterior spindle displacement is compromised

[19]. The localization of the PAR-2 and PAR-3 proteinsplane of focus by being severed at the centrosome and
depolymerized along their entire length while remaining at the cortex is mutually exclusive, and disrupting the

function of either protein causes the other one to spreadattached to the cortex, analysis of individual time-lapse
images at the middle plane revealed little or no microtu- uniformly around the cortex [4]. The protein PAR-1,

which contains motifs found in microtubule affinity-reg-bule severing at the centrosome between the events of
pronuclear envelope breakdown and the start of ana- ulating kinases (MARKs) [20], also shows different local-

ization patterns in par-2 and par-3 mutant backgrounds:phase (data not shown). Imaging at the cell cortex has
the advantage of assessing directly the presence of in par-3 mutant embryos, the PAR-1 protein is present

uniformly at the anterior and posterior cortex, while, inindividual microtubules at the anterior and posterior cor-
tex in the same embryo, and it eliminates the problem par-2 mutants, PAR-1 is not localized at the cortex [4].

We quantified the residence time of microtubules atof microtubules going in and out of the plane of focus.
Microtubule residence time at the cortex was quanti- the cortex by CIMS in wild-type par-1(RNAi), par-

2(RNAi), and par-3(RNAi) embryos at the time that poste-fied by two methods (see the Experimental Procedures):
a direct method that relies on counting the length in rior spindle displacement normally occurs in wild-type.

In wild-type embryos, the position of the sperm pronu-time during which each microtubule is present at the
cortical plane in a time-lapse series of images (Table 1 cleus defines the posterior [21]. Because par mutants

fail to establish proper embryonic polarity, we definedand Figure S2), and an indirect method that depends
on kymocube analysis in given sections of cortex (Figure the posterior side of the embryo as the pole where the

sperm pronucleus was visible before the pronuclei met.S3 and Table S1). The indirect method has the advan-
tage of facilitating the quantification of the residence We first quantified microtubule stability at the cortex of

par-1(RNAi) embryos, in which the spindle still movestimes of large numbers of microtubules. However, we
expected this method to produce consistent underesti- posterior, albeit to a lesser extent than in wild-type em-

bryos (see the Experimental Procedures). As shown inmates of true residence time, since this method ex-
cludes dimly fluorescent time segments as well as mi- Figure 3, disrupting the function of par-1 had slight ef-

fects on microtubule dynamics, but the residence timecrotubules that enter and leave the kymocube section
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Figure 2. Cortical Imaging of Microtubule Stability in Wild-Type Embryos

(A) Time-lapse images at mid- (left column) and cortical (right column) planes of wild-type embryos expressing �-tubulin::gfp. In CIMS,
microtubules are visible as individual dots or short line segments of fluorescence. The numbers on the left represent time (in seconds) after
pronuclear envelope breakdown.
(B) Time-lapse images were acquired to assess microtubule stability by CIMS. The images in the right-hand column are magnifications of the
yellow, boxed portion in the images in the left-hand column. In each frame, the two arrowheads indicate individual microtubules that enter
and leave the cortex in this series of time-lapse images. The numbers on the left represent time (in seconds) relative to the first frame of this
series.
(C) Individual microtubule growth and shortening at the cell cortex. In CIMS, it is sometimes possible to visualize the dynamic behavior of
individual microtubules. This could be due to the fact that a small population of growing microtubules sometimes bend at the cortex and
continue to grow along this plane. These events are rare and do not represent the vast majority of microtubules, which do not have such
behavior. Arrowheads mark the position of a microtubule end in these time-lapse images. Numbers on the left represent time (in seconds)
relative to the first frame of this series.
In all panels, anterior is oriented toward the left, and each scale bar represents 5 �m.

Table 1. Average Stability of Microtubules in Wild-Type, Polarity-Defective, and Spindle Positioning-Defective Embryos

Average Microtubule Residence Time at the Cortex in Seconds (n)
Difference (Anterior p Value (Anterior

Background Anterior Posterior Whole Embryo versus Posterior)a versus Posterior)b

Wild-Type 16.5 � 1.0 (199) 14.5 � 0.6 (198) 15.5 � 0.8 (397) 13.8% p � 0.03
par-1(RNAi) 15.6 � 1.5 (139) 13.1 � 0.9 (139) 14.4 � 1.2 (278) 19.1% p � 0.02
par-2(RNAi) 15.8 � 0.8 (151) 15.7 � 0.8 (151) 15.7 � 0.7 (302) 0.6% p � 0.85
par-3(RNAi) 13.4 � 1.2 (142) 13.3 � 0.7 (142) 13.3 � 0.9 (284) 0.8% p � 0.96
par-2(RNAi); par-3(RNAi) 12.3 � 0.6 (164) 12.4 � 0.8 (164) 12.3 � 0.7 (328) 0.8% p � 0.75
G�(RNAi)c 14.8 � 1.0 (150) 14.4 � 1.1 (150) 14.6 � 1.0 (300) 2.8% p � 0.58
G�(RNAi); par-2(RNAi)c 15.1 � 1.2 (152) 16.0 � 1.3 (152) 15.5 � 1.2 (304) 5.6% p � 0.31
G�(RNAi); par-3(RNAi)c 13.0 � 0.6 (156) 13.2 � 0.9 (156) 13.1 � 0.7 (312) 1.5% p � 0.80

Microtubule stability was determined by cortical imaging of microtubule stability (CIMS) and was quantified by using method 1 (see the
Experimental Procedures). Each value corresponds to the average residence time of microtubules at the cortex � the standard error of the
mean across ten embryos. The number given in parentheses corresponds to the total number of microtubules monitored. Microtubules were
highly dynamic on each side of the spindle, and their residence time at the cortex ranged from 4 to 60 s. The standard deviation for total
microtubule residence time at the cortex in all backgrounds was 7.3 s and ranged from 4.6 s to 10.0 s depending on the background.
a Represents the percentage of increase in stability at the cortex of anterior microtubules compared to posterior microtubules.
b p values from paired Student’s t tests between anterior and posterior average microtubule residence time at the cortex. Values were
considered significantly different if p � 0.05.
c G�(RNAi) corresponds to the simultaneous disruption of the goa-1 and gpa-16 genes. See the main text for details.
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Table 2. Statistical Comparison of Microtubule Residence Time at the Cortex between Various RNAi Backgrounds

Background Compared p Value (Method 1)a p Value (Method 2)a

Wild-type (anterior) versus par-1(RNAi) (anterior) p � 0.254 p � 8.907E�5

Wild-type (posterior) versus par-1(RNAi) (posterior) p � 0.037 p � 5.428E�11

par-2(RNAi) versus par-3(RNAi) p � 1.064E�4 p � 3.442E�5

par-2(RNAi) versus par-2(RNAi); par-3(RNAi) p � 6.407E�11 p � 1.530E�3

par-2(RNAi) versus G�(RNAi) p � 0.171 p � 0.174
par-2(RNAi) versus G�(RNAi); par-2(RNAi) p � 0.523 p � 0.085
par-2(RNAi) versus G�(RNAi); par-3(RNAi) p � 9.809E�6 p � 9.737E�3

par-3(RNAi) versus par-2(RNAi); par-3(RNAi) p � 0.021 p � 0.402
par-3(RNAi) versus G�(RNAi) p � 0.027 p � 3.978E�7

par-3(RNAi) versus G�(RNAi); par-2(RNAi) p � 1.156E�3 p � 6.544E�8

par-3(RNAi) versus G�(RNAi); par-3(RNAi) p � 0.723 p � 0.134
par-2(RNAi); par-3(RNAi) versus G�(RNAi) p � 6.994E�6 p � 2.714E�5

par-2(RNAi); par-3(RNAi) versus G�(RNAi); par-2(RNAi) p � 4.735E�9 p � 5.848E�6

par-2(RNAi); par-3(RNAi) versus G�(RNAi); par-3(RNAi) p � 0.041 p � 0.535
G�(RNAi) versus G�(RNAi); par-2(RNAi) p � 0.438 p � 0.726
G�(RNAi) versus G�(RNAi); par-3(RNAi) p � 8.037E�3 p � 2.305E�4

G�(RNAi); par-2(RNAi) versus G�(RNAi); par-3(RNAi) p � 1.661E�4 p � 5.651E�5

a p values from Student’s t tests (unpaired, homoscedastic) were obtained by comparing individual microtubule stability between various
backgrounds by using the Bonferroni method of multiple comparisons. Because 17 comparisons were made for each method, values were
considered significantly different if p � 2.941E�3 (0.05/17). The p values that were statistically significant are in bold. See the Experimental
Procedures for a description of methods 1 and 2.

of microtubules at the anterior cortex was on average tubule stability by restricting PAR-3 activity to the
anterior of the embryo.17% longer than at the posterior cortex, much as in

wild-type. This suggests that, although PAR-1 may have
a global effect on microtubule stability, perhaps through Heterotrimeric G Protein Signaling Influences

Microtubule Dynamics at the Cortexunlocalized PAR-1 present in the central cytoplasm [8],
it might not function as an asymmetrically localized Heterotrimeric G protein signaling was recently shown

to be involved in asymmetric cell division in both C.MARK in C. elegans embryos; we cannot exclude, how-
ever, that PAR-1 might depolymerize microtubules while elegans and Drosophila [23, 24]. In the early C. elegans

embryo, disrupting simultaneously the function of twothey remain attached to the cell cortex, thus contributing
to the posterior displacement of the spindle. genes encoding G� subunits (goa-1(RNAi); gpa-

16(RNAi), hereafter referred to as G�(RNAi)) causes aDisrupting the function of par-2 or par-3 resulted in
changes in microtubule dynamics at the cortex. In both failure of posterior spindle displacement, resulting in

two cells of equal size after cytokinesis [24]. In G�(RNAi)backgrounds, anterior and posterior microtubules had
equal residence time at the cortex (Figure 3). This indi- embryos, the localization of PAR-2 and PAR-3 proteins

is unaffected and polarity is normal, indicating that Gcates that PAR-2 and PAR-3 are required for the asym-
metric regulation of microtubule dynamics at the cortex proteins affect spindle position downstream of the PAR

proteins [24]. This is similar to the situation in Drosophilain C. elegans embryos. Furthermore, the residence time
at the cortex of microtubules in par-2(RNAi) embryos neuroblasts, where heterotrimeric G protein signaling is

also required downstream of Bazooka (Baz), a PAR-3was on average 14% longer than in par-3(RNAi) embryos
(Tables 1 and 2), which suggests that PAR-2 and PAR-3 homolog, for asymmetric cell division [25]. While G� was

found to be localized symmetrically at the cortex andproteins have opposite effects on microtubule stability.
In order to assess whether PAR-2 affects microtubule on asters in a C. elegans embryo [24], it is localized

asymmetrically at the apical cortex of Drosophila neuro-dynamics by altering the localization of PAR-3, or vice
versa, we quantified the residence time of microtubules blasts and at the anterior cortex of sensory organ pre-

cursor cells [25]; this finding suggests at least someat the cortex in embryos in which the function of both
par-2 and par-3 was disrupted simultaneously. We differences in the regulation of G protein signaling in

these organisms. We asked whether heterotrimeric Gfound that microtubule residence time at the cortex in
the double par-2(RNAi); par-3(RNAi) is similar to par- protein signaling regulates microtubule dynamics at the

cortex in C. elegans. We quantified microtubule resi-3(RNAi) single embryos (Table 2 and Figure 3). This sug-
gests that PAR-3 is required to stabilize microtubules, dence time at the cortex by CIMS in G�(RNAi) embryos

and found that anterior and posterior microtubules haveand that the effect of PAR-2 on microtubule stability
likely occurs through excluding PAR-3 from the poste- equal stability at the cortex when the function of G� is

disrupted (Table 1 and Figure 3). This indicates that Grior cortex of the embryo. This is consistent with previ-
ous results that demonstrated that par-3 is epistatic to protein activity is required to asymmetrically regulate

microtubule dynamics in C. elegans embryos.par-2 for centrosome rotation and spindle orientation in
the 2-cell embryo [22]. Taken together, these results The average residence time of microtubules at the

cortex in G�(RNAi) embryos was not consistently differ-indicate that PAR-3 participates in the regulation of mi-
crotubule dynamics at the cortex in a way that is inde- ent from that of microtubules in par-2(RNAi) or par-

3(RNAi) embryos (compare p values from methods 1pendent of par-1 activity, and that PAR-2 affects micro-
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Figure 3. Stability of Microtubules at the Cortex in Wild-Type and Spindle Positioning-Defective C. elegans Embryos

The residence time at the cortex of microtubules at the anterior (blue) and posterior (red) cortex was determined for ten embryos in each
background. Each value corresponds to the average residence time at the cortex (in seconds) � standard error of the mean across ten
embryos. Statistically significant differences between each background are shown in Table 1 and Figures S1 and S2.

and 2 in Table 2), and these similar residence times However, the fact that disruption of G� results in equal
microtubule residence time at the anterior and posteriormake it difficult to propose a clear epistasis pathway

between PAR protein and G protein signaling for the cortex clearly indicates that G� is required for asymmet-
ric regulation of microtubule stability at the cortex. Inregulation of microtubule stability at the cortex. We

therefore addressed whether the difference in microtu- C. elegans, Drosophila, and human cells, PAR-3 is found
in a complex along with PAR-6, a protein with PDZ mo-bule stability that we found between par-2(RNAi) and

par-3(RNAi) embryos is dependent on G�, by quantify- tifs, and an atypical protein kinase C, PKC-3 [10]. In C.
elegans embryos, disruption of any individual membering microtubule stability at the cortex in embryos in

which the function of G� was disrupted in combination of this protein complex causes the mislocalization of
the other members [7], and therefore it is currently notwith either par-2 or par-3. As shown in Figure 3, we

observed that disrupting par-2 or par-3 function in com- possible to directly test whether PAR-3 affects microtu-
bule stability through the activity of PKC-3 or not. It willbination with G� had effects on microtubule stability

that suggest that PAR proteins affect microtubules inde- be of interest to determine whether microtubule dynam-
ics at the cortex are regulated by atypical protein kinasependently of G protein signaling: the difference in micro-

tubule stability at the cortex between G�(RNAi); par- C activity, as well as to identify whether this kinase can
directly target microtubule-associated proteins (MAPs)2(RNAi) and G�(RNAi); par-3(RNAi) was on average

15%, similar to the difference in microtubule stability to affect microtubule stability. PAR-6 also interacts with
CDC-42 in C. elegans [26] and in human cells [14–16].found between embryos where the function of par-2

and par-3 was disrupted individually (p � 0.05; Tables It is possible that the GTPase activity of CDC-42 could
also directly or indirectly affect MAPs to modulate mi-1 and 2). Taken together, these results indicate that G�

and PAR-3 regulate microtubule dynamics at the cortex, crotubule dynamics. Likewise, the DEP domain-con-
taining protein LET-99 might affect the stability of micro-in manners that are at least partially independent.
tubules at the posterior cortex of the embryo [27].

Our results demonstrate that PAR proteins and G pro-Discussion
tein signaling regulate microtubule dynamics at the cor-
tex during spindle positioning in the early C. elegansWe have shown that microtubules are more stable at

the anterior than the posterior cortex in wild-type C. embryo and are responsible for a �15% difference in
microtubule stability between the anterior and posteriorelegans embryos. We have also shown that this differ-

ence in microtubule stability at the cortex is independent cortices. This �15% difference, although small, could
perhaps contribute to posterior spindle displacement.of the protein PAR-1 but depends on the proteins PAR-2,

PAR-3, and G�. A role for PAR-3 in microtubule anchor- Spindle-cutting experiments by Grill et al. estimated that
pulling on the posterior aster is 40% stronger than oning or stabilization had been hypothesized previously,

based on observations of defects in spindle orientation the anterior aster during posterior spindle displacement
[17]. The regulation of microtubule dynamics along theand spindle positioning of par-3 mutant embryos [5,

17, 22]. Based on our results, we propose that PAR-3 anteroposterior axis of the embryo could modulate
these pulling forces to influence posterior spindle dis-stabilizes microtubules and that PAR-2 affects microtu-

bule stability by restricting PAR-3 activity to the anterior placement, a mechanism that has previously been pro-
posed by Grill et al. from computer simulation experi-of the embryo. Because disruption of G� does not yield

results that are consistently distinguishable from those ments [17]. One possibility that is consistent with current
data is that a limiting number of motor proteins, suchobtained by disruption of par-2 or par-3 (by using each

of our methods of analysis), we cannot clearly ascribe as dynein motors, are present at the cell cortex to pull
a fraction of the microtubules, and decreasing the stabil-a role for G� in stabilizing or destabilizing microtubules.
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ity of microtubules in the posterior eliminates microtu- age growth rate of 35.7 � 9.5 �m/min (n � 7) and a
shortening rate of 31.8 � 12.2 �m/min (n � 5) for microtu-bules that do not engage dyneins. Such unengaged mi-

crotubules might obstruct pulling forces and impede bules at the cortex of C. elegans embryos undergoing
mitosis. These rates are faster than those measured formovement of the spindle. In this regard, the large subunit

of dynein (DHC-1) has been shown to localize to the microtubules in cultured cells but are similar to those
observed in clarified Xenopus egg extracts [36]. CIMSentire cell cortex during metaphase and anaphase [28];

however, whether active DHC-1 is present in limiting may prove useful for studying microtubule dynamics in
other thick biological specimens, such as Drosophila,concentrations in the cortex has yet to be determined.

Alternatively, asymmetrically localized minus end-direct- Xenopus, and echinoderm embryos.
ed motor activity at the cortex of the embryo might
itself locally influence microtubule dynamics, and the Conclusions
difference in microtubule stability at the cortex that we We conclude that PAR proteins and G protein signaling
observed might be a consequence of an asymmetry in regulate the stability of individual microtubules at the
motor activity. PAR proteins and G proteins also influ- cortex of C. elegans embryos. This indicates that pro-
ence other microtubule-dependent processes in the em- teins that regulate asymmetric cell division also modu-
bryo, such as spindle rocking and centrosome rotation late microtubule dynamics at the cell cortex.
at the 2-cell stage [24]. The asymmetry in microtubule
stability at the cortex that we observed might also con- Experimental Procedures

tribute to the regulation of these processes. In the case
General Methods and Strainsof centrosome rotation, previous experiments demon-
C. elegans strains were cultured as described previously [37]. Thestrated that this process is sensitive to pharmacological
wild-type strain used was the Bristol N2 strain. The strain TH2 con-

agents that either stabilize or destabilize microtubules tains an extrachromosomal array that consists of the gene coding
[29]. This suggests that microtubule dynamics are im- for �-tubulin inserted in frame with gfp, under the control of the

pie-1 promoter [38]. This construct expresses an �-tubulin::GFPportant during this process.
fusion protein in the C. elegans germline and thus maternally pro-We have measured an average microtubule residence
vides the fusion protein to maturing oocytes. This strain was growntime at the cortex of 15.5 � 0.8 s in wild-type embryos
at 25�C and was maintained by picking animals that express GFP(Table 1). If microtubules were continuously growing
in their germline and embryos, as determined by using a Zeiss SV11

during this time, this would generate pushing force on stereomicroscope equipped with a HBO100 fluorescence illumina-
the cortex. A microtubule pushing-based model was tion system (Carl Zeiss Microscopy).
recently proposed to explain nuclear positioning in S.
pombe. In this case, plus-end microtubule growth gen- RNA Interference

Disruption of par-1, par-2, par-3, goa-1, and gpa-16 function waserates pushing force toward the minus-end and causes
done by double-stranded RNA-mediated interference (RNAi) [39],microtubule buckling in the cytoplasm [30]. We ob-
and experiments were performed by injecting double-stranded RNAserved little, if any, buckling of microtubules during pos-
(dsRNA) molecules prepared as described previously [40]. RNAi

terior spindle displacement in C. elegans embryos. Fur- disruption of par-1, par-2, and par-3 recapitulated all the pheno-
thermore, Grill et al. reported pulling forces on astral types that have been reported to be associated with loss of function

of these genes (defects in spindle positioning, centrosome rockingmicrotubules [17]. These results suggest that microtu-
and flattening, nucleus/centrosome rotation at the 2-cell stage; [1,bule plus-ends that interact with the cortex are stalled
4]). We observed that the spindle in par-1(RNAi) embryos was posi-(not growing) and under tension. This raises the possibil-
tioned asymmetrically (56% � 2% embryonic length, n � 4), albeitity that the microtubule plus-ends behave differently in
not as asymmetric as in wild-type embryos (59% � 1% embryonic

the cytoplasm than they do when they make contact length, n � 5), despite showing all other par-1 phenotypes (lethality,
with the cell cortex. incorrect segregation of P granules, aberrant anterior centrosome

rocking, synchronous second division; [4]). To address this issue,Finally, we have described a novel approach, CIMS,
we measured the position of the spindle in par-1(it51) embryos,to study the cortical stability of individual microtubules
which produce a PAR-1 kinase-dead protein and have been shownin a developmental system. Until now, most measure-
to be strong alleled [8], and we also observed asymmetry in spindlements of microtubule dynamics in vivo were done by
positioning (54% � 2% embryonic length, n � 6). Similar results

using cells in culture or other relatively flat cells [31–34], were obtained when par-1 dsRNA was injected into par-1(it51) mu-
which are better suited to image microtubules in a single tants. This is consistent with previous results demonstrating that
plane of focus. We have used CIMS to study microtubule the spindle is positioned at 57% � 2% embryonic length in wild-

type embryos and 53% � 2% embryonic length in par-1(b274) em-stability at the cortex of C. elegans embryos, which have
bryos [1]. In similar assays, we observed that the spindle in botha thickness of 20–30 �m. One of the main advantages
par-2(RNAi) and par-3(RNAi) embryos was positioned symmetricallyof CIMS is that it reduces the imaging of a thick speci-
(49% � 1% embryonic length, n � 4 for par-2; 49% � 1% embryonic

men to a thin region near the cell cortex. Therefore, it length, n � 5 for par-3).
eliminates the problem of microtubules going in and
out of the plane of focus. It also maximizes the optical Imaging and Analysis
resolution of fluorescence events by imaging near the For the visualization of microtubules in live specimens, embryos

were obtained by cutting open gravid hermaphrodites by using twoobjective lens, not deep into the specimen where light
25G needles. Embryos were handled individually and were mountedscattering occurs and thus optical resolution is de-
on a coverslip coated with 1% poly-L-lysine in 1 �l egg buffer [41].creased [35]. Furthermore, it is possible to use CIMS to
The coverslip was placed on a 3% agarose pad, and the edge wasvisualize certain microtubules along their lengths and
sealed with petroleum jelly. This mounting method has been shown

thus quantify additional aspects of their dynamic behav- previously to be compatible with normal development and thus does
ior in living embryos (Figure 2C). In preliminary experi- not disrupt cellular processes [18]. Time-lapse images were ac-

quired by using a CS10 Yokogawa spinning-disk confocal systemments using this approach, we have determined an aver-
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Table S1. Measure of Stability of Microtubules in Wild-Type, Polarity-Defective, and Spindle Positioning-Defective Embryos

Measure of Microtubule Stability at the Cortexa

Difference (Anterior P Value (Anterior
Background Anterior Posterior Whole Embryo versus Posterior)b versus Posterior)c

Wild-type 12.5 � 0.9 10.6 � 0.6 11.5 � 0.7 17.9% p � 0.03
par-1(RNAi) 9.4 � 0.5 7.7 � 0.3 8.6 � 0.3 22.1% p � 0.03
par-2(RNAi) 9.8 � 0.7 9.5 � 0.2 9.6 � 0.4 3.2% p � 0.62
par-3(RNAi) 8.6 � 0.2 8.4 � 0.2 8.5 � 0.2 2.4% p � 0.24
par-2(RNAi); par-3(RNAi) 9.0 � 0.5 8.3 � 0.2 8.7 � 0.3 8.4% p � 0.26
G�(RNAi)d 10.5 � 0.4 9.7 � 0.9 10.1 � 0.5 8.2% p � 0.40
G�(RNAi); par-2(RNAi)d 10.7 � 0.8 9.8 � 0.3 10.2 � 0.6 9.2% p � 0.19
G�(RNAi); par-3(RNAi)d 8.7 � 0.3 9.1 � 1.0 8.9 � 0.6 4.4% p � 0.68

a Microtubule stability was determined by cortical imaging of microtubule stability (CIMS) and was quantified by using method 2 (see the
Experimental Procedures). Each value corresponds to the average apparent residence time of individual microtubules at the cortex (in seconds)
� the standard error of the mean across five embryos; because this method excludes dimly fluorescent segments, the apparent residence
times are expected to be consistent underestimates of the real residence times of microtubules at the cortex (comparing this table with Table
1 suggests that this is the case). Despite the consistent underestimates, this method has the advantage of being more readily carried out,
which facilitated repeated quantifications in blind experiments; these produced results consistent with those shown here. A total of 450
microtubules were monitored for each condition (225 for each side).
b Represents the percentage of increase in stability at the cortex of anterior microtubules compared to posterior microtubules.
c p values from paired Student’s t tests between anterior and posterior average microtubule residence time at the cortex. Values were considered
significantly different if p � 0.05.
d G�(RNAi) corresponds to the simultaneous disruption of the goa-1 and gpa-16 genes. See the main text for details.

Movie 1. Imaging Microtubules in C. elegans Embryos by Spinning- The residence time of microtubules at the cortex can be determined
by imaging microtubules in a cortical plane. In such movies, individ-Disk Confocal Microscopy
ual microtubules can be seen as individual dots or short line seg-
ments of fluorescence, and their stability at the cortex can be quanti-Embryos from a strain expressing an �-tubulin::GFP fusion protein

were visualized by spinning-disk confocal microscopy. This allowed fied by measuring the time during which a single microtubule is
present in the plane of focus. This movie starts at pronuclear enve-the visualization of 0.7 �m thick optical sections and yielded well-

resolved, individual microtubules. In this movie, images were cap- lope breakdown and ends with cytokinetic furrow ingression. Ante-
rior is oriented toward the left, and posterior is oriented toward thetured at a midplane (left panel) or cortical plane (right panel) of the

embryo. This movie starts before pronuclear envelope breakdown right. Frames were captured every 2 s and are played back at 12
frames/s.and ends with cytokinetic furrow ingression. Anterior is oriented

toward the bottom, and posterior is oriented toward the top. Frames
were captured every 5 s and are played back at 12 frames/s. Movie 3. Cortical Imaging of Microtubule Stability in the Anterior

Cortex of the C. elegans Embryo
Movie 2. Cortical Imaging of Microtubule Stability in Early C. elegans
Embryos Two-fold magnification of the anterior cortex of the early C. elegans

embryo. Filled arrowheads point to various individual microtubules
that enter and leave the plane of focus in these time-lapse images;
empty arrowheads indicate the position of these microtubules be-
fore and after they appear in the plane of focus. Residence time at
the cortex can be calculated by determining the time (bottom right,
in seconds) during which a given microtubule is visible at the cortex.
Frames were captured every 2 s and are played back at 6 frames/s.

Figure S1. Timing of Events during Progression through the Cell
Cycle

Timing of posterior spindle displacement (PSD), start of anaphase
(Ana), and cytokinetic furrow ingression (Cyk) relative to pronuclear
envelope breakdown (PNEB). The numbers at the bottom represent
time in seconds relative to PNEB. Posterior spindle displacement
occurs during metaphase and starts 94 � 4 s after PNEB and ends
at the start of anaphase. The error bars represent standard deviation
over five embryos. Anterior is oriented toward the left.
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Figure S2. Time-Lapse Images of Microtubules at the Cortex

These consecutive time-lapse images illustrate individual microtubules at the anterior cortex of a wild-type embryo. Filled arrowheads point
to various individual microtubules that enter and leave the plane of focus in these time-lapse images; empty arrowheads indicate the position
of these microtubules before and after they appear in the plane of focus. The legend on the right reports the residence time of each microtubule.
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Figure S3. Kymocube Analysis of Microtubules at the Cortex of a Wild-Type C. elegans Embryo

A selected region along the anteroposterior axis of the embryo (left) was compressed down to four pixels and was displayed over time,
starting from pronuclear envelope breakdown to the start of anaphase (middle). In these kymocubes, individual microtubules are visible as
lines of fluorescence that persist during a given time. An automatic threshold function was applied to select the brightest events of fluorescence,
thereby depicting individual microtubules (right). Residence time at the cortex can be determined by measuring the length in time of these
individual microtubules.


