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Summary
In many organisms, the dynein-dynactin complex is required
for the alignment of the mitotic spindle onto the axis of polarity
of a cell undergoing asymmetric cell division. How this complex
transduces polarity cues, either intrinsic or extrinsic, and
rotationally aligns the spindle accordingly is not well
understood. The Caenorhabditis elegans blastomere P2
polarizes the neighboring EMS blastomere, which causes the
EMS spindle to rotationally align along the defined axis of
polarity via two redundant signaling pathways: Wnt and Src.
Here, we describe how components of the dynactin complex
became locally enriched at the P2-EMS border prior to and
during rotational alignment of their spindles. Wnt and Src
signaling were required for both localized dynactin
enrichment, and for rotational alignment of the P2 and EMS

Introduction
Asymmetric cell division is an important mechanism for generating
cell diversity (Horvitz and Herskowitz, 1992; Roegiers and Jan,
2004). In general, cell polarization, mediated by intrinsic or
extrinsic signals, causes the differential segregation of specific
cytoplasmic components along the axis of polarity. In order to
correctly partition these segregated cytoplasmic components to
different daughter cells, the mitotic apparatus needs to rotationally
align along the axis of polarity. In early embryogenesis in C.
elegans, the six founder cells are produced by a series of
asymmetric cell divisions (Guo and Kemphues, 1996). Among
these asymmetric cell divisions, P2 and EMS blastomeres
(daughters of P1), provide examples of both cell-autonomous and
inductive polarization. P2 is polarized by intrinsic PAR proteins
(Bowerman et al., 1997) and the mitotic spindle rotates
autonomously from the dorsoventral (D-V) axis to the
anteroposterior (A-P) axis (Goldstein, 2000; Hyman and White,
1987). Polarization of EMS requires cell-cell contact with P2; this
contact not only specifies the endoderm fate of one of the EMS
daughter cells (Goldstein, 1992; Goldstein, 1993; Goldstein,
1995a), but also properly positions the mitotic spindle of EMS
along the A-P axis (Bei et al., 2002; Schlesinger et al., 1999;
Thorpe et al., 1997). Two redundant pathways, Wnt and Src
signaling, are required for this P2-EMS signaling. Disrupting
individual pathways only leads to partial defects in EMS spindle
alignment and endoderm induction (Bei et al., 2002; Schlesinger
et al., 1999; Thorpe et al., 1997; Walston et al., 2004). Defective
Src signaling also causes P2 spindle alignment defects, suggesting
that it signals bidirectionally between P2 and EMS to control
division orientation in both EMS and P1 (Bei et al., 2002). When

spindles. Depleting the trimeric G-protein subunit G␣ did not
abolish dynactin accumulation to the P2-EMS border, yet both
EMS and P2 spindles failed to rotationally align, indicating
that G␣ might act to regulate dynein/dynactin motor activity.
By RNAi of a weak dnc-1(ts) allele, we showed that dynactin
activity was required at least for EMS spindle rotational
alignment.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/121/2/155/DC1
Key words: Src and Wnt signaling, Dynactin, Enrichment, P2-EMS
border

the two pathways are impaired simultaneously, EMS no longer
produces endoderm and the mitotic spindle fails completely to
rotate from the left-right (L-R) to the A-P axis (Bei et al., 2002;
Walston et al., 2004). In the Src pathway, both the tyrosine kinase
receptor MES-1 and the downstream target phosphotyrosine
accumulate to the P2-EMS border (Bei et al., 2002). One of the
Wnt pathway components, DSH-2, is also localized to the P2-EMS
border (Walston et al., 2004). These asymmetric enrichments of Src
and Wnt signaling molecules at the P2-EMS border might be
transduced to the downstream machinery to rotationally align the
mitotic spindle in EMS and/or P2. Interestingly, it was found that
GPR-1/2, the activator of G␣, enriches to the P2-EMS border in
response to Src, but not the Wnt pathway (Tsou et al., 2003).
G␣/GPR-1/2 is involved in EMS spindle rotation, possibly by
upregulating the force generation from the cortex on centrosomes
(Tsou et al., 2003). It remains to be determined what the role of
Wnt is in regulating EMS spindle rotation, and whether the
intrinsically determined P2 and the extrinsically determined EMS
asymmetric divisions use the same or different motor protein(s) to
rotationally align their spindles.
Dynactin is the activator of the minus-end motor dynein
(Schroer, 2004). In many organisms, the dynein-dynactin complex
is required for the alignment of the mitotic spindle onto the axis of
polarity of a cell undergoing asymmetric cell division (Ahringer,
2003; Dujardin and Vallee, 2002; Schuyler and Pellman, 2001).
However, the molecular mechanism that coordinates dyneindynactin localization (or activity) with polarity signals, either
intrinsic or extrinsic, is not well understood. In C. elegans, dynactin
is involved in spindle alignment in both P0 and P1 (Gonczy et al.,
1999a; Skop and White, 1998), the spindle rotations of which are
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cell-autonomous (Goldstein, 2000). Dynactin localizes at the polar
body extrusion site in the P0 cell as well as in the midbody remnant
after P0 cleaves (Skop and White, 1998). Dynactin might recruit
dynein to these accumulation sites and the complex act to capture
astral microtubules and exert a torque on the attached centrosomes,
which rotationally aligns the spindle (Hyman, 1989; Hyman and
White, 1987; Skop and White, 1998; Waddle et al., 1994). In order
to identify whether dynactin is also involved in spindle alignment
in extrinsically determined asymmetric divisions, we examined its
role in EMS cell division. We found that dynactin is indeed
required for EMS rotational spindle alignment and accumulates at
the P2-EMS border prior to and during this process. The focal
accumulation of dynactin depends on both Wnt and Src signaling.
In addition, we present some evidence that indicates that the
dynein-dynactin complex might be activated by the trimeric Gprotein subunit G␣.
Results and Discussion
Generation of transgenic dnc-1::gfp, dnc-2::gfp and
arp-1::gfp lines
In order to investigate the role of dynactin in EMS and P2 spindle
alignment, dynactin::gfp transgenic lines were generated for the
components dnc-1, dnc-2 and arp-1 (Le Bot et al., 2003; Skop and
White, 1998). All the transgenic GFP lines were put under the pie1 promoter together with its 3⬘ UTR. To verify whether these GFP
constructs were functional, expression of the native genes was
suppressed by RNA interference (RNAi) targeted to the 3⬘ UTR
sequences that were present only in the native genes. All of the
three constructs tested in this way were functional, because 3⬘ UTR
RNAi with the wild-type worms gave 100% dead embryos with no
morphogenesis, whereas ~70-80% of the GFP embryos hatched as
L1s with about half of the remaining embryos exhibiting partial
morphogenesis. The reason that these GFP lines did not fully

rescue the wild-type copies is probably because of the loss of
transgenic protein expression when the pie-1 promoter turns off in
older embryos (Mello et al., 1996). We observed that the GFP
localizations shifted from bright, diffuse cytoplasmic localization
to more distinct structures in the DNC-2::GFP; dnc-2 3⬘UTR RNAi
and ARP-1::GFP; arp-1 3⬘UTR RNAi embryos, whereas GFP
localization in DNC-1::GFP; dnc-1 3⬘UTR RNAi embryos
resembled DNC-1::GFP without RNAi (data not shown). These
differing localizations are probably because the endogenous DNC2 and ARP-1 were suppressed and therefore no longer competed
with the transgene products for localization sites, allowing the
GFPs to exhibit a more native localization. DNC-1::GFP was used
in most analyses unless otherwise stated because its localization
was not affected by the expression of the native dnc-1 gene.
The dynactin complex becomes enriched at the P2-EMS
border prior to and during EMS and P2 spindle rotation
When examined at the four-cell stage during P2 and EMS spindle
rotation, DNC-1::GFP, DNC-2::GFP and ARP-1::GFP were all
enriched at the cell border between P2 and EMS prior to and during
EMS and P2 spindle rotation (Fig. 1A-C; supplementary material
Movie 1). The accumulation first appeared at 8.88±0.63 minutes
after the first appearance of the cleavage furrow in P1 (n=5,
measured with DNC-2::GFP embryos) and remained there for
6.8±0.7 minutes (n=5). Dynactin-labeled EMS and P2 centrosomes
rotated and moved such that one centrosome from each spindle
became closely apposed to the accumulation site (Fig. 1A-C;
supplementary material Movie 1). We also observed instances of
dynactin-labeled putative microtubule (MT) plus-ends emanating
from one centrosome and terminating at this accumulation site
(Fig. 1A⬘; supplementary material Movie 1). The accumulation
was then observed to disappear about 4.77±0.78 minutes (n=5)
before EMS cleaved. This dynamic dynactin accumulation was

Fig. 1. Dynactin complex is enriched at the P2-EMS border prior to and during EMS and P2 spindle rotation. Multi-photon time series of embryos expressing (A)
DNC-1::GFP (supplementary material Movie 1); (B) DNC-2::GFP; dnc-2 3⬘UTR RNAi; and (C) ARP-1::GFP; arp-1 3⬘UTR RNAi show the accumulation of dynactin
along the P2-EMS border (marked by white arrows). 3⬘ UTR RNAi was used to improve the image contrast of DNC-2::GFP and ARP-1::GFP (see text). Notice that
dynactin also localizes to centrosomes, serving as a marker for the spindle positioning. (A⬘) Enlarged region between the EMS centrosome and the P2-EMS
accumulation in a DNC-1::GFP embryo. Arrowhead points to a dynactin-labeled astral MT plus-end that terminates at the accumulation site. Scale bar: 10 m.
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confirmed by immunofluorescence staining with anti-DNC-1
antibody (supplementary material Fig. S1A). Our observations are
consistent with a model in which MT plus-ends are captured by
sites of transiently accumulated dynactin. Dynactin along with
dynein acts to pull the attached centrosome towards the cortex,
thereby exerting a torque on the EMS and P2 spindles so as to
rotationally align the spindles relative to the site of accumulation
(Hyman, 1989; Hyman and White, 1987; Skop and White, 1998;
Waddle et al., 1994).
Previous studies have shown that rotational alignment of the
EMS spindle is different from that in P1: the former being a
directed rotation, whereas the latter is a free rotation (Tsou et al.,
2003). We also observed differences in that the enrichment of
dynactin between P2 and EMS was a line instead of a defined spot
as described for P0 and P1 (Skop and White, 1998; Waddle et al.,
1994). How these different patterns of dynactin accumulation relate
to the different spindle movements of P1 and EMS is not known,
although it has been suggested that the broad accumulation might
be responsible for cell-contact-dependent centrosome rotation,
whereas the smaller one could be responsible for cell-autonomous
centrosome rotation such as in P1 (Goldstein, 1995b).
Wnt and Src signaling are required for the asymmetric
enrichment of dynactin at the P2-EMS border
We disrupted the Wnt pathway by knocking-down mom-5 (encodes
Fz receptor) by RNAi and found that, although EMS and P2
spindles still rotated (Bei et al., 2002; Thorpe et al., 1997), the
dynactin::GFP enrichment was reduced (Fig. 2B,E; supplementary
material Movie 2; n=10). Similarly, the dynactin::GFP enrichment
was also reduced in the src-1(RNAi) (C. elegans Src) embryos (Fig.
2E; n=9), although, in this case, some alignment failures were
observed (Bei et al., 2002; Walston et al., 2004). In cases in which
the EMS spindle failed to rotate, dynactin accumulation was
greatly reduced during EMS spindle positioning, although this
accumulation increased prior to P2 spindle rotation (Fig. 2C;
supplementary material Movie 2; n=3). When both spindles failed
to rotate, dynactin accumulation remained at a low level throughout
the cell cycle (Fig. 2C⬘; n=3).
Wnt and Src signaling have been shown to act together to control
cleavage orientation in EMS (Bei et al., 2002; Walston et al., 2004).
SRC-1 and MES-1 act in the Src pathway and signal bidirectionally
between P2 and EMS to control division orientation in both EMS
and P1 (Bei et al., 2002). When Wnt and Src signaling were
disrupted simultaneously by mom-5; src-1 double RNAi, we found
that the dynactin::GFP enrichment at the P2-EMS border was
eliminated throughout the entire P2-EMS cell cycle (Fig.
2D,E,G,G⬘; supplementary material Movie 4; n=10). At the same
time, the EMS spindle orientation was completely inhibited, as
reported (Bei et al., 2002; Walston et al., 2004), and we also
observed failure of proper P2 spindle alignment in all the embryos
examined (Fig. 2G,G⬘; supplementary material Movie 4; n=10).
Similar dynactin localizations in different genetic backgrounds
were also observed using anti-DNC-1-stained embryos
(supplementary material Fig. S1B-D).
These observations indicate that Wnt and Src signaling act
redundantly to regulate dynactin enrichment at P2-EMS borders,
and that this localized accumulation is necessary for rotational
alignment of both P1 and EMS spindles. It has been shown that the
first 5 minutes into the EMS and P2 cell cycles is the critical time
in which P2 can specify the future division axis of the EMS cell
(Goldstein, 1995b). We found that dynactin::GFP accumulated at
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8-9 minutes into the EMS and P2 cell cycles. We speculate that
Wnt and Src signaling between P2 and EMS during the first 5
minutes are necessary to initiate the transportation of dynactin to
the P2-EMS border. Our light-microscope observations cannot
resolve whether the accumulated dynactin is in EMS, P2 or both
cells. Future experiments with P2 and EMS blastomere isolation
and re-assembly might shed light on this issue. However, our
observation that rotational alignment fails in both P2 and EMS
suggests that the accumulation is occurring in both. It remains to
be determined how the Wnt pathway signals back from EMS to P2
to direct P2 spindle orientation and what the downstream targets
are that transport dynactin to the P2-EMS border.
Dynactin::GFP enrichment at the P2-EMS border is not
fully abolished in G␣ mutant embryos
G␣, one of the trimeric G-protein subunits, is required for the
rotational alignment of the P0 and EMS spindles (Tsou et al.,
2003). There are two redundant G␣ proteins, GOA-1 and GPA-16
(Gotta and Ahringer, 2001). We explored whether G␣ regulates
dynactin::GFP localization or its activation at the P2-EMS border.
In order to knock-down both G␣ proteins during EMS and P2
divisions without affecting early cell divisions, we used partial goa1 RNAi treatment in gpa-16(it143ts); dnc-1::gfp embryos at
permissive temperature, and then shifted the embryos to the
restrictive temperature at the four-cell stage. We found that not only
were the spindle alignments in the anterior daughter cell (ABa) and
the posterior daughter cell (ABp) perturbed as reported (Bergmann
et al., 2003), but both EMS and P2 spindles failed to rotate to the
A-P axis (Fig. 2H; n=9), yet dynactin localization at the P2-EMS
contact site was still retained. One caveat of this experiment was
that DNC-1::GFP gave a strong cytoplasmic signal when grown at
permissive temperature, making it difficult to see the cortical
accumulation of dynactin::GFP. Nevertheless, we clearly observed
weak dynactin::GFP enrichment at P2-EMS border in G␣ mutant
embryos (Fig. 2H; supplementary material Movie 5; n=3). This
weak accumulation was comparable with the wild-type control,
although it was at the lower end of the wild-type intensity range
(Fig. 2I).
Depleting G␣ did not totally abolish dynactin localization at the
P2-EMS border; nevertheless, rotational alignment in P2 and EMS
spindles was completely inhibited. It might be that the residual
dynactin was insufficient to mediate the rotational alignment of the
P2 and EMS spindles. However, we suspect that G␣ might be
involved in directly regulating the activity of dynactin, because the
P2-EMS border enrichment of GPR-1/2, the activator of G␣, is
dependent on the Src but not the Wnt pathway (Tsou et al., 2003).
If G␣/GPR-1/2 was responsible for dynactin::GFP enrichment at
the P2-EMS border, one would not therefore expect dynactin
accumulation to be affected when Wnt signaling was disrupted. By
contrast, our observations show that dynactin::GFP enrichment at
the P2-EMS border depends on both Wnt and Src.
Dynactin activity is required for EMS spindle rotation
Our observations suggest that dynactin::GFP is localized at the
right place and right time to mediate P2 and EMS spindle rotations.
However, direct examination of the role of dynactin in EMS and
P2 spindle orientation is difficult because dynactin is also required
for many aspects of early divisions (Gonczy et al., 1999a; Skop
and White, 1998). Temperature-sensitive mutants provide a way of
removing a gene product at a specific time. A weak dnc-1(or404ts)
mutant has been isolated (Encalada et al., 2005). For the P0 cell,
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Fig. 2. Dynactin::GFP enrichment at the P2-EMS border is regulated by both the Wnt and Src pathways, but not by G␣. P2 cell is to the right and EMS is at the
bottom. Dynactin accumulation to the P2-EMS border is dynamic. In order to compare the fluorescence intensity among varied genetic backgrounds over a period
of time, we selected ten adjacent frames (total 44 seconds) and projected these in ImageJ to produce an averaged image of this time interval. Intervals were chosen
to show the best accumulation in (A) DNC-1::GFP wild type (WT); (B) DNC-1::GFP with mom-5 RNAi (supplementary material Movie 2); (C,C⬘) DNC-1::GFP
with src-1 RNAi (supplementary material Movie 3); and (D) DNC-1::GFP with mom-5; src-1 RNAi. In C, the spindle of P2 but not EMS rotates, whereas, in C⬘,
neither the P2 nor EMS spindle rotates. Arrows mark P2-EMS dynactin accumulation. Double-headed arrows show the misaligned spindles in src-1 RNAi embryos.
(E) Quantitative analysis of the fluorescence intensity along the P2-EMS border using ImageJ. Two 25⫻7 pixel boxes were drawn in each of the generated
averaged images, one along the P2-EMS border (box 1) and the other in the cytoplasm below this accumulation (box 2). A ratio of box1:box 2 fluorescence
intensity is plotted for different genetic backgrounds. Error bars are s.d. Asterisks indicate a statistically significant difference (P<0.05) between wild-type and the
RNAi-treated embryos (Student’s t-test, two-tailed equal variance). (F-H) Multi-photon time series of embryos expressing DNC-1::GFP show the P2-EMS
accumulation (white arrows), and P2 and EMS spindle positioning (double-headed arrows). In a wild-type embryo (F), DNC-1 accumulates at the P2-EMS border
prior to and during EMS and P2 spindle rotations. The two spindles rotate and move such that one centrosome from each is adjacent to this accumulation site. In a
mom-5; src-1 RNAi embryo (G), P2 centrosomes rotate partially but the final position of the spindle is away from the P2-EMS border (n=7); whereas, in another
mom-5; src-1 RNAi embryo (G⬘; supplementary material Movie 4), P2 centrosomes fail to rotate and spindle forms along the D-V axis (n=3). In both cases, EMS
spindle fails to align along the A-P axis, and DNC-1::GFP does not accumulate at the P2-EMS border. (H; supplementary material Movie 5) In gpa16(it143ts);goa-1(RNAi) embryos, DNC-1::GFP still accumulates at the P2-EMS border, albeit weakly (see text). All the spindle orientations, including ABa, ABp,
EMS and P2, are abnormal. (I) Quantitative analysis of the fluorescence intensity along the P2-EMS border between wild-type DNC-1::GFP and gpa16(it143ts);goa-1(RNAi) embryos grown at permissive temperature. Measurements were taken as in E. There is no statistically significant difference (P=0.20)
between wild-type and the G␣ mutant embryos (Student’s t-test, two-tailed equal variance). Scale bar: 10 m.
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shifting the dnc-1(or404ts) embryos to the
restrictive
temperature
just
before
centrosome centration led to P0 spindle
rotation failure (supplementary material
Fig. S2B). In order to perturb the P1 spindle
rotation, the dnc-1(or404ts) embryos
needed to be shifted to the restrictive
temperature during one-cell metaphase
(supplementary material Fig. S2D).
However, shifting the embryos during P1
division did not lead to EMS and P2 spindle
rotation defect (data not shown). This
indicates that the activity of the mutant
DNC-1 protein was still sufficient to
promote the rotation of the EMS and P2
spindles when the cell sizes were reduced.
To make the weak dnc-1(ts) allele more
sensitive to temperature shifts, we used a
partial RNAi treatment to deplete just
Fig. 3. Dynactin activity is required at least for EMS spindle rotation. Multi-photon time series of
enough of the mutated DNC-1 protein, so
embryos expressing tubulin::GFP in (A) wild type (WT) and (B) dnc-1(or404ts) embryos treated with
that the remaining level was still sufficient
partial dnc-1 RNAi (see Materials and Methods) and imaged at permissive temperature showed normal
EMS spindle rotation; (C) dnc-1(or404ts) embryos treated with partial dnc-1 RNAi and imaged at
to allow normal early divisions at the
restrictive temperature showed EMS set up its metaphase spindle perpendicular to the A-P axis (this
permissive temperature. We then shifted the
embryo shows a ventral aspect). Scale bar: 10 m.
embryos to the restrictive temperature
during the P1 cell cycle (just prior to or after
P1 spindle rotation) to observe the EMS and
1/2 is enriched at the P2-EMS border in response to the Src but not
P2 divisions. By increasing the hours of RNAi treatment, the dncthe Wnt pathway (Tsou et al., 2003). LET-99 inhibits GPR-1/2
1(or404ts) embryos initially divided normally, then the EMS
enrichment at the P2-EMS border (Tsou et al., 2003); however, the
spindle failed to rotate, and finally the RNAi effect was too strong
role of LET-99 in dynactin enrichment has not been determined.
and the early divisions were affected (Fig. 3C; data not shown). In
Based on the above results, we propose a model for the role of
wild-type embryos, the two EMS centrosomes are first aligned
dynactin in transducing polarizing signals during nuclear rotation
along the L-R axis, then they rotate onto the A-P axis before the
in P2 and EMS cells (Fig. 4). Wnt- and Src-mediated dynactin
nuclear envelope breakdown (Hyman and White, 1987) (Fig. 3A).
accumulation at the P2-EMS border serves as a focal MT capture
In dnc-1(or404ts);dnc-1 RNAi embryos, while subjected to the
site to bring about the G␣-regulated rotational alignment of the
restrictive temperature, the EMS centrosomes failed to rotate to the
EMS and/or P2 spindles, a function that could well be conserved
A-P axis. Consequently, the metaphase EMS spindle set up along
in other organisms (Busson et al., 1998; Dujardin and Vallee, 2002;
either the L-R axis (Fig. 3C; perpendicular to the A-P axis; n=3)
Lechler and Fuchs, 2005; Schuyler and Pellman, 2001).
or the D-V axis (n=5). In the D-V configuration, one of the
centrosomes was out of focus so the angle of the spindle to the AMaterials and Methods
P axis could not be determined. However, the geometry of the
C. elegans strains
metaphase spindle was such that the spindle had to be orientated
All worm strains were maintained as described (Brenner, 1974). The following
to within about ±45° of the D-V axis for only one centrosome to
strains were used: N2, wild type; WH257, unc-119(ed3); ojIs5[dnc-1::gfp uncbe visible. During anaphase, the transverse EMS spindle elongated
119(+)]; WH258, unc-119(ed3); ojIs57[dnc-2::gfp unc-119(+)]; WH259, unc119(ed3); ojIs47[arp-1::gfp unc-119(+)]; BW1809, gpa-16(it143) I; him-5(e1490)
and then flipped onto the A-P axis, probably due to constraints of
V (Bergmann et al., 2003); WH456, gpa-16(it143) I; him-5(e1490) V; ojIs5[dncthe egg shell. We did not detect a complete failure of P2 spindle
1::gfp unc-119(+)]; WH204, unc-119(ed3); ojIs1[beta-tubulin::gfp unc-119(+)]
rotation in this experimental situation before the RNAi disrupted
(Strome et al., 2001); EU1006, dnc-1(or404) IV (Encalada et al., 2005); WH441,
dnc-1(or404) IV; ojIs1[beta-tubulin::gfp unc-119(+)]; EU311, dpy-5(e61) momthe early divisions. Given that dynactin is required for spindle
5(or57)/hT2 I; +/hT2[bli-4(e937) let-?(h661)] III (Thorpe et al., 1997); and SS149,
rotation in other P-lineage cells (P0 and P1) (Gonczy et al., 1999a;
mes-1(bn7)X (Capowski et al., 1991).
Skop and White, 1998) (supplementary material Fig. S2B,D), we
We grew EU311worms at 20°C and used the dumpy worms that were homozygous
for the mutation for analysis. SS149 was maintained at 16°C and shifted to 25°C
suggest that it is likely that dynactin might be involved in P2
spindle rotation as well. Our failure to detect P2 misalignments
with the weak dnc-1(or404ts) allele indicates that P2 spindle
rotation requires even less dynactin activity than EMS. Owing to
the involvement of dynactin in many aspects of cell division, the
effect on gut cell fate due to a misaligned EMS spindle was not
determined.
In summary, we found that both Wnt and Src signaling
contribute to dynactin accumulation to the P2-EMS border.
Although G␣ might not be required for dynactin::GFP enrichment,
we suggest that it might regulate the motor activity of dynactin.
Fig. 4. Model for the role of dynactin in receiving polarized signals during
G␣/GPR-1/2 is regulated differently by Wnt and Src, in that GPRnuclear rotation in P2 and EMS (see text).
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overnight before analysis. WH441 and WH456 were also maintained at 16°C and
shifted to its restrictive temperature (26.7°C for WH441 and 25°C for WH456) just
before analysis.

We would like to thank Yuji Kohara and CGC for reagents. This
work was supported by a grant from the National Institutes of Health
to J.G.W. (GM052454-09).

RNAi treatment
RNAi against the dynactin 3⬘ UTR was carried out as described (McMahon et al.,
2001). The following primers (shown 5⬘ to 3⬘) were used to amplify the 3⬘ UTR
sequence from either cDNAs (dnc-1, yk11c8; dnc-2, yk569h8 and arp-1, yk455a10)
or genomic DNAs (T7 site in bold). dnc-1 forward, TAATACGACTCACTATACGTGTGGTAGACTGCCGAAATTC, reverse, TAATACGACTCACTATAAACGCACCTCAAAACAGTGC; dnc-2 forward, TAATACGACTCACTATAGTGGCAGATTTGAAGTG, reverse, TAATACGACTCACTATACTGAATAGAGATTGGTTCATTCGG; arp-1 forward, TAATACGACTCACTATATTTCCCCCTTTTTCTCCC, reverse, TAATACGACTCACTATAGAAACAGGCATAAAGCAG.
dsRNAs were then produced using the in vitro T7 MEGAshortscript High Yield
Transcription Kit (Ambion). 3~5 mg/ml dsRNAs were used either to soak N2 L4
larvae or to inject into N2 young adults and analyzed 40 hours later (Fire et al., 1998;
Tabara et al., 1998). For mom-5 and src-1 RNAi by injection, dsRNAs (3 mg/ml
each) were synthesized using T3 and T7 in vitro transcription kits (Ambion) with
cDNA clones yk417a5 and yk117f2. For mom-5; src-1 double RNAi, RNAs from
each gene were mixed up (1.5 mg/ml each) for injection. Embryos were analyzed 40
hours after injection. goa-1 RNAi feeding vector was obtained from Ahringer’s
feeding library (Kamath et al., 2003). The dnc-1 feeding vector was constructed by
cloning the full-length cDNA yk11c8 into the feeding vector L4440 and then
transformed into HT115 bacteria (Timmons and Fire, 1998). RNAi feeding
experiments were performed as described (Fire et al., 1998; Timmons and Fire,
1998).
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Live imaging
Slides for live imaging were prepared by either mounting on a 3% agar pad or in a
hanging drop in Egg Buffer. Four-dimensional Nomarski imaging was performed as
described previously (Skop and White, 1998). We used a Nikon Optiphot-2 upright
microscope with a Nikon PlanApo 60⫻ 1.4 NA DIC lens and a Hamamatsu C2400
CCD camera or a Nikon Diaphot300 inverted microscope with a 60⫻ 1.4 NA DIC
lens and a Sony XC-75 CCD camera. All GFP imaging was performed by multiphoton excitation with an optical workstation (OWS) (Nazir, M. Z., Eliceiri, K.,
Ahmed, A., Agarwal, V., Rao, Y., Kumar, S., Lukas, T., Nasim, M., Hashmi, A.,
Rueden, C. et al., submitted), which consists of a Nikon Eclipse TE300DV inverted
microscope with either a Nikon Super Fluor 100⫻ 1.3 NA lens or a PlanApo VC
60⫻ 1.4 NA. The excitation source was a Ti:sapphire laser tuned to 890 nm. The
detector was a high quantum efficiency Hamamatsu H7422-40 detector (Hamamatsu
Photonics, Hamamatsu City, Japan). Images were collected at 512⫻512 pixel
resolution at 4.5-second intervals and analyzed with ImageJ v. 1.37
(http://rsb.info.nih.gov/ij/). The dynactin::GFP movies for which frames are shown
in Fig. 2 were smoothed with ImageJ to reduce background noise.

Dynactin::GFP
Full-length dnc-1 and dnc-2 were amplified from genomic DNA, whereas full-length
arp-1 was amplified from cDNA yk455a10. All three genes were cloned into the
plasmid pFJ1.1 (Squirrell et al., 2006). The plasmids were then bombarded into unc119 worms as described (Praitis et al., 2001). Worms were allowed to grow for at
least 2 weeks. The rescued worms were examined for GFP expression.

Antibody production and immunohistochemistry
The following peptide sequence Ac-DPNEPQFTAPDPRRQSLC-amide was used to
generate rabbit polyclonal anti-DNC-1 antibody. Protein production, antibody
production and affinity purification were performed by Quality Controlled
Biochemicals (Hopkinton, MA). Western blot with anti-DNC-1 antibody was carried
out as described (Squirrell et al., 2006), using 1:3000 dilution. Antibody staining was
performed as described (Gonczy et al., 1999b). Slides were viewed on a Bio-Rad
MRC1024 confocal microscope (Hercules, CA). Images were prepared for
publication with Adobe Photoshop (version 8.0). Antibodies were diluted as follows:
DM1␣, mouse anti-␣-tubulin, 1:200 (Sigma, St Louis, MO); rabbit anti-DNC-1,
1:400. DNA was labeled using DAPI (1.5 g/ml).

dnc-1 RNAi in dnc-1(or404ts) worms
In order to titrate down the DNC-1 function in dnc-1(or404ts) worms for the quicktemperature-shifting experiment, dnc-1(or404) worms were fed on a diluted dnc-1
RNAi plate (diluted to 1/7 with HT115) at 16°C for 20-21 hours, or on a normal dnc1 RNAi plate at 19°C for 5-6 hours. Embryos at P1 division were then shifted to
26.7°C and imaged on OWS for observing EMS and P2 spindle rotation defects.

goa-1 RNAi in gpa-16 (it143ts) worms
In order to knock-down both goa-1 and gpa-16 during EMS and P2 divisions
without affecting early cell divisions, gpa-16(it143ts); dnc-1::gfp worms were fed
on goa-1 RNAi plates at 16°C for 26 hours or 20°C for 4 hours. The embryos were
then shifted to 25°C at the four-cell stage to image on the OWS.
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