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“What’s he building in there? What the hell is he building in there? He has subscriptions to those
magazines... He never waves when he goes by. He’s hiding something from the rest of us... He’s
all to himself... I think I know why... He took down the tire swing from the peppertree. He has no
children of his own you see... He has no dog and he has no friends and his lawn is dying... and what
about all those packages he sends. What’s he building in there? With that hook light on the stairs.
What’s he building In there... I’ll tell you one thing he’s not building a playhouse for the children
what’s he building In there?
We have a right to know...”
Tom Waits

Chapter 1.
Introduction
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Part I. Spindle positioning in the early C. elegans embryo
Cell division is the process by which a cell splits into two daughter cells. For unicellular organisms,
cell division equals reproduction. More complex organisms generate cells in many rounds of cell
division, creating a variety of different cell types. At later stages of development, cell divisions are
required to maintain homeostasis of an organism.
In general, cells divide symmetrically: the cellular contents become equally distributed over
newly formed daughter cells. This type of cell division is used to increase the numbers of identical
cells. In contrast to symmetric cell divisions, some cell divisions are asymmetrical. An asymmetric
cell division results in the formation of unequal daughter cells that contribute to the generation
of different cell types in multicellular organisms. For example, stem cells residing in a stem cell
niche can divide asymmetrically, which results in the formation of a newly formed stem cell and
a daughter cell that will undergo further differentiation. During this type of stem cell divisions, one
cell remains in close contact with the niche, while the other daughter cell is positioned away from
the niche1. This type of asymmetric cell division is considered extrinsically asymmetric2. During
extrinsic asymmetric cell divisions, two newly formed daughter cells are initially nearly identical.
However, exposure to different external signals dictates the different fates of the daughter cells.
In the given example of asymmetrically dividing stem cells, the daughter cell that stays in contact
with the niche receives different signals compared to the daughter cell that is positioned away
from the niche. Alternatively, certain cells undergo intrinsically asymmetric cell divisions, which are
characterized by unequal distribution of cell fate determinants. Three main hallmarks characterize
the execution of intrinsic asymmetric cell divisions. First, cells establish an asymmetric distribution
of polarity proteins along the future axis of division. Second, these polarity proteins control the
unequal partitioning of cell fate determinants. Third, the cleavage plane is positioned according to
the axis of polarity. This is determined by the position of the mitotic spindle at the end of mitosis3,
which instructs the location of the cell cleavage furrow4, 5. Ultimately, intrinsic asymmetric cell
division leads to the formation of two unequal daughter cells. When the mitotic spindle is also
positioned asymmetrically “off center”, daughter cells may be created that differ in size.
Studies in genetic model systems, such as budding yeast6, Drosophila7 and the nematode C.
elegans8, have provided valuable insight in the process of spindle positioning during asymmetric
cell division. Below, I will review how spindle positioning is established in the early C. elegans
embryo and to what extent similar mechanisms are used in other organisms.
The C. elegans embryo as a model for asymmetric cell division
The C. elegans embryo has been proven to be an excellent model for studies of spindle
positioning during asymmetric cell division. Immediately following fertilization, meiosis of the
female pronucleus occurs in a highly asymmetric fashion. During this process, the meiotic spindle
moves to the cortex, followed by rotation of the spindle at the onset of anaphase, which results in
8
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the excision of a small polar body from the fertilized egg9. The majority of mitotic cell divisions in
the early embryo is also asymmetric and uses characteristic asymmetric spindle displacements or
rotations. During the first cell division, the mitotic spindle is displaced to the posterior, giving rise
to a smaller posterior blastomere (P1) and a bigger anterior blastomere (AB)10, 11. In the next round
of cell division, the mitotic spindle in the P1 cell undergoes a rotation, and sets up an asymmetric
cell division again12. In these first cell divisions, different cell lineages are already specified11, 13.
Meiosis
Soon after fertilization, an eggshell forms that excludes the embryo from its environment10.
Simultaneously, the C. elegans oocyte nucleus is released from its meiotic arrest in prophase and
continues meiosis. After nuclear envelope breakdown, a meiotic spindle forms in close vicinity
of the cortex9. The spindle forms parallel to the cortex, after which the spindle translocates
towards the cortex. When meiosis reaches anaphase, the spindle rotates, ending perpendicular
to the cortex. At the end of anaphase cytokinesis takes place and a polar body pinches off.
Translocation of the meiotic spindle towards the cortex is regulated by the plus-end directed motor
protein kinesin-114. Kinesin-1 mediates both retrograde and anterograde transport in the zygote,
and it is currently unclear whether kinesin-1 acts at the cortex or at the spindle in meiosis14, 15. In
chapter 3 of this thesis we report our finding on a potential interactor of kinesin-1, which, when
depleted, causes meiotic defects that resemble the loss of kinesin-1 phenotype.
Rotation of the meiotic spindle occurs upon activation of the anaphase promoting complex16,
and is controlled by a protein complex consisting of the coiled-coil protein LIN-5, the microcephalyrelated protein ASPM-1, and calmodulin17 (see also chapter 2). These proteins are located at the
meiotic spindle, and together they recruit the minus-end directed microtubule motor protein dynein
to the spindle poles. Dynein exerts pulling forces on microtubules, which probably causes the
meiotic spindle to rotate. After extrusion of a polar body, a second round of meiosis takes place,
in which the process of spindle translocation, rotation, and polar body extrusion is repeated.
Establishing anterior-posterior polarity
Meiosis is followed by the first asymmetric mitotic cell division. This requires establishment of
anterior-posterior (A-P) polarity for correct segregation of cell fate determinants and for positioning
of the cleavage plane along the A-P axis.
At the moment of fertilization the C. elegans zygote is non-polarized18. The PAR (partitioning
defective) proteins that become polarized in the one-cell embryo are still uniformly distributed at
this stage. The future anterior complex consisting of PAR-3, PAR-6, and PKC-3 is distributed along
the entire cell periphery, and the future posterior PAR proteins, PAR-1 and PAR-2, are distributed
in the cytoplasm. The A-P axis of the C. elegans embryo is determined by sperm entry19, 20,
and probably involves two sperm-derived cues: a putative Rho GAP (guanosine triphosphatase–
activating protein) CYK-421 and microtubules nucleated by the maturated sperm centrosomes22, 23.
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CYK-4 functions together with the maternally provided guanine nucleotide–exchange factor (GEF)
ECT-2 to control the GDP versus GTP bound state of the small Rho GTPase RHO-121, 24. GTP
bound Rho GTPases are known to activate Rho kinases, that in turn activate myosin through
phosphorylation of the myosin light chain. Local Rho GTPase regulation triggers rearrangements
of the cortical acto-myosin cytoskeleton that leads to anterior enrichment of the acto-myosin
network21, 25-27. In addition, microtubules nucleated from the centrosome provide a second cue
for the establishment of two polarized PAR domains22, 23. Before fertilization, PAR-1 and PAR-2
localize in the cytoplasm, and are excluded from the cortex through phosphorylation by PKC3 of PAR-228. However, PAR-2 binding to microtubules that nucleate from the sperm-derived
centrosomes prevents PAR-2 phosphorylation by PKC-3. This allows PAR-2 and PAR-1 to access
the cortex23. Cortically localized PAR-1 and PAR-2 exclude the PAR-3/PAR-6/PKC-3 complex
from the cortex, which is likely caused by phosphorylation of PKC-3 by PAR-118, 29. Eventually,
this results in the formation of two polarized domains (Fig. 1), with PAR-3, PAR-6, and PKC-3
localizing at the anterior, and PAR-1 and PAR-2 to the posterior half of the embryo.
The polarization of the PAR proteins determines the distinct identities of the anterior and
posterior halves30. The difference between the anterior and posterior is evident in many aspects,
such as posterior accumulation of P-granules31, asymmetric regulation of organelle dynamics32,
asymmetric distribution of certain lipids33, and asymmetric vesicle trafficking34, 35. The outcome
of this asymmetry is that cell fate determinants are asymmetrically segregated, and the mitotic
spindle is asymmetrically positioned during cell division36-39.

Anterior 							
PAR-3
PAR-6
PKC-3

Posterior

PAR-1
PAR-2

Actin

Figure 1. The polarized one-cell C. elegans embryo. During the establishment of an anteriorposterior axis, the actin cytoskeleton becomes enriched at the anterior cortex. Two distinct cortical
domains can be recognized after the establishment of polarity. A complex consisting of the multiPDZ domain protein PAR-3, the semi-CRIB and PDZ domain protein PAR-6, and the atypical
protein kinase C PKC-3 localizes to the anterior half. The PAR-1 kinase, and the RING finger
protein PAR-2 occupy the posterior domain (see main text for details).
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Asymmetric spindle positioning in the one-cell C. elegans embryo
Upon completion of meiosis the maternal pronucleus migrates towards the posterior, where it
meets the paternal pronucleus. Next, through a process called centration, the two nuclei end up
in the middle of the zygote25. Centration coincides with rotation of the two pronuclei, which aligns
the centrosomes along the A-P axis of the zygote. A metaphase spindle forms in the center, and
subsequent cell-cycle and polarity cues trigger spindle displacement towards the posterior during
anaphase40, 41 (Figure 2).
Important insights in spindle positioning came form spindle severing experiments, in which
the spindle midzone was cut in anaphase with a UV laser beam39. Originally, these experiments
were intended to address if chromosome segregation in anaphase is powered by “pulling” forces
acting on astral microtubules from the cortex, or by “pushing” forces mediated by overlapping
microtubules at the midzone. After the midzone was severed, both spindle poles moved outward
with increased velocities39. This shows that the forces acting from the cortex on astral microtubules
were responsible for spindle elongation. In addition, the posterior spindle aster was found to
migrate with a higher velocity than the anterior aster. This indicated that the net forces pulling
from the posterior cortex are significantly higher than the forces pulling from the anterior cortex.
This imbalance explains the displacement of the mitotic spindle to the posterior during mitosis.

A			

B			

C

D			

E			

F

Figure 2. Nuclear movements and spindle positioning during the first cell division of C. elegans. (A)
After completion of meiosis, both pronuclei migrate towards each other to meet in the posterior half
of the embryo. After pronuclear meeting (B), the two pronuclei and associated spindle poles migrate
towards the center of the embryo (C). This migration coincides with a rotation, which aligns the
centrosomes along the long axis of the embryo. A metaphase spindle is then formed in the middle
of the embryo (D). Higher forces acting on the posterior astral microtubules at anaphase leads to
posterior spindle displacement (E). This asymmetric spindle positioning leads to the generation of
unequal sized daughter cells (F).
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The asymmetry in microtubule pulling is controlled by the PAR proteins39: forces acting on the
anterior and posterior spindle pole are symmetric in par-2 and par-3 mutant embryos. Laser cutting
experiments with par-2 mutant embryos that contain uniformly distributed PAR-3/PAR-6/PKC-3
on the cortex, showed that both spindle poles moved with velocities that resemble the anterior
spindle pole velocity of control embryos. Vice versa, in par-3 mutant embryos, the posterior PAR
proteins distributed uniformly over the cortex, and the velocity of movement of both spindle poles
resembled that of the posterior spindle pole of control embryos. Apparently, polarized distributions
of PAR proteins control cortical force generators in the one-cell C. elegans embryo.
Pulling force generation by the LIN-5 complex
Asymmetric distribution of the PAR proteins translates into asymmetric pulling forces that are
mediated by an evolutionarily conserved complex consisting of LIN-5, two highly similar G protein
regulators GPR-1 and GPR-2 (together referred to as GPR-1/2) and the Ga proteins GOA-1 and
GPA-16 (together referred to as Ga)42-44(Figure 3). Inhibition of LIN-5, GPR-1/2 or Ga in the onecell embryo leads to a loss of cortical pulling forces and gives rise to a symmetric division42-44.
LIN-5 and GPR-1/2 localize to the spindle poles and to the cell cortex42, 45. During metaphase,
both proteins also localize around the kinetochore microtubules and DNA. Ga localizes to the
plasma membrane at all stages of the cell-cycle. The localizations of LIN-5 and GPR-1/2 are
dependent on each other, and the cortical localizations of both depend on Ga42. Removal of
LIN-5 specifically from the spindle poles does not affect spindle positioning during mitosis in the
one-cell embryo, showing that cortically localized LIN-5 is responsible for the generation of pulling
forces on astral microtubules17.
The GPR-1/2 proteins have multiple N-terminal tetratricopeptide (TPR) motifs and a single
Goloco motif at the C-terminus42. The C-terminal region of LIN-5 most likely binds to the TPR region
of GPR-1/246, 47, and Ga binds to the Goloco motifs42, 44. Ga is probably responsible for anchoring
the LIN-5 complex to the plasma membrane. Most Ga proteins are targeted to the plasma
membrane by lipid modifications, such as palmitoylation, myristoylation, and prenylation48-50. GOA1 and GPA-16 are most likely myristoylated and palmitoylated, and in addition, both Ga proteins
have a C-terminal CAAX-box that is likely prenylated in vivo51.
Examination of the mammalian LIN-5-related complex showed that binding of Ga to the
GPR-1/2 homolog LGN, opens the LGN conformation, which increases binding of LGN to the
LIN-5 homolog NuMA. Vice versa, binding of NuMA to LGN renders LGN to a more open
conformation, increasing its binding affinity to Ga42. Studies of the different conformational states
of the Drosophila GPR-1/2 homolog Pins, showed that Pins has three Goloco motifs for binding
Ga, in contrast to the C. elegans GPR-1/2 proteins, which contain only one recognizable Goloco
motif42, 51, 53. Binding of Ga to the third Goloco motif renders Pins to a conformational state in
which it can bind to the LIN-5 homolog Mud. Binding of additional Ga subunits to the first two
Goloco motifs of Pins increases the affinity of Pins for binding to Mud54, 55. Whether such a
sensitive activation is conserved for homologs of Pins remains to be investigated.
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Figure 3. Pulling force generation by the conserved LIN-5 complex. (A) The LIN-5 complex localized
at the cell periphery recruits the minus-end directed motor protein dynein, which is able to exert
pulling forces on astral microtubules (see main text for more details). (B) This complex is conserved
in higher eukaryotes, where homologs also have important roles in spindle positioning during
asymmetric cell division52, 56-58.

Pulling force generation of the LIN-5 complex involves receptor-independent G protein
signaling
The Ga proteins function together with the Gbg heterodimer GPB-1 (Gb) and GPC-2 (Gg) during
spindle positioning in C. elegans59. Ga proteins alternate between GDP- and GTP-bound states.
In the GDP-bound state they interact with Gbg42 and GPR-1/2, which is therefore considered the
active state of Ga with respect to spindle positioning (Fig. 4)42, 44. GPR-1/2 and Gbg likely compete
for Ga in the GDP-bound state. This is illustrated by spindle positioning defects observed after
inactivation of Gbg59, 60. Loss of Gb in the embryo leads to an increase in forces acting from the
cortex on astral microtubules during anaphase59, 61. This suggests that in the absence of Gb, more
GDP-bound Ga is available for binding to GPR-1/2.
GOA-1 and GPA-16 function redundantly during the generation of cortical pulling forces in
the one-cell embryo59. Inhibition of either GOA-1 or GPA-16 leads to a moderate loss in pulling
force generation, whereas down-regulation of both proteins leads to a total loss of pulling forces61.
During subsequent divisions, however, the requirement for GOA-1 versus GPA-16 might differ.
For example, correct positioning of the spindles in the ABa and ABp cells in the four-cell embryo
is necessary for normal left-right axis formation. Spindle positioning in these cells requires GPA16, but not GOA-1 function62.
In general, heterotrimeric G proteins function together with G protein-coupled receptors,
which upon ligand binding act as guanine nucleotide exchange factors (GEFs) for Ga. However,
Ga-mediated spindle positioning in the one-cell embryo is thought to be receptor independent.
Heterotrimeric G-protein signaling usually requires the binding of a ligand to a surface receptor63.
The zygote is enclosed from its environment by an impermeable eggshell that makes it unlikely for
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receptors to be exposed to any externally provided ligands. During spindle positioning in the early
embryo, GDP-bound Ga can be considered the active form, and ligand binding to a GPCR might
not be required. Although some GPCRs might function independently of a ligand64, to date no
GPCR has been identified in the extensive screens for genes responsible for spindle positioning
in the one-cell embryo.
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Figure 4. Pulling force generation in C. elegans involves G-protein
GDP-bound Ga
RIC-8 signaling.
interacts with GPR-1/2 to generate pulling forces on astral microtubules.
GPR-1/2 and Gbg likely
compete for binding to Ga in the GDP-bound state. Dissociation of GDP from Ga mediated by
RIC-8 results in the release of either GPR-1/2 or Gbg from Ga. Stimulation of Ga’s GTPase
activity by RGS-7 likely promotes binding to GPR-1/2 and Gbg.
RGS-7

RIC-8, a guanine nucleotide exchange factor (GEF), and RGS-7, a GTPase activating protein
(GAP), have been found to function together with the heterotrimeric G proteins during spindle
positioning in the early C. elegans embryo61, 65. RIC-8 interacts genetically and physically with the
Ga proteins GOA-1 and GPA-16. However, the action of RIC-8 on GOA-1 differs remarkably
from that on GPA-1661, 66. RIC-8 functions as a GEF for GOA-1, but not for GPA-1661. Conversely,
RIC-8 is necessary for translocation of GPA-16 to the plasma membrane, but not for GOA-1
membrane targeting66. Inhibition of ric-8 results in a total loss of pulling forces acting on the
mitotic spindle61. This suggests that RIC-8 acts positively on both Ga proteins, albeit in different
ways. Although GDP-bound GOA-1 and GPA-16 both bind to GPR-1/242, this binding is strongly
reduced when RIC-8 levels are down-regulated. Loss of Gbg suppresses the requirement for
RIC-8 in asymmetric cell division and increases interaction of GOA-1 with GPR-1/261. This may
be explained by an increase of free GDP-GOA-1 in the absence of Gbg, which overcomes the
14

1
need for RIC-8 in the formation of the GOA-1-GDP–GPR-1/2 complex. Surprisingly, loss of GPB-1
can also overcome the requirement for RIC-8 in the formation of the GPR-1/2–GPA-16 complex66.
This suggests that GPB-1 also bypasses the need for RIC-8 for GPA-16 membrane targeting.
However, incomplete RIC-8 inactivation may interfere with proper interpretation of these results.
Systematic inactivation of all 13 genes encoding RGS proteins (regulators of G protein
signaling) revealed the involvement of a GAP, RGS-7, during spindle displacement in the early
C. elegans embryo65. In vitro, RGS-7 functions as a GAP for GOA-1, and depletion of rgs-7 by
RNAi leads to reduced forces acting on the anterior spindle pole. Since the depletion of either
RIC-8 or RGS-7 leads to a decrease in forces acting on astral microtubules, it seems likely
that during spindle positioning in the early embryo, Ga proteins cycle between a GDP- and a
GTP-bound state. It remains elusive though why RGS-7 loss of function only affects the anterior
spindle pole. This cannot be explained by the localization of Ga and RGS-7, since both proteins
appear distributed over the entire embryo. Possibly, redundant mechanisms may promote GOA-1
GTPase activity in the posterior.
Force generation by molecular motors on astral microtubules
Pulling force generation on astral microtubules in the early C. elegans embryo involves dynein, a
microtubule minus end-directed motor protein complex67-69. Dynein anchored at the cell cortex can
exert pulling forces by the production of minus-end directed-movement on astral microtubules,
while at the same time stimulating microtubule dissasembly70. Similar to loss of the LIN-5 complex,
loss of dynein activity in the C. elegans embryo leads to loss of cortical pulling forces67, 68. Moreover,
LIN-5 and its mammalian homolog NuMA have been found to interact physically and genetically
with dynein components67, 68, 71. Dynein complex components localize to multiple subcellular sites
in the C. elegans embryo, including the nuclear envelope, kinetochore microtubules, and cell
cortex67, 72-75. In lin-5 and gpr-1/2 RNAi embryos, the cortical localization of the dynein heavy chain
DHC-1 and dynein regulator LIS-1 are lost68. This suggests that the LIN-5 complex mediates
cortical pulling forces through recruitment of dynein to the cortex.
Although the loss of LIN-5 or dynein function each lead to a loss in cortical pulling forces,
the extent to which these proteins contribute may differ67, 68. Loss of LIN-5 or GPR-1/2 leads to a
complete loss of pulling forces, whereas loss of dynein function leads to a partial loss. Moreover,
loss of dynein in the one-cell embryo does not result in symmetrical cell division67, 68. This could be
due to residual dynein function still present in these experiments, but could also imply that other
proteins assist in generating pulling forces.
Force generation on astral microtubules might involve end-on attachments of astral
microtubules to pulling force generators, but lateral attachments of microtubules could also take
place. It has been suggested that dynein is present in two distinct populations that differently
interact with microtubule at the cortex76. Both dynein populations are thought to contribute to
pulling force generation on astral microtubules during mitosis. During metaphase and anaphase
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most microtubule interactions with force generator complexes are probably end-on, since most
microtubules approach the cortex at an orthogonal angle. These microtubule end-on interactions
seem to be mediated by LIN-5, GPR-1/2 and Ga together with dynein. During centration, the
pronuclei and associated spindle poles migrate in a microtubule-dependent fashion towards the
middle of the cell12. Microtubules at the anterior half of the embryo approach the cortex in more
shallow angles. The predominant force generation for migration of the pronuclei during centration
might occur through lateral interactions with astral microtubules. Lateral microtubule movements
by dynein were found to depend on LIN-5, but not GPR-1/2 and Ga. During centration, Ga
acts together with the non-muscle myosin NMY-2 to contribute to anterior-directed movements
of the pronuclei and spindle poles77. This suggests that, during centration, cortical microtubule
attachments might be controlled by both Ga/myosin and LIN-5/dynein complexes.
Similar to the C. elegans embryo, loss of dynein during spindle positioning in Drosophila
only leads to a partial defect in spindle alignment78. The Drosophila GPR-1/2 homolog Pins
appears to form multiple protein complexes, including one that contains the tumor suppressor
Discs large (Dlg)79, 80. The linker domain of Pins is able to recruit Dlg and the microtubule plusend directed kinesin Khc-73 to the cortex, whereas the TPR domain of Pins recruits the LIN-5
homolog Mud, which is required for dynein dependent spindle alignment78. Deletion of either the
TPR or the LINKER domain leads to partial alignment of the spindle towards an induced polarized
cortical Pins domain. Both domains are required for precise spindle alignment with the crescent.
This shows that Drosophila Pins can utilize two distinct pathways functioning in cortical capture
and force generation on astral microtubules during spindle positioning. However, It is unknown
whether distinct cortical force generators also act during spindle positioning in the early embryo.
Asymmetric pulling forces
As outlined above, cell polarity leads to the generation of asymmetric pulling forces in the C.
elegans embryo. The asymmetry in these forces probably results from a combination of partly
redundant mechanisms. First, the cortical distribution of LIN-5 complex members is not uniform
and undergoes dynamic changes during mitotis43, 44, 81, 82. Second, polarity cues can modify the
activity of the LIN-5 complex83. Third, the actin cytoskeleton is asymmetrically distributed in the
one-cell embryo26, 84, which could contribute to the generation of asymmetric pulling forces. Each
of these aspects is discussed below.
Asymmetric cortical LIN-5 distribution
GPR-1/2 has been reported to localize asymmetrically during mitosis in the early embryo43, 44, 81,
82
. LET-99 is one of the genes involved in this asymmetry, and was originally found in a screen
for altered cleavage patterns in the early embryo85. In let-99 mutant embryos, the two pronuclei
undergo limited centration and do not complete rotation by the time of nuclear envelope breakdown.
Since let-99 embryos do not centrate fully, a slightly more unequal positioned cleavage planed is
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Figure 5. Asymmetric pulling force generation
in the one-cell C. elegans embryo. (A)
Asymmetric distribution of the LIN-5 complex
could lead to asymmetric pulling force
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anterior through phosphorylation by PKC-3
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created. In the second round of cell divisions, the spindle orients abnormally in both the AB and
P1 cells. In the P1 cell, rotation fails, and in the AB cell both longitudinal and normal transverse
spindle orientations can be observed.
During meiosis, LET-99 becomes localized at the cortex close to the meiotic spindle. After
polarity establishment, LET-99 becomes restricted to a cortical band in the posterior half of the
embryo (Figure 5A)86. This asymmetric localization of LET-99 depends on the PAR proteins86, 87.
Interestingly, LET-99 localization opposes the localization of GPR-1/2, as the cortical band of LET99 correlates with a local minimum of GPR-1/2 localization88, 89. By locally excluding GPR-1/2 from
the cortex, LET-99 could create an asymmetry in pulling forces. Indeed, let-99 mutant embryos
display more symmetrical spindle pole forces90.
The relation between LET-99 and the actin cytoskeleton is also intriguing77. Lack of centration
in the absence of let-99 can be completely rescued by RNAi of nmy-2 non-muscle myosin II77. At
this stage, loss of LET-99 seems to affect directional movement of NMY-2 aggregates towards the
anterior77. Moreover, actin accumulation is often mislocalized in two-cell stage let-99 embryos85.
This suggests that LET-99 could function by local modulation of actin dynamics.
Differential regulation of endosomal trafficking in the two polarized domains also contributes
17
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to asymmetries in cortical distribution of LIN-5 complex members. Increased endosomal trafficking
can be observed in the anterior half of the one-cell embryo34, 35(Figure 5A). A recent study has
shown that the Gb protein, GPB-1, is subjected to endocytosis, with higher endocytosis rates
observed in the anterior in the one-cell embryo91. This may contribute to the asymmetric distribution
of GPR-1/2.
In addition, asymmetric distribution of certain lipids could contribute to an asymmetric
distribution of the LIN-5 complex in the one-cell embryo. The PtdIns(4,5)P2 (PIP2) synthesis
enzyme PPK-1 is found enriched at the plasma membrane in the posterior of the embryo33, and
is thought to promote posteriorly-enriched PIP2 distribution at the plasma membrane (Figure
5A). Inhibition of PPK-1 leads to reduced GPR-1/2 presence at the cortex, while inhibition of
the casein kinase CSNK-1, a negative regulator of PPK-1, leads to increased GPR-1/2 cortical
localization. This indicates that asymmetric distribution of certain lipids in the plasma membrane
could contribute to an asymmetric distribution of the LIN-5 complex at the cortex.
Local modulation of pulling force generators through polarity-dependent phosphorylation
LIN-5 is phosphorylated at multiple residues83. Inhibition of either the posteriorly localized kinase
PAR-1, or the anterior atypical protein kinase C PKC-3, leads to changes in the phosphorylation
state of LIN-5. Multiple phosphorylations of LIN-5 are regulated by polarity kinases, including
four serine residues that are phosphorylated by PKC-3. Phosphorylation by PKC-3 leads to a
decrease in pulling forces in the anterior of the one-cell embryo (Figure 5B)83. These and other
observations indicate that anterior PKC-3 can locally down-regulate pulling force generation
through phosphorylation of LIN-5.
GPR-1/2 homologs such as mammalian LGN are also regulated by phosphorylation in
an aPKC (PKC-3) dependent manner92. Phosphorylated LGN associates with cytoplasmically
localized 14-3-3, which reduces the affinity of LGN for interaction with Ga92. This implies that
phosphorylation by polarity kinases might regulate LIN-5 complex members at different levels of
action during spindle positioning.
Contribution of the actin cytoskeleton to asymmetric spindle displacement
The actin network promotes cortical rigidity and can therefore influence forces acting on astral
microtubules93. However, actin could also more directly be involved in anchoring force generators.
In the budding yeast S. cerevisiae, for example, two redundant pathways position the spindle
pole body into the newly formed cell. One pathway involves the Kar9 protein, which requires
actin-filaments for its localization, and another mechanism uses dynein in an actin-independent
fashion6. Furthermore, studies in mammalian cell lines highlight the importance of cortical actin in
spindle positioning94, 95.
In the one-cell C. elegans embryo, cortical actin becomes asymmetrically distributed, and is
enriched in the anterior during metaphase anaphase (Figure 5C)26, 84. Investigating the role of the
18

1
actin cytoskeleton during metaphase and anaphase is challenging, since the actin cytoskeleton is
also required at an earlier stage to establish polarity25, 26, 96, 97. Drug treatment aimed at actin-filament
depletion was used to assess the function of actin at different stages in the one-cell embryo12,
96-99
. Interfering with the actin cytoskeleton during anaphase induced multiple invaginations that
emanate from the plasma membrane towards the centrosomes98. More invaginations were
observed in the posterior compared to the anterior, and the formation of these invaginations
was dependent on LIN-5 and astral microtubules. These membrane invaginations are thought to
reflect plasma membrane-anchored force generator complexes acting on astral microtubules. In
embryos depleted of actin filaments force generators could possibly be pulled inward due to the
lack of cortical rigidity that normally provides resistance to the plasma membrane. This suggests
that pulling force generators act directly from the plasma membrane, and do not require actin.
Spindle severing experiments performed on embryos treated with actin-depolymerizing drugs
showed that pulling forces acting on the anterior cortex are actually higher compared to control
embryos99(see Chapter 3). Both spindle poles move with high velocities that resemble those of
the posterior spindle pole in control embryos. This indicates that actin filaments inhibit cortical
pulling forces in the anterior. This inhibition might result from increased cortical rigidity provided
by actin, which likely affects the time of contact between force generators and microtubule plus
ends93. Alternatively, actin may inhibit pulling forces through a direct physical interaction with force
generator complexes, or perhaps it could be involved in anchoring a different type of pulling force
generators.
Conclusion
Multiple complementary mechanisms contribute to asymmetric spindle positioning in the early
C. elegans embryo (Figure 5). Future research in model organisms will undoubtedly reveal how
the different mechanisms that contribute to asymmetric spindle positioning relate to each other.
Detailed knowledge from studies in C. elegans will hopefully provide a useful framework that can
be translated to asymmetric cell division in higher eukaryotes.
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Part II. Mitochondria and their role in cell division and polarity
In our studies of polarity-regulated spindle positioning we investigated the contribution of the
tumor suppressor DLG-1 (chapter 4). This work revealed an interaction between DLG-1 and the
ATAD-3 ATPase. Both proteins were found to be required for proper reorganization of the actin
cytoskeleton during polarity establishment. As ATAD-3 predominantly localizes to mitochondria,
we review the role of mitochondria in polarity and the cell cycle in the following pages.
Mitochondria are key organelles in the physiology of eukaryotic life. They are the major source
of respiratory ATP production, and play important roles in calcium signaling, ROS signaling,
apoptosis, autophagy, and lipid metabolism. Although mitochondria contain their own genome,
this only encodes a few proteins. Around 15 to 20% of all nuclear encoded proteins are located in
mitochondria100. Depending on the cell type and cell-cycle stage, a cell’s mitochondrial requirement
can differ. To efficiently fulfill the requirements of a cell in a given situation, mitochondria can
undergo dynamic morphological changes, and even redistribute to specific sub-cellular regions.
Below we discuss mitochondrial behavior and function with respect to the cell cycle, and
mechanisms involved in polarized mitochondrial redistribution.
Mitochondrial fission and fusion
Mitochondria contain an inner- and outer membrane, which is separated by the intermembrane
space. The mitochondrial lumen is referred to as the matrix that contains the mitochondrial DNA,
ribosomes, and many enzymes required for ATP production. It was already recognized at the
beginning of the previous century that mitochondria undergo various shape changes101. For
example two mitochondria can fuse, resulting in a larger mitochondrion with continuous inner
and outer membranes. Vice versa, mitochondria can undergo fission, giving rise to two distinct
mitochondria. To maintain the number of mitochondria within the cell, the ratio between fusion and
fission events needs to be balanced102, 103.
Fission requires the recruitment of the dynamin-related protein Drp1 from the cytosol to the
mitochondrial outer membrane104, 105. During fission events, multiple Drp1 molecules are thought
to assemble into rings that surround and constrict the mitochondria, similar to vesicle scission
during endocytosis by dynamin. An in vitro study showed that Dnm1, the yeast homolog of Drp1,
forms spirals that fit the size of a mitochondrion106. Moreover, a Dnm1 point mutant that is unable
to form stable oligomers in vitro106, failed to assemble Dnm1 punctae on mitochondria, and failed
to induce fission107.
Mitochondrial fusion is mediated by conserved outer membrane GTPases, named
mitofusins108-110: Mfn1 and Mfn2 in mammals, fusion factor fuzzy onion (Fzo), and mitofusin
(Dmfn) in Drosophila. The role of these proteins was first discovered in Drosophila, in which Fzo
mutants fail to form long and large mitochondria during spermatogenesis108. Mammalian mitofusin
homologs form homo- and hetero-oligomeric complexes on the outer membrane of mitochondria111,
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. In order to undergo fusion, mitofusin oligomers form complexes in trans between adjacent
mitochondria113.
112

Mitochondria and the cell-cycle
Drp1 levels decrease during the G1 phase of the cell-cycle114, 115, in part through ubiquitylation
of Drp1 catalyzed by the APC/CCdh1 complex114. At the G1-S transition, mitochondria form a giant
hyperfused tubular structure that is used to form electrical continuous inner membranes, leading
to increased ATP production115. This increased mitochondrial ATP production is required for a
build up of cyclin E levels, necessary to enter S phase.
Cell division is an energy-consuming process, and ATP-dependent checkpoints could be
of great importance under circumstances of metabolic restriction. Two distinct mitochondrial
checkpoints seem to be active at the transition from G1 to S phase. Mutations in Drosophila
complex I or IV of the electron transport chain result in arrest at the G1-S transition116, 117. Disruption
of complex I activity induces increased ROS signaling, which eventually leads to upregulated
levels of the cyclin E inhibitor Dacapo117. The second pathway involves complex IV of the electron
transport chain and p53 activation116. Flies with a mutation in the gene encoding cytochrome
oxidase subunit Va show a substantial decrease in cyclin E build up. Simultaneous inactivation
of the ATP sensor AMPK, overcomes this G1-S arrest118. AMPK is thought to act downstream of
p53, and lack of p53 activity in a mammalian cell line was found to overcome the ATP-dependent
G1-S arrest115. This suggests that distinct checkpoints act to prevent cell-cycle progression during
G1-S when ATP production via the respiratory chain is compromised.
Aberrant ATP levels caused by mitochondrial defects in mitosis have been implicated in
abnormal alignment of mitotic spindles. Mutation of Drosophila stunted (sun), which encodes the
e-subunit of the mitochondrial ATP synthase, leads to mispositioned spindles in embryonic cell
divisions119. ATP levels are decreased in sun embryos, which is thought to lead to malfunctioning
of molecular motor proteins. A mutation in the C. elegans mitochondrial gene spd-3 induces an
increased cellular ATP level120. In spd-3 embryos, dynein components are mislocalized and mitotic
spindles do not align properly. This suggests that either an increase or a decrease in ATP levels
can lead to malfunctioning of molecular motors. In agreement, dynein only seems to function
optimally within a small ATP concentration range121.
During mitosis mitochondria need to be equally segregated into the daughter cells.
Mitochondrial fragmentation promotes homogeneous distribution of mitochondria throughout the
cell during mitosis. Mitochondria are long and tubular in HeLa cells, but appear fragmented during
mitosis122. At this stage, the small Ras-like GTPase RALA is phosphorylated by Aurora A, causing
RALA to locate to mitochondria, where it recruits its effector RALBP1123. Hereby, RALBP1 can
act as a scaffold to bring Drp1 and cyclin B-Cdk1 in close proximity of each other123. Cyclin B/
Cdk1 phosphorylates Drp1, which promotes mitochondrial fission during mitosis122, 123. Alternative
mechanisms are used in fission and budding yeast, where association of mitochondria with the
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spindle poles and the actin cytoskeleton, respectively, facilitates the distribution of mitochondria
during mitosis124, 125. Mitochondria in budding yeast are anchored during mitosis at the tips of the
newly formed daughter cell and mother cell in an actin-dependent fashion126. Interestingly, yeast
mutants with impaired mitochondrial inheritance showed inhibition of cytokinesis127. The defect
does not depend on metabolic restriction, but involves the mitosis exit network (MEN), a signaling
pathway that promotes exit from mitosis. This suggests that a mitochondrial dependent cell-cycle
checkpoint exists in budding yeast that prevents that mitochondria are not properly inherited by
the daughter cells.
Polarized distribution of mitochondria
Active transport of mitochondria to specific subcellular locations can be important. For example,
neural mitochondria are transported to sites with a higher energy demand, but are also evenly
distributed along axons. Whereas mitochondria are transported via actin cables by myosin in
budding yeast128, 129, in neurons the actin cytoskeleton plays only a role in short-range movement
and anchoring of mitochondria130. The majority of mitochondrial transport in neurons relies on the
microtubule cytoskeleton130. Anterograde transport is mediated by kinesins131, 132, primarily KIF1B
and KIF5. Kinesin binds the adaptor protein Milton, which links kinesin to mitochondria via the
mitochondrial outer membrane protein Miro133-135. Next to a C-terminal transmembrane domain,
Miro has two GTPase domains and two EF-hand Ca2+ binding domains. Ca2+ binding to the EF
hands of Miro leads to a direct interaction of Miro with the motor domain of kinesin, rendering
kinesin unable to bind to microtubules, thus inducing an arrest of mitochondrial movement in
response to calcium135. Retrograde transport is mediated by dynein131, 132, but how dynein is
coupled to mitochondria remains largely unknown. One possibility is that dynein also binds to
Miro, since dynein-dependent movements of mitochondria also halt in the presence of calcium135.
Lymphocytes become polarized in order to migrate towards extracellular signals. During this
process mitochondria concentrate at the lagging end, where local production of mitochondrial ATP
controls myosin activity136. In addition, during T helper cell activation, an immunological synapse is
formed between the T-helper cell and the antigen presenting cell. Here the activity of mitochondria
is required for local calcium uptake. During this process mitochondria are transported towards the
close proximity of the immunological synapse137, 138. This polarized distribution of mitochondria in
lymphocytes depends on both the actin and microtubule cytoskeleton.
In the one-cell C. elegans embryo, mitochondria become asymmetrically distributed during
polarity establishment, with the most prominent asymmetry at pseudocleavage139. This asymmetric
distribution seems to be a consequence of cytoplasmic flows instead of active transport relying on
molecular motor proteins. However, involvement of the microtubule or actin cytoskeleton cannot
be excluded. This is true in particular for the actin cytoskeleton, since the actin cytoskeleton is
essential for the cortical and cytoplasmic flows in the embryo25, 26. Vice versa, since myosin activity
is affected by calcium and ATP levels136, 140, 141, posterior enrichment of mitochondria might also
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contribute to asymmetric myosin activity.
The findings described above have uncovered important mechanisms of mitochondrial
transport and morphology. However, how these processes are regulated in other cell types
remains to be uncovered. In contrast to budding yeast and T cells, most cell types depend
on respiratory energy production by mitochondria, which complicates studying other aspects of
their functioning. In chapter 4 we describe an interaction between DLG-1 and mitochondrial
ATAD-3. Although ATAD-3 is essential for functioning of mitochondria, the interaction with DLG-1
appears to be used for more specialized functions of ATAD-3. The discovery of proteins that are
specifically required for mitochondrial dynamics and transport, such as those reviewed above, will
hopefully make it more feasible to study these aspects in other cell types.
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Scope of the thesis
The studies presented in this thesis describe and discuss our findings on spindle positioning
events in the early C. elegans embryo. By studying the contribution of cytoskeletal factors and
additional players to pulling force generation, we aimed to gain further insight into the process of
spindle positioning. In part I of chapter 1, I reviewed the main concepts of spindle positioning in
the early C. elegans embryo. In part II of chapter 1, I introduced different aspects of mitochondrial
dynamics during the cell cycle and polarization, as an introduction to certain findings of the work
presented in chapter 4.
Chapter 2 describes the interaction of LIN-5 with ASPM-1 and CMD-1 at the meiotic and
mitotic spindle poles. Co-immunoprecipitation and yeast two-hybrid experiments show that LIN-5,
ASPM-1, and CMD-1 form a complex in vivo through direct binding. Although these proteins are
not required for asymmetric spindle displacement or rotation during mitotic cell divisions in the
early embryo, the LIN-5/ASPM-1/CMD-1 complex is essential for rotation of the meiotic spindle.
The LIN-5/ASPM-1/CMD-1 complex recruits dynein to the spindle poles, which can exert the
pulling forces required for this rotation.
Chapter 3 analyzes whether the actin cytoskeleton contributes to pulling force generation by
the LIN-5 complex during cell division of the one-cell embryo. Drug treatments that interfere with
actin filaments show that the actin cytoskeleton is not required for the cortical localization of the
LIN-5 complex. In fact, actin is found to inhibit pulling forces at the anterior. These results suggest
that actin could inhibit pulling forces by providing an increased cortical rigidity at the anterior.
In order to find additional partners that regulate pulling force generation by the cortical LIN-5
complex, we performed mass spectrometry analysis on LIN-5 and GOA-1 immunoprecipitations.
As a potential interactor we found TCC-1. TCC-1 seems to inhibit pulling forces by negatively
regulating GPA-16 localization at the plasma membrane. Moreover, we found kinesin-1 as a
potential binding partner of TCC-1. Similar to loss of kinesin-1, loss of TCC-1 gives rise to aberrant
spindle positioning during meiosis, showing that TCC-1 is important for spindle positioning during
both mitosis and meiosis
Chapter 4 investigates the role of the DLG-1 tumor suppressor in the early C. elegans embryo.
Previous reports have shown that DLG-1 is required for junctional integrity, which is reflected in
the role for DLG-1 in the formation of junctions during the morphogenesis and elongation stages of
embryonic development142-144. We find that in the one-cell embryo, DLG-1 functions independently
of cell junctions, and is involved in pronuclear migrations, centration, and cytokinesis. Mass
spectrometry analysis of DLG-1 immunoprecipitations revealed the mitochondrial ATAD-3 protein
as an interactor of DLG-1. ATAD-3 seems to be essential for normal mitochondrial function. The
interaction with DLG-1, however, contributes specifically to pronuclear migrations in the onecell embryo. Taken together, our results suggest a role for the DLG-1/ATAD-3 complex in actin
rearrangements during polarity establishment. In the addendum of chapter 4 we address whether
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DLG-1 interacts with components of the LIN-5 complex, similar to in the interaction between
discs large and Pins in Drosophila. The results presented here suggest that DLG-1 functions
independently of the LIN-5 complex in C. elegans embryos.
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The spindle apparatus dictates the plane of cell cleavage, which is critical in the choice between symmetric or asymmetric division. Spindle positioning is controlled by an evolutionarily
conserved pathway, which involves LIN-5/GPR-1/2/Gα in C. elegans, Mud/Pins/Gα in Drosophila
and NuMA/LGN/Gα in humans1. GPR-1/2 and Gα localize LIN-5 to the cell cortex, which engages
dynein and controls the cleavage plane during early mitotic divisions in C. elegans2-6. Here, we
identify ASPM-1 (abnormal spindle-like, microcephaly-associated) as a novel LIN-5 binding partner. ASPM-1 together with calmodulin (CMD-1) promotes meiotic spindle organization and accumulation of LIN-5 at meiotic and mitotic spindle poles. Spindle rotation during maternal meiosis
is independent of GPR-1/2 and Gα, yet requires LIN-5, ASPM-1, CMD-1 and dynein. Our data
support that two distinct LIN-5 complexes determine localized dynein function: LIN-5/GPR-1/2/Gα
at the cortex, and LIN-5/ASPM-1/CMD-1 at spindle poles. These functional interactions may be
conserved in mammals, with implications for primary microcephaly.
Asymmetric cell division promotes the generation of cell diversity and maintenance of stem cell
populations. The one-cell C. elegans embryo provides an attractive model to study the coordinated
regulation of cell polarity, localization of fate determinants, and placement of the cleavage plane
during asymmetric division1. The plane of cell cleavage is determined by the position of the
spindle, which is highly regulated in the fertilized egg. Initially, the meiotic spindle and maternal
chromosomes localize close to the cortex to allow formation of two tiny polar bodies during the
asymmetric meiosis I and II divisions7. In the subsequent division of the zygote (P0), the mitotic
spindle assembles along the anterior–posterior axis and repositions from the centre towards the
posterior as it elongates during anaphase. As a result, the first mitotic division produces a larger
anterior blastomere (AB) and smaller posterior daughter (P1). The spindle in the P1 blastomere
then rotates 90°, resulting in a subsequent transverse division1.
We and others established that the coiled-coil protein LIN-5 promotes spindle positioning,
together with the GoLoco proteins GPR-1/2 and partially redundant α-subunits of heterotrimeric G
proteins GPA-16 and GOA-1 (together referred to as: “Gαi/o”)2-6,8,9 (Fig. 1a). Loss of LIN-5, GPR1/2 or Gαi/o prevents movement of the spindle towards the posterior during the first mitotic division
and rotation of the spindle in the P1 blastomere2,4,6,8,9. Recent studies indicate that their activities
engage dynein-motor pulling at astral microtubules3,5. LIN-5, GPR-1/2 and Gαi/o are also required
for chromosome segregation; only the first embryonic divisions complete in their absence6. In
addition, LIN-5 is needed for polar body extrusion during meiosis6,9. Interestingly, this function of
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A

Figure 1. LIN-5 and CMD-1 associate with ASPM1 (a) Overview of LIN-5 protein-interactions,
which includes homodimerization12, complex
formation with GPR-1/2 and Gai/o2,4,6,
and binding of ASPM-1/CMD-1. LIN-5 forms
homodimers through aa 202–604 of its coiled-coil
domain (yellow) and interacts with GPR-1/2 likely
		
C
through a C-terminal domain aa 594–671 (based
on two independent fragments: aa 537–671 and
B
aa 594–821) (orange)12. Gai/o.GDP binds to
the GPR-1/2 GoLoco motif (dark blue)8. ASPM1 binds to aa 469–604 of the LIN-5 coiled-coil
		
D
domain (yellow) in Y2H assays. CMD-1 binds
aa 444–636 of ASPM-1, which includes the first
IQ-repeat domain (dark green). (b) Interaction
of ASPM-1 with LIN-5 and CMD-1 in the Y2H
system. Left panel shows controls ranging from no
		
interaction to strong interaction (see: Methods).
Middle panel shows four independently isolated
		
E
fragments of AD::LIN-5 (amino acids 336–604,
336–604, 469–671, 269–741) that interact with
full-length DB::ASPM-1. Right panel shows four
isolated fragments of DB::ASPM-1 (amino acids
442–636, 442–811, 442–999, 804–999), three of
which show positive interaction with full-length AD::CMD-1. (c) Detection of ASPM-1 in Western blotting
experiments. Total protein lysate of C. elegans treated with control (gfp) RNAi probed for ASPM-1 shows
two protein bands of approximately 160 kDa MW (left lane). The fastest migrating (lower) protein is
not related to ASPM-1 as it does not immunoprecipitate with ASPM-1 antibodies (lane 3) and remains
present after aspm-1 RNAi (lane 4). (d) LIN-5 detected in ASPM-1 immunoprecipitates. Total embryonic
protein (left) and IPs with antisera raised against the indicated proteins, probed in a Western blot with an
anti-LIN-5 monoclonal antibody. Negative control (NC): IP with anti-eIF4E ovalbumin serum. (e) CMD-1
detected in ASPM-1 immunoprecipitates. C. elegans embryonic lysates treated with control (gfp) or aspm-1
RNAi were immunoprecipitated with ASPM-1 or negative control antibodies. Input and immunoprecipitated
proteins were analyzed by Western blotting, using an anti-CMD-1 monoclonal antibody. Full-length blots
corresponding to images c–e are presented in Supplemental Figure S3.

LIN-5 might be independent of GPR-1/2 and Gαi/o, as the latter proteins have not been reported
to affect meiosis4,6.
To gain further insights in chromosome segregation and cleavage plane determination, we
searched for additional LIN-5-associated proteins. Immunoprecipitation (IP) of LIN-5 from C.
elegans embryonic lysates followed by mass spectrometry identified twelve peptides absent in
control IPs that corresponded to C45G3.1/ASPM-1. ASPM-1 is predicted to share 36% and 37%
amino acid similarity to Drosophila Asp (Abnormal spindles) and human ASPM, respectively. All
three proteins have conserved calponin-homology (CH) domains, which may interact with actin
or microtubules, and IQ-repeat motifs implicated in calmodulin-binding (Fig. 1a). Mutations in
ASPM are associated with autosomal recessive primary microcephaly, characterized by a great
reduction in brain growth in utero10. ASPM is thought to affect the ratio between proliferative versus
asymmetric neurogenic divisions of neural precursors during brain development10,11. Despite this
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Figure 2. Localizations of LIN-5 and DHC-1 dynein heavy chain to meiotic spindle poles are
dependent on ASPM-1 and CMD-1. Wild-type (a–a”) lin-5(RNAi) (b) aspm-1(RNAi) (c) cmd-1(RNAi)
(d) and gpr-1/2(RNAi) (e) meiotic spindles stained with antibodies against LIN-5 (red), ASPM-1
(green) and DNA-counterstained with DAPI (blue). ASPM-1 and LIN-5 localizations overlap with
tubulin in prophase (a), accumulate at the spindle poles in metaphase/early anaphase (a´) and
localizes at the spindle midzone in late anaphase (a”). Spindles are in metaphase (b–d) or early
anaphase (e). mat-2(ax76ts); GFP::DHC-1; mCherry::H2B spindles blocked in metaphase by mat2 APC1 inactivation at 25°C (f) and a few minutes after release (g), stained for tubulin (red),
GFP (green) and counterstained with DAPI. Late anaphase of female meiosis in wild-type (i)
lin-5(RNAi) (j) aspm-1(RNAi) (k) cmd-1(RNAi) (l) fertilized oocytes. GFP::DHC-1 visualizes dynein
localization; mCherry::H2B condensed anaphase chromosomes. No asymmetric localization has
been observed. Scale bar is 2 µm, future anterior cortex to the left.

critical role, the molecular function of ASPM remains unknown.
In addition to IP-mass spectrometry, we observed interaction between LIN-5 and ASPM1 in yeast two-hybrid (Y2H) assays (Fig. 1b). We localized the minimal region of ASPM-1
interaction to the C-terminal half of the LIN-5 coiled-coil (Fig. 1a). The coiled-coil also mediates
LIN-5 homodimerization, while a C-terminal domain mediates GPR-1/2 association12 (Fig. 1a). In
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Figure 3. Localization of LIN-5 at the spindle poles, but not at the cortex, is dependent on ASPM-1
and CMD-1. Wild-type (a), lin-5(RNAi) (b), aspm-1(RNAi) (c), cmd-1(RNAi) (d), and gpr-1/2(RNAi)
(e) two-cell stage embryos stained with antibodies against LIN-5 (red) and ASPM-1 (green), in
combination with DAPI staining (blue) of DNA. Merged images are to the right. LIN-5 and ASPM1 co-localize at the spindle poles (arrow), LIN-5 is also present at the cortex (arrowhead) and, in
metaphase, in between the poles (feathered arrowhead). (f) aspm-1(RNAi) embryo stained for
a-tubulin (red) and ASPM-1 (green), counterstained with DAPI, shows normal spindle organization
in absence of ASPM-1. Scale bars are 5 µm, anterior is left.

previous large-scale Y2H assays, ASPM-1 was found to interact with CMD-1 (calmodulin)13. We
narrowed the minimal region of ASPM-1 sufficient for CMD-1 binding down to a fragment that
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includes the first IQ domain (Fig. 1a).
To test these associations further, we raised rabbit polyclonal antibodies against C. elegans
ASPM-1. These antibodies recognized a protein of ~160 kDa in Western and IP-Western
experiments (Fig. 1c). Detection of this protein was lost upon aspm-1 RNAi (Fig. 1c), supporting
its identity as ASPM-1. The anti-ASPM-1 antibodies co-immunoprecipitated a small amount of
LIN-5 from embryonic lysates, while LIN-5 was not detected in negative control IPs (Fig. 1d).
In addition, ASPM-1 IP brought down a substantial amount of CMD-1 (Fig. 1e). CMD-1 was not
detected in negative control IPs and greatly reduced by aspm-1 RNAi treatment before ASPM1 precipitation (Fig. 1e). We conclude from the IP-mass spectrometry, Y2H and IP-Western
experiments that ASPM-1 associates with LIN-5 as well as CMD-1.
To examine whether the detected interactions are relevant in vivo, we studied overlap and
interdependence in subcellular localizations of LIN-5, ASPM-1 and CMD-1. While anti-calmodulin
antibodies did not recognize CMD-1 in immunostaining of C. elegans embryos, LIN-5 and ASPM1 were found to co-localize at the meiotic spindle (Fig. 2a–a”) and mitotic spindle poles (Fig.
3a; Supplementary Information, Fig. S1a). LIN-5 also localizes diffusely in between the poles
of the metaphase spindle and at the cell cortex (Fig. 3a)9. These latter locations sometimes
stained weakly with anti-ASPM-1 antibodies, however, this staining is probably non-specific as the
intensity was similar in wild-type and aspm-1(RNAi) embryos (Fig. 3a, c, f).
In agreement with the corresponding localizations, RNAi of aspm-1 resulted in specific
loss of LIN-5 from meiotic spindles (Fig. 2c) and mitotic spindle asters (Fig. 3c; Supplementary
Information, Fig. S1b). Staining of microtubules showed normal mitotic spindles in aspm-1(RNAi)
embryos (Fig. 3f), ruling out LIN-5 depletion from the poles through loss of astral microtubules.
The localization of ASPM-1 remained unaltered in lin-5(RNAi) embryos (Fig. 2b and 3b). However,
ASPM-1 was no longer detected at meiotic and mitotic spindles following RNAi of cmd-1 (Fig.
2d and 3d; Supplementary Information, Figure S1c). Thus, CMD-1 is needed for localization of
ASPM-1, and ASPM-1 —in conjunction with CMD-1— is needed for localization of LIN-5 to the
meiotic spindle and mitotic spindle poles.
The cortical localization of LIN-5 and the diffuse metaphase localization around microtubules
between the poles did not require ASPM-1 or CMD-1 (Fig. 3c, d; Supplementary Information, Fig.
S1b, d). Interestingly, we and others previously observed effects opposite to those of aspm-1
and cmd-1 knockdown: gpr-1/2(RNAi) and goa-1/gpa-16 Gαi/o double RNAi greatly reduce LIN5 localization at the cell cortex but not at the spindle poles (Fig. 2e and 3e; ref. 6,14). These
complementary dependencies suggest the presence of two distinct LIN-5 complexes. Knockdown
of aspm-1 or cmd-1 did not affect the cleavage plane position during zygotic division or spindle
rotation in P1, in contrast to knockdown of lin-5, gpr-1/2 or Gαi/o (Fig. 4a, b; ref. 6). Thus,
its presence at the cell cortex appears sufficient for LIN-5 function in spindle positioning. We
conducted spindle-severing experiments to further examine this hypothesis. Such experiments
previously demonstrated important contributions of gpr-1/2, Gαi/o and lin-5 (Fig. 4c) in promoting
cortical pulling forces2,5,8. In contrast, spindle-pole movements in aspm-1(RNAi) embryos were
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Figure 4. ASPM-1 is not required for cortical pulling forces and spindle positioning in early mitotic
divisions. Position of the cleavage plane of the zygote (P0) (a) and spindle positions in AB and P1
(b) in wild-type (black), lin-5(RNAi) (red), aspm-1(RNAi) (green), and cmd-1(RNAi) (blue) one- and
two-cell stage embryos. (c) Average peak velocities ± 1.96 • SEM (95% confidence interval) of
the anterior (A) and posterior (P) spindle poles achieved after severing of the spindle with a laser
micro-beam in one-cell stage embryos of the indicated genotype. lin-5(RNAi) measurements were
taken from ref. 5.

indistinguishable from wild-type (Fig. 4c). Average peak velocity for anterior and posterior spindle
poles were 0.66 ± 0.06 µm/s and 0.93 ± 0.06 µm/s, respectively for wild-type (n=10) and 0.65 ±
0.04 µm/s (P=0.756; t-test) and 0.89 ± 0.06 µm/s (P=0.399; t-test), respectively for aspm-1(RNAi)
embryos (n=18). This suggests that spindle positioning specifically involves cortical LIN-5, while
the prominent presence of LIN-5 at spindle asters is not required for this process.
RNAi knockdown of aspm-1 and cmd-1 caused obvious defects in meiosis I and II. One or
both polar bodies were frequently missing in aspm-1 and cmd-1 RNAi embryos (Fig. 5a, upper
panel), as previously observed for lin-5(RNAi) and lin-5(ev571ts) embryos9. When formed, polar
bodies were often greatly increased in size (Fig. 5a, lower panel). In addition, multiple female
pronuclei were frequently present before pronuclear fusion. Such phenotypes indicate defects in the
coordination between chromosome segregation and positioning of the meiotic spindle with respect
to the cortex. In C. elegans, chromosome segregation during meiosis involves two independent
spindle positioning events7,15-17. An acentrosomal bipolar spindle forms after fertilization and
translocates to the cortex in a sideways orientation by an early kinesin-1-dependent pathway16.
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Figure 5. LIN-5, ASPM-1, CMD-1, and DHC-1 are required for spindle rotation during meiosis.
(a) Polar body number and size. Upper panel: percentage of embryos with meiosis I or II polar
bodies (pb%) and total number of embryos examined (n) for each indicated genotype. Lower
panel: scatter dot plot showing surface (µm2) of meiosis I or II polar bodies for each genotype.
Asterisk indicates statistical significance with P=0.0001, tested with Mann-Whitney U-test. Polar
bodies were more abnormal in meiosis II than meiosis I, which might reflect an accumulative defect
or result from the rapid succession of meiosis I and II. (b) Still images from representative timelapse fluorescence/DIC movies in wild-type, lin-5(RNAi), aspm-1(RNAi), and cmd-1(RNAi) embryos
containing GFP::H2B. In the wild-type, the spindle and aligned chromosomes have rotated at the
onset of anaphase of meiosis I, while anaphase occurred without rotation in the lin-5, aspm-1 and
cmd-1 RNAi embryos. Scale bar is 5 µm. (c) Synthetic interaction between dhc-1 and aspm-1.
Embryonic lethality (Emb) ± s.d. in wild-type versus dhc-1(or195ts); GFP::H2B animals exposed to
control (gfp) or aspm-1 feeding RNAi at 15ºC. Embryonic lethality was quantified in triplicate over
a 5-day period for the control RNAi (average progeny counted: 2805 ± 238) or sequential 24 hour
period for the aspm-1 RNAi (average progeny counted: 470 ± 143). (d) Graphic representation
of spindle movements during meiosis. Data points indicate the shortest distance from the spindle
center to the cell cortex from representative GFP::a-tubulin time-lapse movies of wild-type, unc116(RNAi), unc-116(RNAi);lin-5(RNAi) and unc-116(RNAi);dhc-1(or195ts) embryos. Note that in
the latter two, the meiosis I and II spindle does not approach the cortex. (e) GFP::a-tubulin
meiotic spindles from wild-type, lin-5(RNAi), aspm-1(RNAi), and dhc-1(or195ts) embryos. Note the
abnormal size and shape of the aspm-1 RNAi spindle. Scale bar is 2 µm.
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After the chromosomes align at the metaphase plate, the spindle shortens and rotates by 90o in
an anaphase promoting complex (APC)-dependent fashion17. This allows segregation of a set of
chromosomes into a polar body during anaphase and subsequent cytokinesis. The two steps are
repeated during meiosis II.
We used in utero time-lapse microscopy of fertilized C. elegans oocytes to reveal the meiotic
requirement for lin-5, aspm-1 and cmd-1. After fertilization, spindle translocation to the cortex
occurred with normal timing, but the subsequent spindle rotation did not take place in 10/13 lin5(RNAi), 8/14 aspm-1(RNAi) and 3/7 cmd-1(RNAi) embryos (Fig. 5b; Table 1; Supplementary
Movies 1–4). As a consequence, the anaphase spindle remained positioned parallel to the
membrane and polar body extrusion usually failed. In some embryos, the chromosomes moved
sufficiently close to the cortex for cytokinesis to complete despite the lack of a clear rotation,
resulting in enlarged polar bodies (Supplementary Movies 2 and 3). To better visualize the cortical
pulling forces involved in the rotation phase, we combined RNAi of lin-5, aspm-1, or cmd-1
with kinesin-1 heavy chain (unc-116) RNAi. Knockdown of unc-116 prevents the early kinesin1-dependent spindle translocation, hence chromosomes align at meiotic spindles at a greater
distance from the cortex (±7 µm, ref. 16; Supplementary Movies 6–10). Following APC-dependent
shortening, the meiotic spindle in unc-116(RNAi) embryos moves toward the cortex with one pole
leading. This movement over a large distance, which we refer to as “late migration”, is thought to
reflect the pulling forces that normally cause spindle rotation16.
In contrast to unc-116 single RNAi embryos, late spindle migration failed in 12/12 unc116;lin-5, 10/10 unc-116;aspm-1, and 8/11 unc-116;cmd-1 double RNAi embryos (Table 1;
Supplementary Movies 6, 7). In these double RNAi embryos, meiosis I spindle shortening and
anaphase were completed in the cytoplasm. In meiosis II either two meiotic spindles formed, or
one meiotic spindle aligned all 12 chromosomes at the metaphase plate (Supplementary Movies
7 and 10). Migration towards the cortex failed in meiosis I as well as II. Thus, ASPM-1 and CMD1 are needed for the localization of LIN-5 to meiotic spindle poles, and all three proteins appear
required for the forces that cause spindle rotation in meiosis I and II.
We used the same unc-116(RNAi) background as a sensitive read-out to re-examine whether
the LIN-5 partners GPR-1/2 and Gαi/o act in meiosis. We combined RNAi of unc-116 and gpr-1/2,
as well as RNAi of unc-116, goa-1 and gpa-16. In contrast to unc-116;lin-5 RNAi, late migration to
the cortex did occur upon spindle shortening in nearly all embryos (Table 1; Supplementary Movies
8, 9). GPR-1/2 and Gαi/o functions appeared to be efficiently inhibited in these experiments, as
spindle positioning became abnormal during the first mitosis (data not shown, ref. 6). These data
indicate that the LIN-5/ASPM-1/CMD-1 pathway acts in meiotic spindle positioning independent of
the GPR-1/2-Gαi/o pathway.
Recent studies implicated the dynein microtubule motor as the force generator of the LIN-5/
GPR-1/2/Gα pathway3,5. We investigated whether dynein also acts in the LIN-5/ASPM-1/CMD-1
pathway in meiosis. GFP-tagged dynein complex components (GFP::DYRB-1 and GFP::DYLT-1)
have been observed to localize to meiotic spindle poles18. We detected a genetic interaction
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Genotype
wild-type
lin-�(RNAi)
aspm-�(RNAi)
cmd-�(RNAi)
dhc-�(or���ts)
Genotype
unc-���(RNAi)
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unc-���(RNAi);gpr-�/�(RNAi)
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Table 1. Quantification of meiotic spindle rotation from time-lapse movies of embryos carrying
integrated GFP::H2B. Spindle migration was quantified in unc-116(RNAi) embryos carrying
integrated GFP::H2B. The Mann-Whitney U-test was used to measure statistical significance.

between dhc-1 dynein heavy chain and aspm-1 that might indicate joint functions (Fig. 5c). If
dynein cooperates with LIN-5/ASPM-1/CMD-1 in meiosis, spindle rotation (or late migration) after
spindle shortening should be defective in the absence of dynein.
To prevent premature dynein inactivation, we used the fast-acting temperature-sensitive
mutant dhc-1(or195ts)19 and shifted hermaphrodites at the moment of ovulation to the restrictive
temperature. In utero time-lapse recording and 3D-imaging revealed that a barrel-shaped meiotic
spindle formed, which aligned and segregated chromosomes in meiosis I and II at ~24.5°C (Fig.
5e). Under these conditions, a moderate defect in spindle rotation (no rotation in 3/19 embryos)
was observed in dhc-1(or195ts) embryos (Table 1; Supplementary Movie 5). The defect was
evident when combined with unc-116 knockdown: late spindle migration to the cortex should
take place 5–8 minutes after ovulation, but was absent in 13/15 unc-116(RNAi);dhc-1(or195ts)
embryos, compared to 1/12 unc-116(RNAi) embryos (Table 1; Supplementary Movies 6, 10). Fig.
5d summarizes spindle movements in representative meioses. Thus, a dynein motor complex is
at least partly responsible for the forces that migrate the meiotic spindle towards the cortex during
the LIN-5/ASPM-1/CMD-1-dependent rotation phase.
To examine the relationship between dynein and the LIN-5/ASPM-1/CMD-1 complex, we
investigated the localization of GFP::DHC-120 during meiosis. GFP::DHC-1 localized diffusely to
the meiotic spindle during prophase and metaphase and then became increasingly enriched at
the poles upon onset of spindle shortening and anaphase, preceding spindle rotation (n=11,
Supplementary movie 11). In agreement, mat-2(ax76ts) APC1 mutant oocytes arrested in meiosis
I metaphase with a modest localization of dynein GFP::DHC-1 at the meiotic spindle (Fig. 2f),
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which strongly increased upon release into anaphase (Fig. 2g). Moreover, the localization of
GFP::DHC-1 overlapped with LIN-5 (Fig. 2h). Upon lin-5 (n=8), aspm-1 (n=6), or cmd-1 RNAi
(n=3), GFP::DHC-1 still localized diffusely to the meiotic spindle during pro/metaphase but
enrichment at the poles during anaphase was completely lost (Fig. 2i–l; Supplementary movie
12). Together, the phenotypic resemblance and interdependence of protein localizations suggest
that the LIN-5/ASPM-1/CMD-1 complex controls meiotic spindle rotation by localizing dynein to
the meiotic spindle poles.
The Drosophila ASPM-1 orthologue, Asp, is required for spindle organization21,22. We
characterized meiotic spindle organization in live embryos and found that the spindle in aspm1(RNAi) embryos was larger than normal (Fig. 5e). The spindle also looked disorganized and
lacked focusing of the spindle poles. In contrast, the meiotic spindle of lin-5(RNAi) embryos
was indistinguishable from the wild type (Fig. 5e). Average spindle width and length were for
wild-type (n=5): 7.6 ± 0.6 µm and 5.6 ± 0.1 µm, repectively; lin-5(RNAi) (n=5): 7.2 ± 0.2 µm
(P=0.3; t-test) and 5.4 ± 0.2 µm (P=0.2; t-test), respectively; and aspm-1(RNAi) (n=3): 11.7 ± 1.5
µm (P=0.001; t-test) and 6.9 ± 0.7 µm (P=0.004; t-test), respectively. Neither aspm-1 nor lin-5
appeared essential for mitotic spindle formation (Fig. 3f). While ASPM-1 contributes to meiotic
spindle organization, rotation and LIN-5 localization, LIN-5 is specifically required for rotation.
Therefore, we propose that the contribution of ASPM-1 in spindle rotation is mediated by LIN-5.
In summary, we describe novel interactions between the evolutionarily conserved proteins
LIN-5 (Mud/NuMA-related), ASPM-1 (Asp/ASPM) and CMD-1 (calmodulin). ASPM-1 and CMD1 control LIN-5 localization at spindle poles and these proteins contribute to C. elegans meiotic
spindle positioning in conjunction with a dynein microtubule motor (summarized in Supplementary
Information, Fig. S2). This LIN-5/ASPM-1/CMD-1 complex appears to act independently of the
previously identified LIN-5/GPR-1/2/Gα complex, whose cortical localization is critical for the
generation of astral pulling forces that control spindle positioning and chromosome segregation.
Previous observations of the phenotype of asp mutant flies and primary microcephaly patients
with ASPM mutations emphasize the importance of ASPM function10,23. Drosophila Asp controls
spindle pole focusing, which suggested a link with dynein-dynactin-NuMA22. This dynein
complex organizes microtubules into focused poles, possibly through centrosome attachment of
microtubules released from γ-tubulin ring complexes24,25. Surprisingly, ASPM-1 is not essential in
early mitotic divisions and LIN-5 is not critical for spindle pole organization, despite their functional
and structural similarities with Asp and NuMA, respectively26-29. The need for ASPM/NuMA/Dynein
in organizing spindle poles may depend on the number of free microtubule minus ends. In early
C. elegans embryos, this number may be limited by inactivation of the MEI-1/MEI-2 microtubulesevering katanin complex at the meiosis-to-mitosis transition30. Thus, redundancies as well as
cell- and species-dependent variation in spindle formation may determine the requirement for
ASPM and LIN-5-related proteins.
Homozygous mutation of ASPM leads to greatly reduced expansion of the neocortex during
embryonic neurogenesis10. In mice, Aspm appears to promote symmetric proliferative divisions
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in the ventricular zone region, by maintaining spindle positioning in neuroepithelial progenitors
perpendicular to the apical-basal axis11. The GPR-1/2 related proteins AGS3 and LGN both affect
spindle positioning in progenitor divisions31-33. If the separate complexes of LIN-5 are conserved
in mammals, the balance between AGS3 and LGN localized at the cortex, versus recruited into
a complex with NuMA/ASPM at the spindle asters may affect whether neuroepithelial progenitors
undergo proliferative or asymmetric neurogenic divisions.

Methods
Nematode strains and culture conditions
The following Caenorhabditis elegans strains were used: N2 (wild-type), AZ212 (unc-119(ed3)
ruIs32[unc-119(+) pie-1::GFP::H2B] III), AZ244 (unc-119(ed3) III; ruIs57[unc-119(+) pie-1::GFP::αtubulin]), TH32 (ddIs6[tbg-1::GFP + unc-119(+)] ruIs32[unc-119(+) pie-1::GFP::H2B]), EU828
(dhc-1(or195ts) I), SV892 (dhc-1(or195ts) I; unc-119(ed3) ruIs32[unc-119(+) pie-1::GFP::H2B]
III), SV893 (dhc-1(or195ts) I; unc-119(ed3) III; ruIs57[unc-119(+) pie-1::GFP::α-tubulin]), EU1561
(orls17 [dhc-1::GFP::DHC-1, unc-119(+)]; itIs37[unc-19(+) pie-1::mCherry::H2B] (may contain unc119 (eds) III)), SV935 (mat-2(ax76ts) II; orls17 [dhc-1::GFP::DHC-1, unc-119(+)]; itIs37[unc-19(+)
pie-1::mCherry::H2B]). The strains were maintained at 20°C, except for the temperature-sensitive
mutant strains that were kept at 15°C.
Protein alignment
ASPM-1 was aligned to Dm Asp and Hs ASPM with EBI EMBOSS Align, using the Blosum62
matrix in combination with the Smith-Waterman algorithm.
Yeast 2-hybrid assays
Full-length constructs of LIN-5, GPR-1, and ASPM-1 fused to the Gal4p DNA binding domain
(DB) were screened against a library of different sized fragments derived from 750 early
embryogenesis genes, fused to the Gal4p activation domain (AD)34. In addition, a series of DBASPM-1 fragments was used individually to examine interaction with full-length CMD-1, fused
to AD. Controls shown in Fig. 1b left panel, from top to bottom: DB::CD4.6 and AD::ZK945.2,
DB::C39E9.13 and AD::R08D7.3, DB::Fos HLH and AD::Jun HLH, DB::DP1 and AD::E2F1. In
this figure, interaction is detected by growth on plates lacking Adenine, the readout for the more
stringent of two reporter genes.
Antibody production
Primers were used to amplify two non-overlapping fragments of aspm-1 from genomic DNA
(C2: ttggatccCTGACGAGAATCTTCACGAAGT, ttggatccCACGTAGGCCTTCCACATT; C3:
ttggatccCAACTTCTTGCCGACTCATCA, ttggatccTTGCGTCTTGCCCTCTTT). Fragments were
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cloned into vector pET-30A to express His-ASPM-1. After induction, the proteins were purified on
Ni2+-beads and isolated from SDS gels. For antibody production, C2 and C3 protein fragments
were each injected into two rabbits and polyclonal sera were isolated (Bio-Synthesis, Inc.). Rabbit
5056, injected with fragment C3 produced antibodies that specifically recognize ASPM-1.
Immunoprecipitation–Western blotting and mass spectrometry
Detailed protocols can be found in ref. 6 and Supplementary material.
Indirect immunofluorescence
Gravid hermaphrodites were dissected in 10 µl water on poly-L-lysine-coated slides to release
embryos. The embryos were freeze-cracked, fixed in -20°C methanol for 5 minutes and -20°C
acetone for 20 minutes, rehydrated in PBST (PBS, 0.1% Triton X-100) and blocked for 1 hour
(PBST, 1% BSA, 10% donkey serum). Following incubation with primary and secondary antibodies,
slides were washed four times with PBST and embedded in Prolong Antifade Gold containing
DAPI. Primary antibodies used were: mouse anti-tubulin (1:500; Sigma clone DM1A), mouse antiLIN-5 (1:3), rabbit anti-LIN-5 (1:500), rabbit anti-ASPM-1 (1:100), rabbit anti-GFP A6455 (1:200;
Molecular Probes). Secondary antibodies used were FITC- or Texas Red-conjugated antibodies
(1:100; Jackson ImmunoResearch Laboratories).
RNA-mediated Interference
To obtain knockdown by RNAi, dsRNA was injected into young adults, except for IP and Western
blotting experiments in which feeding RNAi was used. Following injection, animals were kept at
20°C for 24 hours before in vivo imaging, or 48 hours in immunostaining experiments. cmd-1 RNAi
was performed by a combination of injection and feeding. Extended RNAi of cmd-1 resulted in
sterile animals, therefore we expect that the examined cmd-1(RNAi) embryos did not display a
complete loss-of-function phenotype. L1 unc-116 feeding RNAi was carried out in strains SV892
and SV893 for in vivo imaging of spindle movements upon temperature shift after ovulation. See
supplementary methods for additional information.
Microscopy
Time-lapse recordings were performed at 20°C or where indicated at ~24.5°C. Embryos
were dissected and mounted in egg salt buffer on 5% agarose pads. For in utero time-lapse
recordings, gravid hermaphrodites were anesthetized for 30 minutes in M9 containing 0.1%
tricaine and 0.01% tetramisole on 3% agarose pads. To prevent premature dynein inactivation,
dhc-1(or195ts) hermaphrodites were observed at the permissive temperature of 15ºC up to the
moment of ovulation, after which they were immediately shifted to the restrictive temperature of
∼24.5ºC. Wide-field GFP and DIC movies were recorded at 20 s intervals using a 100x 1.4 NA
PlanApochromat objective lens with 800 ms exposure for GFP and 100 ms for DIC on a motorized
microscope (Zeiss Axioplan). GFP excitation light was filtered to 10% transmission using neutral
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density filters and binning was set to 2x2 with automatic gain adjustments.
Quantitative Analysis of Spindle Positioning
Quantification of P0 spindle positioning and AB/P1 spindle rotation was acquired from time-lapse
recordings of dissected embryos from strain TH32. Measurements were made in Axiovision 4.5.
Spindle severing experiments
RNAi by feeding was performed by selecting L3/L4 larvae and placing animals on feeding plates
for 48–60 hours at 20°C prior to analysis. Spindle severing experiments were performed using a
Leica LMD microscope equipped with an N2 laser (lambda = 337 nm)5. Average peak velocities of
spindle poles after severing were measured by tracking their displacement using time-lapse DIC
microscopy, capturing one image every 0.5 s (ref. 35).
Quantificative analysis of polar bodies
The anterior polar body was considered to be arisen from meiosis I, as it becomes fixed in the egg
shell, while the meiosis II polar body could be located anywhere around the embryo.
Quantification of synthetic interaction dhc-1 and aspm-1
Wild-type or dhc-1(or195ts); GFP::H2B L4 hermaphrodites were placed on control (gfp) or aspm1 RNAi feeding plates at 15ºC. Experiments were performed in triplo. Hermaphrodites were
transferred each day to a new plate. Embryos were allowed to develop for 48 hours, after which
embryonic lethality was scored.
APC block and release
mat-2(ax76ts); GFP::DHC-1; mCherry::H2B hermaphrodites were shifted for 6 hours from the
permissive to non-permissive temperature (15°C and 25°C, respectively), which results in the
formation of meiosis I-arrested embryos. The hermaphrodites were either directly splayed and
stained or first exposed for 3–5 minutes to 15°C to release the metaphase arrest.
Statistical analysis
Student’s t-test and data plotting was performed using GraphPad Prism version 5.0a for Mac,
GraphPad Software, San Diego California USA, www.graphpad.com. Mann-Whitney U-test was
performed using SPSS 13.0 for Mac, SPSS Inc., Chicago IL, www.spss.com.
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Figure S1. Localization of LIN-5 to mitotic spindle poles is dependent on ASPM-1 and CMD-1. Wildtype (a) aspm-1(RNAi) (b) and cmd-1(RNAi) (c, d) multi-cell stage embryos stained with antibodies
against LIN-5 (red), ASPM-1 (green), tubulin (red) and ASPM-1 (green), or LIN-5 (green) and
tubulin (red), and counterstained with DAPI (blue). LIN-5 and ASPM-1 co-localize at the spindle
poles (arrow), LIN-5 is also present at the cortex (arrowhead) and, in metaphase, in between the
poles (feathered arrowhead). Scale bar is 5 µm.
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Figure S2. Hypothetical model. (a) ASPM-1/CMD-1 anchors LIN-5 at meiotic and mitotic spindle
poles. In turn, LIN-5 might interact with a cytoplasmic dynein complex on a parallel microtubule,
thereby stabilizing dynein localization at the meiotic spindle and promoting focussing of the poles.
Similar interactions may contribute to the anchoring of severed microtubules at mitotic asters.
ASPM-1 and CMD-1 are strictly required for meiotic pole organization while LIN-5 is not, which
suggests that ASPM-1/CMD-1 also functions with proteins other than LIN-5. (b) ASPM-1/CMD1/LIN-5 and dynein promote meiotic spindle rotation. While astral microtubules have not been
detected in meiosis, rotation appears to require microtubules and not actin17. Dynein microtubule
motors at the meiotic spindle pole may drive rotation by attaching to microtubules nucleated from
the cortex (Supplemental Reference 6). Alternatively, dynein motors anchored at the cell cortex may
generate the pulling force by attaching to microtubules nucleated at the spindle poles. In the latter
model, ASPM-1/CMD-1/LIN-5 may be required, directly or indirectly, for microtubule nucleation at
the meiotic poles. (c) As previously described, interaction with Gai/o/GPR-1/2 localizes LIN-5 to
the cell cortex and promotes cortical localization of a dynein complex. The minus-end directed
motor activity of dynein, probably in combination with microtubule depolymerization, is thought to
pull astral microtubules towards the cortex. The cortical LIN-5 complex determines the position of
the mitotic spindle and cell cleavage plane in mitosis. (d) legend.
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Figure S3. Full-length western blots corresponding to Fig. 1c–e.

Supplementary Methods
Embryonic extracts and immunoprecipitation
Embryo pellets were obtained by hypochlorite treatment of adult worms grown in liquid culture.
Worms were grown in S-medium, either containing HB101 bacteria or, to induce RNAi, bacterial
feeding strains targeting aspm-1 or gfp (control). Pellets were ground in liquid nitrogen and lysed
by French press in lysisbuffer (containing 20 mM Tris-HCl pH 7.8, 250 mM NaCl, 15% glycerol, 1%
Triton X-100, 0.5 mM EDTA, 1 mM b-mercaptoethanol, 10 mM 1-naphthyl phosphate monosodium
salt monohydrate, 50 mM sodium fluoride, 10 mM sodium pyrophosphate decahydrate, 100 μM
sodium orthovanadate and protease inhibitors (Roche complete, Mini, EDTA-free)). The lysate
was cleared at 13,000 rpm for 15 min at 4°C. IPs were performed with 1 mg of total protein
with antibodies non-covalently bound to 7.5 μl protein A sepharose beads prior to use. Antibody
quantities used for coupling to 7.5 μl sepharose beads were: 15 μl rabbit polyclonal anti-LIN-5, 15
μl rabbit polyclonal anti-GPR-1/2, 30 μl rabbit polyclonal anti-ASPM-1, or 30 μl rabbit polyclonal
antibody raised against eIF4E peptide, coupled to ovalbumin1 (negative control). One third of each
IP was loaded on gel (input on LIN-5 and ASPM-1 immunoblots: 1/20, on calmodulin immunoblots:
1/50). For SDS-PAGE and Western blotting, standard procedures were used. In order to detect
calmodulin, proteins were transferred using 25 mM potassium phosphate, pH 7.0, and were
fixed for 45 minutes in transfer buffer containing 0.2% glutaraldehyde2. Monoclonal mouse antiLIN-5 (diluted 1:1000), polyclonal rabbit anti-ASPM-1 serum (1:500) or monoclonal rabbit anticalmodulin (EP799Y; Abcam) (diluted 1:1000) were used for detection. HRP-conjugated protein A
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(VWR international) was used at 1:5000 in place of secondary antibodies for ASPM-1 and CMD-1
immunoblots. The signal was revealed with chemiluminesence (Biorad Laboratories)
Mass spectrometry
For protein identification, immunoprecipitated proteins were separated on 8% SDS polyacrylamide
gels and silver stained using a protocol compatible with mass spectrometry3. Specific bands were
excised, digested in trypsin overnight, and eluted peptides were analyzed by liquid chromatography
and tandem mass spectrometry (Taplin Spectrometry Core, Harvard Medical School).
RNA interference
For dsRNA production, cloned gene fragments were amplified in PCR reactions with flanking
T7 primers, followed by in vitro transcription with an Ambion MegaScript transcription kit. For
immunofluorescence assays, dsRNA was injected into the gonad of adult wild-type hermaphrodites,
48 hours at 20°C before fixation4. RNAi feeding was performed as described in ref. 5.
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The mitotic spindle dictates the plane of cell cleavage in animal cells. Developmental controls position the spindle during cell division as a means to control the size, position, and fate of daughter
cells. In animal cells, spindle positioning depends on pulling forces that act from the cortex on
astral microtubules. Pulling forces depend on dynein recruitment to the cell cortex by a protein
complex that contains the coiled-coil protein LIN-5 (NuMA), the TPR-GoLoco motif protein GPR1/2 (Pins/LGN), and a Gα subunit. Here, we examined the contribution of cortical and membraneassociated proteins in Ga–GPR–LIN-5 localization and pulling force generation in the one-cell C.
elegans embryo. We found that filamentous actin is not needed for the localization of the pulling
force complex. In fact, microfilament accumulation in the anterior reduces pulling forces, possibly
by increasing cortical rigidity. To further characterize the pulling force machinery, we searched
for proteins immunoprecipitated with GOA-1 Ga, and identified the transmembrane and coiledcoil protein TCC-1. TCC-1 is probably ER-membrane localized and inhibits cortical spindle-pulling
forces. In yeast two-hybrid screens, TCC-1 interacted with UNC-116 kinesin-1 heavy chain as well
as DNC-2 dynamitin and Spindly. RNAi of tcc-1 and unc-116 caused similar defects in meiotic
spindle positioning, supporting that TCC-1 acts with kinesin-1 in vivo. These results emphasize
that membrane-associated and cortical proteins other than Ga–GPR–LIN-5 participate in the
proper balancing of pulling forces that position the spindle and cell cleavage plane.

Introduction

During the development of higher eukaryotes, elaborate regulatory pathways control the timing,
location, and orientation of cell division. Most cell divisions create daughter cells of equal size
and fate, thereby supporting exponential increase in cell numbers. In development, however,
certain asymmetric cell divisions generate unequal daughter cells, which creates cell diversity and
helps maintain tissue-specific stem cells. Such divisions are considered intrinsically asymmetric
when cell fate determinants become asymmetrically segregated to the daughter cells during the
division process. The mitotic spindle instructs the plane of cell cleavage and plays a key role in the
decision between symmetric and asymmetric cell division. Positioning of the mitotic spindle along
the plane of a polarized epithelium supports symmetric division and addition of two daughter cells
to the epithelial cell layer. Spindle positioning along the apicobasal axis of epithelial cells leads to
asymmetric division and disconnects one of the daughter cells from the basal lamina. Hence, the
regulation of spindle positioning is critical for the orientation and plane of cell cleavage, as well as
56

the choice between symmetric and asymmetric cell division.
The early C. elegans embryo has emerged as a powerful model for studies of spindle positioning
and asymmetric cell division1. Fertilization of the C. elegans oocyte triggers establishment of
anterior-posterior polarity, which in turn directs asymmetric localization of cell fate determinants.
During asymmetric division of the zygote, the mitotic spindle elongates in anaphase while it
becomes asymmetrically displaced to the posterior. This movement coincides with oscillations
(rocking) of predominantly the posterior aster, perpendicular to the antero-posterior axis. These
coordinated processes result in the creation of a larger anterior blastomere (AB) and a smaller
posterior blastomere (P1). Severing of the spindle midzone with a UV laser revealed that spindle
positioning is determined by forces that pull from the cell periphery on astral microtubules2.
Movement of the spindle off-center results from asymmetry in these cortical pulling forces and
depends on the polarity of the one-cell egg2.
The dynein minus-end directed microtubule motor, in combination with disassembly of
microtubule plus ends, generates cortical pulling forces3-6 Dynein is recruited to the cell periphery
by a conserved protein complex that consists of the LIN-5 coiled-coil protein (NuMA in mammals),
the TPR-GoLoco motif proteins GPR-1 and GPR-2 (hereafter referred to as GPR-1/2, related
to Drosophila Pins and mammalian AGS3 and LGN) and the alpha subunit of a heterotrimeric
G protein (GOA-1 and GPA-16 in C. elegans, hereafter referred to as Gα)7-9. GDP-bound Gα
associates with the C-terminal GoLoco/GPR motifs of GPR-1/2, while the N-terminal TPR motifs of
GPR-1/2 bind LIN-57, 10-12. Thus, Gα proteins contribute to spindle positioning in a non-canonical,
presumed receptor-independent, fashion. While lipid modification of the Gα proteins likely
contributes to plasma membrane localization, it is currently unknown whether additional proteins,
associated with the membrane or actin-rich cortex underneath, promote Ga–GPR–LIN-5–dynein
recruitment.
Here, we study the membrane localization of Ga–GPR–LIN-5 and possible contribution of
the cell cortex and transmembrane proteins in the generation of pulling forces. We found that
localization of the LIN-5 complex at the cell periphery does not require cortical actin. Instead, severe
reduction of cortical actin increased the net pulling forces that act on the anterior spindle aster.
Thus, anterior enrichment of actin during polarity establishment appears to contribute to polarized
spindle pulling, possibly by increasing cortical rigidity5. We identified the transmembrane and coilcoil domain protein TCC-1 through co-immunopurification with GOA-1 Gα. Genetic interactions
support a potential positive function of tcc-1 with goa-1, while tcc-1 appears to antagonize gpa16 and inhibits cortical pulling forces at the spindle asters. TCC-1 appears to localize to the ER
membrane and interacted with dynein-associated DNC-2 dynamitin and Spindly in yeast twohybrid assays. Moreover, TCC-1 likely functions with UNC-116 kinesin-1 in translocation of the
meiotic spindle to the cortex. Our data support that spindle positioning in C. elegans involves
a combination of dynein and kinesin complexes associated with both plasma- and intracellular
membranes.
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Results
LIN-5 – GPR-1/2 localization at the cell periphery does not require microtubules or actin
LIN-5 and GPR-1/2 colocalize at the spindle asters and cell periphery in anaphase13. We have
previously shown that localization of LIN-5 at the cell periphery is crucial for the generation of
forces that pull astral microtubules to the cell cortex14. We examined if the peripheral localization
of LIN-5 requires interaction with cortical actin or microtubules underneath the plasma membrane.
For this purpose, we treated C. elegans embryos with either nocodazole, to induce microtubule
depolymerization, or latrunculin A, to interfere with actin polymerization. To allow drug-uptake, we
used embryos from adults exposed to perm-1 feeding RNAi. C. elegans embryos are normally
surrounded by an impermeable eggshell, but perm-1 RNAi causes the eggshell to be permeable,
with no apparent effect on embryonic development15. Brief treatment of perm-1(RNAi) embryos
with nocodazole removed nearly all microtubules, as detected by immunofluorescent staining (Fig.
1A). This resulted in loss of LIN-5 from the spindle poles, but not from the cell periphery (Fig. 1A).
These observations are in agreement with previous studies13, 16, and confirm that microtubules are
not required for the localization of LIN-5 to the cortex or membrane. Treatment with latrunculin
A drastically diminished the presence of cortical actin (Fig. 1B). Nevertheless, LIN-5, GPR-1/2
and GOA-1 Gα remained associated with the cell membrane (Fig. 1B and C, results not shown).
Thus, the cortical actin cytoskeleton is not required for localizing the LIN-5 complex to the cell
periphery.
Actin inhibits pulling force generation in the anterior
Even though the actin cytoskeleton is not needed for LIN-5–GPR-1/2 localization, we noticed that
embryos lacking intact actin filaments showed abnormal spindle behavior. During the first cell
division in normal embryos, the mitotic spindle initially forms in the center of the cell. Asymmetric
pulling forces cause spindle displacement towards the posterior during late metaphase and
anaphase. Posterior movement of the spindle is accompanied by excessive rocking and flattening
of the posterior spindle aster (Fig. 2A and Supplemental Fig. 1B). Flattening of the posterior
spindle pole did not occur in embryos that lacked actin filaments after a brief cytochalasin D or
latrunculin A treatment (Supplemental Fig. 1B). Treatment with these drugs also caused reduced
spindle elongation in mitosis (Supplemental Fig. 1A). At the same time, disruption of the actin
cytoskeleton enhanced rocking of the anterior spindle pole, as compared to untreated embryos
(Fig. 2A, C, E). Rocking of both the anterior and posterior spindle pole was abolished when we
inactivated lin-5, by temperature shift of lin-5(ev571ts) embryos, in combination with cytochalasin
D or latrunculin A treatment (Fig. 2B, D, E). Thus, like the normal movements of the posterior
pole, enhanced rocking of the anterior pole by the absence of actin filaments depends on pulling
forces generated by the LIN-5 complex. These data indicate that actin microfilaments contribute
to the normal distribution of forces that pull on astral microtubule ends.
As only the anterior cortex contains a dense actin meshwork17, 18, disruption of the actin
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Figure 1. Localization of the LIN-5 complex at the cell periphery does not depend on the actin or
microtubule cytoskeleton. (A) perm-1(RNAi) embryos treated with the microtubule depolymerizing
drug Nocodazole or with solvent only (control). Embryos were stained for LIN-5, tubulin, and DNA
(DAPI). Note that microtubules are severely depolymerized in Nocodazole-treated embryos, but
that LIN-5 is still localized at the cell periphery (arrows). (B) perm-1(RNAi) embryos treated with the
actin depolymerzing drug Latrunculin A or with solvent only (control). Embryos were probed with
antibodies for LIN-5 and actin. DAPI was used to visualize DNA. Note that LIN-5 is present at the
cell periphery of both control and Latrunculin A treated embryos (arrows). (C) Time-lapse images
of YFP::GPR-1 embryos treated with RNAi for perm-1. Embryos were treated with Latrunculin A,
solvent only, or a combination of Latrunculin A and Nocodazole (bottom two panels).

cytoskeleton would be expected to affect mostly anterior spindle pole behavior. The increased
rocking of the anterior spindle pole might indicate that cortical actin normally inhibits the generation
of pulling forces on astral microtubules. By contrast, the reduced spindle elongation after actin
disruption and lack of posterior centrosome flattening might both point to a positive contribution
of actin in spindle pulling forces. To assess whether actin stimulates or inhibits cortical pulling
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Figure 2. Actin inhibits pulling forces in the anterior. Centrosome movements are depicted for
a control embryo (A), lin-5(ev571ts) embryo (B), Cytochalasin D-treated embryo (C), and a lin5(ev571ts) embryo treated with Cytochalasin D (D). (E) Maximum amplitudes from spindle pole
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embryos are shown. Average values (± SD). (F) Spindle pole peak velocities after severing the
spindle midzone at anaphase onset with a UV laser. Values are shown for embryos either treated
with Cytochalasin D, or solvent only (control). Average values (± SEM).
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Protein
ANT-1.1
TCC-1
ILE-1
F01G4.6
OSTB-1
SRW-87
SGCB-1
RME-2
IMMT-2
F52G3.4
EAT-6
CATP-3
C15H9.4

Description
Mitochondrial andenine nucleotide transporter
Transmembrane and Coiled-Coil protein
ERGIC-53 homolog
OligoSaccharylTransferase, Beta subunit
Serpentine receptor, class W
Sarcoglycan, beta dystrophin-associated glycoprotein
lowdensity lipoprotein receptor
inner membrane of mitochondria protein
alpha subunit of sodium/potassium ATPase
cation transporting ATPase

GOA-1 IP
8
4
2
2
1
1
1
1
1
1
1
1
1

Control IP
0
1
0
0
0
0
0
0
0
0
0
0
0

Table 1. Putative transmembrane proteins identified by mass spectrometry analysis after GOA-1
immunopurification. Numbers of peptides identified in the GOA-1 and negative-control IPs are
shown on the right.

forces, we severed the midzone spindle at anaphase onset with a UV laser. Based on the velocity
of spindle pole movements, interfering with actin polymerization caused an increase in net pulling
forces in the anterior of the embryo (Fig. 2F, Supplemental Fig. 2). Consequently, depletion of
actin resulted in pulling forces that were similarly high in the anterior and posterior. In these
experiments, actin drug treatment was started after polarity establishment, and we did not notice a
change in cortical polarity during the time course of the experiment, in agreement with results from
others19. As a possible explanation of these results, microfilament removal would be expected to
reduce the rigidity of the anterior cortex and allow prolonged interaction between microtubules
and cortical force generators5. In conclusion, cortical actin is not essential for LIN-5 complex
localization and pulling-force generation at the cell periphery. In contrast, anterior enrichment of
actomyosin during polarity establishment reduces cortical pulling and promotes asymmetry in the
forces that pull on microtubule ends.
Membrane localization of the LIN-5 complex
The Gα proteins GOA-1 and GPA-16 act redundantly in localization of LIN-5-GPR-1/2 and pulling
force generation7-9. Addition of fatty acids to these Gα proteins is thought to provide a membrane
anchor for the Gα/GPR/LIN-5 complex. While GOA-1 and GPA-16 behave similarly in some
aspects, they show remarkable differences in regulation10, 20. Examining the presumed null mutants
goa-1(sa734) and gpa-16(ok2349)21, 22, compared to gpa-16 we observed a more substantial
contribution of goa-1 to mitotic spindle elongation (Fig. 3E), and spindle pole oscillations in the
absence of an intact actin cytoskeleton (Supplemental Fig. 3A). In addition, we observed that
membrane invaginations in embryos with a disrupted actin cytoskeleton depended predominantly
on goa-1. Redemann et al. showed that weakening of the actin cytoskeleton during anaphase
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Figure 3. TCC-1 contributes to spindle positioning in the one-cell embryo. (A) Illustration of TCC-1
domain structure. (B, C) Transverse spindle pole movements during anaphase in a normal N2 (B)
and tcc-1(RNAi) embryo (C). (D) Maximum amplitude of the anterior and posterior spindle pole
during anaphase in N2 and tcc-1(RNAi) embryos. Average values (± SD). Spindle elongation during
anaphase of N2, gpa-16(ok2349), and goa-1(sa734) zygotes (E), N2 and tcc-1(RNAi) zygotes
(F), gpa-16(ok2349) and gpa-16(ok2349)+tcc-1(RNAi) zygotes (G), and goa-1(sa734) and goa1(sa734)+tcc-1(RNAi) zygotes (H). Average values (± SD).

led to the appearance of extensive invaginations of the cell membrane towards the spindle poles,
probably representing the localization of cortical force generator complexes23. In control and
gpa-16(ok2349) embryos treated with cytochalasin D, large invaginations were present during
anaphase (Supplemental Fig. 3B). However, the number of cortical invaginations observed in
cytochalasin D treated goa-1(sa734) mutant embryos was remarkably decreased (Supplemental
Fig. 3B). These results indicate that at least GOA-1 Gα directly contributes to membrane
anchoring of the pulling force complex.
TCC-1 contributes to spindle positioning in the early C. elegans embryo
We hypothesized that additional membrane-associated proteins might contribute to the membrane
anchoring of the Gα/GPR/LIN-5 complex. To identify such proteins, we immunopurified GOA-1
from embryonic lysates and examined potentially associated proteins by mass spectrometry.
Immunopurification of GOA-1 identified known GOA-1 interaction partners such as GPB-1 Gβ
(16 peptides, 0 in control), GPR-1 (3 peptides, 0 in control), and RIC-8 (4 peptides, 0 in control).
Only a few proteins with putative transmembrane domains were specifically copurified with GOA1 (Table 1). We identified Y59A8A.3 in GOA-1 purifications (4 peptides in the GOA-1 IP, 1 in
the control IP), and also in immunoprecipitations of LIN-5 with monoclonal antibody 18D10 (8
peptides, 2 in control). The predicted Y59A8A.3 protein contains an N-terminal signal anchor
motif followed by a single pass transmembrane domain and extended coiled-coil region (Fig. 3A).
We named this protein TCC-1, for Transmembrane and Coiled-Coil protein. Homology searches
in higher eukaryotes revealed partial sequence overlap with mammalian FILIP1, which binds the
actin-associated Filamin A protein (hence the name: Filamin-A interacting protein)24. However,
the sequence overlap is very limited; even related nematode species show quite divergent TCC1 sequences. This is a common aspect of coiled-coil proteins and makes homology predictions
without substantial structural and functional analysis little informative.
Inhibition of tcc-1 by RNAi affected multiple characteristics of spindle positioning in early C.
elegans embryos. Such tcc-1(RNAi) embryos showed decreased spindle elongation (Fig. 3F), and
strongly increased anterior spindle pole rocking (Fig. 3B, C). The altered spindle elongation and
spindle pole rocking suggested a contribution of TCC-1 in pulling force generation. Therefore, we
considered TCC-1 as a potential interactor of the Gα/GPR/LIN-5 complex, which contributes to
normal spindle positioning in the early C. elegans embryo.

63

3

A			

B			

Embryonic lethality
Embryonic lethality

C

Maximum amplitude

Maximum halfrock

+ GFP(RNAi)

30

+ tcc-1(RNAi)

Left-right axis reversal

Left-right axis reversal

anterior

25 25

25

35

posterior

reversed
reversed

20,020

20

half-reversed

25

10,010

5

5,05

10

0,0

ric

-8

gpa-16(it43ts)
gpa-16 ts/ +
tcc-1(RNAi)
y59gpaA8A.3(RNAi)

it4
3t
s)
a16
tcc (it4
3
-1 ts
(R ) +
NA
i)
gp
a16
(o
k2
34
9)
gp
a16
(o
tcc k23
-1 49
(R ) +
NA
i)
GF
P(
RN
Ai
)

3)

gpa-16(it43ts)
gpa-16 ts

(m

d3
0

49

)

ts)

(o
k2
3
16
a-

N2
N2

gp

gp

a16

(it
43

4)

s)

(sa
73
go
a1

5(
ev
57
1t

N2

0

gp

0

half
reversed

NA
i)

5

%

10

6(

15

15,015
%

gp
a1

20

tcc
-1
(R

%

Emb (%)

embryo 15
width
embryo
(%)(%)
width

lin
-

3

Cortical GPA-16 enrichment

D

GPA-16

Merge

100
10 µm

80

control
%

60

40

tcc-1(RNAi)
20

0
GFP control
RNAi (n=14)

E

Y59A8A.3
RNAi (n=14)
tcc-1(RNAi)

Spindle
peak velocities
spindle pole
peakpole
velocities
11

0.8
0,8

peak velocity
0.6
0,6
(µm/s) velocity

anterior
anterior

posterior
posterior

(mm/s))

0.4
0,4

0.2
0,2

0

N2 N2
(n=22)

Y59A8A.3
RNAi (n=31)
tcc-1(RNAi)

Figure 4. TCC-1 inhibits cortical pulling forces, possibly through inhibition of GPA-16 localization
at the plasma membrane. (A) Embryonic lethality observed in the depicted strains treated with
RNAi for gfp or tcc-1 at 20 oC. Average values (± SD). (B) Maximum amplitude of the anterior
and posterior spindle pole during anaphase in N2, gpa-16(it43ts), and gpa-16(it43ts)+tcc-1(RNAi)
one-cell embryos. Embryos were imaged at 25 oC. Average values (± SD). (C) Left-right axis
reversal of indicated strains at 20 oC either treated with RNAi for gfp or tcc-1. Average values (±
SD). (D) Control and tcc-1(RNAi) embryos stained for GPA-16 and DNA (DAPI). Note that GPA-16
localization is enriched at the plasma membrane in tcc-1(RNAi) embryos (arrows). The right panel
shows a quantification of cortical GPA-16 enrichment measured at the contact between the AB and
P2 cell. Average values (± SD). (E) Spindle pole peak velocities after severing the midzone spindle
at anaphase onset with a UV laser. Values are shown for normal (N2) and tcc-1(RNAi) one-cell
embryos. Average values (± SEM).
64

TCC-1 lowers cortical pulling forces by negative regulation of cortical GPA-16
To assess whether TCC-1 functions with GOA-1 and GPA-16 in spindle positioning in the one-cell
C. elegans embryo, we looked for overlap in loss-of-function phenotypes and genetic interactions.
Mitotic spindle elongation in tcc-1(RNAi) embryos resembled goa-1(sa734) embryos (Fig. 3E).
Moreover, RNAi of tcc-1 reduced spindle elongation in gpa-16(ok2349) embryos, but not in goa1(sa734) embryos (Fig. 3G, H). Thus, TCC-1 contributes to spindle elongation to a similar degree
as GOA-1.
The contribution to spindle elongation suggested that TCC-1 could act together with GOA-1.
Remarkably, we noticed that the embryonic lethality associated with the goa-1(sa734) mutation
was substantially suppressed by tcc-1 RNAi (Fig. 4A). Since GOA-1 and GPA-16 act largely
redundantly, we asked if tcc-1 RNAi suppresses goa-1 embryonic lethality by increasing gpa-16
function. RNAi of tcc-1 restored normal spindle rocking in partial loss-of-function gpa-16(it143)
mutants at the restrictive temperature (Fig. 4B). As a highly specific readout for gpa-16 function,
we examined left-right asymmetry of the body axis. In normal four-cell embryos, the spindles of the
ABa and ABp blastomeres undergo a highly reproducible skewing, which generates a characteristic
left-right asymmetry during embryonic and adult development25. As the most prominent features of
this asymmetry, the anterior gonad arm is situated in the right side of the animal, while the posterior
gonad arm is positioned at the left side. Vice versa, the intestine becomes asymmetrically placed
to the left in the anterior and right side in the posterior. The gpa-16(it143) mutation was identified
because of its effects on early embryonic spindle rotation and randomization of the left-right body
axis25. In agreement with these previous results, we observed normal left-right asymmetry in
goa-1(sa734) mutants, while gpa-16(it43) and gpa-16(ok2349) mutants displayed a substantial
fraction of left-right reversed animals (Fig. 4C). RNAi of tcc-1 caused significant suppression of
the left-right reversal in gpa-16(it143) mutants. In gpa-16(ok2349) mutants, however, tcc-1 RNAi
resulted at most in limited rescue of left-right reversal. As gpa-16(ok2349) is a putative null allele,
while gpa-16(it143) creates temperature-sensitive partial loss of function21, 25, these results are
consistent with TCC-1 negatively affecting GPA-16 function.
We examined if TCC-1 contributes to the cortical localization of GPA-16, GOA-1 or LIN5. Downregulation of tcc-1 did not lead to a significant change in GOA-1 or LIN-5 localization
(Supplemental Fig. 4). However, the level of GPA-16 at the cell periphery was significantly
increased in tcc-1(RNAi) embryos (Fig. 4D). We conclude that TCC-1 inhibits GPA-16 function by
restricting cell membrane localization of GPA-16.
To assess whether TCC-1 contributes to the pulling forces that act on astral microtubules,
we performed spindle severing experiments in which the midzone was cut in anaphase onset in
tcc-1(RNAi) embryos. Compared to control embryos, both the anterior and posterior spindle poles
in tcc-1(RNAi) embryos moved with significantly higher velocities towards the cortex after laser
cutting (Fig. 4E). These data show that TCC-1 antagonizes the generation of cortical pulling forces
on astral microtubules, probably at least in part by inhibiting cell membrane localization of GPA16.
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Figure 5. TCC-1 localizes to cytoplasmic membranes in a pattern that is reminiscent of the ER.
(A) a one-cell embryo at anaphase onset, and a four-cell embryo. Note that TCC-1::mCherry
associates with the mitotic spindle (left panel, arrowhead), nuclear envelope (right panel, arrow),
and plasma membrane (left panel, arrow). (B) Meiotic oocyte expressing TCC-1::mCherry and
DNC-2::GFP. Note the spindle localization of DNC-2::GFP (arrow). TCC-1::mCherry does not
appear to overlap with spindle associated DNC-2 (arrow head), but localizes in a membraneous
through the cytoplasm, and is enriched at the cortex (arrow).

TCC-1 localizes to cytoplasmic membranes in a pattern that resembles the ER
Since TCC-1 has a predicted transmembrane domain, we expected TCC-1 to be localized to
membranes. To assess the sub-cellular localization of TCC-1 we constructed a transgene for
expression of a TCC-1::mCherry protein fusion, under the control of the tcc-1 promoter and 3’ UTR
sequences. We used the MosSCI technique to integrate a single copy TCC-1::mCherry transgene
on chromosome I26. In agreement with the tcc-1 RNAi phenotype, we observed expression of
TCC-1::mCherry throughout development, including the earliest stages of embryonic development
(Fig. 5A, B). TCC-1::mCherry was present at cytoplasmic membranes that organized into a
network with strong resemblance to the endoplasmic reticulum (ER)27. Similar as described for
the ER, TCC-1::mCherry localization surrounded nuclei, was visible along tubular membranes that
extended throughout the cytoplasm, and associated with the plasma membrane (Fig. 5A). This
network appeared to be highly dynamic, and reorganized during mitosis, also as described for
the ER27. Nevertheless, the localization of TCC-1::mcherry at the ER could also indicate impaired
trafficking towards the plasma membrane, which might be more efficient for the endogenous
TCC-1 protein. We conclude that TCC-1 localizes to intracellular membranes, which most likely
corresponds to localization at the ER membrane.
Identification of TCC-1 interacting proteins
In order to reveal how TCC-1 contributes to microtubule pulling forces, we performed a yeast twohybrid (Y2H) screen in search for TCC-1 interacting proteins. For this purpose, we generated eight
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Gene

Description

Times isolated

daf-21
spdl-1

Hsp90 family member
Spindly

51
34

unc-116

Kinesin heavy chain 1

8

dnc-2

dynactin complex component (dynamitin)

8

F35C11.5

5

ntl-3

NOT-Like (yeast CCR4/NOT complex component)

4

eftu-2

Elongation Factor TU family

4

dlg-1

Discs large

3

tcc-1

3

ubxn-2

(ubiquitin regulatory X) domain-containing protein

2

ﬂap-1

Friend leukemia virus integration 1-Associated Protein homolog

2

Y59A8B.10

RNA-binding protein Nova-1

2

Y39B6A.1

2

npp-9

Nuclear Pore complex Protein

2

glp-1

Notch receptor

2

Table 2. Potential TCC-1 interacting proteins identified in a Y2H screen. Note that daf-21 was
only identified with baits that contained the TCC-1 transmembrane region, probably illustrating
interaction with the exposed hydrophobic domain.

different TCC-1 baits that included the full-length protein and various overlapping fragments (see
material and methods). This strategy resulted in the identification of a series of candidate TCC-1
interacting proteins, as summarized in Table 2. Among the most frequent hits were the kinesin-1
heavy chain UNC-116, and the dynactin subunit DNC-2 Dynamitin. Both kinesin-1 and dynein/
dynactin motor complexes are implicated in spindle positioning in the early embryo3, 4, 14, 28. These
findings suggest a direct link between TCC-1 and microtubule-based motor proteins.
TCC-1 promotes translocation of the meiotic spindle to the cortex
Meiotic spindle positioning and rotation requires sequential kinesin-1 and dynein functions14, 28, 29.
Once the meiotic spindle is formed, the spindle and chromosomes undergo kinesin-1 dependent
translocation to the cortex28. Subsequently, upon activation of the APC complex, dynein activity
rotates the meiotic spindle and orients the spindle perpendicular to the cortex14. These combined
movements are repeated in meiosis II, allowing expulsion of chromosomes from the cytoplasm into
small polar bodies. As we identified kinesin-1 and DNC-2 as potential TCC-1 interacting proteins,
we examined meiotic spindle positioning in tcc-1(RNAi) fertilized eggs. In control oocytes, the
meiotic spindle remained in close proximity of the cortex throughout meiosis (12/12) (Fig. 6, top
row). Furthermore, the meiotic spindle in all studied cases underwent dynein dependent rotation.
In contrast, tcc-1(RNAi) oocytes showed defects in meiotic spindle translocation (6/11). In these
cases, the meiotic spindle was either positioned at a significant distance from the cortex (Fig. 6,
middle row), or spindles drifted towards the posterior during meiosis (Fig. 6, bottom row). Even
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Figure 6: TCC-1 contributes to translocation of the meiotic spindle towards the cortex. Depicted are
still images from time-lapse recordings of control and tcc-1(RNAi) embryos. In control embryos the
meiotic spindle stays in close proximity of the anterior cortex. After spindle shortening, a rotation
causes the spindle to be positioned perpendicular along the cortex (arrow). In tcc-1(RNAi) embryos
the meiotic spindle is not properly translocated towards the cortex (arrowhead, middle row), and the
meiotic spindle drifts away from the anterior end (arrowhead, bottom row).

when meiotic spindles did not remain positioned in the anterior, the dynein dependent rotation
and membrane movement of the spindle during anaphase occurred as in wild-type oocytes. The
identification of UNC-116 kinesin-1 and TCC-1 as binding partners in Y2H screens, and the similar
loss-of-function phenotypes of unc-116 kinesin-1 and tcc-1 in meiosis, indicate that TCC-1 and
kinesin-1 interact in vivo to translocate the meiotic spindle towards the cortex.
We examined TCC-1::mCherry in meiosis to visualize where TCC-1 and kinesin-1 cold act
during meiotic spindle translocation. In contrast to mitotic cells, we did not observe association
of TCC-1::mCherry with the spindle at the stage of meiotic spindle translocation (Fig. 5B).
However, similar to mitosis, we observed clustering of the TCC-1::mCherry network throughout
the cytoplasm, and association with the cell cortex. To translocate the meiotic spindle, a kinesin-1
complex could act at the spindle or at the cell cortex. Previous immunostaining experiments did
not reveal any specific subcellular localization of kinesin-1 at this stage30. We observed that TCC1::mCherry in part associated with the cell cortex. Therefore, we propose that TCC-1 acts with
kinesin-1 at the cortex to promote meiotic spindle translocation.

Discussion

In this study, we investigated whether factors in addition to Ga–GPR–LIN-5–dynein contribute
to the pulling forces that position the mitotic spindle in the asymmetrically dividing C. elegans
zygote. We observed that cortical actin is not required for the localization of the LIN-5 complex or
pulling force generation, and that actin filaments in fact antagonize the forces that pull on astral
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microtubules. That actin is not critical was also suggested by a previous study, in which weakening
of the cell cortex, by partial nmy-2 RNAi or interfering with microfilaments, did not change normal
pulling forces and induced long membrane invaginations23. Actin filaments accumulate in the
anterior half of the cell cortex during polarity establishment,17, 18. Correspondingly, interfering with
actin polymerization increased the net pulling forces specifically in the anterior domain. A negative
role for actin in pulling force generation was anticipated in modeling studies of spindle oscillations
and posterior displacement in the C. elegans embryo5. In these studies, increased stiffness of the
cortex (cortical rigidity) resembled reduced force generation, as it increases the rate of detachment
of the force generator from the shrinking microtubule. Increasing cortical rigidity in the simulations
dampened spindle pole oscillations5. Structural components of the cortex, such as actin, likely
contribute to cortical rigidity, and the extensive enrichment of acto-myosin in the anterior cortex
should lead to increased stiffness. Thus, our observations that filamentous actin removal leads to
increased anterior spindle pole oscillations and increased pulling forces in the anterior fully agree
with computer simulations by Kozlowski et al5.
Obviously, disrupting actin polymerization has effects other than creating a more flexible
cortex. In particular, the contribution of actin in polarity maintenance should be considered.
Microfilaments are important in PAR protein localization31, but the timing and duration of
microfilament disruption determines if polarity is affected. In addition, several actin regulators
contribute to endocytosis, which is higher in the anterior and helps maintain PAR-6 accumulation
in the anterior32. However, we did not observe altered PAR-6 localization during the time window of
our experiments. Moreover, a highly quantitative previous study examined permeabilized embryos
treated with latrunculin A and cytochalasin D and demonstrated maintenance of PAR localization
during short term microfilament disruption33. As our experiments followed the same strategy, we
expect reduced cortical stiffness to be more influential than alteration of PAR protein localization.
In addition to composition of the cortex, localization and activity of force generators are also critical
in spindle movements. For instance, the pronuclei migrate during centration-rotation towards the
acto-myosin-enriched anterior cortex. This movement corresponds with a greater number of LIN5 pulling force complexes in the anterior in early mitosis34. Phosphorylation of LIN-5 by PKC-3
stops the anterior-directed movement at the time of nuclear envelope breakdown, but mutation of
the phosphorylation sites does not prevent posterior displacement of the spindle in anaphase34.
These results confirmed that multiple factors contribute to spindle positioning, possibly including
posterior enrichment of GPR-1/2, LET-99 and PPK-18, 35, 36. Our data now add the difference in
actin distribution as an important factor contributing to higher net pulling in the posterior direction.
Downregulation of tcc-1 increased both anterior and posterior-directed pulling forces. We
identified TCC-1 as a protein that co-immunopurified with GOA-1. TCC-1 and GOA-1 contributed
similarly to spindle elongation in anaphase, yet tcc-1 RNAi suppressed the embryonic lethality
associated with a goa-1 null mutation. This discrepancy might reside in opposite effects of tcc-1 in
goa-1 and gpa-16 function. Despite their redundant contribution in spindle pulling, goa-1 and gpa16 behave remarkably different in multiple functional assays. For instance, only GOA-1 interacts
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with GPR-1/2 in Y2H assays8 (and our unpublished results), only GPA-16 has been found to
contribute to left-right asymmetry25, and GOA-1 and GPA-16 are differently regulated by RIC-810,
20
. RIC-8 acts as a non-receptor guanine nucleotide exchange factor (GEF) for GOA-1, but not for
GPA-16. In contrast, RIC-8 stimulates GPA-16 protein levels and plasma membrane localization,
while it does not affect GOA-1 protein levels20. Similar observations are made for mammalian RIC8 proteins, which apart from their role as GEFs, appear to act as chaperones for specific subsets
of Gα proteins37. As a possible mechanism, TCC-1 might counteract interaction of GOA-1 and
GPA-16 with RIC-8. This could explain a positive effect on GOA-1, by promoting the GDP-bound
state that interacts with GPR-1/2, while at the same time inhibiting plasma membrane localization
of GPA-16. Gα proteins localize to the plasma membrane through an intracellular trafficking route
that involves the ER38, 39. Thus, localization of TCC-1 at the ER membrane is consistent with Gα
protein interaction and effects in GPA-16 trafficking.
TCC-1 was previously identified in a Y2H screen for binding partners of the UNC-83 KASH
domain protein40. Similar to TCC-1, UNC-83 was found to interact with components of kinesin-1
as well as dynein motor complexes, and to act together with kinesin-1 and dynein in bidirectional
nuclear migrations40. Simultaneous binding to kinesin and dynein complexes promotes the
transport of multiple organelles within the cell41. The screen for UNC-83 interactors also identified
Bicaudal D, a well-known adaptor protein that links dynein motors to vesicles, but also interacts
with antagonistic kinesin-1 motors42. Such observations support the existence of organelle specific
linker proteins that recruit antagonistic microtubule motor complexes to facilitate bidirectional
transport. Similar to nuclear migration43, movement of the ER along microtubules involves kinesin-1
as well as dynein44. Loss of TCC-1 led to defects in meiosis that mimicked loss of kinesin-1.
However, dynein dependent rotation of the meiotic spindle occurred as normal in tcc-1(RNAi)
embryos. Thus, functional support for a TCC-1/dynein connection is currently missing. However,
our Y2H data and phenotypic observations both indicate that TCC-1/kinesin-1 act together in vivo.
Hence, we propose that TCC-1 acts as an ER and plasma membrane adaptor for kinesin-1 in C.
elegans.
Our functional studies support interaction between TCC-1 and kinesin-1 in meiotic spindle
translocation. Although the contribution of kinesin-1 in meiotic spindle translocation has been
well documented, several questions remain. Most importantly, the localization of kinesin-1 during
spindle translocation is unclear, and the organization and orientation of microtubules at the cortex
is not known during meiosis. The meiotic spindle in C. elegans does not contain centrioles or
astral microtubules, and cytoplasmic microtubules might not be unidirectionally organized. We
observed localization of TCC-1 in a tubular network throughout the cytoplasm and enriched along
the cortex. However, in contrast to mitosis, we did not detect TCC-1 localization associated with
the spindle in meiosis. Thus, if TCC-1 and kinesin-1 act in association during meiotic spindle
translocation, the complex may be localized at the ER associated with the cell cortex. Alternatively,
the TCC-1 localization at the cell periphery might reveal plasma membrane localization. In fact,
the prominent ER-associated localization could result from inefficient membrane trafficking of
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TCC-1::mCherry, as compared to the endogenous protein.TCC-1 localized to the cell membrane
might anchor kinesin-1 at the cell membrane and thereby support translocation of the meiotic
spindle to the cortex.
Positioning of the mitotic spindle is widely considered to depend on interactions between
astral microtubules and the cell cortex. During mitosis of the C. elegans zygote, pulling forces are
mediated by the LIN-5 complex in association with the minus-end directed dynein motor at the cell
cortex3, 7. However, during centration, dynein complexes localized at cellular organelles appear
to be a major source of force generation for anterior-directed centrosome movements45. Dynein
and kinesin complexes are localized throughout the cell30, 46, and mediate a variety of spindle and
organelle movements. This study implicates TCC-1 as a novel linker for both dynein and kinesin-1
complexes, which connects these microtubule motors to the ER. Removal of TCC-1 could make
these motors available at other locations in the cell. Our results emphasize the complex interplay
between different force generators at multiple locations in the cell, which together accomplish
processes such as organelle movement and spindle positioning.

Material and methods
C. elegans strains and culture
Strains were cultured on NGM plates, seeded with E. coli OP50 bacteria. Animals were maintained
at 20 oC, unless stated otherwise. Strains used were: N2, 11), SV124 lin-5(ev571ts) (maintained
at 15 oC), SA250 unc-119(ed3)III;tjls54[Ppie-1::-gfp::tbb-2, Ppie-1::2xmCherry::tbg-1, unc-119(+)];
tjls57[Ppie-1::mCherry::H2B], RB1816 gpa-16(ok2349) (maintained at 15 oC), BW1809 gpa16(it43) (maintained at 15oC), DG1856 goa-1(sa734) (maintained at 15 oC), RM1702 ric-8(md303),
DS98 mat-2(ax102) (maintained at 15 oC), and SV1317 (hels101[Ptcc-1::tcc-1::mcherry::tcc-1 +cb
unc-119]I; unc-119(ed3) III). SV1317 was constructed by making use of the MosSCI technique 26.
Molecular cloning
We generated a TCC-1-mCherry construct (Ptcc-1::tcc-1::mcherry::tcc-1 3’UTR) for single copy
chromosome I integration, using pCFJ352 (a gift from E. Jorgensen, HHMI, University of Utah,
USA) as a vector backbone. The 2kb region upstream of the tcc-1 start codon was used as
promoter sequences, and a 448 bp fragment downstream of the stop codon was used as 3’ UTR.
A fusion was made of 4106 bp of genomic tcc-1 sequences from the start codon to the ScaI site
of exon 4, combined with a tcc-1 cDNA fragment starting at the ScaI site until, but not including,
the stop codon. The mCherry coding sequence (a gift from R. Tsien, Department of Chemistry
& Biochemistry, UCSD, USA) was inserted in frame at the 3’ end of tcc-1. All fragments were
obtained by PCR using KOD polymerase (Novagen). Sequences are available upon request.
For yeast two-hybrid assays, TCC-1 fragments were generated from cDNA using KOD
polymerase and cloned into bait vector pMB28. Fragments were generated by using all possible
combinations of the following primers: 5’ atggactcgtcattcgtcga 3’, 5’ aatcgacaagaggataattttg 3’, 5’
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caattcttggctggagcatt 3’, 5’ ggattggtgatttgtgagag 3’, 5’ttatgccaattgtgctctcag 3’, 5’ cggttcggcttctgtcttt
3’, and 5’ aatataagcttcatcgagttc 3’.
RNA-mediated interference (RNAi)
To obtain tcc-1(RNAi) and perm-1(RNAi) embryos, young adults were either injected with doublestranded RNA, or L4 stage larvae were put on feeding plates with corresponding RNAi bacteria.
Feeding plates were prepared as described elsewere47. RNAi clones from the Ahringer and Vidal
libraries were used48, 49. Embryos were dissected from adults after approximately 48 hours (tcc-1),
or 20 hours (perm-1) after the onset of RNAi treatment.
Drug treatment of C. elegans embryos
To disrupt the actin or microtubule cytoskeleton in perm-1(RNAi) embryos, adults were splayed
in 0.8 x egg salt (containing 94 mM NaCl, 32 mM KCl, 2.7 mM CaCl2, 2.7 mM MgCl2, 4 mM
Hepes, pH 7.5)50 in which either Latrunculin A (1 mM), Cytochalasin D (20 µg/ µl), Nocodazole
(10 µg/ml), ethanol (1%, control for Cytochalasin D treatment), or DMSO (0.5 %, control for
Latrunculin A, and Nocodazole treatments) was added. For immunostaining of drug- or solventtreated perm-1(RNAi) embryos, adults were splayed on glass slides in 50 µl of the indicated
solutions, prepared as stated above. After dissection of the embryos, slides were incubated at
room temperature in moist chambers for 5 minutes. Next, embryos were transferred in aliquots of
10 µl to poly-L-lysine coated slides. After embryos were transferred, a coverslip was placed on
the slides, and the embryos were freeze-cracked, fixed, and immunostained as described below.
For live-imaging of treated perm-1(RNAi) embryos, a single adult worm was splayed in 2.5 µl on
a coverslip. Next, coverslips were attached to 1 mm thick concave slides (Vermandel) to avoid
pressure on the embryos. Coverslips were attached and sealed, by applying oil (Halocarbon) on
the edges of the concave area. Only embryos that were at the stage of pronuclear meeting when
dissected from adults were used for further analysis. These were imaged from NEBD onwards
(approximately 2 minutes later) for several minutes.
Antibodies and immunofluorescence staining
For immunostaining of embryos other than perm-1(RNAi), embryos were dissected from adults
in 10 µl water on poly-L-lysine coated slides. Embryos were freeze-cracked, fixed for 5 min
in methanol at -20 oC, and for 20 min in acetone at -20 oC. After fixation, the embryos were
rehydrated in PBS containing 0.05% Tween-20 (PBST), and blocked with blocking solution (PBST
containing 1% BSA and 1% goat serum (Sigma-Aldrich)) for 1 h. Embryos were stained with
primary and secondary antibodies for 1 h, and washed after each incubation with PBST for 4 times
15 min. Finally the embryos were embedded in Prolong Antifade Gold, containing 4,6-diamidino2-phenylindole (DAPI). Primary antibodies used in this study: rabbit anti-LIN-5 (1:100), mouse
anti-LIN-5 (1:10)13, mouse anti-tubulin (1:400) (Sigma), rabbit anti-GPA-1620 (1:100) (a gift from
P. Gönczy), and mouse anti-actin (1:100) (MP Biomedicals). Secondary antibodies were used at
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a concentration of 1:500. Secondary antibodies used were: goat anti-rabbit Alexa fluor 568, goat
anti-mouse Alexa fluor 568, goat anti-rabbit Alexa fluor 488, and goat anti-mouse Alexa fluor 488
(Invitrogen). Images were taken with a 100x 1.4 numerical aperture (NA) lens on a Zeiss confocal
microscope.
Time-lapse and live-cell imaging
To perform time-lapse imaging, embryos and oocytes were dissected in 0.8 x egg buffer on
coverslips, and slides were prepared as described above. Spindle oscillations and elongation
was examined in embryos of the indicated strains at 20 oC, unless stated otherwise. From NEBD
onwards, images were taken with Nomarski optics at 2.5 sec intervals. Relative position of the
spindle poles was measured in ImageJ. Embryos of strain SA250 were examined for spindle pole
flattening during anaphase. From NEBD onwards, images were taken by making use of Nomarski
optics at 20 sec intervals. To envision cortical invaginations during metaphase and anaphase,
perm-1(RNAi) embryos were dissected on coverslips and attached to concave slides as described
above, using 0.8 x egg buffer containing 1 µg/µl cytochalasin D and 0.5 µg/ µl FM 1-43FX
(molecular probes) to visualize the plasma membrane. Images were taken with 2 sec intervals
for 3 min from NEBD onwards. TCC-1::mcherry was visualized in SV1317 embryos by recording
single images at the depicted stages of embryonic development. Analysis of meiotic spindle
translocation and rotation was performed in SA250 embryos, either untreated or treated with RNAi
for tcc-1. After dissection from the adults, images were taken with 20 sec intervals until completion
of meiosis. All images were taken with a 100x 1.4 numerical aperture (NA) lens on a Nikon
spinning disc microscope. Images were processed by making use of ImageJ or Adobe Photoshop.
Quantification of cortical fluorescence
To quantify cortical intensity of GOA-1, GPA-16, and LIN-5 staining, confocal images were taken
of two-cell stage embryos. Cytoplasmic intensities were determined by averaging the intensities
from a large cytoplasmic area of the anterior and posterior cell. Herein the centrosomal region was
avoided. For cortical fluorescence, intensity profiles of 5 squares of 2 µm in width were measured
that crossed the cortex between the AB and P2 cell at equally spaced distances. The average of
the peak values was used. Fluorescent intensities were measured in ImageJ.
Spindle severing
Ablation of the midzone was performed as described elsewhere2. Laser ablations were carried
out on a spinning disc confocal microscope system (CSU-X1-A1, Yokogawa, Nikon Eclipse Ti-E
microscope equipped with a CFI S Fluor 100x 1.3 NA oil objective). Images were taken with
an EMCCD camera. FRAP/Photoablation scanning system (iLas: Roper scientific France/The
Bioimaging Cell and Tissue Core Facility of the Insitut Curie) with a 355 nm passively Q-switched
pulsed laser (Team phototechnics) was used to laser-cut the midzone spindle at anaphase onset.
Metamorph 7.7 software was used to control the system. Images of GFP::TBB-2 embryos were
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taken at 0.5 sec intervals at room temperature. Spindle poles were automatically tracked by
making use of the MTrack2 plugin in Fiji (Fiji is Just ImageJ). Peak values of both the anterior and
posterior pole were determined within a time frame of 10 sec after ablation.
Characterization embryonic lethality and left-right symmetry
L4 larvae of the indicated strains were placed on plates with RNAi feeding bacteria, either targeting
tcc-1 or GFP (control). Plates were held at 20 oC. Animals were transferred to a new plate every
day. To score embryonic lethality, plates were examined after 24 hours. When progeny reached
the young adult stage, left-right asymmetry was scored as described elsewhere25.
Immunoprecipitations
For identification of GOA-1 interacting proteins, synchronized L1 DS98 and DG1856 (control)
worms were grown at 15 oC in S-medium containing HB101 bacteria. To obtain embryos at
an early stage of development, cultures were individually monitored, and embryo pellets were
obtained from very young adults (DG1856). As described elsewhere34, DS98 liquid cultures were
shifted to 25 oC for 2 hours when most of the worms just reached young adult stage. Hereafter,
liquid cultures were cooled to 15 oC, and the worms were allowed to grow for an additional 30 min.
Embryos were obtained by hypochlorite treatment of the adult worms. Embryo pellets were ground
2 times for 30 s at a frequency of 1500 min- in a Mikro-Dismembrator (Sartorius). Grounded
embryo pellets were lysed in lysisbuffer (containing 20 mM Tris-HCl pH 7.8, 250 mM NaCl,
1% Triton X-100, 0.5 mM EDTA, 1 mM b-mercaptoethanol, 100 µM GDP, 10 mM 1-naphthyl
phosphate monosodium salt monohydrate, 50 mM sodium fluoride, 10 mM sodium pyrophosphate
decahydrate, 100 μM sodium orthovanadate and protease inhibitors (Roche complete, Mini,
EDTA-free)) for 15 min at 4 oC. The lysate was cleared at 13,000 rpm for 15 min at 4 oC. IPs
were performed with 15 mg of total protein with 30 µl rabbit anti-GOA-1 antibodies (Millipore,
catalogue 07-634) crosslinked to 15 µl Sepharose protein A beads. Immunoprecipitations were
performed for 2 hours at 4 oC. The immunopurified proteins were eluted from the beads while
shaking at 37 oC, with 20 µl 2x Laemmli sample buffer without β-mercaptoethanol. After elution,
sample buffer was transferred to a new vial, 1 % β-mercaptoethanol was added, and samples
were run on a 10 % SDS polyacrylamide gel. Afterwards, the gel was fixed in 25 % isopropanol
with 10 % acetic acid, stained with Coomassie brilliant blue (Pageblue, Fermentas) for 1 h, and
destained in water.
For mass spectrometry analysis of immunopurified LIN-5 complexes, N2 animals were grown
in S-medium containing HB101 bacteria. Embryo pellets were obtained by hypochlorite treatment
of adult worms. Pellets were ground in liquid nitrogen and lysed by French press in lysisbuffer.
After clearance of the lysate at 13,000 rpm for 15 min at 4°C, IPs were performed with 15 mg
of total protein with 30 µl monoclonal LIN-5 antibodies (clone 18D10) crosslinked to 100 µl
Sepharose protein G beads. Immunoprecipitations were performed for 2 hours at 4 oC. The
immunopurified proteins were eluted from the beads while shaking at 37 oC, with 300 µl 2x
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Laemmli sample buffer without β-mercaptoethanol. The samples were dialysed against 1 mM
Tris at pH 9.0, 0.01 % SDS, and 1 mM β-mercaptoethanol. Samples were then concentrated by
cold-trap speed vacuum centrifugation, and run on a 10 % SDS polyacrylamide gel. Afterwards,
the gel was fixed in 25 % isopropanol with 10 % acetic acid, stained with Coomassie brilliant blue
(Pageblue, Fermentas) for 1 h, and destained in water.
In gel digestion
Gel bands were cut and processed for protein in-gel digestion as described elsewhere 51. Briefly,
proteins were reduced with dithiothreitol and then alkylated with iodoacetamide. Trypsin was
added at a concentration of 10 ng/μl and digested overnight at 37 °C. Subsequently, peptides
were collected from the supernatants and a second extraction using 10% formic acid was carried
out.
Mass spectrometry analysis
Nanoflow liquid chromatography with tandem mass spectrometry was carried out by coupling an
Agilent 1100 high-performance liquid chromatography system (Agilent Technologies) to an LTQOrbitrap XL mass spectrometer (Thermo Electron). Peptide samples were delivered to a trap
column (AquaTM C18, 5 μm (Phenomenex); 20 mm×100 μm inner diameter, packed in-house) at
5 μl min-1 in 100% solvent A (0.1 M acetic acid in water). Next, peptides were eluted from the trap
column onto an analytical column (ReproSil-Pur C18-AQ, 3 μm, Dr. Maisch GmbH; 40 cm×50 μm
inner diameter, packed in-house) at ~100 nl min-1 in a 90 min gradient from 0 to 40% solvent B
(0.1 M acetic acid in 8:2 (v/v) acetonitrile/water). The eluent was sprayed using distal coated
emitter tips butt-connected to the analytical column. The mass spectrometer was operated in
data-dependent mode, automatically switching between mass spectrometry and tandem mass
spectrometry. Full-scan mass spectrometry spectra (from m/z 300 to 1,500) were acquired in the
Orbitrap with a resolution of 60,000 at m/z 400 after accumulation to a target value of 500,000 in
the linear ion trap. The two or five most intense ions at a threshold above 5,000 were selected for
collision-induced fragmentation in the linear ion trap at a normalized collision energy of 35% after
accumulation to a target value of 10,000.
Data analysis
Peak lists were created from raw files with MaxQuant52. Peptide identification was carried out
with Mascot 2.3 (Matrix Science) against a C. elegans protein database (http://www.wormbase.
org) supplemented with all of the frequently observed contaminants in mass spectrometry (23,502
protein sequences in total). The following parameters were used: 10 ppm for precursor mass
tolerance, 0.6 Da for fragment ion tolerance and up to two missed cleavages were allowed.
Carbamidomethylation of cysteine was set as fixed modification whereas oxidation of methionine
was set as variable modification.
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Yeast two-hybrid screening
Yeast two-hybrid screens were performed following a mating approach53. Bait clones transformed
into the Y8930 yeast strain were grown overnight in YEPD medium and mixed with equal volumes
of yeast containing cDNA prey libraries and fragment prey libraries, which were described
elsewhere54. Yeast mixtures were spun down for 30 s at 5000 rpm, resuspended in 300 µl Milli-Q
(MQ), and plated on 9 cm YEPD plates. After incubation for 4 h at 30 oC, yeast was washed from
the plates and collected in a 2 ml tube. After another spin for 30 s at 5000 rpm, the cells were
resuspended in 600 µl MQ and divided over two 15 cm –leu –trp – his plates. To estimate the
number of screened diploids, a 1:10000 dilution on a –leu –trp plate was taken as a control. After
4 days of growth, resulting colonies were picked into 25 µl MQ and 5 µl was spotted on 2 –leu
–trp –his plates. Following 1 day of growth, one of the –leu –trp –his plates was replica-plated on
–leu –trp –his + 2mM 3-AT, -leu –trp –ade, and –leu –his + 1 µg/ml cycloheximide plates. Yeast
was allowed to grow for 2 days at 30 oC, except for the yeast plated on -leu –trp –ade, which was
held at room temperature. After elimination of potential autoactivators55, positive colonies were
picked into 100 µl MQ, and 5 µl was spotted on –leu –trp and YEPD plates. After sufficient
growth, spotted yeast colonies were lysed and PCR was performed for prey clones followed by
DNA sequence analysis. Only interactions found two or more times were taken into account.
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Supplemental figure 1. Cortical actin filaments inhibit anterior pulling force generation during
mitosis of the one-cell embryo. (A) Spindle elongation in permeabilized embryos either treated with
Cytochalasin D, or solvent only (control). Average values (± SD). (B) Time-lapse images of both
spindle poles from NEBD till late anaphase. In control embryos the posterior spindle pole flattens
at the end of anaphase (arrow). Note that the posterior spindle pole does not flatten in embryos
treated with Latrunculin A or Cytochalasin D (arrows).
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Supplemental figure 2. Actin inhibits anterior pulling force generation. (A) time-lapse series of a
mitotic spindle in a control embryo, in which the midzone spindle is severed at anaphase onset
(arrow). Note that the posterior spindle pole moves with a higher velocity than the anterior spindle
pole. (B, C) Kymographs of mitotic spindles from a control (B), and a cytochalasin D treated
embryo (C) after midzone severing. Kymographs are taken from a single longitudinal line across
the mitotic spindle. The spindle poles are visualized by GFP::TBB-2. Note that compared to control
embryos (B), in cytoshalasin D treated embryos (C), both spindle poles move with high velocities
after midzone ablation.
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is more prominent than GPA-16. (A) Maximum amplitudes of spindle pole oscillations during
anaphase. Average values (± SD). of the anterior and posterior spindle poles are shown for the
indicated embryos. (B) Cortical invaginations visualized FM 1-43FX in a control embryo treated with
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(± SD). See material and methods for details.

82

3

A
GOA-1

LIN-5

Merge
10 µm

N2

tcc-1(RNAi)

B					

C

Cortical GOA-1 enrichment

Cortical LIN-5 enrichment

120

120

100

100

80

%

80

%

60

60

40

40

20

20

0

1

N2

0

2

1

N2

tcc-1(RNAi)

2

tcc-1(RNAi)

Supplemental figure 4. Loss of TCC-1 in the embryo does not result in altered GOA-1 and LIN5 levels at the cortex. (A) Control and tcc-1(RNAi) embryos stained for GOA-1, LIN-5 and DNA
(DAPI). Note that GOA-1 and LIN-5 localization is similar at the plasma membrane in tcc-1(RNAi)
and control embryos (arrows and arrowheads). Quantification of cortical GOA-1 (B) and LIN-5 (C)
enrichment, measured at the contact between the AB and P2 cell. Average values (± SD).

83

84

Chapter 4.
Discs large acts with the ATPase ATAD-3 in actin-related processes
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Discs large was discovered as a Drosophila tumor suppressor gene that, when mutated, causes
extensive over-proliferation, and disrupts apical polarity and cell-cell contacts in imaginal disc
epithelia. Discs large also contributes to asymmetric cell divisions of Drosophila neuroblasts and
sensory organ precursor (SOP) cells, by linking microtubules to a cortical Gα–Pins complex.
Here, we examine whether dlg-1 Discs large contributes to asymmetric cell division in the early
C. elegans embryo. Indeed, RNAi of dlg-1 resulted in abnormal anterior-directed pronuclear migrations and interfered with cytokinesis of the one-cell embryo. We did not observe a physical
interaction with the Gα–GPR-1/2 (Pins)–LIN-5 (NuMA) spindle positioning pathway. However,
we detected robust DLG-1 protein association with the AAA ATPase ATAD-3. In vitro and in vivo
experiments revealed that this interaction relies on a short C-terminal motif of ATAD-3, which binds
to the second PDZ domain of DLG-1. Similar to loss of DLG-1, embryos with DLG-1 interactiondefective ATAD-3 showed defects in anterior-directed pronuclear migrations, abnormal actin
distribution, and defects in anterior-posterior polarity. These data reveal a novel DLG-1 protein
interaction partner and support contribution of DLG-1 and ATAD-3 in actin rearrangements during
polarity establishment in the early C. elegans embryo.

Introduction

The maintenance of stem cell populations and tissue architecture requires oriented cell divisions
in coordination with polarized transport of cellular organelles and constituents. Cell and tissue
polarity are critical in these processes and provide guidance cues for cellular movements and
oriented divisions1. During polarity establishment, extracellular and cell-intrinsic signals engage
the acto-myosin and microtubule cytoskeleton to create asymmetric localization of membrane
components and cortical protein complexes. Polarity, in turn, guides the asymmetric localization of
cell fate determinants and the position of the mitotic spindle. As the spindle apparatus determines
the plane of cell cleavage, its position determines the size, fate, and location of daughter cells.
Alignment of the spindle with the axis of polarity results in asymmetric cell division that produces
unequal daughter cells. In contrast, when the spindle orients perpendicular to the polarity axis, cell
division generates equal daughter cells and, for instance, allows cells to divide within the plane
of an epithelium. Thus, coordinated polarized movements of the spindle and cellular contents are
critical in the generation of cells in the required numbers, with the proper fates and at the correct
places.
The one-cell C. elegans embryo has long served as a model system in which to study polarity
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establishment, nuclear movements and spindle positioning during asymmetric cell division2. The C.
elegans oocyte is not polarized3; the point of sperm entry during fertilization defines the posterior4.
Hereto, the sperm nucleus and associated centrosome moves to the closest pole of the fertilized
egg. After duplication and maturation, a component of the paternal centrosomes counteracts
local contractions of cortical acto-myosin, which triggers movement of acto-myosin towards the
opposite pole5-7. These acto-myosin flows induce redistribution of PAR (partitioning defective)
proteins into two opposing cortical domains. The PDZ domain proteins PAR-3 and PAR-6 together
with PKC-3 (atypical Protein Kinase C) become localized to the anterior half of the embryo, while
the ring-finger protein PAR-2 and the PAR-1 MARK-family kinase occupy the posterior half8. This
anterior-posterior polarity guides the asymmetric distribution of cytoplasmic determinants as well
as posterior displacement of the spindle and cell cleavage plane during asymmetric division of the
zygote9-13.
Similar mechanisms are used in other systems, such as Drosophila neuroblasts that undergo
repeated rounds of asymmetric cell divisions14, 15. Homologues of the C. elegans anterior PAR
proteins define apical-basal polarity of neuroblasts and control the localization of cell fate
determinants and mitotic spindle. To position the spindle, PAR polarity controls a membraneassociated complex that consists of an alpha subunit (Gα) of heterotrimeric G proteins, a linker
protein (GPR-1/2 in C. elegans, Pins in Drosophila, and LGN in humans), and a coiled-coil protein
(C. elegans LIN-5, Drosophila Mud, or mammalian NuMA)2, 16, 17. In Drosophila and mammalian
epithelia, the Inscuteable protein is thought to connect PAR-3 to Pins/LGN to promote apical
enrichment of Gα–Pins/LGN– Mud/NuMA18-20. The latter complex likely recruits a dynein motor
complex to exert pulling forces at the plus ends of astral microtubules, to coordinate mitotic
spindle alignment with polarity21, 22.
Interestingly, neuroblasts also use a feedback mechanism from astral microtubules to the
cortex to align the spindle21, 23,-25. This mechanism uses the plus-end directed kinesin motor Khc73
to promote interaction between Discs large (Dlg) and Pins at the cortex26, 27. Thus, Pins is initially
enriched at the apical cortex through interactions with PAR-3 (Baz)/Inscutable and Gα, yet in
the absence of these partners, cortical Pins enrichment and spindle orientation still occurs in
anaphase through recruitment of Pins by Dlg/Khc7326. The contribution of Dlg in this process is
surprising, as Dlg was discovered as a Drosophila tumor suppressor gene with a cell junctionassociated function28, 29. Loss of Dlg disrupts the polarity of fly epithelia and causes substantial
over-proliferation of epithelial imaginal discs, resulting in tumors with malignant features29. C.
elegans DLG-1 Discs large also contributes to the integrity of apical junctions in epithelia30-34,
resembling the tumor suppressor function of Dlg. However, the role of Dlg in neuroblast spindle
positioning reflects an additional junction-independent function. Notably, human GAKIN, a kinesin
3 family member closely related to khc73, interacts with Dlg1 in epithelia and T lymphocytes35, 36.
Thus, it is possible that the khc73 kinesin and Pins-associated function of Dlg family members is
conserved in other animal systems.
Here, we explore junction-independent functions of DLG-1 in the early C. elegans embryo.
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Examination of dlg-1(RNAi) embryos revealed that DLG-1 contributes to anterior-directed
pronuclear migrations and cytokinesis. Instead of association with components of the C. elegans
spindle positioning machinery, we found that DLG-1 associates with ATAD-3, which belongs
to the family of ATPases associated with various cellular activities (AAA-ATPase)37. Originally,
ATAD3 was identified because of its increased expression in human head and neck squamous
cell carcinomas38. ATAD-3 localizes to mitochondria and is thought to form dimers or higherorder oligomers in the mitochondrial inner-membrane39-41. Various studies indicate that ATAD3 is
essential for normal mitochondrial function and network dynamics37, 41-44. In addition, ATAD3 might
take part in the contacts between mitochondria and the endoplasmic reticulum44. Our data support
that C. elegans ATAD-3 contributes to essential mitochondrial functions. In addition, removing the
DLG-1-interaction motif of ATAD-3 caused mislocalization of DLG-1 and resulted in embryonic
defects that resembled dlg-1 RNAi. Loss of the DLG-1/ATAD-3 interaction resulted in aberrant
actin localization, abnormal PAR protein distribution and compromised anterior-directed pronuclear
migrations. Our results demonstrate novel roles for DLG-1 and ATAD-3 in actin reorganization and
microtubule-mediated movements in the early C. elegans embryo.

Results
DLG-1 contributes to pronuclear migration, rotation, and cytokinesis in the early embryo
Given the role of discs large in asymmetric cell division in Drosophila, we asked whether similar
events occurring in the one-cell C. elegans embryo require DLG-1. Previous studies in C. elegans
have emphasized the importance of DLG-1 in apical junction organization and elongation during
later stages of embryogenesis30-32. In agreement with these studies, we noted that L4 larvae or
young adults treated with RNAi of dlg-1 produced embryos that arrest before or at the two-fold
stage (data not shown). However, we observed residual DLG-1 staining in such dlg-1(RNAi)
embryos (data not shown). We wondered whether the DLG-1 remaining in dlg-1(RNAi) embryos
might be sufficient for early embryonic development. Therefore, we adjusted the RNAi method
by starting feeding RNAi as early as the L1 stage. By reducing the length of the dlg-1 dsRNA
fragment or lowering the temperature at which the animals were grown (see materials and
Methods), dlg-1 L1 feeding RNAi allowed the formation of apparently healthy adults with normal
gonads. Such animals produced progeny with lethal defects as early as the one- and two-cell
stage. Most dramatically, 6 out of 54 embryos showed an increased number of nuclei and spindle
poles, as compared to 0 out of 47 control embryos. This indicated that dlg-1 might contribute to
cytokinesis or cell cycle progression in early embryos.
To assess the defects in dlg-1(RNAi) embryos in more detail, we recorded time-lapse images
by making use of microscopy with Nomarski optics. Sperm entry during fertilization determines
the future posterior end of the embryo, which is normally the end opposite to the maternal
pronucleus. The maternal pronucleus completes meiosis after fertilization, after which the two
pronuclei migrate to meet in the posterior. Most obvious during this process is the migration
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Figure 1. Most dlg-1(RNAi) embryos show defects in migration and rotation of pronuclei, and fail
to undergo cytokinesis. (A) Position of the male pronucleus at pronuclear meeting. Distance from
the posterior cortex to the male pronucleus as measured (the embryo in the left panel serves as
an example), and displayed for individual wild-type (N2) and dlg-1(RNAi) embryos (right panel). (B)
Angle of the mitotic spindle measured from nuclear envelope breakdown (NEBD) onwards in control
(N2) (upper panel) and dlg-1(RNAi) (lower panel) embryos. Each line represents an individual
embryo. (C) Images taken from DIC time-lapse recordings of control and dlg-1(RNAi) embryos.
Note that cytokinesis often fails in dlg-1(RNAi) embryos (last panel).

of the female pronucleus, which travels about ¾ of the egg length. At the same time, the male
pronucleus undergoes a more subtle migration towards the anterior, so that the male and female
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pronuclei meet in the posterior half of the fertilized egg. At pronuclear meeting in control embryos,
the paternal nucleus migrated approximately 15 % of the embryo length (Fig. 1A). However,
migration of the paternal pronucleus varied significantly in dlg-1(RNAi) embryos (Fig. 1A). In some
dlg-1(RNAi) embryos the paternal nucleus hardly moved away from the posterior pole, while in
other embryos, pronuclear meeting occurred near the center of the zygote.
Following pronuclear meeting, the pronuclei and associated centrosomes move towards the
center of the cell (centration) and undergo a rotation that positions the spindle in the long axis of
the embryo. However, in 2 out of 14 dlg-1(RNAi) embryos centration did not occur, and a mitotic
spindle formed at the position of pronuclear meeting (Fig. 1B, panel 2 and 3 of the bottom row).
Of the embryos that did show pronuclear meeting in the posterior and centration, the velocity
of anterior movement was frequently reduced compared to the wild type (Supplemental Fig. 1).
Furthermore, rotation of the adjoined pronuclei and spindle asters was also delayed. In control
embryos, centration/rotation movements are completed before nuclear envelope breakdown
(NEBD), and a mitotic spindle forms along the anterior-posterior axis (Fig. 1C, top). However, in
part of the dlg-1(RNAi) embryos the spindle was not aligned along this axis at NEBD (Fig. 1C). In
addition to defects in pronuclear migration and rotation, 5 out of 18 recorded dlg-1(RNAi) embryos
failed to undergo cytokinesis at the end of the first mitotic cell cycle (Fig. 1B). We conclude that
DLG-1 contributes to normal pronuclear migration, centration, rotation, and cytokinesis. Together,
these data indicate that C. elegans DLG-1 is involved in cellular processes other than apical
junction formation and function.
DLG-1 interacts with ATAD-3
The defects in microtubule-dependent pronuclear migrations and spindle positioning are
reminiscent of the junction-independent role of Drosophila Discs large (Dlg) in spindle positioning.
Dlg interacts physically and genetically with the GPR-1/2 homolog Pins during spindle positioning
in asymmetric cell divisions45, 46. GPR-1/2 is required for spindle positioning and contributes a
spindle aster signal for cytokinetic furrow positioning in C. elegans47, 48. Moreover, C. elegans
DLG-1 was found to interact with the GPR-1/2 partner LIN-5 in a yeast two-hybrid screen49.
These observations suggested conservation of a Dlg/Pins pathway in C. elegans. However,
immunoprecipitation from embryonic protein lysates followed by western blotting did not reveal
association between DLG-1 and LIN-5 or GPR-1/2 in vivo (see addendum: “Spindle positioning in
the C. elegans embryo does not appear to involve a Pins-Dlg related polarity pathway”).
In order to identify protein partners of DLG-1 in an unbiased manner, we analyzed proteins
bound to DLG-1 immunopurified from C. elegans embryos by mass spectrometry. Antibodies
directed against GFP immunoprecipitated DLG-1 specifically from embryonic lysates from a DLG1::GFP expressing strain (851 DLG-1 peptides versus 11 peptides in an N2 lysate; in a separate
experiment, 1090 compared to 92 peptides). After purification, DLG-1::GFP was readily detectible
on Coomassie stained gels (Fig. 2A, lane 2). Interestingly, we observed a protein band with
comparable intensity as DLG-1::GFP, which migrated around 70 kDa that was specifically found
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Figure 2. DLG-1 interacts with ATAD-3. (A) Coomassie stained SDS-PAGE gel showing GFP
immunoprecipitations from N2 and DLG-1::GFP embryo lysates. The two intense protein bands
at approximately 130 and 65 kDa in the right lane were identified as DLG-1 and ATAD-3. (B)
Detection of DLG-1 and ATAD-3, following immunoprecipitation and western blotting. The panels
on the left show input signals of DLG-1 and ATAD-3 in corresponding control (GFP RNAi), dlg1(RNAi), and atad-3(RNAi) embryo lysates. The middle and right panels show DLG-1 and ATAD-3
immunoprecipitations in corresponding lysates.

in DLG-1::GFP immunoprecipitations (Fig. 2A, lane 2). Mass spectrometry analysis of this protein
revealed peptides of ATAD-3 (661 compared to 6 peptides in the N2 control immunoprecipitation;
in another experiment 484 versus 49 peptides). Following immunoprecipitation with anti-PSD95
antibodies, which recognize C. elegans DLG-131, 436 DLG-1 peptides were identified, compared
to 14 DLG-1 peptides when non-specific control antibodies were used. In the latter experiment,
59 ATAD-3 peptides were found, versus 22 in the control. Furthermore, DLG-1 used as a bait in
a yeast two-hybrid (Y2H) screen also revealed an interaction with ATAD-350, suggesting a direct
interaction between DLG-1 and ATAD-3.
We performed additional immunoprecipitation/western blotting experiments to verify this
interaction. Immunoprecipitation of ATAD-3 from embryo lysates revealed DLG-1 at a level that
was comparable to that observed after DLG-1 immunoprecipitation (Fig. 2B, compare lane 7 and
4). This, and the amount of ATAD-3 that co-immunoprecipitated with DLG-1 in the DLG-1::GFP
strain (Fig. 2A), suggests that a major fraction of DLG-1 interacts with ATAD-3 in the embryo. Vice
versa, only a small amount of ATAD-3 was co-immunoprecipitated with the anti-DLG-1 antibodies
(Fig. 2B, lane 4). Together, these data indicate that ATAD-3 is much more abundant in the embryo
than DLG-1, and that only a sub-fraction of ATAD-3 interacts with DLG-1. We conclude that DLG1 physically interacts with ATAD-3 in the C. elegans embryo, most likely via direct association.
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Figure 3. ATAD-3 localizes to mitochondria and contributes to normal DLG-1 localization in the
early C. elegans embryo. (A) One-cell embryo in which mitochondria are labeled with Mitotracker
Red CMXRos and immunostained for ATAD-3. The left panel shows a merged image. (B) Wild-type
(N2), dlg-1(RNAi), and atad-3(RNAi) embryos stained for DLG-1, ATAD-3, and DNA (DAPI). Note
the staining of DLG-1 at the perinuclear/centrosomal region in atad-3(RNAi) embryos (arrowhead).
(C) N2 and drp-1(RNAi) four-cell stage embryos labeled with Mitotracker Red CMXRos, and stained
for DLG-1, and DAPI for DNA. Mitochondria appear to be clustered in the drp-1(RNAi) embryo
(arrow). Note that DLG-1 staining is partly co-distributed towards these clusters (arrowhead).

ATAD-3 is required for correct DLG-1 localization
As a first step in exploring a functional interaction between DLG-1 and ATAD-3, we examined
whether DLG-1 and ATAD-3 show overlapping localizations in the early C. elegans embryo. In
agreement with previous studies on ATAD-3 and its mammalian homolog37, 42, ATAD-3 staining
overlapped with that of mitochondria (Fig. 3A). Immunostaining of DLG-1 visualized apical
junctions in the epithelia of late stage embryos30. In the early embryo, we observed DLG-1
staining throughout the cytoplasm, together with staining along the plasma membrane (Fig. 3B).
This staining largely disappeared following RNAi of dlg-1, showing that the antibody staining
is at least partly specific for DLG-1. However, the DLG-1 staining showed limited overlap with
ATAD-3, suggesting that interaction between DLG-1/ATAD-3 occurs outside the mitochondria. To
further address this issue, we manipulated the distribution of mitochondria. In C. elegans, fission
of mitochondria is regulated by the dynamin-related protein DRP-151. Mitotracker staining showed
that mitochondria become markedly clustered in drp-1(RNAi) embryos (Fig. 3C). Interestingly,
the normal more uniform distribution of DLG-1 also became partly re-distributed to the vicinity of
these mitochondrial clusters after drp-1 RNAi. This suggests that DLG-1 localization is at least
in part associated with mitochondria. Next, we asked whether DLG-1 and ATAD-3 localizations
depend on one another. We observed no obvious changes in ATAD-3 localization after dlg-1
depletion (Fig. 3B). However, in atad-3(RNAi) embryos we noticed that DLG-1 staining became
concentrated around the nuclear envelope and area of the centrosomes/microtubule asters.
These results suggest that DLG-1 interacts with ATAD-3 in the proximity of mitochondria, and that
ATAD-3 is needed for normal DLG-1 distribution.
Loss of ATAD-3 leads to pleiotropic defects in the early embryo
We examined whether loss of atad-3 results in early embryonic abnormalities that overlap
with those in dlg-1(RNAi) embryos. Hereto, we followed atad-3(RNAi) embryos with time-lapse
microscopy and Nomarski optics. RNAi knockdown of atad-3 caused severe abnormalities in the
early embryo. Most atad-3(RNAi) embryos appeared to be delayed in their progression through
early embryogenesis (6/9) (Fig. 4A). Shortly after fertilization of normal embryos, cortical ruffles
appear that reflect contractions of the acto-myosin meshwork. These contractions become
asymmetric during polarity establishment, leading to anterior enrichment of actin and NMY-2
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Figure 4. atad-3(RNAi) embryos display multiple defects. (A) atad-3(RNAi) embryos often progress
slowly through early embryogenesis. In addition, atad-3(RNAi) embryos display aberrant ruffles that
persist for a prolonged time. Note that in atad-3(RNAi) embryos centration often fails (arrowhead),
after which a spindle is set up in the posterior half, instead of in the middle of the embryo. (B)
Normal (N2) and atad-3(RNAi) embryos stained for ATAD-3, actin, and DNA. Second row: note
abnormal meiosis in the centre of the embryo (arrowhead), instead of the anterior polar end of the
embryo. Bottom two rows: atad-3(RNAi) embryos display an increased number of smaller sized
nuclei (arrows). (C) Control (N2) and atad-3(RNAi) embryos expressing NMY-2::GFP are labeled
with Mitotracker Red CMXRos and stained for GFP. Images are shown from the middle (DNAplane) and top (cortical plane) of the embryo. In control embryos, NMY-2::GFP foci are present
in the anterior, and mitochondria are enriched in the posterior. In atad-3(RNAi) embryos NMY2::GFP foci are largely absent, and mitochondria appear fragmented with no apparent asymmetric
distribution. (D) PAR-6::GFP embryos stained for GFP and DNA (DAPI). In control embryos PAR6::GFP localizes at the anterior (arrow, upper panels). In atad-3(RNAi) embryos PAR-6::GFP is
localized along the entire cortex (lower panels).
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non-muscle myosin7. Part of the atad-3(RNAi) embryos lacked cortical ruffling at this stage (2/9),
while others showed persistent ruffles (3/9) (Fig. 4A). Furthermore, while the two pronuclei migrate
towards the middle of the embryo during centration in control embryos, some atad-3(RNAi)
embryos (2/9) did not complete centration. Immunostaining of atad-3(RNAi) embryos revealed
meiosis with abnormally positioned spindles, and extra or abnormally shaped nuclei (Fig. 4B). The
abnormal nuclei may result from reduced nuclear integrity or aberrant chromosome segregation
during meiosis and mitosis. We conclude that atad-3 loss of function leads to a variety of defects
in the early embryo.
Loss of mammalian ATAD3A leads to fragmentation of mitochondria, mediated by the
mitochondrial fission machinery41, 44. We asked whether loss of ATAD-3 also changes the
mitochondrial appearance in early C. elegans embryos. As observed previously52, we noticed
that the mitochondrial distribution in the one-cell embryo is highly dynamic during polarity
establishment (Supplemental Fig. 1). Shortly after fertilization, mitochondria redistribute from a
uniform to an asymmetric arrangement. This redistribution coincides with cortical and cytoplasmic
flows during polarity establishment, and leads to a prominent displacement of mitochondria away
from the anterior membrane at the moment of pseudocleavage52 (Fig. 4C, and Supplemental Fig.
2). Mitochondria in atad-3(RNAi) embryos appeared more diffuse and fragmented (Fig. 4C). This
is in agreement with observations in previous studies41, 42, 44 and indicates that ATAD-3 promotes
mitochondrial fusion or counteracts fission. Moreover, mitochondria also became symmetrically
dispersed throughout the embryo (Fig. 4C). Thus ATAD-3 is required for the normal morphology
and asymmetric distribution of mitochondria in the one-cell embryo.
Defects in mitochondrial distribution and pronuclear centration in atad-3(RNAi) embryos could
result from defects in acto-myosin contractility6, 52-54. To test this possibility, we examined the
presence and localization of NMY-2::GFP foci. Normal embryos contain anteriorly enriched actin
and NMY-2 foci at the time of pronuclear migration (Fig. 4B, 4C). However, such foci were almost
completely absent in atad-3(RNAi) embryos, and NMY-2::GFP did not accumulate in the anterior
(Fig. 4C). Anterior accumulation of acto-myosin coincides with establishment of anterior-posterior
polarity in the one-cell embryo, which includes anterior accumulation of the PAR-3 and PAR-6
PDZ-domain proteins55. Indeed, atad-3(RNAi) embryos failed to localize PAR-6::GFP, indicating
that they do not establish normal polarity (Fig. 4D). Instead, PAR-6::GFP remained localized over
the entire cell periphery in atad-3(RNAi) embryos. We conclude that ATAD-3 is required for the
anterior accumulation of acto-myosin and establishment of anterior-posterior polarity.
NMY-2 is an actin-based motor protein, which requires ATP for its function. Cellular ATP is
produced via glycolysis in the cytosol, and through oxidative phosphorylation in mitochondria. To
examine whether the lack of NMY-2::GFP foci in atad-3(RNAi) embryos might result from reduced
mitochondrial ATP production, we examined atp-2(RNAi) embryos. ATP-2 is an ATP synthase
subunit that is required for mitochondrial ATP production in C. elegans56. Similar to loss of ATAD-3,
NMY-2::GFP foci were almost completely absent in atp-2(RNAi) embryos (Supplemental Fig. 3). It
has been previously reported that RNAi of genes essential for mitochondrial ATP production slows
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the pace of events in the one-cell embryo57. The overlap in phenotype (Fig. 4A) indicates that
atad-3(RNAi) embryos are defective in mitochondrial ATP production. As mentioned previously,
atad-3(RNAi) embryos displayed fragmented mitochondria. To test if mitochondrial fission or
fusion interferes with the formation of NMY-2::GFP foci, we examined the formation of these foci
in drp-1(RNAi) and fzo-1(RNAi) embryos. DRP-1 is required for mitochondrial fission, and the
mitofusin FZO-1 is a key regulator of mitochondrial fusion51, 58. Even though the mitochondrial
morphology was severely affected in drp-1(RNAi) and fzo-1(RNAi) embryos, NMY-2::GFP foci
were still formed (Supplemental Fig. 3). Moreover, apparently normal asymmetries in NMY-2::GFP
and mitochondrial distribution were observed in these embryos. These results show that proper
regulated mitochondrial fusion and fission are not essential for the formation of NMY-2 foci and
the establishment of polarity. We conclude that loss of ATAD-3 leads to pleiotropic defects in the
early embryo, which includes aberrant regulation of the acto-myosin cytoskeleton and PAR protein
distribution, abnormally positioned meiosis, aneuploidy, fragmented mitochondria, and incorrect
distribution of mitochondria. Taken together, the defects observed in atad-3(RNAi) embryos
probably result at least in part from reduced mitochondrial ATP production. This is in agreement
with a previous study of C. elegans ATAD-342.
Animals homozygous for the atad-3(ok3093) mutation, a presumed null allele, developed until
the L2-L3 stage (Fig. 5C). Gonadal development in atad-3(ok3093) animals appears to arrest in
the L2 stage, while their body-size corresponds to L3 stage larvae (n=19). Examination of ventral
cord precursor cells showed that all cell divisions of the L1 stage were completed in the observed
mutant larvae (n=18). However, vulval induction, which normally occurs during the L3 stage did
not take place in atad-3(ok3093) mutants (n=20). A similar arrest phenotype has been observed
in mutants that are deficient in respiratory chain activity56. Overall, the similarities between the
defects observed after loss of atad-3 and those observed in embryos and larvae with defects in
oxidative phosphorylation indicate that the ATAD-3 AAA ATPase is required for mitochondrial ATP
production.
The second PDZ domain of DLG-1 interacts with a C-terminal motif of ATAD-3
In contrast to ATAD-3, previous reports have not implicated DLG-1 in mitochondrial functions. To
further probe if the DLG-1/ATAD-3 interaction has a physiological function, we first focused on
the interaction domains. As described above, we identified ATAD-3 as an interactor of DLG-1 in
Y2H experiments. This suggests direct binding of ATAD-3 to DLG-1, although the possibility of
an intermediate yeast protein cannot be excluded. DLG-1 contains three PDZ domains, which
are known to function as protein interaction modules. In general, PDZ domains bind to short
C-terminal motifs in interacting proteins. We noted that the last four amino acids of ATAD-3,
ETAV, satisfy a consensus for PDZ domain binding59. Y2H experiments with fragments of DLG-1
revealed that ATAD-3 binds to the second PDZ domain of DLG-1 (Fig. 5A). In support of a PDZdomain interaction, removal of the last four amino acids of ATAD-3 rendered ATAD-3 incapable
of binding to DLG-1 (Fig. 5A). This indicates that ATAD-3 binds with its C-terminal ETAV motif to
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Figure 5. DLG-1 interacts with the C-terminal ETAV motif of ATAD-3. (A) ATAD-3 interacts with
DLG-1 in yeast two-hybrid experiments. This interaction depends on the C-terminal ETAV motif
of ATAD-3 and the second PDZ domain of DLG-1. Note that ATAD-3 fragments lacking this
C-terminal ETAV motif fail to interact with DLG-1 PDZ domains. A fragment containing PDZ 1-3
domains from Drosophila Bazooka was used as a negative control. (n.d. = not determined) (B)
Immunoprecipitation/western blotting experiment shows that, in vivo, the DLG-1/ATAD-3 interaction
requires the C-terminal ETAV motif of ATAD-3. Lanes on the left show input signals of DLG-1 and
ATAD-3. The lanes on the right show immunoprecipitations in corresponding lysates. (C) Terminal
phenotype of heterozygous and homozygous atad-3(ok3093) animals, and ATAD-3FL and ATAD3DETAV worms are shown. (D) Progeny size and (E) embryonic lethality at 15 oC and 25 oC for the
indicated genotypes (N2 (n=5), ATAD-1FL(n=10) and ATAD-3DETAV(n=50 at 15 oC, and n=10 at 25
o
C)).
97

4

the second PDZ domain of DLG-1.
In order to investigate the in vivo relevance of the DLG-1/ATAD-3 interaction, we generated
strains expressing full length ATAD-3, or ATAD-3 lacking the C-terminal four amino acids. We
applied the MosSCI technique to insert single copy transgenes in chromosome IV. Next, these
animals were crossed with the atad-3(ok3093) strain, in order to obtain animals homozygous
for the single copy transgenes with a homozygous atad-3 null mutation (hereafter referred to as
ATAD-3FL, and ATAD∆ETAV animals). These animals were viable, and developed until adulthood
without any obvious defects in growth (Fig. 5C). Western blotting analysis showed that ATADFL and
ATAD-3∆ETAV are expressed at similar levels (Fig. 5B, lanes 1-3). However, transgene expression
of full length and truncated ATAD-3 in the null mutant background was somewhat lower than
endogenous ATAD-3 in wild-type animals (Fig. 5B). Consistent with this, a somewhat smaller
fraction of ATAD-3FL in embryo lysates interacted with DLG-1 (Fig. 5B). However, truncation of the
C-terminal ETAV motif of ATAD-3 completely prevented DLG-1 interaction in vivo (Fig. 5B). The
development of ATAD-3∆ETAV animals to adulthood indicates that the DLG-1/ATAD-3 interaction
is not required for wild-type mitochondrial ATP production and larval development. However,
we did observe sterility and embryonic lethality predominantly in ATAD-3∆ETAV worms (Fig. 5D
and E). Importantly, while the ATAD-3FL and ATAD-3∆ETAV protein levels did not depend on the
temperature (Supplemental Fig. 4), both the sterility and embryonic lethality were temperature
dependent. At 15oC, ATAD-3∆ETAV animals produced hardly any offspring. These data show that
the C-terminal ETAV motif of ATAD-3, which mediates DLG-1 interaction, is important for fertility
and embryonic development.
Loss of DLG-1/ATAD-3 interaction leads to defects in pronuclear meeting and centration
As the RNAi experiments indicated a contribution of ATAD-3 in DLG-1 localization, we examined
whether DLG-1 localization depends on direct interaction with ATAD-3. For this purpose, we
compared ATAD-3FL and ATAD-3∆ETAV embryos stained with DLG-1 or ATAD-3 antibodies (Fig.
6A). ATAD-3FL embryos displayed DLG-1 and ATAD-3 staining that was similar to N2 embryos.
However, in ATAD-3∆ETAV embryos, DLG-1 was highly enriched at the nuclear periphery.
Furthermore, compared to control embryos, DLG-1 staining was more pronounced at cell
boundaries. These data strongly support that direct interaction with ATAD-3 is required to correctly
localize DLG-1 in the early C. elegans embryo.
While ATAD-3 has essential functions, the DLG-1/ATAD-3 interaction does not appear critical
for growth and development. We examined whether disruption of the ATAD-3/DLG-1 interaction
causes specific defects in the early embryo, by following ATAD-3FL and ATAD-3∆ETAV embryos
during the first mitotic cycle with time-lapse microscopy. ATAD-3FL embryos showed normal
pronuclear appearance, migration and meeting of the two pronuclei. However, in some ATAD3∆ETAV embryos the paternal pronucleus failed to migrate prior to pronuclear meeting (Fig. 6B).
Furthermore, the two adjoined pronuclei often migrated with a reduced speed during centration in
ATAD-3∆ETAV embryos, as compared to normal embryos (Fig. 6C). Even though centration takes
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Figure 6. Loss of DLG-1/ATAD-3 interaction leads to compromised pronuclear migrations. (A)
ATAD-3FL, ATAD-3DETAV, and ATAD-3DETAV/dlg-1(RNAi) embryos stained for ATAD-3 and DLG-1.
Note the enriched plasma membrane (arrow) and perinuclear staining of DLG-1 in ATAD-3DETAV
embryos (arrowhead). (B) Position of the male pronucleus at pronuclear meeting. Distance from
the posterior cortex to the male pronucleus is measured, and displayed as single measurements
for individual N2, ATAD-3FL, and ATAD-3DETAV embryos. (C) Velocity of pronuclei after pronuclear
meeting. Average velocity of the pronuclei during the first 150 seconds from pronuclear meeting
onwards is displayed as single measurements for individual N2, ATAD-3FL, and ATAD-3DETAV
embryos.

longer in these ATAD-3∆ETAV embryos, the time between NEBD and completion of cytokinesis was
not noticeably altered (Supplemental Fig. 5). This latter observation confirms that absence of the
DLG-1/ATAD-3 interaction does not lead to a general ATP restriction. Thus, embryos that express
a DLG-1 interaction-deficient form of ATAD-3 show specific defects in pronuclear meeting and
centration that resemble dlg-1(RNAi) embryos.
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Figure 7. Embryos that lack the DLG-1/ATAD-3 interaction often show compromised polarity in
the one-cell embryo. (A) ATAD-3FL, ATAD-3DETAV, and dlg-1(RNAi) embryos stained for actin. The
anterior cortical actin domain is enlarged in the majority of ATAD-3DETAV embryos (arrows). (B)
ATAD-3FL and ATAD-3DETAV embryos stained for PAR-3. Note that in ATAD-3DETAV embryos, the
anterior PAR-3 domain is often abnormal (in the middle embryo), and skewed (in the bottom
embryo) (arrows).

Loss of DLG-1/ATAD-3 interaction leads to defects in polarity establishment
Since DLG-1 and ATAD-3 contribute to anterior-directed pronuclear movements, we examined the
acto-myosin and PAR protein distribution in one-cell embryos that lack this protein interaction. In
ATAD-3FL embryos, actin was enriched at the anterior during pronuclear migration and during later
stages of mitosis (Fig. 7A). Anterior enrichment of cortical actin was also observed In ATAD-3∆ETAV
embryos, but the size of these domains differed compared to what was observed in wild-type and
ATAD-3FL embryos. Apparently, in a majority of ATAD-3∆ETAV embryos, anterior accumulation of
actin failed to occur (Fig. 7A). A similar observation was made in certain dlg-1(RNAi) embryos,
wherein the actin domain appeared to be enlarged or had a skewed axis (Fig. 7A). Furthermore,
PAR-3 protein staining in ATAD-3∆ETAV embryos revealed that the anterior cortical PAR-3 domain
was often decreased when compared to ATAD-3FL and normal embryos (Fig. 7B). In addition, in
some ATAD-3∆ETAV embryos, the PAR-3 domain was skewed (Fig. 7B). Because of the similarity
in dlg-1(RNAi) and ATAD-3∆ETAV phenotypes, we conclude that the DLG-1/ATAD-3 interaction is
required for reliable polarized distribution of the acto-myosin cytoskeleton and proper PAR protein
localization in the early C. elegans embryo.
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Discussion

In this study, we demonstrate for the first time that the Discs large-related protein DLG-1 contributes
to asymmetric cell division in the C. elegans one-cell embryo. The mechanisms involved appear
to be distinct from previously identified functions of the Discs large family of MAGUK proteins
(membrane-associated guanylate kinase homologs). Drosophila Discs large was initially found
to be required for the formation and maintenance of cell junctions, apical-basal polarity and
proliferation control in epithelia28, 29. Recent studies added additional roles for Dlg in the asymmetric
division of Drosophila neuroblasts and sensory organ precursor cells26, 45. In these latter functions,
Dlg acts in association with the GPR-1/2 homolog Pins and microtubule plus-end directed kinesin
Khc73 to coordinate cortical polarity with spindle positioning in metaphase21, 46. This Pins/Dlg/
Khc73 complex acts in parallel to an Inscutable/Pins pathway that recruits the LIN-5 homolog
Mud and a dynein motor complex21, 60. Our mass spectrometry analysis of immunopurified DLG1 did not provide evidence in support of a DLG-1/GPR-1/2 pathway in C. elegans. Rather, we
detected a prominent interaction between DLG-1 and the evolutionarily conserved AAA ATPase
ATAD-3. This ATPase and its homologs in other species (ATAD3A, ATAD3B) were described
as mitochondrial proteins with roles in tumor progression37, 41-44. The data presented support
that ATAD-3 is essential for normal mitochondrial processes in C. elegans, but also indicate an
additional function for ATAD-3 in association with DLG-1.
Several lines of evidence support a functional interaction between DLG-1 and ATAD-3.
Immunopurification followed by Coomassie staining, western blotting and mass spectrometry
all indicated that a substantial fraction of DLG-1 associates with ATAD-3, while only a small
subfraction of ATAD-3 is in complex with DLG-1. Experiments in yeast as well as C. elegans
embryos demonstrate that the second PDZ domain of DLG-1 interacts with the ATAD-3 C-terminal
residues, which satisfy the requirements for a PDZ binding motif61. Animals that express a
truncated form of ATAD-3 that lacks this motif showed embryonic lethality and mislocalization
of DLG-1, without signs of general mitochondrial failure. Importantly, such ATAD-3∆ETAV embryos
show highly specific defects that were also observed in dlg-1(RNAi) embryos. This includes
abnormal polarization of the early embryo, reduced migration of the paternal pronucleus and slow
centration. As the simplest interpretation of these data, interaction with the ATAD-3 AAA ATPase
may promote the proper subcellular localization or protein folding of DLG-1, which in turn may
contribute to the correct functioning of the actin- and microtubule cytoskeleton.
ATAD-3 contains a putative transmembrane domain and has been reported to be inserted into
the inner membrane of mitochondria, with its C-terminus located in the matrix and the N-terminus
facing the cytosol39-41. Given the specific binding of DLG-1 to the C-terminal end of ATAD-3,
the DLG-1/ATAD-3 interaction should either occur in the matrix of mitochondria, or involve a
subpopulation of ATAD-3 that is not present in the mitochondria. We observed only limited overlap
in DLG-1 localization with ATAD-3 or mitochondria, suggesting that the interaction between DLG-1
and ATAD-3 occurs outside of mitochondria. However, the fact that drp-1 RNAi caused clustering
of mitochondria as well as DLG-1, indicates that DLG-1 might be associated with mitochondria.
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In agreement, a study that focused on the C. elegans mitochondrial proteome found ATAD-3
(F54B3.3) as well as DLG-1 peptides in fractions that contained purified mitochondria62. Notably,
membrane-associated organelles (ER, lysosome peroxisome, plasma membrane and vesicles)
are a major source of contamination of mitochondrial preparations in this and other studies.
Together, we expect that DLG-1 and ATAD-3 do not interact within mitochondria, but possibly at
the surface of intracellular membranes associated with mitochondria.
Results from several studies support that mammalian ATAD3A does not reside exclusively in
mitochondria44, 63, 64. Most mitochondrial proteins are encoded by nuclear genes and are posttranslationally imported into mitochondria65. In general, translocation into mitochondria is mediated
through recognition of a mitochondrial targeting sequence. Nevertheless, a substantial number of
mitochondrial proteins are dually localized66. In particular, proteins that have a less well-defined
mitochondrial targeting sequence are more likely to be found at multiple sub-cellular locations.
ATAD-3 has no recognizable mitochondrial targeting sequence and has been found in the plasmamembrane in certain cancer cells64, and in the mitochondria-associated ER membrane (MAM)
fraction44. In fact, ATAD3A in the MAM has been implicated in transport from the ER to the
mitochondria44, 63. The EF-hand calcium binding protein S100B binds newly synthesized ATAD3A
in the cytoplasm, and this interaction is thought to help folding and translocation of ATAD3A67.
Similarly, DLG-1 could interact with ATAD-3 to assist in the processing of newly translated ATAD3 prior to translocation. However, our data fit better with the reverse model, in which ATAD-3
promotes the localization or folding of DLG-1, or in which the two proteins act in a complex.
The processes affected by the ATAD-3∆ETAV mutation and dlg-1 RNAi depend on the concerted
activities of the actin and microtubule cytoskeleton57. Acto-myosin contraction and microtubuledependent PAR-2 localization trigger anterior-posterior polarity establishment68. In turn, abnormal
polarity affects pronuclear migration and centration, mediated by dynein as well as NMY-2 myosin
motors16, 54, 69. DLG-1 has been described to contribute to actin organization in epithelia during
larval development31, and to cooperate with WAVE/SCAR and Arp2/3 in the regulation of apical
actin enrichment during intestinal morphogenesis70. Similar to DLG-1/ATAD-3 disruption, embryos
that are depleted of WAVE/SCAR and Arp2/3 complex components display defects in actomyosin distribution, PAR-2 localization and anterior-directed pronuclear movements69. These
earlier observations and the first defects in dlg-1(RNAi) embryos point to a role of DLG-1 in
actin organization, with possible subsequent effects in PAR protein distribution and pronuclear
migrations.
Several studies in other systems have implicated Discs large family members in actin
reorganization71, 72. The formation of an immune synapse after T cell receptor activation in
humans involves actin reorganization and coincides with formation of a protein complex that
contains Dlg1 as well as the WASP branched actin nucleator72. Actin reorganization during polarity
establishment and cytokinesis use the same regulators2. Interestingly, we observed an important
contribution of DLG-1 in cytokinesis, and human Dlg has also been implicated in cytokinesis73.
Cytokinesis defects were not observed in ATAD-3∆ETAV embryos, indicating that DLG-1 promotes
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cytokinesis independent of ATAD-3 interaction. Vice versa, ATAD-3 promotes mitochondrial
dynamics and ATP production presumably independent of DLG-1. ATP levels also appeared
critical for acto-myosin contractions and reorganization. Anterior-directed acto-myosin flows during
polarity establishment cause a redistribution of mitochondria away from the anterior cortex52. In
turn, the mitochondrial distribution could locally influence NMY-2 myosin activity through reduced
ATP production in the anterior towards the end of the polarity establishment phase. In addition,
mitochondria regulate calcium levels, which also regulate myosin activity74, 75. Thus, the localization
of DLG-1 and mitochondria may be coordinated to control acto-myosin organization.
Interestingly, local production of ATP by mitochondria is required for myosin activity at the lagging
end (uropod) in migrating T-lymphocytes76. Human Dlg1 has also been observed in the uropod of
migrating T cells77, while binding to antigen-presenting cells triggers cytoskeletal reorganization
and recruitment of Dlg1 to the immune synapse36. Taken together, data from other studies also
support a role of Dlg in actin reorganization, which indicates that some junction-independent
interactions by which Dlg is localized to different subcellular regions, and the role of Dlg to
accomplish local actin rearrangements, are conserved throughout evolution.

Materials and methods
C. elegans strains and culture
Strains were cultured on NGM plates, seeded with E. coli OP50 bacteria. Animals were grown at
20 oC, unless stated otherwise. Strains used were: N2 (wild-type), JJ1473 (zuIs45[nmy-2::NMY2::GFP + unc-119(+)] V), FT17 (xnIs3[par-6::PAR-6::GFP + unc-119(+)]), FZ223 (dlg-1::GFP),
VC2383 (atad-3(ok3093)/mIn1[mIs14 dpy-10(e128)] II), SV1311 (atad-3(ok3093) II; hels97[atad3::ATAD-3 +cb unc-119] IV) (referred to as ATAD-3FL), SV1312 (atad-3(ok3093) II; hels98[atad3::ATAD-3-ETAV +cb unc-119] IV) (referred to as ATAD-3∆ETAV). SV 1311, and SV1312 were
constructed by single copy transgene insertion, making use of the MosSCI technique, followed by
crosses with VC2383. Both SV1311, and SV1312 may contain unc-119(ed3)III.
Molecular cloning
For characterization of the DLG-1/ATAD-3 interaction in the yeast two-hybrid analysis, different
fragments of the DLG-1 domains, described elsewere78 were PCR amplified using Pfu polymerase.
Baz PDZ 1-3 (amino acids 321-736) was a gift from A. Ramrath (CMPB, Georg-August University
Göttingen, Germany). These DNA fragments were cloned in frame with the Gal4 DNA binding
domain (DB) into vector pGBKT7 (Clontech). C-terminal ATAD-3 fragments (last 216 amino acids),
either with or without the last four amino acids (ETAV) were PCR amplified using pfu polymerase,
and cloned in frame with the Gal4 activation domain (AD) in vector pACT2 (Clontech). For
MosSCI integration of atad-3 constructs on chromosome IV, we generated Patad-3::atad-3::atad-3
3’UTR, and Patad-3::atad-3-ETAV::atad-3 3UTR, and cloned these into the pCFJ1178 vector (a
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gift from E. Jorgensen, HHMI, University of Utah, USA). For Patad-3 we used a 1050 bp 5’ region
of atad-3. As a 3’ UTR we used a 300 bp flanking region of atad-3. Patad-3::atad-3-ETAV::atad-3
3’UTR lacked 12 bp at the 3’-end of the coding region.
RNA mediated interference
For knockdown of dlg-1 in early embryos, we allowed adults to lay eggs for 24 hours onto dlg-1
RNAi feeding plates. Adults from the next generation were splayed to obtain dlg-1(RNAi) embryos
for immunostaining and time-lapse microscopy. A full length fragment of the open reading frame
of dlg-179, and two non-overlapping fragments of approximately 750 bp length were used. Flanking
sequences for one of these two fragments were 5’-GTTATCGATGATCATGGTCGTAAA-3’, and
5’-ACGATTTCCAGTGTTTTTGAGA-3’. For the other fragment, the flanking sequences were
5’-GAACGACTTCGTCGGAAGCAAGTC-3’, and 5’- ATTTGAGATTTCTTGCGTGAA-3’. To obtain
atad-3(RNAi), drp-1(RNAi), fzo-1(RNAi), and atp-2(RNAi) embryos, young adults were injected
with double-stranded RNA, or L4 stage larvae were put on feeding plates with corresponding RNAi
bacteria. Feeding plates were prepared as is described elsewere80. RNAi clones from the Ahringer
and Vidal libraries were used79, 81. Embryos were dissected from adults at 48 hours after the
onset of RNAi treatment. For immunoprecipitation experiments, RNAi feeding bacteria were grown
overnight in LB medium, and then 4 h in the presence of 2 mM isopropyl-B-thiogalactoside (IPTG).
L1 larvae were initially grown in the presence of HB101 bacteria in liquid cultures. Hereafter the
bacteria were replaced with RNAi bacteria 48 hours before harvesting of adult worms (except for
dlg-1(RNAi) embryo lysates). To obtain dlg-1(RNAi) embryo lysates, RNAi feeding was applied
from the L1 stage onwards.
Embryo lysis, immunoprecipitations, and western blotting
Indicated strains were grown in S-medium, either containing HB101 bacteria or bacterial feeding
strains targeting dlg-1, atad-3, or gfp (control) to induce RNAi. Embryo pellets were obtained by
hypochlorite treatment of adult worms. Embryo pellets were ground two times for 30 sec at a
frequency of 1500 min- by using a Mikro-Dismembrator (Sartorius). Grounded embryo pellets were
lysed in lysis buffer (containing 20 mM Tris-HCl pH 7.8, 250 mM NaCl, 15% glycerol, 1% Triton
X-100, 0.5 mM EDTA, 1 mM b-mercaptoethanol, 10 mM 1-naphthyl phosphate monosodium
salt monohydrate, 50 mM sodium fluoride, 10 mM sodium pyrophosphate decahydrate, 100 μM
sodium orthovanadate and protease inhibitors (Roche complete, Mini, EDTA-free)) for 15 min at
4oC. The lysate was cleared at 13,000 rpm for 15 min at 4°C. For immunoprecipitations, 1 mg of
total protein was used with either 1 µl mouse anti-PSD95 antibody (Abcam) non-covalently bound
to 5 µl protein G Sepharose beads, 1 µl rabbit anti-ATAD-3 antibody42 non-covalently bound to 7.5
µl protein A Sepharose beads, 2 µl rabbit anti-GFP antibody (Invitrogen) non-covalently bound to
7.5 µl protein A Sepharose beads (negative control), or 2 µl rabbit anti-eIF4E82 antibodies noncovalently bound to 7.5 µl protein A Sepharose beads (negative control). Immunoprecipitations
were performed for 1 hour at 4oC. Input lysates (1/25) and immunoprecipitations were loaded on
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gel. Standard procedures were used for SDS-PAGE and Western blotting. Mouse anti-PSD95
(1:1000) and rabbit anti-ATAD-3 (1:500) were used for detection. HRP-conjugated protein A
(VWR international) was used at 1:5000 for ATAD-3 probed blots. The signal was revealed with
chemiluminesence (Biorad Laboratories).
For mass spectrometry analysis, pellets were ground in liquid nitrogen and lysed by French
press in lysisbuffer. After clearance of the lysate at 13,000 rpm for 15 min at 4°C, IPs were
performed with 15 mg of total protein with 30 µl rabbit anti-GFP antibodies crosslinked to 75
µl protein A Sepharose beads. Immunoprecipitations were performed for 2 hours at 4 oC. The
immunopurified proteins were eluted form the beads while shaking at 37 oC, with 300 µl 2x
Laemmli sample buffer without β-mercaptoethanol. The samples were dialysed against 1 mM
Tris at pH 9.0, 0.01 % SDS, and 1 mM β-mercaptoethanol. Samples were then concentrated by
cold-trap speed vacuum centrifugation, and run on a 10 % SDS polyacrylamide gel. Afterwards,
the gel was fixed in 25 % isopropanol with 10 % acetic acid, stained with Coomassie brilliant blue
(Pageblue, Fermentas) for 1 h, and destained in water.
To examine protein levels in ATAD-3FL, and ATAD-3∆ETAV strains, 40 L4 staged larvae grown at
indicated temperatures were collected and boiled for 5 min in 1x Laemmli sample buffer. Samples
were run on a SDS PAGE gel, and blotted according to standard procedures. Immunoblots were
probed with rabbit anti-ATAD-3 (1:500) and mouse anti-actin (1:1000) (MP biomedicals).
In gel digestion
Gel bands were cut and processed for protein in-gel digestion as described elsewhere83. Briefly,
proteins were reduced with dithiothreitol and then alkylated with iodoacetamide. Trypsin was
added at a concentration of 10 ng μl-1, followed by digestion overnight at 37 °C. Subsequently,
peptides were collected from the supernatants and a second extraction using 10% formic acid
was carried out
Mass spectrometry analysis
Nanoflow liquid chromatography with tandem mass spectrometry was carried out by coupling an
Agilent 1100 high-performance liquid chromatography system (Agilent Technologies) to an LTQOrbitrap XL mass spectrometer (Thermo Electron). Peptide samples were delivered to a trap
column (AquaTM C18, 5 μm (Phenomenex); 20 mm×100 μm inner diameter, packed in-house) at
5 μl min-1 in 100% solvent A (0.1 M acetic acid in water). Next, peptides were eluted from the trap
column onto an analytical column (ReproSil-Pur C18-AQ, 3 μm, Dr. Maisch GmbH; 40 cm×50 μm
inner diameter, packed in-house) at ~100 nl min-1 in a 90 min gradient from 0 to 40% solvent B
(0.1 M acetic acid in 8:2 (v/v) acetonitrile/water). The eluent was sprayed using distal coated
emitter tips butt-connected to the analytical column. The mass spectrometer was operated in
data-dependent mode, automatically switching between mass spectrometry and tandem mass
spectrometry. Full-scan mass spectrometry spectra (from m/z 300 to 1,500) were acquired in the
Orbitrap with a resolution of 60,000 at m/z 400 after accumulation to a target value of 500,000 in
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the linear ion trap. The two or five most intense ions at a threshold above 5,000 were selected for
collision-induced fragmentation in the linear ion trap at a normalized collision energy of 35% after
accumulation to a target value of 10,000.
Data analysis
Peak lists were created from raw files with MaxQuant84. Peptide identification was carried out
with Mascot 2.3 (Matrix Science) against a C. elegans protein database (http://www.wormbase.
org) supplemented with all of the frequently observed contaminants in mass spectrometry (23,502
protein sequences in total). The following parameters were used: 10 ppm for precursor mass
tolerance, 0.6 Da for fragment ion tolerance and up to two missed cleavages were allowed.
Carbamidomethylation of cysteine was set as fixed modification whereas oxidation of methionine
was set as variable modification.
Yeast two-hybrid analysis
Yeast two-hybrid analysis was performed as described elsewere50.
Characterization of embryonic lethality and fertility
N2, ATAD-3FL, and ATAD-3∆ETAV L4 larvae were placed on NGM plates seeded with OP50, and
held at the indicated temperatures. Animals were transferred to a new plate every day. Sterility
was examined after 24 and 48 hours. To determine embryonic lethality, plates were scored after
24 hours.
Immunofluorescent staining and antibodies
For immunostaining, embryos were dissected from adults in 10 µl water on poly-L-lysine coated
slides. Embryos were freeze-cracked, fixed for 5 min in methanol at -20 oC, and for 20 min
in acetone at -20 oC. After fixation, the embryos were rehydrated in PBS containing 0.05%
Tween-20 (PBST), and blocked with blocking solution (PBST containing 1% BSA and 1% goat
serum (Sigma-Aldrich)) for 1 h. Embryos were stained with primary and secondary antibodies for
1 h, and washed after each incubation with PBST 4 times for 15 min. Finally the embryos were
embedded in Prolong Antifade Gold, containing 4,6-diamidino-2-phenylindole (DAPI). Primary
antibodies used in this study: rabbit anti-ATAD-342 (1:100), rat anti-DLG-185 (1:100), mouse antiactin (1:100) (MP Biomedicals), rabbit anti-GFP (Invitrogen), and mouse anti-PAR-386. Secondary
antibodies were used at a concentration of 1:500. Secondary antibodies used: goat anti-rabbit
Alexa fluor 568, goat anti-mouse Alexa fluor 568, goat anti-rat Alexa fluor 568, goat anti-rabbit
Alexa fluor 488, goat anti-mouse Alexa fluor 488, and goat anti-rat Alexa fluor 488 (Invitrogen).
For mitochondrial labeling of embryos, animals were transferred to NGM plates containing 2 µg/
ml of Mitotracker Red CMXRos (Invitrogen). For immunostaining, these embryos were freezecracked and fixed for 15 min at -20 oC in a solution containing 75% methanol, 4% formaldehyde,
0.5x PBS, and 50 mM EDTA, followed by fixation of 5 min at -20 oC in methanol. Slides were
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probed and further treated as described above. Images were taken with a 100x 1.4 numerical
aperture (NA) lens on a Zeiss motorized microscope (Fig. 4C, D, and Supplemental Fig. 2) , Zeiss
confocal microscope (Fig. 3A, B, 6A, and 7B), Nikon spinning disc microscope (Fig. 3C), or with
a 60x 1.4 NA on a Nikon wide-field microscope (Fig. 4B and 7B).
Time-lapse microscopy and quantitative analysis
DIC images were taken at 10 sec intervals using a 100x 1.4 numerical aperture (NA) lens on
a Zeiss motorized microscope, or 60x 1.4 NA lens on a Nikon wide-field microscope. Spindle
angles, and pronuclear positions were measured in Axiovision 4.8 or ImageJ 1.43u.
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Supplemental figure 1. Velocity of pronuclei after pronuclear meeting in control (N2) and dlg1(RNAi) embryos. Average velocity of the pronuclei during the first 150 seconds from pronuclear
meeting onwards is displayed as single measurements for individual embryos.
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Supplemental figure 2. Mitochondria become posteriorly enriched at the time of cortical actin
rearrangements. Time-lapse recordings of a mitotracker Red CMXRos labeled embryo, focused
at the cortex. Images were taken around the time of pseudocleavage (4:40). First and third rows
show DIC images taken before and after pseudocleavage (4:40). Second and bottom row show
corresponding images in which mitochondria are visualized by making use of Mitotracker Red
CMXRos. Note the posterior accumulation of mitochondria, which is most obvious at the time of
pseudocleavage (4:40)
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Supplemental figure 3. Respiratory ATP production is required for the formation of NMY-2::GFP
foci. Mitotracker Red CMXRos labeled NMY-2::GFP embryos stained for GFP and DNA (DAPI).
Images were taken at the DNA focal plane, and at the cortex. In control embryos, mitochondria are
enriched at the posterior, and NMY-2::GFP foci are clearly visible at the anterior cortex (upper two
rows). Although the mitochondrial morphology is altered in fzo-1(RNAi) and drp-1(RNAi) embryos,
NMY-2::GFP foci were still formed (third to sixth row). atp-2(RNAi) embryos lack NMY-2::GFP foci
(last row).

Supplemental figure 4. ATAD-3FL and ATAD-3DETAV protein levels are similar and not altered at
different temperatures. Western blots of total protein lysates were probed with antibodies against
ATAD-3 and actin. Each lane represents an input of 50 L4 stage larvae grown at the depicted
temperatures. Detection of actin serves as a loading control.
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Supplemental figure 5. Expression of ATAD-3FL and ATAD-3DETAV does not affect the duration
from NEBD to completion of cytokinesis. This was measured for N2, ATAD-3FL, and ATAD-3DETAV
embryos.
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Addendum: Spindle positioning in the C. elegans embryo does not
appear to involve a Pins-Dlg related polarity pathway
Spindle positioning in animal cells involves dynein recruitment to the cortex by a conserved protein
complex of LIN-5–GPR-1/2–Gα in C. elegans, Mud–Pins–Gα in Drosophila, and NuMA–LGN–Ga
in mammals. Drosophila Pins also interacts with Discs large and Khc73 to induce cortical polarity
and spindle asymmetry. In this study, we explore whether the parallel Pins-Dlg pathway is conserved in C. elegans. Initial experiments indicated co-immunopurification of DLG-1 with LIN-5,
but did not reveal association between DLG-1 and GPR-1/2. LIN-5 also interacted with DLG-1 in
yeast two-hybrid assays. Further examination showed that DLG-1/LIN-5 co-purification did not
result from association between these proteins. Thus, in contrast to LIN-5–GPR-1/2–Gα protein
interactions, there is currently no evidence for evolutionary conservation of the Pins-Dlg pathway.

Introduction

Alignment of the mitotic spindle along the axis of polarity is an important aspect of intrinsically
regulated asymmetric cell division. Interactions between the LIN-5 (Mud, NuMA)–GPR-1/2
(Pins, LGN)–Gα proteins are required for spindle positioning in C. elegans1-3, Drosophila4-6,
and mammals7. In various model systems, this pathway appears to promote spindle positioning
through the recruitment of cytoplasmic dynein to the cell cortex8-10. The Mud–Pins–Gα pathway
in Drosophila acts partly redundantly with a “spindle to the cortex” pathway. In this alternative
pathway, Pins interacts with microtubule plus ends through association with Discs large (Dlg)
and Khc73 kinesin heavy chain9. Pins binds Mud through its N-terminal TPR motifs, whereas
interaction with Discs large involves the Pins LINKER (PinsLINKER) domain. These independent
domains allow Pins to interact simultaneously with Mud and Discs large, and through these
intermediates with dynein and kinesin.
To date, interaction between Dlg and Pins orthologs has not been reported for other species.
However, a yeast two-hybrid screen identified C. elegans DLG-1 Discs large as a potential
interaction partner of LIN-511. This might indicate that the C. elegans Pins homolog GPR-1/2 also
connects membrane localized Gα to dynein and kinesin motor proteins, with LIN-5 and DLG-1 as
intermediates. Therefore, we explored whether C. elegans DLG-1 interacts with LIN-5, GPR-1/2,
or GOA-1 Gα. Although some initial observations appeared to support such interactions, we did
not detect a Pins-Dlg-Khc73 related pathway in C. elegans.
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Results

We used co-immunoprecipitation (co-IP) as an assay to detect protein-protein interactions. Hereto,
total protein lysates were made from N2 (control) and DLG-1::GFP-expressing embryos. For
immunoprecipitations (IPs), we used polyclonal rabbit antisera directed against LIN-5, GPR-1/2,
GOA-1, GFP, or negative control (anti-eIF4E) antibodies. IP-western blotting experiments did not
reveal association between GPR-1/2 and DLG-1 (Fig 1A and B). However, DLG-1 was present
in LIN-5 IPs (Fig. 1A, B), and a small amount of LIN-5 was possibly co-immunoprecipitated with
DLG-1::GFP (Fig 1A). Moreover, DLG-1 was detected in GOA-1 IPs (Fig. 1B). Analysis of a
LIN-5 IP by mass spectrometry also revealed co-purification of DLG-1 (32 peptides identified)12.
Together, these data suggested interaction of DLG-1 with the Gα-GPR-LIN-5 pathway in C.
elegans.
Subsequent results, however, did not support this conclusion. DLG-1 was also detected in
GOA-1 IPs from lysates of goa-1(RNAi) embryos, as well as embryonic lysates from goa-1(n363)
mutants that lack goa-1 coding sequences (Fig 1B, and data not shown). This indicated that
detection of DLG-1 did not result from co-IP with GOA-1. Similarly, RNAi of lin-5 strongly reduced
the amount of LIN-5 in the protein lysate, but did not reduce the presence of DLG-1 in LIN-5 IPs
(Fig 1C). To explore if the polyclonal LIN-5 antibodies directly recognize DLG-1, we performed
sequential IPs from a lin-5(RNAi) embryo lysate. Western blotting experiments revealed a limited
amount of residual LIN-5 in lin-5(RNAi) embryos, which was mostly depleted by the first LIN-5
IP and absent in the third IP (Fig. 1D, middle). When the blot was probed for DLG-1, a strong
DLG-1 signal was detected in the first LIN-5 IP, which decreased coincident with LIN-5 depletion
from the lysate (Fig. 1D, top). We continued after the third LIN-5 IP with an IP of DLG-1, which
revealed that a substantial amount of DLG-1 was still present in the lysate. The observation that
DLG-1 was no longer precipitated with LIN-5 antibodies, while still present in the lysate, makes
it unlikely that the antiserum directly recognizes DLG-1. We also consider it unlikely that DLG-1
co-immunoprecipitated through association with LIN-5, because the amount of DLG-1 pulled down
with the LIN-5 polyclonal antiserum was not affected by LIN-5 RNAi. Therefore, we expect that
the antiserum recognizes not only LIN-5, but also a DLG-1-associated protein. Mass spectrometry
analysis of LIN-5 IPs with the polyclonal antiserum revealed not only DLG-1 but also ATAD-3 (76
peptides)12. DLG-1 and ATAD-3 co-IP (Fig. 1E) and interact through direct binding (see chapter
4). We wondered whether the LIN-5 polyclonal antiserum might associate with the ATAD-3/DLG1 complex in IPs (Fig 1E). IP-western blot experiments showed that both DLG-1 and ATAD-3
where readily detected in LIN-5 immunoprecipitations from lin-5(RNAi) embryo lysates (Fig. 1E,
last lane). Moreover, the amount of DLG-1 that co-immunoprcipitated with the LIN-5 polyclonal
antiserum was severely diminished in atad-3(RNAi) lysates (Fig. 1E, second last lane). Thus, the
polyclonal LIN-5 antiserum might recognize ATAD-3, or another protein interacting with the DLG1/ATAD-3 complex.
Additional experiments did not provide support for DLG-1/LIN-5 association either. IPs of
LIN-5 with two different monoclonal antibodies did not bring down a detectable amount of DLG-1
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Figure 1. Examination of DLG-1 association with Ga–GPR-1/2–LIN-5. (A) Western blots probed with
anti-GFP (top) or anti-LIN-5 monoclonal antibodies (bottom). Lanes contain total protein of a DLG1::GFP lysate (Input) or immunoprecipitations from the same lysate. Polyclonal rabbit sera raised
against the indicated proteins were used in the immunoprecipitations, with anti-eIF4E antibodies
as a negative control (Neg.; see material and methods). (B) Western blot probed for DLG-1. Lanes
contain total protein from N2 or goa-1(n636) embryonic lysates, or immunoprecipitations with the
indicated antibodies as in A. (C) Western blots probed for DLG-1 (top), LIN-5 (middle) or actin
(bottom, loading control). Lysates from lin-5(RNAi) embryos or GFP(RNAi) control were loaded
directly or after LIN-5 immunoprecipitation. Note the similar DLG-1 signals in the LIN-5 IPs from
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control and lin-5(RNAi) lysates. (D) Western blots, probed as in C. N2 and lin-5(RNAi) embryonic
lysates were loaded directly (Input), or after sequential immunoprecipitations from a lin-5(RNAi)
lysate. 1 to 3 indicate three subsequent precipitations with anti-LIN-5 polyclonal antibodies, followed
by a DLG-1 immunoprecipitation. (E) Different panels from corresponding blots probed for DLG-1,
ATAD-3, or LIN-5. Lanes contain total protein or immunoprecipitations of DLG-1, ATAD-3, and LIN5 from lysates of embryos exposed to RNAi treatment for the indicted genes.

or DLG-1::GFP (data not shown). Vice versa, examination of DLG-1 and DLG-1::GFP pull downs
by mass spectrometry did not reveal peptides of LIN-5, GPR-1/2, or kinesin motor proteins (KLP4, KLP-6 and UNC-104 are related to Khc73). Thus, our experiments with C. elegans embryonic
lysates did not reveal protein associations equivalent to Drosophila Pins–Dlg–Klc73 interactions.

Discussion

In chapter 4 of this thesis we describe defects in spindle rotation and cytokinesis in dlg-1(RNAi)
embryos. Spindle positioning and aster-dependent cytokinetic furrow positioning are both controlled
by the Gα-GPR-LIN-5 proteins1, 13. Therefore, the observation that dlg-1 participates in these
processes could point to conservation of a Discs large-dependent polarity spindle asymmetry
pathway in C. elegans. Despite substantial efforts, we did not obtain support for DLG-1–GPR-1/2
protein interaction. Moreover, the functional overlap between DLG-1 and LIN-5–GPR-1/2–Gα
may also be limited, as DLG-1 appears to affect reorganization of the actin cytoskeleton in the
early embryo (see Chapter 4). In addition, the protein sequences involved in Pins–Dlg association
are poorly conserved in C. elegans. Drosophila Discs large binds to Pins via the PinsLINKER
domain9. Although Drosophila Pins and C. elegans GPR-1/2 both contain TPR and Goloco motifs,
sequence alignments do not reveal conservation of the PinsLINKER domain in GPR-1/2. Together,
these observations indicate that the Pins-Dlg pathway is probably not conserved in C. elegans.
Co-immununopurification of DLG-1 with a LIN-5 polyclonal antiserum complicated this
conclusion. Recognition of ATAD-3, or another DLG-1-associated protein, by the LIN-5 antiserum
may explain our results. As an alternative explanation, we considered whether the LIN-5 antiserum
might recognize F01G10.5, a paralog of LIN-514. Although LIN-5 and F01G10.5 share a high
degree of protein identity, F01G10.5 will probably not be depleted by lin-5 RNAi, as identity at the
DNA sequence level is more limited. Our mass spectrometry analysis of LIN-5 and DLG-1 IPs did
not reveal peptides of F01G10.5. Therefore, we do not think that DLG-1 detection in the LIN-5 IPs
could result from association with F01G10.5. Taken together, the results presented here and in
chapter 4 indicate that Discs large contributes to different processes in asymmetric cell division in
C. elegans and Drosophila.

Material and methods
Strains
C. elegans strains were cultured on NGM plates, seeded with E. coli OP50, and grown at 20oC.
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Strains used were: N2 (wild-type), FZ223 (dlg-1::GFP), and MT363 (goa-1(n363) I) (maintained
at 15oC).
RNA mediated interference
RNAi feeding bacteria were grown overnight in LB medium, and then 4 h in the presence of 2 mM
isopropyl-B-thiogalactoside (IPTG). For RNAi of lin-5, a clone from the Vidal library was used15.
Embryo lysis, immunoprecipitations, and western blotting
Indicated strains were grown at 20oC in S-medium containing either HB101 bacteria or bacterial
feeding strains targeting lin-5, dlg-1, atad-3 or gfp (control). Embryo pellets were obtained by
hypochlorite treatment of adult animals. Embryo pellets were ground in liquid nitrogen and
lysed with a French press in lysis buffer containing 20 mM Tris-HCl pH 7.8, 250 mM NaCl,
15% glycerol, 1% Triton X-100, 0.5 mM EDTA, 1 mM b-mercaptoethanol, 10 mM 1-naphthyl
phosphate monosodium salt monohydrate, 50 mM sodium fluoride, 10 mM sodium pyrophosphate
decahydrate, 100 μM sodium orthovanadate and protease inhibitors (Roche complete, Mini,
EDTA-free). After clearance of the lysate at 13,000 rpm for 15 min at 4°C, IPs were performed
with 1 mg of total protein with either 10 µl rabbit anti-LIN-5 antibody, 7.5 µl rabbit anti-GPR-1/2
antibody1, 2 µl rabbit anti-GFP antibody (Invitrogen), 5 µl rabbit anti-GOA-1 antibodies16, or 7.5
µl rabbit anti-eIF4E antibodies17, which were each non-covalently bound to 7.5 µl protein A
Sepharose beads. For DLG-1 immunoprecipitations, 1 µl mouse anti-PSD95 antibody (Abcam)
non-covalently bound to 5 µl protein G sepharose beads was used. Immunoprecipitations were
performed for 1 hour at 4oC. Immunoprecipitations and input lysates (indicated volumes) were
loaded on a polyacrylamide gel. Standard procedures were used for SDS-PAGE and Western
blotting. Mouse anti-GFP monoclonal mix (Roche) (1:1000), mouse anti-LIN-5 (1:1000)14, mouse
anti-PSD95 (1:1000), and mouse anti-actin (1:1000) (MP biomedicals) were used for detection.
The signal was detected with chemiluminescence (Biorad Laboratories).
For sequential LIN-5 immunoprecipitations, a lin-5(RNAi) embryo lysate corresponding to 1 mg
of total protein content was used. Four sequential immunoprecipitations were performed, each time
using the supernatant after immunoprecipitation to perform the subsequent immunoprecipitation.
The first three immunoprecipitations were performed each for 45 min with 10 µl rabbit anti-LIN-5
antibody non-covalently bound to 7.5 µl protein A Sepharose beads. Next, an immunoprecipitation
was performed with 1 µl mouse anti-PSD95 antibody (Abcam) non-covalently bound to 5 µl
protein G Sepharose beads, and incubated for 1 h. The sample was split and loaded onto two
separate gels, and processed as described above.
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In animal cells, the position of the mitotic spindle dictates the plane of cell cleavage. Developmental
controls position the spindle during cell division as a means to control the size, position, and fate
of daughter cells. Spindle positioning depends on pulling forces that act from the cortex on astral
microtubules. Similarly, the positioning or repositioning of large organelles, such as the nucleus,
endoplasmic reticulum (ER), and Golgi apparatus, also require participation of the cytoskeleton.
In the one-cell C. elegans embryo, several processes take place that depend on cortically
localized force generators. First, the meiotic spindle undergoes a translocation towards the cortex,
followed by spindle rotation and excision of a small polar body at the end of each round of meiosis.
Succeeding meiosis, the two pronuclei migrate and meet in the posterior. The joined pronuclei
migrate together to the center of the embryo and set up the mitotic spindle. Finally, during mitosis,
the spindle is displaced to the posterior, which induces asymmetric positioning of the cleavage
furrow and formation of a larger anterior blastomere and smaller posterior blastomere.
In this thesis, we studied the interplay between cortical force generator complexes and the
cytoskeleton during meiosis, pronuclear migration, and mitotic spindle positioning in the early C.
elegans embryo. Below, I discuss and summarize the new factors identified in this thesis that
contribute to these processes.
Orienting the meiotic spindle
C. elegans oocytes approaching the spermatheca are arrested in prophase of meiosis I1. Fertilization
releases the oocytes from this arrest, and the fertilized egg finishes meiosis I and II. Both meiotic
cell divisions are highly asymmetric, resulting in the excision of two small polar bodies2. To
accomplish this, the meiotic spindle translocates towards the cortex, and subsequently undergoes
a rotation that positions the meiotic spindle perpendicular to the cortex. The translocation and
rotation of the meiotic spindle are controlled by two consecutive pathways (Chapter 2 and also3),
involving kinesin and dynein motor proteins.
Previous work from our lab showed that LIN-5, which acts together with GPR-1/2 and Ga
in spindle positioning during mitosis, is also required for meiosis4, 5. However, during meiosis,
LIN-5 appears to act independently of GPR-1/2 and Ga. By performing mass spectrometry
analysis of immunopurified LIN-5, we found the abnormal spindle-like, microcephaly-associated
(ASPM-1) protein as a binding partner (Chapter 2). Further analysis showed that ASPM-1 and
its binding partner CMD-1 localize to the spindle poles during meiosis and mitosis, where they
recruit LIN-5 and dynein. The activity of dynein controls the rotation of the meiotic spindle. Since
the meiotic spindle appears to lack astral microtubules, dynein most likely acts on microtubules
nucleated from the cortex (Fig. 1B). Alternatively, dynein could be transported from the spindle
poles towards the cortex. This latter mechanism would require microtubules emanating from the
spindle poles and kinesin-dependent plus end-directed transport of dynein.
The translocation of the meiotic spindle towards the cortex is controlled by the plus enddirected microtubule motor protein kinesin-16. In chapter 3, we report on the transmembrane and
coiled-coil protein TCC-1, which was identified as a potential interaction partner of GOA-1 Ga
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and LIN-5. To gain more insight into the involvement of TCC-1, we performed a Yeast two-Hybrid
(Y2H) screen in search for direct TCC-1 binding partners. Kinesin-1 was one of the most frequently
identified interaction partner of TCC-1. To determine whether TCC-1 acts together with kinesin-1
during meiosis, we performed live imaging of meiotic tcc-1(RNAi) oocytes. Similar to kinesin-1 we
observed defects in meiotic spindle positioning, suggesting that TCC-1 could act together with
kinesin-1 in meiotic spindle translocation. As mentioned above, dynein most likely acts at the
spindle poles to cause the rotation of the meiotic spindle. However, the subcellular localization
from which kinesin-1 acts to translocate the meiotic spindle is less clear. Kinesin-1 could act at
the meiotic spindle, or at the cortex, in the proximity of the meiotic spindle. Immunostaining of
kinesin-1 did not reveal a well-defined localization at or in the proximity of the meiotic spindle7. In
addition to the apparent lack of astral microtubules during meiosis, microtubules in the oocyte are
not evidently unidirectionally organized. This is emphazised by the ability of kinesin-1 to perform
both outward and inward transport along microtubules at this stage6, 7. Our experiments suggest
that TCC-1 localizes in a pattern that is reminiscent of the ER, and thus kinesin-1 may interact
with TCC-1 at the ER membrane. During mitosis, the ER reorganizes and becomes associated
A
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Figure 1. Models for translocation and rotation of the C. elegans meiotic spindle. (A) Kinesin-1 is
required for translocation of the meiotic spindle towards the cortex. ER-associated TCC-1 protein
might be involved in tethering kinesin-1 to plasma membrane-associated ER (1). TCC-1 bound
kinesin-1 promotes translocation of the meiotic spindle to the cortex, through interaction with
microtubules attached to the meiotic spindle. As an alternative mechanism, TCC-1 could become
localized in the plasma membrane via ER–Golgi membrane trafficking (2). Plasma membrane
anchored TCC-1 might recruit kinesin-1 to the plasma membrane, from which kinesin-1 can exert
forces on microtubules that are attached to the meiotic spindle. (B) Rotation of the meiotic spindle
after spindle shortening is controlled by dynein. Dynein is recruited to the spindle poles by CMD-1/
ASPM-1/LIN-5 after activation of the APC/C. Dynein might rotate the meiotic spindle by exerting
pulling forces on microtubules that are nucleated from the cortex.
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with the mitotic spindle and cortex. However, TCC-1 did not appear associated with the meiotic
spindle at the stage of spindle translocation. We did, however, observe association of TCC-1 with
the cortex. Kinesin-1 has been shown to control movements of the ER8. As a possible mechanism,
kinesin-1 could be anchored at the cortex-associated ER, and the interaction of kinesin-1 with
microtubules attached to the mitotic spindle could control the translocation of the meiotic spindle
to the cortex (Fig. 1A). The interaction with TCC-1 might mediate this interaction of kinesin-1 with
the ER. Alternatively, the observation that TCC-1::mCherry localizes to the ER and cell periphery
might indicate trafficking of TCC-1 to the plasma membrane, which could be more efficient for the
endogenous protein. Plasma membrane localized TCC-1 could anchor kinesin-1, which then translocate
the meiotic spindle towards the cortex.

TCC-1 was previously found as a potential binding partner of the KASH protein UNC-839.
UNC-83 controls bidirectional transport of nuclei in certain cells through direct binding of kinesin-1
and dynein motor complexes. Similar to nuclear migration, several organelles, such as the
ER, are transported throughout the cell by simultaneous binding of kinesin and dynein motor
complexes8, 10. Another protein found in the screen for UNC-83 interacting proteins, Bicaudal D,
has also been implicated to bind both kinesin and dynein in order to control bidirectional transport
along microtubules11. Although more research is needed, these observations could indicate that
organelle-specific linkers interact with both dynein- and kinesin-mediated transport. TCC-1 could
possibly act as a specific linker for bidirectional transport of the ER, given that TCC-1 binds to
both kinesin-1 and dynein motor complex components in yeast two hybrid assays.
Migration of pronuclei
Following meiosis, the maternal and paternal pronucleus migrate to meet in the posterior half of
the embryo. Subsequently, the pronuclei migrate together towards the anterior, positioning them
in the center of the embryo12. In chapter 4, we describe the identification of a novel interactor
of the Discs large protein DLG-1: ATAD-3. In embryos that lack interaction between DLG-1 and
ATAD-3, we observed defects in anterior directed pronuclear movements (Chapter 4). Anterior
directed migrations are most likely accomplished by the combined action of multiple distinct
mechanisms (Fig. 2). I) Actin-independent pulling forces, acting from the plasma membrane
on astral microtubules, similar as observed during metaphase and anaphase (Chapter 3). II)
Astral microtubules that interact with organelle-associated dynein13. Resistance provided by the
organelles results in an anterior directed force on microtubules attached to the pronuclei13, 14.
III) Astral microtubules that interact with anterior migrating cortical non-muscle myosin II (NMY2) aggregates15-17. While contribution of NMY-2 in centration has been reported, it is currently
not known how NMY-2 connects to microtubule plus ends. IV) Pushing forces applied by astral
microtubules on the posterior cortex16.
In embryos that lack interaction between DLG-1 and ATAD-3 we observed aberrant anterior
accumulation of actin and abnormal anterior-directed pronuclear migrations. These defects are
reminiscent of those that result from down-regulation of WAVE/SCAR and Arp2/3 components16.
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Figure 2. Multiple mechanisms are probably involved in anterior-directed pronuclear migrations.
Tethering of dynein to cytoplasmic organelles or the plasma membrane probably provides resistance
to the minus directed pulling forces exerted on astral microtubules (left). Anterior movement of the
actin-based NMY-2 non-muscle myosin II interacting with astral microtubules may contribute to
anterior migration of pronuclei (center). In addition, pushing forces applied by astral microtubules
that reach the posterior cortex could also contribute to anterior-directed pronuclear migrations
(right).

At a later stage of development, during intestinal morphogenesis, DLG-1 acts together with WAVE/
SCAR and Arp2/3 components in the apical enrichment of actin18. Combining these results, we
propose that DLG-1/ATAD-3 might cooperate with WAVE/SCAR and Arp2/3 complexes at the
one-cell stage to mediate actin rearrangements, thereby affecting pronuclear movements to the
anterior.
Our DLG-1 and ATAD-3 localization studies indicate that the DLG-1/ATAD-3 interaction does
not occur within mitochondria, but more likely in close proximity of mitochondria. It is unclear
though how the interaction between ATAD-3 and DLG-1 contributes to local actin regulation in the
early embryo. Studies on discs large homologs in other systems have implicated a role in actin
organization19, 20. Rearrangement of the actin cytoskeleton during polarity establishment shares
many of the components and regulatory mechanisms with the process of cytokinesis 21. We found
a role for DLG-1 in cytokinesis that appeared to be independent of ATAD-3. Vice versa, the
role of ATAD-3 in mitochondrial dynamics and ATP production seemed independent of DLG-1.
During polarity establishment, mitochondria become enriched in the posterior, and the localization
of DLG-1 and mitochondria may thereby be coordinated to control rearrangements of the actin
cytoskeleton. NMY-2 activity may be stimulated through a locally increased ATP production by
mitochondria22. In addition, asymmetrically distributed mitochondria could result in asymmetric
regulation of calcium levels, which could also regulate myosin activity23-26.
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Positioning the mitotic spindle
The first mitosis of the early C. elegans embryo is characterized by asymmetric positioning of the
mitotic spindle. After centration, a mitotic spindle is set up in the middle of the cell. Hereafter,
asymmetry in pulling forces during late metaphase and anaphase cause a displacement of the
spindle towards the posterior27. The pulling forces that control this spindle displacement are
mediated by a complex of LIN-5, GPR-1/2, and the Ga proteins GOA-1 and GPA-164, 28, 29. Lasercutting experiments have shown that these pulling force generators act from the cortex 27. This
is consistent with our observation that removal of LIN-5 from the spindle poles by aspm-1(RNAi)
does not change the net pulling forces on astral microtubules (Chapter 2). These observations
emphasize that LIN-5 is present in two distinct complexes that recruit dynein: a cortical complex
(Fig. 5)30, of LIN-5 together with GPR-1/2 and Ga4, 28, 29, and a spindle pole complex, of LIN-5,
ASPM-1 and CMD-1 (Fig. 1B).
In chapter 3, we examined whether actin is required for spindle positioning during mitosis,
by transiently exposing one-cell embryos to actin-depolymerizing drugs. Removal of filamentous
actin during mitosis did not affect the presence of the LIN-5 complex at the cell periphery, and
did not lead to loss of cortical pulling forces. On the contrary, F-actin disruption increased the
net pulling forces. Filamentous actin is enriched at the anterior cortex31, which corresponded
to a specific increase in pulling forces in the anterior after F-actin removal. Thus actin is not
required for pulling force generation during anaphase, but can instead locally inhibit pulling forces.
The actin cytoskeleton provides a major contribution to the rigidity of the cortex, and as such
would be expected to increase the off rate of microtubule/force generator interactions32. While
other explanations are possible, our results indicate that actin contributes to asymmetric spindle
positioning by inhibiting cortical pulling forces in the anterior (Fig. 3).
To gain further insight into how pulling forces at the plasma membrane are mediated, we
searched for additional partners of the LIN-5 complex by mass spectrometry analysis of GOA-1

Figure 3. Inhibition of anterior pulling forces as a result of higher cortical rigidity. The actin
cytoskeleton provides a major contribution to the rigidity of the cortex. An increase of cortical rigidity
can be expected to shorten the time of interaction between force generator complexes and astral
microtubules.
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immunopurifications. As mentioned before, we identified the transmembrane protein TCC-1 as
a potential partner (Chapter 3). Loss of TCC-1 not only leads to defects in meiosis, but also to
an increase of cortical pulling forces during mitosis. Although TCC-1 appears to act positively
on GOA-1 in spindle elongation, further examination of tcc-1(RNAi) embryos suggested that
TCC-1 exerts its effect on cortical pulling forces by down-regulating GPA-16 levels at the plasma
membrane (Fig. 4).

Figure 4. TCC-1 inhibits pulling forces by inhibiting GPA-16 localization at the plasma membrane.
TCC-1 could possibly act in the trafficking of GPA-16 from or towards the cell periphery (see main
text for details).

How TCC-1 inhibits GPA-16 levels at the plasma membrane is unclear. It is possible that TCC1 affects the trafficking of GPA-16 between different sub-cellular locations. The assembly and
trafficking of heterotrimeric G proteins occurs reversibly between the plasma membrane via the
ER and Golgi 33. It is remarkable that TCC-1 appears to act merely on GPA-16, and not GOA-1, in
membrane localization. On the other hand, TCC-1 stimulated spindle elongation, similar to GOA1, which might indicate a stimulatory role towards GOA-1. GPA-16 and GOA-1 act redundantly in
pulling force generation, but they are differently regulated by RIC-834, 35. RIC-8 acts as a GEF for
GOA-1, but not for GPA-16. Instead, GPA-16 protein levels and plasma membrane localization
are controlled by RIC-8, while GOA-1 levels are unaffected by RIC-835. Mammalian Ric-8 proteins
have been shown to function as chaperones for specific subsets of Ga proteins, in addition to
their role as GEFs36. Thus, C. elegans RIC-8 may also function as a chaperone for GPA-16. This
differential regulation of GOA-1 and GPA-16 by RIC-8 might also be reflected in tcc-1(RNAi)
embryos. TCC-1 might counteract the interaction of RIC-8 with Ga subunits, and thereby inhibit
GPA-16 plasma membrane localization but not GOA-1 localization. In addition, since the ER is the
starting point for plasma membrane targeting of various membrane-associated proteins, proteins
that contribute to spindle positioning other than the Ga subunits might be affected by loss of
TCC-1.
Disruption of the ER structure in the C. elegans embryo leads to severe rocking of the spindle
poles throughout pronuclear migration and mitosis37-39. This could indicate that association of the
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ER with the mitotic spindle or cell cortex is required for normal spindle positioning dynamics. In
tcc-1(RNAi) embryos however, we did not observe any defects during pronuclear migration, which
suggests that TCC-1 is not generally required for normal ER morphology. However, as a possible
explanation, TCC-1 might take part in the association of the ER with the spindle or cortex during
mitosis. Herein, TCC-1 could act together with the Ga proteins and microtubule motor complexes
to facilitate this interaction. Future experiments should therefore include analysis of ER dynamics
in tcc-1(RNAi) embryos to get more insight in the action of TCC-1.
Conclusion
LIN-5, GPR-1/2, and the Ga proteins GOA-1 and GPA-16, have previously been identified as key
regulators of spindle positioning. In this thesis we identified other components that contribute to
the different spindle and nuclear positioning events in the early embryo, either acting together, or
independently of the LIN-5 complex. The link to mitochondria and the ER in these processes was
surprising. The combined results in this thesis emphasize that in addition to cortical microtubule
interactions, different cellular organelles could provide localized cues that contribute to spindle
and nuclear positioning.
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Na de bevruchting van een eicel zijn er vele nieuwe cellen nodig voor de ontwikkeling tot een
volwassen organisme. Nieuwe cellen worden gegenereerd door middel van celdelingen. Tijdens
elke deling moeten verschillende complexe processen in de cel goed worden uitgevoerd en
gecoördineerd. Zo moeten bijvoorbeeld de chromosomen, bestaande uit het genetisch materiaal
(DNA), gedupliceerd zijn voor de deling en vervolgens correct verdeeld worden over de twee
toekomstige dochtercellen.
Gewoonlijk delen cellen op een symmetrische manier. Een symmetrische celdeling leidt tot
de vorming van twee identieke cellen aan het eind van een deling. Echter, naast het genereren
van een bepaalde hoeveelheid cellen voor de groei en de instandhouding van een organisme,
dienen er tijdens de ontwikkeling van complexe organismen zoals mensen ook verschillende
celtypes gevormd te worden. Één van de mogelijkheden om verschillende celtypes te creëren
is door middel van intrinsiek asymmetrische celdelingen. Tijdens asymmetrische celdelingen
vinden er een aantal karakteristieke processen plaats. Allereerst moet de cel een asymmetrische
distributie van zogenaamde polariteit-eiwitten opzetten. Deze polariteit-eiwitten vormen na afloop
van dit proces twee afzonderlijke domeinen in de cel, en op hun beurt zorgen de polariteiteiwitten voor de asymmetrische verdeling van zogenaamde celtype-determinanten. Deze celtypedeterminanten zijn bepalend voor de verschillende identiteiten van de twee gevormde cellen. Als
laatste stap in dit proces moet het delingsvlak langs de as van de celtype determinanten gevormd
worden, zodanig dat de asymmetrisch gedistribueerde celtype determinanten ongelijk verdeeld
worden over de twee nieuwgevormde cellen.
Zowel het segregeren van de chromosomen in de nieuwgevormde cellen als het bepalen
van delingsvlak langs de gepolariseerde as wordt uitgevoerd door de mitotische spoelfiguur. De
mitotische spoelfiguur is een structuur die voor een groot deel bestaat uit microtubuli welke aan de
ene kant gekoppeld zijn aan de chromosomen en aan de andere kant aan de plasmamembraan
en de celcortex (een onderdeel van het cytoskelet, dat zich vlak onder de plasmamembraan
bevindt en voor rigiditeit zorgt). Tijdens asymmetrische celdelingen moet de spoelfiguur
vaak asymmetrisch geplaatst of zelfs geroteerd worden. Om in deze gevallen de spoelfiguur
correct te positioneren worden er asymmetrische krachten uitgeoefend op de microtubuli vanaf
de plasmamembraan, dan wel de cortex. In de rondworm C. elegans worden deze krachten
gefaciliteerd door een eiwitcomplex bestaande uit LIN-5, GPR-1/2, Gα en dyneine (NuMA, LGN/
AGS-3, Gα, en dyneine in de mens).
Het vroege C. elegans embryo is een uitstekend model voor het bestuderen van positionering
van de spoelfiguur tijdens asymmetrische deling. Direct na de bevruchting, tijdens voltooien van
meiose, vinden er twee gebeurtenissen plaats om de spoelfiguur te positioneren. De meiotische
celdeling is in essentie een extreem asymmetrische celdeling: aan het einde van elke meiotische
celdeling wordt er een zeer klein pool lichaampje afgesplitst met hierin één set met chromosomen.
Om dit te bewerkstelligen wordt de meiotische spoelfiguur verplaatst naar de cortex aan de
voorkant. Wanneer de chromosomen uitgelijnd zijn (metafase) roteert de spoelfiguur, waarna de
deling haaks ten opzichte van de cortex kan worden opgezet. Na afloop van meiose ondergaan
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zowel de maternale en de paternale pronucleus een migratie waarna ze elkaar ontmoeten in
de achterkant. Hierna migreren de pronuclei samen naar het midden van de cel. Ook deze
migraties worden gefaciliteerd door interacties van microtubuli met de plasmamembraan en de
celcortex. Na afloop van de pronucleaire migraties wordt er een mitotische spoelfiguur opgezet
in het midden van de cel, waarna verhoogde krachten aan de achterkant ervoor zorgen dat de
spoelfiguur naar achteren wordt verplaatst. Deze verplaatsing van de spoelfiguur zorgt ervoor dat
er een asymmetrische celdeling plaatsvindt wat resulteert in een grotere en een kleinere cel.
In dit proefschrift bestuderen we de interactie tussen eiwitcomplexen die betrokken zijn bij de
generatie van krachten, en het cytoskelet bestaande uit microtubuli en actine. We onderzoeken
deze interactie tijdens meiose, pro-nucleaire migraties en mitotische spoelfiguur positionering in
het vroege embryo. Hieronder geef ik een overzicht van nieuwe factoren die bijdragen aan deze
processen en geïdentificeerd en beschreven zijn in dit proefschrift.
In hoofdstuk 2 wordt de identificatie van ASPM-1, een LIN-5 interacterend eiwit, beschreven.
Het ASPM-1 eiwit lokaliseert samen met LIN-5 en CMD-1 op de polen van de spoelfiguur, waar
dit eiwitcomplex het motoreiwit dyneine rekruteert. Samen zijn deze eiwitten verantwoordelijk
voor de rotatie van de spoelfiguur tijdens meiose, waarschijnlijk door het uitoefenen van krachten
op corticaal genucleëerde microtubuli door dyneine. Alhoewel ASPM-1 ook nodig is voor de
lokalisatie van LIN-5 op de spoelfiguur polen tijdens mitose, draagt dit complex niet bij aan
de asymmetrische positionering van de mitotische spoelfiguur. Dit komt overeen met eerdere
vindingen waaruit is gebleken dat asymmetrische positionering van de spoelfiguur tijdens mitose
in het C. elegans embryo worden veroorzaakt door het genereren van krachten vanaf de celcortex.
De resultaten in hoofdstuk 2 en eerdere studies van het lab laten zien dat LIN-5 voorkomt in
twee verschillende complexen om dyneine te rekruteren: een complex op de plasmamembraan
waarin LIN-5 samenwerkt met GPR-1/2 en Gα en een complex gelokaliseerd op de polen van de
spoelfiguur waar LIN-5 samen met ASPM-1 en CMD-1 functioneert.
In hoofdstuk 3 onderzoeken we of het corticale actine cytoskelet bijdraagt aan de generatie
van krachten op de spoelfiguur. Door zogenaamde actine-depolymeriserende drugs toe te
voegen kan het corticale actine cytoskelet verwijderd worden tijdens mitose. In de behandelde
embryos merkten we op dat de lokalisatie van het LIN-5 complex niet afhankelijk is van het
actine cytoskelet. Sterker nog, de generatie van krachten op de spoelfiguur blijkt geremd te
worden door actine aan de voorkant van het embryo. Deze resultaten laten zien dat actine niet
noodzakelijkerwijs nodig is voor krachtgeneratie door het plasmamembraan gelokaliseerde LIN-5
complex. Het actine cytoskelet draagt bij aan de rigiditeit van de cortex, wat hoogstwaarschijnlijk
ook bijdraagt aan de rigiditeit van de krachtgenerator/microtubuli complexen. Aangezien corticaal
actine vooral aanwezig is aan de voorkant van de embryo, suggereren de data van hoofdstuk 3
dat een asymmetrische distributie van actine bijdraagt aan het asymmetrisch positioneren van de
spoelfiguur door het verhogen van de corticale rigiditeit aan de voorkant van de embryo.
Om meer inzicht te krijgen in de plasmamembraan lokalisatie van het LIN-5/GPR-1/2/Gα
complex, hebben we in hoofdstuk 3 gezocht naar Gα-interacterende eiwitten door middel van
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massaspectrometrie. Hieruit kwam het transmembraan eiwit TCC-1 naar voren als een mogelijke
bindingspartner. TCC-1 lijkt te lokaliseren in het endoplasmatisch reticulum en remt corticale
krachten op de spoelfiguur tijdens mitose, mogelijk door antagonistisch te werken op één van de
Gα componenten. Om meer inzicht te krijgen in de functie van het TCC-1 eiwit is er gezocht naar
directe bindingspartners. Hierbij vonden we het motoreiwit kinesine-1 en de dyneine componenten
DNC-2 en Spindly als mogelijke directe binding partners van TCC-1. Uit eerdere studies was
gebleken dat kinesine-1 tijdens meiose nodig is voor de verplaatsing van de spoelfiguur naar de
cortex. Om de relatie tussen TCC-1 en kinesine-1 in de worm nader te onderzoeken hebben we
gekeken naar de positionering van de spoelfiguur tijdens meiose wanneer de expressie niveaus
van TCC-1 zijn verlaagd. Hieruit bleek dat TCC-1 net als kinesine-1 bijdraagt aan de verplaatsing
van de meiotische spoelfiguur naar de cortex. De resultaten in hoofdstuk 3 benadrukken dat
er naast LIN-5, GPR-1/2 en Gα andere membraan-geassocieerde eiwitten bijdragen aan een
correcte balans tussen trekkrachten die op de spoelfiguur werken.
In hoofdstuk 4 onderzoeken we of het tumor-onderdrukkende eiwit DLG-1 een rol heeft in
de positionering van de spoelfiguur in het vroege C. elegans embryo. In de fruitvlieg reguleert
de homoloog van DLG-1 samen met de GPR-1/2 homoloog de positionering van de spoelfiguur
tijdens asymmetrische celdelingen. In C. elegans vonden we echter geen bewijs voor het bestaan
van een interactie tussen DLG-1 en GPR-1/2 of andere LIN-5 complex componenten (zie de
addendum van hoofdstuk 4). Desalniettemin merkten we op dat het verlies van DLG-1 in het
embryo leidde tot defecten in de migraties van de pronuclei en het ondergaan van cytokinese
(het daadwerkelijke opsplitsen van de moedercel in twee dochtercellen aan het eind van de
celdeling). Vervolgens hebben we gezocht naar bindingspartners van DLG-1 door middel van
massaspectrometrie. Uit deze analyses kwam ATAD-3 als een belangrijke partner naar voren.
Onafhankelijk van onze vindingen vond het lab van Prof. Dr. Olaf Bossinger in een zoektocht
naar directe bindingspartners van DLG-1 ook ATAD-3. Nadat onze labs elkaar hiervan op de
hoogte hadden gesteld ontstond er een samenwerking om de interactie tussen DLG-1 en ATAD-3
verder te onderzoeken in het embryo. De vinding van ATAD-3 als een partner van DLG-1 was
verassend, aangezien ATAD-3 in tegenstelling tot DLG-1 vooral in de mitochondria lokaliseert.
Vergelijkingen tussen subcellulaire lokalisaties van DLG-1 en ATAD-3 lieten weinig overlap zien,
wat suggereerde dat beide eiwitten mogelijk buiten de mitochondria interacteren. Om de interactie
beter te bestuderen in het embryo hebben we een ATAD-3 eiwit dat niet aan DLG-1 kan binden
in een worm mutant voor atad-3 tot expressie gebracht, zodat beide eiwitten wel aanwezig zijn,
maar de interactie tussen deze eiwitten is geblokkeerd. In deze embryos merkten we op dat
DLG-1 niet langer verspreid door de cel te vinden was, maar dat het zich vooral concentreerde
rond de nucleaire envelop en de plasmamembraan. Verder waren er in deze embryos problemen
in de pronucleaire migraties en actine distributie net als in embryos zonder DLG-1. Tezamen
suggereren de resultaten in hoofdstuk 4 dat DLG-1 samenwerkt met ATAD-3 in de reorganisatie
van het actine cytoskelet tijdens de polarisatie van het vroege embryo.
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Na jaren gepipeteer, wormen picken en getuur is het dan tot de afronding van dit boekje gekomen.
Het echter niet gelukt in mijn eentje. Daarom wil ik graag iedereen bedanken die hieraan heeft
meegeholpen, ofwel mij een prettige tijd heeft bezorgd.
Allereerst wil ik graag mijn begeleider en promotor bedanken. Sander, ik zal met veel plezier
terug denken aan de tijd in je lab. Ik heb veel van je geleerd en veel inspiratie opgedaan tijdens de
gesprekken met jou, wat het kritisch denken over wetenschap erg gestimuleerd heeft. We waren
het niet altijd eens. Soms leverde dat felle en ietwat emotionele discussies op. Soms een frons.
Maar ik heb het wel altijd als “open” beleefd (af en toe kwam dit besef een paar dagen later). Ook
in periodes waarin het minder voor de wind ging heb ik altijd veel begrip en goede bedoelingen
ervaren. Niet altijd uitgesproken, maar wel opgemerkt… Hopelijk kunnen we binnenkort het werk
gepubliceerd tegemoet zien! Bedankt voor alles!
Dan natuurlijk de collega’s en oud collega’s. Jullie hebben allemaal gezorgd voor een leuke
tijd die ik niet snel zal vergeten! Ieder van jullie bedankt voor de hulp gedurende de afgelopen
jaren. Adri, ik heb altijd stiekem lol gehad om je merkwaardige humor en kijk op dingen. Ik kan
er nog veel van opsteken. Elk lab zou een Adri moeten hebben! Selma, het was leuk je te leren
kennen. Je bleek stiekem een goede borrelaar… Laten nu het geschrijf is afgelopen snel iets
afspreken! Suzan, kantoormaatje. Ik heb je oprechte interesse altijd erg fijn gevonden. Martine, ik
hoop dat je veel plezier gaat beleven in Italië. Daarna volgen vast blitse nieuwe plannen op het
lab of er buiten. Misschien kunnen we dat later terug lezen… Inge, bedankt voor de gastvrijheid
en het lekkere eten tijdens barbecues en thanksgivings! Jana, bedankt voor de grappige nuchtere
inzichten. Mike, veel succes met je verse eigen groep. Hopelijk brouw je nog veel goeds. Maar
met de hulp van de AiO’s van je moet dat wel lukken! Thijs, Tim en Suzanne jullie staan nog aan
fris en fruitig aan het begin van jullie AiO-schap, maar ik weet zeker dat jullie het allemaal goed
zullen doen. Martin, misschien geen officiële collega, maar toch leuk dat je besloten hebt af en
toe bij ons rond te dwarrelen.
De collega’s van het allereerste begin: Marjolein, Matilde, Jerome en Monique. Jullie zijn me
een stel! Het was een geweldig jullie te leren kennen. Marjolein, tijdens de afgelopen jaren zijn we
erg naar elkaar toegegroeid. Je bent een wervelwind, waar ik veel steun aan heb gehad. Ik weet
dat je helemaal op je plek bent terecht gekomen. Blijf lekker stralen! Matilde, we zijn rond dezelfde
tijd begonnen als AiO en werden al snel maatjes. Het was altijd super om samen met jou avonden
vol ongein te beleven en te bespreken. Je kan er wat van! Bedankt dat ik bij jouw promotie over
je schouders mocht meekijken. Jerome, ook jij stond garant voor spektakel wel. Heb veel lol met
je gehad! Monique, ik heb met veel plezier aan je ASPM-1 verhaal gewerkt. Het was een eer om
je paranimf te mogen zijn!
And, of course my very own students: Suzanne and Blair. It was a pleasure to work with
you both! Blair, although it was a bit short, it has been a pleasure to have you over. I wish you
all the best over there in Woods hole. Hopefully we’ll meet once again! Suzanne, ik heb veel
bewondering gehad voor je optimistische relaxte instelling. Ben erg benieuwd naar je volgende
stappen! Ook veel van de andere studenten die de afgelopen jaren hun stages hebben gedaan
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bij de groep zou ik willen bedanken. Teije, Banafsheh (Veel succes bij Geert K! Binnenkort een
biertje?), Geert (Erg veel gelachen! Doe je moeder de groeten!), Stefanie, Nick, Dani,Tessa,
Wytse, Sigmarlis, Beck, Elizabeth en Daniel. Ik zal jullie niet snel vergeten. Teije, was al bijna
vergeten dat je uit dit rijtje ontstaan was. Het is altijd geweldig om samen de donkere diepe
uithoeken van de maatschappij te bespreken. Laten we dat snel weer doen!
Olaf, it was always a pleasure to meet you! I loved the open discussions and the good
company during your visits. Thank you for the opportunity to finalize the DLG-1 work. Hopefully
we will soon cheers again! Javier, thank you for all the work you put in the mass spectrometry
analysis. I hope you’ll have a great time back in Spain! Ilya and Anna thank you both for support
you gave me to shoot some spindles.
Ook andere mensen in het zonnige Kruyt gebouw of elders op de Uithof hebben het een
leuke tijd gemaakt. Ronald en Frits, als ik problemen had met de microscoop of Photoshop kon
ik altijd bij jullie terecht. Miriam en Maartje bedankt. Maar, ook andere vrolijke mensen van het
Kruyt gebouw. Al was het maar voor een praatje of een groet (vul je eigen naam maar in!). De
wormenmensen van het Hubrecht bedankt!
Huis- en ex-huisgenootjes van de Leidseweg: Emiel, Jeroen, Bart, Esgo en Lizette. Ik ben er
misschien niet vaak, maar als ik er ben woon ik er met veel plezier! Emiel, laten we weer eens
de belangrijke zaken van het leven bespreken! Jeroen, binnenkort weer eens een biertje?
Vincent en Johan, het is een eer me door jullie te laten begeleiden als paranimf. Vincent, ik
heb met plezier met je samengewerkt (geouwehoert), maar ook buiten de waanzin van het lab
heb ik veel plezier met je beleefd (me laten updaten op metal gebied, concertjes bezoeken, …).
Laten we snel weer wat headbangen! Johan, het is een tijdje terug dat je op het MLO eerstejaarskamp vanuit het niets opdook en blikjes biertjes ronddeelde. Daarna hebben we veel leuke dingen
beleefd! Tja, en je weet wat de regels om iemand naar te bed sturen zijn…
En natuurlijk de GPDers: Sander & Mira, Karen & bovengenoemde, Stefan & Sanna, Richard,
Martijn & Mariska. Laten we snel weer een meet houden met een goed thema en bijpassende
nozel- en onnozel-heid. Yeh! Stefan, binnenkort mag jij. Ik kijk er naar uit! Richard, hopelijk snel
eens oog in oog wat filosoferen. Sander, onze geschiedenis gaat al een tijd terug… Van samen
vissen, de Boogie bar, naar het oprichten van Drag, … Ik heb al jarenlang een goede vriend aan
je! Door het werk hier in Utrecht zagen we elkaar minder, maar laten we snel weer eens een
snaar aanslaan en een glaasje heffen. Niels, partner in crime. Echt enorm veel gelachen met je.
Met jou in de buurt blijven de voetjes niet rustig staan! Bedankt voor alle geluidsgolven die we
samen getergd hebben. Piediepedie joehoe!
Elonda, we hebben samen heel wat beleefd en doorgemaakt. Je zal dan ook altijd een
speciale plek in mijn leven innemen. Ik hoop dat je een mooie gelukkige toekomst tegemoet gaat
met Maurice. Ook zal het een kwestie van tijd zijn dat de kunst in je los zal barsten zonder weg
terug! Heel erg bedankt voor de mooie omslag! We proosten erop!
Bert & Lies, Johan & Elke, Lia & Albert, Gerard & Gonda, Bernard & Karin, het is me een
eer dat ik er als kleine broertje nog bij mocht. Ik heb er nog warme herinneringen aan toen we
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allemaal nog thuis woonden. Het was een dolle boel… Ook al zijn we jaren en vele neefjes en
nichtjes verder (jullie ook bedankt! Pepijn, Anne linde, Daniël, Anne, Michella, Melanie, Marcella,
Ties en Jelle), op de momenten dat we weer bij elkaar zijn voelt het als een harmonieuze bende.
Gelach en gedonder zonder overbodige beschaafdheid.
Pa en Ma, ik ben jullie echt heel erg dankbaar voor alles wat jullie voor me gedaan hebben.
Van kleins af kon ik eigenlijk al “experimentjes” doen, en werd ik vrij gelaten te doen wat er maar
in me op kwam. Jullie gaven me een warm nest. Het voelde allemaal natuurlijk en stimulerend!
Zonder jullie zou ik nooit een proefschrift geschreven kunnen hebben. Ik ben er trots op om dit
proefschrift met jullie te vieren!
Emine, who would have thought we would find each other in the romantic Kruyt building?
Soon after we met, the stress to finish up and the writing started. You were always there for me
and supported me throughout it all. I’m a happy man, having you by my side! I’m really looking
forward to all the beautiful and yet unknown things we will undertake together. Bebekje, seni
seviyorum!
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