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moving nuclei to specific intra-
cellular locations is central to 

many cell and developmental processes. 
however, the molecular mechanisms 
of nuclear migration are poorly under-
stood. We took advantage of the abil-
ity to film nuclear migration events in 
Caenorhabditis elegans embryos to gain 
insights into the mechanisms of nuclear 
migration. mutations in unc-83 blocked 
the initiation of nuclear migration. 
unc-83 recruits kinesin-1 and dynein 
to the nuclear envelope. live imaging of 
mutants showed that kinein-1 provides 
the major force to move nuclei. dynein 
is responsible to move nuclei backwards 
or to mediate nuclear rolling to by pass 
cellular roadblocks that impede efficient 
migration. live imaging was also used to 
analyze the microtubule network, which 
is highly polarized and dynamic. this 
detailed mechanism of nuclear migration 
may be applicable to nuclear migration 
in other systems and for the movement 
of other large cellular cargo.

Introduction

“You can observe a lot just  
by watching.” - Yogi Berra

A wide variety of cellular processes, 
including fertilization, cell division, cell 
migration, establishment of cell polar-
ity, differentiation and the organiza-
tion of syncytia, depend on moving and 
anchoring nuclei to a specific location 
in the cell.1,2 Not surprisingly, defects in 
nuclear positioning disrupt neurological 
and muscular development and lead to a 
variety of diseases.1,2 Genetic screens for 
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mutants with misplaced nuclei in yeast, 
filamentous fungi, worms and flies have 
identified many of the players involved in 
nuclear positioning. For example, analyses 
of the nud (nuclear distribution) mutants 
in Aspergillus implicate dynein and its 
regulatory components in nuclear migra-
tion.3 Genetic screens for mutants with 
misplaced nuclei in worms and flies origi-
nally established the importance of KASH 
and SUN proteins in nuclear migration.4-6 
KASH and SUN proteins form a bridge 
across the nuclear envelope to connect the 
cytoskeleton to structural components 
inside the nucleus.1,2 This bridge is cen-
tral to most characterized mechanisms 
of nuclear positioning. Many additional 
studies on SUN and KASH prtoeins have 
been done in mammalian tissue culture 
cells.7-11 However, these genetic and cellu-
lar approaches mostly fail to observe actual 
nuclear migration events; the genetic stud-
ies focused on terminal phenotypes and 
the tissue culture systems do not undergo 
long-distance nuclear migrations. A nota-
ble exception is the filming of short-range 
nuclear migrations in polarizing fibro-
blasts in culture.12,13 Heidi Fridolfsson 
from my lab set out to directly watch nor-
mal and mutant nuclear migration events 
in the developing Caenorhabditis elegans 
embryo.14 True to the Yogi-ism at the top 
of this section, she observed a lot.

A Model System  
for Nuclear Migration

My lab uses C. elegans hypodermal cells as 
a model system to study the mechanisms 
of nuclear migration. An advantage of 
this system is the optical transparency of 
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resulting in animals that are uncoordi-
nated and unable to lay eggs. Defects in 
hyp7 nuclear migration lead to mis-posi-
tioned nuclei in the dorsal cord rather 
than the contralateral side of the animal. 
Normally, there are no nuclei in the dorsal 
cord, but in unc-83 and unc-84 mutants, 
about 12 nuclei (85–90%) are mis-posi-
tioned in each dorsal cord.4,20

UNC-83, UNC-84 and Microtubule 
Motors Mediate Nuclear Migration

Molecular characterization of unc-84 and 
unc-83 showed that they both encode pro-
teins of the nuclear envelope.4,20 UNC-84 
is a founding member of the SUN (Sad1 
and UNC-84) family of proteins that are 
conserved across eukaryotes.4 Like other 
SUN proteins, UNC-84 is an integral 
component of the inner nuclear mem-
brane with its conserved SUN domain 
in the perinuclear space of the nuclear 
envelope.21,22 UNC-83 is a component of 
the outer nuclear membrane with a small 
C-terminal KASH domain inserted into 
the perinuclear space and a large cytosolic 
domain without homology to any domains 
of known function.20,22 The SUN domain 
of UNC-84 directly interacts with the 
KASH domain of UNC-83 to anchor 
UNC-83 in the outer nuclear mem-
brane.22 Thus, UNC-84 and UNC-83 
form a bridge across the nuclear envelope 
(fig. 1c). In general, KASH-SUN bridges 
across the nuclear envelope are used to 
connect structural elements of the nucleus 
to components of the cytoskeleton.1,2

In order to elucidate the molecular 
mechanisms used by UNC-83 to move 
nuclei, Marina Meyerzon and Heidi 
Fridolfsson in my lab identified binding 
partners of the novel, cytosolic domain 
of UNC-83. The kinesin-1 light chain 
KLC-2 and three dynein regulators, 
the dynein LC8 light chain DLC-1, the 
Bicaudal-D homolog BICD-1 and the 
NudE homolog NUD-2, were found 
to interact with UNC-83.23,24 Genetic 
analysis showed that mutations in kine-
sin-1 components caused severe nuclear 
migration defects where most hyp7 nuclei 
were mis-positioned to the dorsal cord.24 
However, mutations in dynein or its 
regulatory components caused only very 
minor nuclear migration phenotypes 

midline (fig. 1).16,17 The cells then fuse 
to form the dorsal hyp7 syncytium that 
secretes the dorsal cuticle. Midway through 
the first larval stage, twelve P-cell nuclei 
migrate from lateral positions to the ventral 
cord. Cells derived from P-cells form the 
vulva, contribute to the hypodermis and 
some become motor neurons.15

Genetic screens for lineage mutants 
by Sulston and Horvitz found mutations 
in two genes, unc-83 and unc-84, that 
disrupted both P-cell and hyp7 nuclear 
migration.18,19 Defects in nuclear migra-
tion lead to P-cell death, which dis-
rupts neuronal and vulval development, 

the animal; nuclei can be easily observed 
in live animals using DIC optics. More 
importantly, C. elegans has an invariant cell 
lineage. The Nobel-prize-winning studies 
of John Sulston and colleagues determined 
the position of every nucleus throughout 
development, including striking nuclear 
migrations in embryonic and larval hypo-
dermal cells.15,16 On the dorsal surface of 
the pre-elongation embryo, fifteen hyp7 
precursor cells align in two rows on either 
side of the dorsal midline, intercalate across 
the midline to form a row of column-
shaped epithelial cells and undergo contra-
lateral nuclear migrations across the dorsal 

Figure 1. Nuclear migration in embryonic C. elegans hypodermal cells. (A) DIC time-lapse images 
of nuclear migration. The dorsal surface of a pre-elongation embryo is shown with the anterior 
to the left. The dorsal mid-line is marked with an arrow. Cell-cell boundaries of hyp7 precursors 
are drawn on top in black. Nuclei that migrate down (from the right to the left of the embryo) are 
marked in green and nuclei migrating up (from left to right of the embryo) are in purple. (B) Car-
toon showing intercalation, nuclear migration and microtubule organization in hyp7 precursors. 
Cells first align in two rows either side of the dorsal midline (left) and then intercalate (second 
from left). Microtubules (red) reorganize during intercalation to eventually form bundles polar-
ized in the direction of nuclear migration (right). Centrosomes (yellow circles) remain associated 
with nuclei, but do not nucleate the vast majority of microtubules. (C) A model for how UNC-83 
interacts with microtubule motors at the nuclear envelope. UNC-84 (yellow) is in the inner nuclear 
membrane (INM). The SUN domain of UNC-84 (red) interacts with the KASH domain of UNC-83 
(pink) to span the nuclear envelope. UNC-83 spans the outer nuclear membrane (ONM) and its cy-
toplasmic domain (orange) interacts with proteins that regulate microtubule motors kinesin-1 and 
dynein. Kinesin-1 then provides the major force to move nuclei toward the plus ends of microtu-
bules. Dynein moves nuclei backwards and causes nuclei to roll to bypass cellular roadblocks. See 
text for full details.
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absence of UNC-83 and the unc-83 
nuclear positioning defect is approxi-
mately 50% rescued.24 When filmed, 
none of the KLC-2::KASH transgenic 
nuclei that migrate ever move backwards 
or roll.14 We conclude that dynein is used 
to mediate short backwards movements 
of nuclei and to roll nuclei. Most of the 
time, kinesin-1 can resolve the cellular 
roadblocks without dynein, but dynein 
is important to resolve some blockages of 
cytoplasmic granules and to ensure effi-
cient nuclear migration.

Looking at Microtubules

If the plus-end directed microtubule 
motor kinesin-1 is responsible for the for-
ward movement of nuclei and the minus-
end directed motor dynein mediates 
backwards movements, the microtubule 
network must be somehow polarized. It 
was previously predicted that microtu-
bules form stable polarized bundles dur-
ing intercalation that are used as tracks 
during nuclear migration.17,24 We showed 
that γ-tubulin rearranges from primar-
ily centrosome localization during the 
rapid cellular divisions to a distributed 
pattern along the cellular cortex just 
before the beginning of hyp7 precur-
sor intercalation.14 This suggests that 
in hyp7 precursors, the microtubule 
network is centrosome independent, 
which could explain why the centro-
some apparently plays no role in hyp7 
nuclear migration.14,20 To examine the 
microtubule network in live embryos, we 
expressed tubulin and the plus-end tip 
tracker EB1 as GFP fusion proteins spe-
cifically in embryonic hypodermal cells.14 
Surprisingly, bundles of microtubules in 
hyp7 precursors during nuclear migra-
tion are dynamic; FRAP studies showed 
t

1/2
 for recovery of 7.4 seconds.14 However, 

microtubules are polarized, as shown by 
tracking EB1::GFP comets. Over 90% 
of microtubules grow in the direction of 
nuclear migration.14 These data nicely fit 
our model where the plus-end directed 
motor kinesin-1 is the major force pro-
ducer and dynein functions to roll nuclei 
or move them backwards (towards the 
minus ends of microtubules) to bypass 
cellular roadblocks and ensure efficient 
nuclear migration.

that 30–60 minutes after they were sup-
posed to migrate, nuclei are pushed to the 
dorsal cord by the migration of underly-
ing body-wall muscles. Nuclei that do 
not end up in the dorsal cord remain in 
their original lateral positions. Thus, the 
hyp7 nuclear migration defect in unc-83 
or unc-84 mutants is 100% penetrant.14

Our model predicts that kinesin-1 is 
the major force producer for migration 
because mutations in klc-2 lead to most 
hyp7 nuclei being mis-positioned in the 
dorsal cord.24 When filmed, about 83% 
of nuclei fail to migrate in klc-2(km11) 
mutant embryos.14 These failed migra-
tion events look just like unc-83 mutants. 
However, about 17% of nuclei migrate 
normally with bi-directional move-
ments and occasional rolling events. klc-
2(km11) is a loss-of-function, but not a 
null, allele,24 which likely explains why 
the phenotype is weaker than unc-83 
mutant embryos.

The small number of hyp7 nuclei 
in the dorsal cord of dynein or dynein-
regulatory-component mutants suggests 
that dynein plays an unknown regula-
tory role in nuclear migration.23 RNAi 
against dynein heavy chain leads to early 
embryonic lethality,25 making filming of 
nuclear migration in later embryogenesis 
impossible. Thus, most of our live film-
ing was done in the nud-2(ok949); bicd-
1(RNAi) background—the strongest, 
viable defect of the dynein-regulatory 
genes. Nuclear migration initiates nor-
mally in nud-2(ok949); bicd-1(RNAi) 
hyp7 precursors; nuclei move at wild-
type velocities to the middle of the cell, 
where cytoplasmic granules begin to 
accumulate.14 Two-thirds of the time, 
mutant nuclei overcome the blockage and 
complete their migrations normally. The 
other third of the time, mutant nuclei are 
unable to resolve the blockage of cyto-
plasmic granules and fail to complete 
their migrations. Upon closer examina-
tion, nud-2(ok949); bicd-1(RNAi) nuclei 
fail to undergo any backwards move-
ments and migration failure is correlated 
with a failure to roll.14 To completely 
eliminate the role of dynein, unc-83 
null animals were rescued by expression 
of KLC-2 fused to a KASH domain. 
In these transgenic animals, kinesin is 
recruited to the nuclear envelope in the 

where only 2–15% of hyp7 nuclei were 
found in the dorsal cord.23 These results 
support a model where UNC-83 func-
tions as a cargo adaptor to recruit both 
kinesin-1 and dynein to the surface of 
the nucleus. Kinesin-1 provides the major 
force to move nuclei and dynein plays a 
relatively minor role to ensure the fidelity 
of the migration. However, these studies 
are limited by the fact that only terminal 
phenotypes, presumed to represent fail-
ures in nuclear migration, were analyzed. 
Furthermore, these reports failed to deter-
mine how microtubule motors of opposite 
polarity are coordinated to move nuclei.

Watching Nuclear Migration

To better understand how kinesin-1 
and dynein interact to move nuclei, we 
employed time-lapse, differential inter-
ference contrast (DIC) microscopy to 
observe actual nuclear migration events 
in wild type and mutant embryos.14 
Normally, nuclear migration begins 
shortly after the completion of inter-
calation. Nuclei migrate slowly, about 
13.6 μm/hour, taking 30–40 minutes 
to reach the contralateral side of the cell 
(fig. 1). Nuclei move short distances with 
peak velocities about ten times the aver-
age velocity and have frequent pauses. 
Furthermore, nuclear migration is bi-
directional with short, backwards move-
ments. Nuclei are nearly the width of the 
cell. Therefore, dramatic rearrangements 
of the cellular architecture must occur 
during migration. As a nucleus moves 
forward, a large build-up of cytoplas-
mic granules accumulates in front of the 
migrating nucleus. When the nucleus 
reaches about half way across the cell, the 
build-up of granules must be resolved. 
Often, this is accomplished by a nuclear 
rolling event where the nucleus rolls more 
than 360° in a span of a few minutes. As 
the nucleus rolls, the granules squeeze by, 
allowing nuclear migration to continue.14

In unc-83 or unc-84 null mutant 
backgrounds, nuclear migration com-
pletely fails.14 Nuclei do not move in 
the first 10 minutes after intercalation is 
complete, and frequently do not migrate 
at all in the entire 40 minutes that we 
can film before the embryo reorients 
within the eggshell. Our data suggest 
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on characterizing more poorly understood 
nuclear migration events.

Summary and Future Directions

In summary, our live analysis of wild 
type and mutant nuclear migration 
events in embryonic C. elegans hypo-
dermal cells has led to one of the most 
completely understood molecular mecha-
nisms to move nuclei (fig. 1). Kinesin-1 
is recruited to the outer surface of the 
nuclear envelope by the KASH protein 
UNC-83 and provides the major force 
to propel nuclei forward along a dynamic 
and polarized microtubule network. 
Dynein, also recruited to the nuclear 
envelope by UNC-83, functions to roll 
nuclei or to move them backwards in 
order to bypass cellular roadblocks of 
cytoplasmic granules.

Many questions about hyp7 nuclear 
migration remain: How is the non-cen-
trosomal microtubule network organized 
and how is polarity of microtubules 
maintained? Can a single molecule of 
UNC-83 bind both kinesin-1 and dynein 
components simultaneously? If so, how 
are the relative outputs of these opposing 
motors regulated? Once nuclei migrate, 
they must become anchored in place, 
which uses the KASH protein ANC-1.6 
How does the UNC-84-UNC-83 bridge 
for migration switch to an UNC-84-
ANC-1 bridge for anchorage? For that 
matter, how do KASH-SUN bridges 
form in the first place? And finally, what 
role does the structural integrity of the 
nuclear envelope and lamina play in 
migration? Such questions will keep my 
group and others busy for the foreseeable 
future.
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newly fertilized embryos are provided 
by dynein, but unlike in hyp7 cells, this 
is a centrosome-dependent process.25 
Similar to UNC-83’s role in hyp7 cells, 
the KASH protein ZYG-12 is required for 
dynein localization to the surface of pro-
nuclei; ZYG-12 is also required for attach-
ment of centrosomes to male pronuclei.33 
Second, in C. elegans larval P-cells, unc-83 
null mutations are temperature sensitive, 
suggesting the existence of an alterna-
tive pathway.20 My lab has unpublished 
genetic data that shows a mechanism 
independent of UNC-83 functions to 
move P-cell nuclei at the unc-83 permis-
sive temperature.

In mammals, Nesprin-4 plays a role 
analogous to UNC-83 in recruiting the 
light chain of kinesin-1 to the surface of 
the nucleus to mediate nuclear movement 
towards the plus ends of microtubules 
in highly polarized, secretory epithelial 
cells.34 In HeLa cells, BicD is recruited to 
nuclear pore complexes in G

2
. BicD then 

recruits dynein and regulates kinesin-1 at 
the nuclear envelope to position nuclei and 
centrosomes prior to mitosis.35 In wounded 
mouse fibroblast tissue culture cells, the 
KASH protein Syne/Nesprin-1 moves 
nuclei by tethering the nuclear envelope 
to moving actin fibers.9 Progenitor cells 
in developing vertebrate neuroepithelia 
undergo cell cycle dependent interkinetic 
nuclear migrations.36 In some neuroepithe-
lia, kinesin-3 moves nuclei away from cen-
trosomes and the apical surface during G

1
 

of the cell cycle and dynein moves nuclei 
back to the apical surface in G

2
.37 Actin-

myosin contraction moves nuclei in other 
neuroepithelia.38 KASH proteins likely 
mediate these nuclear migrations;27,39,40 
Syne/Nesprin-2 has been shown to inter-
act with both dynein and kinesin-1 and is 
required for multiple nuclear migration 
events in developing neurons.40

These examples show that a toolbox of 
motors and structural elements are avail-
able to move nuclei. At different times 
in development and in different systems, 
various combinations of KASH-SUN 
bridges, centrosomes, dynein, kinesin, 
actin flow and actin-myosin contrac-
tion are used to mediate nuclear migra-
tion. Thus, future studies should focus 
both on careful elucidation of individual 
mechanisms in well-studied systems and 

Coordination of Kinesin-1  
and Dynein for Bi-Directional 

Movements

A single cellular cargo will often bind both 
plus and minus-end-directed microtubule 
motors, but how the relative outputs of 
such motors are coordinated is poorly 
understood. Three non-mutually exclusive 
models could explain why both kinesin-1 
and dynein are recruited to many cellular 
cargos. In the first, kinesin-1 and dynein 
are interdependent; a mutation in one 
disrupts movements in both directions.26 
Alternatively, dynein could function as a 
drag on kinesin-1 in a tug-of-war model.27 
Our data for nuclear migration favors a 
third model, where the motors mediate bi-
directional movements that could allow 
the cargo to switch microtubule tracks, 
avoid obstacles or correct errors as previ-
ously suggested.28,29 As the largest cellular 
cargo, the stress of moving the nucleus 
requires coordinating many motors to 
generate forces for processive movement. 
UNC-83 interacts with both the LC8 
light chain DLC-1 and the C-terminus 
of NudE.23 The C-terminus of NudE also 
binds DLC-1 to recruit LIS-1 and make 
dynein more processive.30 Thus it is inter-
esting to speculate that UNC-83 regulates 
dynein activation through DLC-1, which 
binds UNC-83, NUD-2, EGAL-1 and 
dynein IC. The LC8 light chain has been 
proposed to act as a dimerization hub in 
a variety of networks;31 the regulation of 
these interactions therefore warrant future 
studies. Our data show that KLC-2 binds 
UNC-83 in a different region than the 
dynein regulators.23 Thus, UNC-83 could 
act as both a cargo adaptor to recruit kine-
sin-1 and dynein to the surface of nuclei 
and as an integrator of dynein and kine-
sin-1 activities. Similar roles have been 
proposed for the Drosophila KASH pro-
tein Klarsicht.32

Other Mechanisms to Move Nuclei

The kinesin-1-dependent mechanism to 
move C. elegans embryonic hyp7 nuclei 
that is the focus of our study is just one 
of many emerging mechanisms to move 
nuclei. In C. elegans, there are at least 
two other mechanisms. The forces to 
move pronuclei toward one another in 
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