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A role for the lissencephaly gene LIS1
in mitosis and cytoplasmic dynein
function
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Mutations in the LIS1 gene cause gross histological disorganization of the developing human brain, resulting in a

brain surface that is almost smooth. Here we show that LIS1 protein co-immunoprecipitates with cytoplasmic dynein
and dynactin, and localizes to the cell cortex and to mitotic kinetochores, which are known sites for binding of cyto-
plasmic dynein. Overexpression of LIS1 in cultured mammalian cells interferes with mitotic progression and leads to
spindle misorientation. Injection of anti-LIS1 antibody interferes with attachment of chromosomes to the metaphase

plate, and leads to chromosome loss. We conclude that LIS1 participates in a subset of dynein functions, and may
regulate the division of neuronal progenitor cells in the developing brain.

developing central nervous system (CNS) to form the com-

plex layers within the cortical regions represents an impor-
tant, but incompletely understood, feature of brain development. A
limited number of genes that control this process have been identi-
fied. Mutations in the human LISI gene are responsible for type I
lissencephaly  (Miller—Dieker lissencephaly and isolated
lissencephaly sequence), a condition characterized by gross disor-
ganization of neurons within the cortical regions of the brain'2
Genetic studies of patients with type I lissencephaly have revealed
mutations in a single LISI allele’!, and consequent reduction of
levels of LIS1 protein®. Analysis of Lisl-knockout mice further
supports the idea that reduced gene dosage gives rise to the
lissencephalic phenotype’. Homozygous-null mice exhibit early
embryonic lethality, indicating that LIS1 is also important in basic
aspects of post-implantation cell physiology.

Two apparently distinct roles for LIS1 in neuronal migration
have been proposed. First, LIS1 has been found to co-purify stoi-
chiometrically with a brain cytosolic form of platelet-activating
factor (PAF) acetylhydrolase 1b (PAFAH1b, ref. 8), an enzyme that
inactivates PAF. A second potential role for LIS1 has been proposed
on the basis of genetic studies. Mutations in an Aspergillus LISI
homologue, nudF, inhibit nuclear migration within hyphal
processes’, the same phenotype that is produced by mutations in
the retrograde microtubule motor protein cytoplasmic dynein and
its interacting partner, the dynactin complex'*'2. Mutations in the
yeast LISI homologue PACI produce defects in nuclear orienta-
tion', and mutations in Drosophila Lis-1 produce dynein-like
defects in nuclear migration and oogenesis'*'>.

In view of the disparate roles proposed for LIS1 and its impor-
tance in brain development, we sought to identify a role in the
regulation of cytoplasmic dynein in higher eukaryotic cells. Here
we present evidence for a physical interaction between LIS1, cyto-
plasmic dynein, and the dynactin complex, and co-localization at
common subcellular sites. Perturbation of LISI levels in cultured
mammalian cells has profound effects on mitotic progression,
mitotic-spindle orientation and chromosome attachment, and on
the subcellular localization of both cytoplasmic dynein and dyn-
actin. Comparison with a dynactin phenotype that we previously
characterized'® reveals that LIS participates in a subset of the

The migration of neurons from the progenitor zones of the

784

functions of cytoplasmic dynein. Together, these results indicate
that LIS1 may have a fundamental function in the regulation of
cytoplasmic dynein in cell division during the early stages of brain
development.

Results

Co-immunoprecipitation of cytoplasmic dynein, dynactin and
LIS1. To test for a physical interaction between LIS1 and cytoplas-
mic dynein, we immunoprecipitated LIS1 from cytosolic extracts of
calf-brain tissue using two different antibodies specific for LIS1
(Fig. 1a). Both dynein and dynactin co-immunoprecipitated with
LIS1 (Fig. 1b). LIS1 was also detected in dynein and dynactin
immunoprecipitates (Fig. 1¢). These results indicate that LIS1 exists
as part of a complex with cytoplasmic dynein and dynactin.
Altered LIS1 expression affects cell division. As a further means of
testing whether LIS1 participates in the function of dynein, we
sought to perturb the expression of LIS1 in cultured mammalian
cells. Our previous work has indicated that overexpression of the
full-length wild-type dynamitin (p50) subunit of dynactin affects
mitotic-spindle organization and causes cells to accumulate in a
prometaphase-like state'®. In addition, during interphase, the Golgi
apparatus, endosomes, and lysosomes, are dispersed from their
normal perinuclear locations'’.

Overexpression of LIS1 gave rise to an even more marked mitot-
ic phenotype. Of MDCK cells transfected with a complementary
DNA encoding full-length LIS1, one-third (mean mitotic index =
32.4%) were in mitosis, compared with 4.0 % for wild- type control
cells (Fig. 2a). Cos-7 cells overexpressing LIS1 exhibited a mitotic
index of 29.4%. The fraction of cells in prometaphase was
increased relative to control cells (Fig. 2b), but not to the extreme
extent observed in cells overexpressing dynamitin'®. We also
exposed Cos-7 cells to phosphothiolated LIS1-antisense oligonu-
cleotides, which resulted in a 93% reduction in levels of LIS1 (Fig.
2¢). Antisense-treated cells also accumulated in mitosis, although
this effect was much less pronounced (a twofold increase in mitot-
ic index) than for LIS1-overexpressing cells.

A range of defective mitotic structures could be observed in
LIS1-overexpressing cells (Fig. 3a—f). The number of multipolar
mitotic spindles increased in Cos-7 (8.1%, compared with 3.2% of
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Figure 1 Co-immunoprecipitation of cytoplasmic dynein and dynactin with
LIS1. a, Immunoblot of Cos-7-cell extracts. Lane 1, whole serum; lane 2,
immunoglobulin G fraction; lane 3, affinity-purified anti-LIS1 antibody produced dur-
ing this study. b, LIS and p1506ed (Dynactin) were immunoprecipitated from
bovine-brain cytosol and immunoblotted using antibodies against the heavy (CDHC)
and intermediate (CDIC) chains of cytoplasmic dynein and against p150%ed, All
three polypeptides were enriched in the LIS1 immunoprecipitate, although a limit-
ed amount of dynein heavy chain was present in controls (Beads). ¢, The heavy-
and intermediate-chain subunits of cytoplasmic dynein, the p150¢ted, p62 and
Arpl subunits of dynactin, and LIS1 were immunoprecipitated and immunoblotted
using anti-LIS1 antibody. LIS1 co-immunoprecipitated with all dynein and dynactin
antibodies tested.

total mitotic cells) and MDCK (9.5%, compared with 2.7%) cells.
Supernumerary spindle poles contained centrioles, as detected with
an anti-polyglutamylated tubulin antibody'®", which is consistent
with a delay in mitosis (data not shown, see Discussion). An
increase in multipolar spindles was also observed in antisense-
treated cells (9.5%, compared with 1.5% of total mitotic cells).
LIS1-overexpressing cells with otherwise well-formed metaphase
plates exhibited a greater-than-normal number of unaligned chro-
mosomes (Fig. 3¢, f), suggesting a defect in chromosome congres-
sion or attachment. A very high percentage of interphase cells con-
tained micronuclei and/or multiple nuclei (43.3%, compared with
8.9% for control cells), which is consistent with a lack of proper
chromosome segregation.

Many mitotic LIS1-overexpressing cells were unusually flat and
well-spread (see, for example, Fig. 3c), and had randomly posi-
tioned spindles, often with one pole flush against the cortex (Fig.
3¢). In some late-prometaphase and metaphase cells (Fig. 3m, n),
hyperelongated astral microtubules were seen to reach the cell cor-
tex, where they bent either along the cell margin or back into the
cytoplasm. This pattern is similar to that observed in dynein-, dyn-
actin- and PACI-knockout yeast strains'>?, indicating that overex-
pression of LIS1 in mammalian cells may interfere with a similar
interaction.

In contrast to the pronounced effects observed during mitosis,
overexpression of LIS1 had no effect on the distribution of the Golgi
apparatus, endosomes or lysosome during interphase (Fig. 3g-1).
LIS1 overexpression alters the distribution of cytoplasmic dynein
and dynactin. Dynein and dynactin have been implicated in the
attachment of microtubules to the cell cortex in Saccharomyces cere-
visiae®® and Caenorhabditis elegans’*. To investigate the function of
LIS1 in this interaction, we examined the effects of LISI overex-
pression on the distribution of cytoplasmic dynein and dynactin in
MDCK cells. In control cells, dynein and dynactin staining was
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Figure 2 Overexpression of LIS1 perturbs mitotic progression. a,
Percentages of cells in mitosis (M) and interphase (1) in control wild-type or LIS1-
overexpressing (LIS-TX) MDCK cultures. Values are means + s.d. from three experi-
ments. b, Percent of LIS1-overexpressing MDCK cells in prometaphase (PM),
metaphase (M), anaphase (A) and telophase (T). Open bars, wild-type controls; filled
bars, LIS-1-overexpressing cells. Values are means + s.d. from four experiments. ¢,
Western blot, using anti-LIS1 polyclonal antibody, of extracts from Cos-7 cells
exposed to 100 nM oligo2 (see Methods) and to control phosphothiolated
oligonucleotides.

observed at the cell cortex, as has been reported?, along spindle and
astral microtubules, and at spindle poles (Fig. 4a). In LIS1-overex-
pressing cells, dynein (data not shown) and dynactin were still
readily detected at the latter sites (Fig. 4b). However, cortical stain-
ing was clearly disrupted and replaced with disorganized clumps
that were randomly situated at the cell cortex and in the cytoplasm.
In turn, the astral microtubules no longer radiated in a uniform
pattern from the centrosomes, but rather were focused towards the
cortical clumps (Fig. 4b).

These observations support the idea that LIS1 functions in the
regulation of the distribution of dynein and dynactin in the cortex,
and their interaction with astral microtubules. To determine
whether LISI affects spindle orientation, we examined filter-grown,
polarized MDCK cells. Mitotic spindles in these cultures are almost
all situated parallel to the substratum? (Fig. 4c). In LISI-transfect-
ed cells, the orientation of the spindle axis was randomized (Fig.
4d); 62.5% of bipolar mitotic spindles were found to have their two
poles in different focal planes, compared with 15.0% for controls.
Polarized MDCK cells have been reported to exhibit a restricted
pattern of cortical dynein and dynactin staining in a belt just below
the tight junctions®. In polarized MDCK cells overexpressing LIS1,
dynein (data not shown) and dynactin were again observed to form
small clumps that were dispersed throughout the cell (Fig. 4f).
Function of LIS1 and cytoplasmic dynein at the kinetochore. The
observation of unaligned chromosomes in LIS1-overexpressing
cells and the accumulation of cells in mitosis (Figs 2 and 3) are
consistent with a defect in chromosome congression or in attach-
ment of chromosomes to mitotic-spindle microtubules.
Surprisingly, however, the immunoreactivity of cytoplasmic
dynein and dynactin persisted at prometaphase kinetochores of
LIS1-overexpressing cells (Fig. 4g). To determine more directly
whether LIS1 indeed participates in kinetochore function, we
microinjected anti-LIS1 antibody into NRK cells just before break-
down of the nuclear envelope. We observed the effects on chro-
mosome behaviour from early prometaphase onwards, and
observed clear delays in progression through mitosis (Fig. 5 and
Supplementary Information). Immediately after nuclear-envelope
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Figure 3 Phenotypic effects of LIS1 overexpression. a-f, Inmunofluorescence-
microscopic images of LIS1-overexpressing Cos-7 cells stained with anti-tubulin
antibody (a—¢) and Hoechst (d-f) to reveal chromosomes. a, b, d, e, Tetrapolar
and split polar spindles; ¢, f, bipolar spindle with misaligned chromosomes. Note
that the left spindle pole lies against the cell cortex. g-I, Double-abelling using
GFP-NAGT (g), RITC-transferrin (h) or lysotracker (i); anti-myc antibody was used
to identify LIS-1-overexpressing cells (j-I). No effect was observed on the distribu-
tion of vesicular organelles. m, Prometaphase cell stained with anti-tubulin antibody,
showing hyperelongated microtubules that curve back from the cell cortex. n, box
marked in m, shown at higher magnification.

breakdown, condensed chromosomes showed a tendency to dis-
perse throughout the cell and then to follow a less orderly pattern
of migration to the metaphase plate than was observed in controls.
In ~50% of experimental cells (8/17), chromosomes exhibited
delayed alignment with the metaphase plate, or, once aligned, dif-
fused away, indicating that alignment was unstable. In each case,
repeated approaches to the plate were observed, suggesting multi-
ple attempts at chromosome recapture or reorientation. This
behavior resulted in a delay in anaphase onset. In some cells, chro-
mosomes rejoined the metaphase plate before anaphase onset

786

Figure 4 Effects of LIS1 overexpression on dynactin distribution. a, b,
Confocal-microscopic images of mitotic control (a) and LIS1-overexpressing (b)
MDCK cells stained with anti-p1506"ed antibody. Punctate cortical staining is present
in the control cell (filled arrows). In the LIS1-overexpressing cell, cortical staining is
largely disrupted (open arrows), although some remains (filled arrows). c~F,
Confocal-microscopic images of filter-grown, polarized MDCK cells stained with
antitubulin (¢, d) anti-p150€ed (e, f) antibodies. The spindle in the control,
non-transfected cell (c, e) is parallel to plane of the coverslip, whereas that in the
LISI-overexpressing cell (d, f) is severely tilted. e, f, Centre panels from a confocal
z-axis series, showing dynactin at the cortex and poles of the control cell (e), but
dispersed in the LIS1-overexpressing cell (f). g, h, Labelling of LIS1-overexpressing,
non-polarized MDCK cells with anti-p150¢“ed (g) and a DNA-labelling compound (h),
showing persistent dynactin staining at prometaphase kinetochores.

(9/17), whereas in the remainder (8/17), anaphase proceeded with
an unattached or mono-oriented chromosome (Fig. 5f, m) leading
in some cases to the formation of micronuclei (Fig. 5j, 0). Several
cells showed stretched chromosomes during anaphase (5/17).
Although prometaphase was clearly extended in cells injected with
anti-LIS1 antibody, the duration of metaphase, anaphase, and
telophase were unaffected.

These results are consistent with a functional relationship
between LIS1 and cytoplasmic dynein and dynactin. These proteins
have been predicted to participate in chromosome capture and
attachment on the basis of their prominent localization at the
kinetochore during prometaphase'®*?¢ and the observation of
rapid poleward chromosome movements during early
prometaphase in some cells?”’. However, direct evidence that
dynein and dynactin are involved in chromosome movement and

24 © 2000 Macmillan MAYSEARE CE4L BIOLOGY [VOL 2 [NOVEMBER 2000 |http://cellbio.nature.com



59 min 61.5 min

22.5 min 48.5 min

articles

I'g
32.5 min 36.5 min

R

0 20 40 60 80

100 120 140 160

Time from nuclear-envelope breakdown to anaphase onset (min)

Figure 5 Effects of anti-LIS1 antibody on the behaviour of mitotic chromo-
somes. a-o, Time-apse images, obtained at the indicate times after nuclear-enve-
lope breakdown (NEB), of two NRK cells stained with Hoechst 33258 to visualize
chromosomes, and injected with anti-LIS1 antibody just before nuclear-envelope
breakdown. a—j, In one example, chromosomes can be seen joining and dissociat-
ing from the metaphase plate (arrows), one of which is lost during anaphase and
forms a micronucleus. k-0, Another example, showing formation of micronuclei.
p-r, Summary of the effects of antibody microinjection. Horizontal bars represent

attachment has been elusive. To test for such a role and for com-
parison with LIS1, we injected NRK cells with an antibody against
the cytoplasmic-dynein intermediate chain. The anti-dynein anti-
body caused an even more pronounced prometaphase delay than
that observed with anti-LIS1 antibody, with several cells remaining
in prometaphase for 22 h (Fig. 5p-r). Chromosomes in several
anti-dynein-injected cells (7/13) were repeatedly lost and realigned
at the metaphase plate. No examples of anaphase with unattached
chromosomes were observed.

Subcellular distribution of LIS1. We observed no evidence for an
association of LIS1 with interphase microtubules by immunofluo-
rescence microscopy or by microtubule co-purification®, in con-
trast to previous findings®, although we did see staining of mitotic
microtubules when we used one polyclonal antibody. Both this and
another monoclonal antibody® recognized prominent chromo-
some-associated spots (Fig. 6a—c). These spots were identified as
kinetochores by co-localization with anti-dynamitin antibody (Fig.
6g—i). As for dynein and dynactin, LIS] immunoreactivity at kine-
tochores was most prominent during prometaphase and was great-
ly reduced or absent in attached chromosomes during late
prometaphase and metaphase, which is consistent with the distri-
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time from nuclear-envelope breakdown until anaphase onset. Vertical bar indicates
the mean value for controls (20.1 min). p, Control injections (pre-immune
immunoglobulin G fraction of or LIS1-peptide-blocked antibody). q, Cells injected
with anti-LIS1antibody showed clear delays, although all cells eventually initiated
anaphase. r, Cells injected with a monoclonal antibody against the intermediate
chain of cytoplasmic dynein exhibited a more pronounced prometaphase delay.
Several cells remained in prometaphase for >2 h (*), after which time they were no
longer monitored.

bution of cytoplasmic dynein®?¢ and dynactin'®. Clear staining of
the cell cortex was also observed in MDCK cells with both anti-
LIS1 antibodies (Fig. 6a—f).

Role of LISI in regulating proteins associated with microtubule
plus ends. Several proteins have been identified that associate with
the distal (plus) ends of growing cytoplasmic microtubules®,
including dynactin (ref. 34 and K.T.V,, unpublished observations).
How this behaviour relates to the interaction of microtubules with
the cell cortex is unknown, but we sought to determine whether it
was affected by overexpression of LISI. In control cells, the p150¢h<
subunit of dynactin co-localized with CLIP-170 (ref. 34) and EB-1
(Fig. 7a—f), a dynactin- and adenomatous polyposis coli (APC)-
interacting protein®. Overexpression of LIS1 virtually abolished
p150¢" staining from microtubule ends (Fig. 7g, h). However, no
effect on EB-1(Fig. 7i, j) or CLIP-170 (data not shown) was
observed.

Discussion
Our immunoprecipitation experiments have demonstrated a phys-
ical interaction between cytoplasmic dynein and LIS, although we
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Figure 6 Subcellular localization of LIS1. Immunofluorescence-microscopic
images of MDCK cells stained with anti-tubulin antibody (a, d; red in overlay), affinity-
purified anti-LIS1 polyclonal antibody (b, e, h; green in overlay) or anti-dynamitin anti-

do not know whether binding is direct or indirect. The co-precipi-
tation of both dynein and dynactin is of some interest, in that the
two complexes do not generally co-immunoprecipitate with each
other®®, with the exception of the triple complex of dynein, dyn-
actin and NuMA?. Our results indicate the possible existence of
another such complex involving LIS1. It is appealing to speculate
that these supercomplexes reflect an activated state of dynein, which
may be involved in subcellular targeting, on the basis of existing evi-
dence regarding the role of dynactin in dynein function's*.

The results of our localization studies are consistent with an
interaction between LIS1 and the dynein—dynactin complex. We
found LIS1 to be associated with the cortex of mitotic MDCK cells
(Fig. 6), where cytoplasmic dynein and dynactin are also present®
(Fig. 4). These results are consistent with a recent report that
Drosophila Lis-1 and cytoplasmic dynein both associate with the
cortices of Drosophila oocytes'!. Remarkably, we also found LIS1 to
be present at the kinetochore during prometaphase (Fig. 6). The
intensity of LIS1 staining declined through subsequent stages of
mitosis. This behaviour is identical to that observed for cytoplasmic
dynein and dynactin, providing further support for a common site
of action.

The effect of LIS1 overexpression on the localization of dynein
and dynactin adds further support to the idea of a physiological
interaction. We found that excess LISI alters the distribution of
both complexes at the cortices of dividing MDCK cells (Fig. 4) and
affects the association of dynactin with microtubule plus ends (Fig.
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body (g; red in overlay). a-c, In early prometaphase, LIS1 is localized to both kineto-
chores and spindle poles. d-f, In metaphase, LIS1 is present at the cortex (confocal
images). g-i, LIS1 co-localizes with dynamitin at prometaphase kinetochores.

7). Curiously, there is no clear effect on the association of dynein or
dynactin with kinetochores (Fig. 4), indicating that, at least in this
case, LIS1 may have a function in regulating the activity of cyto-
plasmic dynein rather than cargo attachment.

The differential effects of LIS1 overexpression on the association
of p150¢d EB-1 and CLIP-170 with microtubule distal ends pro-
vide further evidence for a specific function for LIS1 in the
dynein—dynactin pathway. Furthermore, they indicate that the loss
of p150" from microtubule ends is not simply a result of stabi-
lization of microtubules, which abolishes the end-binding of CLIP-
170 (ref. 32), EB-1 (ref. 31) and p150" (N.E.E. ef al., unpublished
observations). Finally, these results further indicate that excess LIS1
interferes with the interaction between EB-1 and dynactin.

Type I lissencephaly affects only the brain, suggesting a function
for the LISI protein in neuronal development. However, LIS1 is
expressed in many tissues’, and homozygous-null mice exhibit
early embryonic lethality’, which is consistent with a more general
function in cell physiology, as we report here. Two of the approach-
es we used — antibody injection and exposure to antisense
oligonucleotides — mimic the disease state by reducing active pro-
tein levels. The LISI-overexpression phenotype may result from a
competition mechanism, as seems to be the case for dynamitin'®*.
Sequestration of dynein or dynactin by overexpressed LIS1 seems a
less likely mechanism in view of the persistence of the two com-
plexes at the prometaphase kinetochore (Fig. 4g, h).

The effects produced by the three different approaches we used
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Figure 7 Overexpression of LIS1 displaces p150¢d from microtubule plus
ends. a-f, Ilmunofluorescence-microscopic images of control interphase Cos-7
cells treated with anti-p1 506 (a, d; red in ¢, f) and anti-EB-1 (b, e; green in c, f)
antibodies, showing staining of identical microtubule ends. g-j, Loss of dynactin,

are complementary, and are consistent with a function of LISI at
the two primary sites where we found it to be localized, the cortex
of the mitotic cell and the kinetochore (Fig. 8). Several lines of evi-
dence point to a defect in the interaction between mitotic-spindle
microtubules and the cell cortex. Most direct is the misorientation
of mitotic spindles in polarized MDCK epithelial cells (Fig. 4).
Cytoplasmic dynein has been reported to form a cortical belt
around these cells at the level of the mitotic spindle”, perhaps
actively holding it in place. The randomization of spindle orienta-
tion we observed in LIS1-overexpressing cells is associated with dis-
persal of dynein and dynactin (Fig. 4), which strongly suggests that
the spindles are no longer properly attached. These spindles do not
appear to be entirely free in the cytoplasm, as we still observed
microtubules extending to sites at the cell periphery. It is possible,
therefore, that it is the disorganization of sites for linkage of dynein
to microtubules within the cortex, rather than complete detach-
ment of microtubules, that is responsible for spindle misorienta-
tion. A defect in the interaction between microtubules and the cell
cortex is further indicated by the extended, curved astral micro-
tubules we observed during prometaphase in LIS1-overexpressing
Cos-7 cells (Fig. 3). This pattern is reminiscent of that observed for
cytoplasmic microtubules in yeast cells with defective cytoplasmic
dynein, dynactin and PACI (refs 13, 20). It is also worth noting that
cytoplasmic-dynein-mediated defects in mitotic-spindle orienta-
tion can contribute to mitotic delay in yeast*’. More recently, spin-
dle displacement in mammalian cultured cells has also been found
to delay mitotic progression*'. Thus, the defects we observed in
spindle orientation may contribute to the increased mitotic index
in LIS1-overexpressing cells (see below).

Our data also clearly point to a role for LIS1 in kinetochore
function. We observed clear localization of LIS to these structures
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but not of EB-1, from microtubule distal ends in LIS1-overexpressing cells. LIS1-
overexpressing Cos-7 cells were identified with anti-Myc antibody (h, j) and double-
labelled with anti-p150¢ed (g) or anti-EB-1(i) antibodies.

(Fig. 6), which was temporally coincident with that of cytoplasmic
dynein and dynactin. A substantial number of LIS1-overexpressing
cells with otherwise well-formed metaphase plates exhibited
unaligned chromosomes (Fig. 3), and clear delays in alignment
were observed in antibody-injected cells (Fig. 5). Chromosomes
were also lost from the metaphase plate with some frequency, and
cycles of capture and loss were observed, behaviour that was not
seen in control cells. It is likely that the resulting delays in mitosis
contribute significantly to the increased mitotic index we observed
in LIS1-overexpressing cells. The increase in multipolar cells in the
transfected cultures (Fig. 3) and in cells exposed to antisense
oligonucleotides (data not shown) are also consistent with a defect
in mitotic progression . The immunoreactivity of the supernumer-
ary poles with anti-polyglutamylated tubulin antibody, a marker of
centrioles, indicates that the extra poles may have resulted from
premature splitting of the centriole pairs, or from an extra round of
centrosome replication, effects that are observed after extensive
mitotic delays*.

Cytoplasmic dynein and dynactin have been implicated in the
attachment of chromosomes to mitotic microtubules, on the basis
of the localization of the two complexes to prometaphase kineto-
chores'®*>%, the poleward movement of sister-chromatid pairs dur-
ing early prometaphase”, and the prometaphase block caused by
overexpression of dynamitin, which also dissociates dynein and
dynactin from the kinetochore'®. A mutation in the Drosophila
dynamitin-interacting kinetochore protein zwl0 also releases
dynein and dynactin from kinetochores, but results in loss of chro-
mosomes during anaphase®. Whether the latter effect involves
dynein is uncertain, as zwl0 persists at the kinetochore during
anaphase after dynein levels have decreased.

We observed a clear defect in chromosome alignment in cells
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Figure 8 Potential functions of LIS1 in mitosis and brain development. a,
Proposed functions of LIS1 in mitosis. LIS1 (pink) is depicted as participating in the
cytoplasmic-dynein-mediated interaction between microtubules and kinetochores
(right) and between microtubules and the cell cortex (left). b, Possible functions of
LIS1 in brain development. Neuronal-progenitor cells in the vertebrate ventricular
zone are shown exhibiting cell-cycle-dependent nuclear oscillations (1), during mito-
sis (2) and after cell division (3). For cells dividing parallel to the ventricular plane,
one of the progeny remains undifferentiated, as shown, whereas the other differen-
tiates and migrates outwards along radial glial fibres. In addition to potential func-
tions of LIS1 during phases 1 and 3, our results points to important roles for LIS1
in mitotic progression and spindle orientation, both of which may profoundly affect
the subsequent distribution of neurons within the brain. (b is after refs 45, 49).

injected with anti-dynein antibody (see Supplementary
Information), very similar to the results of injection with anti-LIS1
antibody, which, however, produced a less pronounced mitotic
delay. This difference may result from the tendancy of anti-LIS1-
injected cells to proceed through anaphase with unattached chro-
mosomes, behaviour that we have so far not observed in anti-
dynein-injected cells. This behaviour is potentially of considerable
importance, as it indicates that loss of LIS1 function may specifi-
cally affect the mitotic-checkpoint mechanism. That the chromo-
some-attachment checkpoint is still partially operational in these
cells is indicated by the observed prometaphase delays. However,
that the checkpoint is defective is also clear from the premature
entry into anaphase and resulting loss of chromosomes, as
observed in zwlO-mutant flies®. Together, therefore, these data
indicate that dynein and its associated proteins may function not
only in chromosome attachment, but also in the checkpoint mech-
anism itself.

Overexpression of LIS1 had no apparent effect on the cytoplas-
mic-dynein-mediated localization of vesicular organelles (Fig. 3).
Thus, the effects we observed on cortical and kinetochore interac-
tions during mitosis could mean that LISI is only functional dur-
ing mitosis. However, this possibility seems unlikely in view of evi-
dence for non-mitotic functions of LISI-related proteins in lower
eukaryotes”'*'*, and our evidence for an effect of LIS1 overexpres-
sion on the composition of microtubule ends (Fig. 7). Alternatively,
we note that the LIS1 functions revealed here may have as a com-
mon theme the interaction between cytoplasmic dynein and dyn-
actin and microtubule plus ends (Fig. 8a). Perhaps, therefore, LIS1
functions as a novel regulator of microtubule-end-dependent
processes.
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Our findings have implications for understanding the develop-
ment of the lissencephalic brain. Cell division occurs primarily in
the neuroepithelial layers of the early CNS, from which differenti-
ating neurons emerge and migrate to their final destinations (Fig.
8b). LISI and cytoplasmic dynein could conceivably participate at
any of several stages during this process. First, they could function
in the oscillatory movements of nuclei during the cell-division
cycle of neuronal progenitor cells in the ventricular zone (Fig. 8b,
1). This behaviour is reminiscent of the dynein- and nudF-depend-
ent nuclear migration observed in growing Aspergillus hyphae, and
possibly of the basolateral-apical shift in nuclear position in the
developing Drosophila eye, a process that seems to be partially
impeded in a LisI-null mutant'. LIS1 could also participate direct-
ly in post-mitotic neuronal migration (Fig. 8b, 3). This possibility
is supported by a reduction in the outward migration of neurons
from in vitro aggregates, using cells from Lis1-mutant mice’. How
this form of motility relates to the glial-cell-guided process in vivo
and to the function of cytoplasmic dynein is uncertain.

Our data indicate a role for LISI in cell division, alterations in
which could, in turn, affect neuronal migration, as we have previ-
ously speculated*. Neuroepithelial cells undergoing cleavage per-
pendicular to the ventricular plane give rise to progeny that con-
tinue to divide (Fig. 8b, 2). Cells undergoing cleavage parallel to the
ventricular plane produce non-equivalent progeny, one of which
continues to divide while the other differentiates and undergoes
migration®. For the differentiating neuron, the timing of the last
division (its ‘birthday’) affects its final destination by a mechanism
that remains mysterious*. In view of these observations, it seems
reasonable to expect that mutations that influence the orientation
of the cell-division plane or the timing of cell division may affect
the ultimate distribution of neurons in the brain. Our data identi-
fy a role for LIS1 in regulating these processes, and indicate that
defects in cell division may contribute to lissencephaly. U

Methods

cDNAs and immunological reagents.

A full-length LIS1 cDNA was generated by polymerase chain reaction with reverse transcription (RT-
PCR) from Cos-7-cell RNA, using primers directed to conserved flanking UTR sequences. The ampli-
fied cDNA was sequenced and subcloned into the pCMV mammalian expression vector with an
amino-terminal myc epitope (Clontech). Two polyclonal rabbit antibodies were made to a peptide cor-
responding to the first 21 amino acids of human LIS1 conjugated to keyhole-limpet haemocyanin
(KLH) (Research Genetics, Huntsville, Alabama). One of the antibodies was affinity-purified against
peptide conjugated to sepharose 4b beads (Research Genetics), or used as an immunoglobulin G frac-
tion prepared by binding and extraction from protein G-sepharose (Amersham) using 100 mM
glycine, pH 3.0. Other polyclonal and monoclonal antibodies against human LIS1 (ref. 29) were pro-
vided by O. Reiner (Weizmann Institute, Rehovot, Israel). Antibodies against dynein and dynactin
included a polyclonal’ and a monoclonal (Transduction Laboratories) anti-p150%““?, monoclonal anti-
dynamitin**, monoclonal antibodies against cytoplasmic-dynein intermediate chain (74.1, gift from K.
Pfister, Univ. Virginia, Charlottesville, Virginia; and 70.1, Sigma), polyclonal antibody against cytoplas-
mic-dynein intermediate chain (L5, K.T.V.), polyclonal antibody against cytoplasmic-dynein 1 heavy
chain (gift from A. Mikami, Univ. Massachusetts Medical School, Worcester, Massachusetts), polyclonal
anti-p62 (ref. 48), and polyclonal anti-Arp1 (gift from D. Meyer, UCLA, Los Angeles, California).
Other antibodies included monoclonal antibody against polyglutamylated tubulin GT335 (ref. 23, gift
from P. Denoulet, College de France, Paris), monoclonal anti-EB1 (Calbiochem), monoclonal anti-
CLIP-170 (gift from H. Goodsen, Univ. Notre Dame, Notre Dame, Indiana), and monoclonal anti-
tubulin (DM1A, Amersham).

Immunoprecipitation.

LIS1, cytoplasmic dynein and dynactin were immunoprecipitated from calf-brain cytosol® using affin-
ity-purified polyclonal anti-LIS1 and monoclonal anti-LIS1 antibodies, polyclonal antibodies against
cytoplasmic-dynein intermediate chain and heavy chain, and polyclonal anti-p150°"“, anti-p62 and
anti-Arp1 antibodies bound to protein G-Sepharose beads (Amersham). Immunoprecipitates were
dissolved in sample buffer, resolved by SDS-PAGE, and transferred to polyvinylidene-difluoride mem-
brane (Immobilon P, Millipore). Western blotting was carried out as described'®.

Cell culture, transfection and antisense.

Cos-7 and NRK cells (ATCC nos CRL1651 and NRK-52E, respectively) were maintained as
described!®!!. MDCK cells were from J. de Mey (Institut Curie, Orsay, France) and were maintained as
described™. To generate polarized MDCK cells, cultures were grown to confluence on Anopore™
membrane in Nunc Tissue Culture inserts (Nalge Nunc International, Naperville, Illinois). For tran-
sient transfections, Cos-7 and MDCK cells were plated on coverslips or filters and grown to 60-70%
confluence before treatment for 6 or 12 h with Lipofectamine reagent (Gibco/BRL) together with
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expression plasmid, according to the manufacturer’s instructions. Cells on coverslips were allowed to
recover in growth medium for 24-30 h before fixation. MDCK cells were grown for 3 days to allow
polarization. For antisense experiments, Cos-7 cells received 4-h treatments with 20-500 nm phospho-
thiolated 20mer LIS1 oligonucleotide corresponding to the N-terminal coding region (oligo2, 5'-GAC-
CAAGAGGTCCACCTGAC ) or a control oligonucleotide on 3 successive days according to the manu-
facturer’s protocol (Oligos Etc, Wilsonville, Oregon). Daily total protein concentrations were deter-
mined by Bradford Assay; levels of LIS1 were measured from immunoblots. For phenotypic analysis
and cell counts, coverslips of day-three-treated cells were fixed in methanol and analysed by immuno-
fluoresence microscopy as described below.

Immunofluorescence microscopy.

Cells were generally fixed in methanol at =20 °C for 10 min. To visualize cortical staining, cells were
preextracted in 0.5% Triton X-100 in PHEM buffer (120 mM PIPES, 50 mM HEPES, 20 mM EGTA
and 4 mM magnesium acetate, pH 6.9) for 1 min, fixed in 3% paraformaldehyde for 20 min, and then
in methanol at —20 °C for 6 min (Busson et al. 1998; Figs. 4a—f and 6). Coverslips were blocked for

30 min with 1% BSA, incubated for 1 h in primary antibody, washed, and incubated for 1 h in second-
ary antibodies (Alexa Fluor 488, goat anti-rabbit and mouse were from Molecular Probes; CY3 goat
anti-rabbit and mouse were from Jackson Immunoresearch). To stain chromosomes, cells were subse-
quently exposed to Hoechst for 5 min. Coverslips were mounted with 0.1% p-phenylenediamine in
PBS with 50% glycerol. A Zeiss Axiophot photomicroscope equipped for epifluoresence was used to
visualize the samples. Images were obtained with an ORCA digital Camera (Hammamatsu, Japan), and
recorded with Metamorph software (Universal Imaging Corp.) or with film. Confocal microscopy was
carried out with a Nikon Diaphot 200 microscope using the BioRad MRC1000 system with a Kr/Ar
laser. Images were overlaid and cropped in Adobe Photoshop 4.0 (Adobe Systems Inc., Mountain View,
California). Corel Draw 7 (Corel Corp., Ottawa, Canada) was used to assemble figures. For Golgi local-
ization, cells were transfected with LIS1 cDNA plus GFP-N-acetyl glucosamine transferase cDNA
(NAGT)". Endosomes and lysosomes were detected by labelling cells with tetramethylrhodamine
isothiocyanate (TRITC)-transferrin'” or Lysotracker (Molecular Probes) after 4 h of serum starvation.

Microinjection.

To visualize chromosomes, cultured NRK cells were incubated for 30 min with 1 ug ml™ vital Hoechst
33258 (Sigma) and then microinjected during prophase (before nuclear-envelope breakdown). For
most experiments, a purified immunoglobulin G (IgG) fraction from our anti-LIS1 peptide polyclonal
antibody was used (8-20 mg ml™). Pre-immune and peptide-blocked immune IgG fractions were used
as controls. Monoclonal antibody against cytoplasmic-dynein intermediate chain 70.1 was prepared as
described*!. All antibodies were dialysed overnight into microinjection buffer (50 mM potassium glu-
tamate and 0.5 mM MgCl,, pH 7.0) just before use. Imaging was carried out on an Axiovert $100 TV
inverted Microscope (Zeiss) with a 40X, NA 0.75 Neofluar lens. Images were acquired at 1 frame every
2 min, except during anaphase when 1 image was taken every minute, using a NTE/CCD-512 EBFT
digital camera (Roper Scientific Inc., Trenton, New Jersey), and processed using in-house custom soft-
ware. Time-lapse movies were constructed using Adobe Premiere.
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