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Molecular Genetics of Lissencephaly
and

Functions of LIS1 in Cell Division

Hyang Mi Moon

Abstract

Lissencephaly (smooth brain) is a brain malformation disorder resulted from defective neuronal
migration during early development. Deletion or mutation of many genes involved in the
regulation of the microtubule (MT) and actin cytoskeletons have been identified as a direct causes
of lissencephaly, including the human LIS7 (lissencephaly-1) gene. Loss-of-function phenotypes
of lissencephaly-causing protein are linked with MT-actin dysfunction in post-mitotic neurons,
which disrupts nucleokinesis and leading process dynamics. Haploinsufficiency of human LIS/ is
responsible for reduced gyri/sulci in the brains from isolated lissencephaly sequence patients. We
are particularly interested in mouse LIS1 functions in early development and used mouse
embryonic fibroblasts (MEFs) and neural progenitors (NPs) to investigate molecular mechanisms
regulated by LIS1. Previously, we demonstrated that loss of LIS1 in these cells led to cell death
of these progenitors. However, the understanding of the detailed cellular processes regulated by
LIS1 has been limited thus far. By performing timelapse live-imaging from Lis/ mutant MEFs,
we demonstrate here that LIS1 is required for the spatiotemporal regulation of the mitotic spindle
during mitotic cell division to dictate proper spindle orientation, anchored to the cell cortex by
astral MT plus-end tips. Furthermore, LIS1 is also essential for normal centrosome number
maintenance in MEFs. Surprisingly, we found that Lis/ mutant MEFs displayed severe defects in

cytokinesis, a final critical step of cell separation. RhoA-actomyosin-contractile ring components

vii



and signaling pathways important for cleavage furrow specification were misregulated in Lis/
mutant MEFs, suggesting that mouse LIS1 mainly suppress RhoA GTPase activity to precisely
control actomyosin-mediated cortical contractility at the cell cortex. Taken together, we
concluded that LIS1 is a key molecular switch to balance MTs and actomyosin cytoskeletons to
coordinate the interaction between mitotic spindle-associated cellular machinery and actin-based
cell cortex membranes throughout the mitotic cell division. These results further suggest that
LIS1 particulates in critical protein networks that determine cell survival or death of NPs through

the regulation of mitosis and cytokinesis.
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Chapter 1. General introduction -

Neuronal Migration Disorder and LIS1

1-1. Introduction

During mammalian central nervous system (CNS) development, the migration of newly born
neurons to the appropriate areas within the brain, and the differentiation of postmitotic neurons
are essential for the proper establishment of synaptic circuits and their electrophysiological
functions. Failure or delay in neuronal migration in the developing human neocortex results in
cortical layer malformations and devastating neurological diseases. Human lissencephaly
(‘smooth brain’) is a severe brain malformation disorder found in 1/30,000 births (Dobyns et al.,
1993; Reiner et al., 1993). Clinically, lissencephaly is characterized by a smooth cerebral surface
of the brain without the convolutions known as gyri or sulci. Lissencephaly is always associated
with mental retardation and lissencephaly patients suffer from epilepsy and motor function
impairment. The most common type of lissencephaly is classical lissencephaly (Type 1),
characterized by disorganized or less-defined layering of cortical neuronal lamina rather than the
well-defined distinct six neuronal layers formed during normal development. Reduced thickness
of the cerebral cortex is also found in the brains of classical lissencephaly patients. This cortical
malformation is mainly caused by the misregulation of neuronal migration during early
development. During neocortical development, neurons are born from neural progenitors (NPs) in
the ventricular zone (VZ) that divide again as they pass through the subventricular zone (SVZ)
and intermediate zone (I1Z), as intermediate or basal progenitors. After extensive migration toward
the pial surface above the marginal zone (MZ), neurons become integrated into defined positions
within neuronal layers in the cortical plate (CP) (Fig. 1-1). Therefore, the defects in neuronal
migration result in the mispositioning of neurons in the neocortex.

There are two different types of neuronal migration that occur during mammalian forebrain
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Figure 1-1. Schematic representation of the developing mammalian brain.
In the coronal section of one half of the mammalian developing forebrain there are two main migratory
streams of postmitotic neurons: the radial migration of excitatory cortical pyramidal neurons from the
ventricular zone (VZ) to the cortical plate (CP) (black arrow) and the tangential migration of inhibitory
GABAergic interneurons from lateral and medial-ganglionic eminences (LGE/MGE) into the neocortex
(blue arrow). The developing cerebral cortex in mammals is multilayered with different neuronal cell
populations. Near the lateral ventricle (LV) surface, neural progenitors (NPs) reside in the ventricular
zone (VZ). This progenitor zone is extended to subventricular and intermediate zones (SVZ and 1Z,
respectively). Newly born neurons from the division of NPs undergo extensive radial neuronal migration
to enter the cortical plate (CP). The marginal zone (MZ) is the most superficial layer to contain Cajal-
Retzius cells secreting the RELN (Reelin) glycoprotein.




development: (1) radial migration and (2) tangential migration. During radial migration, the
excitatory cortical pyramidal neurons are born from NPs in the VZ and migrate to the CP. In a
sequential migration stream, later-born neurons bypass early-born neurons and occupy more
superficial layers of the CP, which generates an ‘inside-out’ pattern of cortical layers (Rakic et
al., 1974). Radial migration occurs extensively in the cerebral cortex and hippocampus during
embryonic brain development. During tangential migration, inhibitory interneurons are generated
from the different types of progenitors at the medial or lateral ganglionic eminence (MGE/LGE)
and migrate to the neocortex (Fig. 1-1). Radially migrating neurons generally display bipolar
morphologies along radial glia with only a few branch points (although they do display transient
multipolar morphologies in the IZ layer). By contrast, tangentially migrating neurons frequently
change the directions of migration and display dynamic morphological transitions. When
postmitotic neurons migrate, cytoskeletal remodeling of microtubules (MTs) and actin is evident
in these cells. The volume of the nucleus (also called the soma) compared to those of extended
processes is dramatically increased in the migrating neurons. The nucleus is surrounded by MT-
enriched arrays in front of (fork-like MTs) and behind (cage-like MTs) the nucleus. In the leading
process, the extended bundles of MTs emanate from the MT-organizing center (MTOC, also
called centrosome) in front of the nucleus. Positioning of the centrosome defines the direction of
movements of migrating neurons. The most anterior part of the leading process is the growth cone
that senses extrinsic guidance cues and extends to the migration site. This protruded membrane
structure is composed of filamentous actin (F-actin) stress fibers that establish new contacts with
adhesion substrates (focal adhesion). Migration proceeds during neuronal locomotion in two
modes of movements as a two-stroke action, with asynchronous movements of the centrosome
(C) and later the nucleus (N). The centrosome first moves into a swelling in the leading process
and then the nucleus follows (nuclear translocation, also called somal translocation or
nucleokinesis) due to a pulling force from MTs and dynein motors located at the centrosome.

Centrosome movement forward into the leading process precedes nuclear movement and this
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Figure 1-2. Cytoskeletal features of migrating neurons during central nervous system (CNS)
development.

Migrating neurons are polarized from the growth cone, which is the migrating tip of the leading process
(LP) to the trailing process (TP). The nucleus is surrounded by a perinuclear tubulin cage and the rear
side of the nucleus is enriched with actomyosin (filamentous actin, F-actin + Myosin-Il) that generates
pushing forces of nuclear movement (somal translocation, nucleokinesis). Migration occurs in two
distinct modes of movements in a two-stroke model: (1) centrosome (C) movement toward the swelling
in the LP and (2) nuclear (N) movement in the direction of migration. This N—C coupling consequently
provides the pulling force on microtubules (MTs) along the LP, which establishes new contacts to
adhesion substrates.




coordinated relationship is called nucleus—centrosomal (N-C) coupling (Tsai et al., 2005; Solecki
et al., 2004). Eventually, the trailing process is retracted due to actomyosin (F-actin + Myosin-11)-
dependent motor functions, which leads to net movement of the neuron. Myosin-II-dependent
motors play a dual role in nuclear movement by generating a forward MT pushing force and a
pulling force from behind (Solecki et al., 2009) (Fig. 1-2). This repetitive MT-actin remodeling is
dynamically regulated during radial migration. Similarly, MGE-derived tangentially migrating
cells also undergo MT and actomyosin-dependent migratory cycles during nucleokinesis (Bellion
et al., 2005; Schaar et al., 2005). These dramatic cytoskeletal changes are major common
characteristics of neuronal cell migration.

A diverse collection of cytoskeletal proteins is involved in the tight control of neuronal
migration during neocortical development. Extensive studies on the genes mutated in human
neuronal migration defects have uncovered critical roles of their protein products in the regulation
of cytoskeleton dynamics during neuronal migration and development (Table 1). In this review,
we will focus on some of the genetic studies in humans and mouse model system that identified
those genes. We will also highlight recent approaches focusing on cellular mechanisms of action
of these key proteins working in neuronal migration in the context of the MT and actin

cytoskeletons.



Chromosomal Regulation

Gene locus in human Human clinical presentation Migration defects in mouse mechanisms
PAFAH1B1 17p133 ILS Abnormal lamination of cortexand ~ MT/ Dynein
hippocampus Actin
YWHAE 17p13.3 MDS (with LIS1 deletion) Abnormal lamination of cortexand ~ MT
hippocampus
NDE1 16p13.11 Micro-lissencephaly Microcephaly MT
Moderate lamination defects in
cortex
DCX Xq22.3-q23 ILS (male) Mild disorganization of MT
SBH (female) hippocampus, Modest cortical Actin
lamination defects
Tubulin TUBA1A, 12q13.12 ILS with cerebellar Abnormal lamination of cortex MT
(TUBA1A, TUBB2B, TUBB2B, 6p25.2 hypoplasia
TUBB3) TUBB3, 16q24.3 TUBB2B—asymmetric PMG
RELN 7922 ILS with cerebellar Inverted layering of CP in cortex MT
(Reelin) hypoplasia Actin
VLDLR VLDLR, 9p24 ILS with cerebellar Inverted layering of CP in cortex MT
[LRP8 (APOER2), dysfunction Actin
mutations not found
in human]
ARX Xp21.3 XLAG Absence of cortical interneurons Transcriptional
and lamination defects regulation

ILS, isolated lissencephaly sequence; MDS, Miller-Dieker syndrome; SBH, subcortical band heterotopia; PMG, polymicrogyria; XLAG, X-linked lissencephaly
with abnormal genitalia; CP, cortical plate; MT, microtubule.

Table 1. The genes implicated in human neuronal migration disorders




1-2. PAFAHI1BI (LIS1)

Human and Mouse Genetics
Human PAFAHI1BI (platelet-activating factor acetylhydrolase isoform 1b regulatory subunit 1,
formerly known as LIS1, Lissencephaly-1) was the first identified causal gene of neuronal
migration disorders in any organism. Heterozygous de novo mutation or deletion of the human
PAFAHIBI gene on chromosome 17p13.3 is responsible for 40% of patients with isolated
lissencephaly sequence (ILS) (Dobyns et al., 1993; Reiner et al., 1993; Reiner et al., 2006;
Wynshaw-Boris, 2010). Thus far, more than 70 distinct intragenic heterozygous mutations have
been identified from human genetic studies (Friocourt et al., 2011). Severe brain malformations
are the main characteristics of these patients, including simplified gyration in the cerebral cortex
(agyria, pachygyria), disrupted cortical lamination, enlarged ventricles, and neuronal heterotopias,
leading to short lifespan of ILS patients (Reiner et al., 2009).

PAFAHIBI (LIS1) protein is evolutionarily conserved from yeast to mammals. In order to
study the in vivo function of mouse Pafahlbl (LisI), our group generated Pafahlbl knockout
(ko, null) and hypomorphic conditional knockout (%c) alleles by gene targeting. Pafahlbl

ko/+

heterozygous (Pafahlb1™ ") mice display mild neuronal migration defects in the cortex

and hippocampus (Hirotsune et al., 1998). Further reduction of PAFAHI1B1 (LIS1) protein levels

by producing compound heterozygous (Pafahlbl"*

) mice results in enhanced anatomical
abnormalities in cortical and hippocampal structures. Pafahlbl compound heterozygous
(Pafah1b1"*) mice display severe thinning of the cerebral cortex and broadly diffuse CP laminar
organization. The hippocampal structures in these mice were also markedly disorganized due to
neuronal migration defects during hippocampal development (Gambello et al., 2003). These
PAFAHI1BI dosage-dependent phenotypes in mouse animal models support a haploinsufficiency

model for lissencephaly resulting from heterozygous deletion or mutation of PAFAH1B1 in

humans. Epileptic phenotypes and deficits in learning and motor function were also observed in



these Pafah1bl mouse models, which have been seen in most human ILS patients (Paylor et al.,
1999; Fleck et al., 2000).
PAFAHIBI (LISI), a Member of NUD Family Proteins and a Subunit of PAFAH
PAFAHIBI (LIS1) is a 45 kDa protein with an N-terminal, homodimerization, and coiled-coil
domain. The C-terminus of PAFAHIBI contains seven WD40 (tryptophan-aspartic acid-40)
repeats that are required for dynein/MT binding. The PAFAHIBI homolog nudF was identified
as one of the nuclear distribution nud mutants in the bread mold Aspergillus nidulans. The nud
mutants exhibit defects in nuclear movement into fungal hyphae during sporulation. Several nud
mutants were genetically identified in A. nidulans and one of the nud mutants was cytoplasmic
dynein, a MT minus end-directed motor. Cytoplasmic dynein is a MT motor that plays a key role
in generating the pulling power of retrograde cargo transport along MTs. In addition, dynactin, a
dynein-regulatory accessory protein, was also identified as a nud mutant, confirming the
participation of dynein in nuclear movements. Several NUD protein—dynein interactions are
evolutionarily conserved, supporting the critical functions of PAFAH1B1-NUD proteins in
cytoplasmic dynein-regulatory pathways that control nuclear movement and nucleus positioning.
Among mammalian NUD family proteins, NUDE (nudE nuclear distribution gene E homolog)
and NUDC (nudC nuclear distribution gene C homolog) were identified as PAFAH1BI1
(mammalian nudF homolog protein)-binding partners. Mammalian nudE homologues are now
termed NDE1 (mammalian NudE, mNudE) and NDEL1 (mNudE-like) [see section 1-9, nuclear
distribution gene E homolog 1 (NDE1) and NDE1-like (NDEL1)]. NUDC directly binds to
PAFAHIBI and dynein/dynactin complex and plays a chaperonin-like role for PAFAH1B1
stabilization (Morris et al., 1998; Aumais et al., 2001). A recent study demonstrated that Nudc
siRNA-mediated knockdown (KD) in rat brain also results in neuronal migration defects (Capello
etal., 2011).

Interestingly, the PAFAH1B1 protein was first discovered to be a noncatalytic subunit of

PAFAH (platelet-activating factor acetylhydrolase). The fully functional PAFAH complex is



composed of two PAFAH catalytic subunits (PAFAH1B2 and PAFAH1B3, formerly known as
PAFAH a2 and PAFAH al, respectively) and homodimers of regulatory subunits, PAFAHIBI.
This PAFAH complex inactivates the intracellular messenger PAF (platelet-activating factor) by
removing the acetyl moiety (Hattorri et al., 1994) (Fig. 1-3). The PAF receptor-encoding gene
PTAFR expressed in the developing brain and PAF receptor-deficient mice (Ptafi’") show
cerebellum disorganization. Importantly, the speed of neuronal migration is significantly slower
in double mutants for Pafahlb1 and the PAF receptor (Ptafi’"; Pafahlb1*") than Pafahlbl

ko/+

heterozygous (Pafahib1™"), suggesting the crucial role of PAF signaling pathway in neuronal
migration (Tokuoka et al., 2003).

MT Regulation

PAFAHIBI (LISI) directly binds to tubulin and stabilizes MTs by regulating MT dynamics
(Sapir et al., 1997; Sasaki et al. 2000). Most importantly, PAFAH1B1 has been implicated in
cytoplasmic dynein/dynactin-mediated MT cytoskeletal changes (Wynshaw-Boris, 2007). Dynein
is a MT minus end-directed motor protein that regulates MT dynamics and generates MT pulling
forces in the cells. This dynein/MT modulation by PAFAH1B1 (LIS1) is evolutionarily
conserved from Aspergillus to mammals. The Aspergillus PAFAHIBI1 homolog (nudF) mutants
exhibit less MT dynamics with reduced rates of MT polymerization at MT plus ends (Han et al.,
2001). Mammalian PAFAH1BI1 directly binds to several subunits of cytoplasmic dynein and
dynactin (Sasaki et al., 2000; Faulkner et al., 2000; Smith et al., 2000). Pafahlbi-deficient cells
display an increase in perinuclear localization of MT arrays and a decrease in MT plus end
distribution at the cell periphery. These phenotypes seen in PAFAH1B1 deficiency are consistent
with a loss of cytoplasmic dynein/dynactin complex at plasma membranes in these cells (Sasaki
et al, 2000; Smith et al., 2000; Yingling et al., 2008). In addition to this, PAFAH1B1 protein is
enriched at MT-concentrated intracellular compartments such as the centrosome in mammalian

cells (Faulkner et al., 2000; Smith et al., 2000). A decrease in PAFAH1B1 protein levels causes

defects in N—C coupling with reduced distance between nucleus and centrosome during neuronal



(LIS1)

PAFAH1B2

PAFAH1B3
PAFAH o

Figure 1-3. PAFAH1B1 (platelet-activating factor acetylhydrolase 1 regulatory subunit 1,
formerly known as LIS1)-binding partners.

The binding of PAFAH1B1 (LIS1) to the cytoplasmic dynein/dynactin complex is evolutionarily
conserved from fungi to mammals. Nuclear distribution proteins such as nuclear distribution gene E
homolog 1 (NDE1), NDE1-like (NDEL1), and nuclear distribution gene C homolog (NUDC) interact
directly with PAFAH1B1. PAFAH1B1 itself is a microtubule-associated protein (MAP) and is
localized at tubulin/microtubule (MT)-rich subcellular compartments in cells like centrosomes. Other
MAPs, such as doublecortin (DCX) and microtubule-associated protein 1b (MTAP1B), are also
PAFAH1B1-binding partners. PAFAH1B1 was also identified as a noncatalytic subunit of PAFAH
and PAFAH1B1 associates with PAFAH catalytic subunits such as PAFAH1B2 (PAFAH a 2) and
PAFAH1B3 (PAFAH a 1). When PAFAH1B1 binds to CLIP1 (CLIP170), a MT plus end protein, it
forms a complex with IQRGAP1 and CDC42/RAC1. Through this interaction, PAFAH1B1 participates
in F-actin dynamics in growth cones during neuronal migration. Interestingly, PAFAH1B1 also binds
to disabled homolog 1 (DAB1), an actin-regulatory protein acting in RELN (Reelin) signaling
pathway. PAFAH1B1 has dual roles in distinct regulatory pathways of MT and actin cytoskeletons.
(Blue proteins, MT regulators; red proteins, actin regulators; green proteins, unclear detailed
function in MT/actin regulation).
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cell migration (Tsai et al., 2005; Tanaka et al., 2004). The pulling force of nuclear movement
during nucleokinesis is generated by the PAFAH1B1/dynein complex at the centrosome.
Therefore, defects in N—C coupling of PafahlbI-deficient neurons result in slower migration
speeds of these cells. PAFAHIB1 and dynein KD cells display similar migration defects in rat
cortical cultures, suggesting that PAFAHI1B1 and dynein converge on the same MT regulatory
pathways in cortical development (Tsai et al., 2005). PAFAHIBI itself is an atypical MT-
associated protein (MAP), and interacts with other MAPs such as doublecortin (DCX) (Caspi et
al., 2000) and MT-associated protein 1b (MTAP1B) (Jimenez-Mateos et al., 2005). DCX binding
to MTs elevates the rate of MT polymerization and stabilizes MT arrays. Similarly, MTAP1B
binding on MTs enhances the growth of dynamic MTs (Caspi et al., 2000; Jimenez-Mateos et al.,
2005). PAFAHI1BI also binds to CLIP1 (formerly known as CLIP170), a MT plus end binding
protein that helps loading of vesicle cargoes along MT arrays to the cell periphery (Coquelle et
al., 2002; Tai et al., 2002) (Fig. 1-3).

Actin Regulation

Interestingly, PAFAH1B1-CLIP1 at MT plus ends is part of another large complex with CDC42
and RACI1, members of the small GTPase family proteins that function as actin-regulatory
proteins. An effector of these small GTPases, IQGAP1, participates in this interaction and further
stabilizes this complex.33 PAFAH1B1 promotes F-actin polymerization at distal ends of leading
processes by modulating CDC42/RAC1-dependent actin stabilization. PAFAH1BI1 has critical
roles in regulating these small GTPases by activating CDC42/RACI1 and antagonistically
inactivating RhoA (encoded by RhoA gene). Pafahlbl deficiency in heterozygous cells
(Pafah1b1*") leads to the misregulation of actin cytoskeleton at the growth cones in the leading
processes of migrating neurons. Pafahlbl-deficient neurons have reduced F-actin in the leading
edge and less numbers of filopodia, which results in slower migration of these cells
(Kholmanskikh et al., 2003; Kholmanskikh et al., 2006). This actin cytoskeleton remodeling by

PAFAHIBI also contributes to proper neuronal migration. Intriguingly, PAFAH1B1 binds to
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DABI1 (disabled homolog 1), a scaffold adaptor protein downstream of RELN (see 1-6. RELN
section). By interacting with phosphorylated-DAB1 (P-DAB1) in a phosphorylation-dependent
manner, PAFAH1B1 controls F-actin polymerization in the growth cones of the migrating
neurons (Assadi et al., 2003) (Fig. 1-3). DAB1-mediated crosstalk between PAFAH1B1 and

RELN pathways has pivotal roles linking cytoskeletal dynamics of actin to those of MTs.

1-3. Deletion of human chromosome 17p13.3

Human and Mouse Genetics

Large deletions of human chromosome 17p13.3 cause Miller—Dieker syndrome (MDS), a severe
form of lissencephaly (often complete agyria) accompanied by craniofacial dysmorphisms.2 In
contrast to ILS patients, where 40% display PAFAH1B1 deletions, 100% MDS patients have
larger contiguous gene deletions consisting of both PAFAHIBI and YWHAE. More than 20 genes
are located in this deleted region. Among these genes, the human YWHAE gene is located near the
telomeric tip of chromosome 17p about 1Mb from the PAFAHIBI gene. YWHAE gene encodes
the 14-3-3 ¢ (tyrosine 3-monooxygenase 5-monooxygenase activation protein, ¢ peptide) protein,
a member of 14-3-3 protein family that is an evolutionarily conserved signaling molecule (Lo
Nigro et al., 1997; Chong et al., 1997). The location of mouse Ywhae gene is also conserved on
mouse chromosome 11 where mouse Pafahlbl gene is located, and these are conserved synteny
regions on human chromosome 17p13.3 region and mouse chromosome 11.

Mouse Ywhae null homozygous mutants display hippocampal and cerebral disorganization.
Double compound heterozygous mice with both Pafahibl and Ywhae mutations (Pafahlb1*";
Ywhae ") display more severe migration defects than those of single mutants, consistent with the
more severe brain phenotypes seen in MDS patients (Toyo-oka et al, 2003). This synergistic
effects of reduced YWHAE protein levels on the severity of neuronal migration in Pafahlbl-

deficient mice suggest that YWHAE may modulate components of the PAFAH1B1 pathway to
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control the motility of neurons.

YWHAE-mediated MT Regulation

YWHAE protein binds to CDKS5 (cyclin-dependent kinase 5)-phosphorylated-NDEL1 (P-
NDELT1) directly. CDKS5 plays a key role in the regulation of neuronal migration in mice (see
section of 1-10. CDKS5). YWHAE binding to NDELI protects P-NDEL1 from protein
phosphatase 2 (PPP2, formerly known as PP2A)-dependent dephosphorylation and enhances P-
NDELT1 stability.38 These CDK5-mediated phosphorylation sites of NDELI are involved in
dynein and PAFAH1BI1 interaction. Hence, the P-NDEL1/Y WHAE complex binds tightly to
cytoplasmic dynein and PAFAH1B1 along MTs. Loss of the YWHAE protein results in
mislocalization of NDEL1 and PAFAH1BI1 offloaded from MT plus end tips (Toyo-oka et al.,
2003), suggesting that YWHAE also converges on PAFAH1B1/NDEL 1/dynein-regulated MT
remodeling pathway during neuronal migration.

CRK-mediated Actin Regulation

CRK (v-crk sarcoma virus CT10 oncogene homolog) is one of the genes located within the MDS
critical region at the telomeric end of human chromosome 17p (Carsodo et al., 2003), adjacent to
YWHAE, and additional loss of CRK may contribute to the more severe phenotype of MDS. CRK
family proteins function as adaptor molecules to reorganize the actin cytoskeleton by regulating
adhesion signals (Feller et al., 2001). Intriguingly, CRK and CRKL (CRK-like) interact with P-
DABI that is implicated in RELN-mediated actin-regulatory pathway (Park et al., 2008). Crk null
mice display craniofacial defects during early development (Park et al., 2006) and Crk/Crkl KD
prevents RELN-induced dendrite extension in hippocampal neurons (Matsuki et al., 2008), which

are consistent with the severe craniofacial and neurological phenotypes seen in MDS patients.

1-4. DCX (Doublecortin)

Human and Mouse Genetics
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DCX (doublecortin) is the most common genetic cause of X-linked lissencephaly and the human
gene is located in Xq22.3-q23. Clinically, heterozygous DCX mutations in females (DCX ")
result in subcortical band heterotopia (SBH, misplaced neurons in the white matter rather than the
CP), while hemizygous mutation in males (DCX ") results in ILS. Female phenotypes with DCX
mutation are variable due to random X-inactivation, resulting in genetic mosaicism in these
patients (Gleeson et al., 1998; des Portes et al., 1998). One distinct feature in DCX-associated ILS
compared to that of PAFAHIBI-associated ILS is that PAFAHIBI has a more severe posterior
(P) cortical abnormality, while DCX has a more severe anterior (A) phenotype (DCX

P > A versus PAFAHIBI P < A).

Mouse Dex genetic male mutants (Dex””) display mild histological defects in the cortex and
more notable disorganization of the hippocampus (Corbo et al., 2002), probably due to
compensatory mechanisms from doublecortin-like kinase (Dclk). In support of this, Dcx/Dclk
double knockout (DKO) mice display severe defects in neuronal migration with abnormal
lamination in the CP with the accumulation of multipolar neurons in the IZ (Deule et al., 2006;
Tanaka et al., 2006). More careful analysis of neuronal migration by live imaging of brain slices
from Dcx genetic male mouse mutants (Dcx /7) (Pramparo et al., 2008) or acute Dcx KD cells in
rat brain slices (Bai et al., 2003) uncovered significant migration defects in Dcx-deficient
migrating neurons.

MT Regulation

DCX is a MAP expressed in NPs and differentiating neurons. DCX protein has two evolutionarily
conserved tandem repeat domains that are required for MT binding and stabilization. DCX
stabilizes MTs and enhances MT polymerization as well as the bundling capacity of MTs. Dcx
mutant and Dcx KD immature neurons exhibit weakened N—C coupling and ultimately delayed
centrosomal and nuclear movement (Tanaka et al., 2004; Sapir et al., 2008). DCX is also a
phosphoprotein that serves as a substrate of several kinases, including MT affinity-regulating

kinase 1 (MARK1) and protein kinase A (PRKA, formerly known as PKA) at residue Ser47
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(Schaar et al., 2004), and CDKS5 mainly at residue Ser297 (Tanaka et al., 2004). MARK1 and
PRKA-mediated phosphorylation of DCX reduces its MT binding activity. P-Ser47-DCX
(phosphorylated form of DCX at Ser47) is required for proper localization of DCX protein at the
leading processes of migrating neurons. Ser297 of DCX is the in vivo phosphorylation target of
CDKS5 and this phophorylation event enhances the MT binding ability of DCX. DCX may
directly interact with PAFAH1B1 (Caspi et al., 2000), and this interaction may contribute to MT
stabilization near perinuclear regions in migrating neurons to provide power for nuclear
translocation (nucleokinesis). Thus, DCX increases MT stabilization and MT nucleation by
increasing tubulin polymerization, and is one of the key MT regulators in corticogenesis during
early development.

Actin Regulation

DCX is also phosphorylated by mitogen-activated protein kinase 8 (MAPKS, formerly known as
JNK) at residue Thr321, Thr331, and Ser334. Phosphorylation of these DCX sites are responsible
for DCX recruitment to the growth cones of leading processes, the F-actin-rich zone. MAPKS-
mediated DCX phosphorylation is essential for neurite outgrowth of migrating neurons
(Gdalyahu et al., 2004). Through binding to MAPKS8-interacting protein 1 (MAPKSIP1, formerly
known as JIP-1), DCX may control actin dynamics by regulating the RELN pathway, since
MAPKSIP1 directly binds to LRP8 (APOER2), a RELN receptor. DCX interaction with
PPP1R9B (protein phosphatase 1 regulatory subunit 9B, formerly known as Spinophilin or
Neurabin-II) may also provide a mechanism linking actin and DCX. DCX itself is cosedimented
with F-actin in vitro and adding PPP1R9B elevates DCX-F-actin binding affinity (Tsukada et al.,
2005). PPP1R9B is an actin-binding protein functioning as a protein phosphatase-1 (PPP1)-
adaptor protein. PPP1R9B-mediated PPP1 targeting of DCX induces dephosphorylation of the
residue Ser297. PPP1R9B and DCX colocalize at the growth cones where MT and actin
dynamically interact. Dephosphorylation of Ser297 of DCX by PPP1R9B/PPP1 is important for

DCX distribution at neurite tips during neuronal migration (Bielas et al., 2005).
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1-5. Tubulin—7UBAI1A, TUBB2B, TUBB3

Given that PAFAH1B1, DCX and YWHAE are all MT-associated proteins, it is not a surprising
finding that tubulin mutations themselves, including TUBA1A4, TUBB2B, and TUBB3 can cause
neuronal migration disorders and cortical malformations.

TUBAIA

TUBAIA (tubulin a-subunit 1A isoform) was first reported to have key roles in cortical
development in both mouse and human (Keays et al., 2007). The mouse model, first described in
an ENU mutagenesis study, displayed hippocampal disorganization and behavioral deficits with
no overt cortical phenotype, while in human 7UBA 14 mutation-harboring patients, cortical
laminar organization was disrupted and hypoplastic cerebellum and brainstem regions were also
observed. Mutations found in the mouse and humans were located either within GTP binding
pocket or structurally close to the motif participating in f-tubulin subunit interaction, suggesting
that GTP-dependent incorporation of a- and f-tubulin in heterodimer was impaired and resulted
in defective MT polymerization (Keays et al., 2007). A subsequent study demonstrated that
tubulin-related cortical malformations have a very broad phenotypic spectrum in human patients
(Poirer et al., 2007).

TUBB2B/TUBB3

Heterozygous mutation in human TUBB2B (tubulin f-subunit 2B isoform) causes asymmetric
polymicrogyria (PMG), characterized by multiple small gyri separated by shallow sulci. Halting
of neuronal migration within IZ in Tubb2b KD rat embryo brains suggests that TUBB2B
contributes to neuronal migration during development (Jaglin et al., 2009). More recently, other
p-tubulin TUBB3 (tubulin S-subunit 3 isoform) human heterozygous mutations were identified
that lead to cortical malformation and perturbation of axon guidance by altering MT dynamics

(Tischfield et al., 2010).
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1-6. RELN (Reelin)

Human and Mouse Genetics

RELN (Reelin), a large extracellular matrix glycoprotein (~400 kDa), is expressed and secreted
by Cajal-Retzius cells at the MZ layer of the developing brain. Mutation of the human RELN
gene located on chromosome 7q22 causes an autosomal recessive form of lissencephaly
syndrome with cerebellar hypoplasia as well as malformations in the hippocampus and brainstem
(Hong et al, 2000). The mouse Reeler mutant (RELN mutation) was the first mouse mutant
described with neuronal migration defects and widely studied. Homozygous Reeler mice display
ataxia, cerebellar hypoplasia and inverted ‘outside-in’ cortical layering, composed of superficial
early-born neurons and deep positioning later-born neurons (opposite to the normal CP layering)
(Caviness et al., 1982; D’Arcangelo et al., 1995). The absence of a well-defined MZ layer is
another characteristic of Reeler mouse cortex due to overmigration of neurons. This observation
suggests that RELN functions as a ‘stop’ signal of migrating neurons (Frotscher et al., 1998). The
finding that RELN induces the detachment of migrating neuron from radial glial fibers (Dulabon
et al., 2000) is consistent with the idea that RELN acts as a ‘stop and detach’ signal during radial
migration (Cooper et al., 2008).

MT Regulation

RELN binds to the transmembrane receptors VLDLR (very low-density lipoprotein receptor) and
LRP8 (low-density lipoprotein-related receptor 8, formerly known as APOER?2). [see 1-7.
APOER?2 section]. RELN enhances the interaction between RELN receptors and DABI, an
intracellular adaptor protein and further induces the phosphorylation of DAB1 by SRC family
kinases (SRC, FYN) activation. Upon RELN binding, tyrosine phosphorylation of DABI
activates the downstream PI3K pathway that mediates PI3K-AKT-GSK3/ signaling and

consequently the CDK5-dependent phosphorylation of its substrates, MT-associated protein tau
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(MAPT) and MTAPI1B is increased (Beffert et al., 2002; Gonzalez-Billault et al., 2005). Through
this phosphorylation cascade, RELN-DABI regulates MT stability and dynamics in migrating
neurons. Consistent with this, Dabl KO mice display a Reeler-like phenotype with neuronal
migration defects (Howell et al., 1997). Intriguingly, P-DAB1 also binds to PAFAHIBI, a key
regulator of MT/dynein in phosphorylation-dependent manner. Compound heterozygous of
Dab1/Pafah1bl mouse mutant (Dabl™"; Pafahl1b1*”) display more severe cortical migration
defects than single heterozygous mutants, suggesting important crosstalk between

RELN and PAFAH1BI signaling pathways in vivo and in vitro (Assadi et al., 2003) (Fig. 1-4).
Actin Regulation

RELN-induced activation of the DAB1-PI3K pathway elevates LIMK1 (LIM-domain containing
protein kinase 1) kinase activity, which phosphorylates CFL1 (formerly known as cofilin), a F-
actin-severing protein. Since P-CFL1 (phosphorylated cofilin) is an inactive form, the RELN—
DAB1-PI3K-LIMKI1-P-CFLI signaling cascade increases the stability of F-actin stress fibers
and consequently reduces actin cytoskeleton turnover. Therefore, Reeler mutants fail to transmit
a DAB1-PI3K-LIMKI1 signal and display reduced P-CFL1 levels in migrating neurons, resulting
in misregulation of the actin cytoskeleton (Fig. 1-4). P-CFL1 may be enriched in the leading
processes when migrating neurons reach the MZ layer. By elevating P-CFL1, RELN stabilizes
the actin cytoskeleton and helps anchor the leading processes to the basal lamina of developing
cortex. Therefore, reduced P-CFL1 in the absence of RELN results in destabilization of actin
dynamics in the leading processes and leads to somal translocation failure. The Reeler mutant
mouse cortex displays defects in somal translocation at the final stage of migration near the MZ,
suggesting that the RELN pathway mediates a ‘detach and go (somal translocation)’ signal in this

stage of radial migration (Cooper et al., 2008).
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Figure 1-4. Platelet-activating factor acetylhydrolase 1 regulatory subunit 1 (PAFAH1B1) and
RELN (Reelin)-mediated actin regulation.

Formation of the PAFAH1B1-CLIP1-IQGAP1-CDC42/RAC1 complex stabilizes and sustains the
GTPase activities of CDC42 and RAC1. RELN, a large glycoprotein secreted from the marginal
zone (MZ) area in the cortex, directly binds to lipoprotein receptors such as very low-density
lipoprotein receptor (VLDLR) and low-density lipoprotein-related receptor 8 (LRP8) (APOER2). This
binding recruits the disabled homolog 1 (DAB1) adaptor protein to the membrane where DAB1 is
phosphorylated. P-DAB1 activates PI3K-LIM-domain containing protein kinase 1 (LIMK1) signaling
and LIMK1 phoshorylates CFL1 (cofilin), an actin-severing protein, which keeps CFL1 in an inactive
state. This further stabilizes F-actin stress fibers in migrating neurons. Since the dynamic regulation
of the actin cytoskeleton is required for neuronal motility, a balance between actin polymerization
and depolymerization is essential for neuronal migration processes. (Dashed line, direct interaction
between PAFAH1B1 and P-DAB1; blue protein, microtubule (MT) regulator; red proteins, actin
regulators).
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1-7. VLDLR (Very low-density lipoprotein receptor) / APOER?2 (Low-density lipoprotein-

related receptor 8, LRPS)

Human VLDLR mutations cause severe lissencephaly with cerebellar malformation (Ozcelik et
al., 2008). Homozygous mutant patients display mental retardation and gyral simplification in the
cortex. As noted above, VLDLR and LRPS are the members of the lipoprotein receptor family
proteins at the plasma membrane and act as coreceptors for RELN (D’Arcangelo et al., 1999;
Hiesberger et al., 1999). Compound DKO mice of VLDLR/LRPS display perturbation of
neuronal migration that phenocopies the Reeler mutant (Trommsdorff et al., 1999).
VLDLR/LRPS play critical roles in actin-MT regulation by interacting with DAB1 through their
cytosolic domain and VLDLR/LRP8-DABI interaction triggers cytoskeletal remodeling during

neuronal polarization and migration (Fig. 1-4) (see also 1-6. RELN section).

1-8. ARX (Aristaless-related homeobox)

ARX (aristaless-related homeobox) is an X-linked gene that encodes a transcription factor
required for interneuron function and neuronal migration (Bonneau et al., 2002). Missense and
truncation mutations of ARX lead to X-linked lissencephaly with abnormal genitalia (XLAG),
and patients display epilepsy and severe mental retardation. Mouse Arx KO mutants similarly
display neuropathological phenotypes such as GABAergic interneuron dysfunction due to
tangential migration defects (Kitamura et al., 2002). 4rx KO mice display disorganized pyramidal
neuronal layering, suggesting ARX may play important role not only in tangential migration but
radial migration as well (Bonneau et al., 2002; Kitamura et al., 2002). Since ARX can act as a
transcriptional repressor and activator depending on promoter specificity, Arx mutation is
accompanied by downregulation or upregulation of downstream target genes such as Lmol, Ebf3,

and Shox2 to influence the regionalization process of the developing brain (Fulp et al., 2008;
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Colasante et al., 2009). Genome-wide Chip-ChIP (chromatin immunoprecipition) promoter
analysis from Arx mutant cells revealed that ARX binds to the promoters of genes in regulatory
pathways important for axonal guidance and neurite extension (Quille et al., 2011) suggesting that
ARX is involved in cytoskeletal control of migration of postmitotic neurons by transcriptional

regulation.

1-9. NDEI and NDEL1

Evolutionarily conserved PAFAH1B1 (LIS1)-binding partners

NDEI (nuclear distribution gene E homolog 1) and NDEL1 (NDE1-like), mammalian
homologues of NudE proteins, directly interact with PAFAH1B1 through its conserved coiled-
coil domain (Sasaki et al., 2000; Niethammer et al., 2000). PAFAH1B1-dynein-NDE1 forms a
complex that generates a persistent force of transport (McKenney et al., 2010). In recent human
genetic studies, NDE frame-shift mutations with protein decay have been reported and these
mutations cause micro-lissencephaly (brain size reduction with cortical gyral simplification).
NDE I-mutated patients have abnormal cortical gyral pattern and partial cortical layering defects
in the brain. Similar mutation-carrying NDE1 proteins in vitro cannot localize to the kinetochores
or centrosomes where normal NDE1 protein is recruited (Alkuraya et al., 2011; Bakircioglu et al.,
2011). Ndel homozygous KO mice (Ndel ") display microcephaly (small brain) with a fairly
well-preserved CP. Detailed examination of the Nde/ KO mouse cortex revealed that migrating
neurons exhibited moderately retarded migration with thin superficial CP layers (Feng et al.,
2004). By contrast, Ndell heterozygous (Ndell*”") mice display no obvious phenotype but further

"k) mice leads to cortical

reduction of NDEL1 protein level in compound heterozygous (Ndel !
patterning abnormalities such as irregularly diffuse CP neuronal layering. In addition, Ndell

mutants (Ndellhc/ko) display significant splitting of the hippocampal pyramidal cell layer,

suggesting neuronal migration defects in radial migration during hippocampal development. Ndel
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and Pafahlbl double mutants (Ndel”"; Pafahlb1*") display synergistic effects on neuronal
migration (Sasaki et al., 2005), while Ndell and Pafahibl double mutants (Ndel1""*;
Pafah1b1*") display synergistic effects on brain size and organization (Pawlisz et al., 2008).
Thus, the phenotypes of loss-of-function of NDE1 and NDELI1 are somewhat different,
suggesting that NDE1 and NDEL1 may play distinct roles in PAFAHI1B1 pathway during brain
development.

MT Regulation

We recently demonstrated that Ndell and Pafahlbl have distinct dosage-dependent effects on
neuronal migration, neurite outgrowth, and N—C coupling (Youn et al., 2009; Hippenmeyer et al.,
2010). However, cellular functions of NDEL1 in migrating neurons seem to be mediated by MT
cytoskeleton regulation that is somewhat similar to PAFAH1B1/dynein-dependent MT
reorganization. In postmitotic migrating neurons, CDKS5-mediated phosphorylation of NDELI
enhances PAFAHI1B1/dyneinregulated MT dynamics and promotes the binding to YWHAE.
Importantly, both NDE1 and NDEL1 proteins are primarily localized to the centrosomes in
mammalian cells, which suggests these NUD family proteins are important for MT reorganization
by mediating central functions of PAFAHIBI1 at the centrosomes. Together, NDE1 and NDEL1
have key roles in cortical neuronal migration by integrating signals from centrosome/MT-

associated proteins (Fig. 1-5).
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Figure 1-5. Nuclear distribution gene E homolog 1 (NDE1) and NDE1-like (NDEL1) are key
proteins integrating several signals in neuronal migration.

NDE1 and NDEL1 are two mammalian homologues of Aspergillus nidulans nudE. Upon cyclin-
dependent kinase 5 (CDK5)-mediated phosphorylation of NDEL1, P-NDEL1 binds to YWHAE
(formerly known as 14-3-3 ¢). Isolated lissencephaly sequence (ILS) is caused by the
haploinsufficiency of human PAFAH1B1 (LIS1) gene. Simultaneous chromosomal deletion of the
regions including YWHAE and PAFAH1B1 in human causes Miller—Dieker syndrome (MDS), a
severe case of lissencephaly with craniofacial malformation. Human NDE1 heterozygous mutations
result in micro-lissencephaly.
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1-10. CDKS5

A key kinase to regulate neuronal migration in mice

CDKS5 is a multifunctional serine/threonine kinase involved in neuronal migration by regulating
phosphorylation events of several substrates. Upon binding of neuronal activators CDK5R1
(CDKS regulatory subunit 1, formerly known as p35) and CDK5R2 (CDKS5 regulatory subunit 2,
formerly known as p39), CDKS5 becomes enzymatically active in the developing brain. Cdk5 KO
mice and Cdk5r1/Cdk5r2 DKO mice display inverted cortical layering, suggesting that the
CDK5-CDKS5R1/CDKS5R2 pathway is essential for normal cortical development and neuronal
migration (Su et al., 2011).

MT Regulation

CDKS5 phosphorylates NDEL1, a PAFAH1B1-binding MT/dynein regulator and P-NDEL1
increases peripheralMT polymerization (Sasaki et al., 2000; Niethammer et al., 2000). DCX is
also a substrate of CDKS5 phosphorylation. P-DCX reduces the affinity of DCX binding to MT
arrays, which results in DCX localization at perinuclear MTs (Tanaka et al., 2004). MTAP1B is
phosphorylated by CDK5 and P-MTAP1B regulates MT-enriched axon elongation in migrating
neurons (Pigino et al., 1997). Finally, CDK5-mediated PTK2 (protein tyrosine kinase 2, formerly
known as FAK) phosphorylation is required for MT organization, nuclear movement, and
neuronal migration (Xie et al., 2003).

Actin Regulation

Another important substrate of CDKS5 in neuronal migration is CDKN1B (cdk inhibitor 1B,

KP1) "an actin regulatory protein. P-CDKN1B (phosphorylated form of

formerly known as p27
CDKNIB) is stabilized and suppresses RhoA—GTPase activity (Ozcelik et al., 2008). RhoA has
critical roles in actin cytoskeleton regulation by two major pathways: RhoA-ROCK(Rho kinase)—
LIMKI1-CFL1 phosphorylation and RhoA—ROCK-MLC (myosin light chain) phosphorylation.

Therefore, CDK5-dependent CDKN1B phosphorylation is required for the inhibition of RhoA
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activity to reorganize the actomyosin network during neuronal migration (Fig. 1-6).
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Figure 1-6. Cyclin-dependent kinase 5 (CDK5) phosphorylation substrates during neuronal
migration.

When CDKS5 is activated by binding of CDK5R1 (p35)/ CDK5R2 (p39), this kinase phosphorylates
multiple substrates in migrating neurons. Among those substrates, doublecortin (DCX),

Nuclear distribution gene E homolog 1 (NDEL1), microtubule-associated protein 1b (MTAP1B), and
protein tyrosine kinase 2 (PTK2, also called FAK) are microtubule (MT)-regulating proteins. A very
interesting phosphorylation substrate of CDK5 is CDKN1B (p27kip1). P-CDKN1B suppresses RhoA
GTPase activity. RhoA—ROCK-LIM-domain containing protein kinase 1 (LIMK1)—-CFL1 and RhoA—-
ROCK-MLC (myosin light chain) signaling pathway have been implicated in actin cytoskeletal
remodeling during neuronal migration. CDKS5 indirectly affects these actin-regulating signaling
pathways by modulating CDK5N1B function. (Blue proteins, MT regulators; red proteins, actin
regulators).
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1-11. Conclusion

Cytoskeletal remodeling of actin/MTs and the dynamic regulation of transport on these cellular
structures are critical processes to induce neuronal polarization from the leading process to the
trailing process and N—C coupling that drives nuclear and neuronal migration during CNS
development. Several tubulin isoforms (TUBA1A, TUBB2B, TUBB3) are key components of
neuronal MT arrays and DCX is tightly associated with MTs in migrating neurons. Loss of these
proteins produces imbalances in MT dynamics, which causes lissencephaly or other cortical brain
malformation in human. PAFAH1B1 (LIS1) is a key regulator of MT stability and dynamics by
modulating cytoplasmic dynein localization and motor function, while YWHAE binds to P-
NDELT1 to promote its function in dynein localization. Concomitant deletion of PAFAHIBI and
YWHAE genes in chromosome 17p13.3 is the cause of MDS in human, suggesting that
misregulation of MT stability and dynein dysfunction are the causes of MDS in human. Since
deletion of CRK, an actin-regulatory protein on chromosome 17p, also occurs in MDS, actin
dynamics may also play a role in this severe phenotype. Interestingly, PAFAH1B1, DCX, and
RELN have central functions in the interplay between actin and MT cytoskeletons by affecting
different downstream cellular pathways. PAFAHIBI1 specifically activates RAC1/CDC42
GTPase activity to promote F-actin polymerization. The binding of RELN to its receptors,
VLDLR/LRP8 (APOER?2) recruits DAB1 adaptor protein to stabilize F-actin. Since P-DAB1
also interacts with PAFAH1B1, while DCX interacts with LRP8 through binding to MAPKS8IP1
(JIP-1), the effects of PAFAH1B1/DCX on MT dynamics converge to RELN-VLDLR/LRP§-
DABI1 actin regulatory pathway, which allows crosstalk between the actin and MT cytoskeletons.
PAFAHIBI, DCX, and RELN are important organizational nodes to coordinate neuronal
migration. Lastly, ARX mutation in human results in interneuron dysfunction and this gene is
implicated in tangential migration of GABAergic neurons in the developing brain. The finding

that ARX binds to the promoters of genes in regulatory pathways important for axonal guidance
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and neurite extension (Quille et al., 2011), suggests that ARX is involved in cytoskeletal control
of migration of postmitotic neurons by transcriptional regulation.

Although these previous studies have unraveled some key functions of several genes during
neuronal migration in human and mouse, there are still many questions to be answered. It is likely
that there is coordinate regulation between neuronal migration and neurogenesis/neuronal
differentiation processes. Since many neuronal migration genes also encode centrosome-
associated proteins (NDE1, NDEL1, and PAFAH1B1), cell cycle-dependent proliferation of NPs
and the differentiation of daughter neurons and/or cell fates may be controlled by these
centrosomal proteins. Recent studies of the human WDR62 gene demonstrated that deficiency of
this centrosome-associate protein also causes micro-lissencephaly (Nicholas et al., 2010; Yu et
al., 2010; Bilguvar et al., 2011). Emerging evidence strongly supports the notion that subcellular
components other than centrosome (critical for N—C coupling) participate in neuronal migration
processes during cortical development. These candidates include gap junction proteins, adhesion
molecules and proteins involved in vesicle trafficking or recycling pathways. However, it is not
clear whether these proteins contribute to neuronal migration through actin/MT cytoskeletal
regulation or via distinct processes. To further understand the exact molecular and cellular
mechanisms underlying neuronal migration during mammalian cerebral cortex development,
additional in vivo and in vitro studies are needed for the accurate mapping of genetic and physical
interactions in protein—protein networks and the proper positioning of individual protein
components within detailed signaling pathways. Future studies of neuronal migration will likely
explore many aspects of cytoskeletal regulation in migratory processes to further understand
neuropathological pathways responsible for neurodevelopmental brain malformation disorders
caused by neuronal migration defects in human. Delineation of these pathways will aid in the

identification of potential new therapeutic targets to ultimately cure these devastating diseases.
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Chapter 2. Function of LIS1 in Mitosis

2-1. Introduction

Mitotic cell divisions are essential for the accurate partitioning of genetic molecules into two
daughter cells. Inappropriate segregation of chromosomes during mitosis leads to aneuploidy and
genomic instability (Holland and Cleveland, 2009). During the mitotic cell cycle phase (M
phase), microtubules (MTs) undergo dynamic reorganization to coordinate chromosome
separation. Mitotic spindles are assembled by dramatic MT remodeling and emanate from the
centrosome, a microtubule-organizing center (MTOC), also called the spindle pole (Bornens,
2002). The centrosome participates in MT nucleation and anchoring MT minus-ends. The core
component of the centrosome is a centriole pair composed of a mother centriole and a daughter
centriole, which recruits pericentriolar material components (Doxsey et al., 2005; Zimmerman
and Doxsey, 2000). The centrosome duplication cycle is precisely controlled to preserve
centrosome number and proper centriole assembly (Nigg and Stearns, 2011). Importantly,
mammalian cell division planes are mainly determined by positioning of bipolar mitotic spindles
(Glotzer, 1996). In addition, the spatiotemporal interactions between the cell cortex and astral MT
plus-ends have critical roles in mitotic spindle regulation (Glotzer, 2009; Kirschner and
Mitchison, 1986; Kline-Smith and Walczak, 2004). On the plus-ends of astral MTs, several MT
plus-end binding proteins mediate dynamic contacts of astral MT plus-ends to the cell cortex by
interacting with cortical force generators on the membrane (Moore and Cooper, 2010).

Many of the proteins important for mitosis have been discovered, although much remains to be
understood the detailed mechanisms employed by each protein involved in cell division. Among
those mitotically important proteins, LIS1 is part of a complex that interacts with diverse cortical

factors and centrosomal proteins at kinetochores on the chromosomes, the mitotic spindles and
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the cell cortex, and it has been implicated in the regulation of the mitotic spindles and
chromosome segregation during mitosis (Coquelle et al., 2002; Faulkner et al., 2000; Yingling et
al., 2008). The human LIS/ gene was first identified as a causative gene of human lissencephaly
(‘smooth brain’), a severe neuro-developmental disease (Hattori et al., 1994; Reiner et al., 1993).
Heterozygous mutation or deletion of human LIS/ leads to this brain malformation due to defects
in neuronal migration. LIS1 is also part of a highly conserved protein complex first discovered in
Aspergillus nidulans that is responsible for nuclear distribution and functions in cytoplasmic
dynein regulation (Morris et al., 1998; Xiang et al., 1995). LIS1 homologues from Aspergillus to
mammals form a complex with cytoplasmic dynein and nuclear distribution (NUD) proteins
(Sasaki et al., 2000; Smith et al., 2000; Tai et al., 2002). Cytoplasmic dynein is a MT minus-end-
directed motor involved in mitotic spindle assembly by regulating MT dynamics especially at
astral MTs and mediating poleward transport of spindle assembly checkpoint proteins (Busson et
al., 1998; Howell et al., 2001; Merdes et al., 1996; Nguyen-Ngoc et al., 2007; O'Connell and
Wang, 2000). Through its motor activity, cytoplasmic dynein exerts pulling forces on the
chromosomes. Dynactin, an accessory linker protein complexed with dynein subunits, also
contributes to these cellular functions by assisting cargo loading and increasing processivity
(Schroer, 2004). Cortically anchored cytoplasmic dynein/dynactin complexes are important
cortical force generators along MTs (Gonczy, 2002; Nguyen-Ngoc et al., 2007) and those are
essential for mitotic spindle formation and positioning in M phase (Busson et al., 1998; Dujardin
and Vallee, 2002). Intriguingly, LIS1 has been implicated in dynein targeting at MT plus-ends
along astral MTs during cell division of various cell types (Coquelle et al., 2002; Sheeman et al.,
2003; Tai et al., 2002). In addition, several NUD family proteins associate with both LIS1 and
cytoplasmic dynein. Two mammalian NudE homologues, NDE1 and NDEL1, interact with
LIS1/cytoplasmic dynein complex (Derewenda et al., 2007; Efimov and Morris, 2000; Liang et
al., 2004; Niethammer et al., 2000; Sasaki et al., 2000; Stehman et al., 2007). NDE1 and NDEL1

display prominent centrosomal localization, as does LIS1 (Feng et al., 2000; Niethammer et al.,
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2000; Sasaki et al., 2000). NDEI is required for targeting of LIS1 to the cytoplasmic dynein
complex to generate persistent motor forces (McKenney et al., 2010; McKenney et al., 2011),
while NDELT1 has been implicated the process of LIS1/dynein recruitment, serving as a scaffold
(Coquelle et al., 2002; Li et al., 2005; Zylkiewicz et al., 2011). In addition, a subset of NDE1 and
NDELI1 proteins is also observed in close proximity to the cell cortex where LIS1 accumulates
(Lam et al., 2010; Sumigray et al., 2011; Yingling et al., 2008). These previous studies support
the notion that LISI-NDE1/NDEL1-dynein/dynactin complex is likely part of the protein
machinery needed to coordinate various signals from the cell cortex to mitotic spindles by
generating pulling forces on spindle MTs. Despite these studies, the precise functions of LIS1 and
its complex during mitosis remain elusive. Furthermore, it is unclear whether other components
of LIS1 protein complex are involved in LIS1-dependent spindle regulation during mammalian
cell division.

We took advantage of genetic null (knock-out, KO) and hypomorphic-conditional (HC) alleles
of Lis] (Gambello et al., 2003; Hirotsune et al., 1998) to uncover the critical dose-dependent roles
of LIS1 in MEFs and mouse neural progenitors (NPs). Previously we found that Lis/-deficiency
in mouse brains resulted in apoptosis and mitotic spindle orientation defects in NPs, while in
MEFs loss of Lis! led to severe defects in cell growth and MT capture at the cell cortex in
interphase cells (Yingling et al., 2008). In a current study using Lis/ mutant MEFs, we
demonstrated that mouse LIS1 plays essential roles in chromosome movements and MT/MTOC
function to instruct proper spindle formation and orientation during mitotic cell division. Further,
we determined that mouse LIS1 in mitosis has dual functions to maintain the integrity and
number of centrosomes in which MT minus-ends attached and simultaneously to mediate the
crosstalk between MT plus-ends along astral MTs and the cell cortex. These mitotic functions of
LIS1 appear to be mediated by LIS1-NDE1/NDEL1-dynein/dynactin complex, suggesting
essential functions of these components to form proper mitotic spindle during mammalian cell

division.
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2-2. Results

Perturbed mitotic progression in mitosis of LisI mutant MEFs

To investigate cellular functions of mouse LIS1 during mitotic cell division, we employed various
genetic tools to completely and reproducibly reduce LIS1 expression levels in primary MEFs. We
performed time-lapse live cell imaging of mitosis of Lis/ mutant MEFs isolated from Lis/ mutant
conditional knock-out (CKO) mice that harbor HC alleles of mouse Lis/. Tamoxifen (TM)-
inducible Cre (Hayashi and McMahon, 2002) mice were mated to produce homozygous Lis/
CKO mice (CreER™Lis 1", hereafter termed Lis/-CKO-Cre) to acutely delete the Lis/ gene
upon TM treatment, which reduced LIS1 protein level close to <10% of wild-type levels after 72
h incubation described in previous study (Yingling et al., 2008). Control mice contained two

+/+

normal wild-type (WT) Lis] alleles with Cre transgene (CreER™LisI*"" hereafter termed WT-
Cre). To visualize dynamic movements of chromosomes and MTs simultaneously during mitotic
progression, we infected MEFs with retroviruses encoding histone 2B (H2B)-GFP (Kanda et al.,
1998) and mCherry-a-tubulin, followed by treatment with 4-hydroxy-TM for 12 h. Live cell
imaging revealed that Lis/-CKO-Cre MEFs treated with TM (CreER™Lis1"" + TM) exhibited
a high frequency of abnormalities during mitosis that were not observed in WT-Cre MEFs. In
prophase, Lis/-CKO-Cre MEFs often formed extra centrosomes (e.g. 4 MTOCs) (Fig. 2-1 A)
(See below). In prometaphase, loss of LIS1 resulted in a kinked and curved morphology of the
mitotic spindle. As the mitotic cell cycle eventually proceeded into metaphase, Lis/-CKO-Cre
MEFs displayed chromosomes roughly aligned near the metaphase plate along with pseudo-
bipolar spindles. In anaphase, Lis/-CKO-Cre MEFs retained several misaligned and unattached
chromosomes, which ultimately results in defective chromsome separation and lagging
chromosomes in telophase. Surprisingly, the average time from nuclear envelope breakdown to

metaphase plate formation was not significantly extended in Lis/-CKO-Cre MEFs (17.2 = 0.8

min) compared to those of WT-Cre MEFs (16.2 = 0.9 min), indicating that acute loss of LIS1 did
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Figure 2-1. Loss of LIS1 results in a prolonged mitotic cell cycle to induce anaphase onset delay.
(A) Frame series of time-lapse live imaging movies from Lis7-conditional knock-out (CKO)-Cre MEFs
(CreER ; Lis1""™) and WT-Cre MEFs (CreER ; Lis1"*). MEFs were co-infected with histone2B-GFP
(H2B-GFP, green) and mCherry-a-tubulin (red) retroviruses. Cre activation was induced by treatment of
4-hydroxy-tamoxifen for 12 h. Insets from Lis7-CKO-Cre; Prometaphase — kinked and curved spindle
morphology, Anaphase — Arrowhead: unattached chromosomes, Telophase — Arrow: lagging
chromosomes. Minutes indicate the time from nuclear envelope breakdown. Scale bar: 10 um. (B) Time
from nuclear envelope breakdown to metaphase plate formation. (C) Time from metaphase plate
formation to anaphase onset. (D) Time from nuclear envelope breakdown to anaphase onset. (E)
Accumulated percentage of cells entered into anaphase from metaphase. Lines in (B-D): mean =+ s.d.,
Asterisks: *p < 0.05, ***p < 0.001 by student’s ttest. ns: not significant.
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not severely impair metaphase plate formation (Fig. 2-1 B). However, the average time from
metaphase to anaphase onset was significantly delayed from Lis/-CKO-Cre MEFs (9.9 + 0.9
min) compared to those of WT-Cre MEFs (6.1 = 0.9 min) (Fig. 2-1 C). We obtained similar
results of mitotic delay from a distinct analysis of anaphase onset timing. The time when 50%
cells entered anaphase in Lis/-CKO-Cre MEFs (tso), = ~10 min) was longer than WT-Cre MEFs
(ts0% = ~5 min) by 2-fold (Fig. 2-1 E). The total duration of mitosis from nuclear envelope
breakdown to anaphase onset was delayed in Lis/-CKO-Cre MEFs (27.1 + 1.1 min) compared to
WT-Cre (22.4 = 0.8 min) by about 1.2-fold (Fig. 2-1 D).

To investigate the effects of stably reduced LIS1 protein levels on its intracellular distribution
during mitotic cell cycle progression, we compared endogenous LIS1 localization in WT MEFs
and Lis1"”* MEFs with 35% of WT LISI protein levels (Fig. 2-2 A and B) (See (Yingling et al.,
2008). In WT MEFs, LIS1 was enriched at centrosomes and kinetochores from prophase to
metaphase. A majority of LIS1 was cytosolic, but a small fraction of LIS1 was also observed near
the cell cortex as puncta. From metaphase to anaphase, LIS1 immunostaining overlapped with
MTs along the mitotic spindles. Prior to telophase, the majority of LIS1 co-localized with

centrosomes in WT MEFs. By contrast, Lis """

MEFs displayed significant reduction of LIS1
distribution in the cytoplasm, although centrosome-specific localization of LIS1 appeared to be
maintained. In metaphase, LIS1 accumulated at the kinetochores on chromosomes near the

metaphase plate in Lis /"""

MEFs. However, mitotic spindle-associated LIS1 mostly disappeared
in these cells (Fig. 2-2 A). These observations support critical mitotic functions of LIS1 at
centrosomes, the mitotic spindles and the cell cortex in M phase (Faulkner et al., 2000),

suggesting that the LIS1 protein complex may mediate mitotic functions in these specific cellular

compartments.
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Figure 2-2. Endogenous LIS1 in Lis1 mutant MEFs is less distributed in the mitotic spindles and
the cell periphery. (A) Localization of endogenous LIS1 (green) in different phases of mitotic cell cycle
from WT MEFs and Lis1"*° MEFs. MEFs were co-stained with a-tubulin (red) and DAPI (blue). Scale

bars: 5 um. (B) Western blot of cell lysates from MEFs.
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Formation of extra centrosomes caused by loss of Lis]

Time-lapse imaging revealed that the incidence of multiple centrosomes (more than two
centrosomes) was dramatically increased in Lis/ mutant MEFs (Fig. 2-3 A). Lis/-CKO-Cre
MEFs had a greater than 5-fold increase in the occurrence of centrosome amplification (Lis/-
CKO-Cre: 28.1% vs. WT-Cre: 5.1%). However, this rarely resulted in multipolar spindle
formation during mitosis, since only 1.4% of Lis/-CKO-Cre MEFs displayed multipolar division
(1/73) compared with none in WT-Cre MEFs (0/39) (Fig. 2-3 B).

To determine whether centrosome amplification is a common feature resulting from the
reduction of LIS, we performed y-tubulin staining in WT and Lis/"“** MEFs. Similar to Lis!-
CKO-Cre, LisI"”* MEFs often displayed centrosome amplification. Lis/"”** had a nearly 2-fold
increase in the occurrence of multiple centrosomes (LisI"”**: 18.7% vs. WT: 10.8%) (Fig. 2-3 C
and D). Notably, the occurrence of cells with 3 and 4 MTOCs was increased about 3-fold and 2-
fold in Lis1"“* MEFs, respectively. The frequency of 6 MTOCs was also increased in Lis "/

MEFs (Fig. 2-3 E). Thus, these results support that LIS1 reduction results in centrosome

amplification.

Abnormal centrosome integrity by centrosome clustering in Lis] mutant MEFs

One possible mechanism to induce spindle misorientation is the mislocalization of critical
centrosomal proteins. We first investigated NDEI localization in LisI"”*” MEFs, since NDEI and
LIS1 form a functional complex at centrosomes (Feng et al., 2000). We observed moderate
reduction in centrosome-associated NDE1 in metaphase of LisI"”*” MEFs (Fig. 2-4 A). NDELI, a
second mammalian nudE homolog, is important for LIS1-dynein-dependent MT regulation at the
cell cortex (Yingling et al., 2008), and primarily accumulates at centrosomes during mitosis (Mori
et al., 2007; Niethammer et al., 2000). In contrast to reduced centrosomal NDE1, we found a
comparable amount of NDELI1 at centrosomes in Lis/"”** MEFs (Fig. 2-4 B). However, spindle

hc/ko

MT-associated NDEL1 was dramatically decreased in Lis/"™ MEFs compared to the substantial
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Figure 2-3. Loss of LIS1 leads to extra centrosomes formation and centrosome number
abnormality. (A) Time-lapse live imaging analysis reveals the centrosome number abnormality in
Lis1-CKO-Cre MEFs compared to WT-Cre. (B) Multipolar division was found in time-lapse live
imaging of Lis1-CKO-Cre MEFs (1/73). (C) Fixed sample analysis of centrosome number from WT
and Lis1"*°MEFs. (D) WT MEFs with normal two centrosomes and Lis1"”*> MEFs with extra
centrosomes. MEFs were stained with g-tubulin (green) and DAPI (blue). Scale bars: 10 mm. (E)
Centrosome number distributions in WT and Lis1"”** MEFs. Microtubule-organizing centers
(MTOCSs). More than 3 slides were analyzed, n > 250 cells from each genotype. Bars: mean +
s.e.m., Asterisk: ***p < 0.001 by two-way ANOVA test.
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co-localization of NDEL1 and MT staining in M phase of WT MEFs (Fig. 2-4 B). In addition, the
number of cell cortex-associated NDEL1 puncta was significantly reduced in metaphase of
Lis1"“* MEFs, which indicates impaired NDELI targeting to the cortical membrane (Fig. 2-4 B).
Together, these findings are consistent with a necessary cooperation between LIS1 and NDEL1
for MT plus-end targeting of these proteins each other to stabilize cortical MTs (Coquelle et al.,
2002; Yingling et al., 2008).

Next, we examined pericentrin immunostaining and found that the size and shape of

percentriolar material in Lis1""*

MEFs were disrupted compared to WT. Even in cells
undergoing bipolar division with two distinguished centrosomes, Lis/ helko MEFs frequently had
enlarged spindle poles with larger amounts of percentriolar material than WT. This generated

asymmetry of the two spindle poles in Lis!""*

MEFs, while symmetric bipolar spindles were
maintained in WT MEFs (Fig. 2-4 C). In addition to asymmetric spindles, Lis/ "k MEFs
displayed an elongated, cylindrical shape of percentriolar material rather than a normal sphere
shape (Fig. 2-4 E), suggesting that LIS1 is required for maintaining proper centrosome integrity
and assembly.

We assessed whether LIS1 may be necessary for the regulation centrosome organization or
centrosome maturation by co-immunostaining with centrosome or centriole markers and several
centrosome maturation markers that are associated with centriole distal/subdistal appendages.
Mature centriole appendage proteins such as cennexin/ODF2 (Nakagawa et al., 2001), ninein
(Mogensen et al., 2000) and Cep164, another mother centriole marker (Graser et al., 2007),
displayed intact localization at the centrosomes in Lis!"“** MEFs (Fig. 2-4 E, F and G). Only one
centrin-positive centriole among a centriole pair had cennexin/ODF2 or ninein-immunoreactivity,

hc/ko

suggesting that centrosomes in Lis/™"° MEFs undergo normal centrosome maturation. However,

a significant fraction of Lis 1"/’

MEFs with bipolar spindles displayed a ‘centrosome clustering’
phenotype (with more than two pairs of centrioles with normal configuration in one pole), a

phenotype reported in the cells with extra centrosomes (Kwon et al., 2008; Quintyne et al., 2005).
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Figure 2-4. Lis1 mutant MEFs exhibit centrosome clustering phenotype during mitosis. (A)
Localization of NDE1 (green) and (B) NDEL1 (green) in Lis1"*° MEFs and WT. Co-staining images in
(A, B) with y-tubulin (upper panel, red) or a-tubulin (lower panel, red) and DAPI (blue). (C-F) Centrosome
clustering phenotype with normal centrosome maturation in Lis1"** MEFs. (C) Co-staining with
pericentrin (pericentriolar material marker) and centrin (each centriole). Co-staining with centrin and
several mature centriole markers: (D) cennexin/ODF2, (E) ninein, (F) Cep164, respectively. Insets in (C-
F): High magnification images of centrosomes. Scale bars: 5um.
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Clustered spindle poles displayed a large amount of pericentrin-positive pericentriolar material
(Fig. 2-4 C-F).

The cennexin/ODF2-positive mother centriole functions as a basal body, an anchor of non-
motile primary cilium originating in interphase (Ishikawa et al., 2005). We hypothesized that the

hc/ko

frequent appearance of extra centrosomes in Lis/™"° MEFs may result in multiple primary cilia

. . . .. . helk
formation in these cells. In serum-starvation conditions, Lis!"“*

MEFs produced multiple cilia
from amplified centrosomes, as measured by immunostaining of acetylated-o-tubulin and
pericentrin, a primary cilia marker and a basal body marker, respectively (Fig. 2-5 A). There was
a 3-fold increase in the percentage of cells with multiple cilia from LisI"”*” MEFs (5.1 = 1.4%)
compared to WT MEFs (1.7 = 0.5%) (Fig. 2-5 B). Given the 2-fold increase in incidence of extra

hc/ko

centrosomes in Lis!"" vs. WT MEFs, we concluded that multiple centrosome formation in M

hc/ko

phase of Lis /™" MEFs ultimately leads to ectopic primary cilia formation, suggesting amplified

extra centrosomes in Lis/ mutant MEFs are fully functional in interphase.

Chromosome missegregation and recruitment defects of kinetochore proteins in Lis/
mutant MEFs

Time-lapse live imaging revealed congression of chromosomes at the metaphase plate in WT and
Lis1-CKO-Cre MEFs, but metaphase plates were less compact and displayed distorted
morphology in Lis/-CKO-Cre MEFs compared with those of WT-Cre MEFs (Fig. 2-6 A). We
also observed several misaligned and unattached chromosomes scattered away from the
metaphase plate in Lis/-CKO-Cre MEFs. Lis/-CKO-Cre MEFs displayed a 2-fold increase of
lagging chromosomes in anaphase (Fig. 2-6 B) compared to WT-Cre (Fig. 2-6 D). We
categorized the occurrence of lagging chromosomes into three groups: no, few, and numerous
lagging chromosomes. Numerous lagging chromosomes were observed in very high frequency
(76.7%) in LisI-CKO-Cre MEFs compared to WT-Cre MEFs (Fig. 2-6 C). In addition, other

types of severe chromosome segregation defects were also found in Lis/-CKO-Cre MEFs. There
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Figure 2-5. Loss of LIS1 causes frequent multiple cilia formation in interphase

(A) Primary cilia formation from serum-starved Lis1"** MEFs and WT. Primary cilia were identified
with acetylated-tubulin (green) staining. Basal body and chromosomes were stained with pericentrin
(red) and DAPI (blue), respectively. 1 cilium: Mono-ciliated, More then 2 cilia: Multi-ciliated. (B)
Quantification of multiple cilia formation. Asterisk: *p < 0.05 by student’s t-test. Scale bars: 5 um.
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Figure 2-6. Loss of LIS1 induces chromosome misalignment in metaphase and chromosome
missegregation in anaphase during mitosis. (A) Time-lapse live imaging analysis of
chromosomal behavior (labeled with H2B-GFP, green) from Lis1-CKO-Cre MEFs and WT-Cre
MEFs. Arrowhead: misaligned chromosomes in Lis1-CKO-Cre MEFs. Scale bars: 5 um. (B)
Chromosome missegregation phenotypes in mitosis of Lis7-CKO-Cre MEFs. Arrow: humerous
lagging chromosomes, Arrowhead: (left) the chromosomes stuck in intercellular chromatin bridge,
(right) micronuclei formation in telophase. Microtubule networks were visualized by mCherry-o.-
tubulin (red). Scale bars: 5 um. (C) Quantification of lagging chromosome appearance in time-lapse
live imaging of Lis1-CKO-Cre MEFs and WT-Cre MEFs. Numbers of lagging chromosomes - No
lagging: 0, Few lagging: 1~3, Numerous lagging: > 4. (D) Increased incidence of various
chromosome segregation defects Lis1-CKO-Cre MEFs compared to WT-Cre MEFs.
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was a 3-fold increase in intracellular chromatin bridges and a 3-fold increase in micronuclei
found in daughter cells derived from mitosis of Lis/-CKO-Cre compared to WT-Cre (Fig. 2-6 D).
We reasoned that these chromosome congression and separation defects in Lis/-deficiency
might be caused by misregulation of protein targeting to kinetochores, since LIS1 is a known
kinetochore-binding protein in prophase and prometaphase (Faulkner et al., 2000). Targeting of
LIS1 to kinetochores (identified with CREST staining) was reduced to 50% in Lis/"“** MEFs, as
expected due to overall 35% reduction of LIS1 protein in these cells compared to WT (Fig. S3
A). In addition, there was an overall reduction in kinetochore recruitment of dynein subunits,
including the dynein intermediate chain (DIC70.1) and the dynactin subunit plSOGh’Ed, to 40% and
50%, respectively, compared to WT (Fig. 2-7 A and B). Targeting of CLIP170 to kinetochores
was also significantly reduced in Lis/"“** MEFs to 30% of WT levels (Fig. 2-7 C). Next, we
determined interkinetochore distances that reflect the strength of the tension from kinetochore-

hc/ko

bound MTs to the spindle poles. Lis/™™ MEFs displayed a decrease in interkinetochore distance

(LisI"*: 0.65 = 0.17 um vs. WT: 0.48 = 0.01 um) (Fig. 2-7 D). These data suggest that aberrant

hc/ko

and/or unstable MT attachments to kinetochores in Lis/™"" MEFs may result from a depletion of

kinetochore-targeted proteins such as LIS1, the dynein/dynactin complex and CLIP170.

Impairment of mitotic spindle formation and spindle misorientation in Lis/ mutant MEFs
Previously, it was shown that LIS1 overexpression results in spindle misorientation in MDCK
cells (Faulkner et al., 2000), and that Drosophila Dlis] mutants as well as mouse Lis/ mutants
display mitotic spindle defects in NP division (Siller et al., 2005; Yingling et al., 2008).
Consistent with these findings, we uncovered defects in spindle formation and positioning from
time-lapse live imaging of Lis/-CKO-Cre MEFs (Fig. 2-1 A). To determine mitotic spindle

orientation parallel to the cell-substrate adhesion plane, which occurs in adherent cells
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Figure 2-7. Loss of LIS1 causes less recruitment of kinetochore proteins to kinetochores on
the chromosomes during mitosis. (A) Relative intensity of dynein intermediate chain (DIC70.1)
signal at kinetochores, normalized to CREST staining of kinetochores. (B) A subunit of dynactin
complex, p150GIuecj signal at kinetochores. (C) CLIP170 at kinetochores. (D) Average
interkinetochore distance was reduced in Lis1"*° MEFs compared to WT. Bars: mean = s.e.m., 10
kinetochores in 10 cells. Asterisk: **p < 0.01 by student’s test. A.U.: arbitrary unit.
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(Toyoshima and Nishida, 2007), we arrested MEFs in metaphase by MG132 treatment. The
spindle poles were identified with pericentrin, a pericentriolar marker of centrosomes
(Zimmerman et al., 2004). Confocal images from WT MEFs displayed a relatively narrow
centrosomal distribution in the same or adjacent confocal planes along the cell axis. By contrast,
Lis1"“** MEFs exhibited a high degree of spindle tilting compared to the substrate plane (Fig. 2-8
A). Spindle angle (a.°, measured by an amplitude of angle between centrosomes and the plane of
cell-substrate) (shown in Fig. 2-8 B) was significantly increased in Lis/"“** MEFs. The average
spindle angle in Lis/"** MEFs (a°= 16.9 = 1.5) was increased about 2-fold compared with WT
(a°=10.0 = 1.2) (Fig. 2-8 C). Since Drosophila Dlis1 mutant displayed defects in centrosome
separation during mitosis of NPs (Siller et al., 2005), we expected that the distance between the
two spindle poles may be impaired in LisI"/*” MEFs. Lis1"** MEFs displayed a moderate change
in pole distance (8.8 = 0.2 um) compared with WT (7.9 = 0.2 um), reflecting alteration in pulling
forces on two spindle poles (Fig. 2-8 D).

hc/ko

To determine whether spindle misorientation in Lis!""” MEFs results from cell shape changes

in these cells, we determined the cell height and the longest cell axis of the metaphase cells from
Lis1"** MEFs and WT MEFs. Neither were significantly altered in Lis/"”** MEFs compared with
WT MEFs (cell height Lis7"*°: 12.7 + 0.6 um vs. WT: 13.7 + 0.4 um, and long axis Lis1""*:

179 £ 0.9 um vs. WT: 17.5 = 0.7 um) (Fig. 2-9 A and B).

Reduced cortical dynein/dynactin complexes in Lis/ mutant MEFs during mitosis

hc/ko

To examine cortically located dynein/dynactin complex in Lis{™"° MEFs, we performed

Glued hc/ko

immunostaining with the p150 subunit of dynactin and found reduced staining in Lis/

MEFs compared to WT MEFs during M phase (Fig. 2-10 A), especially at the polar cortex. Astral
MT-associated p150°"*!signals were prominent in WT MEFs, however, they were severely

hc/ko

reduced in Lis/™"” MEFs. To examine dynein complex localization, we performed DIC subunit
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Figure 2-8. Loss of LIS1 impairs spindle orientation during mitosis of MEFs. (A) Confocal Z-
stack image series of mitotic spindles stained with pericentrin (centrosomal marker, green), o-
tubulin (mitotic spindle, red), and DAPI (blue). MEFs were arrested in metaphase with MG132
treatment for 2 h. Scale bars: 5 um. (B) Schematic representation of spindle orientation in mitotic
cells. Spindle angle (c°) and distance between spindle poles (D, um) were measured by taking Z-
stack confocal images from 0.5 um thick sections. Centrosomes were identified with co-localization
of pericentrin and o-tubulin (marked in yellow). (C) Average spindle angles of Lis1"*° MEFs and
WT. (D) Average distance between spindle poles. Bars in (C, D): mean = s.e.m., Asterisks in (C, D):

**p < 0.01 by student’s ttest. ns: not significant.
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Figure 2-9. Normal cell shape and morphology in metaphase of Lis7 mutant MEFs. (A) No
change in cell height measured by DHCC (lipophilic dye) (B) No change in long axis from
metaphase cells of Lis1"* MEFs compared to WT. Bars in (A, B): mean = s.e.m., ns: not significant
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Figure 2-10. Loss of LIS1 results in less cortical dynein/dynactin complex recruitment to the cell
cortex during mitosis. (A) Distribution of a dynactin subunit, p150%“*® (green) in mitosis of Lis1"*°
MEFs and WT. Chromosomes were stained with DAPI (blue). (B) Distribution of a dynein complex
subunit, DIC74.1 (red) in mitosis of Lis1"* MEFs and WT. Co-staining with a-tubulin (green) and DAPI
(blue). White dashed lines illustrate cell membranes. Scale bars: 5 um.
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immunostaining. DIC74.1-immunoreactive puncta were detected near the cortical membrane in
M phase of WT MEFs, but the number of these cortical puncta was diminished in Lis/"”** MEFs
(Fig. 2-10 B). Reduced localization of cortical dynein/dynactin complex in M phase may
ultimately result in spindle misorientation in Lis/ "% MEFs. These findings suggest that LIS1
mediates dynein/dynactin targeting to the cell cortex in this cell cycle, contributing to spindle

orientation and positioning to ensure proper cell division.

Abnormal interaction between plus-ends of astral MTs and the cell cortex in Lis/ mutant
MEFs
Previous studies (Faulkner et al., 2000; Yingling et al., 2008) and the dynein studies

he/k
0 cells, so we

described above (Fig. 2-10) suggested that astral MTs may be reduced in Lis/
examined astral MTs in great detail. We found that WT MEFs in early anaphase displayed clear
astral MTs-cortex interaction and they maintained a wide angle compared to lateral surface of cell
cortex (end-on interaction) (Gusnowski and Srayko, 2011) (Fig. 2-11 A, B). Each lobe of the
polar cortex was filled with straightened astral MT tips, suggesting pulling force between spindle
poles and the cell cortex. By contrast, the radial arrays of astral MTs were reduced in Lis /"
MEFs. These astral MTs were often curled and contacted the cell cortex laterally with a shallow
angle (lateral or side-on interaction, MT sliding) (Gusnowski and Srayko, 2011), suggesting that
these astral MTs were not under strong tension (Fig. 2-11 A, B). The angle between astral MT
tips and cortical membrane was measured (6°). The lateral interaction (68° < 60) of astral MTs to
the polar cortex was significantly increased in Lis1"”*” MEFs (Lis1""** : 29.6% vs. WT 69.2%)
(Fig. 2-11 B, C). In addition, astral MTs in WT MEFs never crossed the equatorial region where

"% MEFs with extra centrosomes, a fraction of

the cleavage furrow forms, but in the case of Lis/
astral MTs connected to the opposite polar cortex far from the closer pole (Fig. 2-11 A, right).
The dynein/dynactin complex is targeted to MT plus-end tips by EB1, a MT plus-end binding

protein (Mimori-Kiyosue et al., 2000; Schuyler and Pellman, 2001), and is necessary for
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Figure 2-11. Loss of LIS1 causes aberrant interactions between astral microtubule plus ends
and the cell cortex. (A) The astral microtubules in early anaphase from Lis1"*° MEFs and WT
stained with a-tubulin after glutaldehyde fixation. Arrow: aberrant astral microtubule tips in Lis1"*®
MEFs. (right panel): Misattachment of astral microtubules to the opposite polar cortex in Lis1"ke
MEFs harboring extra centrosomes (4 MTOCs). (B) Schematic representation of interaction
between astral MTs and the cell cortex — End-on interaction (6° = 60) vs. Lateral interaction (6° <
60). (C) Quantification of types of astral MT interaction with the cell cortex in MEFs (D) Localization
of microtubule plus ends stained with EB1 (microtubule plus-end binding protein) in metaphase of
Lis1"* MEFs and WT. Blue dashed lines indicate cell membranes. Scale bars: 5 um.

51



establishment of astral MTs and appropriate spindle orientation in M phase (Toyoshima and
Nishida, 2007). To investigate the interaction between MT plus-end tips and the cell cortex, we
examined EB1 localization and distribution in WT and Lis/"”** MEFs. In metaphase, WT MEFs
displayed many discrete EB1-labeled MT plus-end tips nearly touching the cell cortex (Fig. 2-11
D), whereas fewer MT plus-end tips was found in the vicinity of the cell cortex and the length of
each astral MT strand was reduced in Lis/"”*” MEFs (Fig. 2-11 D). Together, these data support

the notion of reduced anaphase spindle pulling forces in Lis/"** MEFs.

Reduced frequency of cortical targeting of astral MT plus-ends in Lis/ mutant MEFs

To further investigate how LIS1 affects the dynamics of MT plus-end movements, we
performed time-lapse live-imaging experiments in EB1-GFP expressing MEFs undergoing M
phase and traced MT plus-end comet movements by confocal microscopy. In WT MEFs, the
growing MT plus-end comets (EB1-GFP) were generated mainly from the centrosomes and EB1
comets established very transient contacts to the cell cortex in metaphase. (Fig. 2-12 A) The
frequency of EB1 comets-cell cortex contacts was further increased at the onset of anaphase with
spindle pole elongation, suggesting that pulling forces were generated from this MT-cortex

interaction. However, Lis1"*

MEFs displayed significantly decreased numbers of M T asters with
EB1 comets, and the frequency of transient interactions of MT plus-end tips with the cell cortex

was also reduced (Fig. 2-12 B). These findings demonstrate that cortical interactions of MT asters

were significantly impaired in Lis/-deficient mitosis
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Figure 2-12. Reduced frequency of movement of EB1-labeled astral MT plus-ends near the cell
cortex. (A) Frame series of time-lapse live imaging movies from WT MEF infected with EB-GFP
adenovirus. (B) from Lis1"*° MEF. (A’, B’) High magnification images from insets in (C, D). Scale bars:
10 um. These montages are generated from the representative movies of dividing MEFs from each
genotype (more than 10 cells were imaged for live imaging).
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Spindle misorientation and centrosome clustering phenotypes in Lis/ mutant MEFs are
rescued by MT stabilization, as well as LIS, NDE1, NDEL1, and dynein overexpression
We first hypothesized that spindle misorientation may be a result from misregulation of MTs
in Lis1"* MEFs. To test this possibility, we treated WT MEFs and LisI"”*” MEFs with taxol, a
MT stabilizing reagent, and then analyzed spindle orientation in metaphase cells. DMSO-treated
Lis1"“* MEFs displayed significant spindle misorientation compared to DMSO-treated WT
control MEFs (LisI"**: a°=20.5 = 2.9 vs. WT: a°=11.1 = 1.4) (Fig. 2-13 A). In previous study,
1uM taxol treatment had been used to restore astral MTs by MT stabilization (Thoma et al.,

hc/ko

2009). Notably, 1uM taxol treatment in Lis/™"" MEFs led to astral MT enrichment (based on

EBI staining, data not shown). Importantly, taxol rescued spindle misorientation, and average

"ko MEFs was similar to those of untreated or

angle of spindle orientation from taxol-treated Lis/
taxol-treated WT MEFs (taxol-treated Lis!"”**: a°=11.2 = 1.6 vs. taxol-treated WT: 0°=11.3 =
1.7) (Fig. 2-13 A). These results suggest that taxol treatment can restore reduced MT plus end
movements near the cell cortex by stabilizing MTs in Lis1"”** MEFs.

Since LIS1 and its binding partner proteins, NDE1, NDEL1 and cytoplasmic dynein are all
localized close to the cell cortex in WT MEFs, we hypothesized that ectopic overexpression of

these proteins may rescue spindle orientation defects of Lis "’

MEFs during mitosis by
sequestering the remaining LIS1 to help transport it to the critical sites such as the cell cortex. We
generated a series of retroviruses encoding GFP, GFP-LIS1, GFP-NDEL1, GFP-NDEI, and GFP-
DIC1. MEFs were transduced with each virus and spindle orientation was measured from
metaphse-arrested GFP-positive cells. As expected, spindles were severely misoriented in GFP-
infected Lis1"*” MEFs (Lis1"”*+ GFP, control) (Fig. 2-13 B). Overexpression of ectopic LIS1 in
WT MEFs resulted in severe spindle misorientation (Fig. 2-13 B), suggesting that precise levels

of LIS1 are critical for normal spindle orientation. However, spindle orientation in Lis/"** MEFs

was improved by GFP-LIS1, suggesting ectopic overexpression of LIS1 may restore the cortical
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factors on the cell cortex and form appropriate spindle angle. Interestingly, Lis/"”** MEFs
infected with GFP-NDEL1, GFP-NDE1 and GFP-DIC1 also displayed reduced spindle angle

compared to GFP-infected Lis "

MEFs (Fig. 2-13 B). These results support the interpretation
that LIS1 acts cooperatively with NDEI/NDEL1 and dynein to regulate precise spindle
orientation via a LISI-NDEL/NDEI1-dynein complex to regulate MTs.

To test whether these components in the LIS1 protein complex also contribute to centrosome

amplification and clustering in Lis""*

MEFs, we analyzed GFP-positive cells overexpressing
each transgene. Similar to spindle orientation, overexpression of ectopic LIS1 in WT MEFs
results in a dramatic increase in the percentage of cells displaying centrosome clustering (Fig. 2-
13 C), further suggesting that precise levels of LIS1 are critical for normal centrosomal
organization. The percentage of cells that displayed centrosome clustering phenotype was
reduced in GFP-LIS1 and GFP-NDEI expressing LisI"/*” MEFs to nearly levels found in WT
MEFs (Fig. 2-13 C). However, GFP-NDEL1- or GFP-DIC1-overexpressing MEFs demonstrated

a lesser and relatively partial rescue of centrosome clustering phenotype compared to GFP-LIS1

and GFP-NDEI1 (Fig. 2-13 C).
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Figure 2-13. Spindle misorientation and centrosome clustering phenotype in Lis1 mutant
MEFs are restored by overexpression of several components of LIS1-NDEL1/NDE1-dynein
complex. (A) Average spindle angles in WT and Lis1"* MEFs treated with DMSO and taxol. (B)
MEFs infected with retroviruses encoding GFP, GFP-LIS1, GFP-NDEL1, GFP-NDE1, and GFP-
DIC1. (C) Occurrence of centrosome clustering phenotype. Bars in (A, B): mean + s.e.m., Asterisks
in (A): *p < 0.05 by student’s ttest. (B): **p < 0.01, ***p < 0.001 by ANOVA with Bonferroni’s
posthoc test. ns: not siagnificant.
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Discussion

Heterozygous loss-of-function of LIS1 in humans results in the neurodevelopmental brain
malformation disorder - lissencephaly, a neuronal migration disorder. We and others
demonstrated that LIS1 plays important roles during mitosis in mammalian cells (Faulkner et al.,
2000; Tai et al., 2002; Tsai et al., 2005; Yingling et al., 2008). Using Lis/ mutant mice, we
previously showed that Lis/ deficiency causes growth defects of MEFs and cell death of self-
renewing NPs (Yingling et al., 2008; Wynshaw-Boris et al., 2010). However, the exact cellular
mechanisms regulated by LIS1 during cell division are not well understood. Due to severe
prometaphase arrest phenotype resulted from complete loss-of-function by siRNA-mediated
knockdown or antibody injection against LIS1 (Faulkner et al., 2000; Tai et al., 2002; Tsai et al.,
2005), the dose-dependent mitotic functions of LIS1 have not been determined previously. Here,
we studied the detailed mitotic processes regulated by LIS1 in mouse primary MEF culture. We
took advantage of various Lis/ genetic allelic series to finely control LIS1 protein level by using
LisI mutant MEFs, employing both tamoxifen-inducible acute conditional knock-out (CreER,
Lis1""“+ TM) and conventional knock-out (Lis"”**) with 35% LIS1 protein compared to WT.
We found that mouse LIS1 is essential for maintaining normal centrosome number and
preserving centrosomal integrity in each mitotic cycle (Fig. 2-14). LIS1 has kinetochore-specific
functions to complete chromosome congression by recruiting several kinetochore proteins to
ensure anaphase progression with accurate chromosome segregation. Most importantly, time-
lapse live cell imaging of MEFs undergoing mitotic cell phases revealed that LIS1 is the crucial
for mitotic spindle formation to determine its positioning and orientation during mitosis. We also
found that LIS1 is an important regulator of LISI-NDE1/NDEL1-dynein complex to enhance
astral MT plus ends dynamics and to mediate offloading of dynein/dynactin on the cell cortex,

which contributes to MT-cortex interaction during mitosis (Fig. 2-14). Proposed cellular
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Figure 2-14. Proposed working model of LIS1 function in mitotic cell divisions. See text in
discussion.
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functions of LIS1 during mitosis of MEFs in the present study are consistent with the roles of
Pacl, yeast Lis] homolog, in dynein offloading to the cell cortex from the plus-ends of astral
MTs by increasing the frequency of cortical targeting of dynein/dynactin complex (Lee et al.,
2005; Markus et al., 2011; Markus et al., 2009). Here we propose that LIS1 is a key protein to
integrate signals from the cell cortex to transmit to mitotic spindles through astral MT regulation

during mitosis.

Centrosome amplification at MT minus-ends in Lis/-deficient mitosis
Lis] CKO MEFs frequently displayed aberrant centrosome numbers (3 or 4 MTOCs), suggesting
that LIS1 is indispensible for centrosome number maintenance during mitotic cell division. The

extra centrosomes in Lis "%

MEFs transiently clustered into two distinct opposite poles as
multiple centriole pairs to form a pseudo-bipolar spindle. This result is consistent with the finding
of multiple centrosomes in approximately 5% of Drosophila DLisI-/- mutant NPs compared to
0% in WT NPs (Siller et al., 2005). Since the presence of extra centrosomes delays mitotic
progression (Yang et al., 2008), LIS1 may be involved in mitotic checkpoint control by
maintaining a consistent centrosome number during mitotic cell cycle. Three possible
mechanisms can cause abnormal centrosome numbers: (1) misregulation of centrosome assembly,
(2) failure of cytokinesis, and (3) dysfunction of the centrosome duplication cycle (Kramer et al.,
2011; Nigg, 2002). Centrosome morphology was abnormal and enlarged in a majority of Lis1"/*’
MEFs because of this centrosomal clustering, suggesting that there are minor defects in

centrosome assembly in Lis 1"/

MEFs. However, the configuration of centrosomes as a mother-
daughter centriole pair and centrosome maturation were normal in Lis/ "!o M[EFs as indicated by
mother centriole-specific proteins such as cennexin/ODF2, ninein, and Cep164, even at amplified
centrosomes. Since the frequency of centrosome amplification was increased, the over-production

of multiple mother centrioles in M phase led to the formation of multiple primary cilia during

interphase, which means they are functional. Intriguingly, we have found defects in cytokinesis in
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Lis1"“* MEFs (unpublished data), which may partially contribute to centrosome number
abnormality in Lis/-deficiency. Finally, dysregulation of the centrosome over-duplication cycle
may be evoked by loss of LIS1 by misregulating a signaling pathway. We found that LIS1 and

NDEI1 overexpression in Lis!""*

MEFs rescued centrosome amplification phenotype, suggesting
NDEI1 converges into LIS1-dependent centrosome number regulation pathway. For example,
aberrant activation of Rho GTPases (RhoA, RhoC) enhances ROCK2 kinase activity and
ultimately promotes centrosome amplification in other mammalian cells (Fukasawa, 2011; Kanai
et al., 2010; Ma et al., 2006). Intriguingly, Lis/ heterozygous MEFs (Lis1*") displayed elevated
RhoA GTPase activity compared with WT MEFs (Kholmanskikh et al., 2006), suggesting that a
high level of LIS1 protein expression is required for inhibiting RhoA GTPase. Therefore,

hc/ko

misregulated RhoA signaling pathway in Lis/™"” MEFs may cause ROCK activation to induce

centrosome over-duplication.

Missegregation of chromosomes and fate determinants in Lis/-deficient mitosis
Appropriate levels of LIS1 protein are required for spindle assembly checkpoint control to inhibit
improper chromosome kinetochore-MT attachments and ensure accurate chromosome

hc/ko

segregation and inheritance to two daughter cells. Lis/™"” MEFs displayed reduced targeting of

kinetochore proteins such as dynein/dynactin and CLIP170. The dramatic increase of extra

. . /ke
centrosomes in Lis1"*

MEFs may lead to merotelic kinetochore-chromosome attachments by
interfering with kinetochore-MT capture (Ganem et al., 2009). Improper kinteochore-MT
attachments and extra centrosomes promote genomic instability by generating aneuploid
daughters after mitosis. The frequent formation of chromatin bridges and micronuclei in Lis!-
deficient mitosis reflects severe chromosome segregation defects. Consistent with a genomic
stability function for LIS1, a particular human hepatocellular carcinoma cell type displays

downregulation of LIS/ mRNA and protein, and the severity of tumor formation is strongly

correlated with L1S7 downregulation (Xing et al., 2011). Human cells injected into nude mice
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after LIS1 knockdown display increased tumor formation compared with control cell-injection,
suggesting that LIS1 may act as a tumor suppressor under certain conditions. Together, these
results suggest that proper level of LIS1 expression is required for genomic stability to prevent
detrimental loss of chromosomes during mitosis.

LIS1-dependent centrosome number maintenance may play critical roles in the maintenance of
genomic stability and this may be important for the regulation of asymmetric NP division during
development. In Drosophila, PLK4 homologue mutants induce the formation of extra
centrosomes and defects of alignment of apically distributed cell fate determinants during NP
divisions (Basto et al., 2008). Multiple MTOC-harboring NPs were unable to properly orient the
mitotic spindle and the relationship between mitotic spindles and apical markers was disrupted.
We also frequently observed three centrosomes (3 MTOCsS) in apical NPs in the developing brain
from Lis/ mutant mice (unpublished data), suggesting that mammalian NP cells may employ

similar mechanisms.

Spindle misorientation and reduced interaction between astral MT plus-ends and the cell
cortex during mitosis in Lis] mutant MEFs

Spindle orientation and positioning are critical for the proper segregation of chromosomes and
fate determinants to the daughter cells. Here we demonstrated that Lis/-deficiency in MEFs
results in spindle misorientation with a high degree of spindle tilting compared with a plane of
adhesion substrate. We found spindle orientation defects in NPs from Lis/ mutant mice (Yingling
et al., 2008). NDELI1- (Pramparo et al., 2010) and NDE1-depleted NPs (Feng and Walsh, 2004)
also displayed severe spindle misorientation. In the present study, we demonstrated that Lis/-
deficiency results in reduced cortical dynein in dividing MEFs. The number of astral MTs and the
frequency of movements of EB1-labeled MT plus-ends reaching to the cortex were significantly
reduced in LisI"”*” MEFs compared to WT MEFs, leading to a lack of tension from the cell

cortex to the spindle poles. Since LISI-NDE1/NDEL1-dynein/dynactin complex is found in close
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proximity to the cell cortex, it is likely that this protein complex may play a key role in mediating
contacts between astral MTs and cortical factors. Due to the loss of LIS1, a key component of this
complex, the LISI-NDE1/NDEL1-dynein/dynactin complex may become destabilized at the cell
cortex. Reduction of these cortical dynein complex (LIS1-NDE1/NDEL1-dynein)-driven pulling
forces may be the cause of these spindle and astral MT defects in Lis/ mutant MEFs and NPs.
Several dynein/dynactin subunits displayed reduced localization to cortical sites during mitosis of
Lis1"“* MEFs. Most recently, it was shown that barrier- or bead-attached dynein controls the
dynamics of MT plus-ends in vitro (Hendricks et al., 2012; Laan et al., 2012), indicating that
cortical dynein is the key component to mediate interactions between astral MT plus-ends and the
cell cortex. The amount of cortical dynein at the cell cortex may be proportional to the ability to
induce MT end-on interaction (perpendicular to the cell cortex), and/or to inhibit M T lateral
interaction (parallel to the cell cortex) (Gusnowski and Srayko, 2011).

In addition to LIS1-NDE1/NDEL1-dynein complex-mediated function near the cell cortex to
control MT dynamics during the formation of the mitotic spindles, other cytoskeletal components
may contribute to this mitotic function of LIS1. Subcortical actin cytoskeletal components as well
as actin retraction fibers at adhesion sites have been implicated in spindle formation during
mitosis (Fink et al., 2011; Thery et al., 2007). Interestingly, Lis/ heterozygous mutant neurons
(LisI™") displayed misregulated actin stress fiber formation at leading edges during cell
migration (Kholmanskikh et al., 2003). This finding raises the possibility that dysfunction of the
actin cytoskeleton affected by reduced LIS1 protein levels has at least an indirect impact on actin-
dependent mitotic spindle regulation during cell division. The cell cortex is a critically important
site for vigorous crosstalk and interaction between MTs and the actin cytoskeleton to integrate
intrinsic and extrinsic signal cues and transmit those signals into mitotic spindle regulatory
pathway. We can conclude that LIS1, as a central component of LIS1-NDE1/NDEL1-dynein
complex, participates in the regulation of MT plus-ends dynamics on astral MTs near the cell

cortex to ensure mitotic spindle positioning and orientation, but in the future, it will be important
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to determine whether LIS1 directly regulates the actin cytoskeleton as well to promote proper

actin fiber assembly at the cortical adhesion-binding sites during cell division.

Implication of mitotic defects caused by loss of LIS1 protein

There are still important questions remain to be unanswered regarding severe mitotic
phenotype seen in Lis/ mutant MEFs. The most obvious phenotype displayed in Lis/ mutant
mice has been detected in developing mouse brain, especially in NP mitosis, not in other tissues.
Although we found possible common regulatory mechanisms of mitotic spindle positioning and
its orientation governed by LIS1 in MEFs and NPs, astral MT interaction with the cell cortex in
polarized NPs (along the apical-basal axis) may be much more complex than MEFs. Mouse NPs
also undergo symmetric and asymmetric division to generate different daughter cells, the
determining these types of divisions and the daughter cells fate can be potentially influenced by
LIS1 protein level. Presumably, it is possible that mitotic defects in NPs are much more sensitive
to LIS1 expression levels than any other tissue and cell types. It also has been accounted for the
discrepancy between in vivo and in vitro effects of Lis/-deficiency. Primary culture condition of

MEFs may exaggerate the changes of LIS1 effects on mitosis in vitro.

63



Chapter 3. Function of LIS1 in Cytokinesis

3.3 Introduction

Cytokinesis is a critical final step of cell division required for correct partitioning of the
cytoplasm and chromosomes to the daughter cells through dramatic cytoskeletal reorganization
initiated from anaphase C phase (cytokinesis phase) (Canman et al., 2000) to telophase (Eggert et
al., 2006; Piekny et al., 2005). Incomplete cytokinesis results in aneuploidy with missegregated
chromosomes. Furthermore, cytokinetic failure increases binucleated daughter cells with
tetraploidy.

Notably, microtubules (MTs) play important instructive roles to provide positional cues of
cleavage furrow at the equatorial cortex by inducing assembly of antiparallel MT bundles at the
spindle midzone, called the central spindle. Central spindle activity stimulates the formation of
the cleavage furrow at the equatorial cortex, termed “equatorial stimulation” (Bement et al., 2005;
von Dassow, 2009; Werner et al., 2007). At the polar cortex, dynamic crosstalk between astral
MTs and cortical actin patches generates inhibitory signals near the polar cortex, which ultimately
helps restrict cleavage furrow positioning to the equatorial cortex, termed “polar relaxation”
(Canman et al., 2003; Foe and von Dassow, 2008; Murthy and Wadsworth, 2008). The
combination of these actions between stimulatory signals at the equatorial cortex and inhibitory
signals at the polar cortex is a prerequisite for proper cleavage furrow positioning at the cell
equator. At the molecular level, division plane specification is mainly mediated by a small
GTPase RhoA-active zone (Bement et al., 2005; Nishimura and Yonemura, 2006), followed by
the recruitment of contractile ring components to the equatorial cortex that includes the scaffold
protein anillin (D'Avino et al., 2008; Gregory et al., 2008; Oegema et al., 2000; Piekny and

Glotzer, 2008) and filmentous septin (Kinoshita et al., 2002; Maddox et al., 2007; Oegema et al.,
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2000). Myosin-II is also recruited to the equatorial cortex and serves as a force generator to
promote furrow ingression and membrane constriction by activating cortical contractility through
crosslinking filamentous actin (F-actin) (Glotzer, 2005; Straight et al., 2003; Zhou and Wang,
2008). The RhoA-downstream effectors ROCK (Rho-kinase) and citron kinase phosphorylate the
specific sites in myosin light chain that are important for its motor activity (Kosako et al., 2000;
Yamashiro et al., 2003).

Interestingly, fewer or elongated astral MTs destabilize the cleavage furrow leading to the
misregulation of polar actomyosin contractility, mislocalization of the cleavage furrow, cell shape
oscillation, and cytokinetic failure (Canman et al., 2003; Murthy and Wadsworth, 2008; Rankin
and Wordeman, 2010). Vigorous cell shape oscillation and spindle rocking have been found
during cytokinesis in anillin-depleted cells (Echard et al., 2004; Kechad et al., 2012; Piekny and
Glotzer, 2008; Straight et al., 2003; Zhao and Fang, 2005). The formation of ectopic membrane
bulges and large size of membrane blebbing from abnormal membrane contractility (hyper-
cortical contractility) is another key feature of these oscillated movement in cytokinesis,
suggesting that rapid actomyosin turnover at the cell membrane is tightly controlled to retain
cleavage furrow positioning at the cell equator (Sedzinski et al., 2011). Impairment of cortical
contractility is accompanied by dispersed F-actin focusing and aberrant RhoA localization at the
contraction sites, which ultimately leads to mislocalization of the cleavage furrow and cytokinetic
failure (Watanabe et al., 2008).

Dynamic astral MTs have been implicated in the inhibition of actomyosin-based contraction.
Therefore, MT depolymerization stimulates certain pools of the actomyosin cytoskeleton at the
cell cortex (Mandato et al., 2000). Several studies support the idea that the entire cell cortex
relieved from the proper contacts of MTs has ability to be competent for the formation of
cleavage furrow contraction during cytokinesis (Canman et al., 2003; Murthy and Wadworth

2008; Rankin and Wordeman, 2010).
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During early cell division of the sea urchin egg, two important MT-binding proteins have
critical roles in cytokinesis: EB1, MT plus-end binding protein; and the dynein motor. Injection
of antibodies against EB1 and p1502"*® or p50 dynamitin overexpression disrupted and delayed
normal cytokinesis of these cells (Strickland et al., 2005), suggesting that dynein (the MT minus-
end directed motor) and MT plus-end binding proteins may play important roles in the crosstalk
between MT-regulated spindles and actomyosin-regulated cell cortex.

In this aspect, LIS1 is an important regulator of dynein as well as a MT-binding protein, and is
a good candidate to link molecularly the MT and actin cytoskeletons during cell division
including cytokinesis. Human LIS/ haploinsufficiency causes lissencephaly (smooth brain), a
neuronal migration disorder and severe brain malformation during early development (Dobyns et
al., 1993; Hattori et al., 1994). LIS1 directly interacts with evolutionarily conserved nuclear
distribution proteins such as NDEL1, NDE1 (both NudE homologues) (Feng et al., 2000;
Niethammer et al., 2000; Sasaki et al., 2000) and NUDC (Morris et al., 1998). Importantly,
NUDC has been implicated in cytokinesis (Aumais et al., 2003) as a substrate of Plk1 kinase
(Zhang et al., 2002; Zhou et al., 2003). Mouse Lis/ deficiency or Lis/ heterozygosity leads to
misregulation of F-actin during migration of post-mitotic neurons by elevating RhoA GTPase
activity and antagonistically inactivating other family members of small GTPases Rac1/Cdc42
(Kholmanskikh et al., 2003; Kholmanskikh et al., 2006). Cytokinetic delay and incomplete
cytokinesis was described after knockdown of dynein subunits (DLIC2, LCS8) (Palmer et al.,
2009), and a novel LIS1/DIC (dynein intermediate chain)/MT-binding partner, DCDC5
(doublecortin domain-containing protein 5) (Kaplan and Reiner, 2011), in HeLa cells. Thus, we

hypothesized that LIS1 may be essential for normal cytokinesis in mouse cell division.
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3.2 Results

Cytokinesis defects and increased binucleated cell numbers during cell division of Lis]
mutant MEF
First, we examined the frequency of completion of cytokinesis in both WT (Lis/ ") MEFs and

LisI compound heterozygote (Lis!""*

) mutant MEFs harboring 35% of LIS1 protein level
compared to WT. Incomplete cytokinesis was detected as a failure to separate the intercellular
bridge linking cytoplasm of two daughter cells analyzed from timelapse live-imaging of MEF cell
division. Sequential events during the entire cell division were visualized by mCherry-a-tubulin,
a fluorescently labeled MT marker and H2B-GFP, a chromosomal probe. Only 6.5% (6/93) of

WT MEFs displayed incomplete cytokinesis, while in Lis 1"/

MEFs, the frequency of
incomplete cytokinesis was dramatically increased to 38.9% (14/36) (Fig. 3-1 A).

To test whether acute loss of Lis/ also caused similar effects on cytokinesis, we derived Lis/
MEFs from tamoxifen (TM)-inducible conditional homozygous mutants (CreER; Lis1"""). We
treated these cells with 12 h 4-hydroxy-TM and compared their phenotypes with those of control
Lis] WT MEFs (CreER; Lisl™™). Similar to LisI"** mutant MEFs, acute deletion of Lis/ in

tamoxifen treated CreER; Lis1""

MEFs also led to frequent cytokinetic failure and a high
percentage of binucleation, 23.5% (4/17) compared to 3.7% (1/27) control CreER; Lis] " MEFs,
where duplicated chromosomal sets were either combined resulting in tetraploidy or when there
was a bi-lobed shape to the nuclei inside of the fused cytosols of the two daughters (Fig. 3-1 B).
To assess whether the increased cytokinetic failure frequency ultimately affected cell survival
or cell death, we performed cleaved-caspase 3 immunostaining as a measure of apoptotic cell
death. Lis/"“** MEFs displayed more than 2-fold increased cleaved-caspase 3 staining-positive

cells compared with WT MEFs, suggesting Lis/ deficiency induces elevated apoptosis of MEFs

(Fig. 3-1 C).
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Figure 3-1. Loss of LIS1 disrupts normal cytokinesis and leads to increased formation of
binucleated daughter cells.

(A) Lis1-deficient compound heterozygous mutant MEFs (Lis1h°/k°) displaying frequent failure of
cytokinesis compared to WT MEFs in timelapse live-imaging. (B) Increase in occurrence of binuclated
daughter cells from MEFs with acutely deleted Lis1. (C) Increased apoptotic cell death from Lis 1%
MEFs compared with WT MEFs (Green: Apoptotic cells identifitied by cleaved caspase-3 staining, red:
a-tubulin, blue: DAPI).
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Dramatic cell shape oscillation and spindle rocking during cytokinesis in Lis/ mutant MEF
cell division

To gain further insights into the cellular mechanisms responsible for the cytokinetic defects found
in Lis] mutant MEFs, we monitored the detailed mitotic progression focusing on anaphase to
telophase and cytokinesis onset timing. We analyzed the dynamic movements of MT-enriched
midbody and cleavage furrow positioning throughout cell division. Acute-deletion of LIS1 in

tamoxifen-treated (CreER, Lisl hethe

, TM 12 h) MEFs resulted in drastic oscillations in cell shape
(Fig. 3-2 A), similar to the phenotype described in anillin-depleted cells (Echard et al., 2004;
Kechad et al., 2012; Piekny and Glotzer, 2008; Straight et al., 2003; Zhao and Fang, 2005). At the
beginning of anaphase onset in timelapse movies of Lis/ mutant MEFs, the midbody was
properly positioned in the central spindle zone. However, the position of the midbody was
destabilized and oscillated between the cytoplasm of the two daughter cells. More surprisingly,
the previously separated chromosome sets moved back and forth between two daughter cells and
spindle rocking was prominent, reflecting mispositioning of unstable MT attachments between
the cell cortex and the mitotic machinery. This phenotype was termed “hyper-contractility” in
cells with depleted contractile ring components, and is usually caused by hyperactivity of the
actomyosin cytoskeleton during cytokinesis. In the most severe case (shown in Fig. 3-2 B), one
daughter inherited two-sets of chromosomes (tetraploidy) with binucleation, and the other
daughter cell underwent immediate cell death.

We next examined the frequency of appearance of the hyper-contractility phenotype during
cytokinesis. WT MEFs displayed this oscillated movements rarely, in only 4.3% of cell divisions
(4/96). By contrast, more than a half of the cell divisions (55.6%, 20/36) in LisI"”** MEFs
displayed hyper-contractility in some phases of cyokinesis (Fig. 3-2 C).

The significant formation of ectopic membrane bulges detected during cytokinesis in Lis/

mutant MEFs led us to examine differential interference contrast (DIC) timelapse images to
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Figure 3-2. Loss of LIS1 results in cell shape oscillation and spindle rocking to cause
cytokinetic failure with aberrant cleavage furrow positioning.

(A) MEFs with acutely deleted Lis1 showing severe defects during cytokinesis, the mitotic cell
phase when cleavage furrow positioning is determined. Midbody (highly concentrated with red
fluorescence: mCherry-a-tubulin) instability accompanied by vigorous cell shape oscillation and
spindle rocking (visualized by green fluorescence: H2B-GFP).
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Figure 3-2. Loss of LIS1 results in cell shape oscillation and spindle rocking to cause
cytokinetic failure with aberrant cleavage furrow positioning.

(B) MEFs with acutely deleted Lis1 undergoing abnormal cell shape and chromosome oscillation
between two daughter cells. Yellow arrow (28’): anucleated one daughter cell, White arrow (36’):
binucleated and bi-lobed one daughter cell. (C) Increase in the frequency of hypercontractility
phenotype in Lis1™*° MEFs. (D) Single snapshots from the merged images with DIC (differential
interference constrast) and fluorescence timelapse images (Green: H2B-GFP, red: mCherry-a-
tubulin, grey: DIC) from timelapse movies (Black arrows: aberrant formation of huge membrane
blebs). Scale bars: 10 um.
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observe membrane dynamics in detail combined with other fluorescent signals (H2B-GFP,
mCherry-o-tubulin). We found that Lis1"”*” MEFs exhibited vigorous membrane blebbing in
anaphase onset and cytokinesis (Fig. 3-2 D). The frequency of occurrence of blebs was

hc/ko

significantly increased in Lis /™™ MEFs and the size of ectopic blebs was also much larger than

in WT MEFs.

Mislocalization of contractile ring components and RhoA-actomyosin during cytokinesis of
Lis] mutant MEFs

We next determined whether critical regulators of cytokinesis are involved in Lis/-dependent
cytokinesis failure. RhoA is an evolutionarily conserved positive regulator of cytokinesis in many
organisms, so we investigated RhoA localization in Lis/ mutant MEFs from anaphase to
cytokinesis. In order to dissect only cell membrane-bound and active GTP-bound form of RhoA,
we fixed MEFs with 10% trichloroacetic acid (TCA) (Yonemura et al., 2004). In WT MEFs,
active RhoA accumulated specifically at both sides of the equatorial cortex symmetrically in early
anaphase and was further concentrated in the midbody in telophase and throughout cytokinesis
(Fig. 3-3 A). In all cell cycle phases from anaphase to telophase, RhoA was colocalized with cell
cortex-associated anillin, a key component of the contractile ring that defines the future cleavage

furrow ingression site. By contrast, Lis!""*’

MEFs displayed frequent abnormalities during
cytokinesis; approximately 60% of cells displayed abnormal cytokinesis patterns including
mislocalization of the cleavage furrow and the formation of huge polar blebs in various cortical
sites (Fig. 3-3 A). In early anaphase, the RhoA and anillin-positive zone near the equatorial cortex
was much broader in Lis/"”** MEFs than WT MEFs. In particular, the anillin-positive cell cortex
(contractile ring) was not constricted and many abnormal anillin puncta were distributed along
the central spindle zone, a default location when anillin is not associated with the equatorial
cortex (data not shown). In late anaphase, an aberrant cleavage furrow was found at only one side

hc/ko

of the cell cortex of Lis/™"” MEFs, resulting in asymmetric mislocalization of RhoA and anillin,
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although the chromosome sets were properly segregated into two daughter cells. The binucleated
Lis1"“* mutant MEFs had many protruding polar blebs in ectopic locations along the whole cell
cortex. Intriguingly, RhoA decorated the membrane structure of all of these polar blebs, although
anillin was not associated with these blebs, suggesting that the RhoA and actomyosin may be the
primary signal to produce this aberrant polar membrane bulges.

Next, we examined the localization of myosin-II motors in Lis/"”*” MEFs compared to WT
MEFs during cytokinesis. Myosin-II is one of main regulatory components of cortical
contraction, working cooperatively with the actin cytoskeleton during cytokinesis (Piekny et al.,
2005). In WT MEFs, the majority of non-muscle myosin heavy chain IIA (NMHCIIA) staining at
the spindle midzone overlapped with focused phalloidin staining specific for F-actin, called the F-

actin focusing zone (Fig. 3-3 B). However, we found that Lis /"’

MEFs displayed less-focused
and elongated NMHCIIA staining at the spindle midzone compared to WT MEFs (Fig. 3-3 B).
Importantly, LisI"”*” MEFs had a reduced F-actin focusing zone with less NMHCIIA
accumulation at the spindle midzone. Furthermore, both NMMHCIIA and F-actin were detected
at the cortical patches in ectopically located membrane bulges in the polar cortex during
cytokinesis. These findings suggest that cortical constriction at the equatorial cortex was
abnormally regulated in Lis/ mutant MEFs, leading to aberrant positioning of the cleavage

furrow, and that this may be caused by hyper-contractility of the cell cortex from misregulation of

actomyosin-mediated signaling provoked by Lis/ deficiency.

Mislocalization of myosin-II in Lis/ mutant MEFs during cytokinesis

To further explore the cellular basis of cytokinesis failure from Lis/ mutant MEFs, we
investigated actomyosin dynamics by performing timelapse live-imaging of myosin regulatory
light chainl (MRLC1)-GFP. MRLC1-GFP has been used a reliable probe to monitor myosin
motor in live cells (Beach et al., 2011), especially during cytokinesis (Miyauchi et al., 2006). We

generated MRLC1-GFP and H2B-tdTomato retroviruses and infected MEFs to visualize myosin
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Figure 3-3. Lis1 mutant MEFs display mislocalization of RhoA-actomyosin and contractile ring
components.

(A) Left panels: WT MEFs showing normal cleavage furrow positioning labeled with TCA-fixed RhoA and
anillin co-staining at the equatorial cortex from early anaphase to late telophase ; Right panels: Lis1
mutant MEFs (Lis1h°/k") displaying mislocalization of RhoA and anillin, Top: asymmetric cleavage furrow
formation, Bottom: binucleated cells with many RhoA-positive aberrant membrane blebbs (green: RhoA,
red: anillin, blue: DAPI). (B) Left panels: WT MEFs with accumulation of non-muscle myosin heavy chain
[I-A (NMHCIIA) at the cell equator (yellow arrowheads). Colocalization of staining of NMHCIIA and F-
actin (phalloidin)-focusing zone (white arrows) ; Righ panels: Lis1 mutant MEFs (Lis1"°/k") displaying
dispersed and less-focused actomyosin at the cell equator. White arrows: aberrantly localized ectopic
membrane bulges. (Green: a-tubulin, red: NMHCIIA, blue: F-actin). Scale bars: 5 um.




and chromosomes, respectively. In control MEFs (CreER; LisI™*, TM 24 h), myosin
accumulated at the equatorial cortex and the contractile ring constricted normally (Fig. 3-4 A). By
contrast, Cre-inducible Lis/ mutant MEFs (CreER; Lis1"”", TM 24 h) displayed unstable myosin
movements (Fig. 3-4 B). Furrow ingression first progressed but regressed abnormally, which
failed to restrict the cleavage furrow at the equatorial cortex and ultimately resulted in failure of
cytokinesis. In the most severely affected occasions, Lis/ mutant MEFs displayed an aberrant
uncoupling between chromosome segregation and cytokinesis (Fig. 3-4 C). In normal cytokinesis,
chromosome sets first separated into two daughters and was followed by equatorial constriction
to initiate cytokinesis. However, this sequential regulation of cytokinesis was disrupted in Lis/
mutant MEFs. Although chromosome sets did not segregate precisely into two daughters before
the onset of mitotic spindle elongation in anaphase, actomyosin-mediated hyper-contractility of
the cell cortex triggered cytokinesis progression, producing binucleated cells with tetraploidy
(identified with no separation of two chromosome sets by H2B-tdTomato) and cytokinetic failure.
Oscillated movements of myosin was observed as well, which also supports that aberrant
cytoplasmic pushing forces were generated by ectopically-located myosin at the polar cortex

during cytokinesis of Lis/ mutant MEFs.

Failure to maintain contractile ring components at the equatorial cortex in Lis/ mutant
MEFs

To test whether the actomyosin abnormality in Lis/ mutant MEFs resulted in deleterious effects
on the recruitment of other contractile components to the equatorial cortex, we performed
timelapse imaging of septin 6 (SEPT6)-GFP. SEPT6-GFP localizes at the cleavage furrow in T
cell division (Gilden et al., 2012) and the septin complex is one of the important components of
the contractile ring in a protein complex with anillin during cytokinesis. We infected MEFs with
SEPT6-GFP and performed timelapse imaging of cytokinesis. In control MEFs, SEPT6 was

enriched at the equatorial cortex in anaphase and was maintained at the cleavage furrow
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Figure 3-4. Myosin-ll (MRLC1) was abnormally distributed in Lis7 mutant MEFs during
cytokinesis.(A) WT MEFs showing normal recruitment of myosin regulatory light chain 1 (MRLC,
green) of Myosin-1l subnuit at the equatorial cortex during cytokinesis. Dark black spots inside of the
cells indicating chromosome sets. (B) Lis1 mutant MEFs (CreER; Lis1 hc/hc + 24 h TM) infected
with MRLC1-GFP (green) and H2B-tdTomato (magenta), undergoing cytokinetic failure with
asymmetrically mis-positioned cleavage furrow. (C) Lis1 mutant MEFs clearly to show uncoupling
between the chromosome separation (usually precedes before cytokinesis onset) and cleavage
furrow ingression. Lis1 mutant MEFs (4’) still maintaining unsegregated tetraploid chromosomes to
initiate furrow contraction from actomyosin ring. (Yellow arrowheads: initial accumulation of MRLC1,
white arrows: final cleavage furrow positioning).
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Figure 3-5. Contractile ring component (SEPT6) was not properly maintained at the
equatorial corted in Lis1 mutant MEFs.

(A) WT MEFs showing normal recruitment of septin 6 (SEPT6-GFP, in green), an actomyosin-fiber
crosslinking proten in contractile ring components, to the equatorial cortex. (B) Lis7 mutant MEFs
(CreER; Lis1 hc/hc + 24 h TM) undergoing vigorous cell shape oscillation with spindle/chromosome
rocking. Lis1 mutant MEFs displaying chromosome missegregation and failures in maintaining
proper contractile ring contraction site. Dark black spots inside of the cells indicating chromosome
sets. (Yellow arrowheads: initial accumulation of MRLC1, white arrows: final cleavage furrow
positioning).
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ingression site (Fig. 3-5 A). However, after acute deletion of Lis/ in tamoxifen treated Cre-
inducible Lis/ mutant MEFs (CreER; Lis1"", TM 24 h), SEPT6 was initially observed at the
equatorial cortex at anaphase onset but then regressed away, and weak SEPT6 accumulation was
observed at the cell equator accompanied by vigorous cortical deformation and chromosome
oscillation/rocking (chromosomes were identified as darker spots in the SEPT6-GFP background)
(Fig. 3-5 B). Taken together, these results indicate that the contractile ring components were not
retained properly at the equatorial cortex, similar to actomyosin defects, resulting in cytokinetic

failure in Lis/-depleted MEFs.

3.3 Discussion

LIS1, a novel regulatory factor in cytokinesis

In this study, we demonstrate that mouse LIS1 is essential for the precise separation of cytosolic
components during cytokinesis and cell division. In mammalian cells, LIS1 has been implicated
mitotic spindle regulation in the cell cycle from metaphase to anaphase (Faulkner et al., 2000;
Yingling et al., 2008) and its function has been extensively studied in post-mitotic neurons during
neuronal migration in neurodevelopment (Gambello et al., 2003; Hirotsune et al., 1998; Sasaki et
al., 2000; Tsai et al., 2005). However, additional roles of LIS1 during cytokinesis have not been
examined, when cooperative interaction between two cytoskeletal components — MTs and
actomyosin — are crucial for the appropriate separation of two daughter cells. We found that Lis/
mutant MEFs displayed a profound delay in cytokinesis and consequently displayed failure of
cytokinesis, accompanied by binucleation of two chromosome sets in one cell and concomitant
cell death in the other anucleated cell. The frequency of both incomplete cytokinesis and
binucleation was significantly increased approximately 6-fold in Lis/ mutant MEFs compared to

WT MEFs, suggesting that LIS1 is essential for accurate cytokinesis.
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We also observed cell shape oscillations and vigorous rocking of chromosomes /spindle
phenotype in Lis/ mutant MEFs from timelapse live-imaging analysis experiments, similar to
those of anillin-depleted cells (Echard et al., 2004; Kechad et al., 2012; Piekny and Glotzer, 2008;
Straight et al., 2003; Zhao and Fang, 2005). This implies that Lis/ mutant MEFs have defective
positioning of the cleavage furrow outside of the cell equator and failure in the recruitment of
contractile ring components to the equatorial cortex. Intriguingly, severe cell shape oscillation
and cytokinetic defects were also reported from nocodazole (MT-depolymerizing reagent)-treated
cells (Canman et al., 2003), suggesting that misregulation of either MTs or the MT-actomyosin
interface at the cell cortex in Lis/ mutant MEFs may cause hyper-contractility to provoke

abnormal cortical contraction (cell shape oscillation) in Lis/ mutant MEFs.

LIS1 regulates RhoA-actomyosin signaling pathway and contractile ring components
To investigate the cellular mechanisms regulated by LIS1, we examined other key molecules
known to act in cytokinesis such as RhoA and its downstream effectors, including contractile ring
components and actomyosin. We found that RhoA and anillin, a contractile ring component, were
mislocalized in Lis/ mutant MEFs. RhoA was detected at the cell cortex of large membrane blebs
at ectopic sites in the binucleated Lis/ mutant MEFs. The myosin II-positive zone and F-actin
(phalloiding staining) focusing zone were dispersed at the equatorial cortex or aberrantly located
at the polar blebs in Lis/ mutants. Taken together, these results support the requirement of LIS1
to restrict the cleavage furrow at the equatorial cortex and finely modulate the RhoA-anillin-
actomyosin signaling pathway. By performing timelapse live-imaging of MRLC1, myosin
subunit consisting of actomyosin fibers and SEPT6, a contractile ring component, we confirmed
that LIS1 controls cleavage furrow positioning by regulating both actomyosin and contractile ring
movements in the early phases of cytokinesis.

Previously, Lis/ heterozygous neurons were found to display impairment of F-actin in the

leading processes and perturbed GTPase activities of RhoA-Rac1-Cdc42, important regulators of
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the actin cytoskeleton during early development. Lis/ ™~ MEFs also displayed abnormal activation
of GTPase activities; RhoA was hyperactivated about 3-fold increase in GTPase activity assays in
LisI™” MEFs compared to WT MEFs, while Racl and Cdc42 activites were suppressed about 2-
fold (Kholmanskikh et al., 2003). Further, LIS1 interacts with a CLIP170/IQGAP/Cdc42 complex
at the MT plus-end tips (Kholmanskikh et al., 2006). These results indicate that LIS1 may
regulate not only MTs but F-actin dynamics in many cell types. Therefore, based on the severe
cytokinetic defects in Lis/ mutant MEFs, the loss of LIS1 protein may result in hyperactive RhoA
signaling to transmit an abnormal signal to actomyosin to generate hyper-contractility forces on

the ectopic polar cortex, which is not a normal site of cytokinetic furrow ingression.

LIS1-RhoA-actomyosin signaling pathway: implications for neural progenitor cell division
and lissencephaly
Here we demonstrate that mouse LIS1 deficiency causes interference in actomyosin distribution,
hyper-contractility from abnormal cortical constriction, and misplacement of the cleavage furrow
outside of the cell equator. Furthermore, RhoA, a key regulator of cytokinesis was mislocalized at
the ectopic membrane bulges and contractile components (anillin and septin) were not retained at
the equatorial cortex in Lis/-deficient MEFs during cytokinesis. Collectively, these finding imply
that LIS1 may participate in the RhoA-actomyosin-contractile ring signal transduction pathway
crucial for completion of cytokinesis. In addition, the previous report of dysregulated RhoA
GTPase activity in Lis/ heterozygous neurons and MEFs is consistent with the idea that LIS1
may normally suppress RhoA GTPase activity and inhibit hyper-activation of actomyosin during
cytokinesis for proper cell division.

Recently, several studies demonstrated that mouse RhoA GTPase plays diverse roles in early
neurodevelopment by regulating neural progenitor zone integrity mainly through F-actin at
adherens junction (Cappello et al., 2012; Herzog et al., 2011; Katayama et al., 2011). In chicken

neural tube development, changes in RhoA activity and overexpression of a dominant negative
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form of RhoA alter spindle orientation of chick neural progenitors (Roszko et al., 2006). These
results suggest that the spatiotemporal control of active RhoA-GTP is critical for normal neural
progentior function and cell division during neurodevelopment. However, it is unknown whether
RhoA-mediated actomyosin regulation contributes to specific mitotic cell division process such
as cytokinesis when cytosolic cell separation occurs with segregation of the cell fate
determinants. Since mouse LIS1 has been implicated proper spindle formation and cell survival
of neural progentiors (Yingling et al., 2008), it would be important to test whether the LIS1-
RhoA-actomyosin pathway critical for cytokinesis in this particular study also participates in
neural progenitor behavior and maintenance during brain development.

Thus far, cleavage plane specification in mouse neural progenitor is largely unexplored. There
have been only a few studies demonstrating the importance of the presence of contractile ring
components during neural progenitor division. It appears that anillin-ring constriction from the
basal to apical side determines the cleavage furrow ingression site in mouse neural progenitors
(Kosodo et al., 2008). Colocalization of citron kinase and RhoA at the apical neural progentior
zone in developing rodent brain has been reported (Di Cunto et al., 2000; Sarkisian et al., 2002).
LIS1, as an important mediator of RhoA-actomyosin-contractile ring components signaling, may
be a novel regulator of cytokinesis during normal brain development. In addition, further
extensive studies on lissencephaly-causing gene acting in actin-MT-regulatory pathway may help
explain the versatile function of these genes, like LIS1, that have dual roles in actomyosin
cytoskeletal regulation important for neural progenitor maintenance as well as cell division and

cytokinesis.
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Chapter 4. Conclusions

4-1. Cytoskeletal regulation of microtubules and actin by lissencephaly-causing genes.
During neocortical development, the extensive migratory movements of neurons from their place
of birth to their final location are essential for the coordinated wiring of synaptic circuits and
proper neurological function. Failure or delay in neuronal migration causes severe abnormalities
in cortical layering, which consequently results in human lissencephaly (‘smooth brain’), a
neuronal migration disorder. The brains of lissencephaly patients have less-convoluted gyri in the
cerebral cortex with impaired cortical lamination of neurons. Since microtubule (MT) and actin-
associated proteins play important functions in regulating the dynamics of MT and actin
cytoskeletons during neuronal migration, genetic mutations or deletions of crucial genes involved
in cytoskeletal processes lead to lissencephaly in human and neuronal migration defects in mouse.
During neuronal migration, MT organization and transport are controlled by platelet-activating
factor acetylhydrolase isoform 1b regulatory subunit 1 (PAFAH1B1, formerly known as LISI,
Lissencephaly-1), doublecortin (DCX), YWHAE, and tubulin. Actin stress fibers are modulated
by PAFAHIBI1 (LIS1), DCX, RELN, and VLDLR (very low-density lipoprotein receptor)/LRP8
(low-density lipoprotein-related receptor 8, formerly known as APOER?2). There are several
important levels of crosstalk between these two cytoskeletal systems to establish accurate cortical
patterning in development. The recent understanding of the protein networks that govern neuronal
migration by regulating cytoskeletal dynamics, from human and mouse genetics as well as
molecular and cellular analyses, provides new insights on neuronal migration disorders and may

help us devise novel therapeutic strategies for such brain malformations.

4-2. Mouse LIS1 is required for maintaining normal centrosome number and proper

mitotic spindle orientation during mitotic cell division.
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Heterozygous LIS] mutations are responsible for the human neuronal migration disorder
lissencephaly. Mitotic functions of LIS1 have been suggested from many organisms throughout
evolution. However, the specific cellular processes regulated by LIS1 during mitotic cell division
remain to be elucidated. Here we show that time-lapse live cell imaging of mitosis from Lis/
mutant MEFs revealed that LIS1 is required for tight control of chromosome congression and
segregation to ensure kinetochore-MT interactions and anaphase progression. LIS1 is also
essential for the establishment of mitotic spindle pole integrity by maintaining normal centrosome
number. LIS1 plays crucial roles in mitotic spindle positioning and orientation by inducing astral
MT plus-end movements toward the cell cortex, which enhances cortical targeting of LIS1-
NDEI/NDEL1-dynein complex. Thus, we demonstrate that mouse LIS1 is a key component of
LIS1-NDE1/NDEL1-dynein protein complex that is required for mitotic spindle regulation to

establish contacts of MTs between centrosomes and the cell cortex to ensure proper cell division.

4-3. LIS1 integrates RhoA-actomyosin-contractile ring component signaling to restrict the
cleavage furrow positioning at the equatorial cortex during cytokinesis.

Cytokinesis, the final step of cell division, is critical for the ultimate accurate segregation of
chromosomes and cytosolic proteins into two daughter cells. Inappropriate cytokinesis results in
genetic instability by promoting chromosome missegregation and aberrant cell division from
altered inheritance of cell fate determinants. We performed timelapse live-imaging of mitotic cell
division of mouse embryonic fibroblasts (MEFs) and found that Lis/ (Lissencephaly-1) mutant
MEFs displayed a high frequency of cytokinesis failure compared to control wild-type (WT)
MEFs. Specifically, Lis! deficiency induced binucleation of daughter cells and concomitant cell
death. During cytokinesis of Lis/ mutant MEFs, actomyosin components including filamentous
actin (F-actin) and myosin-II were not concentrated at the spindle midzone and often mislocalized
at ectopic membrane sites of blebbing, reflecting hyper-contractility at the cell cortex. Lis/

mutant MEFs displayed misregulation of the RhoA-actomyosin-contractile ring signaling
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pathway that restricts the cleavage furrow ingression site at the equatorial cortex at the cell
equator between two daughter cells. We demonstrate that mouse LIS1 is an important regulator
functioning in RhoA-actomyosin-contractile ring component regulatory pathway to finely control

cytokinesis during cell division.

4-4. Conclusions

In summary, we concluded that various proteins acting in MT-actin cytoskeletal regulatory
pathways execute key functions in migratory cellular processes during neuronal migration in
early development. Post-mitotic neurons have an extended leading process enriched with F-actin
and MT bundles undergoing dynamic contacts with the migrating substrate (glial fiber or cell
adhesion sites). During migration, the nuclei of these cells undergo extensive nucleokinesis (N-C
coupling) driven by pulling and pushing forces from MT networks and F-actin fibers.
Complicated protein networks participate in controlling dynamics of MTs and F-actin in neuronal
migration. Thus, deleterious mutation or deletion of these genes has drastic effects on normal
brain development, consequently leading to lissencephaly.

Among lissencephaly-causing genes, LIS/ is the first human gene known to be responsible for
the Type-1 lissencephaly and ILS. LIS1 has been identified as an important dynein-MT regulator
to modulate primarily MT dynamics. In this study, we uncovered molecular mechanisms of LIS1
protein complex (with dynein/NDE1/NDELT1) to regulate dynein-MT-mediated link between
astral MTs and the cell cortex during mitotic division. Spatiotemporal control of mitotic spindle
by LIS1 is essential for mitotic cell cycle progression and cell separation.

Furthermore, we also proposed that LIS1 is indispensible for cytokinesis completion during
the later stages of cell division. Since mouse LIS1 heterozygosity has been reported to result in
misregulation of RhoA GTPase signaling pathway (with accumulation of hyperactive form of
RhoA-GTP), the downstream effectors including actomyosin cytoskeleton and contractile ring

components were mislocalized in genetic constitutive and acutely-deleted Lis/ mutants. It
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misleads to cytokinetic failure and impairment of cortical contractiliy with abnormal formation of
ectopic blebs. It suggests that LIS1 is crucial for precise positioning of the cleavage furrow at the

cell equatorial cortex during cytokinesis.

4-5. Implications

Many unanswered questions remain to understand the exact functions of LIS1 in neural
progenitor (NP) cell division. The most obvious phenotype from LIS1 deficiency in human and
mouse was reported in forebrain CNS development. Similarly, we previously demonstrated that
the dividing NPs in the developing mouse from Lis/ mutants displayed significant increases in
both apoptotic cell death and mitotic spindle misorientation (Yingling et al., 2008). Although we
found novel functions of LIS1 in mitotic spindle and centrosome regulation in MEFs, it is
unknown whether the same mechanisms are responsible for the cell death of NPs during
neurodevelopment. For example, loss-of-function of LGN (Leu-Gly-Asn-enriched protein) with
knockdown and LGN-C terminal overexpression studies demonstrated severe mitotic spindle
misregulation phenotypes in NPs without affecting cell survival of NPs in rodent brain
development (Konno et al., 2008). This raises the question that mitotic spindle alteration by LIS1
may not be the only factor leading the failure of NP maintenance in the developing brain. A
combined effect of loss of LIS1 on mitotic spindle misorientation and cytokinesis may together
explain this severe NP phenotype. Conversely, LIS1 (or the LIS1 complex with
NDEI1/NDEL1/dynein) may specifically modulate additional pathways which LGN protein may
not be involved in. It is possible that the actomyosin cytoskeleton under RhoA regulation (based
on LIS1-dependent cytokinesis) may be an important part of the undiscovered pathways regulated
by LIS1 in dividing NPs. In the future, it will be necessary to assess whether RhoA-actomyosin
signaling is abnormally hyperactive by performing GTPase activity assay of RhoA from Lis/
mutant NP pools. Since the downstream actomyosin signaling has not been carefully examined in

LisI mutant NPs, informative follow-up studies on LIS1-actomyosin regulations in NP cell
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division could be suggested: (1) experiments that determine quantitatively F-actin content in NPs;
(2) investigation of phosphorylated form of active myosin regulatory light chain (p-MRLC), an
indicator of myosin constricton and elevation of RhoA-F-actin dynamics at the equatorial cortex
(Matsumura et al., 2008); (3) modulation of RhoA-actomyosin pathway by introducing either
dominant-negative forms of RhoA or constitutively-active form of antagonistically-acting
Rac1/Cdc42 (Kholmanskikh et al., 2006) to rescue cytokinetic defects caused by LIS1 deficiency;
(4) treatment with several potent inhibitors acting in RhoA-ROCK signaling pathway or myosin-
II inhibitors (Kholmanskikh et al., 2003; Straight et al., 2003) to suppress hyperactive RhoA-
actomyosin pathways if they cause cytokinetic failure of NPs.

On the other hand, it is also unclear whether dynein-dependent mechanisms play a role in
LIS1-mediated cytokinesis in NPs. To test this possibility, it will be important to determine
whether dynein inhibition by either overexpression of P50 dynamitin, a subunit of dynactin
complex (Echeverri et al., 1996) or dynein knockdown mimics cytokinetic defects seen in Lis/
mutant NPs. To distinguish whether LGN-dependent pathway contributes to LIS1-dynein-
mediated cytokinetic phenotype, rescue experiments with overexpression of LGN in Lis/ mutant
NPs may be performed in the future.

The novel important findings from in vivo mouse Lis/ mutants will provide a new avenue to
identify the molecular networks (both in vifo and in vitro) functioning in actomyosin-cytokinesis
pathways essential for NP survival and maintenance regulated potentially by other lissencephaly-

causing genes.
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Materials and Methods

Mice

LisI null (LisI*, formerly referred as Pafahlb1™"*"") and hypomorphic conditional knock-out
(Lis1"™, formerly referred as Pafah1b1™* """} alleles were used, which were described
previously (Hirotsune et al., 1998, Yingling et al., 2008). To induce Cre recombinase activation
to delete Lis/ conditional allele, the TM-inducible CreER™ line (Hayashi and McMahon, 2002)

was used to mate with Lis/ mutant mice.

Cell culture

Primary mouse embryonic fibroblasts (MEFs) were derived from E14.5 embryos and were
cultured in DMEM (Mediatech) supplemented with 12.5% FBS (Gibco), penicillin/streptomycin
and L-glutamine at 37°C in a 5% CO; incubator. All MEFs used in this study were less than
passage 4 (Yingling et al., 2008). CreER™ recombinase activity was induced by administrating 4-
hydroxy tamoxifen (Sigma, 100 nM) dissolved in culture media. H293T cells for viral packaging

were maintained in 10% FBS (Gibco) in DMEM medium (Mediatech).

Retrovirus production and MEF infection

To produce retroviruses, pMV-GP (gag, pol), pCMV-G (VSV-G env), and pCX retroviral vectors
were purified by Endofree Plasmid Maxiprep kit (Qiagen) and transfected in H293T cells with
TransIT-LT1 transfection reagent (Mirus). Packaging vectors (pMV-GP, pCMV-G) were gifts
from Atsushi Miyanohara (UCSD). pCLNR-H2BG (H2B-GFP) was a gift from Geoffrey Wahl
(Salk institute, Addgene plasmid #17735). To construct pCX-mCherry-a-tubulin retroviral

vector, cDNA of mCherry was amplified by PCR from pcDNA3.1-mCherry derived from an
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mCherry expression vector (a gift from Roger Tsien, UCSD). The mCherry cDNA PCR product
was subcloned into pEGFP-o-tubulin (Clontech) digested with Sall/Notl to generate mCherry-o.-
tubulin. Then, the PCR product of cDNA encoding mCherry-a-tubulin was ligated into the
linearized pCX backbone vector derived from pCX-Centrin2-DsRed (gift from Joseph Gleeson,
UCSD) with BamHI/Pacl. Other GFP-fusion proteins used for rescue experiments (pCX-GFP-
LIS1, pCX-GFP-NDELI, pCX-GFP-NDEI1 and pCX-GFP-DIC1) were generated by cDNA
amplification from mammalian expression vectors pPCMV-GFP-NDEL1 (described in Toyo-oka
et al., 2003), pCMV-GFP-LIS1, pCMV-GFP-NDEI (gifts from Shinji Hirotsune, Osaka City
University, Japan, described in Sasaki et al., 2005) and pCMV-GFP-DICI1 (gifts from Shinji
Hirotsune, described in Yamada et al., 2008), followed by BamHI/Pacl digestion for cloning into
the pCX retroviral vector. Viral supernatants (in DMEM without antibiotics and FBS) were
collected at 48 h post-transfection and filtered through 0.45 wm filter (Sartorius). MEFs were
infected with retrovirus by co-incubating the mixture of viral supernatant and fresh media for 24
h. During infection, 12.5% FBS was supplemented in the viral supernatant media along with 4

ug/mL polybrene (Sigma).

Western blotting

MEFs were lysed in Tris-Triton buffer (10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate) with
protease/phosphatase inhibitors. Lysates were collected on ice and centrifuged. Supernatants with
protein extracts were transferred into new tubes, boiled at 95°C for Smin, then stored at -20°C
before use. Protein concentrations were determined by the BCA protein assay kit (Pierce) and
equal amounts were loaded on a 10% SDS-PAGE resolving gel (Bio-Rad). After electrophoresis,
proteins were transferred to a nitrocellulose membrane (Bio-Rad). The membrane was blocked in

TBST (TBS with 0.1% Tween 20) with 2.5% skim milk for 1 h at RT and incubated with the
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following primary antibodies at 4°C overnight: rabbit anti-LIS1 (1:1,000, a gift from Shinji
Hirotsune), mouse anti-o-tubulin (Sigma, 1:8,000), mouse anti-B-actin (Sigma, 1:5,000).
Secondary antibodies used were HRP-conjugated goat anti-rabbit and goat anti-mouse (Jackson
Lab, 1:10,000) which were incubated for 1 h. Antibody binding was detected via the ECL kit
(Pierce). Relative protein amount was measured using ImageJ software after background

subtraction.

Immunocytochemistry

MEFs were grown on acid-washed and 0.2% gelatin (Millipore)-coated glass coverslips and fixed
with 4% PFA in PBS for 20 min. For centrosomal protein immunostaining and EB1 staining,
MEFs were fixed with -20°C cold methanol for 2 min. 2.5% normal goat serum (or FBS) and
0.1% Triton X-100 in PBS was used for blocking for 1 h at RT. The primary antibodies were
diluted in blocking buffer and incubated overnight at 4°C. The primary antibodies used were:
rabbit anti-LIS1 (Abcam, 1:250); mouse anti-a-tubulin (Sigma, 1:500); rat anti-o-tubulin (AbD
Serotec, 1:1,000); mouse anti-y-tubulin (Sigma, 1:500); rabbit anti-pericentrin (Covance,
1:1,000); rabbit anti-NDE1 (Proteintech, 1:250); rabbit anti-NDEL1 (Abcam, 1:250); mouse anti-
p1509"™*4(BD bioscience, 1:200); mouse anti-EB1 (BD bioscience, 1:200); mouse anti-GFP
(Invitrogen, 1:400); rabbit anti-GFP (Invitrogen, 1:400); mouse anti-centrin (Millipore, 1:200);
rabbit cennexin/ODF2 (Abcam, 1:200); rabbit anti-ninein (Abcam, 1:200); and rabbit anti-
Cepl64 (1:1000, a gift from Erich Nigg, University of Basel, Switzerland). The following goat
secondary antibodies were incubated for 1 h at RT: anti-mouse AlexaFluor-488; anti-mouse
AlexaFluor-594; anti-rabbit AlexaFluor-488; anti-rabbit AlexaFluor-568; anti-rat AlexaFluor-
488; and anti-rat AlexaFluor-647 (Invitrogen). ProLong gold antifade reagent with DAPI

(Invitrogen) was used to counterstain the nucleus and as mounting medium. All the fixed sample
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images were captured using a Nikon C1si laser-scanning confocal microscope with a 60x 1.4 NA
PlanApo oil objective lense (Nikon).

For visualization of astral MTs, MEFs were fixed in 0.25% glutaraldehyde in BRB80 buffer
(80 mM PIPES pH 6.8, 1 mM MgCl,, ] mM EGTA) for 10 min, then treated with 0.2% sodium
borohydride in PBS for 20 min, changing the borohydride solution two times. Primary rat anti-o.-
tubulin antibody was diluted in blocking buffer (2% FBS, 0.1% Triton X-100 in PBS). To
visualize cortical dynactin p150°"*!, MEFs were pre-extracted with 0.5% Triton X-100 in PHEM
buffer (120 mM PIPES, 50 mM HEPES, 20 mM EGTA, 8§ mM MgSO,) with 5 uM taxol (Sigma)

for 1 min and then fixed with -20°C cold methanol for 2 min.

Mitotic spindle analysis and cell shape analysis

For analysis of the mitotic spindle, MEFs were arrested in metaphase by treatment with
proteosome inhibitor, 10 uM MG132 (EMD biosciences) for 2 h. From the coverslips of MEFs, a
series of Z stack images (0.5 wm apart) of metaphase mitotic spindles stained with anti-
pericentrin, anti-o-tubulin antibodies were obtained using the Nikon C1si laser-scanning confocal
microscope (Biological Imaging Development Center, UCSF). The linear (x-y plane) and vertical
(z-axis) distance between spindle poles was measured from Nikon EZ-C1 imaging software.
Mitotic spindle length (D) and spindle angles (a.°) were calculated by 3D trigometric functions.
The drug treatment in MEFs was performed in following condition : 1 uM taxol (Sigma) were
added to the medium and incubated for 30 min after the treatment of 10 uM MG132 for 2 h. Cell
shape was analyzed from the MEFs incubated with lipophilic dye, DHCC (3,3’-dihexyoxacarbo

cyanine inodide, Sigma) for 10 min then treated with 10 uM MG132 for 2 h.

Kinetochore staining and quantification
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MEFs were treated with 10 uM nocodazole (Sigma) for 1 h under normal incubation conditions
to accumulate proteins at the kinetochores. Then MEFs were fixed with -20°C cold methanol for
2 min. Confocal images were obtained from an Olympus FV1000 laser scanning confocal
microscope. From each genotype, 10 cells were analyzed and compared in softWoRx Explorer
(Applied Precision) using 10X10 window in Data Inspector. Interkinetochore distance was
determined using the line segment tool across Z-stacks. The total immunofluorescence of 10
kinetochores was averaged for each cell. Primary antibodies were: goat anti-LIS1 (Abcam,
1:200); mouse anti-p150£"® (BD bioscience, 1:200); rabbit anti-CLIP170 (Holly Goodson,
University of Norte Dame, 1:200); mouse anti-DIC70.1 (Sigma, 1:25); human SH-CREST
autoimmune serum (a gift from William Brinkley, Baylor College of Medicine, 1:10,000); and
Mad2 (a gift from Don Cleveland, UCSD, 1:200). Secondary antibodies were: donkey anti-rabbit
FITC; donkey anti-goat Cy3; donkey anti-human Cy2, and donkey anti-human Cy3 (Jackson

Laboratory).

Time-lapse live cell imaging

Glass-bottom 6 well tissue culture plates (MatTek) were used for live cell imaging of mitosis. The
plates were pre-incubated with 0.2% gelatin (Millipore) solution before plating MEFs on glass-
bottom dishes 24 h prior to live cell imaging. Retroviruses were transduced into primary MEFs by
co-incubating with viral supernatants for 24 h. 4-hydroxy TM (100 nM, Sigma) was used for 12 h
for CreER™ for Cre transgene activation. MEFs expressing both H2B-GFP and mCherry-a.-
tubulin retroviruses were recorded with a time-lapse Nikon Ti microscope equipped with 5% CO,
and a 37°C temperature-controlled chamber (Nikon imaging center, UCSF). To monitor long-
term mitosis of MEFs, multiple points were selected for acquiring each fluorescence image
(GFP/mCherry) with a motorized stage and perfect focus function. Fluorescence was captured

with a Coolsnap camera (Roper Scientific) with exposure time of 100 msec for GFP and 200
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msec for mCherry. Time-lapse images of cell division were taken every 1 min (up to 12 h). Filters

and multipoint scanning were controlled by NIS-Element imaging software (Nikon).

Tracking EB1-GFP
EB1-GFP was amplified using oligos (fwd: caccatggcagtgaacgtatactca and rev:
ttacttgtacagctcgtecat) and inserted into pTOPO vector and subsequently cloned into
pAd/CMV/V5-DEST with Gateway cloning (Invitrogen). Adenovirus particles were purified as
described previously (Kumar et al., 2009). 1 ul of EB1-GFP adenovirus was added to MEF
growth media 24 h prior to imaging. Cells were treated with 9 uM RO-3306 (EMD bioscience), a
CDK1 inhibitor, for 18 h to arrest cells at the G2/M transition of the cell cycle. Mitosis of MEFs
was imaged after drug release by changing to fresh media containing 20 mM HEPES (Sigma).
EB1-GFP protein dynamics were imaged at 37°C with a 100X NA 1.49 oil-immersed
objective lens (CFI Apo TIRF, Nikon) equipped with a spinning-disk confocal scanning unit
(Borealis-modified CSU-X1, Spectral Applied Research) using a Nikon Ti microscope (Nikon)
with a 488nm laser, electronic shutters, a cool charged-coupled device camera (CoolSnap HQ,
Photometrics), and controlled by NIS-Elements software (Nikon). MT plus-ends were tracked in
time-lapse images from EB1-GFP expressing MEFs acquired every 30 s using perfect focus

function. Three sections of Z stacks (2 um apart) were acquired at every time point.

Retrovirus plasmid construction for cytokinesis study

pCLNR-H2BG was a gift from Geoffrey Wahl (Salk institute, Addgene plasmid #17735). pCX-
mCherry-a-tubulin was described previously. SEPT6-GFP was amplified from pEGFP-SEPT6, a
gift from Matthew Krummel (UCSF, previously described in Gilden et al., 2012) and subcloned
into pCX retroviral vector to generate pCX-SEPT6-GFP. MRLC1-GFP was amplified from

pEGFP-MRLCI, a gift from Tom Egelhoff (Cleveland Clinic, Addgene plasmid # 35680) and
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subcloned into pCX to generate pCX-MRLC1-GFP. H2B encoding cDNA was amplified from
pCLNR-H2BG and subloned into pCX-tdTomato with BamHI to generate pCX-H2B-tdTomato.
pCX-tdTomato was first cloned by shuttling tdTomato from pRSET-B-tdTomato plasmid (a gift

from Roger Tsien, UCSD) by BamHI/Pacl.

Immunocytochemistry of MEFs in cytokinesis

To identify RhoA in the cleavage furrow, MEFs were fixed with 10% trichloroacetic acid (TCA)
for 10 min (Yonemura et al., 2004). The primary antibodies used for immunocytochemistry
experiments were; Rat anti-a-tubulin (AbD Serotec, 1:1,000), mouse anti-RhoA (Santa Cruz,
1:500), rabbit anti-anillin (Santa Cruz, 1:250), rabbit anti-NMHCII-A (Covance, 1:1,000), rabbit
anti-cleaved caspase3 (Cell Signaling, 1:500). The secondary antibodies were; Alexa Fluor 594-
(or) 633-conjugated phalloidin (Invitrogen, 1:100) and Alexa Fluor 488-, 568-, 647- conjugated

mouse, rabbit, rat antibodies (Invitrogen, 1:500).

Spinning-disk confocal timelpase live-imaging of myosin-1I and septin6

Primary MEFs were co-infected a mixture of MRLC1-GFP and H2B-tdTomato retroviruses with
4 ug/mL polybrene. Lasers with 488 nm and 561 nm emission were used for GFP and tdTomato
live-imaging. SEPT6-GFP was also traced by Nikon Ti spinning-disk confocal microscope with

488 nm emission laser. The sequential 2 um interval 5~7 Z-stack images were captured every 30
sec. The best Z confocal plane images showing the cleavage furrow were made as timelapse

movies.
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