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The NuRD nucleosome remodelling complex and NHK-1 kinase
are required for chromosome condensation in oocytes

Elvira Nikalayevich and Hiroyuki Ohkura*

ABSTRACT

Chromosome condensation during cell division is one of the most
dramatic events in the cell cycle. Condensin and topoisomerase |l are
the most studied factors in chromosome condensation. However,
their inactivation leads to only mild defects and little is known about
the roles of other factors. Here, we took advantage of Drosophila
oocytes to elucidate the roles of potential condensation factors by
performing RNA interference (RNAi). Consistent with previous
studies, depletion of condensin | subunits or topoisomerase Il in
oocytes only mildly affected chromosome condensation. In contrast,
we found severe undercondensation of chromosomes after depletion
of the Mi-2-containing NuRD nucleosome remodelling complex or the
protein kinase NHK-1 (also known as Ballchen in Drosophila). The
further phenotypic analysis suggests that Mi-2 and NHK-1 are
involved in different pathways of chromosome condensation. We
show that the main role of NHK-1 in chromosome condensation is to
phosphorylate Barrier-to-autointegration factor (BAF) and suppress
its activity in linking chromosomes to nuclear envelope proteins. We
further show that NHK-1 is important for chromosome condensation
during mitosis as well as in oocytes.

KEY WORDS: Chromosome, Condensation, Drosophila, Oocyte,
Meiosis

INTRODUCTION

During cell division, chromosomes undergo morphological
changes from a cloud-like interphase morphology into rod-like
structures. This transformation is referred to as chromosome
condensation. Chromosome condensation is important for faithful
chromosome segregation during cell division. The organisation of
condensed metaphase chromosomes has been a focus of debate for
a long time, and various models have been proposed (Luger et al.,
2012). One model is that there is a hierarchical organisation,
starting from nucleosomes folded into a 30-nm fibre, which form
larger and larger loops (Belmont et al., 1987; Sedat and
Manuelidis, 1978). Another long-standing, and not mutually
exclusive, model is that there is a chromosome scaffold, which
has been observed after removal of DNA and most of the
chromosome proteins from the metaphase chromosomes (Marsden
and Laemmli, 1979). However, the existence and the biological
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role of this scaffold are subjects of continuous discussion. The most
recently proposed model is a polymer model based on data from a
chromosome conformation capture method (Naumova et al.,
2013). This proposes that there is a compressed linear array of
loops without hierarchical organisation.

Among thousands of proteins found in metaphase chromosomes,
condensin complexes and topoisomerase II have been studied most
extensively for their involvement in chromosome condensation
during cell division. The condensin complex was originally found
as the main chromosome condensation factor in Xenopus extract
(Hirano and Mitchison, 1994; Hirano et al., 1997). The involvement
of condensin complexes in this process has been demonstrated in
many systems (Hudson et al., 2003; Ono et al., 2003; Hagstrom
et al., 2002; Steffensen et al., 2001; Sutani et al., 1999). Higher
eukaryotes have two condensin complexes, condensin I and II
(Hirano, 2012). The two complexes appear to have different
localisations and functions. The exact molecular mechanism by
which condensin functions has not been established, but it has an
ability to positively supercoil DNA (Kimura and Hirano, 1997).

It has been demonstrated in several systems that topoisomerase I1
is required for chromosome structure as well as correct chromosome
segregation in mitosis and meiosis (Uemura et al., 1987; Spence
etal., 2007; Adachi et al., 1991; Li et al., 2013). Topoisomerase II is
present on chromosomes in mitosis and meiosis (Earnshaw and
Heck, 1985; Maeshima and Laemmli, 2003; Lee et al., 2011) and is
also enriched on centromeres and pericentromeric regions during
meiosis (Lee et al., 2011). Topoisomerase Il decatenates supercoiled
DNA by introducing temporary double-strand DNA breaks, and it
has been suggested and demonstrated that topoisomerase II acts in
opposition to condensin and KIF4A (Baxter and Aragon, 2012;
Samejima et al., 2012). Both condensin and topoisomerase II are
required for the correct chromatin structure of the centromere
(Hirano, 2012; Vagnarelli, 2013).

Despite extensive research on the roles of condensin and
topoisomerase Il in chromosome condensation, some evidence
casts doubts on whether these proteins are the only major
factors involved in chromosome condensation. In some systems,
chromosomes are still able to condense, with various abnormalities,
after depletion of condensin subunits (Coelho et al., 2003; Hirota
et al, 2004; Hudson et al., 2003; Ribeiro et al., 2009) or
topoisomerase II (Carpenter and Porter, 2004; Chang et al., 2003;
Sakaguchi and Kikuchi, 2004). Depletion of condensin does not
prevent condensation of chromosomes until the initiation of
anaphase, but causes chromosomes to decondense prematurely
during anaphase (Vagnarelli et al., 2006). This has led to a proposal
that there is a ‘regulator of chromosome architecture’ (RCA), an as
yet unidentified factor, which acts redundantly with condensin to
condense metaphase chromosomes (Vagnarelli et al., 2006).

Evidence suggests that there are crucial chromosome
condensation factors other than condensin and topoisomerase II.
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Recently, attempts have been made to find new chromosome
condensation factors. For example, a chromosome condensation
assay allowed high-throughput analysis of genes required for
chromosome condensation in fission yeast (Petrova et al., 2013).
In that study, eight new conditional condensin alleles were
discovered, together with a new role for DNA polymerase € (pol
€) and F-box DNA helicase I in chromosome condensation
(Petrova et al., 2013). In addition, a very recent study has
identified mutations in several genes that cause chromosome
segregation defects similar to those induced by depletion of
condensin. Four out of five of these genes encode components of
the nucleosome-remodelling complexes (Robellet et al., 2014).

In this report, we describe the first use of Drosophila oocytes to
study chromosome condensation. RNA interference (RNAi)-
mediated depletion of a set of chromosomal proteins revealed that
depletion of the nucleosome-remodelling protein Mi-2 and the
protein kinase NHK-1 (Nucleosomal histone kinase-1, also
known as Ballchen in Drosophila) resulted in much more
severe defects than depletion of well-known chromosome
condensation factors. The condensation defects of Mi-2 and
NHK-1 depletion were distinct from each other, suggesting that
these proteins function in different pathways. We found that the
main NHK-1 action in chromosome condensation is to suppress
Barrier-to-autointergration factor (BAF) activity, which functions
to link nuclear envelope proteins to chromosomes.

RESULTS

Identification of chromosome condensation factors revealed
multiple pathways of condensation

Molecular mechanisms of chromosome condensation in cells
remain poorly understood. This is partly because only a limited
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number of factors have been identified, and observed
condensation defects are generally mild when factors are
disrupted in mitotic cells (Hirota et al., 2004; Ribeiro et al.,
2009; Carpenter and Porter, 2004; Sakaguchi and Kikuchi, 2004).
We rationalised that the use of Drosophila oocytes might provide
a unique insight into chromosome condensation. For example, as
the volume of Drosophila oocytes dramatically increases after the
last mitotic division, effective depletion of even stable proteins
can be achieved by RNAI.

To identify chromosome condensation factors in Drosophila
oocytes, we knocked down potential factors involved in this process
in oocytes. As the first step, categories of proteins known to be
involved in chromosome-related functions were selected, including
chromatin-modifying enzymes, nucleosome remodelling factors,
chromatin insulators and helicases. Among these, transgenic lines
expressing short hairpin RNA (shRNA) constructs were available
for 51 genes (supplementary material Table S1). The expression of
shRNA was driven in the female germline after the completion of
mitotic divisions and recombination using GAL4 driven by the
maternal a-tubulin67A4 promoter (Radford et al., 2012). A total of 30
sterile or poorly fertile lines were further selected for cytological
analysis. DNA staining of mature oocytes, which naturally arrest in
metaphase [ (Ashburner et al., 2005), revealed that RNAi-mediated
depletion of eight genes gave chromosome condensation defects
(Fig. 1). A reduction in the amount of the corresponding mRNA
was confirmed by quantitative RT-PCR (supplementary material
Fig. S1A). Possibilities of off-target effects were subsequently
excluded for all hits except for topoisomerase II and Aurora B by
testing non-overlapping shRNA for the same gene, shRNA
targeting genes for other subunits of the same complex and/or
perturbation of known substrates (see below).

Fig. 1. RNAI of various chromosomal proteins
causes different chromosome condensation
defects in mature oocytes. (A) Chromosome
morphology (DNA; DAPI staining) and the positions of
centromere 3 (Cen3; Dodeca satellite) in mature
oocytes expressing the indicated shRNA. Arrows and
arrowheads indicate thin DNA threads and Cen3
signals, respectively. Scale bar: 10 um. (B) The
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These positive hits could be broadly grouped into two categories.
The first category consists of well-known condensation factors,
including condensin I subunits, Topoisomerase II and Aurora B,
which showed mild condensation defects after RNAi (Fig. 1A).
In oocytes expressing shRNA for condensin I subunits and
topoisomerase II, the majority of chromosomes were compacted
into the main chromosome mass but thin threads often emanated
from the main mass (Fig. 1A,B). Fluorescent in situ hybridisation
(FISH) probing a peri-centromeric satellite on the third
chromosome showed that the satellites were often found in the
thin threads (Fig. 1A), suggesting that centromeric and peri-
centromeric regions were the main regions of undercondensation.
In addition, these peri-centromeric satellites were often found at
the same side of the chromosome mass (Fig. 1A,C), indicating
mis-orientation of homologous centromeres. Depletion of four out
of five condensin I subunits showed a similar chromosome defect
but with various frequencies (Fig. 1), suggesting that depletion of
target proteins was achieved by RNAI at a high frequency but that
the levels of depletion might vary. Most oocytes expressing Aurora
B shRNA showed thin chromatin threads connected to condensed
chromosomes (Fig. 1). As Aurora B RNAI resulted in severely
compromised microtubule assembly (Radford et al., 2012;
supplementary material Fig. S1B), the thin chromatin threads are
not due to pulling forces on the chromosomes.
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The second category consists of the nucleosome remodelling
factor Mi-2 and the conserved kinase NHK-1, for which RNAi-
mediated depletion caused severe chromosome condensation defects
in oocytes (Fig. 2), in comparison to the well-known chromosome
condensation factors mentioned above. This demonstrated that the
Drosophila oocyte combined with RNAI is an effective system to
identify crucial chromosome condensation factors.

Mi-2 and NHK-1 RNAi showed distinct chromosome
condensation defects

We focused our analysis on chromosome condensation defects in
the Mi-2 and NHK-1 RNAIi condition in oocytes, as previous
studies of these two proteins had not revealed their roles in
promoting condensation of metaphase chromosomes. A study
using overexpression of wild-type and dominant-negative Mi-2
has suggested that Mi-2 induces chromosome decondensation in
polytene and mitotic cells (Fasulo et al., 2012). Hypomorphic
female sterile nhk-I mutants show fully condensed metaphase
chromosomes in mature oocytes (Cullen et al., 2005; Ivanovska
et al.,, 2005). Furthermore RNAi or mutations of the NHK-I
orthologues has not revealed chromosome undercondensation in
mitosis (Cullen et al., 2005; Ivanovska et al., 2005; Gorjanacz
et al., 2007, Molitor and Traktman, 2014). The apparent
dissimilarities between previous studies and ours might be due
to differences in methodologies and/or systems.
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Fig. 2. Mi-2 and NHK-1 RNAi lead to chromosome undercondensation in mature oocytes. (A) Chromosome morphology (DNA; DAPI staining) and the
positions of centromere 3 (Cen3; Dodeca satellite) in mature oocytes expressing shRNA for Mi-2 or NHK-1. Representative images show aligned condensed
chromosomes in wild-type oocytes, misaligned condensed chromosomes and undercondensed chromosomes in Mi-2 RNAi oocytes, and amorphous

chromosomes in NHK-1 RNAi oocytes are shown. Scale bar: 10 um. (B) Quantification of chromosome morphology in wild-type oocytes or oocytes expressing

shRNA for Mi-2 or NHK-1. ‘Undercondensed’ chromosomes in NHK-1 RNAI

oocytes were irregularly undercondensed chromosomes which are distinct from

those seen in Mi-2 RNA/ oocytes. "P<0.01 in the frequency of undercondensed or amorphous chromosomes compared with wild type. (C) The estimated length
of chromosome arms (assuming ten equal sized chromosome arms in diploid oocytes) in wild-type oocytes or Mi-2 RNAi oocytes containing misaligned or
undercondensed chromosomes. Results are mean=*s.e.m. **£<0.01 compared with wild type. (D) The number of Cen3 signals in wild-type oocytes, or oocytes
expressing shRNA for Mi-2 or NHK-1. n=74, 36 and 19, respectively. "P<0.01 in the frequency of three or four dots compared with wild type.
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To further characterise chromosome condensation defects, the
chromosome morphology of mature oocytes expressing shRNA
for Mi-2 or NHK-1 was examined in detail. Oocytes expressing
Mi-2 shRNA showed a low, but significant, frequency (13%) of
undercondensation of chromosomes (Fig. 2A—C). In addition, Mi-
2 shRNA induced chromosome misalignment (35%) without
clear condensation defects (Fig. 2A). These undercondensed
chromosomes appeared to be elongated by more than fourfold
in comparison with condensed chromosomes in wild-type or Mi-2
shRNA conditions (Fig. 2C). In contrast, oocytes expressing
NHK-1 shRNA did not have normally condensed chromosomes,
and nearly all of them had amorphous DNA strings without
recognisable individual chromosomes (Fig. 2A,B).

To further investigate the chromosome organisation, FISH
was carried out using a peri-centromeric satellite on the third
chromosome as a probe. Wild-type oocytes had two dots, which
represent a pair of homologous centromeres on the edges of the
chromosome mass, and each dot comprises the signals for closely
located sister centromeres (Fig. 2A,D). In Mi-2 RNAI oocytes,
two dots were found on undercondensed chromosomes highlighting
a bivalent structure with chiasmata (Fig. 2A,D). In contrast, most
(58%) of the NHK-1 RNAIi oocytes contained three or four separate
dots (Fig. 2A,D), suggesting compromised attachment between
sister chromatids.

Mi-2 and NHK-1 affect chromosome organisation at
different stages

Next, the chromosome morphology was examined in live
oocytes using maternally expressed Regulator of chromosome

C chromosome morphology

condensation 1 (RCC1) tagged with mCherry as a chromosome
marker (Fig. 3). This expression of RCCl-mCherry alone in a
wild-type background induced chromosome undercondensation
only in 3% of oocytes (Fig. 3C). When Mi-2 shRNA was induced
together with RCCl-mCherry, a high frequency (66%) of
chromosome undercondensation was observed in mature live
oocytes (Fig. 3A,C), and the chromosomes were not only longer,
but also wider, occasionally with some more condensed regions
(Fig. 3A). DAPI staining of fixed oocytes indicated that
expression of Rccl-mCherry indeed enhanced the Mi-2 RNAi
condensation defect (supplementary material Fig. S2). GFP-
tagged Cid (the Cenp-A orthologue), which highlights
centromeres (Schuh et al., 2007), was often associated with
narrower regions of chromosomes (Fig. 3B). This suggests that
Mi-2 RNAI has a different effect on chromosome arms to its
effect on centromeric and peri-centromeric regions. In NHK-1
RNAIi oocytes expressing Rccl-mCherry, we could not reliably
recognise amorphous chromosomes over the background signal.
To quantify the degree of chromosome condensation, the volume
occupied by all chromosomes (the Rccl-mCherry signal) was
measured in live oocytes (Fig. 3D). We found that the volume of
chromosomes increased after Mi-2 depletion. The median volume
of all chromosomes was increased fourfold.

To gain an insight into when these two proteins function, we
observed the chromosome organisation in late prophase I. Unlike
immunostaining, the live imaging procedure retains the dorsal
appendages of oocytes, which can be used to determine the
oocyte stage. Maturing oocytes at stage 12 or 13 were selected by
their dorsal appendage morphology and chromosomes were

Fig. 3. Live imaging reveals that NHK-1 and Mi-
2 function at different stages. (A) Chromosome

—1 -
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undercondensation in mature oocytes expressing
Rcc1-mCherry alone (no RNAI) or Rcc1-mCherry
and shRNA for Mi-2. Scale bar: 10 um.
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(108) Rcc1-mCherry, GFP-Cid or Mi-2 shRNA.
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10 um. (C) Quantification of chromosome
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observed before nuclear envelope breakdown. In wild-type late
prophase I oocytes, meiotic chromosomes clustered together to
form a compact body called the karyosome within the enlarged
nucleus (n=13; Fig. 3E). The karyosome organisation of Mi-2
RNAi oocytes appeared normal before nuclear envelope
breakdown (n=17; Fig. 3E). In contrast, in nkk-1 RNAI oocytes,
even before nuclear envelope breakdown the karyosome was
severely disrupted (n=4) or invisible against nucleoplasmic
background, probably owing to the highly diffused morphology
of the chromosomes (n=7; Fig. 3E). This defect in late prophase I
is consistent with previous observations of disrupted karyosomes at
earlier stages in hypomorphic nhk-1 mutants, although metaphase
chromosomes are fully condensed in mature oocytes carrying these
alleles (Cullen et al., 2005; Tvanovska et al., 2005). The differences
in chromosome morphology in prophase I and metaphase I suggest
that NHK-1 and Mi-2 are involved in distinct pathways from each
other in chromosome condensation.

Knockdown of Mi-2 and NHK-1 disrupts spindle formation
To test whether Mi-2 or NHK-1 are required for spindle
formation, RNAi oocytes were immunostained for a-tubulin. A
Mi-2 orthologue, CHD4, has been recently shown to bind
microtubules and to be required for full spindle microtubule
assembly and spindle bipolarity in Xenopus egg extract and
cultured cells from humans and Drosophila (Yokoyama et al.,
2013). In Mi-2 RNAIi oocytes, about a half of the oocytes
had abnormal spindles (supplementary material Fig. S3). The
abnormalities include unfocused poles, multiple spindles and
microtubule asters around chromosomes. In hypomorphic nhk-1
mutants, it was previously shown that spindle microtubule
assembly is normal, although multiple spindles are often
formed. In NHK-1 RNAI oocytes, spindle microtubule assembly
was severely compromised (supplementary material Fig. S3). It
remains to be determined whether the spindle assembly defects in
these RNAI conditions are directly caused by a loss of NHK-1 or
Mi-2 activity, or are a secondary consequence of the chromosome
defects.

The NuRD complex containing Mi-2 is responsible for
chromosome condensation

In Drosophila, Mi-2 is a subunit of two separate protein complexes,
the NuRD complex and the MEC complex. The Drosophila NuRD
complex consists of Mi-2, MTA1-like, MBD-like, Cafl, Rpd3 and
p66 (also known as Simjang), whereas the MEC complex consists
of Mi-2 and MEP-1 (Kunert et al., 2009). To determine which
complex promotes condensation, shRNAs corresponding to
specific subunits were expressed in oocytes expressing RCCI1—
mCherry. RNAi of MTAI-like, MBD-like and Rpd3 showed
condensation defects similar to Mi-2 RNAi, whereas MEP-1
RNAI did not show clear defects (supplementary material Fig. S4).
As RNAIi of 4 subunits of the NuRD complex showed similar
condensation defects, we conclude that the NuRD complex is
responsible for promoting chromosome condensation.

BAF phosphorylation by NHK-1 is required for

chromosome condensation

Next, we investigated the molecular mechanism of NHK-1
function in chromosome condensation. One known NHK-1
substrate is BAF, a linker between DNA and LEM-domain-
containing nuclear envelope proteins (Segura-Totten and Wilson,
2004; Furukawa, 1999). The phosphorylation of BAF has been
previously shown to suppress the BAF interactions with both

570

DNA and LEM-domain-containing nuclear envelope proteins
(Nichols et al., 2006). To identify the role of BAF phosphorylation
in chromosome condensation, non-phosphorylatable BAF (BAF-
3A; Lancaster et al., 2007) was expressed in otherwise wild-type
oocytes. Most oocytes expressing BAF-3A showed a severe
chromosome condensation defect similar to the one induced by
NHK-1 RNAI, whereas expression of wild-type BAF did not affect
chromosome condensation (Fig. 4A,B).

To determine whether and how much the condensation
function of NHK-1 is mediated by BAF, we have tested
whether depletion of BAF can rescue the condensation defect
caused by NHK-1 RNAi. Double RNAi of BAF and NHK-1 was
compared with single NHK-I RNAI, single BAF RNAi, and
double RNAi of NHK-1 and an unrelated gene (white) as a
control. Double RNAi of BAF and NHK-1 led to fully condensed
chromosomes (40%), which were not seen in single NHK-1
RNAI. Single BAF RNAIi did not show any defects, and double
RNAi of NHK-1 and the unrelated gene did not change the severe
condensation defect of single NHK-1 RNAi (Fig. 4A,B). This
rescue demonstrated that suppression of BAF activity is the main
function of NHK-1 in chromosome condensation in oocytes.

BAF is a small protein which forms a homodimer, and directly
binds to DNA and LEM domains of multiple inner nuclear
membrane proteins (Zheng et al., 2000; Furukawa, 1999;
Shumaker et al., 2001). Residues involved in these interactions
have been identified in other systems (Segura-Totten et al., 2002;
Cai et al., 1998). To test which of these protein interactions are
essential for the BAF-3A effect, crucial residues were mutated in
BAF-3A, and mutant BAF-3A was expressed in otherwise wild-
type oocytes. We found that mutations disrupting binding to
either DNA (‘no DNA’), LEM (‘no LEM’) or to BAF itself
(‘monomer’) abolished the condensation defects caused by BAF-
3A expression (Fig. 4C-E). This indicates that BAF without
phosphorylation prevents chromosome condensation by linking
LEM-containing inner nuclear envelope proteins to DNA.

Involvement of NHK-1 in chromosome condensation

in mitosis

Finally, we addressed the question of whether the role of NHK-1
in chromosome condensation is specific to oocytes. For example,
it is possible that the sole role of NHK-1 is to form the proper
karyosome, which is specific to the oocyte nucleus, and that the
chromosome condensation defect seen after NHK-1 RNAIi is
simply a secondary consequence of the karyosome defect in
prophase I.

To address this question, we examined the chromosome
morphology of nhk-1 mutants during mitosis. Central nervous
systems from third-instar larvae were fixed, squashed and stained
for DNA and histone 3 phosphorylated at S10 (phospho-H3), a
mitosis-specific marker. Two lethal nhk-1 mutants, null (E107)
and hypomorphic (£60) alleles (Cullen et al., 2005), were
examined together with the wild type. In wild-type larvae,
all mitotic (phospho-H3 positive) cells showed condensed
chromosomes or were in telophase (Fig. 5). In contrast, in nhk-
1 mutants a significant proportion of phospho-H3 positive cells
had parts of chromosomes that were abnormally undercondensed
(49% in E107 and 14% in E60; Fig. 5). The frequency of
chromosome bridges or lagging chromosomes increased in nhk-
1597 (10 out of 53 anaphases and telophases versus 1 out of 111 in
wild type; P<<0.01). These results support the involvement of
NHK-1 in condensation of mitotic chromosomes, although we
could not exclude the possibility that H3 phosphorylation was
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Fig. 4. NHK-1 suppresses the activity of BAF in linking nuclear envelope proteins to DNA. (A) DNA staining of mature oocytes expressing non-
phosphorylatable BAF-3A, shRNA for NHK-1, or shRNAs for both NHK-1 and BAF. The condensation defect caused by NHK-1 RNAI is phenocopied by
expression of non-phosphorylatable BAF and is rescued by BAF RNAI. Scale bar: 10 pm. (B) Chromosome morphology in wild-type oocytes, oocytes
overexpressing BAF or BAF-3A, or oocytes expressing shRNA for NHK-1, NHK-1 and white, BAF, or NHK-1 and BAF. "P<0.01 between the indicated pairs in
the frequency of undercondensed or amorphous chromosomes. (C) The sequence of human and Drosophila BAF, together with amino acid mutations shown or
predicted to disrupt interactions with DNA (no DNA), the LEM domain (no LEM) and BAF itself (monomer) in human BAF and the equivalent mutations in
Drosophila BAF. (D) Chromosome morphology of mature oocytes expressing BAF-3A and BAF-3A variant containing each mutation. These interactions are
required for non-phosphorylatable BAF to prevent chromosome condensation in oocytes. “P<0.01 in the frequency of undercondensed or amorphous
chromosomes compared with BAF-3A expression. (E) Diagram of BAF variants and their overexpression effects on chromosome condensation. + and —
indicate proper condensation and severe undercondensation, respectively.

affected in the mutants or that these abnormal figures resulted were overexpressed in otherwise wild-type flies (Fig. 5). We found
from prolonged metaphase arrest. that both showed abnormally undercondensed chromosomes in a

To test whether this phenotype is mediated by BAF phosphorylation significant proportion of phospho-H3-positive cells (28% in BAF-
in mitosis, wild-type BAF and non-phosphorylatable BAF (BAF-3A) 3A and 21% in BAF). This is in contrast to oocytes, in which only
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of two lethal mutant alleles of nhk-1. The null allele E107
was examined in homozygotes and the hypomorphic
allele E60 was examined over a deficiency uncovering
nhk-1. +colchicine indicates mitotic figures from the larval
central nervous systems incubated with colchicine.

Scale bar: 10 um. (B) Frequencies of chromosome
morphology classes in phospho-H3-positive cells in larval
CNSs from wild type, nhk-15°, nhk-1577 or flies
overexpressing BAF-3A or BAF. **P<0.01 in the
frequency of abnormally undercondensed chromosomes
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the non-phosphorylatable BAF prevented chromosome condensation.
It is possible that overexpressed wild-type BAF might remain
unphosphorylated in mitosis owing to limited NHK-1 activity.
Nevertheless, our results suggest that the NHK-1 substrate BAF is
involved in chromosome condensation also in mitosis. These
results show that NHK-1 is important for chromosome
condensation not only during meiosis in oocytes but also during
mitosis in somatic cells.

DISCUSSION

In this study, we used Drosophila oocytes as a new model
system for chromosome condensation. Knockdown of potential
chromosomal proteins or regulators by RNAi in oocytes has
identified new factors promoting chromosome condensation (the
NuRD complex and NHK-1) as well as known factors (condensin
I, topoisomerase II and Aurora B). Depletion of the protein
kinase NHK-1 and the NuRD nucleosome remodelling complex
containing Mi-2 caused severe chromosome condensation defects
that were distinct from each other. Further study revealed that
BAF is the main substrate of NHK-1 for its chromosome
condensation function and that NHK-1 promotes chromosome
condensation by suppressing the linker activity of BAF between
nuclear envelope proteins and DNA. Finally, we showed that
NHK-1 is also important for chromosome condensation in
mitosis.

This report is the first to use Drosophila oocytes to study
chromosome condensation. We argue that the Drosophila oocyte
combined with RNAi is an excellent system for research of
chromosome condensation, which complements commonly used
mitotic systems. Firstly, Drosophila oocytes grow enormously
in volume between completion of pre-meiotic mitosis and
recombination and chromosome condensation (Cummings and
King, 1969). shRNA expression can be induced after the protein
executes its role in the previous mitosis and/or recombination but
prior to oocyte growth (Radford et al., 2012). Even if the target
protein is stable, it becomes sufficiently diluted before
chromosome condensation in oocytes. This is in contrast to
mitotic cycles where cells only double in size between divisions.
Secondly, Drosophila oocytes arrest in metaphase of the first
meiotic division (Ashburner et al., 2005). This allows
chromosome defects to be studied in the first division after the
target protein is depleted, rather than as a mixture of defects
accumulated through multiple divisions caused by a gradual
decrease of the protein. Finally, as oocytes are large, the
condensation state of chromosomes can be clearly observed
without mechanical treatment such as squashing or spreading.
Therefore, RNAi in Drosophila oocytes could be a powerful
system to study chromosome condensation, although negative
results should be interpreted with caution as they might be caused
by insufficient depletion, genetic redundancy or cell-type-specific
function.

Indeed, in this study, a small-scale survey of chromosomal
proteins, new chromosome condensation factors were identified
in addition to well-known ones, demonstrating the effectiveness
of Drosophila oocytes as a research system. Well-known factors,
including condensin I subunits, topoisomerase II and Aurora B,
showed milder chromosome condensation defects. Knockdown of
topoisomerase Il or condensin I showed similar condensation
defects, and appeared to affect mainly centromeric and/or
pericentromeric regions. The previous reports in mitosis are
consistent with our result, suggesting that these two factors are
not the main condensation factors in mitosis or in meiosis (Hirota
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et al., 2004; Ribeiro et al., 2009; Carpenter and Porter, 2004;
Sakaguchi and Kikuchi, 2004).

A previous study of Mi-2 in Drosophila suggested that it
promotes decondensation of chromosomes because overexpression
of wild-type Mi-2 results in chromosome decondensation in
polytene or mitotic cells and overexpression of dominant-negative
Mi-2 results in overcondensation (Fasulo et al., 2012). In our
current study, Mi-2 RNAi in oocytes showed chromosome
decondensation, whereas in our preliminary study in neuroblasts
Mi-2 RNAi did not show chromosome decondensation. The
difference from the previous study might be due to the method of
disrupting the Mi-2 function or cell types used for the studies. We
argue that the phenotype caused by RNAI in oocytes is a better
reflection of the in vivo function. RNAi of other NuRD subunits
indicated that the NuRD complex is important for chromosome
condensation.

How does the NuRD complex promote chromosome
condensation? It is possible that nucleosome remodelling is
directly required during chromosome condensation. For example,
proper positioning of nucleosomes might be important for full
chromosome condensation. Indeed, other nucleosome remodelling
complexes have been suggested to be involved in chromosome
condensation in fission yeast (Robellet et al., 2014). Alternatively,
histone deacetylase acivity of the NuRD complex might be
important for chromosome condensation, as histone modifications
are a major way to regulate chromosome structure (Wang and
Higgins, 2013). We also cannot exclude the possibility that NuRD
acts through transcription of other chromosome condensation
factors, as it is known to regulate gene transcription (Ramirez and
Hagman, 2009). Further studies using more sophisticated
mutations would help to distinguish these possibilities.

We found that knockdown of NHK-1 resulted in severe
chromosome condensation defects in nearly all oocytes.
Previously, involvement of NHK-1 or its orthologues in
metaphase chromosome condensation has not been reported,
although overexpression of the human orthologue disrupts
chromatin organisation in interphase (Kang et al., 2007). None
of the three female sterile nhk-I mutants showed chromosome
condensation defects in metaphase I in oocytes (Cullen et al.,
2005; Ivanovska et al., 2005). This might be because the minimal
NHK-1 activity required for producing viable adults is sufficient
to allow chromosome condensation in oocytes. Female-germline-
specific RNAI is likely to have achieved greater depletion of
NHK-1 in oocytes. We showed that phosphorylation of BAF, thus
inactivating its linking of DNA to LEM-domain-containing inner
nuclear membrane proteins, is the major role of NHK-1 in
chromosome condensation in oocytes. However, NHK-1 might
regulate multiple pathways during condensation, for example, it
has been shown that it is required for histone 2A phosphorylation
and condensin recruitment in prophase I oocytes (Ivanovska
et al., 2005).

A crucial question is whether the chromosome condensation
defect is a direct consequence of NHK-1 loss or a secondary
consequence of a karyosome defect in prophase I oocytes.
Evidence indicates that the compact karyosome in the prophase I
nucleus and chromosome condensation in metaphase I are at least
partly independent. In female-sterile hypomophic nhk-1 mutants,
chromatin organisation in prophase I oocytes is defective, but
metaphase I chromosomes are properly condensed in mature
oocytes (Cullen et al., 2005; Ivanovska et al., 2005). By contrast,
in Mi-2 RNAI oocytes, the karyosome is normal in prophase I,
but chromosomes become undercondensed after nuclear envelope
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breakdown in some metaphase I oocytes. Furthermore, as
chromosome condensation in mitosis is also defective in nhk-1
mutants, the role for NHK-1 in chromosome condensation must
be at least partly independent from meiosis-specific chromatin
organisation. Therefore, release of LEM-containing nuclear
envelope proteins from chromosomes might be a prerequisite
for proper chromosome condensation.

In conclusion, our targeted survey using RNAi in Drosophila
oocytes has already identified new factors required for chromosome
condensation. Further analysis provided new insights into the
molecular mechanism of condensation including the release of
nuclear envelope proteins from chromosomes and nucleosome
remodelling and/or histone deacetylation as essential steps for
condensation. In future, a larger scale screen of putative
chromosomal proteins might prove to be fruitful.

METHODS AND MATERIALS

Handling of Drosophila melanogaster

Standard methods of fly handling were used (Ashburner et al., 2005). Fly
lines for RNAI used in this study were designed to express shRNA under
the UASp promoter and were generated by the Transgenic RNAi Project
at Harvard Medical School (Ni et al., 2008; Dietzl et al., 2007). They are
shown in supplementary material Table S1. To express shRNA in the
female germlines, fly lines expressing GAL4 under the maternal o-
tubulin674 promoter (V37) and shRNA under UASp promoter were
crossed and transheterozygous female progeny were examined. For
observation of fixed mature oocytes, <1-day-old adult female flies were
cultured with males on fresh food with dry yeast pellets for 3—5 days at
25°C. To overexpress BAF and BAF-3A, controlled under the UASp
promoter in larval CNS, the GAL4 driver 167Y (Manseau et al., 1997)
was used. nhk-17°" was examined over Df{3R)ro80b. Details of genes and
mutations are as described previously (Lindsley and Zimm, 1992) and as
in FlyBase (St. Pierre et al., 2014).

Site-directed mutagenesis and molecular cloning of

BAF-3A variants

DNA encoding BAF-3A (Lancaster et al., 2007) or BAF-3A (monomer)
with a stop codon was cloned into pENTR/D-Topo (Invitrogen) and the
missense mutations leading to the amino acid changes were introduced
to BAF-3A by site-directed mutagenesis using the QuikChange kit
(Agilent). After confirming the sequences, unmutated and mutated BAF-
3A were transferred into pUASp using the Gateway vector pPWG and LR
Clonase (Invitrogen), and used for P-element-mediated transformation of
w!!’8 by Genetic Service Inc. Five insertions were tested for each construct
and gave similar results.

Quantification of RNAI efficiency

Total RNA was purified using an RNAeasy kit (Qiagen) from 5-10 pairs
of ovaries, which were dissected in Robb’s medium from adult females
matured for 4-8 days at 25°C. After genomic DNA was digested with
DNase I (Qiagen), cDNA was generated using primers corresponding to
target genes and Superscript I1I reverse transcriptase (Invitrogen). Real-
time RT-PCR was performed in LightCycler 480 (Roche) using a pair of
primers corresponding to target genes and SYBR Green Master mix
(Roche). In parallel, a pair of primers corresponding to actin 5C gene
were used as a control for normalisation.

Cytological methods

Fluorescent in situ hybridisation of oocytes was carried out as described
in Meireles et al. (Meireles et al., 2009) (except oocytes were fixed in 8%
paraformaldehyde) using a fluorescently labelled probe generated by the
following method. A 44-mer oligonucleotide, (CCCGTACTGGT),,
corresponding to the dodeca satellite (Abad et al., 1992) was incubated
with terminal deoxynucleotidyl transferase (1.5 U/ul; Promega), Alexa-
Fluor-546—dUTP (0.1 mM) and dTTP (0.8 mM) in transferase buffer
(Promega) at 37°C for 1 hour and 70°C for 10 minutes, and purified

through a G25 Mini Quick Spin Oligo Column (Roche). The
chromosome arm length in wild-type was estimated as half of the
distance between the Cen3 signals (2.160.84 um). The arm length of
undercondensed chromosomes in Mi-2 RNAi was estimated by
measuring the length of all visible chromosomes using the polygonal
chain measurement tool in LSM Examiner (Zeiss) and dividing it by the
number of visible arms for Mi-2 RNAi (9.01+2.40 um). The length of
misaligned condensed chromosomes in Mi-2 RNAi estimated by the
above method (2.07+0.37 um) was not statistically different from that of
wild type. Mature oocytes were immunostained as described in Cullen
and Ohkura (Cullen and Ohkura, 2001) using an anti-o-tubulin antibody
(1:250 DM1A; Sigma) and counterstained with DAPI (0.2 pg/ul; Sigma).
The fixed oocytes were examined under PlanApochromat (63x, 1.4NA;
Zeiss) using LSMS10Exciter (Zeiss) attached to an Axiovert 200M (Zeiss).
Typically, a series of z-sections were taken using 0.5-um intervals. All
images are shown as maximum intensity projections. Immunostaining of
the squashed larval CNS was carried out using an anti-phospho-H3 (S10)
antibody (1:1000; 06-570; Upstate Biotechnology) and DAPI (0.2 pg/ul;
Sigma) as described in Pimpinelli et al. (Pimpinelli et al., 2000) except that
the dissected CNSs were fixed in 45% acetic acid for 30 seconds and 60%
acetic acid for 30 seconds before squashing. For colchicine treatment, larval
CNSs were incubated with 3 pg/ml colchicine in 0.7% sodium chloride for
30 minutes before hypotonic shock in 0.5% sodium citrate. The anti-
phospho-H3 antibody faithfully highlighted mitotic cells in wild type and
under BAF-3A overexpression, as all phospho-H3 positive cells show y-
tubulin accumulation at centrosomes (97/98 in wild type and 78/78 under
BAF-3A overexpression). nhk-17" might affect H3 phosphorylation,
as some phospho-H3-positive cells (6/96) had no y-tubulin accumulation
at centrosomes. Images of fixed CNSs were captured under a
PlanApochromat lens (63x, 1.4 NA; Zeiss) attached to an Axioplan 2
microscope (Zeiss) using a CCD camera (Orca; Hamamatsu) operated by
OpenLab (Improvision).

For live imaging, oocytes from <1-day-old female flies matured with
males at 18°C for 3-5 days were dissected in halocarbon oil (700, KMZ
Chemicals) on a coverslip. The morphology of dorsal appendages was
used for staging of oocytes, mature stage-14 oocytes were typically used
unless stated otherwise. Images were taken using a PlanApochromat lens
(63x, 1.4 NA; Zeiss) attached to an Axiovert 200M microscope (Zeiss)
with a spinning disc confocal scan head (CSU-X1; Yokogawa) operated
and analysed using Volocity (PerkinElmer). Typically a series of z-
sections were taken covering the entire spindle volume using 0.8-um
intervals. All images are shown as maximum intensity projections. The
contrast and brightness were adjusted uniformly across the entire field
without changing, removing or adding features of images. The
chromosome volume was measured using Volocity after the surface
was determined automatically and adjusted by manually fine-tuning the
pixel intensity threshold. Chi-square or Fisher’s exact test and a modified
Wilcoxon test were used for statistical analysis of categorical and
parametrical data, respectively.

Acknowledgements

We thank the TRIiP at Harvard Medical School (NIH/NIGMS R01-GM084947) for
making transgenic RNAI fly stocks available, BDSC for providing fly stocks, S.
Heidmann for GFP-Cid flies, and BDRC and T. Murphy for Drosophila Gateway
vectors. We also thank R. Beaven and other members of Ohkura laboratory for
critical reading of the manuscript, sharing valuable reagents and stimulating
discussions.

Competing interests
The authors declare no competing or financial interests.

Author contributions
E.N. and H.O. conceived the project, designed the experiments, analysed the
data and wrote the manuscript. E.N. carried out all the experiments.

Funding

E.N. was supported by a PhD studentship from The Darwin Trust of Edinburgh.
The work was also supported by The Wellcome Trust [grant numbers 081849,
087448, 092076, 098030]. Deposited in PMC for immediate release.

573

(]
(&}
c
2
O
(7))
o
(@)
Y—
o
©
c
—
>
(©]
-


http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.158477/-/DC1

RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 566—575 doi:10.1242/jcs.158477

Supplementary material
Supplementary material available online at
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.158477/-/DCA1

References

Abad, J. P, Carmena, M., Baars, S., Saunders, R. D., Glover, D. M., Ludeia, P.,
Sentis, C., Tyler-Smith, C. and Villasante, A. (1992). Dodeca satellite: a
conserved G+C-rich satellite from the centromeric heterochromatin of
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 89, 4663-4667.

Adachi, Y., Luke, M. and Laemmli, U. K. (1991). Chromosome assembly in vitro:
topoisomerase |l is required for condensation. Cell 64, 137-148.

Ashburner, M., Golic, K. G. and Hawley, R. S. (2005). Drosophila: a Laboratory
Handbook. New York, NY: Cold Spring Harbor Laboratory Press.

Baxter, J. and Aragén, L. (2012). A model for chromosome condensation based
on the interplay between condensin and topoisomerase Il. Trends Genet. 28, 110-
117.

Belmont, A. S., Sedat, J. W. and Agard, D. A. (1987). A three-dimensional
approach to mitotic chromosome structure: evidence for a complex hierarchical
organization. J. Cell Biol. 105, 77-92.

Cai, M., Huang, Y., Zheng, R., Wei, S.-Q., Ghirlando, R., Lee, M. S., Craigie, R.,
Gronenborn, A. M. and Clore, G. M. (1998). Solution structure of the cellular
factor BAF responsible for protecting retroviral DNA from autointegration. Nat.
Struct. Biol. 5, 903-909.

Carpenter, A. J. and Porter, A. C. G. (2004). Construction, characterization, and
complementation of a conditional-lethal DNA topoisomerase llalpha mutant
human cell line. Mol. Biol. Cell 15, 5700-5711.

Chang, C.-J., Goulding, S., Earnshaw, W. C. and Carmena, M. (2003). RNAi
analysis reveals an unexpected role for topoisomerase Il in chromosome arm
congression to a metaphase plate. J. Cell Sci. 116, 4715-4726.

Coelho, P. A., Queiroz-Machado, J. and Sunkel, C. E. (2003). Condensin-
dependent localisation of topoisomerase |l to an axial chromosomal structure is
required for sister chromatid resolution during mitosis. J. Cell Sci. 116, 4763-
4776.

Cullen, C. F. and Ohkura, H. (2001). Msps protein is localized to acentrosomal
poles to ensure bipolarity of Drosophila meiotic spindles. Nat. Cell Biol. 3, 637-
642.

Cullen, C. F., Brittle, A. L., Ito, T. and Ohkura, H. (2005). The conserved kinase
NHK-1 is essential for mitotic progression and unifying acentrosomal meiotic
spindles in Drosophila melanogaster. J. Cell Biol. 171, 593-602.

Cummings, M. R. and King, R. C. (1969). The cytology of the vitellogenic stages
of oogenesis in Drosophila melanogaster. |. General staging characteristics.
J. Morphol. 128, 427-441.

Dietzl, G., Chen, D., Schnorrer, F., Su, K.-C., Barinova, Y., Fellner, M., Gasser,
B., Kinsey, K., Oppel, S., Scheiblauer, S. et al. (2007). A genome-wide
transgenic RNAI library for conditional gene inactivation in Drosophila. Nature
448, 151-156.

Earnshaw, W. C. and Heck, M. M. (1985). Localization of topoisomerase Il in
mitotic chromosomes. J. Cell Biol. 100, 1716-1725.

Fasulo, B., Deuring, R., Murawska, M., Gause, M., Dorighi, K. M., Schaaf,
C. A,, Dorsett, D., Brehm, A. and Tamkun, J. W. (2012). The Drosophila MI-2
chromatin-remodeling factor regulates higher-order chromatin structure and
cohesin dynamics in vivo. PLoS Genet. 8, e1002878.

Furukawa, K. (1999). LAP2 binding protein 1 (L2BP1/BAF) is a candidate
mediator of LAP2-chromatin interaction. J. Cell Sci. 112, 2485-2492.

Gorjanacz, M., Klerkx, E. P. F., Galy, V., Santarella, R., Lépez-lglesias, C.,
Askjaer, P. and Mattaj, . W. (2007). Caenorhabditis elegans BAF-1 and its
kinase VRK-1 participate directly in post-mitotic nuclear envelope assembly.
EMBO J. 26, 132-143.

Hagstrom, K. A., Holmes, V. F., Cozzarelli, N. R. and Meyer, B. J. (2002). C.
elegans condensin promotes mitotic chromosome architecture, centromere
organization, and sister chromatid segregation during mitosis and meiosis.
Genes Dev. 16, 729-742.

Hirano, T. (2012). Condensins: universal organizers of chromosomes with diverse
functions. Genes Dev. 26, 1659-1678.

Hirano, T. and Mitchison, T. J. (1994). A heterodimeric coiled-coil protein required
for mitotic chromosome condensation in vitro. Cell 79, 449-458.

Hirano, T., Kobayashi, R. and Hirano, M. (1997). Condensins, chromosome
condensation protein complexes containing XCAP-C, XCAP-E and a Xenopus
homolog of the Drosophila Barren protein. Cell 89, 511-521.

Hirota, T., Gerlich, D., Koch, B., Ellenberg, J. and Peters, J.-M. (2004). Distinct
functions of condensin | and Il in mitotic chromosome assembly. J. Cell Sci. 117,
6435-6445.

Hudson, D. F., Vagnarelli, P., Gassmann, R. and Earnshaw, W. C. (2003).
Condensin is required for nonhistone protein assembly and structural integrity of
vertebrate mitotic chromosomes. Dev. Cell 5, 323-336.

Ivanovska, I., Khandan, T, Ito, T. and Orr-Weaver, T. L. (2005). A histone code
in meiosis: the histone kinase, NHK-1, is required for proper chromosomal
architecture in Drosophila oocytes. Genes Dev. 19, 2571-2582.

Kang, T.-H., Park, D.-Y., Choi, Y. H., Kim, K.-J., Yoon, H. S. and Kim, K.-T.
(2007). Mitotic histone H3 phosphorylation by vaccinia-related kinase 1 in
mammalian cells. Mol. Cell. Biol. 27, 8533-8546.

Kimura, K. and Hirano, T. (1997). ATP-dependent positive supercoiling of DNA
by 13S condensin: a biochemical implication for chromosome condensation.
Cell 90, 625-634.

574

Kunert, N., Wagner, E., Murawska, M., Klinker, H., Kremmer, E. and Brehm, A.
(2009). dMec: a novel Mi-2 chromatin remodelling complex involved in
transcriptional repression. EMBO J. 28, 533-544.

Lancaster, O. M., Cullen, C. F. and Ohkura, H. (2007). NHK-1 phosphorylates
BAF to allow karyosome formation in the Drosophila oocyte nucleus. J. Cell Biol.
179, 817-824.

Lee, J., Ogushi, S., Saitou, M. and Hirano, T. (2011). Condensins | and Il are
essential for construction of bivalent chromosomes in mouse oocytes. Mol. Biol.
Cell 22, 3465-3477.

Li, X.-M., Yu, C., Wang, Z.-W., Zhang, Y.-L., Liu, X.-M., Zhou, D., Sun, Q.-Y. and
Fan, H.-Y. (2013). DNA topoisomerase |l is dispensable for oocyte meiotic
resumption but is essential for meiotic chromosome condensation and
separation in mice. Biol. Reprod. 89, 118.

Lindsley, D. L. and Zimm, G. G. (1992). The Genome of Drosophila
Melanogaster. San Diego, CA: Academic Press.

Luger, K., Dechassa, M. L. and Tremethick, D. J. (2012). New insights into
nucleosome and chromatin structure: an ordered state or a disordered affair?
Nat. Rev. Mol. Cell Biol. 13, 436-447.

Maeshima, K. and Laemmli, U. K. (2003). A two-step scaffolding model for
mitotic chromosome assembly. Dev. Cell 4, 467-480.

Manseau, L., Baradaran, A., Brower, D., Budhu, A., Elefant, F., Phan, H., Philp,
A. V., Yang, M., Glover, D., Kaiser, K. et al. (1997). GAL4 enhancer traps
expressed in the embryo, larval brain, imaginal discs, and ovary of Drosophila.
Dev. Dyn. 209, 310-322.

Marsden, M. P. F. and Laemmili, U. K. (1979). Metaphase chromosome structure:
evidence for a radial loop model. Cell 17, 849-858.

Meireles, A. M., Fisher, K. H., Colombié, N., Wakefield, J. G. and Ohkura, H.
(2009). Wac: a new Augmin subunit required for chromosome alignment but not
for acentrosomal microtubule assembly in female meiosis. J. Cell Biol. 184, 777-
784.

Molitor, T. P. and Traktman, P. (2014). Depletion of the protein kinase VRK1
disrupts nuclear envelope morphology and leads to BAF retention on mitotic
chromosomes. Mol. Biol. Cell 25, 891-903.

Naumova, N., Imakaev, M., Fudenberg, G., Zhan, Y., Lajoie, B. R., Mirny, L. A.
and Dekker, J. (2013). Organization of the mitotic chromosome. Science 342,
948-953.

Ni, J.-Q., Markstein, M., Binari, R., Pfeiffer, B., Liu, L.-P., Villalta, C., Booker,
M., Perkins, L. and Perrimon, N. (2008). Vector and parameters for targeted
transgenic RNA interference in Drosophila melanogaster. Nat. Methods 5, 49-
51.

Nichols, R. J., Wiebe, M. S. and Traktman, P. (2006). The vaccinia-related
kinases phosphorylate the N’ terminus of BAF, regulating its interaction with
DNA and its retention in the nucleus. Mol. Biol. Cell 17, 2451-2464.

Ono, T., Losada, A., Hirano, M., Myers, M. P., Neuwald, A. F. and Hirano, T.
(2003). Differential contributions of condensin | and condensin Il to mitotic
chromosome architecture in vertebrate cells. Cell 115, 109-121.

Petrova, B., Dehler, S., Kruitwagen, T., Hériché, J.-K., Miura, K. and Haering,
C. H. (2013). Quantitative analysis of chromosome condensation in fission
yeast. Mol. Cell. Biol. 33, 984-998.

Pimpinelli, S., Bonaccorsi, S., Fanti, L. and Gatti, M. (2000). Preparation and
analysis of Drosophila mitotic chromosomes. In Drosophila Protocols (ed. W.
Sullivan, M. Ashburner and R. S. Hawley), pp. 3-23. Cold Spring Harbour, NY:
Cold Spring Harbour Laboratory Press.

Radford, S. J., Jang, J. K. and McKim, K. S. (2012). The chromosomal
passenger complex is required for meiotic acentrosomal spindle assembly and
chromosome biorientation. Genetics 192, 417-429.

Ramirez, J. and Hagman, J. (2009). The Mi-2/NuRD complex: a critical
epigenetic regulator of hematopoietic development, differentiation and cancer.
Epigenetics 4, 532-536.

Ribeiro, S. A., Gatlin, J. C., Dong, Y., Joglekar, A., Cameron, L., Hudson, D. F,,
Farr, C. J., McEwen, B. F., Salmon, E. D., Earnshaw, W. C. et al. (2009).
Condensin regulates the stiffness of vertebrate centromeres. Mol. Biol. Cell 20,
2371-2380.

Robellet, X., Fauque, L., Legros, P., Mollereau, E., Janczarski, S., Parrinello,
H., Desvignes, J., Thevenin, M. and Bernard, P. (2014). A genetic screen for
functional partners of condensin in fission yeast. G3 4, 373-381.

Sakaguchi, A. and Kikuchi, A. (2004). Functional compatibility between isoform
o and B of type Il DNA topoisomerase. J. Cell Sci. 117, 1047-1054.

Samejima, K., Samejima, I., Vagnarelli, P., Ogawa, H., Vargiu, G., Kelly, D. A.,
de Lima Alves, F., Kerr, A., Green, L. C., Hudson, D. F. et al. (2012). Mitotic
chromosomes are compacted laterally by KIF4 and condensin and axially by
topoisomerase lla. J. Cell Biol. 199, 755-770.

Schuh, M., Lehner, C. F. and Heidmann, S. (2007). Incorporation of Drosophila
CID/CENP-A and CENP-C into centromeres during early embryonic anaphase.
Curr. Biol. 17, 237-243.

Sedat, J. and Manuelidis, L. (1978). A direct approach to the structure of
eukaryotic chromosomes. Cold Spring Harb. Symp. Quant. Biol. 42, 331-350.
Segura-Totten, M. and Wilson, K. L. (2004). BAF: roles in chromatin, nuclear

structure and retrovirus integration. Trends Cell Biol. 14, 261-266.

Segura-Totten, M., Kowalski, A. K., Craigie, R. and Wilson, K. L. (2002).
Barrier-to-autointegration factor: major roles in chromatin decondensation and
nuclear assembly. J. Cell Biol. 158, 475-485.

Shumaker, D. K., Lee, K. K., Tanhehco, Y. C., Craigie, R. and Wilson, K. L.
(2001). LAP2 binds to BAF.DNA complexes: requirement for the LEM domain
and modulation by variable regions. EMBO J. 20, 1754-1764.

(]
(&}
c
2
O
w
o
(@)
Y—
o
©
c
—
>
(©]
-


http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.158477/-/DC1
http://dx.doi.org/10.1073/pnas.89.10.4663
http://dx.doi.org/10.1073/pnas.89.10.4663
http://dx.doi.org/10.1073/pnas.89.10.4663
http://dx.doi.org/10.1073/pnas.89.10.4663
http://dx.doi.org/10.1016/0092-8674(91)90215-K
http://dx.doi.org/10.1016/0092-8674(91)90215-K
http://dx.doi.org/10.1016/j.tig.2011.11.004
http://dx.doi.org/10.1016/j.tig.2011.11.004
http://dx.doi.org/10.1016/j.tig.2011.11.004
http://dx.doi.org/10.1083/jcb.105.1.77
http://dx.doi.org/10.1083/jcb.105.1.77
http://dx.doi.org/10.1083/jcb.105.1.77
http://dx.doi.org/10.1038/2345
http://dx.doi.org/10.1038/2345
http://dx.doi.org/10.1038/2345
http://dx.doi.org/10.1038/2345
http://dx.doi.org/10.1091/mbc.E04-08-0732
http://dx.doi.org/10.1091/mbc.E04-08-0732
http://dx.doi.org/10.1091/mbc.E04-08-0732
http://dx.doi.org/10.1242/jcs.00797
http://dx.doi.org/10.1242/jcs.00797
http://dx.doi.org/10.1242/jcs.00797
http://dx.doi.org/10.1242/jcs.00799
http://dx.doi.org/10.1242/jcs.00799
http://dx.doi.org/10.1242/jcs.00799
http://dx.doi.org/10.1242/jcs.00799
http://dx.doi.org/10.1038/35083025
http://dx.doi.org/10.1038/35083025
http://dx.doi.org/10.1038/35083025
http://dx.doi.org/10.1083/jcb.200508127
http://dx.doi.org/10.1083/jcb.200508127
http://dx.doi.org/10.1083/jcb.200508127
http://dx.doi.org/10.1002/jmor.1051280404
http://dx.doi.org/10.1002/jmor.1051280404
http://dx.doi.org/10.1002/jmor.1051280404
http://dx.doi.org/10.1038/nature05954
http://dx.doi.org/10.1038/nature05954
http://dx.doi.org/10.1038/nature05954
http://dx.doi.org/10.1038/nature05954
http://dx.doi.org/10.1371/journal.pgen.1002878
http://dx.doi.org/10.1371/journal.pgen.1002878
http://dx.doi.org/10.1371/journal.pgen.1002878
http://dx.doi.org/10.1371/journal.pgen.1002878
http://dx.doi.org/10.1038/sj.emboj.7601470
http://dx.doi.org/10.1038/sj.emboj.7601470
http://dx.doi.org/10.1038/sj.emboj.7601470
http://dx.doi.org/10.1038/sj.emboj.7601470
http://dx.doi.org/10.1101/gad.968302
http://dx.doi.org/10.1101/gad.968302
http://dx.doi.org/10.1101/gad.968302
http://dx.doi.org/10.1101/gad.968302
http://dx.doi.org/10.1101/gad.194746.112
http://dx.doi.org/10.1101/gad.194746.112
http://dx.doi.org/10.1016/0092-8674(94)90254-2
http://dx.doi.org/10.1016/0092-8674(94)90254-2
http://dx.doi.org/10.1016/S0092-8674(00)80233-0
http://dx.doi.org/10.1016/S0092-8674(00)80233-0
http://dx.doi.org/10.1016/S0092-8674(00)80233-0
http://dx.doi.org/10.1242/jcs.01604
http://dx.doi.org/10.1242/jcs.01604
http://dx.doi.org/10.1242/jcs.01604
http://dx.doi.org/10.1016/S1534-5807(03)00199-0
http://dx.doi.org/10.1016/S1534-5807(03)00199-0
http://dx.doi.org/10.1016/S1534-5807(03)00199-0
http://dx.doi.org/10.1101/gad.1348905
http://dx.doi.org/10.1101/gad.1348905
http://dx.doi.org/10.1101/gad.1348905
http://dx.doi.org/10.1128/MCB.00018-07
http://dx.doi.org/10.1128/MCB.00018-07
http://dx.doi.org/10.1128/MCB.00018-07
http://dx.doi.org/10.1016/S0092-8674(00)80524-3
http://dx.doi.org/10.1016/S0092-8674(00)80524-3
http://dx.doi.org/10.1016/S0092-8674(00)80524-3
http://dx.doi.org/10.1038/emboj.2009.3
http://dx.doi.org/10.1038/emboj.2009.3
http://dx.doi.org/10.1038/emboj.2009.3
http://dx.doi.org/10.1083/jcb.200706067
http://dx.doi.org/10.1083/jcb.200706067
http://dx.doi.org/10.1083/jcb.200706067
http://dx.doi.org/10.1091/mbc.E11-05-0423
http://dx.doi.org/10.1091/mbc.E11-05-0423
http://dx.doi.org/10.1091/mbc.E11-05-0423
http://dx.doi.org/10.1095/biolreprod.113.110692
http://dx.doi.org/10.1095/biolreprod.113.110692
http://dx.doi.org/10.1095/biolreprod.113.110692
http://dx.doi.org/10.1095/biolreprod.113.110692
http://dx.doi.org/10.1038/nrm3382
http://dx.doi.org/10.1038/nrm3382
http://dx.doi.org/10.1038/nrm3382
http://dx.doi.org/10.1016/S1534-5807(03)00092-3
http://dx.doi.org/10.1016/S1534-5807(03)00092-3
http://dx.doi.org/10.1002/(SICI)1097-0177(199707)209:3<310::AID-AJA6>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-0177(199707)209:3<310::AID-AJA6>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-0177(199707)209:3<310::AID-AJA6>3.0.CO;2-L
http://dx.doi.org/10.1002/(SICI)1097-0177(199707)209:3<310::AID-AJA6>3.0.CO;2-L
http://dx.doi.org/10.1016/0092-8674(79)90325-8
http://dx.doi.org/10.1016/0092-8674(79)90325-8
http://dx.doi.org/10.1083/jcb.200811102
http://dx.doi.org/10.1083/jcb.200811102
http://dx.doi.org/10.1083/jcb.200811102
http://dx.doi.org/10.1083/jcb.200811102
http://dx.doi.org/10.1091/mbc.E13-10-0603
http://dx.doi.org/10.1091/mbc.E13-10-0603
http://dx.doi.org/10.1091/mbc.E13-10-0603
http://dx.doi.org/10.1126/science.1236083
http://dx.doi.org/10.1126/science.1236083
http://dx.doi.org/10.1126/science.1236083
http://dx.doi.org/10.1038/nmeth1146
http://dx.doi.org/10.1038/nmeth1146
http://dx.doi.org/10.1038/nmeth1146
http://dx.doi.org/10.1038/nmeth1146
http://dx.doi.org/10.1091/mbc.E05-12-1179
http://dx.doi.org/10.1091/mbc.E05-12-1179
http://dx.doi.org/10.1091/mbc.E05-12-1179
http://dx.doi.org/10.1016/S0092-8674(03)00724-4
http://dx.doi.org/10.1016/S0092-8674(03)00724-4
http://dx.doi.org/10.1016/S0092-8674(03)00724-4
http://dx.doi.org/10.1128/MCB.01400-12
http://dx.doi.org/10.1128/MCB.01400-12
http://dx.doi.org/10.1128/MCB.01400-12
http://dx.doi.org/10.1534/genetics.112.143495
http://dx.doi.org/10.1534/genetics.112.143495
http://dx.doi.org/10.1534/genetics.112.143495
http://dx.doi.org/10.4161/epi.4.8.10108
http://dx.doi.org/10.4161/epi.4.8.10108
http://dx.doi.org/10.4161/epi.4.8.10108
http://dx.doi.org/10.1091/mbc.E08-11-1127
http://dx.doi.org/10.1091/mbc.E08-11-1127
http://dx.doi.org/10.1091/mbc.E08-11-1127
http://dx.doi.org/10.1091/mbc.E08-11-1127
http://dx.doi.org/10.1242/jcs.00977
http://dx.doi.org/10.1242/jcs.00977
http://dx.doi.org/10.1083/jcb.201202155
http://dx.doi.org/10.1083/jcb.201202155
http://dx.doi.org/10.1083/jcb.201202155
http://dx.doi.org/10.1083/jcb.201202155
http://dx.doi.org/10.1016/j.cub.2006.11.051
http://dx.doi.org/10.1016/j.cub.2006.11.051
http://dx.doi.org/10.1016/j.cub.2006.11.051
http://dx.doi.org/10.1101/SQB.1978.042.01.035
http://dx.doi.org/10.1101/SQB.1978.042.01.035
http://dx.doi.org/10.1016/j.tcb.2004.03.004
http://dx.doi.org/10.1016/j.tcb.2004.03.004
http://dx.doi.org/10.1083/jcb.200202019
http://dx.doi.org/10.1083/jcb.200202019
http://dx.doi.org/10.1083/jcb.200202019
http://dx.doi.org/10.1093/emboj/20.7.1754
http://dx.doi.org/10.1093/emboj/20.7.1754
http://dx.doi.org/10.1093/emboj/20.7.1754

RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 566—575 doi:10.1242/jcs.158477

Spence, J. M., Phua, H. H., Mills, W., Carpenter, A. J., Porter, A. C. G. and Farr,
C. J. (2007). Depletion of topoisomerase llalpha leads to shortening of the
metaphase interkinetochore distance and abnormal persistence of PICH-coated
anaphase threads. J. Cell Sci. 120, 3952-3964.

St Pierre, S. E., Ponting, L., Stefancsik, R., McQuilton, P.; FlyBase Consortium
(2014). FlyBase 102 — advanced approaches to interrogating FlyBase. Nucleic
Acids Res. 42, D780-D788.

Steffensen, S., Coelho, P. A,, Cobbe, N., Vass, S., Costa, M., Hassan, B.,
Prokopenko, S. N., Bellen, H., Heck, M. M. and Sunkel, C. E. (2001). A role
for Drosophila SMC4 in the resolution of sister chromatids in mitosis. Curr. Biol.
11, 295-307.

Sutani, T., Yuasa, T., Tomonaga, T., Dohmae, N., Takio, K. and Yanagida, M. (1999).
Fission yeast condensin complex: essential roles of non-SMC subunits for
condensation and Cdc2 phosphorylation of Cut3/SMC4. Genes Dev. 13, 2271-2283.

Uemura, T., Ohkura, H., Adachi, Y., Morino, K., Shiozaki, K. and Yanagida, M.
(1987). DNA topoisomerase |l is required for condensation and separation of
mitotic chromosomes in S. pombe. Cell 50, 917-925.

Vagnarelli, P. (2013). Chromatin reorganization through mitosis. Adv. Protein
Chem. Struct. Biol. 90, 179-224.

Vagnarelli, P., Hudson, D. F,, Ribeiro, S. A., Trinkle-Mulcahy, L., Spence, J. M.,
Lai, F., Farr, C. J., Lamond, A. |. and Earnshaw, W. C. (2006). Condensin and
Repo-Man-PP1 co-operate in the regulation of chromosome architecture during
mitosis. Nat. Cell Biol. 8, 1133-1142.

Wang, F. and Higgins, J. M. G. (2013). Histone modifications and mitosis:
countermarks, landmarks, and bookmarks. Trends Cell Biol. 23, 175-
184.

Yokoyama, H., Nakos, K., Santarella-Mellwig, R., Rybina, S., Krijgsveld, J.,
Koffa, M. D. and Mattaj, I. W. (2013). CHD4 is a RanGTP-dependent MAP that
stabilizes microtubules and regulates bipolar spindle formation. Curr. Biol. 23,
2443-2451.

Zheng, R., Ghirlando, R., Lee, M. S., Mizuuchi, K., Krause, M. and Craigie, R.
(2000). Barrier-to-autointegration factor (BAF) bridges DNA in a discrete,
higher-order nucleoprotein complex. Proc. Natl. Acad. Sci. USA 97, 8997-
9002.

575

()
(&}
c
2
O
(7))
o
(@)
Y—
o
©
c
—
>
(©]
-


http://dx.doi.org/10.1242/jcs.013730
http://dx.doi.org/10.1242/jcs.013730
http://dx.doi.org/10.1242/jcs.013730
http://dx.doi.org/10.1242/jcs.013730
http://dx.doi.org/10.1093/nar/gkt1092
http://dx.doi.org/10.1093/nar/gkt1092
http://dx.doi.org/10.1093/nar/gkt1092
http://dx.doi.org/10.1016/S0960-9822(01)00096-3
http://dx.doi.org/10.1016/S0960-9822(01)00096-3
http://dx.doi.org/10.1016/S0960-9822(01)00096-3
http://dx.doi.org/10.1016/S0960-9822(01)00096-3
http://dx.doi.org/10.1101/gad.13.17.2271
http://dx.doi.org/10.1101/gad.13.17.2271
http://dx.doi.org/10.1101/gad.13.17.2271
http://dx.doi.org/10.1016/0092-8674(87)90518-6
http://dx.doi.org/10.1016/0092-8674(87)90518-6
http://dx.doi.org/10.1016/0092-8674(87)90518-6
http://dx.doi.org/10.1016/B978-0-12-410523-2.00006-7
http://dx.doi.org/10.1016/B978-0-12-410523-2.00006-7
http://dx.doi.org/10.1038/ncb1475
http://dx.doi.org/10.1038/ncb1475
http://dx.doi.org/10.1038/ncb1475
http://dx.doi.org/10.1038/ncb1475
http://dx.doi.org/10.1016/j.tcb.2012.11.005
http://dx.doi.org/10.1016/j.tcb.2012.11.005
http://dx.doi.org/10.1016/j.tcb.2012.11.005
http://dx.doi.org/10.1016/j.cub.2013.09.062
http://dx.doi.org/10.1016/j.cub.2013.09.062
http://dx.doi.org/10.1016/j.cub.2013.09.062
http://dx.doi.org/10.1016/j.cub.2013.09.062
http://dx.doi.org/10.1073/pnas.150240197
http://dx.doi.org/10.1073/pnas.150240197
http://dx.doi.org/10.1073/pnas.150240197
http://dx.doi.org/10.1073/pnas.150240197

	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 12a
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 32
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50
	Ref 51
	Ref 52
	Ref 53
	Ref 54
	Ref 55
	Ref 56
	Ref 57
	Ref 58
	Ref 59
	Ref 60
	Ref 61
	Ref 62
	Ref 63


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Settings for the Rampage workflow.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


