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ABSTRACT

Meiosis is a specialized cellular division occurring in organisms capable of sexual reproduction that
leads to the formation of gametes containing half of the original chromosome number. During the
earliest stage of meiosis, prophase |, pairing of homologous chromosomes is achieved in
preparation for their proper distribution in the coming divisions. An important question is how do
homologous chromosomes find each other and establish pairing interactions. Early studies
demonstrated that chromosomes are dynamic in nature and move during this early stage of
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meiosis. More recently, there have been several studies across different models showing the
conserved nature and importance of this chromosome movement, as well as the key components
involved in chromosome movement. This review will cover these major findings and also introduce
unexamined areas of regulation in meiotic prophase | chromosome movement.

Chromosome movement is a key aspect of many bio-
logic processes. It is well-established that chromosome
movement plays an important role in chromosome
segregation (Reviewed in'). In addition, chromosomal
movement is important for basic cellular processes
such as transcription and DNA damage repair
(Reviewed in*?). Chromosome movement is also a
conserved feature of the meiotic program and is
required for the timely and/or successful completion
of all meiotic events. A common feature of this move-
ment is linking chromosomes to the cytoskeleton via
nuclear transmembrane protein complexes, where
movement forces are generated in the cytoplasm.
Here we will focus on this, one of the many forms of
chromosome movement: we will review how chromo-
some movement is generated and the way it affects
chromosome pairing and synapsis in meiosis.

Overview of meiosis

Meiosis involves 2 cell divisions, the first of which seg-
regates homologous chromosomes to opposite poles,
reducing ploidy by half. In most organisms, this segre-
gation requires crossovers, the exchange of DNA
sequences between homologous chromosomes, which
in turn, is dependent on stable associations of

homologs in meiotic prophase I (reviewed in*). In
early meiotic prophase I, chromosomes form pairing
interactions that bring chromosomes to close physical
associations. The processes of synapsis then stabilizes
these pairing interactions throughout the homolog
pair, and is mediated by the synaptonemal complex
(SC), a meiosis-specific protein complex. Absent or
misregulated assembly of the SC prevents the stabili-
zation of pairing interactions that are essential for
meiosis, leading to chromosome missegregation.

Meiotic prophase I is divided into 5 stages that are
defined by the behavior of chromosomes; early stages
(leptotene to zygotene) show low levels of chromo-
some pairing and initiation of SC assembly, while the
following stage (pachytene) is characterized by full
synapsis and stable pairing (Reviewed in*). In late
meiotic prophase I, the SC disassembles (diplotene)
and condensed bivalents with chiasmata (pairs of
homologs connected by crossover(s)) are visible in
diakinesis (these stages may be of short duration in
Recombination also proceeds
sequentially between these stages;* formation of mei-
otically induced DNA double strand breaks (DSBs) in
leptotene, their processing in zygotene, and their

some organisms).

repair during pachytene to form crossovers. For all of
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these recombination events to proceed properly, pair-
ing promoted by chromosomal movement is neces-
sary. Although the process of meiotic recombination
is conserved among species, there are variations in the
recombination program (we will not discuss them
here). For the rest of this review, we will be discussing
what is known about meiotic prophase I chromosomal
movement in a variety of organisms as well as a recent
finding on how this chromosomal movement is

regulated.

Chromosome movement in meiotic prophase |

Meiotic prophase I chromosomes are frequently
described as having ongoing rapid prophase move-
ment (RPM), due to their observably rigorous move-
ment pattern. Analysis of chromosome movement
across organisms showed that chromosomes can
move in a coordinated manner and/or a solitary man-
ner (Fig. 1A). In the case of coordinated movement,
all chromosomes move in the same direction, which
can be detected with movement of the whole nuclear
envelope. Solitary movement is found when one or
few chromosomes move in one direction while the
others obtain a different trajectory.

The dynamic nature of meiotic prophase nuclei was
first noted ~50 y ago in a study performed in hamster
spermatogonia.” More recently, 2 studies in mice
examined these movements in a manner that allowed
for a more in depth analysis.>” These studies showed
that mouse chromosomes are extremely dynamic and
exhibit both independent and coordinated movement
(the latter associated with nuclear rotation). Maize,
like mice, show both coordinated and solitary move-
ments of chromosomes,® and this is also true of
S. cerevisiae.”'® However, not all organisms show both
coordinated and solitary movements of chromosomes.
In Drosophila, the entire nuclear membrane and asso-
ciated chromosomes rotate as one unit;'' coordinated
chromosome movement is also observed in S. pombe,
where nuclei and chromosomes move synchronously,
acquiring a characteristic horse-tail shape.'? In C. ele-
gans, movement is not coordinated and each chromo-
some cluster (conglomerate of chromosomes) shows a
distinct trajectory of movement.'>'* Chromosome
movements were also detected in other non-model
organisms; for example, one of the first studies to
show quantitative analysis of meiotic chromosome
movement was done in house crickets, in which

chromosome movements near the nuclear envelope
were reported.'”

Chromosome movement is more common in early
meiotic prophase in mice, plants, and worms, com-
pared with yeast. Studies in rat and mouse spermato-
cytes, and in maize,
oscillations occur from late leptotene to early pachy-
tene with peak movement in zygotene.**'® In C. ele-

indicate that chromosome

gans, similar movement is found in the leptotene/
zygotene stage and is greatly reduced in pachy-
tene.'>'* In terms of movement duration, Drosophila
and yeasts represent 2 extremes. In Drosophila, move-
ment is restricted to nuclei at the last mitotic division
before meiotic entry (the 8-cell cyst)."' Whereas the
most extended relative period of movement is found
in S. pombe and S. cerevisiae where chromosomes
move vigorously throughout all or most of meiotic
prophase I, respectively.”'*'?

Chromosome movement velocity in meiotic pro-
phase I is higher than what is found in pre-meiotic or
mitotic cells. The average velocity of chromosomes
varies widely between species (~80-500 nm/sec) and
occasionally different velocities have been reported in
separate studies of the same organism. Moreover,
some chromosomes show RPMs that double or even
quadruple the average velocity (for methods of detec-
tion see Table 1). In S. pombe, overall chromosome
movement is relatively slow (83nm/sec).'"'* Measure-
ment of movement rates in mouse zygotene estimate
an average of 109-120nm/sec®, which is comparable
to C. elegans (average 125nm/sec).'* Movement
velocity of S. cerevisiae meiotic chromosomes varies
between studies, from lower estimates (average 208-
272 nm/sec) to higher values (average 300-500nm/
sec).”'®!” Similar velocities are also reported for maize
(average 400nm/sec)® and Drosophila (300nm/sec'’
and H.J.R personal communication).

Overall, patterns of movements vary between
organisms, some with rapid (maize) or slower (mouse
and C. elegans) movement velocities for a restricted
duration, while others demonstrate high (S. cerevisiae)
or low (S. pombe) velocities for most of prophase I.
An interesting question that remains, is why the veloc-
ities, duration, and overall movement pathways differ
from organism to organism. The pattern of movement
could be an outcome of the number and size of chro-
mosomes relative to the available forces to move them
(i.e., dynein molecules, see below). It could also be
that a different system of chromosome movement
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Figure 1. Chromosome Movement Patterns and Protein Components of Chromosome Movement. (A) Examples of the different chromo-
somal movement patterns and with which organism each is associated. Red circles: LINC complex; Yellow arrows: possible directions of
chromosome movement. (B) Six different model organisms with their meiotic LINC complexes and associated- structural/regulatory pro-
tein components described in the text. Blue tubes: microtubules; Red tubes: actin; Black lines: nuclear envelope; Purple boxes: KASH pro-
teins; Green boxes: SUN proteins; Brown boxes: structural-associated proteins; Yellow triangles: regulation-associated proteins.

regulation is in place in different organisms (regula-
tion reviewed below).

Telomere clustering in meiotic prophase |

In most organisms, chromosome ends (telomeres or
telomere-proximal regions) are connected to the
nuclear envelope. Meiotic prophase I involves a phase
in which the ends of chromosomes cluster at the
nuclear envelope: chromosomes ends are more fre-
quently found close together rather than apart. In
mammals, plants, and budding yeast, this clustering is
tight and pronounced. In these organisms, the

clustered configuration is defined as a bouquet. In
mouse and humans, bouquet formation is correlated
with the initiation of synapsis (between leptotene and
zygotene) and is relatively short: ~0.1% of the time in
prophase I (15 min of the 11 d in prophase I).'®
Transient bouquet formation is also found in S. cerevi-
siae (~30 sec/4 hours = ~0.1%), in which bouquet
structures form and fall apart repeatedly in early pro-
phase I°. In maize, the bouquet is formed at the end of
leptotene and persists longer, throughout zygotene."
C. elegans chromosomes that enter meiosis cluster to
one side of the nucleus, but do not form a bouquet, as
only a single chromosome end is attached to the
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Table 1. Meiotic chromosome movement by species.

Movement Type of Average Mode of
by Movement Timing Velocity detection
S. pombe Microtubules® Coordinated (horse-tail) > Throughout prophase | '®'2  ~83 nm/sec'”  Leading edge of the stained DNA by
Hoechst 33342 staining'?
S. cerevisiae  Actin *'° Solitary and coordinated Throughout prophase | '%'2  200-500 nm/ Rap1-GFP°
>87 sec>'” ZIP1:GFP '°
Maize Microtubules and  Solitary and coordinated ®  Leptotene-zygotene transition ~400 nm/sec® Heterochromatin knobs or chromosome
actin® and zygotene %816 ends by DAPI staining®
C. elegans Microtubules® Solitary'>™ Leptotene-zygotene'>'* 125-400 nm/ ZYG-12:GFP™®
sec'>™* SUN-1:GFP™
Drosophila ~ Microtubules' Coordinated (nuclear Pre-meiotic (8- cell cyst)"’ 300 nm/sec’” CID-RFP"
rotations) "'
Mouse Microtubules®**”  Solitary and coordinated Leptotene-zygotene®®'® 109-120 nm/ Pericentric heterochromatin by Hoechst
(nuclear rotations)>®” sec® 33342 staining® and " TRF1’

nuclear envelope.20 Moreover, although several
chromosomal ends may be found in close proxim-
ity, they do not all coalesce.'* Clusters of telomeres
can be formed that contain a subset of chromo-
somes. The clustered arrangement of chromosomes
in C. elegans is maintained for a relatively long
time, throughout leptotene and zygotene (7 hours/
~3 d = ~10%). Drosophila and S. pombe show 2
extremes of clustering behaviors; in S. pombe, telo-
mere clustering is maintained throughout prophase
1'%, while in Drosophila, telomeres do not attach to
the nuclear envelope.”' It has been proposed that
centromere clustering can replace telomere cluster-
ing/bouquet formation in Drosophila.’>*> Together,
these studies indicate that although clustering is an
early-prophase phenomenon correlating with the
establishment of pairing interactions, it exhibits a
variable duration.

Clustering/bouquet formation is found in stages
during which chromosomes move, suggesting that
movement is required for clustering. In S. pombe
and C. elegans, chromosomes move with the highest
velocities when they are clustered.'*”'* However, the
bouquet stage is not necessarily the stage with the
highest velocity in all organisms; in mouse, telo-
meres that cluster move less compared with stages
preceding or following bouquet formation,” and in
S. cerevisiae, chromosomes move faster after bou-
quet formation.” Bouquet formation was shown to
be dependent on chromosome movement in S.
pombe** and in S. cerevisiae.”'® Telomere clustering
can occur only if telomeres are recruited to the
nuclear envelope, as preventing telomere attach-
ment to the nuclear envelope in S. pombe, S.

cerevisiae, and mice leads to defects in telomeric
clustering.>* However, little is known about the
mechanisms of forming and resolving chromosome
clustering once chromosomes are attached. These
mechanisms may involve post-translational modifi-
cation of proteins connecting chromosomes to the
nuclear membrane (see below). In C. elegans, the
kinases PLK-2 and CHK-2 are required for the clus-
tering of chromosomes at early prophase 1.°%*'
Studies in S. cerevisiae showed that resolution of
sister-chromatid ~ cohesion.’
Interestingly, in mice, the complex that recruits

clustering requires
chromosomes to the nuclear membrane also binds a
sister-chromatid cohesion protein.*

Although telomere clustering is not conserved
across model organisms in meiosis, chromosome clus-
tering is conserved. It is reasonable to hypothesize
that the purpose of this clustering is to promote pair-
ing interactions. The driving force behind chromo-
some movement and
(cytoskeletal anchoring and movement forces, as will

clustering are similar
be discussed below). However, clustering requires
either coordinated movement of chromosomes toward
each other and/or a mechanism that ensures that
chromosomes that encountered each other will remain
in close proximity. The precise nature of these regulat-
ing mechanisms is still unclear.

Linking chromosomes to the cytoskeleton

The ubiquitous LINC (Linker of Nucleoskeleton and
Cytoskeleton) complex plays an important and con-
served role in connecting chromosomes to the cyto-
skeleton. The LINC complex is composed of 2 classes



of proteins: Sad1p/Unc84 (SUN) and Klarsicht/Ancl/
Synel homology (KASH) domain proteins (for mei-
otic LINC see Figure 1A). The SUN domain proteins
span the inner nuclear envelope, interacting with pro-
teins that recruit chromosomes to the LINC complex.
The KASH domain proteins are embedded in the
outer nuclear envelope and interact with the cytoskel-
eton of meiotic cells. SUN domain proteins homotri-
merize and interact with 3 subunits of KASH domain
proteins in the perinuclear space.’** LINC complexes
can interact with each other to form macro-complexes
(observed as “patches”), however, the mechanism for
such interaction is still unclear and may involve a vari-
ety of interaction surfaces [reviewed in”].

Perturbing the function of the LINC complex leads
to defects in chromosome movement and clustering.
Deletion of the S. pombe SUN domain protein, Sadl,
prevents formation of a functional spindle, and
removal of the KASH domain protein Ksm1 leads to
elimination of telomere-led chromosome movement,
as well as telomere clustering.”®” In mice, the LINC
complex is composed of SUN1 and the meiotic spe-
cific KASH5.%*7° SUN2, another SUN domain pro-
tein, is able to partially substitute for SUN1s function
in mouse Sunl null mutants.*’ As expected, telomere
movement is eliminated in Kash5 mutants and
severely impaired in Sunl mutant mice.® A central
role for the LINC complex in meiotic chromosome
movement is also present in C. elegans where chromo-
some movement is eliminated in sun-1 mutants.'* In
Drosophila, KASH/Klar and SUN/koi mutants reduce
nuclear oscillations."' It is not yet clear how deletion
of maize LINC complex affects movement, but Arabi-
dopsis Sunl and Sun2 double mutants have reduced
bouquet formation.*’ S. cerevisiae SUN/Mps3 mutants
also reduce chromosome movement and bouquet for-
mation;*' no KASH domain protein has been yet iden-
tified in this system. The conserved role of the LINC
complex in chromosome movements is attributed to
linking chromosomes to the cytoskeleton. However, it
is possible that the LINC complex also plays a direct
role in microtubule dynamics, such as organizing
microtubules, as was proposed by studies in
S. pombe.** Furthermore, meiotic LINC complex pro-
teins are not always meiosis-specific and can have
additional functions during meiosis (e.g., DNA dam-
age repair®®). Therefore, elucidating the functions of
the LINC complex, and its many components, will
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give us a better understanding of not only how the
LINC complex affects different parts of the cell at dif-
ferent stages of the cell cycle, but also how these differ-
ent functions may overlap and affect each other.

The role of the cytoskeleton in chromosome
movements

Chromosome movements in meiotic prophase I are
driven by the cytoskeleton that is connected to chro-
mosomes through the LINC complex (Table 1).
Microtubules are necessary for meiotic chromosome
movement in animals and in S. pombe. Inhibition of
microtubule polymerization in zygotene of rat sper-
matocytes prevents chromosome movements.** Simi-
lar experiments in mouse highlighted the importance
of microtubules and indicated that actin plays no role
in meiotic chromosome movements.*”** The 2 very
distinct types of chromosome movement; the horse-
tail meiotic chromosome movement in S. pombe,*>*®
and the nuclear/chromosomal rotations in Drosophila,
are also dependent upon microtubules.’ In C. elegans,
inhibition of microtubule polymerization or dynein,
but not actin, lead to arrest in chromosome move-
ments.*” Despite the predominance of microtubule-
dependent mechanisms, actin can play an important
role in chromosome movements in some organisms;
inhibiting actin polymerization reduces or eliminates
chromosome movement in S. cerevisiae,”'® and both
microtubules and actin are required for movements in
maize.® All of these studies indicate that both coordi-
nated and solitary chromosome movements utilize the
cytoskeleton and can use either the actin and/or the

microtubule network.

Microtubule organization in mitotic cells is orches-
trated by the centrosome, which acts as the microtu-
bule organizing center (MTOC), from which astral
microtubules emanate. In yeast, the equivalent struc-
ture to the centrosomal MTOC is the Spindle Pole
Body (SPB). In S. pombe, meiotic chromosome move-
ment is driven by astral microtubules emanating from
the SPB and anchored at the cell membrane, generat-
ing a pulling force.*>**>° Drosophila meiotic microtu-
bules nucleate mainly from an ER structure (fusome),
but also from the nuclear envelope and the centro-
some.'" Microtubule nucleation events are driven by
yTubulin, which localizes to the centrosome/SPB in
mitotic cells and therefore is used as a marker for
MTOC. stable

In mouse, pTubulin maintains
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localization and is not dynamic as found for the lead-
ing edges of chromosome movements.” Studies in C.
elegans and mouse agree that yTubulin can be found
close to the nuclear envelope but is not present at all
sites of microtubule-nuclear envelope associations.**'
Altogether, this suggests that chromosome movement
in animals is not coordinated by pulling or pushing
forces (microtubule polymerization) but by a “walk-
ing” mechanism. In agreement, dynein inhibition has
similar effects on chromosome movement as microtu-
bule depolymerization.”*” Additional evidence for this
mechanism comes from studies in mouse where sev-
eral chromosomes can move on the same path, and
chromosomes can move in a back and forth manner.°
This movement is not passive, as studies in C. elegans
have shown it to be an energy-dependent mecha-
nism.>> Thus, in metazoans, the cytoskeletal network
forms paths on which chromosome movement is
actively directed. How the meiotic cytoskeleton is reg-
ulated to ensure these specialized functions is still an
open question.

Mechanisms connecting the LINC complex to
chromosomes

The proteins connecting the LINC complex to chro-
mosomes are highly divergent (Fig. 1B). The common
feature is that the site of connection is near or at the
termini of chromosomes. The typical site of connec-
tion is the telomeric repeats, but in C. elegans chromo-
somal binding sites contain repetitive sequences on
one or 2 chromosomes, termed pairing centers.”
These pairing centers are found in proximity to telo-
meres, and therefore are functionally similar to the
canonical telomeric attachment.”

S. pombe telomeres are bound by the protein Rapl,
which interacts with the meiosis-specific proteins
Tazl, Bqtl, and Bqt2.”* Bqt1 serves as a bridge between
Bqt2-Tazl and the LINC complex.”* In S. cerevisiae,
SUN/Mps3 interacts with Ndj1, a telomere-associated
protein, which is required for Mps3 localization to telo-
meres.”” In mice, the manner by which telomeres are
recruited to LINC changes throughout prophase. In
early prophase I, TERBI1 links SUN1 and the telomere
binding protein TRF1,>>*° while in mid-prophase I,
the TERB2-MAJIN complex binds to telomeres via
DNA binding domains found in MAJIN, making
TRF1-TERBI binding dispensable.”” The C. elegans
pairing-center binding proteins (ZIM-1/2/3 and

HIM-8) associate with the nuclear envelope, and
absence of these proteins results in an extended period
of chromosome polarization.”® It is not yet clear if pair-
ing center proteins bind to SUN-1 directly or not. As
expected, proteins that are involved in connecting telo-
meres to the LINC complex were shown to be required
for telomere clustering and/or chromosome move-
ments in S. pombe,”* S. cerevisiae,”® and mice.**

LINC complexes localize to the nuclear envelope in
both meiotic and mitotic cells. In most organisms,
localization of LINC complexes in mitotic cells is uni-
form, whereas meiotic LINC localization is restricted.
In mouse meiosis, Sunl and Sun2 form foci at the
nuclear envelope, throughout meiotic prophase I,
which move to one side of the nucleus in zygotene.”
Kash5 also forms foci and localizes next to telomeres
in a ring-like structure.’ Similarly, C. elegans SUN-1
and KASH/ZYG-12 co-localize with markers of chro-
mosome ends, but these LINC proteins form patches
and can therefore accommodate more than one chro-
mosome end.’” Maize Sun2 localization in zygotene is
diffuse, but concentrated to one half of the nuclear
envelope, close to where telomeres are localized.®! In
S. cerevisiae, LINC behaves differently; mitotic Sun/
Mps3 forms a single focus, while its meiotic localiza-
tion is extended to form patches.” The localization of
the LINC complex has yet to be examined in Drosoph-
ila meiotic nuclei. Overall, meiotic localization of
LINC forms a pattern by which localization is
restricted at only a few sites to the nuclear envelope,
in agreement with it interacting only with chromo-
somal ends.

The connection between LINC and chromosomes
may be assisted by other proteins that stabilize the
complex at the nuclear membrane. In mice, TERB2-
MAJIN are important for TERBI recruitment to
LINC.” Interestingly, MAJIN has a trans-membrane
domain (in addition to its DNA binding domain) that
may help in stabilizing the LINC-TERB1 complex at
the nuclear membrane.”” Similarly, S. pombe Bqt3 and
Bqt4 connects telomeres to the nuclear envelope,
where Bqt4 interacts with the telomeric binding pro-
tein Rap1.°> This complex may cooperate with LINC
in meiotic attachment of telomeres to the nuclear
envelope. The absence of the meiotic KASH domain
protein in S. cerevisiae, led to the speculation that the
trans-membrane protein, Csm4, could serve a similar
function. However, Csm4 physically interacts with
Ndj1, which puts Csm4 on the nuclear side of the



membrane and therefore it is likely to act as a LINC-
accessory protein, similarly to Bqt3 or MAJIN.®>** In
C. elegans, the Caenorhabditis-specific protein HAL-2
regulates the recruitment of the autosomal pairing
center proteins to the nuclear envelope.’*°’

LINC also can be affected by post-translational
modifications. In C. elegans, PLK-2, a polo kinase, and
the kinase CHK-2 are both required for SUN-1 phos-
phorylation on $12.°>?"%® This phosphorylation acts
as a signal for telomere clustering in C. elegans and
may be part of a surveillance mechanism for meiotic
progression; once DNA damage repair reaches a cer-
tain point of progression SUN-1 aggregates are dis-
solved and chromosome movement relaxes.®” Another
kinase, CDK, may be responsible for LINC regulation
in mice by targeting TERB1,”” and Cdk2 may regulate
its interaction with SUN1.°® SpeedyA, a noncanonical
activator of CDKs, was shown to be important for
Cdk2 localization to telomeres in mouse spermato-
cytes, suggesting a telomeric pre-complex of SpeedyA
and Cdk2.°®*®” Despite the advances in understanding
the regulation of the LINC complex by post-transla-
tional modifications in mouse and C. elegans, further
elucidation of signaling pathways await discovery in
other organisms.

The role of chromosomal movements in meiotic
prophase |

Meiotic chromosome movements are required for
pairing and synapsis, which consequently, is required
for the formation of all obligatory crossover events.
How much each organism depends upon chromo-
some movements to achieve these events varies. Syn-
apsis defects in LINC mutants range from the inability
to processively load SC proteins to aggregation of SC
in a structure termed the polycomplex. The most dras-
tic effect of depleting the LINC complex in meiosis is
revealed in mice, where a Sunl knockout leads to
pachytene arrest and massive apoptosis.”® In these
LINC complex mutants, chromosomes fail to
completely synapse and are unable to complete
recombination. Meiosis in other organisms still pro-
gresses in the absence of the LINC complex, but may
be severely impaired. The double mutant of Sunl and
Sun2 in Arabidopsis shows partial synapsis, reduced
pairing, and severe reduction in crossovers that leads
to elimination of almost all seed production.*” In C.
elegans, dynein inhibition leads to delayed pairing and
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polycomplex formation, and knock down of all pairing
center proteins leads to failure to form crossovers as
well.***” Elimination of telomere-led chromosome
movement in S. pombe results in a large reduction in
pairing, recombination frequency, and spore viability
(~70% dead).’® The role of chromosome movements
in S. cerevisiae may be limited: meiotic events, such as
recombination, are delayed but not severely impaired
when chromosome movements halt, leading to a mod-
est reduction in spore viability (~10%). While the
effect on SC polymerization is notable, leading to
polycomplex formation, the effect on crossover forma-
tion is mild or undetectable in S. cerevisiae.””*">>7° It
is not surprising that Drosophila meiosis, which shows
chromosome movements just before meiotic entry,
has a limited dependence upon chromosome move-
ments: Drosophila LINC mutants show only a delay in
pairing, accompanied by some polycomplex forma-
tion."" The role of chromosome movements in cross-
over formation has not yet been examined in
Drosophila. Chromosome movement’s effect on cross-
overs is likely limited to its governance of chromo-
some pairing which then controls proper
recombination progression. Why some organisms rely
less on pairing facilitated by chromosome movement
to complete recombination is still unclear, but, specu-
latively, this may be due to more robust DNA repair.

Why is chromosome movement essential for
pairing and synapsis?

Chromosome pairing and synapsis appear to be the
most direct targets of meiotic chromosome move-
ments. One straight-forward explanation for this
requirement is that chromosomes need to be brought
in close proximity to pair and allow for the stabiliza-
tion of such interactions by the processive assembly of
the SC. This explains why chromosomes are not only
linked to the nuclear envelope but also brought
together forming a cluster/bouquet in early prophase
L. Another function of chromosome movement is to
perturb interactions between non-homologous chro-
mosomes that may lead to non-homologous synapsis.
Clear evidence for this comes from studies in C. ele-
gans in which attenuation, but not abolishment, of
chromosome movements leads to non-homologous
synapsis.””*® Defects in chromosome movements
results in an increase of ectopic, non-allelic, recombi-
nation in S. pombe.”! This was further corroborated
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by a study in S. pombe showing that when oscillations
are inhibited by microtubule depolymerization for a
short amount of time, non-homologous pairing inter-
actions are stabilized.”” Lastly, when synapsis proceeds
from more than one site on a chromosome, interlocks
can be formed. Interlocks are 2 pairs (or more) of syn-
apsing chromosomes that are entangled when one
chromosome is locked between 2 other synapsing
chromosomes. Such interlocks can be observed in Sun
mutants in Arabidopsis.** Chromosome movement
helps to “shake off” these entanglements and release
the interlocked
proper synapsis. Despite the prevalence of this model
in the literature, little direct evidence supports inter-
lock formation in mutants with bona fide defects in
movements. It could be that interlock resolution by
chromosome movements is essential only for organ-

chromosomes and thus facilitate

isms with fairly long chromosomes.

The absence of chromosome movements, in the
presence of SC proteins, frequently leads to polycom-
plex formation [in S. cerevisiae, Drosophila, and C. ele-
gans’®>*®¥]. In C. elegans, if movement of one
chromosome is perturbed, SC components will form a
functional SC only on the other moving chromosomes
and no polycomplex will be formed.”® This indicates
that quiescent chromosomes are not preferred sites of
SC assembly, but in the absence of an alternative, they
can nucleate multi-directional SC assembly (polycom-
plex), as opposed to linear assembly (SC). Others have
proposed that the chromosome movements leads to
stretching of chromosomes which may be a prerequi-
site for linear SC assembly.13 Thus, chromosome
movement directly affects pairing and SC assembly,
and loss of movement allows for proper and improper
interactions to form; movement helps stabilize the
proper interactions during this process.

Can there be too much movement?

Chromosome movements do not occur continuously
in meiosis, chromosomes move in one direction, stop
and then resume or change direction. Live-imaging
studies of chromosome movements record frequent
directional changes [mouse,’ maize,® S. cerevisiae,”"’
and C. elegans'>"]

changes and directional movements were shown to be

. In some organisms, directional

interrupted with long pauses.’ It is possible that
pauses reflect the time required to switch LINC-
dynein to a new microtubule filament (i.e., the time

required to establish new interactions between KASH
domain proteins to a microtubule via dynein). How-
ever, it is also possible that these pauses can serve as a
point of regulation. It is reasonable to suggest that
once pairing is initiated by bringing 2 homologous
chromosomes together, movement needs to be attenu-
ated to allow processive and uninterrupted synapsis.
Our studies suggest that such negative regulation of
chromosome movement is a prerequisite for timely
pairing and synapsis.”> FKBP52, an HSP90 co-chaper-
one, was shown to depolymerize microtubules in vitro
and interacts with microtubules in mitotic rat cell cul-
ture.”* We have shown that the FKBP52 homolog in
C. elegans, fkb-6, is essential for timely pairing and
synapsis, and fkb-6 mutants have a similar phenotype
to mutants of dynein or KASH/zyg-12.* However,
while dynein and KASH/zyg-12 mutants reduce chro-
mosome movements, fkb-6 mutants make it more fre-
quent. As expected, KASH/zyg-12 mutants antagonize
fkb-6 function in epistasis experiments. This study
suggests that negative regulation of chromosome
movement is also key to proper chromosome pairing
and that the resting phase of chromosome movement
may be an important hub for regulation. Whether reg-
ulation of chromosome movement is active in other
organisms remains to be explored, as well as what
other cell processes may be involved with its
regulation.

Concluding remarks

Seventy years of research on meiotic chromosome
movement has led to a detailed analysis of these
movements, establishing their necessity for proper
pairing, synapsis, and therefore, the downstream
events that are required for proper chromosome
segregation in meiosis. These studies have also
identified the key proteins involved in chromosome
movement and show that the LINC complex is a
key component for this movement. Despite this
significant progress, many gaps of knowledge still
remain. We know little about the mechanisms that
fine-tune chromosome movement. Since chromo-
some movement, in terms of speed and directional-
ity, varies during meiotic prophase I it is important
to identify the mechanisms that regulate such
movement. One important aspect of that will be to
fully identify the modes of negative regulation, a
poorly studied aspect of chromosome movement.



Regulated chromosome movement prevents the SC
from aggregating to form polycomplexes. It is still
not clear what it is about chromosome movement
that actively blocks aberrant SC polymerization.
Moreover, it is still not clear what signals for bou-
quet formation and dissolution once chromosomes
are attached to the LINC complex. Studies in mice
and S. pombe have begun to shed light on the com-
plexity of the mechanisms for anchoring telomeres
to the nuclear envelope. The roles of other protein
complexes, besides LINC, in connecting the chro-
mosomes to the nuclear envelope in other organ-
isms should also be addressed. Lastly, intra-nuclear
forces, such as ones mediated by nuclear actin,
may also be involved in some cases of chromo-
somal movement in the nucleus, which awaits
exploration. These questions, and others, allow for
the continuing research of this key process in
meiosis.
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