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Several membrane trafficking pro-
teins have been shown to participate
in spindle assembly and stability during
mitosis. Despite the role of some of them
has been clarified, the requirement for
these molecules in mitosis is still poorly
understood.

Recently, we and others? found that a key
player in endocytosis, the small GTPase
Rab5, controls the alignment of chro-
mosomes on the metaphase plate both in
mammalian cells and in the Drosophila
model organism. Although the underlying
mechanisms appear to be distinct, deple-
tion of Rab5 affects progression through
mitosis and the correct execution of
chromosome segregation in the daughter
cells in both systems, indicating that this
function of Rab5 is conserved through
evolution.

After outlining the common require-
ments for Rab5 in metazoans mitosis, I will
comment on the involvement of Rab5 in
spindle stability and in the localization of
the centromere-associated protein CENP-F
to kinetochores of mammalian cells.

A Common Requirement for Rab5
at the Onset of Mitosis

Rab5 is a member of the Rab family of
small GTPases that controls the homeo-
stasis of the endosomal compartment
and the early steps of endocytosis of a
large variety of receptors either cargoes
or ligand-engaged. By recruiting down-
stream effectors, active-Rab5 regulates
docking and fusion of early endosomes
as well as their movement on microtu-
bules.’” Work from Karen Oegema’s
laboratory demonstrated that Rab5 is also
required for structuring the endoplasmic
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reticulum (ER) in Caenorabditis elegans.®
The ER is a continuous network of tubules
and sheets that includes the outer nuclear
membrane. At mitosis, the ER clusters and
during nuclear envelope breakdown some
nuclear membrane proteins redistribute
into the membrane system of the ER. In
Caenorabditis elegans embryos, functional
ablation of Rab5 alters mitotic ER clus-
tering and inhibits nuclear envelope dis-
assembly resulting in retention of B-type
lamin at the nuclear membrane.® During
the first mitotic prophase of nematode
embryos, the oocyte and sperm pronuclei
migrate toward each other coincident with
chromosome condensation. The pronu-
clear envelopes undergo a scission event
in close proximity to the aligned chro-
mosome and are cleared from the region
between the chromosomes allowing the
chromosomes to mix and form a single
nucleus after segregation.” In embryos
depleted of Rab5 this scission event does
not occur and oocyte- and sperm-derived
chromosomes remain separate during their
segregation on the spindle finally resulting
in the formation of daughter cells with
two nuclei each in which mixing of the
genome failed.® In the proposed model,
Rab5 on endosomes might interact with
effectors on the ER membrane “in trans”
to promote their homotypic fusion. Rab5-
depletion, by disrupting the morphology
of the ER, might affect the diffusion of
nuclear envelope components to the ER
at the onset of mitosis thus inhibiting the
nuclear envelope disassembly. Of note, the
afore mentioned study shows that over-
expression of a Rab5 constitutive-active
mutant increases the number and size of
mitotic ER clusters also in HeLa cells sug-
gesting a role of Rab5 in nuclear envelope
disassembly in mammals.?
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Figure 1. Functional ablation of Rab5 impairs chromosome alignment on the metaphase plate. U20S cells were silenced with control oligos (CTR)

or with Rab5 oligos (Rab5-KD) and treated with MG132 to block mitotic cells at metaphase. Pictures are Z-projections of confocal images of silenced
cells stained with anti-a-tubulin (red) and anti-Rab5A (green) antibodies and DAPI (gray). In control cell, all chromosomes are at the metaphase plate
instead, in Rab5-KD cell chromosome congression is defective. Bar, in this and subsequent figures, is 10 pm.

Table 1. Rab5 is required for proper timing of nuclear envelope breakdown and lamina disassembly in metazoans

Organism
C. elegans
Drosophila

Homo sapiens

Nuclear envelope disassembly and release of nuclear membrane components

Yes
Yes

Yes

Polar transport  Kinetochore localization

Yes (Mud) -
- Yes (CENP-F)

In Drosophila, it controls transport of Mud to spindle poles, in mammalian cells it localizes CENP-F to kinetochores.

We confirmed that silencing of Rab5
retards the kinetics of nuclear envelope
breakdown and lamin B disassembly also
in mammalian cells. The delay in nuclear
envelope disassembly results in temporary
retention of mitotic proteins that localize
at the nuclear membrane such as the cen-
tromere-associated protein CENP-F. This
event is transient since the nuclear mem-
brane appears to dissolve completely in the
Rab5 RNAI cells that enter prometaphase.
In mitosis, Rab5-silencing impairs the
alignment of chromosomes on the meta-
phase plate (an example is provided in
Fig. 1) delaying progression through mito-
sis and causing defective chromosome seg-
regation in the daughter cells.

Rab5 participates to nuclear envelope
disassembly also in Drosophila melanogas-
ter. In this model organism, Rab5 associ-
ates with Lamin and Mud, the Drosophila
counterpart of mammalian NuMA. Mud,
a protein required for chromosome align-
ment, localizes to the nuclear envelope and
translocates to the spindle poles in pro-
phase and metaphase. In the Drosophila
cells depleted of Rab5 the nuclear envelope
does not disassemble properly at mitotic
entry, the dispersal of Lamin is affected
and Mud fails to accumulate at spindle
poles. Furthermore, chromosome congres-
sion and mitotic progression are defective
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in these cells suggesting that Rab5, by
contributing to disassembly of the nuclear
lamina, allows the release and polar trans-
port of Mud that, in turn, controls chro-
mosome behavior during prometaphase.?

Notably, in the fruit fly, the nuclear
membrane never disassembles completely
but it fenestrates allowing spindle micro-
tubules access to chromosomes in what is
defined a “semi-open” mitosis."" Similarly,
also in Caenorabditis elegans nuclear enve-
lope breakdown occurs very late, com-
pared with vertebrates, fully disassembling
only during mid-late anaphase.'* Despite
these differences, the involvement of Rab5
in the regulation of nuclear envelope dis-
assembly and in the release of nuclear
envelope components seems to be a com-
mon requisite (Table 1). Importantly,
these studies point at a novel function for
Rab5 in alignment and proper segregation
of chromosomes.

Dynamic Localization
of Rab5 during Mitosis

In mammalian cells, early endosomes are
located beneath the plasma membrane. In
addition to this location, Rab5-positive
vesicles can also be detected around the
centrosome (Fig. 2A). At late G,/pro-
phase, they accumulate at duplicated
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centrosome and remain at spindle poles
until nuclear envelope breakdown com-
pletes and the cell enters prometaphase
(Fig. 2B). At this stage, while the bipolar
spindle assembles, the number of Rab5-
vesicles abruptly diminishes and, by meta-
phase, their clustering around poles is no
longer visible. During metaphase a pool of
Rab5-vesicles can be detected moving on
spindle microtubules (Fig. 2C). Vesicles’
clustering around centrosome finally
resumes at late telophase.

Even if the function and cargoes com-
position of these vesicles still need to be
addressed, an appealing hypothesis is that
they accumulate at spindle poles at the
onset of mitosis to subsequently re-distrib-
ute their cargo proteins along the spindle.

The
Drosophila is slightly different from what

behavior of Rab5-vesicles in
we observed in mammalian cells because,
in the fruit fly, Rab5-vesicles persist at
spindle poles at metaphase and through-
out the rest of mitosis.?

Rabb5 Participates
in Chromosome Congression
and in Kinetochore Function

The initial observations that Rab5-positive

vesicles move within the spindle in meta-
phase cells prompted us to investigate
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Figure 2. Rab5 localization around centrosome and in mitosis. (A) Confocal analysis of U20S cells untreated (CTR) or silenced with Rab5A specific RNAi
oligo (Rab5A-KD) stained with anti-Rab5A (green), anti-y-tubulin (red) antibodies and DAPI (blue). The centrosomal region (boxed) is magnified in the
insets. The magnification of the centrosomal region in control cell has been reconstructed with IMARIS 6.2 (Bitplane) and it is shown in the middle
part. (B) Confocal analysis of U20S cell at prophase stained with anti-a-tubulin (red) and anti-Rab5A (green) antibodies and DAPI (gray) showing
accumulation of Rab5 around spindle poles. (C) Selected frames from time-lapse movie of a mitotic U20S cell at metaphase expressing YFP-Rab5A
(green) and RFP-a-tubulin (red). A single z-section taken in the equatorial region of the cell is shown. Arrowheads point to moving vesicles (toward the
metaphase plate, left part, toward the pole, right part). A reference white bar, positioned in each part, indicates the point at which we started to track
the vesicle. Time is in sec. Rab5-positive vesicles on spindle microtubules are boxed in and magnified in the insets.

whether Rab5 might have a specific func-
tion in the early steps of cell division. We
found that RNAi-mediated simultaneous
depletion of the three human Rab5 iso-
forms impaired the alignment of chromo-
somes on the metaphase plate in U20S
cells (human osteosarcoma cell line). In
agreement with findings showing that
the function of the three Rab5 isoforms
in endocytosis is redundant,” silencing of
a single isoform did not result in macro-
scopic mitotic defects.

Interestingly, the function of Rab5
in chromosome congression does not
seem to be directly linked with endocy-
tosis because, as shown for the effects
of Rab5 depletion on ER morphology
in  Caenorabditis elegans,® perturbation
of endocytosis by other means does not
affect chromosome alignment.

Chromosome alignment depends on
the dynamic interaction of chromosomes
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and microtubules. In vertebrates, spe-
cialized chromosomal regions known as
centromeres assemble the kinetochore, a
large protein structure that mediates the
attachment of chromosomes to a subset
of spindle microtubules bundles called
kinetochore-fibers. Kinetochore-fibers
extend from the kinetochore to spindle
poles where they are anchored.

To allow the precise and synchronous
segregation of all chromosomes the cell
needs to position them at the equator
plane and wait, before driving the pole-
ward movement of sister chromatids to the
opposite poles, until every chromosome
has been attached. This monitoring is
achieved through a potentsignaling system
called the Spindle Assembly Checkpoint
that delays mitosis in presence of unat-
tached kinetochores. Kinetochores assem-
ble during early prophase and disassemble
by the end of mitosis with a timely ordered
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recruitment of various components.
Among the protein complexes that con-
stitute the kinetochore, HECI represents
a main attachment site of kinetochore-
fibers. Other molecules involved in sta-
ble microtubule capture at kinetochores
are the centromere-associated proteins
CENP-F and CENP-E (reviewed in refs.
14 and 15).

We noticed that, in Rab5-silenced
cells, the interkinetochore distance was
reduced compared with control cells
meaning that tension across kinetochores
that

are not stably attached to kinetochores

was defective. Kinetochore-fibers
depolymerize when cells are chilled at
4°C. Under these conditions, we observed
that in Rab5-silenced cells a subset of
unattached kinetochores or kinetochores
showing aberrant attachment were pres-
ent, similarly to what is reported for
cells depleted of CENP-E.!® This result
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indicates that Rab5 participates in the sta-
bility of kinetochore-fibers.

Analysis of kinetochore localization
of CENP-F and HECI revealed that the
amount of CENP-F, but not of HECI, at
kinetochores of Rab5-silenced prometa-
phase cells was severely reduced.

CENP-F is a protein of the nuclear
matrix that has no homologs in inverte-
brates. It is cell cycle-regulated, reaching
maximum levels at G,/M."” At the onset of
mitosis, it is recruited to the nuclear mem-
brane by a recently identified pathway
that depends on the nuclear pore com-
plex protein Nupl33." In early prophase,
CENP-F is also recruited to the maturing
kinetochores. When the nuclear envelope
disassembles, CENP-F is released into the
mitotic cytoplasm and part of it accu-
mulates at kinetochores during prometa-
phase. CENP-F remains at kinetochores
until anaphase when it is degraded.”

The modalities of transient CENP-F
recruitment to kinetochores are not com-
pletely understood. The kinase Bubl
is required for CENP-F localization to
itself
is reduced at kinetochores depleted of

kinetochores.’”?®* However, Bubl

CENP-F suggesting a complex regulation
of these two molecules.'® Our findings
show that Rab5 participates to CENP-F
accumulation at kinetochores after nuclear
envelope disassembly.

In mitosis, CENP-F contributes to
kinetochore assembly and to stable micro-
tubule capture at kinetochores. Silencing
of CENP-F affects chromosome align-
ment, delays anaphase onset and results

in chromosome 16,21-23

missegregation.
All these defects were recorded to com-
parable levels in the Rab5-silenced cells.
In addition, kinetochore localization of
the mitotic kinesin CENP-E, which is
recruited downstream of CENP-F, was
strongly reduced also in the Rab5-silenced
cells.

Even if additional molecules might
likely be involved in the Rab5-mediated
events that control spindle stability, the
results showing that Rab5 forms a tran-
sient complex with CENP-F at mitosis
and the lack of additive effects in cells
simultaneously depleted of Rab5 and
CENP-F argue that CENP-F is a relevant
biological target of Rab5 in chromosome
congression.
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How does Rab5 Participate
in Kinetochore Function?

The “canonical” function of Rab5 is to
regulate membrane dynamics, both at the
endosome and coated pit level. The data
showing that Rab5 is also necessary for
chromosome alignment and kinetochore
assembly pose the question of whether
this “non-canonical” function of Rab5
is related to (or coordinated with) mem-
brane dynamics or not. Active Rab5 is
required for endosome transport along
microtubules in interphase cells.* We
observed that some Rab5-positive vesicles
also move on spindle microtubules during
the early steps of mitosis. This might be
linked to ordered endosomal inheritance
in the forming daughter cells.”> However,
another appealing hypothesis is that Rab5
might traffic a pool of CENP-F on spin-
dle-associated vesicles releasing it in prox-
imity of kinetochores.

In support of this hypothesis we
observed that few native Rab5-CENDP-F
complexes could be detected adjacent
to kinetochores. Furthermore, efficient
targeting of CENP-F at kinetochores

2627 3 modi-

requires its farnesylation,
fication commonly related to protein
recruitment to membranes. The limited
number of Rab5/CENP-F complexes
scored might be explained with their
extremely dynamic spatial-temporal inter-
action. Of note, not all the kinetochores
reach the same level of maturation simul-
taneously and this might also account for
the observed limited number of Rab5 and
CENP-F foci, compatible with a function
of Rab5 in localizing a pool of CENP-F
to kinetochores during kinetochore matu-
ration. As reported in eatlier studies on
CENP-F localization,”?® only a subset of
CENP-F targets to kinetochores while the
rest of the protein remains in the mitotic
cytoplasm once the nuclear envelope dis-
assembles. Since a fraction of CENP-F
coimmunoprecipitates with Rab5 in mito-
sis this supports the possibility that Rab3,
by entering in a complex with CENP-F,
controls its transport to kinetochores
after the completion of nuclear envelope

disassembly.

While these hypotheses await experi-
mental  confirmation, they  attract
the attention toward a previously
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unrecognized profound level of intercon-
nection among basic cellular functions.

Future Perspectives

Another Rab protein, Rab6A, was pre-
viously found to participate in mitosis.?®
Rab6A" works in the retrograde Golgi
transport route.”” At mitosis, depletion
of Rab6A" arrests cells at metaphase with
aligned chromosomes. In these cells ten-
sion at kinetochores is unaffected sug-
gesting no obvious alterations in spindle
Rab6A'-silenced

cells cannot progress through anaphase

assembly.  However,
and display increased amount of Mad2
and p150¢d ac kinetochores. RabGA'
interacts with p150"d, a subunit of the
dynein-dynactin complex that is required
for transport of checkpoint proteins, such
as Mad2, off kinetochores at the meta-
phase/anaphase transition. Thus deple-
tion of Rab6A’ might affect the removal
of p150¢td from kinetochores thereby
preventing inactivation of the spindle

checkpoint and progression through
mitosis.*®
Despite the underlying molecular

mechanisms still need to be elucidated,
both Rab6A' and Rab5 appear to partici-
pate, at different mitotic steps and with
distinct modalities, to the localization of
molecules that transiently associate with
the outer kinetochore plate.

In a recent RNAI screening for novel
mitotic hits in mammalian cells, other Rab
family members have been identified.** In
this single-gene silencing approach, Rab5
is not listed among the potential mitotic
hits, consistently with our results show-
ing that simultaneous depletion of all the
three Rab5 isoforms is needed to affect
chromosome congression and to delay
mitosis. While silencing of some Rabs
(Rab37, Rab8a and Rab24) causes cell
binucleation, likely reflecting defects in
cytokinesis, a process known to rely on
vesicular membrane transport,® depletion
of some others (Rab7, Rab22a and Rab25)
causes mitotic arrest/delay.®® In this lat-
ter group is Rab22a, which belongs to an
evolutionary conserved Rab-subfamily
together with Rab5 and Rab2l 3 and
shares common effectors with Rab3, lead-
ing to the question of whether it might
also be involved in spindle stability.
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In light of these findings, it would

be interesting to investigate which is the
role of these other Rabs in mitosis and if
they might be required for localization of

mitotic proteins.
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