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Abstract

Prior to the cytokinesis, the cell-matrix interactions should be disrupted, and the mitotic cells round up. Prerequisite of
mitosis, the centrosomes duplicate, spindle fibers are generated and move away from each other to opposite sides of the cells
marking the cell poles. Later, an invagination in the plasma membrane is formed a few minutes after anaphase. This furrow
ingression is driven by a contractile actomyosin ring, whose assembly is regulated by RhoA GTPase. At the completion of
cytokinesis, the two daughter cells are still connected by a thin intercellular bridge, which is subjected to abscission, as the
terminal step of cytokinesis. Here, it is overviewed, how syndecan-4, a transmembrane, heparan sulfate proteoglycan, can
contribute to these processes in a phosphorylation-dependent manner.

Keywords Mitotic rounding - Small GTPases - Microtubules - Midbody - Polyploidy - Protein phosphorylation - Tiam1 -
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Syndecans belong to heparan sulfate
proteoglycans (HSPGs)

The syndecan family belongs to the type I transmembrane
proteoglycans, bearing 3—5 heparan sulfate (HS) and chon-
droitin sulfate chains on the core proteins. In vertebrates,
there are four members syndecan-1-4. The expression of
syndecan-1-3 is tissue specific, meanwhile that of synde-
can-4 is universal. Syndecan-1 is expressed mostly on epi-
thelial and plasma cells; syndecan-2 is characteristic for
endothelial cells and fibroblasts; syndecan-3 is found pre-
dominantly in the nervous system [8, 13]. They share similar
structure: an N-terminal ectodomain, a conserved short, one
span transmembrane domain (TM—25 amino acids) and a
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conserved approximately 30 amino acid length cytoplasmic
domain (CD) (Fig. 1). The divergent N-terminal extracellu-
lar domains (ectodomains) contain the glycosaminoglycan
(GAGQG) attachment sites for heparin sulfate (HS) near the
N-terminus and can be decorated with chondroitin sulfate at
the juxtamembrane region. The ectodomain of syndecan-4
comprises a cell-binding domain (CBD) mediating cell—cell,
cell-matrix attachment sites (Fig. 1) [42, 43]. Syndecan-4
incorporates into focal contacts and matured adhesions,
interacts with several focal adhesion components e.g. alpha-
actinin, paxillin and integrins [13, 16, 46, 49]. Syndecans are
engaged as co-receptors with integrins to regulate adhesion
to extracellular matrix (ECM), syndecan-4 cooperates with
B1-integrin to promote attachment to fibronectin, collagen
or laminin of ECM [5, 45, 49].

The phosphorylation of Ser179 in the C1 conserved
region of syndecan-4 CD (Fig. 1) is extensively studied,
and considered as a molecular switch in signal transduction
[33-35]. However, syndecan-4 is phosphorylated periodi-
cally during the cell cycle. Robust phosphorylation of syn-
decan-4 starts in the late G2 phase (from 3 h upon release of
hydroxyurea block) and reaches the peak between 6 and 9 h
and decreases to the basic level after 18 h [33].
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Fig. 1 Functional domains of syndecan-4 and their potential interac-
tions. The transmembrane and cytoplasmic domains of the core pro-
tein display high degree conservation across species. A schematic
view of the structure of syndecan-4 shows the different domains
(a), and the amino acid sequence of the conserved cytoplasmic

Failure in mitotic rounding and its
consequences thereof

Cell rounding prior to mitosis is the process, in which cells
change their shape to become spherical. Cell rounding
starts in the late G2 followed by chromosome condensa-
tion and nuclear envelope breakdown. The spherical shape
gives the basis of the correct mitotic spindle assembly pro-
viding an appropriate space, in which the condensed chro-
mosomes are captured by the spindles (Fig. 2). Due to the
incomplete detachment, the mitotic cells remain elongated;
failures are increased in spindle assembly, pole splitting,
and in mitotic progression. These errors can be rescued
by increasing lengths of microtubules that appears to be a
direct consequence of the limited reach of mitotic micro-
tubules [39]. The overexpression of non-phosphorylatable
Ser179Ala syndecan-4 frequently originates giant, multi-
nucleated cells [33]. Mitotic rounding provides an appro-
priate space, where the K-fibers can capture chromosomes
(Fig. 2). If the cells remain flat, well spread during mitosis,
there is a tendency to form multipolar spindles [17, 38]. In
the case of Ser179Ala syndecan-4, the periodic shedding
could not be detected and giant cells occur frequently. The
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domain (b). The potential interactions are indicated. ECM extracel-
lular matrix, PKC protein kinase C, TM transmembrane domain, C/
and C2 conserved regions, V the variable region of the cytoplasmic
domain

interactions between cells and the surrounding matrix or
adjacent cells can remain intact, the mitotic rounding is
not completed and the cells have tendency to stay flat, well
spread (Fig. 2). Appearance of the giant cells is a con-
sequence of the expression of the non-phosphorylatable
Ser179Ala syndecan-4, and the cells due to their size are
predestinated for mitotic failure such as polyploidy [33].

Failure in mitosis and cytokinesis may lead to missegre-
gation of chromosomes resulting in aneuploidy/euploidy/
polyploidy and most probably chromosomal instability that
is a challenge for cell viability. Polyploidization constitutes
early events in the development of many types of cancer
[55,59].

Mitotic cell rounding is accompanied
by changes in actin organization

The somatic cells keep tight contact with their environment,
the surrounding extracellular matrix (ECM). In contrast,
the proliferating cells, prior to mitosis, lose their adhesive
interactions with the ECM, change their morphology as
they round up; following cytokinesis, they reattach again
and spread (Fig. 2) [38, 40, 56].



Heparan sulfate proteoglycan (HSPG) can take part in cell division: inside and outside

867

© P-sDC4

, ,
1 1111 100 11—

ectodomain -
o T

spindle
midzone
sister chromatids

microtubules

>

~~
\ spindle
microtubules

T~ o

shed

T T T T T T
matrix/ cell

Fig.2 Localization of syndecan-4 in interphase cells and in divid-
ing cells during mitosis. a The cell surface syndecan-4 can connect
the cells to the surrounding matrix and/or neighbor cells through
the sulfonated sugar side chains and the cell-binding domain of the
extracellular segment of syndecan-4. b Prior to mitosis syndecan-4 is
periodically shed, i.e., the ectodomain is cleaved off, helping so the

This dramatic change in the shape of any animal cell is
the consequence of RhoA-dependent reorganization of the
actin cytoskeleton [39, 40]. In the interphase, cellular actin
forms a cortical meshwork, adherent actin belt, and stress
fibers that span the cytoplasm ending in focal adhesions.
Upon entry into mitosis, the stress fibers and the adherent
actin belts are reorganized to cortical meshwork. At the same
time, the adherent cells abrogate their adhesive interactions
with the ECM; the focal adhesions are disassembled (Fig. 2).
However, not all interactions are abolished; the mitotic cells
remain tethered to the substratum and the neighboring cells
with thin tubular strands called retraction fibers. These are
rich in actin filaments and contain ERM proteins. Phase-
dense nodules can be detected on the fibers, which move
inward the mitotic cell on the fiber [21, 33, 39, 44].

As the mitosis progresses at anaphase, the actin cytoskel-
eton is remodeled to a contractile actomyosin ring at the
equatorial cell cortex. Contraction of the actomyosin ring
generates furrow ingression. Remodeling the actin cytoskel-
eton and the contraction is driven mostly by RhoA activation
[6, 40]. However the detachment of cells is independent of
RhoA activity [40]. Importantly, syndecan-4 can mediate
cell—cell and cell-matrix interactions [42, 43]. Syndecan-4
undergoes a periodical shedding in G2 phases, loosing the
extracellular domain that serves as a connection to the sur-
roundings. Shedding reaches the peak in the late G2 phase
or in the beginning of M phase promoting, thus, the mitotic
rounding [33]. Shedding and syndecan-4 phosphorylation
take place in parallel. The phosphorylation of syndecan-4

I T T T T T

mitotic rounding. The phosphorylated shed remnants and phospho-
syndecan-4 are retrieved from the plasma membrane and co-localize
with the duplicated centrosomes, the mitotic spindles, and the K-fib-
ers. Later, it accumulates in the spindle midzone. Syndecan-4 can be
observed only with the mitotic machinery. It cannot be detected with
MTOC, or microtubules of interphase cells

promotes RhoA activation [34], which in turn manages the
rearrangement of the actin meshwork and the release of the
connection of the extracellular space.

Implication of syndecan-4 in mitosis

The centrosome replicates during the S phase of the cell
cycle. The two centrosomes remain together until the end
of G2. As mitosis is initiated, the two centrosomes migrate
to opposite poles of the cell serving as a nucleation template
for the bipolar mitotic spindles that form between the two
centrosomes. The chromosomes condense and a dynamic,
bipolar, microtubule-based mitotic spindle is assembled
forming antiparallel microtubule bundles or some couple to
the chromosomes on the kinetochores called K-fiber (kine-
tochor fiber). Captured chromosomes are then brought to
the spindle midzone to form a metaphase plate (Fig. 2) [53].
The central spindle is largely composed of antiparallel
non-kinetochore spindle microtubules (Fig. 2). The assembly
of the central spindle is a very important event, as it defines
the division plane and provides template for the midbody,
a targeting platform for abscission factors. At the central
spindle, the centralspindlin complex is assembled compris-
ing a kinesin-6 motor protein MKLP1, and a Rho GTPase-
activating protein (RhoGAP), MgcRacGAP/CYK4 [60].
The bridging fibers are associated with and connect to
K-fibers of sister kinetochores. Kinesin motor proteins can
crosslink the antiparallel microtubules and walk to the plus

@ Springer



868

B. Ughy et al.

ends generating counteracting forces, which slide apart the
microtubules and push the sister K-fibers toward the poles
of the cell [31, 53, 58].

Syndecan-4 is distributed along the antiparallel, inter-
polar (polar) microtubule bundles and astral microtubules
concentrating in the overlapping segments of the interpolar
microtubules at the equator region (Fig. 2) [33]. As mito-
sis progresses from pro-metaphase, the phosphorylated
syndecan-4 localizes with the centrosomes, and along the
mitotic spindle accumulated in the spindle midzone. Impor-
tantly, syndecan-4 cannot be detected with the microtubule-
organizing centres (MTOC), and along the microtubules
of interphase cells at all [33]. Importantly, syndecan-4 can
associate only with mitotic spindles, and not with interphase
microtubules; therefore, its binding to the microtubules must
be mediated by some spindle-associated protein(s). Wood-
cock et al. [61] reported that Tiam1 and Racl localize to
centrosomes during prophase and prometaphase, and both
are involved in the regulation of centrosome separation; in
the cases of missing Racl activity and/or Tiaml activity,
the interchromosomal distance is increased by 40%. The
extended length of mitotic spindles can lead frequently to
chromosome congression errors [38, 61].

Immunocytochemical analysis revealed in syndecan-4
expressing MCF7 cells that phospho-syndecan-4 has
enhanced affinity with centrosomes [33], and further, syn-
decan-4 is capable of reducing Racl activity by blocking
Tiaml [34]. It is a plausible presumption that syndecan-4
can take part in centrosome separation and chromosome
congression-regulating Rac1 activity through Tiam1.

RhoA-Rac1 activity in the cleavage furrow

The best-known members of the Rho family of small
GTPases RhoA, Racl and Cdc42 are the major regulators of
the cytoskeleton, formation of the cell shape and cell polar-
ity, migration and differentiation [10]. They are molecular
switches cycling between an active GTP-bound and inac-
tive GDP-bound conformations. RhoA activity is respon-
sible mostly for the assembly, reorganization and dynamics
of the actin meshwork. Cdc42 and Racl take part in the
cell shape, polarity and migration. Their activation cycle is
mostly regulated by the guanine nucleotide exchange fac-
tors (GEFs), which catalyze the exchange of GDP for GTP
and by GTPase-activating proteins (GAPs) accelerating their
inactivation [9]. There is a cross talk among the activity of
family members influencing their individual activities, which
supposes a coordinated action among GEFs and GAPs. For
example, the activity of Racl can suppress the activity of
RhoA and influence the relative activity of Cdc42; at the
same time, the Racl1 activity is regulated by RhoG, etc. [32,
34, 37, 66].
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During mitosis, the activity of RhoA is elevated [40]. The
strict regulation of the activity of Rho GTPases in specific
areas within the cell is essential to coordinate cell functions.
Following the separation of the mitotic chromosomes, the
active form of RhoA accumulates at the equatorial of the
cells. RhoA-GTP is necessary and sufficient for the assembly
and constriction of the actomyosin ring, which manages the
furrow ingression at the division plane [6]. The contractile
ring is composed of F-actin and myosin II, where the actin
filaments are nucleated by formins [24, 29]. The diaphanous-
like formins are RhoA effectors; promote actin polymeriza-
tion and microtubule organization [4, 28, 51]. Myosin II is
a major motor protein that generates the constriction forces
for the cytokinesis [23]. For the generation and stabiliza-
tion of the actomyosin ring in the furrow, contribution of
dynamin is necessary [41]. Dynamins belong to the group
of large GTPases responsible for diverse cellular processes
in eukaryotic cells, including the release of transport vesi-
cles, associate with the spindle midzone and are required
for cytokinesis maintaining proper myosin II organization
in the cleavage furrow stabilizing, thus, the actin filaments
[27,41, 57]. Syndecan-4 can connect to dynamin II through
the C1 conserved region of syndecan-4 cytoplasmic domain
(Fig. 2) [63] and most probably guide it. Dynamin II is peri-
odically phosphorylated by Cdkl—cyclin B1 prior to mito-
sis and dephosphorylated by calcineurin during cytokinesis.
The absence of dephosphorylation caused multinucleation
of HeLa cells [12, 30].

In the central spindle, the RhoA activity is regulated
mainly by ECT2 Rho-GEF [48] and MgcRacGAP [15, 60].
The exact role of MgcRacGAP is subject of debate. Some
claim that its function is to promote RhoA activation [6, 64],
whereas others suggest that it is necessary to inactivate Racl
[66]. However, it is not a contradiction, because the activ-
ity of RhoA and Racl is antagonistic. Suppression of Racl
activity increases the RhoA activity. Phospho-syndecan-4
accumulates in the furrow ingression, distributed with the
central spindle and later it is concentrated at the intercellular
bridge (ICB) and in the midbody. Phospho-syndecan-4 is
able to suppress Racl activity, at the same time elevating
RhoA activity (Fig. 3) [33, 34].

Overexpression of Ser179Glu syndecan-4
delays abscission

Constriction of the actomyosin ring creates cleavage furrow
[1, 2]. Cleavage furrow ingression eventually narrows a thin
ICB that connects the dividing cells and midbody (Flem-
ming body) formed at the center of the ICB. Some mid-
body components are present at furrow ingression; others
are delivered, including membrane components, endocytic
factors, and secretory vesicles and their associated fusion
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Fig.3 Schematic representation
of animal cytokinesis. Progress
of furrow ingression results in
a thin plasma bridge termed
intercellular bridge (ICB). At
the middle of ICB, there is an
electron dense structure called

midbody (Flemming body). .

The centralspindlin components .
recruit among others phospho- ’
syndecan-4 (green) and CEP55 g

to the midbody. CEP5S5 interacts
with the adaptor protein ALIX
and the ESCRT-I protein
TSG101, which are in turn
proposed to recruit ESCRT-III
components (CHMP2,-3,-4,-
5,-6) with the microtubule-
severing enzyme spastin [47].
The cortical constriction of the
membrane is driven by VPS4,
which leads to abscission

machinery such as endosomal-sorting complex required
for transport (ESCRT) complexes [1, 2, 20]. The first step
towards abscission is the connection of CEP55 to central-
spindlin [47, 65]. The dimeric coiled-coil CEP55 forms a
bridge among centralspindlin and ALIX (PDCD6IP) and the
TSG101 subunit of the ESCRT-I subunit. These components
recruit, in turn, the ESCRT-III complex and VPS4, which is
probably directly responsible for abscission (Fig. 3) [2, 60].

ALIX and the core ESCRT-III proteins accumulate on
mature midbodies, although they are not always co-recruited
[7] indicating that additional regulatory mechanisms are at
play [60]. Syndecan-4 can bind ALIX via syntenin, a PDZ
protein characterized as syndecan-4 interactor [3, 25, 50],
although a direct interaction cannot be ruled out between
syndecan and ALIX because a syndecan mutant devoid of
the PDZ binding site has not been tested. Most probably, the
phospho-syndecan-4 is positioned at the middle of midbody
connected to CEP55 and ALIX (Fig. 3). Once all of these
components are properly assembled and activated, abscis-
sion occurs and the two daughter cells separate completely
[20, 52].

Membrane traffic during cytokinesis
and the fate of the midbody remnant
after abscission

Cytokinesis requires highly regulated and extensive mem-
brane vesicle trafficking both to, and from the cleavage fur-
row. Membrane trafficking is required for midzone delivery
of cytoskeletal and regulatory molecules (e.g., Rho GTPases
and their interacting partners), as well as components of the
membrane abscission machinery [11, 54]. Exocytic secretory

Intercellular bridge

spastin

~

ESCRT-II >«

vesicles move towards the midbody either in an asymmetric
[22] or a symmetric [26] manner from the forming daughter
cells, which in turn can influence the symmetric or asymmet-
ric nature of abscission [18]. Immunocytochemical analysis
of phospho-syndecan-4, and overexpressed syndecan-4-GFP
revealed an asymmetric arrangement of secretory vesicles
marked by syndecan-4 cargoes [33]; unfortunately, other
midbody components were not studied at this publication.
The fate of the midbody remnant is of interest and
actively studied phenomenon because it might have crucial
consequences for cell differentiation and tumorigenesis [14,
19, 36]. The accumulation of remnants is associated with
increased proliferation, induced pluripotent stem cell colony
formation, asymmetrical cell divisions in several tissues.
The stem cells retract the midbody remnant into their cyto-
plasm to maintain the stem cell status [36]. The symmetri-
cal cleavage of midbody (Fig. 3) is associated with normal
cell differentiation [19]. Therefore, it should be important,
if there is any effect of the extended ICBs due to the delayed
or postponed abscission in the proliferating cells. A further
question is whether the accumulation of the phospho/or
phosphomimetic syndecan-4 in the midbody can interfere
with the symmetrical/asymmetrical nature of abscission.

Conclusions

Taken together, it can be stated that syndecan-4 takes part in
the mitosis and the subsequent cytokinesis. Its direct roles in
the mitosis should be clarified in the future. Syndecan-4 is
detectable from the very beginning of the mitosis associat-
ing with the duplicated centrosomes, and the mitotic spin-
dles. Later, it is present in the developing furrow ingression
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and ICB including midbody, too. It can be implicated in the
elevation of the active RhoA, and the phosphomimetic form
can delay the abscission. Recently, heparanase was shown
to localize with centrosomes. Silencing the heparanase
expression disrupts mitotic spindles, resulting in chromo-
some instability, mis-segregation and increased micronuclei
formation [62]. Considering this, we can assume that for
the correct cell division, the heparan sulfate chains of syn-
decan-4 or other proteoglycans should be degraded. How-
ever, the exact mechanism should be the subject of future
investigations.
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