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Abstract During mitosis, cells detach, and the cell–

matrix interactions become restricted. At the completion of

cytokinesis, the two daughter cells are still connected

transiently by an intercellular bridge (ICB), which is

subjected to abscission, as the terminal step of cytokinesis.

Cell adhesion to the matrix is mediated by syndecan-4

(SDC4) transmembrane heparan sulfate proteoglycan. Our

present work demonstrated that SDC4 promotes cytokine-

sis in a phosphorylation-dependent manner in MCF-7

breast adenocarcinoma cells. The serine179-phosphoryla-

tion and the ectodomain shedding of SDC4 changed

periodically in a cell cycle-dependent way reaching the

maximum at G2/M phases. On the contrary, the phospho-

resistant Ser179Ala mutant abrogated the shedding. The

phosphorylated full-length and shed remnants enriched

along the mitotic spindles, and subsequently in the ICBs,

however, proper membrane insertion was necessary for

midbody localization. Expression of phosphomimicking

Ser179Glu SDC4 resulted in incomplete abscission,

whereas expression of the phospho-resistant SDC4 led to

giant, multinucleated cells.

Keywords Syndecan-4 � Phosphorylation � Shedding �
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Introduction

Following nuclear division, cells divide into two daughter

cells by a process known as cytokinesis. In the dividing

cells, an invagination of the plasma membrane (cleavage

furrow) is created by an actomyosin-based structure, which

proceeds until the cytoplasm is constricted to a narrow

intercellular bridge (ICB). The ICBs contain parallel arrays

of spindle microtubules, which are connected through a

dense structure defined as midbody connecting the pro-

spective daughter cells. In the final stage of the process,

termed abscission, the ICBs are ultimately resolved and the
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two cells separate [1–3]. Proteins involved in cytokinesis

and several essential components of the midbody have

been recently identified by functional proteomic approach

[4]. However, a complete survey of the midbody compo-

sition is lacking largely impart to its transient nature [5, 6].

Growing cells keep tight contact with the extracellular

matrix (ECM). During cell division, adherent cells reor-

ganize their adhesive interactions with the ECM; at the

early phase of mitosis cells detach and round up, after

executing cytokinesis they start reattaching and spreading.

In L929 and NIH3T3 cells, the abscission was influenced

by the concentration of fibronectin, yet a direct mechanism

was not suggested [2]. Stable cell–matrix contacts (focal

adhesions) organized on fibronectin require interactions

between the heparin-binding domain of fibronectin and

heparan sulfate provided by syndecans (SDCs) [7–9].

Syndecans constitute a family of four transmembrane

heparan sulfate proteoglycans [10]. They share uniform

structure: a divergent extracellular domain (ectodomain)

containing glycosaminoglycan attachment sites for heparan

sulfate [11, 12], a conserved one-span transmembrane

domain and a short cytoplasmic domain representing sev-

eral protein-interacting sites. It is generally accepted that

heparan sulfate-mediated binding of a wide variety of

extracellular ligands is central to syndecan functional

activity, therefore syndecans are considered as co-receptors

of the primary signaling receptors [13]. Among the family

members, only syndecan-4 is selectively enriched in focal

adhesions and can transmit signals via its cytoplasmic

domain [7, 14]. The variable (V) region of the cytoplasmic

domain of syndecan-4 binds phosphatidylinositol (4, 5)-

bisphosphate (PIP2) and activates protein kinase C alpha

(PKCa). The phosphorylation of the only serine of the

cytoplasm (Ser179 in human syndecan-4) reduces the PIP2

binding affinity and consequently the super-activation of

PKCa [15–17].

The extracellular domains of syndecans (similarly to

other transmembrane proteins) can be released from the

cell surface by endogenous proteolytic cleavage in a pro-

cess known as ectodomain shedding [18]. Hitherto, the

studies of syndecan shedding mostly focused on the ecto-

domain [19], the fate of the cytoplasmic remnant is

completely unknown [20].

In the present study, the role of syndecan-4 was studied

in the cytokinesis of MCF-7 breast adenocarcinoma cells.

During mitosis, the distribution of syndecan-4 was moni-

tored and found to be co-localized with centrosomes and

mitotic spindles, accumulated in the spindle midzone, and

subsequently in the ICB. Mutational analysis of the regu-

latory cytoplasmic Ser179 of syndecan-4 revealed that the

phosphoresistant Ala mutant was absent while the phosp-

homimetic Glu mutant was enriched in the ICBs.

Monitoring of the ectodomain-shed syndecan-4 remnant

we found that the phosphorylated shed remnant abundantly

distributed in the cytoplasm. Phosphorylation and shedding

of SDC4 was elevated after the S1 phase, reaching the

maximum at the G2/M phases whereas shedding of

Ser179Ala mutant was abrogated. The expression of the

Ser179Glu mutants frequently resulted in incomplete

abscission and elongated ICBs, while the Ser179Ala led to

the development of giant, multinucleated cells, emphasiz-

ing the role of syndecan-4 in the regulation of cytokinesis.

Materials and methods

Cell culture, human syndecan-4 constructs

MCF-7 human breast adenocarcinoma cells obtained from

ATCC were cultured in DMEM:F12 medium (Cambrex,

Walkersville, MD, USA) containing 10% fetal bovine

serum (Gibco, Bethesda, MD, USA). The C2/7 myoblast

cell line originated from mouse skeletal muscle [21] was

propagated in DMEM supplemented with 10% fetal bovine

serum (Gibco) and antibiotics.

The human syndecan-4 cDNA was isolated and cloned

into pCMV vector (Clontech, Heidelberg, Germany) (wt-

SDC4). The green fluorescent protein (GFP) tag was

inserted at the position of 131 of the syndecan-4 amino acid

sequence (wt-SDC4-GFP). The Ser179 syndecan-4 was

mutated to Ala (Ser179Ala) or Glu (Ser179Glu) by PCR-

based method. The shorter forms (DEGE, signal-DEGE) of

syndecan-4 were generated from the full-length Ser179Glu

version by deletion of the upstream segment from GFP.

MCF-7 cells were transfected by the plasmids of interest

with FuGene6 transfection reagent (Roche Diagnostics,

Mannheim, Germany) according to the manufacturer’s

instructions. For stable expression, the transfected cells

were selected in medium supplemented with 500 lg/ml

G418 (Cambrex) and maintained in 200 lg/ml G418.

Immunofluorescence microscopy

Rabbit antiserum to the ectodomain of syndecan-4 (Invit-

rogen/Zymed Corporation, Carlsbad, CA, USA), goat

antiserum to the cytoplasmic domain of syndecan-4, goat

(sc-16852) and rabbit (sc-22252-R) antisera to the phos-

pho-Ser179-syndecan-4 and mouse monoclonal anti-alpha-

tubulin antibody (all from Santa Cruz Biotechnology, Santa

Cruz, CA, USA), mouse anti-TGN38 (trans Golgi network

protein 38) antibody (BD Biosciences, Franklin Lakes, NJ,

USA) were used at appropriate dilutions. F–actin was

visualized with TRITC-conjugated phalloidin (Sigma–

Aldrich). Hoechst 33258 (Sigma–Aldrich) staining was

used to label nuclei. For immunofluorescence, the primary

antibodies were detected with Cy3-conjugated Fab
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fragment of donkey anti-mouse IgG, Cy3-conjugated Fab

of donkey anti rabbit IgG, Cy3-conjugated Fab of donkey

anti goat IgG, Cy2-conjugated Fab of donkey anti goat IgG

and Cy2-conjugated Fab of donkey anti-rabbit IgG sec-

ondary antibodies (Jackson ImmunoResearch Laboratories,

West Grove, PA, USA).

All reagents were diluted with phosphate-buffered saline

(PBS). Cells grown on glass coverslips coated with 10 lg/

ml fibronectin (Sigma–Aldrich) were fixed for 5 min with

4% paraformaldehyde at 37�C, permeabilized with 0.1%

Triton X-100 for 5 min, and were incubated for 30 min at

room temperature with primary antibodies diluted in 1%

bovine serum albumin (Sigma–Aldrich), then were washed

three times with PBS, incubated with secondary antibodies

in 1% BSA for 20 min at room temperature. After Hoechst

nuclear staining, the coverslips were mounted with Fluo-

rescent Mounting Medium (DAKO, Glostrup, Denmark).

Images were captured with Zeiss Axio Imager microscope,

Nikon Eclipse 600 microscope equipped with Spot RT

Slider camera or Bio-Rad MRC-1024 (Bio-Rad, Rich-

mond, CA, USA) confocal microscope. Images were

analyzed using Adobe Photoshop, version 8.

Immunoblot and peptide competition assay

Cells grown to 70% confluence were detached with 0.02%

EDTA in PBS, centrifuged (2,000 rpm for 5 min at 4�C),

washed twice with PBS, and were lysed in buffer con-

taining 25 mM HEPES pH 7.5, 150 mM NaCl, 1% Igepal

CA-630, 10 mM MgCl2, 1 mM EDTA, 1 mM NaF, 1 mM

Na-orthovanadate and protease inhibitor cocktail (Sigma–

Aldrich). After centrifugation at 13,000 rpm for 4 min at

4�C, the supernatants were separated by SDS-PAGE,

blotted to PVDF membrane (Millipore, Billerica, MA,

USA), and reacted with primary antisera followed by HRP-

conjugated secondary antibody purchased from DAKO

(Glostrup, Denmark). Peroxidase activity was visualized by

the ECL procedure (GE Healthcare, Chalfont St Giles,

UK).

Peptide competition assay was performed with 1:1,000

diluted anti-P-SDC4 antibody and increasing amount of

phospho-syndecan-4 peptide provided by the supplier

(Santa Cruz Biotechnology).

Flow cytometry

The collected cells were washed once with PBS, resus-

pended in PBS, and fixed by addition of ice-cold 96%

ethanol to 70% final concentration. The fixed cells were

pelletted by centrifugation (at 2,000 rpm for 10 min), then

resuspended in 500 ll of PBS containing 40 lg/ml propi-

dium iodide and 50 lg/ml RNaseA. After 30 min

incubation at room temperature, flow cytometry was

performed on the Becton & Dickinson FACS Calibur and

the data were analyzed by ModFit software.

Cell synchronization and protease inhibition

MCF-7 cells expressing wt-syndecan-4 were synchro-

nized at the G1/S boundary. The medium was removed

from exponentially growing cells in 10-cm plastic dishes

and was replaced with medium containing 1.5 mM

hydroxyurea for 16 h. At selected times after removing

the hydroxyurea-containing media, the cells were pre-

pared for flow cytometry or an equal number of cells was

lysed in buffer as described above for immunoblot

analysis.

For protease inhibition, the cells expressing wt-SDC4-

GFP were synchronized with 1.5 mM hydroxyurea for

16 h. After removal of hydroxyurea the cells were incu-

bated with 50 lM broad spectrum metalloproteinase

(MMP) inhibitor GM6001 (Millipore) for 6 h, lysed and

analyzed by SDS-PAGE followed by immunoblotting.

Cellular fractionation

The 70% confluent cultures of DEGE and signal-DEGE

expressing cells were detached, centrifuged (2,000 rpm for

5 min at 4�C) and after washing twice with PBS, the cells

were lysed in a buffer containing 100 mM Pipes pH 7.3,

100 mM KCl, 3.5 mM MgCl2, 3 mM NaCl supplemented

with 1 mM NaF, 1 mM Na-orthovanadate and protease

inhibitor cocktail (Sigma–Aldrich). Homogenates were

centrifuged at 10,000 rpm for 5 min to pellet nuclei, and

supernatants were then ultracentrifuged at 120,000 9 g

(Sorvall S120-AT2 rotor) for 60 min at 4�C to sediment

membrane fraction. The cytosol-containing supernatant

was removed and the crude membrane pellet was gently

washed with lysis buffer. Membrane fractions were resus-

pended in lysis buffer in the original volume. Equal

volumes of both fractions were analyzed by SDS-PAGE

followed by immunoblotting with mouse monoclonal anti-

GFP antibody (Invitrogen/Zymed Corporation, Carlsbad,

CA, USA).

Results

Phospho-syndecan-4 is associated with the mitotic

spindle

Syndecans were previously detected along the mitotic

spindle during mitosis by indirect fluorescent immunocy-

tochemistry [22]. We were interested in the nature of the in

vivo localization of SDC4 particularly at the mitotic phase

of MCF-7 human adenocarcinoma cells.
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The expression level of the endogenous SDC4 was

rather weak in MCF-7 cells tested on immunoblot

(Fig. 1a1) and immunofluorescence (Fig. 1a2), thus it was

increased by expression of wt-SDC4. To do so, the full-

length human SDC4 cDNA was inserted into pCDNA

downstream of a CMV promoter and stably transfected

MCF-7 line was generated. The expression level of SDC4

in transfected MCF-7 cells was increased but it did not

exceed the endogenous level of C2/7 cells (Fig. 1a1). This

arrangement provided a similar expression level of the

different constructs of SDC4 (see later).

The distribution of SDC4 was examined by indirect

fluorescent immunocytochemistry with antibodies to the

extracellular domain (anti-SDC4-ecto), cytoplasmic domain

(anti-SDC4-endo) and cytoplasmic domain phosphorylated

on Serine 179 (anti-P-SDC4). The localization of SDC4 was

characteristic mostly in the plasma membrane, perinuclear

region and in the Golgi network of interphase cells visual-

ized by anti-SDC4-ecto antibody staining (Fig. 1b–d) that

was in accordance with other observations [23–26]; whereas

distribution of the cytoplasmic domain visualized by

immunostaining with anti-SDC4-endo or anti-P-SDC4

Fig. 1 Intracellular localization

of syndecan-4. Lysates of non-

transfected MCF-7 cells, wt-

SDC4 expressing MCF-7 cells

and C2/7 myoblasts were

subjected to SDS-PAGE,

blotted and developed with anti-

SDC4-ecto antibody; anti-a-

tubulin antiserum was used as a

loading control (a1). Non-

transfected MCF-7 cells were

stained by anti-SDC4-ecto

(green) and anti-a-tubulin (red)

antisera (a2). Distribution of

SDC4 was visualized by

confocal microscopy (b, c).

Double immunostaining with

anti-SDC4-ecto and anti-P-

SDC4 (sc-16852) (b) antisera;

and anti-P-SDC4 and anti-

SDC4-endo (c) antisera

highlighted distinct patterns in

interphase cells. SDC4 was

observed mostly in the plasma

membrane and in the Golgi

vacuoles. To confirm the

presence of SDC4 in the Golgi

network, double

immunostaining was applied

with anti-SDC4-ecto (green)

and anti-trans Golgi network 38

(TGN38, red) antibodies (d).

Previous data indicated that

SDC4 localized along the

mitotic spindles [22], to validate

this MCF-7 cells expressing wt-

SDC4 were immunostained

with anti-SDC4-ecto (green)

and anti-a-tubulin (red)

antibodies (e). Nuclear staining

was blue (Hoechst); scale bars
represent 20 lm

1884 A. Keller-Pinter et al.



antisera showed different pattern (Fig. 1b, c). The signal of

the cytoplasmic domain was abundantly present in the

cytoplasm and overlapped with the signal of the ectodomain

mostly at the Golgi vacuoles and in the plasma membrane.

Control immunostaining with the secondary antibodies was

shown in Suppl. Fig. 1a.

Previously published data demonstrated that a signifi-

cant amount of phosphorylated syndecan-4 could be

detected in cells [27], but its distribution was not studied.

Thus, the pattern of phosphorylated syndecan-4 was

examined by indirect immunofluorescence microscopy

with anti-P-SDC4 and compared to that of anti-SDC4-endo

antibody. The two patterns were similar to each other

showing enrichment mostly in the Golgi vacuoles and in

the nuclei (Fig. 1).

The distribution of wt-SDC4 was monitored in mitotic

cells with anti-SDC4-ecto antibody (Fig. 1), too, as it was

described previously [22]. SDC4 was detected with the

MTOCs and along the mitotic spindle visualized by anti-a-

tubulin antibody staining (Fig. 1e).

We studied in detail the distribution of phospho-SDC4

through the phases of mitosis (Fig. 2a–e). The immuno-

staining revealed that the phospho-SDC4 was co-localized

with the microtubule-organizing centers (MTOCs) since they

began to separate from the early prophase until anaphase. As

mitosis progressed, phospho-syndecan-4 was distributed

along the mitotic spindle and accumulated in the spindle

midzone from metaphase, represented as dots at the equato-

rial plane (Fig. 2b, c). In the late telophase phospho-

syndecan-4 was enriched in the cleavage furrow (Fig. 2d) and

subsequently in the ICBs (Fig. 2e). Importantly, the midbody

was not immunoreactive for anti-P-SDC4 (Fig. 2e).

Since the staining patterns of the anti-SDC4-ecto and

anti-P-SDC4 antibodies were different from each other

(Fig. 1) in interphase cells, anti-SDC4-ecto antibody

staining was also applied in dividing cells. The immuno-

staining could visualize the ICBs, and the midbodies, as

well (Fig. 2f). Next, we were going to unravel the nature of

the SDC4 enrichment in the midbody region.

Only the Ser179Glu syndecan-4 is localized at the

midbody; the Ser179Ala mutant is missing from the

entire ICBs

It is difficult to evaluate how phosphorylation can, if at all,

determine the localization of syndecan-4 to the midbody

region. Because of the diverse stainings of SDC4 in the

midbody region the distribution of the phosphorylated and

non-phosphorylated forms was studied by using green

fluorescent protein (GFP)-tagged mutants. The plausible

C-terminal fusion of GFP did not provide adequate results

in our tests contrary to the published data [28], thus GFP

was inserted into the juxtamembrane region of the

extracellular domain to avoid the interference with the

natural interacting partners of the cytoplasmic domain

(Fig. 3a). In the GFP-tagged SDC4 Ser179 was replaced by

Glu (Ser179Glu), which is considered to mimic the phos-

pho-serine in biological systems, or by Ala (Ser179Ala) as

phosphorylation resistant form. The constructs were

transfected into MCF-7 cells and stably expressing lines

were studied. The distribution of wt-SDC4-GFP (Fig. 3b)

was identical to that of non-tagged wt-SDC4 (Fig. 1b, c).

GFP alone showed a diffuse distribution (Fig. 3b).

Cells expressing the SDC4-GFP chimeras had the same

adhesion properties and reacted identically in biochemical

tests to those expressing the non-tagged SDC4 (to be

published elsewhere). No difference was found between

cytochemical markers of the cells expressing GFP-tagged or

non-tagged SDC4 variants in the experiments performed

with several independent expressing cell lines (Figs. 1, 2, 3).

The expression level of the different SDC4 constructs

(wt-SDC4-GFP, Ser179Ala, or Ser179Glu) was similar in

immunoblot (Fig. 4e, see later). The proliferation rate of

the cell lines was not altered compared to that of MCF-7

(Suppl. Fig. 2).

The wt-SDC4-GFP chimera localized in the intercellular

bridges and accumulated at the midbodies (Fig. 3c1). The

distribution of the Ser179Ala SDC4 showed massive

plasma membrane enrichment in the interphase cells, but it

could not be detected with mitotic spindles and was absent

from the entire ICB (Fig. 3c2). Its detection at midbodies

failed even if the signal was amplified with anti-GFP

immunostaining. On the contrary, the Ser179Glu mutant

was concentrated in the ICBs, enriched at the midbodies in

mitotic cells (Fig. 3c3) and it was hardly observed in the

plasma membrane of interphase cells.

Together, wt-SDC4-GFP and the phosphomimetic

Ser179Glu chimera were enriched at midbodies corrobo-

rating the result of the staining with anti-SDC4-ecto

antibody. We assumed that the short antigen determinant

recognized by the anti-P-SDC4 antibody must be present at

the midbody but it is not accessible because of the high

protein density. It occurs frequently that antibodies raised

against different epitopes react differently with the antigens

depending on the accessibility of the epitopes [29].

Shedding of syndecan-4 occurs at G2/M phases

To confirm the specificity of the antibodies, cell lysate of

wt-SDC4 line was subjected to immunoblot analysis using

the anti-SDC4-ecto, anti-SDC4-endo or anti-P-SDC4 anti-

sera (Fig. 4a, b). Two strong signals were detected at 45

and 22 kDa electrophoretic mobility both by anti-SDC4-

ecto and anti-SDC4-endo antibodies, corresponding to the

syndecan-4 dimer and monomer, respectively. However,

two additional bands at 13 and 6 kDa were visualized by

Syndecan-4 promotes cytokinesis 1885



the anti-SDC4-endo antiserum and they were considered as

SDC4 shed remnants (Fig. 4a). Since all the bands were

also detected by the anti-P-SDC4 antisera and could be

diminished upon the addition of increasing concentration

of the immunogenic phospho-peptide the immunoreaction

was specific (Fig. 4b). The pattern altogether confirmed

that the shed remnants are, at least partly, phosphorylated.

We assumed that the distinct immunostaining pattern of

the anti-SDC4-ecto and anti-P-SDC4 antisera (Fig. 1)

could be a consequence of shedding, which can promote

cell detachment and rounding-up during mitosis via

breaking up the interactions of the matrix and the extra-

cellular domain of syndecan-4. To test this hypothesis, the

wt-SDC4-expressing MCF-7 line was synchronized by the

addition of 1.5 mM hydroxyurea, which blocks the cell

cycle in G1/S transition. Releasing the cells from the block

the cell cycle progressed and it was followed by flow

cytometry. At least 50% of the cells doubled their DNA

Fig. 2 Phospho-syndecan-4

associates with the mitotic

spindle. MCF-7 cells expressing

wt-SDC4 were immunostained

for phospho-SDC4 with anti-P-

SDC4 (sc-22252-R, green),

a-tubulin (red) and nuclei

(Hoechst, blue). The phospho-

SDC4 was co-localized with the

MTOCs from the early prophase

until anaphase (a–c; arrows). As

mitosis progressed, phospho-

SDC4 was distributed along the

mitotic spindle and accumulated

in the spindle midzone

(b, c; arrowheads), later it was

enriched in the cleavage furrow

(d; arrows) and subsequently in

the ICB (e; arrows). Note that

the midbody was not

immunoreactive for anti-

P-SDC4 (e). MCF-7 cells

expressing wt-SDC4 were

immunostained with anti-SDC4-

ecto (green), a-tubulin (red)

antibodies, and Hoechst (blue)

(f). Full-length syndecan-4 was

enriched at the midbodies

(arrows). The insets show

magnification of the areas

framed by dashed squares.

Scale bars represent 20 lm
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content by 3 h after removal of hydroxyurea. At 6 h, the

populations of 2N cells started increasing, meaning that the

given ratio of the cells had already accomplished cytoki-

nesis. By 18 h, only a small fraction of 4N cells was

observed (Fig. 4c).

The intact SDC4 and the shed remnants were moni-

tored by immunoblotting during the cell cycle using anti-

SDC4-endo and anti-P-SDC4 antibodies. An equal num-

ber of cells were lysed and subjected to PAGE. The level

of SDC4 alternated during the studied period as the cell

cycle progressed. In 3 h, the level of full length was

reduced then gradually increased until 15 h, then it

decreased again to the level of the control (Fig. 4d1).

However, the phosphorylation of SDC4 increased mark-

edly following the release of the cell cycle block reaching

the maximum at 6 h and decreasing to the basic level

after 18 h (Fig. 4d2). The pattern of the shed remnant and

the phospho-shed remnant was corresponding to that of

the phosphorylated full-length SDC4 reaching the most

intense signal at 6 h after the removal of hydroxyurea

(Fig. 4d1, d2). This means that the phospho-syndecan-4

underwent the process of shedding instead of the shed

remnants being phosphorylated.

Only the phospho-Ser179 syndecan-4 can be shed

during the cell cycle

To confirm that the phospho-SDC4 was subjected to

shedding, the lysates of wt-SDC4-GFP-, Ser179Ala-, and

Ser179Glu SDC4-expressing cells were probed with anti-

Fig. 3 Only the Ser179Glu SDC4 accumulates in the ICBs.

a Schematic representation of full-length, GFP-tagged syndecan-4

variants. The conserved C1, C2 and the variable V regions of the

cytoplasmic domain are marked. Ala or Glu mutations were

introduced into the position of 179 as indicated. GFP was inserted

into the juxtamembrane region of the extracellular domain of

syndecan-4 (wt-SDC4-GFP); the Ser179Ala and Ser179Glu mutants

were generated from the wt-SDC4-GFP. b Cellular distribution of

GFP-tagged SDC4 (wt-SDC4-GFP) and GFP alone. c MCF-7 cells

expressing wt-SDC4-GFP, Ser179Ala or Ser179Glu SDC4 (green)

were immunostained with a-tubulin antibody (red) and Hoechst

(blue). The GFP-tagged wild-type syndecan-4 was detected in the

ICBs and an accumulation could be observed at the midbodies,

indicated by arrows (c1). The Ser179Ala SDC4 was missing from the

entire ICB regions (c2), while Ser179Glu SDC4 was observed in ICBs

and enriched at the midbodies (c3) pointed by arrows. Insets show a

magnification of the areas indicated by dashed squares. Scale bar
represents 20 lm
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SDC4-endo antibody. In the samples of wt-SDC4-GFP and

Ser179Glu, an extra band was observed corresponding to

the shed remnant form that was missing in the Ser179Ala

expressing cells, although the expression levels of the full-

length monomers were similar (Fig. 4e). In parallel

experiments, the wt-SDC4-GFP and Ser179Ala cell lines

were synchronized and the shed form was tested. Six hours

following the release of the cell cycle block, the band

corresponding to the shed forms was seen in the wt-SDC4-

GFP sample, however, it was missing in the sample of

Ser179Ala expressing cell line (Fig. 4f). This confirmed

that only the phospho-Ser179 form could undergo the

process of ectodomain shedding. To prove the specificity of

the anti-SDC4-endo antibody, the lysates of wt-SDC4-

GFP-expressing cells were blotted and immunostained with

anti-GFP and anti-SDC4-endo antibodies, respectively

(Suppl. Fig. 1b).

The ectodomain of syndecans can be cleaved mostly by

matrix metalloproteinases (MMPs) [18–20, 30]. To verify

that the 13 kDa band was a result of proteolysis, a broad

spectrum metalloproteinase inhibitor was applied to the

cells expressing wt-SDC4-GFP. Samples were collected

Fig. 4 The phosphorylation and shedding of SDC4 increased during

the G2/M phase. a The lysates of wt-SDC4 line were subjected to

SDS-PAGE, blotted and probed with anti-SDC4-ecto or anti-SDC4-

endo antibodies, respectively. The full-length SDC4 dimer and

monomer were detected with both antibodies at 45 and 22 kDa,

respectively. The anti- SDC4-endo antibody stained an extra band at

13 kDa and a fainter one at 6 kDa corresponding to the shed

syndecan-4 remnants. b In peptide competition assay, the aliquots of

the wt-SDC4 lysate were subjected to SDS-PAGE, followed by

immunoprobing with 1:1,000 diluted anti-P-SDC4, which was

supplemented with increasing amounts of phospho-syndecan-4 pep-

tide. The last lane as negative control, marked C, was incubated only

with the secondary reagent. c The DNA content of the wt-SDC4

expressing cells was analyzed by flow-cytometry after release from

G1/S block. Exponentially growing wt-SDC4 expressing MCF-7 cells

were synchronized with 1.5 mM hydroxyurea for 16 h. Cells were

harvested at 0, 3, 6, 9, 15, 18 h after removal of hydroxyurea to allow

the progression along the cell cycle. d Cells were harvested at the

indicated time points as in c, and equal number of cells were lysed

and subjected to SDS-PAGE followed by immunoblotting with anti-

SDC4-endo (d1) or anti-P-SDC4 (d2) antibodies. The level of the full

length SDC4 was changed following release of G1/S block as the cell

cycle progressed. The level of phosphorylated and the shed form was

changed parallel: both increased from 3 h, reaching the maximum at

6 h and returned to the base line at 18 h. The control lane contains the

lysates of asynchronously grown wt-SDC4 cells. e The lysates of

asynchronous cell populations expressing wt-SDC4-GFP, Ser179Ala

and Ser179Glu were subjected to SDS-PAGE and blotted with anti-

SDC4-endo antibody. Anti-a-tubulin antiserum was used as a loading

control. The expression levels of the full-length monomers were

similar; however, the anti-SDC4-endo antibody visualized a 13 kDa

band representing the shed remnant, which was missing in the lysates

of Ser179Ala mutant cells. f MCF-7 cells expressing wt-SDC4-GFP

and Ser179Ala SDC4 were synchronized as stated before. Upon

removal of the hydroxyurea, the medium was complemented with a

broad-spectrum MMP inhibitor GM6001, marked in the panel (?),

and 6 h later the samples were lysed and subjected to SDS-PAGE

followed by immunoblotting with anti-SDC4-endo antibody. The

asynchronous control (lane 1) and the synchronized wt-SDC4-GFP

(lane 2) samples contained the 13 kDa band corresponding to the shed

remnant. This band was missing from the samples of the protease

inhibitor treated (lane 3) and the Ser179Ala expressing cell line (lane
4). Anti-a-tubulin antiserum was used as a loading control
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6 h following the release of G1/S block, when the level of

shed remnant was at maximum (Fig. 4d), and analyzed by

immunoblotting. Administration of the MMP inhibitor

diminished the 13 kDa band, whereas the similarly syn-

chronized sample of wt-SDC4-GFP contained it (Fig. 4f),

indicating that this band was the result of proteolytic

cleavage.

Midbody localization of syndecan-4 requires proper

membrane insertion

We showed earlier that the full-length SDC4 enriched at

midbodies. It is not obvious whether an inside or outside

interaction is necessary to move SDC4 to the midbody. To

answer this, truncated forms of SDC4 were generated from

the phosphomimicking Ser179Glu SDC4 with deletion of a

part of the ectodomain (signal-DEGE). In order to study the

behavior of the cytosolic and the membrane-targeted pro-

teins, we generated a signal-deleted version from signal-

DEGE, named DEGE (Fig. 5a).

The expression levels and electrophoretic mobilities of

the DEGE and the signal-DEGE proteins were matched in

immunoblot indicating equal expression and proper

removal of the signal peptide upon secretion. The total cell

lysates of both cell lines were separated to cytoplasmic and

membrane fractions by ultracentrifugation (Fig. 5b).

Expression of the signal-deleted DEGE construct resulted

in cytosolic protein, whereas the protein translated from

signal-DEGE construct was targeted mostly to the mem-

brane fraction (Fig. 5b).

The two proteins localized differently in vivo. The

DEGE was dispersed in the cytoplasm and enriched in the

ICBs of mitotic cells without significant accumulation at

the midbodies (Fig. 5c). On the contrary, signal-DEGE was

observed in the ICBs and enriched at the midbodies

(Fig. 5c) similarly to the full-length Ser179Glu SDC4.

Taken together, the correct midbody enrichment of

SDC4 needed membrane insertion of the transmembrane

domain in addition to the phosphorylation of the cyto-

plasmic domain, but the ectodomain was dispensable.

Similar to the phospho-SDC4, the phosphomimicking

SDC4 could escape from the membrane into the cytoplasm.

Expression of the Ser179Ala syndecan-4 can lead

to multinucleated giant cells

So far, the distribution of the phospho-mimicking and

phospho-resistant forms was examined. However, the

Fig. 5 Membrane insertion is needed to midbody localization.

a Schematic figure represents the shed syndecan-4 variants. Deletion

of a part of the ectodomain of Ser179Glu resulted in signal-DEGE,

and then the signal was deleted from signal-DEGE named DEGE.

b Lysates of cells expressing DEGE and signal-DEGE were

fractionated. The total (t), cytosol (c), and membrane (m) fractions

were resolved by SDS-PAGE and subjected to immunoblotting with

anti-GFP antibody; anti-a-tubulin antiserum was used as a loading

control. A representative sample from three independent experiments

is shown. c Microtubules of DEGE and signal-DEGE expressing cell

lines are visualized by anti-a-tubulin (red). The DEGE (green)

distributed homogenously in the ICB, but was missing from midbody

(arrow), whereas signal-DEGE (green) accumulated at the midbodies

(arrow). Scale bar 10 lm
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different forms induced altered phenotypes. The wt-SDC4-

GFP-expressing cells showed a typical epithelial character,

closely packed cells each encircled by an actin belt, which

was visualized by phalloidin (Fig. 6a1). However, in the

Ser179Ala line, frequently giant multinucleated cells were

observed in the epithelial cell clusters. The ratio of the

multinucleated cells was characterized from the transfec-

tion as starting point and monitored weekly. The ratio of

the multinucleated cells in the Ser179Ala line was

increasing until the first passage (4 weeks) to 5% then the

normally dividing cells diluted gradually the multinucle-

ated cells to a steady state frequency of 1 ± 0.05%

(n = 105). The size of the syncytia could be as large as

several dozen cells (Fig. 6a2, a3). There were no multi-

nucleated cells developed in the original MCF-7 line

during the studied period.

To validate the multinucleated phenotype asynchro-

nously growing cells were fixed, stained with propidium

iodide, and analyzed by flow cytometry. Control

wt-SDC4-GFP expressing cells exhibited a typical profile

of proliferating cell population (n = 55,000) with a

dominant peak of 2N DNA content (56%), and a smaller

peak with 4N DNA content (8%), which represented the

G2/M phase cells (Fig. 6b1). The Ser179Ala cells showed

altered profile; the relative number of 2N cells repre-

senting the G1 phase decreased to 34%, the 4N cells

increased to 18% (Fig. 6b2). Overall, the base line was

shifted in the [4N region indicating the increased content

of DNA of the cells.

The ratio of multikaryons slowly increased in the

Ser179Glu expressing line, too. There were no multinu-

cleated cells observed until two to three passages, however,

the number of multikaryons increased continuously to 5%

(n = 55,000) in 6 months, most probably because of the

incomplete cytokinesis. In this case, the polynucleation

was not connected to the enlarged cell size. There were no

multinucleated cells detected in the original MCF-7 line

during 6 months propagation.

Time-laps analysis of the mitotic phase reveals

the difference during the cytokinesis of the different

cell lines

Different asynchronous proliferating cell cultures were

monitored by phase-contrast time-lapse photography.

Selected frames are shown in Fig. 7a. The cells of

non-transfected MCF-7 (Fig. 7a1, Suppl. Video 1), and

Ser179Ala (Fig. 7a2, Suppl. Video 2) expressing lines

Fig. 6 The mutations of syndecan-4 Ser179 lead to phenotypic

alterations. a Actin cytoskeleton of MCF-7 cells expressing wt-SDC4-

GFP (a1) or Ser179Ala syndecan-4 (a2) was visualized by TRITC-

phalloidin (red). In the wt-syndecan-4-expressing cells (a1) actin

belts separated the abutting cells from each other. Ser179Ala cells

(a2) were frequently detected as multinucleated cells encircled by a

thick actin ring. Mononuclear cells encircled by cortical actin rings

were attached to the giant cell. Phase-contrast micrograph of a

multinucleated, giant cell is shown in a3. Arrows point at the nuclei of

the multinucleated cells in the Ser179Ala population (a2, a3). The

nuclear staining is blue; the scale bars represent 20 lm. b FACS

analysis of wt-SDC4-GFP and Ser179Ala lines. The cells were fixed

and permeabilized prior to propidium iodide staining of nuclei and

analyzed by flow cytometry. Wt-SDC4-GFP cells presented a normal

profile of proliferating cell population with a dominant 2N and a

minor 4N peak (b1). However, the profile was changed in the

Ser179Ala expressing cells (b2). The relative amount of 2N cells was

decreased, the 4N was increased, and the baseline was elevated. These

results are representative of at least three independent experiments
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rounded-up at the beginning of the mitosis breaking all of

the attachments to their neighbors resulting in completely

separated cells. In the meanwhile, the cells expressing any

Ser179Glu mutants Ser179Glu (Fig. 7a3, Suppl. Video 3),

or DEGE (Fig. 7a4, Suppl. Video 4) remained connected to

the ex-mother cells by permanent cytoplasmic bridges.

These bridges were not cleaved at the end of the cytoki-

nesis. They remained permanent and appeared later as

elongated ICBs (Fig. 7b). The average length of the ICBs

varied between 8.5 and 14 lm in nt-MCF-7, wt-SDC4-

GFP and Ser179Ala expressing cells, however, in the

Ser179Glu line that value increased to 45.4 ± 18.28 lm

(n = 100) (Fig. 7c), which sometimes exceeded 200 lm.

The expression of phosphomimetic mutants frequently

developed network of cells linking 5 or even more cells

together by long, thin plasma threads (Fig. 7b).

Discussion

Before and during mitosis, normally adherent cells round

up and reorganize their adhesive interactions with the

extracellular matrix; executing cytokinesis the cells start

reattaching and spreading again [2]. Syndecan-4 influences

the connection between the cells and the surrounding ECM

[9, 14]. The cleavage of the extracellular domain of SDC4

is a natural process [18], which in turn can promote cell

detachment and round up. As a consequence of shedding,

Fig. 7 The Ser179Glu mutation of syndecan-4 causes failure in

cytokinesis. a Different asynchronous proliferating cell cultures were

monitored by phase-contrast time-lapse photography. Selected frames

are shown, in which the proliferating cells are pointed by black
arrows. The cells of MCF-7 (a1) and Ser179Ala expressing lines (a2)

separate from the neighboring cells during rounding-up, while the

cells expressing Ser179Glu SDC4 (a3) or the DEGE (a4) construct

remain connected to the ex-mother cells by permanent cytoplasmic

bridges shown by white arrows. Bar 25 lm. b Expression of

Ser179Glu (b1) or DEGE (b2) (green) resulted in elongated, axon-

like ICBs. Ser179Glu or DEGE constructs (green) were enriched in

the cytoplasm and at the midbodies. The failure of abscission resulted

in long thread, which connected several cells together. White arrows
show the midbodies (scale bar 20 lm). c The average length of ICBs

in cells expressing wt-SDC4-GFP or Ser179Glu are represented

(n = 100). The length of the ICBs of Ser179Glu (45.4 ± 18.28 lm)

was extended 4.5-fold compared to that of the wt-SDC4-GFP

(9.8 ± 4.23 lm)
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the ectodomains are regularly released into the surrounding

milieu [18], however, the fate of the shed syndecan-4

remnants was mostly unknown [20].

Here we reported that phosphorylation of the cytoplas-

mic domain and cleavage of the extracellular domain of

syndecan-4 changed periodically during the cell cycle,

reaching the maximum at G2/M phases. Furthermore, only

the phospho-SDC4 could undergo cell cycle-induced

ectodomain shedding. At the same time, a part of the

phospho-SDC4 could escape from the membrane to the

cytosol, distributed along the mitotic spindle and conse-

quently accumulated in the intercellular bridge formed at

the end of mitosis. However, to the midbody localization of

SDC4, the correct membrane insertion was necessary.

Depending on its phosphorylation status, SDC4 promoted

the cytokinesis: expression of the phosphomimicking form

aborted the final step of cytokinesis, while phospho-resis-

tant mutant of SDC4 resulted in multinucleated cells.

Therefore the shedding has a dual effect: on one hand it

helps rounding-up with breaking the cell adhesions, and on

the other hand, the phosphorylated shed remnants influ-

enced the progression of cytokinesis. Further, the cell-cycle

regulated shedding can explain the long-time-known phe-

nomenon of regular shedding in tissue culture, which was

characterized hitherto in asynchronously growing, cultured

cell populations.

Several factors, chemokines and other stimulators, can

induce the process of shedding, however, the exact nature of

shedding is still unknown [18, 30–32]. Recently an inside-

out signaling mechanism was revealed, which supposed to

regulate the ectodomain shedding by the interaction

between Rab5 (a small GTPase) and the cytoplasmic

domain of syndecan-1 [31]. Here we suggested that the

phosphorylation of the cytoplasmic domain regulated the

ectodomain cleavage. Whether this mechanism is con-

nected to the Rab5 mechanism needs further investigation.

Prerequisite of the mitotic spindle association is the

cytoplasmic distribution of the interacting proteins, there-

fore the enrichment of syndecan-4 or its shed remnants

along the spindles assumes proteins released from the

membrane. Since the protein detected along the spindle

was phosphorylated and there was no sign that non-phos-

phorylated protein would associate to spindle, we surmise

that only the phosphorylated proteins could be guided to

the midbodies and escape from the membrane.

The elevated rate of the endoreduplication can be caused

by default of phosphorylation. The expression of the

Ser179Ala protein could result in stronger cell anchorage,

that is, cell–cell, and cell–matrix adhesions could not be

broken at the beginning of mitosis, due to the fault of the

shedding process of the phospho-defective Ser179Ala

mutation, further, the non-phosphorylated version could

not escape from the membrane.

The association of SDC4 to the spindle assumes inter-

action with tubulin [22]. Although the syndecan–tubulin

interaction was already shown [33], this could not be direct

interaction, because SDC4 was detected only with the

mitotic spindles and not with the microtubules in inter-

phase cells. Therefore, the binding of syndecan-4 to the

microtubules should be mediated through spindle-associ-

ated protein(s).

The accumulation of syndecan-4 in the ICBs and at the

midbodies requires phosphorylation of syndecan-4, since

the phospho-resistant Ser179Ala form was missing from

the whole midbody region and was not observed along the

mitotic spindle. However, the accumulation of syndecan-4

in the ICBs and/or at the midbodies should be independent

processes, since the midbody enrichment needed the cor-

rect membrane localization besides phosphorylation, and

the shed remnants were enriched only in the ICBs along-

side the spindles leaving the midbodies empty. Therefore,

the presence of the spindle-associated shed remnants in the

ICBs is most probably an inevitable consequence of the

arrayed mitotic spindles. The full syndecan-4, however,

should be recruited to the midbodies in an alternative way.

Wt-SDC4 was distributed at the ICBs in asymmetrically

arrayed vesicles (Figs. 2f1, 3c1) rather than a homogenous

dispersion along the spindles that was seen in the cases of

the shed remnants. This phenomenon suggests that full-

length SDC4 was delivered in vacuoles to the midbodies.

The extended length of ICBs of Ser179Glu mutant cells

is a consequence of the failure of abscission. The length of

the ICBs might depend on the position of the re-attaching

cells showed by time-laps photos; the daughter cells placed

farther from each other yet remained connected by long,

thin plasma bridge (Fig. 7a3, a4 and Suppl. Videos 3, 4).

CHO1 a member of the MKLP family is a kinesin-like

motor protein, which was found essential for completion of

cytokinesis in mammalian cells; its mutation resulted in

similar phenotype: extended, thin ICBs [34].

Several transmembrane proteins have already been

observed at the midbody [4, 29]. For example the tight

junction proteins: claudin-1 and occludin were detected at

the midbodies, whereas the also tight junction, but cyto-

plasmic ZO proteins were missing [29]. This means, that

there should be a mechanism that orients transmembrane

proteins to the midbody. Therefore, the enrichment of

transmembrane syndecan-4 at the midbodies is the conse-

quence of a guided event.

The mechanism of the abscission involves membrane

fusion events; otherwise, the plasma membranes of the

newly generated daughter cells would be ruptured [3, 35,

36]. Dynamin, a large GTPase protein that controls a

variety of vesicular budding events, was found to associate

with the spindle midzone and is required for cytokinesis

[37]. The dynamin is an interacting partner of syndecan-4
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binding the conservative C1 domain of syndecan-4 [38]

that comprises the Ser179, however, the consequence of

this interaction for the membrane dynamics has not been

known. Rab5 is one of the Rab small GTPases that regu-

lates a variety of intracellular trafficking such as membrane

trafficking into and between early endosomes and vesicle

transport along microtubules [39]. Rab5-GDP was reported

that it interacted with the conserved segment of the cyto-

plasmic domain of syndecans [31]. Therefore, SDC4 can

interact with Rab5; herewith it could be the link between

the vesicle transports along the microtubule and motor

proteins.

The importance of Rho-family small GTPases in the

cytokinesis has been known for a long time but their exact

role has not yet been completely elucidated. The guanine-

nucleotide exchange factors (GEFs) of Rho-family ECT2

and TD-60, or Rho-GTPase-activating proteins (Rho-

GAPs) MgcRacGAP, and p190RhoGAP were found

implicated in the regulation of cytokinesis [5, 40–43].

Syndecan-4 could influence p190RhoGAP activity [44]

and also determine the Rac activity [45, 46] according to

our studies in a phosphorylation-dependent manner

(unpublished data), which in turn can lead to failure of

abscission. Malfunction of the Rho-ROCK kinase pathway

resulted in similarly extended ICBs formed between the

unseparated daughter cells in T24 cell line [47]. The per-

turbation of the phosphorylation of MgcRacGAP, which in

turn can determine its Rho/Rac GAP activity, arrested

cytokinesis at a late stage and induced polyploidy [48].

Since SDC4 is involved in the regulation of Rho-Rac

activity thus we surmise that it can promote the completion

of cytokinesis.

The observed anomalies in the cytokinesis clearly indi-

cated the functional role of the phosphorylation and

shedding of syndecan-4 and suggested that the spatio-

temporal regulation of the nonphosphorylated and

phosphorylated syndecan-4 must be important for the

proper execution of the mitosis. Syndecan-4 can be a link

for transmitting signals from the ECM to the cell that reg-

ulate not only cell adhesion but cell proliferation, as well.
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