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Abstract Syndecan-1 is a heparan sulfate proteoglycan
expressed by endothelial and epithelial cells and involved
in wound healing and tumor growth. Surface-expressed
syndecan-1 undergoes proteolytic shedding leading to the
release of the soluble N-terminal ectodomain from a
transmembrane C-terminal fragment (tCTF). We show that
the disintegrin and metalloproteinase (ADAM) 17 gener-
ates a syndecan-1 tCTF, which can then undergo further
intra-membrane proteolysis by y-secretase. Scratch-in-
duced wound closure of cultured lung epithelial A549
tumor cells associates with increased syndecan-1 cleavage
as evidenced by the release of shed syndecan-1 ectodomain
and enhanced generation of the tCTF. Both wound closure
and the associated syndecan-1 shedding can be suppressed
by inhibition of ADAM family proteases. Cell
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proliferation, migration and invasion into matrigel as well
as several signaling pathways implicated in these responses
are suppressed by silencing of syndecan-1. These defects of
syndecan-1 deficient cells can be overcome by overex-
pression of syndecan-1 tCTF or a corresponding tCTF of
syndecan-4 but not by overexpression of a tCTF lacking
the transmembrane domain. Finally, lung metastasis for-
mation of A549 cells in SCID mice was found to be
dependent on syndecan-1, and the presence of syndecan-1
tCTF was sufficient for this activity. Thus, the syndecan-1
tCTF by itself is capable of mediating critical syndecan-1-
dependent functions in cell proliferation, migration, inva-
sion and metastasis formation and therefore can replace full
length syndecan-1 in the situation of increased syndecan-1
shedding during cell migration and tumor formation.

Keywords Syndecan-1 - Shedding -
Tumor cell migration - Lung metastasis formation

Introduction

Syndecan-1 is a cell surface proteoglycan that plays
regulatory roles in wound healing, inflammation, angio-
genesis and tumor development [1]. Syndecan-1 is
predominantly found on endothelial and epithelial cells [2].
The core protein of syndecan-1 consists of an ectodomain
carrying three long heparan sulfate and two chondroitin
sulfate-rich glycosaminoglycan chains, a single trans-
membrane domain and a short cytoplasmic domain [3, 4].
Syndecan-1 is also released as soluble variant into various
body fluids including serum of cancer patients, wound fluid
or bronchoalveolar fluid of inflamed lungs [5-10].

Via the glycosaminoglycan chains, syndecan-1 can in-
teract with components of the extracellular matrix, but also
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bind various extracellular ligands including growth factors,
chemokines, cytokines and proteases [11, 12]. Acting as
docking receptor, syndecan-1 recruits growth factors to the
cell surface and allows them to interact with their cognate
receptors. In addition, syndecan-bound chemokines can be
presented on the endothelial and epithelial surface to pa-
trolling leukocytes and then activate their chemokine
receptors [13].

Various studies have shown that syndecan-1 critically
modulates adhesion and migration of various cell types
including tumor cells. This activity can be in part due to the
docking receptor function for extracellular proteins. How-
ever, syndecans are also capable of several intracellular
interactions that can influence cell adhesion and migration.
The intracellular C-terminus of all syndecans is composed
of two conserved regions (C1 and C2) that are linked by a
variable region (V) which is specific for each syndecan.
The C-terminal C2 region of syndecan-1 was found to
contribute to the binding of PDZ (postsynaptic density,
Discs large, zona occludens 1) domain proteins such as
syntenin and T-lymphoma invasion and metastasis-induc-
ing protein 1 (Tiaml) as well as intracellular interaction
with other surface proteins such as ogf, integrin [14-16].
In addition, syndecan-1 can act as regulator of o,p; and
o, Ps integrin activation [15, 17]. Modulation of osf; in-
tegrins by syndecan-1 was also reported during focal
adhesion formation and migration [18-20]. Interestingly,
the latter pathway can either enhance or suppress these
processes [18-20]. Further, activation of focal adhesion
kinase (FAK) and Rho GTPase has been implicated in
syndecan-1-mediated effects on cell migration [16, 21].

The detailed analysis of syndecan-1 function is com-
plicated by the fact that the surface-expressed molecule
undergoes limited proteolysis leading to the release of its
soluble ectodomain, termed shedding [6, 7, 22, 23]. A basal
shedding activity results in the constitutive release of
syndecan-1 by cultured cells. Cell stimulation with PMA,
thrombin or proinflammatory cytokines enhances the
shedding [7, 24, 25]. Matrix metalloproteinases (MMPs) as
well as disintegrins and metalloproteinases (ADAMSs) were
found to be capable of cleaving syndecan-1 close to the cell
surface [10, 25, 26]. Soluble shed syndecan-1 can fulfill
various functions and has been described to promote cell
migration, metastasis, and tumor proliferation [23, 27, 28].

While much of the previous work focused on the func-
tion of the shed N-terminal soluble ectodomain, little is
known about the role of the cell-associated C-terminal
fragments arising from syndecan-1 shedding. Here, we
demonstrate that shedding by ADAMI17 generates a
transmembrane C-terminal fragment (tCTF). The produc-
tion of this fragment is enhanced during the wound closure
response of lung epithelial tumor A549 cells associated
with enhanced release of soluble syndecan-1. In these cells,
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loss of syndecan-1 critically affects signaling pathways as
well as cell proliferation and migration during wound
closure in vitro. In the absence of endogenous syndecan-1,
these responses can be restored by the presence of synde-
can-1 tCTF. Finally, we report that the syndecan-1 tCTF is
sufficient to fulfill critical functions of syndecan-1 in lung
metastasis formation of A549 cells in SCID mice. Our data
suggest that the transmembrane syndecan-1 fragment
generated by proteolytic shedding contributes to enhanced
lung tumor cell motility and metastasis formation.

Materials and methods

Recombinant proteins, antibodies, fluorescent dyes,
and inhibitors

The mouse monoclonal antibody (mAb) against the
C-terminus of human syndecan-1 and syndecan-3 (clone
2E9) was described before [14, 29, 30]. Its epitope includes
the PDZ-binding motif (C2 domain) as a deletion of 2
amino acids results in the loss of reactivity, plus a yet
undefined number of preceding N-terminal amino acids
present in both syndecan-1 and -3. Mouse mAb against
human syndecan-1 (clone DL-101) and human syndecan-4
(clone 5G9), rabbit polyclonal antibody (Ab) against hu-
man ERK (clone C-16), mouse mAb against human ERK
phosphorylation site Thr202/Tyr204 (clone E-4), rabbit Ab
against human FAK, rabbit Ab against human FAK phos-
phorylation site Tyr925, and rabbit Ab against HA-probe
(clone Y-11) were from Santa Cruz Biotechnology (Dallas,
TA, USA). Rabbit mAb against human Akt (clone C67E7),
rabbit mAb against human Akt phosphorylation site Ser473
(clone DIE), polyclonal rabbit Ab against human p38,
mouse mAb against human p38 phosphorylation site
Thr180/Tyr182 (clone D3F9) and rabbit Ab against human
transferrin receptor 1 (CD71) (clone D7G9X) were from
Cell Signaling (Danvers, MA, USA). Rabbit mAb against
human FAK phosphorylation site Tyr397 (clone 141-9)
was from Invitrogen (Karlsruhe, Germany). Mouse mAb
against -actin (clone 8226) was from Abcam (Cambridge,
UK), and mAb against GAPDH (clone GA1R) was from
Thermo Fisher Scientific (Waltham, MA, USA). Mouse
IgG; (clone 11711), IgG,, (clone 20102), IgG,, (clone
20116) isotype controls, mouse mAb against human f,
integrin (clone 4B7R) and mouse mAb against human o
integrin/CD49e (clone 230307) were from R&D Systems
(Wiesbaden, Germany). Mouse mAb against human active
B, integrin (clone HUTS-4) was from Millipore (Temecula,
CA, USA). Mouse mAb against human flotillin-1 (clone
18/flotillin) was from BD Biosciences (BD Biosciences,
Heidelberg, Germany). Allophycocyanin- or peroxidase-
conjugated secondary antibodies were from Jackson
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(Newmarket, UK). The goat mAb against mouse secondary
antibody Alexa Fluor® 647 conjugate (A21236) used for
immunocytochemistry was from Invitrogen. Antibodies
were used as recommended by the manufacturer. The
metalloproteinase inhibitor TAPI-1, the proteasome in-
hibitor MG132 and the y-secretase inhibitor DAPT (N-[N-
(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine #-butyl
ester) were from Calbiochem (Darmstadt, Germany). The
p38 inhibitor SB203580 was from Merck Millipore
(Darmstadt, Germany). Mitogen-activated protein kinase
1/2 (MEK 1/2) inhibitor U0126 was from Cell Signaling
(Boston, MA, USA). The ROCK inhibitor Y27632 was
from Sigma-Aldrich (Schnelldorf, Germany).

Cell culture and transfection

All cells were cultured in DMEM supplemented with 10 %
fetal calf serum and 1 % penicillin/streptomycin (all from
Sigma-Aldrich). The lung tumor epithelial cell line A549
and the human embryonic kidney cell line HEK293T were
cultured as described [10]. Presenilin (Ps) 17277,
Adami17~'~ and wild-type murine embryonic fibroblasts
(MEF) from Psi1/2 double-deficient or ADAMI17-deficient
murine embryos were provided by Paul Saftig and Karina
Reiss (University of Kiel, Germany) and cultured as de-
scribed [31]. Transient transfection was carried out with
Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s instructions.

DNA constructs

Short hairpin RNA (shRNA) targeting human syndecan-1
was inserted into the lentiviral expression vector
pLVTHM-GFP using Mlul and Clal [10]. The targeting
sequences were ggacttcacctttgaaacc (syndecan-1-1016;
target: CDS, extracellular domain of syndecan-1 mRNA),
ccggecgactgctitggac (syndecan-1-1560; target: UTR of
syndecan-1 mRNA) and gtgtccggtattcgatact (syndecan-1-
3116; target: UTR of syndecan-1 mRNA). The syndecan-1-
1560 and -3116 sequences were only used in the supple-
ments. A sequence of ccgtcacatcaattgccgt served as
scramble control. To form the shRNA, all sequences were
separated by a non-complementary spacer (ttcaagaga)
from their corresponding reverse complement sequence. To
tag human syndecan-1 with 2Z-binding domain for anti-
bodies, the cDNA of human syndecan-1 was amplified by
PCR without stop codon and inserted upstream to 2Z
cDNA cloned in pcDNA3.1 using Kpnl and Notl as we
have described previously for other 2Z-tagged proteins
[32]. For overexpression of tCTFs, the human cDNAs en-
coding the Kozak and the signal peptide sequence followed
by the transmembrane C-terminal fragments (tCTFs) of
human syndecan-1 (amino acid position 253-310) or

syndecan-4 (amino acid position 144-198), respectively,
were synthesized by MWG Biotech (Ebersberg, Germany)
and inserted into the lentiviral expression vector pLVX-
IRES-mCherry (Clontech, Mountain View, CA, USA) us-
ing Notl and Spel. For overexpression of the tCTF
transmembrane deletion mutant (tCTF-ATMD), synthetic
human cDNAs encoding the Kozak sequence directly fol-
lowed by the cytoplasmic C-terminal fragment (consisting
of the Cl1, V and C2 domain) of syndecan-1 (amino acid
position 276-310) or syndecan-4 (amino acid position
171-198), respectively, were used. For overexpression of
tCTF-ATMD-HA tag), synthetic human cDNAs encoding
the Kozak sequence directly followed by the cytoplasmic
C-terminal fragment (consisting of the C1, V and C2 do-
main) and a sequence to express HA (amino acid sequence
YPYDVPDYA) at the C-terminus of C2 domain of synde-
can-1 were used. All sequences were verified by
sequencing by MWG Biotech. For overexpression of full
length syndecan-1, the human cDNAs encoding the Kozak
and the complete coding sequence of the full length syn-
decan-1 were synthesized by MWG Biotech (Ebersberg,
Germany) and inserted into the lentiviral expression vector
pLVX-IRES-mCherry (Clontech, Mountain View, CA,
USA) using EcoRI and Notl.

Lentiviral transduction

For shRNA-mediated silencing, a lentiviral vector system
provided via addgene.com was used. Subconfluent
HEK293T cells were cotransfected with 5 ng of the
specific pLVTHM-plasmid, 3.25 pg of psPAX2, and
1.75 ng of pMD2G-VSVG using jetPEI (peqlab, Erlangen,
Germany) according to the manufacturer’s instructions.
The medium was changed after 5 h, and the lentivirus
containing supernatants was harvested after another 48 h of
incubation. Lentiviral shRNA particles were concentrated
via ultracentrifugation (50,000xg) for 2 h. For overex-
pression of the syndecan-1 tCTF, the Lenti-X™™ HTX
Packaging System (Clontech) was used following the
manufacturer’s instructions, and virus was further con-
centrated using the Lenti-X™ Concentrator. To transduce
A549 cells for either gene silencing or overexpression,
3 x 10° cells were seeded into six-well plates and 10 pl of
concentrated virus was added to the well. Polybrene (4 png/
ml, Sigma-Aldrich) was added to enhance the transduction
efficiency. After 24 h, culture media containing lentivirus
were replaced by fresh culture medium. For overexpression
of tCTF, tCTF-ATMD or full length syndecan-1 in
scramble or syndecan-1-deficient cells, a second trans-
duction with lentiviral particles was carried out 5 days
post-transduction with lentiviral shRNA particles. The
transduction efficiency was analyzed by GFP (shRNA ex-
pression) or mCherry (overexpression) reporter gene
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expression 72 h
microscopy.

after transduction using fluorescence

Quantitative PCR analysis

The mRNA expression levels of syndecan-1 and -4 CTF were
quantified by quantitative PCR and normalized to the mRNA
expression level of glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). RNA was extracted using RNeasy Kit
(Qiagen, Hilden, Germany) and quantified by spectropho-
tometry (NanoDrop, Peqlab, Erlangen, Germany). RNA
(1 pg) was reverse transcribed using the RevertAid First
Strand cDNA Synthesis kit (Fermentas, St Leon-Rot, Ger-
many) according to the manufacturers’ protocol. PCR
reactions were then performed in triplicates using Sybr Pre-
mix Extaq2 (Takara, Saint-Germain-en-Laye, France) and
0.5 uM forward and reverse primer. The following primers
were used: syndecan-1 CTF forward, aggacgaaggcagctac;
syndecan-1 CTF reverse gcctggtggggtttctggtag; syndecan-4
CTF forward, gaaggatgaaggcagctatga; syndecan-4 CTF re-
verse, fcacgcgtagaactattgg; full length syndecan-1 forward,
ccaccatgagacctcaacce; full length syndecan-1 reverse, gc-
cactacagcecgtattctcc; GAPDH forward, ccagtgagcttcecgttca,
GAPDH reverse, cagaacatcatccctgectcta. All PCR reactions
were run on a LightCycler 480 System (Roche) with 45 cy-
cles of 10 s denaturation at 95 °C, followed by 10 s annealing
at 54 °C (syndecan-1 and -4 CTFs), 58 °C (syndecan-1 full
length) or 66 °C (GAPDH) and 15 s amplification at 74 °C.
Standard curves for target genes and reference gene
(GAPDH) were prepared from a serial dilution of pooled
cDNA products of all samples. Data were obtained as the
crossing point value normalized according to the e-method
using the LightCycler®480 software 1.5.

Dot blotting for syndecan-1 or -4

Conditioned media were diluted in blotting buffer (0.15 M
NaCl buffered to pH 4.5 with 50 mM sodium acetate, and
with 0.1 % Triton X-100), and applied to cationic
polyvinylidene difluoride-based membrane (Hybond-N,
Amersham Biosciences, Freiburg, Germany) under vacuum
in a dot blot apparatus (Amersham Biosciences). By
acidifying the samples in blotting buffer, only highly an-
ionic molecules in the conditioned media, such as
proteoglycans, are retained by the cationic membrane. The
membranes were washed twice with blotting buffer,
blocked for 1 h with PBS supplemented with 0.5 % bovine
serum albumin, 3 % nonfat dry milk, and 0.1 % Tween 20
(all from Sigma). Human syndecan-1 or -4 was detected by
incubating membranes overnight at 4 °C with mouse anti-
syndecan-1 or -4 mAb (0.6 pg/ml) followed by incubation
with POD-coupled goat anti-mouse Ab (diluted 1:20,000 in
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PBS-Tween 20 0.1 %). After addition of chemilumines-
cence substrate (ECL advanced, Amersham Biosciences),
signals were recorded and quantified using a luminescent
image analyzer LAS3000 and Multi Gauge 3.0 software
(Fujifilm, Tokyo, Japan).

Western blotting for 2Z-tagged syndecan-1 or -4
and syndecan-1 tCTF

Samples were subjected to SDS—polyacrylamide gel elec-
trophoresis under reducing conditions using 10 % Tris—
glycine gels for detection of 2Z-tagged syndecan-1 or -4
and 15 % Tris—glycine gels for analysis of syndecan-1
tCTF. Proteins were transferred onto polyvinylidene di-
fluoride-based  membranes  (Hybond-P, = Amersham
Biosciences). 2Z-tagged syndecan-1 or -4 was detected via
the IgG-binding sites of the 2Z-tag by probing with normal
rabbit IgG (0.5 pg/ml). The non-tagged syndecan-1 tCTF
was detected by the mAb 2E9 against the C-terminus of
human syndecan-1 and -3 (0.5 pg/ml). Bound antibodies
were visualized by incubation with peroxidase-coupled
secondary antibodies and subsequent chemiluminescence
reaction (see above). Equal loading and transfer of proteins
to the membrane was verified by detection of B-actin or
GAPDH.

Western blotting for syndecan-1 tCTF-ATMD-HA

Samples were subjected to SDS—polyacrylamide gel elec-
trophoresis under reducing conditions using 4-20 % Mini-
Protean® TGX™ Gel (Biorad). Proteins were transferred
onto polyvinylidene difluoride-based membranes using the
Trans-Blot ®Turbo™ transfer system. HA-tagged synde-
can-1 tCTF lacking the transmembrane domain (tCTF-
ATMD-HA) was detected via HA-antibody. Bound anti-
bodies were visualized by incubation with peroxidase-
coupled secondary antibodies and subsequent chemilumi-
nescence reaction (see above). Equal loading and transfer
of proteins to the membrane was verified by detection of
GAPDH.

Cytosol-membrane fractions

Cells were washed twice with ice-cold PBS and removed
from the cell culture dish in 500 pl 5 mM HEPES con-
taining complete protease inhibitor (Roche Diagnostics,
Germany) by gentle scraping with a cell scraper and lysed
by passaging 15 times through a 27-gauge needle on ice.
Briefly, cell homogenates were centrifuged for 15 min at
200xg to remove nuclei. The resulting supernatant was
added to 50l 1.4 mM NaCl and recentrifuged at
16,000x g for 60 min yielding a pellet of plasma membrane
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containing membrane fraction. The supernatant represent-
ing cytosolic fraction was concentrated. The membrane and
cytosolic fractions were subject to Western blot analysis.

Phosphorylation analysis of ERK, p38, Akt
and FAK

A549 cells (3.0 x 10° cells per well) were cultured in the
absence of serum for 24 h, cooled on ice and lysed in lysis
buffer containing 20 mM Tris, 150 mM NaCl, 5 mM
EDTA, 30 mM NaF, 5 mM DTT, 1 mM PMSF, 10 mM
pNPP, 1 mM benzamidine, 10 mM glycerophosphate,
1 mM Naz;PO,, 1 % Triton X-100, and complete protease
inhibitor (Roche). Lysates were then subjected to SDS-
PAGE and Western blotting using antibodies against
phosphorylated and non-phosphorylated forms of ERK,
p38, Akt and FAK. Antibodies were used according to
manufacturer’s recommendations.

Rho GTPase activation assay

A549 cells (3.0 x 10° cells per well) were cultured in the
absence of serum for 24 h and subsequently cell lysates
(500 pg total protein) were analyzed for content of total and
active Rho using a commercial kit (Enzo Life Sciences,
Plymouth, USA) according to the manufacturer’s recom-
mendations. As positive control, cell lysates were treated with
GTPyS, leading to Rho GTPase activation (data not shown).

Flow cytometric analysis

Cells were analyzed for syndecan and integrin surface
expression by staining with syndecan-1, syndecan-4, o/
CD49e integrin, B, integrin, or active f; integrin confor-
mation antibodies. Isotype controls for mouse IgG, IgG,,,
IgG,y, respectively, were used in parallel. Allophyco-
cyanin-conjugated goat anti-mouse Ig (1:100) was used as
secondary antibody. The fluorescence signals were de-
tected by flow cytometry (FACS LRS Fortessa, BD
Biosciences) and analyzed with FlowJo 8.7.3 software
(Tree Star, Inc., Ashland, USA).

Proliferation assay

For live cell analysis of proliferation, 5 x 10° cells in
100 pl/well were seeded in 96-well plates. Cell prolif-
eration was monitored using the automated IncuCyte
ZOOM microscope (Essen Biosciences, Hertfordshire, UK)
by taking images of each well every 2 h for a period of
48 h. The calculation of confluence was performed with the
IncuCyte ZOOM microscope software 2014A. Results
were expressed as fold increase in confluence after 48 h in
comparison to O h.

Wound closure assay (scratch assay)

For live cell analysis of scratch-induced wound closure,
1.5 x 10* cells per well were seeded in collagen G (40 pg/
ml) or fibronectin (6 pg/ml) (Biochrom AG, Germany)
coated 96-well plates near confluence and allowed to grow
overnight in standard medium. At confluence, cells were
pretreated 2 h with mitomycin (10 pg/ml) (Medac, Ger-
many) to block cell proliferation and washed with standard
media. Subsequently, a defined scratch (wound width be-
tween 642 and 767 pm) was performed in each well using
the certified Essen Biosciences automated 96-wound-
maker™ (Essen Biosciences, Hertfordshire, UK) for
96-well plates. The medium was removed and 100 pl
standard medium was added to the wells. The closure of
the wounded area was monitored using the IncuCyte
ZOOM system by taking images of each well every 2 h
over a period of 24 h. The reduction of wound width was
determined over time using the IncuCyte ZOOM micro-
scope software 2014A. Data were expressed as percentage
of wound closure after 24 h.

Invasion assay

The invasion assay was performed as described for the
wound closure assay. After scratch induction, the medium
was removed, and 40 pl matrix basement membrane ma-
trigel (BD Biosciences) was added to each well. The
invasion of cells into the wound field was recorded using
the IncuCyte ZOOM system over a period of 28 h. The
number of invaded cells in the wound area was determined
using the IncuCyte ZOOM microscope software 2014A
and calculated as percentage of cells present after scratch
induction.

Lung tumor metastasis

AS549 cells were studied for metastasis formation in severe
combined immune deficient mice (NOD-SCID Il2rg"””,
NSG) that were maintained under specific pathogen-free
conditions in the central animal facility of the University
Hospital RWTH Aachen. All animal experiments were
approved by local authorities in compliance with the Ger-
man animal protection law (AZ 84-02.04.2013.A198).
A549 cells were harvested, singularized, washed and re-
suspended in PBS. Subsequently, a uniform single cell
suspension containing 3 x 10° cells in 100 pl of PBS was
intravenously injected into the lateral tail vein of 6-8-
week-old SCID mice. After 35 days, lungs were prepared,
fixed by intratracheal instillation of Roti-Fix® (Roth, Ger-
many), embedded in paraffin and cut in 3 pm slices.
Hematoxylin—eosin staining was performed using standard
protocols. Images were taken with a Zeiss microscope
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(AxioLab.A, Carl Zeiss Microlmaging GmbH, Germany)
at 40-fold magnification. For mounting whole lung over-
views, the Keyence BZ-9000 software BZ2Viewer Merge
was used. The number of formed lung tumors was deter-
mined by double blinded scoring of formed tumor colonies
using a ranking from 1 (no colony), 2 (<50 colonies), 3
(<100 colonies), 4 (<150 colonies), 5 (<200 colonies), 6
(<250 colonies), to 7 (>250 colonies). For measurement of
metastasis diameters, images of 100-fold magnification
were used and the mean tumor volume was calculated by
the following equation: tumor volume = lengthx
(width)? / 2 [33].

Statistics

Quantitative data are shown as mean and SD calculated
from at least three independent experiments or cell isolates.
Animal numbers are given in the figure legends. Percentage
data were arc sin-transformed. Homoscedasticity was
checked by the Bartlett test and analyzed using parametric
student’s T test. If there was no homoscedasticity, the data
were analyzed using nonparametric Mann—Whitney U test.
Statistical analyses were performed using PRISMS.0
(GraphPad Software, La Jollla, CA). All p values were
corrected for multiple comparisons using false discovery
rate (FDR) control and differences were indicated by as-
terisks or hashes. To test for difference to a single
hypothetical value (e.g., 100 or 1.0), the one-sample ¢ test
was used and differences were indicated by asterisks.

Results

ADAMI17 generates a transmembrane cell-
associated syndecan-1 fragment

Syndecan-1 shedding has been found to occur at a single
site proximal to the cell membrane and should not only
release the N-terminal ectodomain but also generate a
C-terminal cleavage fragment (CTF) containing the trans-
membrane domain (tCTF). We investigated the role of the
metalloproteinase ADAM17 for the generation of synde-
can-1 cleavage fragments. As shown by dot blot analysis of
serum-free culture supernatants, soluble syndecan-1 was
released into the conditioned medium of wild-type murine
embryonic fibroblasts (MEFs) transfected with syndecan-1-
27 but considerably less was released from Adaml7 ™'~
MEFs (Fig. la, b). Wild-type and ADAMI17-deficient
MEFs were transfected with syndecan-1 carrying a C-ter-
minal 2Z-tag and analyzed by Western blotting of the cell
lysates. Normal IgG was used to detect the 2Z-tag via its
two binding sites for IgG. This procedure did not allow to
visualize intact syndecan-1-2Z due to its high degree of
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differential glycosylation. However, in the lysates from
wild-type MEFs, a small cell-associated protein variant of
syndecan-1-2Z appeared as distinct protein band at 25 kDa
and slightly above. No corresponding protein band was
detected in MEFs transfected with an empty control vector
(Fig. 1c, d) and therefore this protein most likely represents
a syndecan-1 tCTF, consisting of the C-terminal 17-kDa
tag plus the membrane-associated fragment of syndecan-1.
The generation of the syndecan-1 tCTF was almost com-
pletely abolished in ADAM17-deficient MEFs indicating
that it was generated by ADAMI17-dependent shedding.
Comparable experiments were performed with syndecan-4-
27 demonstrating that syndecan-4 is cleaved into a soluble
ectodomain and a tCTF by ADAMI17 as shown for syn-
decan-1 (supplemental Fig. 1a—d).

The transmembrane syndecan-1 fragment
undergoes further proteolysis by y-secretase

To investigate the involvement of the y-secretase complex
in processing of syndecan-1 tCTF, we used the y-secretase
inhibitor DAPT as well as MEFs double-deficient of pre-
senilin 1 and 2 (Psi/2) that mediate the proteolytic activity
of the y-secretase complex. As shown by semiquantitative
dot blot analysis, treatment with the y-secretase inhibitor
DAPT had no effect on the release of soluble syndecan-1
from wild-type MEFs transfected with human syndecan-1-
27 (Fig. le, f), and a similar observation was made for
syndecan-4-2Z (supplemental Fig. le, f). Moreover, re-
lease of syndecan-1 was not different in transfected Psl/
27/~ MEFs. As expected, syndecan-1 release from wild-
type and Ps//2~'~ MEFs was considerably reduced when
shedding was blocked with the metalloproteinase inhibitor
TAPI-1. Western blot analysis of cell-associated syndecan-
1 tCTF revealed that the y-secretase inhibitor DAPT led to
a profound accumulation of the syndecan-1 tCTF. This
effect was also observed in PsI/2~'~ MEFs (Fig. lg, h).
The accumulation was reduced when shedding of synde-
can-1 was blocked by TAPI-1. Again, comparable
observations were made for syndecan-4 (supplemental
Fig. 1g, h). These findings suggest that ADAMI17 activa-
tion is relevant for the release of soluble syndecan-1 and
the generation of a cellular transmembrane cleavage frag-
ment that undergoes further proteolytic degradation by y-
secretase.

Wound closure of A549 cells is associated
with syndecan-1 cleavage and the generation
of syndecan-1 tCTF

Our previous studies have shown that ADAM17 mediates
inflammation-induced shedding of syndecan-1 by lung
epithelial A549 cells [10]. These cells were chosen as they
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Fig. 1 Sequential processing of syndecan-1 by ADAMI17 and y-
secretase. a—d Wild-type (wt) and Adaml 77~ MEF cells were
transfected with syndecan-1-2Z (SDC-1-2Z) or empty vector as
control. After 48 h, conditioned media were harvested and subse-
quently assayed for the release of syndecan-1 (SDC-1) by dot blotting
using an antibody against the ectodomain of SDC-1 (a). The signal for
released soluble SDC-1 was quantified by densitometry and expressed
in relation to the signal of the wild-type control (b, nd not detectable).
Cell lysates were subjected (two independent experiments are marked
with lane 1 and 2) to Western blotting using rabbit IgG, which allows
direct detection of the 2Z-tag (c). Arrow indicates the signal for the
transmembrane C-terminal fragment (tCTF), which was quantified by
densitometry (d, nd not detectable). e-h Presenilin 127~ (Ps1/27'7)

express syndecan-1 at a higher level compared to other
syndecans (SDC-4 is expressed at a much lower level [10]
and SDC-3 or SDC-2 is even more rare [34, 35]). We
further investigated the generation of syndecan-1 cleavage
fragments by ADAMI17 in an in vitro wound closure model

0 none DMSO DAPT TAPI-1

and wild-type MEF cells, transfected with SDC-1-2Z expression
vector, were treated with metalloproteinase inhibitor TAPI-1
(10 uM), vy-secretase inhibitor DAPT (5 uM) or DMSO (vehicle,
0.1 %) for 16 h. The release of soluble SDC-1 was examined by dot
blotting (e) and quantified by densitometry expressed in relation to the
untreated wild-type control (f). Cell lysates were subjected to Western
blotting (g) and the tCTF was quantified by densitometry in relation to
the untreated wild-type control (h). Data are shown as representative
blots and means + SD calculated from three independent ex-
periments. Statistically significant differences compared to the
respective wild-type control are indicated by asterisks, and statistical
differences compared to the DMSO control are indicated by hashes
(p < 0.05)

with A549 cells. Wounds were introduced by defined
scratching of the confluent cell layer using an automated
wound maker tool. Analysis of the serum-free media and
cell layer after scratch induction revealed that wounding is
associated with an increased release of soluble syndecan-1
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ectodomain (Fig. 2a). This correlated with an accumulation
of syndecan-1 tCTF which could be detected with the 2E9
antibody against the C-terminus of syndecan-1 and -3
(Fig. 2b). Accumulation of both the soluble shed syndecan-
1 and the tCTF was abolished by metalloproteinase inhi-
bition using TAPI-1. This increased accumulation after
wounding was not associated with an increased mRNA
expression of full length syndecan-1 (Fig. 2c).

To confirm that the wound healing response of A549
cells was predominantly due to cell migration, control
experiments were performed with the cytostatic drug
mitomycin. As expected, mitomycin only had a slight ef-
fect on the wound closure of a wounded confluent cell layer
(supplemental Fig. 2a) and therefore the wound healing
response was predominantly dependent on cell migration
but not cell proliferation. By contrast, mitomycin sup-
pressed the density increase of cultured A549 cells which
was due to an arrest in cell proliferation (supplemental
Fig. 2b). Therefore, in the subsequent experiments, cell
migration and proliferation were assessed as wound closure
and changes in density, respectively.

Syndecan-1 and its tCTF promote wound closure
and invasion of A549 cells

The upregulation of syndecan-1 shedding in wounded
A549 cells raised the question whether syndecan-1 itself or
its tCTF modulates the wound healing response. To in-
vestigate the role of endogenous syndecan-1, we first
performed shRNA-mediated transcriptional knockdown of
syndecan-1 by lentiviral transduction of A549 cells.
Downregulation of syndecan-1 on the transduced A549
cells was confirmed by flow cytometry (Fig. 3a) and
quantitative PCR (Fig. 3b). Expression of syndecan-1
shRNA had no effect on syndecan-4 surface (supplemental
Fig. 2c) and mRNA (supplemental Fig. 2d) expression,
which was generally lower than that of syndecan-1. Fur-
thermore, microarray results showed no change on
syndecan-2 or -3 mRNA expression during shRNA-medi-
ated syndecan-1 knockdown (supplemental Fig. 2e). This
excludes possible compensation of syndecan-1 loss by
syndecan-2, -3 or -4 upregulation. In addition, two other
shRNA sequences targeting syndecan-1 were used and
efficient syndecan-1 knockdown was confirmed (supple-
mental Fig. 3a, b).

Knockdown of syndecan-1 in A549 cells significantly
decreased proliferation (Fig. 3c) and scratch-induced
wound closure on collagen G as well as on fibronectin
(Fig. 3d, e). Silencing of syndecan-1 also reduced invasion
of A549 cells into the wounded area when it was covered
with matrigel directly after scratch induction (Fig. 3f, g).
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Fig. 2 Association of syndecan-1 shedding and wound closure in
A549 cells. a—¢ A confluent monolayer of A549 cells was wounded
by a defined scratch or left untreated. The cells were incubated for
24 h with metalloproteinase inhibitor TAPI-1 (10 uM) or DMSO
(0.1 %) as control. Subsequently, the supernatants were analyzed for
the presence of soluble SDC-1 by dot blotting using an antibody
against the ectodomain of SDC-1 (a) and cell lysates were subjected
to Western blotting using an antibody against SDC-1 tCTF (b).
Signals were quantified by densitometry and expressed in relation to
the DMSO treated control (a—b). The expression of full length SDC-1
mRNA was controlled by quantitative PCR (c¢). Data are shown as
representative experiments and means + SD calculated from three
independent experiments. Statistically significant differences com-
pared to the control without scratch induction are indicated by
asterisks (p < 0.05)
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Fig. 3 Inhibition of the wound
closure response by syndecan-1
knockdown in A549 cells. A549
cells were transduced with
lentivirus encoding scramble
(scr) or SDC-1 shRNA. a—

b Efficiency of downregulation
was controlled by flow
cytometry (a) and quantitative
PCR (b). ¢ Transduced cells
were assayed for changes in
confluence over 48 h of culture
using the IncuCyte ZOOM
software. d—e Transduced A549
cells were grown to confluency
on coated collagen G (d) or
fibronectin (e) and wounded by
a defined scratch. Wound
closure was monitored from 0 h
after scratch induction to 24 h
and quantified using the
IncuCyte ZOOM software. f—
g Transduced cells were
wounded by scratching and
subsequently covered with
matrigel to analyze cell invasion
from the wound edges into the
matrigel within the wounded
area (f). Exemplary images of
three independent invasion
experiments are shown (g).
Quantitative data were
calculated as means + SD from
three independent experiments.
Statistically significant
differences compared to
scramble control are indicated
by asterisks (p < 0.05)
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These results were confirmed with the two additional
shRNA sequences both causing decreased proliferation and
wound closure on collagen G (supplemental Fig. 3c, d).
These data indicate that syndecan-1 is required for prolif-
eration, wound closure and invasion into matrigel.

We then studied whether syndecan-1 tCTF can influence
cell proliferation and migration of A549 cells. By lentiviral
transduction, syndecan-1 tCTF was overexpressed in A549
cells either expressing or lacking endogenous syndecan-1. For
these experiments, a non-tagged tCTF fused to the C-terminus
of the syndecan-1 signal peptide was used to avoid potential
influence of the tag and to achieve membrane expression. The
presence of endogenous and overexpressed tCTF was
demonstrated by Western blotting using the 2E9 antibody
(Fig. 4a, b). Knockdown of syndecan-1 confirmed that the
Western blot signal is indicative for the presence of syndecan-
1 tCTF. The overexpression within a physiologically relevant
range was also confirmed by quantitative PCR detecting
mRNA for both endogenous syndecan-1 and the overex-
pressed tCTF (Fig. 4c). Immunocytochemistry (supplemental
Fig. 4a) and membrane preparations (supplemental Fig. 4b)
showed that syndecan-1 tCTF is expressed at the plasma
membrane. Further, when cells were treated with the y-sec-
retase inhibitor DAPT, the Western blot signal for the
overexpressed tCTF was increased (Fig. 4d) suggesting that
the overexpressed tCTF was also undergoing further cleavage
by the y-secretase within the cell membrane.

In A549 cells treated with scramble shRNA and still
expressing endogenous syndecan-1, overexpression of the
syndecan-1 tCTF did neither affect cell proliferation,
wound closure on collagen G or fibronectin, nor invasion
into matrigel (Fig. 4e—i). By contrast, in cells with shRNA-
mediated knockdown of syndecan-1, reconstitution of the
syndecan-1 tCTF slightly enhanced cell proliferation and
clearly restored wound closure on collagen G and fi-
bronectin as well as invasion into matrigel. These data
indicate that the transmembrane cleavage fragment of
syndecan-1 is sufficient to promote A549 cell proliferation,
migration and invasion.

Since migration on collagen or fibronectin as well as
invasion into extracellular matrix involves the integrins o
and B;, we also investigated the influence of syndecan-1
tCTF overexpression on the surface expression level of
these integrins. Surface expression of a5 and ; integrins
(total protein and active conformation) was increased when
syndecan-1 tCTF was overexpressed in A549 cells lacking
endogenous syndecan-1 (supplemental Fig. Sa—f). This is
consistent with the promigratory effect of the syndecan-1
tCTF on/in extracellular matrix components, which could
be suppressed by a blocking antibody against [, integrin
(supplemental Fig. 5g, h).
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Syndecan-1 and its tCTF regulate p38, Akt, Rho
GTPase activation and FAK signaling pathways

We next questioned whether syndecan-1 knockdown and
tCTF overexpression also affect signaling pathways that
have been implicated in proliferative and migratory pro-
cesses. First, we performed inhibition experiments to test
distinct signaling pathways for their involvement in cell
proliferation and wound healing. Both processes were con-
siderably reduced by the metalloproteinase inhibitor TAPI-
1, the MEK 1/2 inhibitor U0126, the p38 inhibitor
SB203580, and the Rho kinase inhibitor Y27632 (Fig. Sa,
b). We further speculated that these could represent signal
transduction pathways by which syndecan-1 or its cleavage
fragment could influence cell migration and proliferation.

We first controlled the influence of syndecan-1 depletion
in A549 cells on signal transduction and phosphorylation of
ERK, p38 kinase, Akt and FAK as well as Rho GTPase
activation. In A549 cells, syndecan-1 knockdown had no
effect on phosphorylation of ERK (Fig. 5c), whereas
phosphorylation of p38 and Akt was significantly de-
creased (Fig. 5d, e). Also Rho GTPase activation was
decreased by syndecan-1 depletion (Fig. 5f). FAK was
hyperphosphorylated at tyrosine 397 and tyrosine 925 in
syndecan-1 knockdown A549 cells compared to the control
(Fig. 5g, h). This signal transduction analysis was verified
using two other shRNA sequences specific against synde-
can-1 (supplemental Fig. 6a—e). These data indicate that
syndecan-1 influences several signal transduction pathways
that modulate cell migration and proliferation of A549
cells.

We next investigated the effect of tCTF overexpression
on syndecan-1-dependent signaling pathways. Overex-
pression of the tCTF in A549 control cells expressing
endogenous syndecan-1 (expressing scramble shRNA) did
not show significant effects on ERK, p38, Akt and FAK
Tyr397 phosphorylation but a significant reduction of FAK
Tyr925 phosphorylation (Fig. 6a—f). More pronounced and
significant effects were observed when the tCTF was
overexpressed in syndecan-1-deficient cells. ERK phos-
phorylation was significantly reduced. Especially, the
responses that were suppressed by syndecan-1 knockdown
including p38, Akt and Rho GTPase activation were again
restored by overexpression of the tCTF (Fig. 6b—d). Vice
versa, FAK phosphorylation at Tyr397 and Tyr925 that
was enhanced by syndecan-1 knockdown was again re-
duced by tCTF overexpression (Fig. 6e, f). These findings
demonstrate that the transmembrane cleavage fragment of
syndecan-1 is sufficient to promote signaling pathways that
are required for cell migration and proliferation of A549
cells.
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Fig. 4 Restoration of wound closure by syndecan-1 tCTF overex-
pression in syndecan-1-deficient A549 cells. A549 cells were
transduced with lentivirus encoding scr or SDC-1 shRNA. Overex-
pression of SDC-1 tCTF was carried out by second transduction of
A549 cells expressing scr shRNA or SDC-1 shRNA with lentivirus
encoding SDC-1 tCTF. a-b Endogenous tCTF expression in A549
cells receiving empty vector (a) and lentiviral overexpression of the
tCTF (b) was analyzed by Western blotting with antibody against the
tCTF. Note different expression levels of endogenous and overex-
pressed SDC-1 tCTF in relation of GAPDH expression in a and
b. ¢ Efficiency of overexpression was further controlled by qPCR
with primers annealing to the C-terminus of SDC-1 allowing to detect
both endogenous SDC-1 and overexpressed tCTF mRNAs. d SDC-1-
deficient A549 cells expressing SDC-1 tCTF were treated with y-
secretase inhibitor DAPT (5 pM) or DMSO (vehicle, 0.1 %) for 16 h
and cell lysates were subjected to Western blotting. The SDC-1 tCTF
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was quantified by densitometry expressed in relation to GAPDH
expression. e Double transduced A549 cells were analyzed for
changes in confluence over 48 h. f-g Double transduced A549 cells
were grown to confluency on collagen G (f) or fibronectin (g) coated
wells and wounded by a defined scratch. Wound closure was
monitored for 24 h and quantified using the IncuCyte ZOOM
software. h—i Transduced cells were covered with matrigel after
scratch induction and monitored as described above to analyze cell
invasion (h). Exemplary images of three independent invasion
experiments are shown (i). All data were calculated as means + SD
from three independent experiments. Statistically significant differ-
ences compared to shRNA_SDC-1 + empty vector,
shRNA_scramble 4+ empty vector, or shRNA_scramble 4+ SDC-1
tCTF are indicated by hashes, asterisks or crosses, respectively
(p < 0.05)
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Fig. 5 Modulation of
intracellular signaling pathways
by syndecan-1 knockdown in
AS549 cells. a—b A549 cells were
treated with DMSO (vehicle,
0.1 %), TAPI-1 (10 uM),
SB203580 (10 uM, p38
Inhibitor), U0162 (10 puM,
MEK1/2 inhibitor) or Y27632
(10 uM, ROCK inhibitor) and
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investigated for changes in
density over a period of 48 h in
culture (a) or wound closure
after scratch induction over 24 h
(b) using the IncuCyte ZOOM
Imaging system. c-h Cell
lysates of A549 cells transduced
to express scr or SDC-1 shRNA
were analyzed for
phosphorylation or activation
status of ERK (¢), p38 (d), Akt
(e), Rho GTPase (f) and FAK at
sites Tyr397 (g) and Tyr925
(h) by Western blotting. Signals
were quantified by densitometry
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versus total forms and
calculated in relation to the 0.0
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The tCTFs of syndecan-1 or syndecan-4
but not the tCTFs lacking the transmembrane
domain can compensate endogenous syndecan-1

We questioned whether the promigratory function is lim-
ited to syndecan-1 tCTF. We therefore overexpressed
syndecan-4 tCTF in A549 cells after knockdown of en-
dogenous syndecan-1. This was controlled by quantitative
PCR detecting mRNA for both endogenous syndecan-4 and
the overexpressed tCTF of syndecan-4 but not of syndecan-
1 (Fig. 7a). Syndecan-4 tCTF promoted wound closure of
syndecan-1-deficient A549 cells as efficient as syndecan-1
tCTF (Fig. 7b). Surface expression of both integrins o5 and
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By was increased when syndecan-4 tCTF was overex-
pressed in A549 cells lacking endogenous syndecan-1,
which was comparable to the effect seen after syndecan-1
tCTF overexpression (supplemental Fig. 7a—f and supple-
mental Fig. 5).

Further, syndecan-4 tCTF was also comparable to syn-
decan-1 tCTF in its ability to restore intracellular signaling
pathways such as inhibition of FAK Tyr397 and Tyr925
phosphorylation and activation of Akt and p38 in A549
cells lacking endogenous syndecan-1 (supplemental
Fig. 8a—e). These data suggest that both syndecans share
functional properties to promote signaling towards cell
migration.
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Fig. 6 Restoration of intracellular signaling by overexpression of
syndecan-1 tCTF in A549 cells lacking endogenous syndecan-1.
A549 cells were transduced with scr or SDC-1 shRNA vector.
Subsequently, a second transduction was carried out with virus for
overexpression of SDC-1 tCTF or with empty vector control virus.
Cell lysates of double transduced A549 cells were analyzed for
phosphorylation or activation status of ERK (a), p38 (b), Akt (¢), Rho

To approach the question whether membrane insertion
of the syndecan-1 or -4 tCTF would be essential for me-
diating its promigratory function, we overexpressed a
deletion mutant of the tCTF lacking the transmembrane
domain (ATMD). Overexpression in A549 cells after
knockdown of endogenous syndecan-1 was again verified
by quantitative PCR (Fig. 7c). An HA-tagged variant was
used to demonstrate the protein expression (Fig. 7d). In a
parallel approach, we also overexpressed syndecan-4 tCTF
ATMD mutant, which was again verified by quantitative
PCR (Fig. 7e). When the non-tagged deletion variants were
finally studied in the wound closure assay in A549 cells
lacking endogenous syndecan-1, no effect on the wound
closure response was found (Fig. 7f). We also did not ob-
serve changes of surface-expressed integrins (supplemental
Fig. 7 g-1). These data suggest that removal of the tCTF

GTPase (d), and FAK at sites Tyr397 (e) and Tyr925 (f) by Western
blotting. Signals were quantified by densitometry as phosphorylated
or activated versus total forms and calculated in relation to the
appropriate control cells. Data represent means + SD of three
independent experiments. Asterisks indicate significant differences
to the scramble control, hashes indicate significances due to
overexpression of the tCTF (p < 0.05)

transmembrane domain, which can occur via y-secretase-
mediated cleavage, abrogates the promigratory activity of
the tCTFs. Finally, as a control we overexpressed full
length syndecan-1 in cells expressing shRNA against the
UTR region of syndecan-1 (shRNA sequence 3116) lead-
ing to downregulation of endogenous syndecan-1 (compare
supplemental Fig. 3a-b and Fig. 9a-b). As expected, re-
constitution of full length syndecan-1 surface expression
which was verified by flow cytometry (supplemental
Fig. 9a-b) lead to the recovery of the proliferative and
migratory response (supplemental Fig. e, f). Surface ex-
pression of syndecan-4 was neither affected by syndecan-1
knockdown via the UTR region nor by overexpression of
full length syndecan-1 (supplemental Fig. 9c—d). These
data show that overexpression of either the full length
syndecan-1 or its cleavage fragment is sufficient to restore
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«Fig. 7 Syndecan-1 or syndecan-4 tCTF lacking the transmembrane
domain cannot compensate endogenous syndecan-1. a—b A549 cells
were transduced with SDC-1 shRNA vector. Subsequently, a second
transduction was carried out with virus for overexpression of SDC-1
or SDC-4 tCTF or with empty vector control virus. Efficiency of
overexpression was controlled by qPCR with primers annealing to the
C-terminus of SDC-4 allowing to detect both endogenous SDC-4 and
overexpressed tCTF mRNAs (a). Double transduced A549 cells were
grown to confluency on collagen G-coated wells and wounded by a
defined scratch. Wound closure was monitored for 24 h and
quantified using the IncuCyte ZOOM software (b). c—f A549 cells
were transduced SDC-1 shRNA vector. Subsequently, a second
transduction was carried out with virus for overexpression of SDC-1
tCTF-ATMD, SDC-4 tCTF-ATMD, SDC-1 tCTF-ATMD-HA (only in
d), or with empty vector control virus. The expression of SDC-1
tCTF-ATMD mRNA was controlled by qPCR (c¢). SDC-1-deficient
A549 cells expressing SDC-1 tCTF-ATMD-HA were harvested and
cell lysates were subjected to Western blotting. The SDC-1 tCTF-
ATMD-HA was quantified by densitometry in relation of GAPDH
expression (d). Efficiency of overexpression was further controlled by
qPCR with primers annealing to the C-terminus of SDC-4 allowing
the detection of both endogenous SDC-4 and overexpressed SDC-4
tCTF-ATMD mRNAs (e). Double transduced A549 cells were grown
to confluency on collagen G-coated wells and wounded by a defined
scratch. Wound closure was monitored for 24 h and quantified using
the IncuCyte ZOOM software (f). All data were calculated as
means + SD from three independent experiments. Statistically sig-
nificant differences compared to shRNA_SDC-1 + empty vector are
indicated by asterisks (p < 0.05)

the migratory response in the absence of endogenous
syndecan-1.

Syndecan-1 and its tCTF promote lung metastasis
formation in SCID mice

To test the in vivo relevance of our findings, we finally
investigated whether the tCTF of syndecan-1 can take over
critical functions in lung metastasis formation of A549
cells in SCID mice. First, we studied the function of en-
dogenous syndecan-1 by shRNA-mediated knockdown in
A549 cells. When these cells were intravenously injected
into SCID mice, syndecan-1 deficiency resulted in a con-
siderably reduced number and volume of lung tumors
compared to scramble shRNA control cells still expressing
syndecan-1 (Fig. 8a—c). Moreover, lung tumor formation of
A549 cells lacking endogenous syndecan-1 was again re-
stored by overexpression of the syndecan-1 tCTF (Fig. 8d—
f). Therefore, the transmembrane syndecan-1 fragment
generated by ADAMI17-mediated proteolytic shedding is
sufficient to fulfill the functions of syndecan-1 in lung tu-
mor metastasis formation.

Discussion
In the present study, we investigate the generation and

functional activity of membrane-associated C-terminal
cleavage fragments of syndecan-1 for proliferation,

migration, invasion and lung metastasis formation of lung
tumor epithelial cells. We provide pharmacological and
genetic evidence that syndecan-1 is shed by ADAMI17 at
the cell surface leading to the generation of a transmem-
brane C-terminal fragment, which can further undergo
intra-membrane proteolysis via y-secretase. We also show
that syndecan-1 shedding and generation of the tCTF is
increased in lung tumor epithelial A549 cells in the course
of wound closure. Syndecan-1 critically contributes to cell
proliferation, wound closure and invasion into matrigel as
well as several signaling pathways implicated in these re-
sponses. We here report that the presence of syndecan-1
tCTF alone is sufficient to mediate these functions of
syndecan-1. Consistent with our in vitro findings, we show
in a xenograft transplantation model that syndecan-1 pro-
motes metastasis formation of lung tumor cells in vivo and
that this process only requires the presence of syndecan-1
tCTF.

Several matrix metalloproteinases (MMPs) have been
implicated in the shedding of syndecans including MMP3,
MMP7, MMP9, MT-MMP at different sites [36]. We here
confirm our previous work that ADAMI17 is a relevant
sheddase of syndecan-1 in epithelial cells [10]. This was
demonstrated by the reduced presence of extracellular and
cell-associated cleavage fragments in ADAM]17-deficient
murine fibroblasts. The release of soluble syndecan N-ter-
minal ectodomains as a consequence of proteolytic
shedding has been addressed by several studies via over-
expression of the soluble ectodomain in vitro and in vivo as
reviewed in detail [37]. However, the cellular fate of the
C-terminal fragments of syndecan-1 remaining within the
cell membrane after shedding is poorly defined. It has been
reported that syndecan-3 undergoes regulated intra-mem-
brane proteolysis which is sensitive to inhibition of the y-
secretase complex [30]. We here provide genetic evidence
for the role of y-secretase in the intra-membrane prote-
olysis of syndecan-1 and we show that this cleavage occurs
only after syndecan-1 shedding by ADAMI17.

Shedding of syndecan-1 can occur in a constitutive
manner but can also be induced by various stimuli in-
cluding cytokines, pathogens or danger-associated
molecular pattern molecules [10]. We here show that the
wound closure response is associated with increased
cleavage of syndecan-1. This could be evidenced by the
enhanced release of the soluble syndecan-1 ectodomain as
well as by the accumulation of the syndecan-1 tCTF within
the cell membranes. We did not observe changes in syn-
decan-1 mRNA during the wound closure response
suggesting that regulation of gene expression does not play
a critical role for this effect. The activation of the shedding
protease may represent another possible mechanism. In
fact, most of the syndecan shedding in A549 cells is me-
diated by ADAM17 which is known to be activated by
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«Fig. 8 Lung metastasis formation of A549 cells in SCID mice
requires the presence of syndecan-1 or syndecan-1 tCTF. a—¢ A549
cells were transduced with scr or SDC-1 shRNA vector. Transduced
A549 cells were injected into the tail vein of SCID mice (n = 5 per
group). After 35 days, animals were killed and the lungs were
analyzed for the number (a) and volume (b) of lung tumors.
¢ Representative histologic images are shown. Sections (3 um) of
formalin-fixed and paraffin-embedded whole lungs were stained with
hematoxylin—eosin. d—f A549 cells were transduced with scr or SDC-
1 shRNA vector followed by a second transduction with virus for
overexpression of SDC-1 tCTF or empty control vector. Double
transduced A549 cells were injected into the tail vein of mice (n = 6
per group). After 35 days, the number (d) and size (e) of lung tumors
was determined. f Representative histologic images are shown. All
data were calculated as mean &+ SD and statistically significant
differences are indicated by asterisks (p < 0.05)

various stimuli [10]. The exact mechanism of this activa-
tion remains to be determined but cellular stress and the
release of danger-associated mediators could be involved
in the enhanced activity of ADAMI17 as it has been re-
ported for the shedding of other substrates including IL6R
and L-selectin [38, 39].

Syndecans have been implicated in the wound closure
response in vitro and in vivo. In line with these data, our
study demonstrates a critical role of syndecan-1 in the
wound closure of cultured epithelial tumor cells as well as
in critical signaling pathways mediating this response.
These responses were investigated in A549 cells that ex-
press syndecan-1 at a high level compared to the only low
level of syndecan-4. Cell proliferation, wound closure on
collagen or fibronectin and invasion into extracellular
matrix (matrigel) were all reduced in the absence of syn-
decan-1. As we also observed syndecan-1-dependent
wound closure in the presence of mitomycin blocking cell
proliferation, we conclude that syndecan-1 is critical for
migration of cells into the wounded area. Several signaling
pathways that are implicated in cell proliferation and mi-
gration including p38, Akt, Rho GTPase and FAK are
modulated by knockdown or overexpression of syndecan-1
[20, 40, 41]. However, the effects appear to be cell-type
dependent. For example, overexpression of syndecan-1 was
found to enhance p38 phosphorylation in myocardial cells
in vivo [40] and knockdown of syndecan-1 was reported to
enhance cell migration of MDA-MB-231 cells via Rho
GTPase activation [41]. In our experiments with lung ep-
ithelial tumor cells, phosphorylation of p38 and Akt as well
as activation of Rho GTPase was clearly reduced in the
absence of syndecan-1. Especially, the activation of Rho
GTPase is critical for cell migration by controlling polarity,
protrusion and adhesion [42]. We also noted that phos-
phorylation of FAK at tyrosines 397 and 925 was enhanced
by syndecan-1 knockdown. While phosphorylation at ty-
rosine 397 is initially associated with an activation of FAK,
this later leads to additional phosphorylation at tyrosine
925 by Src kinase [43, 44]. The later phosphorylation leads

to the exclusion of FAK from cell contacts [45]. Therefore,
these data point towards an inhibition of FAK activity upon
syndecan-1 knockdown. Since focal adhesions are impor-
tant for cell movement, this may constitute an additional
mechanism by which syndecan-1 knockdown could reduce
cell migration.

After having shown that syndecan-1 is critical for the
wound closure response of lung epithelial tumor cells, we
could then demonstrate that the syndecan-1 tCTF by itself
can take over this function in the absence of the endoge-
nous syndecan-1. This was consistently seen for cell
proliferation, for wound closure on collagen and fi-
bronectin as well as for cell invasion into extracellular
matrix. A recent report demonstrates that the cytoplasmic
domain of syndecan-1 can interact with o and B4 integrin
and thereby regulates cell motility [15]. Depending on the
cell type, this regulation may possibly also include other
collagen and extracellular matrix-binding integrins. We
here show that the tCTF of syndecan-1 upregulates ex-
pression of a5 and B, integrins. Using blocking antibodies,
we demonstrate that these integrins also critically mediate
tumor cell migration and invasion. Interestingly, only the
tCTF but not its deletion mutant lacking the transmem-
brane domain was found to enhance migration and
upregulation of o5 and B integrins. These findings suggest
that membrane localization of syndecan-1 tCTF is essential
for underlying mechanisms towards integrin upregulation
and migration. Moreover, in cells lacking endogenous
syndecan-1, the expression of the tCTF alone was sufficient
to maintain a normal activation status of p38, Akt, Rho
GTPase and FAK indicating that crucial signaling path-
ways towards cell proliferation and migration can be
restored by the tCTF. Of note, the C-terminus of syndecans
carries a number of signaling motifs for adapter and sig-
naling molecules such as syntenin, synectin and Tiaml
domain [14, 16, 46]. These pathways have been linked to
the activation of p38, Akt, Rho GTPase and FAK [3, 20,
47, 48], which could then influence cell migration and focal
adhesion formation. Also syndecan-4 is capable of binding
PDZ adapter proteins such as synectin via the conserved
C2 domain present in all syndecans [46]. In fact, we found
that the tCTF of syndecan-4 can restore signaling path-
ways, o5 and B integrin upregulation, and migration to a
similar extent as syndecan-1 tCTF in cells lacking en-
dogenous expression of syndecan-1. Moreover, both tCTFs
require their transmembrane domain for their promigratory
function suggesting that they exert their function closed to
the cell membrane. Yet, the relative contribution and mu-
tual influence of the involved signaling events towards cell
migration could not be addressed in the present study and
remain to be investigated in more detail.

Lung metastasis of tumor cells is a critical step in the
progression of various cancers and also lung tumors
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including adenocarcinoma themselves show a high poten-
tial to form metastasis via the blood and the lymph [49].
Cell migration and invasion are essential for circulating
tumor cells to spread into the lung tissue [49]. Syndecan-1
has been implicated in lung tumor formation in mice by
either gene knockdown or by overexpression [20, 50].
Moreover, increased serum content of syndecan-1 has been
associated with poor outcome in lung cancer in humans [7].
Consistent with these reports, we confirm in a murine
xenograft transplantation model that tumor formation
critically depends on syndecan-1 as indicated by consid-
erably decreased lung metastasis number and tumor
volume upon syndecan-1 knockdown. We further show
that the presence of syndecan-1 tCTF alone is sufficient to
mediate metastasis formation in vivo. These results are
fully consistent with our in vitro findings and highlight the
in vivo relevance of syndecan-1 cleavage fragments gen-
erated by proteolytic shedding.

Proteolytic shedding generates N-terminal and C-ter-
minal syndecan-1 fragments that both contribute to cell
migration. On the one hand, several studies have shown
that the soluble ectodomain promotes cell migration by
capturing chemokines creating a chemotactic gradient [7]
and by activation of integrins [18]. On the other hand, our
present study demonstrates that the transmembrane C-ter-
minal fragment also promotes cell migration. Therefore,
loss of syndecan-1 expression as a result of enhanced
shedding would not directly lead to inhibition of cell mi-
gration because the generated soluble ectodomain and also
the tCTF would still fulfill critical functions for cell mi-
gration. It is not excluded that proteolytic shedding even
constitutes an important step in syndecan-1 mediated cell
migration. Only at a later stage when soluble syndecan-1
has disappeared in the intercellular fluid and when the
tCTF has been degraded by the y-secretase, it can be ex-
pected that migration will be inhibited. This could then
help to turn off regenerative or possibly also malignant
processes. We therefore propose that therapeutic strategies
aiming at blocking cell migration by inhibition of synde-
can-1 should target both extracellular as well as
intracellular activities of the molecule.
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