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Simple epithelial cells are polygonal in shape, polarized in an apical-basal orientation,
and organized into closely adherent sheets, characteristics that result from a variety of
cellular specializations and adhesive proteins. These characteristics are lost when the
epithelia transform during embryogenesis into mesenchymal cells or after neoplasia into
invasive carcinoma cells. Of the syndecan family of transmembrane heparan sulfate
proteoglycans, simple epithelia produce predominately syndecan-1, which is found at
basolateral surfaces and within adhesive junctions. To elucidate the function of this
syndecan-1, normal murine mammary gland epithelia were made deficient in syndecan-1
by transfection with an expression vector containing the syndecan-1 cDNA in the
antisense configuration. Several independently derived clones of stable transfectants
contained the antisense cDNA in their genome and expressed the antisense transcript.
These grew either as epithelial islands of closely adherent polygonal cells, identical to
both the parental cells and the vector-only control transfectants, or as individual elon-
gated fusiform cells that invaded and migrated within collagen gels, like mesenchymal
cells, but were anchorage-independent for growth. The clones that retained epithelial
characteristics were moderately deficient in cell surface syndecan-1 (greater than 48% of
control levels) but did not differ from control cells in expression of ,B1-integrins and
E-cadherin, or in F-actin organization. However, the clones of fusiform cells were
severely deficient in cell surface syndecan-1 (less than 12% of control levels) and showed
rearranged ,31-integrins, markedly reduced E-cadherin expression, and disorganized
F-actin filaments, but retained mammary epithelial markers. Therefore, depleting epi-
thelia of cell surface syndecan-1 alters cell morphology and organization, the arrange-
ment and expression of adhesion molecules, and anchorage-dependent growth controls.
Thus, cell surface syndecan-1 is required to maintain the normal phenotype of simple
epithelia.

INTRODUCTION these characteristics. The initial morphology of differ-

The shape, adhesion, motility, and organization of entiated cells in vertebrate embryos is epithelial, but
metazoan cells are differentiated characteristics that the cells can transform during development into a

determine cell behavior during morphogenesis and mesenchymal phenotype in a highly regulated, spa-
after neoplastic transformation. A large variety of mol- tiotemporal pattern (Hay, 1991). Such transformations
ecules is involved in establishing and maintaining are also part of wound repair, organ remodeling, and

tumorigenesis and metastasis. The molecules involved
in these epithelial-mesenchymal transformations are

Current address: Megabios Corporation, 863A Mitten Road, becoming increasingly understood.
Burlingame, CA 94010.

t Corresponding author: Joint Program in Neonatology, Harvard Simple epithelia are sheets of cuboidal or columnar
Medical School, 300 Longwood Avenue, Boston, MA 02115. cells that show apical-basal polarity and lateral inter-

i 1995 by The American Society for Cell Biology 559



M. Kato et al.

cellular junctions, and lie sessile on a basement mem-
brane. These characteristics are lost during their trans-
formation into mesenchymal cells which, in typical
fibroblastic cells, are elongated fusiform cells that mi-
grate as single cells through the extracellular matrix
(Hay, 1991). These cells have a leading edge, but do
not form polarized membrane domains or adhesion
junctions as in epithelia.
Some epithelial cells can be transformed into mes-

enchyme-like cells by modulating the cellular micro-
environment. For example, when lens epithelia or thy-
roid follicles are embedded in a type I collagen gel, or
MDCK cells precultured on basement membrane ma-
trix are cultured on type I collagen gels, these epithelia
transform into cells with a mesenchymal phenotype
(Greenburg and Hay, 1986, 1988; Zuk et al., 1989).
Antibodies against E-cadherin or ,13-integrins can dis-
rupt epithelial monolayers causing the cells to become
mesenchyme-like (Yoshida-Noro et al., 1984; Behrens
et al., 1989; Hirai et al., 1989; Larjava et al., 1990; Sym-
ington et al., 1993). For example, when treated with
anti E-cadherin antibodies, MDCK cells that nor-
mally form typical epithelial sheets invade collagen
gels or chick hearts, suggesting that they have ac-
quired a mesenchymal phenotype (Behrens et al.,
1989). Growth factors can also regulate this trans-
formation. For example, hepatocyte growth factor/
scatter factor can mediate this transformation in
several epithelial cell lines (Gherardi et al., 1989;
Weidner et al., 1990). Exogenous acidic fibroblast
growth factor induces an epithelial-mesenchymal
transformation in a rat bladder carcinoma cell line
(Valles et al., 1990). Overexpression of basic fibro-
blast growth factor causes rat pancreatic acinar ep-
ithelial cells to assume a fibroblastic shape (Estival
et al., 1993). Although the function of wnt-1 protein
is unknown, this secreted protein can transform
mammary epithelial cells into the mesenchymal
phenotype (Jue et al., 1992).
Thus, a variety of cell-cell, cell-matrix, and/or cell-

growth factor interactions can induce epithelial-mes-
enchymal transformations. The cell surface molecules
involved in these interactions differ widely, but the
similarity of the response raises the possibility that a
common post-receptor mechanism or a common core-
ceptor for growth factor, extracellular matrix, and cell
adhesion molecules might be involved. Because of the
evidence that cell surface proteoglycans function as
coreceptors for each of these classes of molecules
(Bernfield et al., 1992), we have examined the possibil-
ity that epithelial-mesenchymal transformations in-
volve a change in expression of these proteoglycans.
The major cell surface proteoglycan on epithelial

cells is syndecan-1, a member of the syndecan family
of transmembrane heparan sulfate proteoglycans
(Bernfield et al., 1992; Kim et al., 1994). Syndecan-1 is a
31-kDa protein containing a 34-amino acid cytoplas-

mic domain, a transmembrane domain, and an extra-
cellular domain bearing chondroitin sulfate chains
near the plasma membrane and heparan sulfate chains
near the N-terminus (Saunders et al., 1989; Kokenyesi
and Bemfield, 1994). Via its heparan sulfate chains,
syndecan-1 binds cells to soluble and insoluble hepa-
rin-binding molecules such as interstitial collagens
(Koda and Bernfield, 1984; Koda et al., 1985), fibronec-
tin (Saunders and Bernfield, 1988), thrombospondin
(Sun et al., 1989), tenascin (Salmivirta et al., 1991), and
basic fibroblast growth factor (Kiefer et al., 1990; Bern-
field and Hooper, 1991). The cytoplasmic domain of
syndecan-1 associates with F-actin directly or indi-
rectly when the extracellular domain is cross-linked
by ligands (Rapraeger et al., 1986), suggesting synde-
can-I may be involved in extracellular-intracellular
signaling. Syndecan-1 localizes at the basolateral sur-
faces of epithelial cells (Rapraeger et al., 1986; Hayashi
et al., 1987). This localization mimics that of E-cadherin
(Takeichi, 1988), a2,Bl-, and a3,31-integrins (Larjava et
al., 1990; Symington et al., 1993). The localization and
embryonic distribution of syndecan-1 has previously
suggested that it plays a pivotal role in maintaining
epithelial morphology (Bernfield et al., 1985).
We hypothesized that if syndecan-1 is involved in

maintaining epithelial morphology and behavior, that
its loss from epithelial cell surfaces would result in an
epithelial-mesenchymal transformation. To test this
hypothesis, we stably transfected a cell line that shows
typical epithelial characteristics, normal murine mam-
mary epithelial (NMuMG)l cells, with an antisense
syndecan-1 RNA expression vector, and produced
several clones of syndecan-l-deficient NMuMG cells.
Here we report that syndecan-deficient NMuMG
cells lose their epithelial phenotype and acquire
mesenchymal morphology and behavior, as well as
loss of anchorage-dependent growth. The results
indicate that syndecan-1 is required to maintain the
epithelial phenotype.

MATERIALS AND METHODS

Vector Construction
The Sad-HindIII fragment (nucleotides 214-1379) of the murine
syndecan-1 cDNA (Saunders et al., 1989) in pGEM3Z (Promega,
Madison, WI) was excised with EcoRI and HindIII, and ligated into
Bluescript SK (Stratagene, La Jolla, CA). Subcloning into the multi-
cloning site of Bluescript allowed excision of the insert as a HindIII-
BamHI fragment, which was then subcloned directionally, in an
inverse 5' to 3' orientation with respect to the ,B-actin promoter, into
the unique BamHI-HindIII sites of the expression vector LK444
(Gunning et al., 1987) to produce pMB9. The resultant vector con-
tains 26-bp 5'-untranslated, 936-bp coding, and 204-bp 3'-untrans-
lated sequences of the syndecan-1 cDNA. Plasmids were grown in
TG-1 in the presence of 100 ,g/ml of ampicillin and purified twice
by isopycnic centrifugation in CsCl (Sambrook et al., 1989).

1 Abbreviations used: NMuMG, normal murine mammary gland;
MMFG, mouse milk fat globule.
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Cell Culture and Transfection
NMuMG cells (Owens et al., 1974) were obtained from H.S. Smith
(University of Califomia, Berkeley, CA), and cultured in Dulbecco's
modified Eagle's medium (DME) and fetal calf serum (FCS) as
described elsewhere (David et al., 1981). The cells were cloned twice
in our laboratory, selecting for epithelial morphology, and clone 35
was used at passage 13-23 throughout the experiments described
below. Twenty micrograms of pMB9 or LK444 was transfected into
70% confluent NMuMG cells by the calcium phosphate-mediated
transfection/glycerol shock technique (Sambrook et al., 1989). Sub-
sequently, the cells were split and plated into five 100-mm dishes,
and cultured after 48 h in the presence of 800 ,ug/ml G418 (Gene-
ticin; Life Technologies, Gaithersburg, MD). During the following 3
wk, colonies of stable transfectants appeared on these secondary
plates, and these were cloned with cloning rings.

Collagen Gel Invasion Assay
Type I collagen gels (0.25% wt/vol) in 24-well plates were formed
by neutralizing rat tail tendon collagen (Collaborative Research,
Bedford, MA) with NaHCO3 in the presence of DME and FCS. Cell
suspensions obtained by trypsinization were plated into wells (104
cells/well), cultured for 5 days at 37°C in 5% (vol/vol) CO2, and
photographed with a phase contrast-equipped Nikon Diaphot in-
verted microscope (Nikon, Tokyo, Japan). In some experiments, cell
aggregates prepared by mechanical dispersal of confluent cell layers
were embedded within collagen gels and cultured as described
above.

Agarose Gel Colony Fonnation Assay
An agarose solution (0.5% wt/vol) made with SeaPlaque low melt
agarose (FMC Bioproducts, Rockland, ME) in DME and FCS at 37°C
was poured into 60-mm tissue culture dishes (6 ml per dish) and
allowed to gel. Trypsinized cells suspended in 0.34% (wt/vol) aga-
rose in DME and FCS were overlayed on the previously formed gels
(1.5 ml per dish). The gel was allowed to form at room temperature,
and the dishes were incubated at 37°C in 5% (vol/vol) CO2 for 20
days. Phase contrast micrographs were taken for evaluation.

Genomic Southern Analysis
Genomic DNA was prepared from NMuMG cells and the transfec-
tants by the proteinase K digestion/phenol-chloroform extraction
method (Sambrook et al., 1989). Approximately 10 ,ug genomic DNA
was digested with EcoRI or HindIl at 37°C overnight, and subjected
to 1% (wt/vol) SeaKem agarose (FMC Bioproducts, Rockland, ME)
gel electrophoresis with 50 mM Tris-boric acid, pH 8.0,1 mM EDTA.
Fractionated DNA was transferred to Genescreen (DuPont NEN,
Boston, MA), and hybridized with a [a-32P]dCTP-labeled EcoRI-
HindlIl fragment of syndecan-1 cDNA, 4-19B containing the full
coding region of syndecan-1 as described previously (Saunders et
al., 1989; Oettinger et al., 1991). The membrane was subjected to
autoradiography with Kodak XAR5 film (Eastman Kodak) at
-700C.

Northern Blot Analysis
Total RNA was prepared by the guanidine thiocyanate/CsCl ultra-
centrifugation method (Sambrook et al., 1989). Ten micrograms of
total RNA was fractionated with 1.2% (wt/vol) SeaKem agarose gel,
and transferred to GeneScreen as described previously (Saunders et
al., 1989). The blots were hybridized with [a-32P]CTP-labeled syn-
decan-1 sense or antisense RNA (prepared with SP6- or T7 RNA
polymerase, respectively, on the EcoRI-HindIII fragment of 4-19B
subcloned in pGEM3Z), with [a-32P]dCTP-labeled cDNA for E-
cadherin (a gift from Masatoshi Takeichi, Kyoto University, Japan),
or mouse ,B-actin cDNA probe. The blot hybridized with syndecan-1
antisense RNA was treated with RNase A (5 ,ug/ml in 10 mM

Tris-HCl, pH 8.0, 1 mM EDTA for 15 min at room temperature) to
reduce the background caused by the nonspecific binding of the
probe to the RNA samples. The membrane was subjected to auto-
radiography as above. In some experiments, the blot was stained
with methylene blue to detect RNA (Sambrook et al., 1989).

Antibodies and Immunofluorescent Microscopy
Antibodies used in this study were as follows: 281-2 is a rat mAb
against the mouse syndecan-1 core protein (Jalkanen et al., 1985);
LE61 is a mAb against kangaroo rat cytokeratin 18 (Lane, 1982), and
was a gift from E. Brigitte Lane (Imperial Cancer Research Fund,
United Kingdom); rabbit anti-mouse milk fat globule (MMFG) an-
tigen antibody was a gift from Roberto L. Ceriani (John Muir Cancer
Research Institute, CA) (Ceriani and Peterson, 1978); rabbit anti-
hamster vimentin antibody (Hynes and Destree, 1978) was a gift
from Richard Hynes (Massachusetts Institute of Technology, Cam-
bridge, MA); ECCD-2 is a rat mAb against mouse E-cadherin
(Shirayoshi et al., 1986), and was a gift from Masatoshi Takeichi
(Kyoto University, Japan); and rabbit anti-human fibronectin recep-
tor antibody was obtained from Telios Pharmaceuticals (San Diego,
CA).

Cells were plated on cover slips (Bellco Glass, Vineland, NJ) and
cultured for 2 days, at which time they were 50-90% confluent. In
some experiments cells were cultured for 5 days after reaching
confluence. For the immunostaining of syndecan-1, E-cadherin, and
MMFG antigen, cells were fixed with freshly prepared 2% (wt/vol)
paraformaldehyde in 1 mM CaCl2, 0.5 mM MgCl2, phosphate-buff-
ered saline (mPBS) for 20 min, and permeabilized with 0.1% Triton
X-100 in 0.15M NaCl, 10mM Tris-HCl, pH 7.4,1 mM CaCl2, 0.5 mM
MgCl2 (mTBS) for 5 min at room temperature. For the staining of
cytokeratin 18, vimentin, and the fibronectin receptor, cells were
fixed and permeabilized with ice-cold methanol for 10 min, and
rehydrated with mTBS. Cells were blocked with 5% goat serum or
swine serum in 0.1% bovine serum albumin in mTBS for 20 min, and
incubated with first antibodies described above. After washing with
mTBS, the cells were incubated with fluorescein isothiocyanate
(FITC)- (Cappel, Durham, NC) or tetramethyl-rhodamine isothio-
cyanate (TRITC)-conjugated goat anti-rat IgG (Jackson Immunore-
search Laboratories, West Grove, PA) for syndecan-1 and E-cad-
herin, FITC-conjugated rabbit anti mouse-IgG (Accurate Chemicals
and Scientific, Westbury, NY) for cytokeratin 18, and FITC-conju-
gated swine anti-rabbit IgG (Dako, Carpinteria, CA) for MMFG
antigen, vimentin, and fibronectin receptor. FITC-conjugated phal-
loidin (Molecular Probes, Eugene, OR) was used to detect F-actin.
Cells were mounted on glass slides with 0.1% (wt/vol) p-phe-
nylenediamine, PBS, 90% (vol/vol) glycerol, and observed with
an epifluorescent-equipped Axiophot microscope (Carl Zeiss,
Thornwood, NY). The phase and immunofluorescent photomi-
crographs were taken with Tmax 400 film (Eastman Kodak, Roch-
ester, NY) by automatic (for phase) or manual exposure (for
fluorescence).

Quantitation of Cell Surface Syndecan-1
Syndecan-1 on the surface of cells grown in 60-mm dishes (50-90%
confluent) was released with crystalline trypsin (Type VIII; Sigma,
St. Louis, MO), and quantitated by radioimmunoassay with radio-
iodinated mAb 281-2 as described previously (Jalkanen et al., 1987;
Sanderson et al., 1992). The cell pellet was dissolved in 0.2 M NaOH,
and cellular protein was quantitated with BCA protein assay
(Pierce, Rockford, IL) according to the manufacturer's instructions.
Bovine serum albumin was used as a protein standard. The amount
of syndecan-1 was normalized by the amount of the cellular protein.

Immunoprecipitation for Integrins
Cells (6 x 107 cells for 125I, 6 x 106 cells for 35S) were labeled
chemically on their surfaces with 1.5 mCi of Na[1251] (Dupont
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NEN) by lactoperoxidase (Calbiochem, La Jolla, CA) (Morrison,
1974) or metabolically with 50 ,uCi/ml of [35Slmethionine
(Tran35S-label; ICN, Irvine, CA) for 16 h in methionine- and
cysteine-free DME. After labeling, cells were extracted with 0.5%
NP-40, 1 mM CaCl2, 1 mM MgCl2, TBS, 1 mM phenylmethylsul-
fonyl fluoride for 30 min at 0'C. After removing unincorporated
radioactivity by Sephadex G-25 column chromatography (Phar-
macia Biotech, Piscataway, NJ), the supernatants (5.0 x 105 cpm
for 125I, 4 x 107 cpm for 35S) were subjected to immunoprecipi-
tation with rabbit anti-chicken ,B1-, a3-, or a5-integrin antibodies
(gifts from Richard Hynes) (Marcantonio and Hynes, 1988; Hynes
et al., 1989) and protein A agarose, and were fractionated by
sodTiim dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 7.5% (wt/vol) gel with a discontinuous buffer system
(Laemmli, 1970) under nonreducing conditions. The gels were
dried and subjected to autoradiography (for 125I) or fluorography
with Enlightning (Dupont NEN). Densitometric analysis was
performed in two dimension with a laser densitometer (Gelscan
XL, Pharmacia Biotec).

Western Blot Analysis for E-Cadherin
Cells in 60-mm dishes (70-90% confluent) were lysed in 300 ,ul of 2%
SDS, 1 mM CaCl2, 50 mM Tris-HCl, pH 7.4,5% (vol/vol) 2-mercap-
toethanol, 0.025% bromophenol blue, and boiled for 10 min. The
protein content of the cell lysates was determined by BCA assay
after precipitating proteins in aliquots by 20% (wt/vol) trichloro-
acetic acid. Cell lysates (10 ,ug protein) were fractionated by SDS-
PAGE as described above, and transferred to polyvinyliodine dif-
luoride membranes (Immobilon-P; Millipore, Bedford, MA). The
membranes were incubated with ECCD-2 (Shirayoshi et al., 1986),
alkaline phosphatase-conjugated goat anti-rat IgG (Caltag, South
San Francisco, CA), and signals were detected by incubating the
membrane with a mixture of nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate (Bio-Rad, Richmond, CA).

Statistical and Sequence Analyses
The means and standard deviations of the data were calculated with
Microsoft Excel (Microsoft, Seattle, WA). The statistical significance
(p value) of the data was calculated using a nonparametric Mann-
Whitney test with Instat biostatistic program (GraphPad Software,
San Diego, CA) on a Macintosh computer. Assessments of sequence
homologies were based on rat sequences for syndecan-1 (syndecan;
M81785), syndecan-2 (fibroglycan; M81687), and syndecan-4 (ryu-
docan; M81786) and performed with the GAP program in GCG
sequence analysis software (Madison, WI).

RESULTS

NMuMG cells, initially obtained by selective tryp-
sinization of normal mouse mammary epithelium
(Owens et al., 1974), were cloned by selecting for ar-
chetypical epithelial morphology, and then main-
tained at low culture densities and used at low pas-
sages (passage 13-23). When grown on tissue culture
plastic, these NMuMG cells show characteristic epi-
thelial morphology and growth pattern; at confluence,
these cells form a continuous monolayer of polygonal
cells, often forming domes that are characteristic of
polarized epithelia in culture (David et al., 1981). At
subconfluence, they form islands of closely associated
polygonal cells, and the cells at the edge of the islands
spread smoothly contoured lamellipodia onto the sur-
face of the plastic culture substratum. These NMuMG

cells express the MMFG antigen, a differentiation
marker for mammary epithelial cells, indicating that
they maintain mammary epithelial differentiation (Ce-
riani and Peterson, 1978).

Syndecan-1 Antisense Transfectants Exhibit Two
Distinct Morphologies
In an attempt to generate syndecan-deficient cells, a
syndecan-1 antisense mRNA expression vector
(pMB9) was constructed from the mammalian expres-
sion vector LK444 (Gunning et al., 1987) by inserting
the full coding region of syndecan-1 cDNA in the
antisense configuration. LK444 and pMB9 were trans-
fected into NMuMG cells, and cells resistant to G418
were cloned. Nine clones of LK444 transfectants were
isolated and maintained (termed vector-only transfec-
tants). Each isolate showed a morphology and growth
pattern identical to those of the parental NMuMG cells
whether in subconfluent or confluent culture (Figure
1, a and b).
The G418 resistant cells transfected with the pMB9

antisense construct showed two morphologically
distinct sets of colonies. One set yielded typical
epithelial clones that were indistinguishable from
both the parental NMuMG cells and the vector-only
transfectants in morphology and growth pattern,
forming islands of closely associated polygonal cells
when subconfluent (Figure Ic) and a continuous
monolayer of polygonal cells when confluent (Fig-
ure ld). These cells were termed epithelial antisense
transfectants. The other set yielded clones of cells
showing an elongated morphology and were
termed fusiform antisense transfectants. These grew
as individual cells in subconfluent culture with ex-
tensive filopodia that often under- or over-lapped
adjacent cells (Figure 1, e and f). In confluent cul-
ture, these cells formed a continuous monolayer of
morphologically heterogeneous cells that were often
seen to over- or underlap other cells (Figure lf,
arrowheads).
From two independent transfections with pMB9, 25

G418-resistant clones were chosen and cloned. Of
these, 18 clones showed epithelial morphology, eight
clones of which were further characterized (E1.7, E1.8,
El.ll, E1.12, E1.15, E1.18, E2.1, and E2.2; "E" indicates
epithelial morphology, the first digit denotes first or
second transfection experiment, and the second digit
denotes clone number). The remaining clones showed
fusiform morphology and all seven were further char-
acterized (M1.4, Ml.6, Ml.9, M1.16, M2.6, M2.8, and
M2.9; "M" indicates mesenchymal morphology). A
single clone was selected from the vector-only trans-
fectants (tLKl.12), and was used as a transfection
control.
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Figure 1. Syndecan-1 antisense cDNA transfectants show two distinct morphologies. The morphology on tissue culture plastic of the
vector-only (tLK1.12; a and b), epithelial antisense (E1.8; c and d), and fusiform antisense (M1.4; e and f) transfectants was examined at
subconfluence (a, c, and e) and 5 days postconfluence (b, d, and f). In panel f the cell processes that over- or underlap with other cells are
marked with arrowheads. The other epithelial (E1.7, E1.11, E1.12, E1.15, E1.18, E2.1, and E2.2) and fusiform (M1.6, M1.9, M1.16, M2.6, M2.8,
and M2.9) antisense transfectants showed morphologies indistinguishable from E1.7 and M1.4, respectively (not shown). Bar, 100 ,um.
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Figure 2. Cloned antisense transfectants are independent isolates.
Southern analysis of DNA isolated from parental NMuMG cells,
vector-only (tLK1.12), and antisense (M1.4, M1.6, E1.7, E1.8, M1.9,
M1.16, M2.6, and M2.8) transfectants was performed using the
EcoRI-HindIII fragment of mouse syndecan-l cDNA, 4-19B, as a
probe. The DNA was digested with EcoRI. The molecular sizes
(kb) of restriction fragments from the endogenous Syndl gene are
indicated.

Transfectants Contain Integrated Antisense
Syndecan-1 cDNA
To establish whether the clones isolated after antisense
transfections contained the antisense cDNA integrated
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Figure 3. Antisense transfectants express antisense syndecan-1
mRNA. Total RNA prepared from parental NMuMG cells, vector-
only (tLK1.12), and antisense transfectants (M1.4, M1.6, E1.7, and
E1.8) was subjected to Northern blot analysis to detect syndecan-1
sense (A) and antisense mRNA (B) using syndecan-1 antisense and
sense RNA probes, respectively. (C) The blot used to detect sense
syndecan-1 mRNA was stained with methylene blue to show the
abundance of 18 S RNA in the samples. Representative blots are
shown. The molecular sizes (kb) of sense and antisense syndecan-1
mRNA are indicated.

into their genomes and were independent isolates,
DNA prepared from these cells was digested with
EcoRI or HindlIl, and subjected to Southern blot anal-
ysis using mouse syndecan-1 cDNA as a probe (Saun-
ders et al., 1989). A representative blot from EcoRI
digestions is shown in Figure 2. An integrated synde-
can-1 antisense cDNA could not be identified in E2.1
and E2.2, and the Southern blot of DNA from M2.9
was found to be identical to that of M2.6. The remain-
ing clones showed distinct restriction fragment pat-
terns, indicating that they both contained the antisense
DNA and were independent isolates. Restriction frag-
ments derived from the endogenous syndl gene (Oet-
tinger et al., 1991) were not detected in some clones,
presumably because the amount of DNA used was
insufficient to detect the gene when present at only
diploid levels. For further characterization, clones
E1.7, E1.8, and E1.11 were chosen as typical represen-
tatives of the epithelial antisense transfectants and the
clones M1.4, M1.6, M1.9, and M1.16 as typical repre-
sentatives of the fusiform antisense transfectants.

Antisense Transfectants Express Antisense
Transcripts
To assess whether the antisense transfectants express
and accumulate both syndecan-1 sense and antisense
mRNA, total RNA from the transfectant clones was
subjected to Northern blot analysis. A mouse synde-
can-1 antisense RNA probe detected similar levels of
the native syndecan-1 sense transcripts in the parental
NMuMG cells, the vector-only transfectant (tLK1.12),
and in the M1.4, E1.7, and E1.8 antisense transfectants
(Figure 3A); the M1.6 antisense transfectant contained
a lower level. The 3.4-kb transcript was not as appar-
ent as the 2.6-kb transcript, apparently because of its
lower abundance (Saunders et al., 1989). A mouse
syndecan-1 sense RNA probe detected the syndecan-1
antisense transcript as a 1.5-kb transcript, smaller than
the sense transcript because it is derived from the
1166-bp syndecan-1 antisense cDNA plus an SV40
polyadenylation cassette. This antisense transcript
was detected solely in clones transfected with the
pMB9 vector (M1.4, M1.6, E1.7, and E1.8, shown in
Figure 3B as well as the fusiform antisense transfec-
tants M1.9, M1.16, M2.6, and M2.8 [not shown]). Thus,
these antisense transfectants express and accumulate
syndecan-1 antisense mRNA, but there was no obvi-
ous relationship between the apparent levels of these
transcripts and that of the native sense transcript, or a
clone exhibited epithelial or fusiform morphology (cf.
Figure 1).

Fusiform Antisense Transfectants Express a Reduced
Level of Cell Surface Syndecan-1
To examine the relationship between cell surface syn-
decan-1 and cellular morphology and behavior, the
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Figure 4. Fusiform antisense transfectants ex-
press a reduced amount of cell surface syndecan-1.
Cell surface syndecan-1 was released by crystalline
trypsin from the surfaces of parental NMuMG
cells, vector-only (tLK1.1, 1.2, 1.3, 1.5, 1.6, 1.7, 1.9,
1.10, and 1.12), epithelial antisense (E1.7, E1.8, and
E1.11), and fusiform antisense (M1.4, M1.6, M1.9,
and M1.16) transfectants and quantitated by radio-
immunodot assay. The amounts were normalized
by the amount of cellular protein in each culture.
Bars show mean + SD for each clone (n = 3) except
the vector-only transfectants represent the mean +

SD for the nine clones. Where indicated by asterisk,
the difference from the vector-only transfectants is
significant (p < 0.01).

amount of syndecan-1 on the surface of the antisense
transfectants was quantitated (Figure 4). Cell surface
syndecan-1 was quantitatively released from intact
cells, assayed by 281-2 radioimmunoassay, and nor-
malized for the amount of protein in the cells. The
levels on the parental NMuMG cells and the vector-
only transfectants (including tLK1.1, tLK1.2, tLK1.3,
tLK1.5, tLK1.6, tLK1.7, tLK1.9, tLK1.10, and tLK1.12)
were indistinguishable, indicating that the transfec-
tion and cloning did not affect the amount of cell
surface syndecan-1. The epithelial transfectants (E1.7,
E1.8, and E1.11) showed variable levels of cell surface
syndecan-1 but none expressed less than 48% of the
level on the vector-only transfectant controls. In con-
trast, the fusiform transfectants (M1.4, M1.6, Ml.9, and
M1.16) expressed uniformly low amounts of cell sur-
face syndecan-1, each less than 12% of the control level
(p < 0.01). These data indicate that the fusiform trans-
fectants are deficient in cell surface syndecan-1 and
that markedly reduced levels of cell surface synde-
can-i are associated with alterations in cell morphol-
ogy and behavior.

Table 1. Confluent density and doubling time of transfectants.

Cell number at
confluence Doubling

Transfectants Morphology (mean ± SD x 106) time (h)

tLK1.12 Epithelial 1.18+0.27 10.3
E1.8 Epithelial 1.14+0.15 11.4
M1.4 Fusiform 1.57+0.11* 13.0
M1.6 Fusiform 3.43±0.59** 12.3

Cells were plated in 24-well culture plates at day 0, and harvested
by trypsinization at 24-h intervals up to 8 days. Cell number was
determined using a hemocytometer (n=4).
*p <0.002.
**p <0.0001.

_e to _3 to
'.- '-

J -J
z

Growth Characteristics of Epithelial and Fusiform
Antisense Transfectants
The growth rate and confluent density of the vector-
only control and antisense transfectants were com-
pared. Although each cell type (clones tLK1.12, M1.4,
M1.6, and E1.8) grew with a similar doubling time
(11.7 ± 1.2 h), their density at confluence differed
(Table 1). At confluence the density of the vector-only
transfectant tLK1.12 (1.2 x 106 cells/dish) was indis-
tinguishable from that of the epithelial transfectant
E1.8 (1.1 X 106 cells/dish), whereas fusiform transfec-
tants M1.4 (1.6 x 106 cells/dish) and Ml.6 (3.4 x 106
cells/dish) grew to a significantly higher cell density
(p < 0.002). This higher density at confluence of the
fusiform transfectants may be due to their under- and
overlapping, as described above (cf. Figure 1).

Syndecan-l-deficient Antisense Transfectants Show
Mesenchymal Cell Behavior and Anchorage-
independent Growth
To evaluate their behavior when grown in associa-
tion with an extracellular matrix or a nonadhesive
substratum, the transfectants were cultured on top
of type I collagen gels and within agarose gels, and
as pre-formed aggregates within type I collagen
gels. When vector-only transfectants were plated on
top of the collagen gel, they grew on the gel surface
as closely packed islands of polygonal cells (Figure
5a). Plated identically, the epithelial antisense trans-
fectants were indistinguishable in morphology and
behavior from the vector-only transfectants (Figure
5b). In contrast, when fusiform transfectants were
plated on collagen gels, they became more spindle-
shaped, showed extensive under- or over-lapping of
filopodia, and migrated on the collagen gel as indi-
vidual cells (Figure 5c). Furthermore, a large pro-
portion of the cells emigrated from the gel surface
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Figure 5. Fusiforn antisense transfectants acquire mesenchymal cell behavior and anchorage-independent growth. Vector-only tLK1.12 (a
and f), epithelial antisense transfectant E1.8 (b and g), and fusiform antisense transfectant M1.6 (c-e and h) were cultured on the surface of
type I collagen gels (a-e), or within agarose gels (f-h). A higher magnification view of M1.6 migrating on the surface of collagen gels (d),
and in the same field, 80 ,um below the surface (e). E1.7 and M1.4 showed similar behavior to E1.8 and M1.6, respectively (not shown). Bars
in a-c, d and e, and f-h correspond to 100 ,um, 25 ,um, and 200 ,um, respectively.

and invaded the gel. Fusiform antisense transfec-
tants were seen at least 80 ,um below the surface of
the collagen gel (Figure 5, d and e). When aggre-
gates of vector-only and epithelial transfectants
were cultured within collagen gels, they extended
multicellular duct-like structures into the surround-

ing gel, as previously described (not shown; Hall et
al., 1982). However, within collagen gels, the aggre-
gates of fusiform transfectants yielded cells that
migrated individually into the gel (not shown).
These results indicate that the epithelial transfec-
tants behave on and within the collagen gel as de-
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scribed for epithelial cells, whereas the fusiform
transfectants exhibit the migratory behavior ex-
pected for mesenchymal cells.
The transfectants showed a major difference in via-

bility when cultured within agarose gels. When the
cells were embedded within the gels and cultured,
both vector-only transfectants and epithelial antisense
transfectants failed to proliferate and died (Figure 5, f
and g), indicating that they retained anchorage-depen-
dent growth characteristics. However, when cultured
within gels, the fusiform transfectants remained via-
ble, proliferated, and formed spherical colonies (Fig-
ure 5h), indicating that they acquired anchorage-inde-
pendent growth characteristics.

Fusiform Antisense Transfectants Retain Mammary
Epithelial Differentiation
To assess whether the morphological changes asso-
ciated with syndecan-1 deficiency affected the ca-
pacity of the NMuMG cells to retain mammary
epithelial characteristics, we evaluated their expres-
sion of the MMFG antigen and cytokeratin 18 as
mammary and epithelial differentiation markers,
and of vimentin, an intermediate filament that is
characteristic of mesenchymal cells. The MMFG an-
tigen, cytokeratin 18, and vimentin were observed
in their usual intracellular localizations as previ-
ously described (Ceriani and Peterson, 1978; Hynes
and Destree, 1978; Lane, 1982), and were distributed
similarly in each transfectant (not shown). Indeed
vimentin was expressed even in the parental cells,
as is sometimes seen in cultured cells that otherwise
have epithelial characteristics (Zuk et al., 1989).
Thus, despite the morphological change from epi-
thelial to fusiform morphology, the fusiform anti-
sense transfectants retain mammary epithelial dif-
ferentiation markers.

Fusiform Antisense Transfectants Show Rearranged
F-Actin Bundles
Syndecan-1 and F-actin have been shown to co-local-
ize in NMuMG cells (Rapraeger et al., 1986). Thus, we
searched for this co-localization in vector-only, epithe-
lial antisense, and fusiform antisense transfectants by
staining with mAb 281-2 and with FITC-conjugated
phalloidin (Figure 6). In sub-confluent cultures, syn-
decan-1 and F-actin colocalized at lateral cell surfaces
at sites of cell-cell contact in the vector-only transfec-
tants (Figure 6, a and b), in patterns identical to those
described previously (Rapraeger et al., 1986). Epithe-
lial antisense transfectants showed the identical pat-
terns (Figure 6, c and d). In fusiform antisense trans-
fectants, the trace amount of cell surface syndecan-1
was detected in a punctate manner (Figure 6e), and
only cortical F-actin staining was seen; this F-actin
staining did not co-localize with the syndecan-1 (Fig-

ure 6, e and f). Interestingly, despite the fusiform
morphology and mesenchymal cellular behavior, F-
actin in these cells did not organize into stress fibers or
insert into focal contacts. In post-confluent cultures,
the distribution of syndecan-1 and F-actin did not
change in the vector-only and epithelial antisense
transfectants. However, after confluence the fusiform
antisense transfectants acquired bundles of F-actin at
their lateral cell surfaces at sites of cell contact (not
shown).

Fusiform Antisense Transfectants Rearrange, but Do
Not Change the Expression Level of 131-integrins
Because the fusiform antisense transfectants show re-
duced cell-cell and cell-matrix adhesion (cf. Figures 1
and 5), we asked whether the reduced expression of
syndecan-1 affected the expression and organization
of other cell-cell and/or cell-matrix adhesion mole-
cules. We first examined the expression of ,31-integrins
by immunofluorescent staining of permeabilized cells
with an anti-human fibronectin receptor antibody that
reacts with the 131-integrin subunit. In vector-only and
epithelial transfectants, 131-integrins localized at lat-
eral cell surfaces at sites of cell-cell contact (Figure 7,
a-d) where a2f31 and a3f31 integrins are known to
accumulate. This pattern is very similar to that of
syndecan-1 and F-actin (cf. Figure 6). In fusiform an-
tisense transfectants, however, punctate staining was
observed in perinuclear areas and (31-integrins were
not seen at cell-cell contact sites (Figure 7, e and f).
To assess whether the change in ,B1-integrin staining

was due to altered expression, parental NMuMG cells,
vector-only, epithelial, and fusiform antisense trans-
fectants were radioiodinated on their surfaces with
lactoperoxidase or metabolically labeled with [35S]me-
thionine, and extracted with NP-40 containing buffer.
Equal amounts of radioactive cell extract were sub-
jected to immunoprecipitation with antibodies against
chicken f31-, a3-, or a5-integrins, and analyzed by
nonreducing SDS-PAGE (Figure 8). The anti-31 inte-
grin antibody immunoprecipitated typical integrin
heterodimers from both 25I- and 35S-labeled extracts;
,B1 and apparently multiple a subunits were seen at
apparent molecular sizes of 127 and 145-150 kDa,
respectively. Densitometric analyses indicated that the
parental NMuMG cells express more of the X31 sub-
unit, both total and at the cell surface, than the trans-
fectants (Table 2). The level of the ,31-subunit varied
among the transfectants, but there was no relationship
between this level and cell morphology or behavior.
The a3- and a5-integrin antibodies immunoprecipi-
tated amounts of f31-integrins that were also unrelated
to cell morphology or behavior, suggesting no detect-
able change in ,B1-integrin repertoire (not shown). Al-
though transfection, selection, and cloning reduced
the amount of 131-integrins, no quantitative differences
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in 131-integrins were detected among the transfectants.
Thus, the altered immunostaining of ,Bl-integrins on
the fusiform transfectants (Figure 8) appears to be due
to a redistribution rather than a change in the amount
of cell surface ,31-integrins.

Fusiform Antisense Transfectants Show Reduced
Expression of E-Cadherin and Its Transcript
To assess E-cadherin expression, ECCD-2, a monoclo-
nal antibody against mouse E-cadherin, was used for
immunofluorescent staining (Figure 9) on permeabi-
lized cells. In vector-only and epithelial transfectants,
E-cadherin localized at lateral surfaces at sites of cell-
cell contact, very similar to that of syndecan-l, F-actin,
and ,1B-integrins (Figure 9,a-d; cf. Figures 6 and 7). In

contrast, meager staining was observed in fusiform
antisense transfectants, suggesting little or no expres-
sion of E-cadherin (Figure 9, e and f). This result was
confirmed by Western blot analyses for E-cadherin
(Figure lOA). The parental NMuMG cells, vector-only,
and epithelial antisense transfectants expressed nearly
equal amounts of E-cadherin (molecular size 124 kDa),
whereas fusiform antisense transfectants did not ex-
press detectable amounts.
To assess whether E-cadherin mRNA is also re-

duced in the fusiform antisense transfectants, the total
RNA from NMuMG cells and transfectants was ana-
lyzed by Northern blotting with an E-cadherin cDNA
probe (Figure lOB). Parental NMuMG cells, vector-
only, and epithelial antisense transfectants expressed

Figure 6. Fusiform antisense
transfectants show reduced syn-
decan-1 and disorganized F-ac-
tin bundles. The vector-only
transfectant tLK1.12 (a and b),
epithelial antisense transfectant
E1.7 (c and d), and fusiform an-
tisense transfectant M1.6 (e and
f) were permeabilized and dou-
ble stained to detect syndecan-1
(a, c, and e) and fibrillar fB-actin
(b, d, and f). E1.8 and M1.4
showed similar staining pat-
terns to E1.7 and M1.6, respec-
tively (not shown). Bar, 25 ,um.
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nearly equal amounts of E-cadherin mRNA, however,
little or no E-cadherin mRNA was detected in fusi-
form antisense transfectants. Thus, the fusiform anti-
sense transfectants appear to contain markedly re-
duced levels of the E-cadherin transcript.

DISCUSSION

Syndecan-1, the major transmembrane heparan sulfate
proteoglycan of epithelial cells, polarizes to the baso-
lateral surface of epithelia both in vivo and in vitro.
This paper describes syndecan-l-deficient epithelial
cells generated by transfecting NMuMG mammary
epithelial cells with an antisense syndecan-1 mRNA
expression vector. Several stable transfectants express-
ing different amounts of syndecan-1 on their surfaces

Figure 7. Fusiform antisense
transfectants show a change in
131-integrin distribution. The
vector-only transfectant tLK1.12
(a and b), epithelial antisense
transfectant E1.7 (c and d), and
fusiform antisense transfectant
M1.6 (e and f) were permeabi-
lized and immunostained to de-
tect ,B1-integrins (a, c, and e),
and observed by phase contrast
microscopy (b, d, and f). E1.8
and M1.4 showed similar stain-
ing patterns to E1.7 and M1.6,
respectively (not shown). Bar, 25
,Im.

were obtained; each was shown to be an independent
isolate, to contain the transfected syndecan-1 antisense
cDNA in its genome, and to express an antisense
transcript. Transfectants that were moderately defi-
cient in syndecan-1 retained the epithelial morphol-
ogy and culture behavior of the parental NMuMG
cells. However, transfectants that were severely de-
ficient in syndecan-1 lost the epithelial characteris-
tics of their parental cells and acquired an elongate
fusiform morphology, the ability to invade and mi-
grate within collagen gels, and anchorage-indepen-
dent growth. The fusiform antisense transfectants
showed rearranged 131-integrins, markedly reduced
E-cadherin expression, and altered disposition of
the actin cytoskeleton. Despite differences from
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Figure 8. Fusiform antisense transfectants show no change in 131-
integrin expression at the cell surface. Parental NMuMG cells, vec-
tor-only transfectant tLK1.12, fusiform antisense transfectants M1.4
and M1.6, and epithelial antisense transfectants E1.7 and E1.8 were
radioiodinated on their surfaces with lactoperoxidase (1251) or met-
abolically labeled with [35S]methionine ([5SIMet), and immunopre-
cipitated with antibodies against integrin 131-subunit. The immuno-
precipitates were fractionated by nonreducing SDS-PAGE, and
subjected to autoradiography (for 1251) or fluorography (for 35S).

their epithelial counterparts in morphology, cellular
organization, adhesion, and cytoskeletal compo-
nents, the fusiform antisense transfectants main-
tained differentiation markers for mammary epithe-
lia. These results provide experimental evidence
that confirms our previous proposal that syndecan-1
maintains epithelial morphology and organization
(Bernfield, 1985).

Syndecan-1-deficient Cells Are Derived from
Expression of the Syndecan-1 Antisense RNA
NMuMG cells were originally cultured from mam-
mary explants and cloned for epithelial morphology
and behavior (Owens et al., 1974). Although they can

Table 2. Relative abundance of integrin ,31-subunit immunopre-
cipitated from cell surface-(1"I) or total- ([5S]Met) labeled cells by
anti-,B1-integrin antibody.

Relative Abundance of ,31-subunit (%)

Cells Morphology Cell surface (125i) Total ([35S]Met)

NMuMG Epithelial 100 100
tLK 1.12 Epithelial 48 69
M1.4 Fusiform 62 86
M1.6 Fusiform 38 35
E1.7 Epithelial 59 57
E1.8 Epithelial 38 58

The autoradiogram and fluorogram (see Figure 8) were subjected to
densitometric analysis, and the intensity of the 131-subunit signal
was quantitated. The relative abundance was calculated by setting
the intensity of 131-subunit in NMuMG cells as 100%.

be pleomorphic in culture, and clonal variants could
exist that have lost both syndecan-1 and E-cadherin
expression, no NMuMG cells have shown fusiform
morphologies in our lab since being obtained in 1977
(David and Bernfield, 1979) and continuously main-
tained at low culture densities. Each transfectant clone
studied here was resistant to a high concentration of
G418 (800 ,tg/ml); each was demonstrated to be an
independent isolate and to contain the antisense
cDNA integrated into their genome (Figure 2). Both
sham transfection and vector-only transfection fol-
lowed by G418 selection of greater than 108 cells failed
to yield a single fusiform colony (Kato and Bernfield,
unpublished results). Moreover, we studied only
those clones that were shown to express an antisense
syndecan-1 transcript (Figure 3). Although several
such clones were isolated, only those with low synde-
can-i expression showed reduced E-cadherin and
were fusiform; others showed little change in E-cad-
herin and an epithelial phenotype. Thus, we conclude
that the transfectants studied here are not clonal vari-
ants such as the fusiform-appearing cells (NM-f cells)
directly cloned from NMuMG cells obtained from the
ATCC (Vleminckx et al., 1991).
The fusiform cells are all transfectants containing an

altered genome, but integration of the antisense con-
struct into a unique region of the genome cannot
account for the syndecan-1 deficiency or for the
change in phenotype of the cells. As demonstrated by
restriction enzyme analyses, each of the antisense
transfectants characterized here had integrated the
antisense DNA into a different site in the genome
(Figure 2). Thus, the syndecan-1 deficiency and the
phenotypic effect are due to the antisense transcrip-
tion product.
How the antisense transcript reduces the level of

cell surface syndecan-1 is not wholly clear. Differ-
ences between transfectants in the level of antisense
transcript can arise from variations in the number
and site of the integrated antisense cDNA. Although
the apparent amount of antisense transcript in these
cells varied, as evaluated by Northern blots, these
levels did not correlate with the apparent amount of
syndecan-1 mRNA (Figure 3). This result is consis-
tent with several reports in which transfection with
antisense cDNA yields an antisense RNA that has
little apparent effect on mRNA abundance, but sub-
stantially reduces the level of the translation prod-
uct (Amini et al., 1986; Wenz et al., 1992; Godson et
al., 1993). Several mechanisms for this reduction are
possible, including enhanced degradation or de-
creased transport into the cytoplasm of the sense-
antisense duplex, or reduced core protein transla-
tion due to altered binding of the mRNA to the
ribosome or another part of the translational ma-
chinery, or a combination of these. These mecha-
nisms acting to different extent could account for the
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Figure 9. Localization of
E-cadherin in syndecan-1 anti-
sense transfectants. The vector-
only transfectant tLK1.12 (a and
b), epithelial antisense transfec-
tant E1.7 (c and d), and fusiform
antisense transfectant M1.6 (e
and f) were permeabilized and
immunostained to detect E-cad-
herin (a, c, and e), and observed
by phase contrast microscopy
(b, d, and f). E1.8 and M1.4
showed similar staining pattern
to E1.7 and M1.6, respectively
(not shown). Bar, 25 ,um.

variation between the antisense transfectants in
their level of cell surface syndecan-1.
NMuMG cells express multiple cell surface hepa-

ran sulfate proteoglycans, including glypican (Bern-
field, unpublished results), syndecan-1, -2, and -4
(Lories et al., 1992; Kim et al., 1994). The antisense
syndecan-1 transcript would not form duplexes
with the transcripts coding for these proteoglycans
and thus would not affect their level of expression.
The nucleotide sequence of the glypican transcript is
not homologous, and those for syndecan-2 and -4
are ca. 40% homologous to that of syndecan-1. How-
ever, these sequences have four (syndecan-2) and
five (syndecan-4) significant gaps and the longest
homologous stretch is 12 nucleotides. Indeed,
Northern blot analyses using an antisense synde-

can-i RNA probe fail to show cross-hybridization
with the syndecan-2 and -4 transcripts. Because the
syndecan-1 transcript is most abundant in these
cells, even if the other transcripts showed sufficient
homology, the syndecan-1 sense-antisense duplex
would predominate.

Abundance of Cell Surface Syndecan-1 Correlates
with the Morphology, Organization, and Behavior
of Epithelial Cells
The level of cell surface syndecan-1 was assessed
specifically (as the assay depends on the reactivity
of mAb 281-2) (Jalkanen et al., 1985), accurately (as
trypsin releases the syndecan-1 extracellular do-
main quantitatively) (Jalkanen et al., 1987; Sander-
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Figure 10. Fusiform antisense
transfectants show reduced ex-
pression of E-cadherin and its
transcript. (A) Parental
NMuMG cells, vector-only
transfectant tLK1.12, fusiform
antisense transfectants M1.4
and M1.6, and epithelial anti-
sense transfectants tl,7 and E1.8
were solubilized with SDS-
PAGE sample buffer containing
1 mM CaCl2, and subjected to
Western blot analysis to detect
E-cadherin with mAb ECCD-2
against E-cadherin. The bands
marked by arrowheads are
proteolytic products of E-cad-
herin as described previously
(Shirayoshi et al., 1986). The
positions for molecular size
markers (kDa) are indicated.
Results obtained with E1.7 and

1.8 were also seen with E1.11, E1.12, E1.15, and E1.18, and results obtained with M1.4 and M1.6 were also seen with M1.9, M1.16, M2.6,
and M2.8 (not shown). (B) Northern blot analysis to detect E-cadherin transcripts. Total RNA prepared from parental NMuMG cells,
vector-only transfectant tLK1.12, fusiform antisense transfectants M1.4 and M1.6, and epithelial antisense transfectants tl,7 and E1.8
were subjected to Northern blot analysis to detect E-cadherin mRNA with an E-cadherin cDNA probe. The same blot was reprobed with
a ,B-actin cDNA to show the abundance of ,3-actin mRNA in the samples.

son et al., 1992), and reproducibly (as the same
results were obtained over a 4-mo interval during
which the cells were cultured in the presence of
G418). The levels were normalized to cellular pro-
tein to minimize possible influences of differences in
cell size or shape.
Transfectants showing more than 48% of the control

level of cell surface syndecan-1 had the characteristics
of their parental epithelial cells (Figure 4). In contrast,
transfectants showing less than 12% of the control
level of cell surface syndecan-1 retained certain mam-
mary epithelial characteristics, viz. the MMFG antigen
and cytokeratins, but had several features reminiscent
of both mesenchymal and neoplastically transformed
cells: individual spindle-shaped cells containing elon-
gated filopodial extensions that under- or overlapped
adjacent cells, and showing neither stress fibers nor
focal adhesions (Figures 1 and 6). These cells grew at
the same rate as their epithelial counterparts but to
higher confluent densities, and most distinctly, were
anchorage independent for growth and invaded into
and migrated within collagen gels (Table 1 and Figure
5). After 5 to 7 days at confluence these fusiform
antisense transfectants were less elongate and showed
F-actin partly organized into circumferential bundles,
especially evident at sites of cell-cell contact. But they
showed no changes in their levels of either cell surface
syndecan-1 or E-cadherin and still under- or over-
lapped adjacent cells, and invaded and migrated
within collagen gels.
These data indicate that syndecan-1 is required to

maintain epithelial morphology, organization, and be-
havior. Other recent studies are consistent with this

conclusion. Androgen treatment of the S115 mouse
mammary tumor cell line, which has an epithelial-like
morphology, reduced the expression of syndecan-1
and promoted a more fusiform morphology, more
rapid growth, and anchorage-independence (Leppa et
al., 1991). When a syndecan-1 cDNA under a glucocor-
ticoid responsive promoter was introduced into these
cells, hormone-induced expression of syndecan-1 pre-
vented this change in phenotype (Leppa et al., 1992).
Expression of syndecan-1 in Schwann cells that nor-
mally do not express it correlates with a cytoskeletal
reorganization and a more flattened and cuboidal
morphology, both producing a morphology that is
reminiscent of epithelial cells (Carey et al., 1994).
Further, in normal cells fibroblastic morphology and
behavior correlate with low levels of cell surface
syndecan-1; both cultured fibroblasts and epithelia
express syndecan-1, but unlike epithelia, where it is
abundant at the cell surface, it is predominantly
intracellular in fibroblasts (Kato and Bernfield, un-
published observations).

Syndecan-l Deficiency Accompanies Epithelial-
Mesenchymal Transformations In Vivo
The morphologic transformation accompanying re-
duced syndecan-1 in cultured cells is similar to epi-
thelial-mesenchymal transformations in vivo. For ex-
ample, the keratinocytes at the lateral edges of
repairing skin wounds in mice lose cell surface syn-
decan-1 and then change shape and migrate beyond
the margin and into the wound (Elenius et al., 1991).
During murine development, syndecan-1 is initially
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expressed at the 4-cell stage and remains expressed on
the epithelial cell sheets that will become the embryo
(Sutherland et al., 1991). However it is lost at several
sites where the cells become mesenchymal, as during
the dispersion of the somite epithelium into scle-
rotome, dermatome, and myotome. During develop-
ment of the secondary palate, the medial edge epithe-
lia of the nasal and maxillary processes transform into
mesenchymal cells (Fitchett and Hay, 1989). Imme-
diately before this transformation and precisely at
the sites where the epithelia will become mesenchy-
mal cells, syndecan-1 expression is markedly re-
duced, and simultaneously E-cadherin expression
decreases (McAlmon, 1992).
Taken together, loss of syndecan-1 expression ap-

pears to be associated with a change in morphological
differentiation. Interestingly, once lost, the reexpres-
sion of syndecan-1 does not routinely restore epithe-
lial morphology. Intense expression of cell surface
syndecan-1 in several embryonic mesenchymal tissues
does not cause them to become epithelial in morphol-
ogy or organization (Thesleff et al., 1988; Solursh et al.,
1990; Sutherland et al., 1991; Trautman et al., 1991).
Overexpression of syndecan-1 in cultured NIH/3T3 or
BHK fibroblasts and transfection of the syndecan-1
cDNA into the syndecan-1 deficient fusiform cells
does not change their mesenchymal morphology to an
epithelial one (Kato and Bernfield, unpublished re-
sults). No morphological change accompanies the in-
creased syndecan-1 expression induced in NIH/3T3
fibroblasts by the combination of transforming growth
factor-13 and basic fibroblast growth factor (Elenius
et al., 1992) or by the antimicrobial peptide PR-39
(Gallo et al., 1994). Yet, expression of syndecan-1 in
transformed S115 cells and in Schwann cells does
cause these cells to become rounder and more epi-
thelial-like in shape (Leppa et al., 1992; Carey et al.,
1994). Thus, overexpression of syndecan-1 in mes-
enchymal cells does not induce a transformation to
epithelial cell morphology or organization.

Syndecan-1 Deficiency Correlates with Changes in
the Expression of Other Adhesion Molecules
The change in cellular morphology and organization
induced by syndecan-1 deficiency seen here are simi-
lar to those seen after the disruption of epithelial
monolayers with antibodies directed against /31-inte-
grins or E-cadherin (Yoshida-Noro et al., 1984; Larjava
et al., 1990; Symington et al., 1993). Both l1-integrins
and E-cadherin localize at the lateral surfaces of the
parental NMuMG cells, the vector-only transfectants,
and the epithelial antisense transfectants in an identi-
cal manner as in other epithelial cells. These adhesion
receptors are expressed differently in the fusiform an-
tisense transfectants: the 31-integrins are now distrib-
uted over the entire cell surface (Figures 7 and 8), and

E-cadherin expression is reduced to undetectable
amounts at both the protein and mRNA level (Figures
9 and 10). Though disposed differently, the 031-inte-
grins probably function because these cells adhere to
and migrate on collagen gels (Figure 5), an activity
that presumably involves 13l-integrins.
As in the current study, other epithelia modified to

become fusiform in shape also lose E-cadherin expres-
sion and undergo a morphologic transformation.
When murine epiblast cells are treated with anti-E-
cadherin antibodies, the cells become fusiform, lose
anchorage dependence for growth, drastically reduce
E-cadherin expression, and maintain these changes
despite removal of the antibody (Burdsal et al., 1993).
When mammary epithelia transfected with a c-fos-
estradiol receptor fusion construct are treated with
estradiol, c-fos is expressed, and the cells become fusi-
form, acquire the ability to invade collagen gels, and
no longer express E-cadherin (Reichmann et al., 1992).
Moloney sarcoma virus-transformed MDCK cells that
express low levels of E-cadheirn acquire a fibroblastic
morphology and the ability to invade collagen gels
(Behrens et al., 1989). Overexpression of a functional
erbB2 proto-oncogene in human mammary epithelial
cells causes a marked reduction in E-cadherin tran-
scription and loss of the ability to form three-dimen-
sional structure in collagen gels (D'Souza et al., 1993).
In each of these instances, the transformed cells also
acquire anchorage-independent growth. Thus, anti-
body treatment, oncogene expression, and syndecan-1
deficiency are distinct inciting events that cause epi-
thelial cells to lose E-cadherin expression while ac-
quiring mesenchyme-like morphology and behavior.
The mechanism of this loss is unclear.

Basis for the Phenotypic Change Induced by
Syndecan-1 Deficiency
Syndecan-1 is a transmembrane protein and thus can
influence cellular behavior by either its extracellular or
intracellular interactions. Extracellularly, via its hepa-
ran sulfate chains, syndecan-1 can anchor cells to the
extracellular matrix (Koda et al., 1985; Saunders and
Bernfield, 1988; Sun et al., 1989; Salmivirta et al., 1991)
and act as a coreceptor for basic fibroblast growth
factor (Kiefer et al., 1990; Bernfield and Hooper, 1991).
Furthermore, cell surface heparan sulfate is a binding
site for a variety of cytokines, degradative enzymes,
and protease inhibitors (Bernfield et al., 1992). Al-
though its intracellular interactions are not as well
defined, binding, co-localization, and detergent ex-
traction studies suggest that syndecan-1 associates
with the actin cytoskeleton (Rapraeger and Bernfield,
1982; Rapraeger et al., 1986). Studies with heparin
suggest that syndecan-1 does not maintain epithelial
morphology and organization solely via the interac-
tions of its heparan sulfate chains. Heparin at 10-25
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,ug/ml causes epithelia to lose their lobular or ductal
morphology in organ culture or within collagen gels
(Ekblom et al., 1978; Bernfield et al., 1984; Platt et al.,
1990). Yet, treatment ofNMuMG cell monolayers with
heparin at substantially higher concentrations has no
effect on the morphology or organization of the cells
(Bernfield, unpublished observation). Because exoge-
nous heparin would compete with the heparan sulfate
at the cell surface, the phenotypic changes induced by
syndecan-1 deficiency are not likely due to lack of cell
surface heparan sulfate.
The basis for the unique phenotype seen here is not

entirely clear. But because E-cadherin is known to
maintain the intercellular adhesions of epithelia, this
epithelial to fusiform cell transformation correlates
most with the loss of E-cadherin expression. This
could account for the appearance of single cells that
have lost epithelial shape, that under- and overlap
adjacent cells, and that migrate into collagen gels (Fig-
ures 1 and 5). The change in actin filament organiza-
tion (Figure 6) could be a consequence of the absence
of the E-cadherin/catenin complex that mediates an-
chorage to adhesion junctions (Birchmeier et al., 1993;
Gumbiner and McCrea, 1993). Further, an epithelial-
like morphology does not result when syndecan-1 is
induced or overexpressed in mesenchymal cells
(which lack E-cadherin), yet E-cadherin overexpres-
sion in such cells (which produce little cell surface
syndecan-1) results in acquisition of an epithelial-
like morphology (Nagafuchi et al., 1987; McNeill et
al., 1990; Ozawa et al., 1990). Thus, E-cadherin may
be key to the maintenance of epithelial morphology
by syndecan-1.
The basis for the anchorage-independent growth of

the syndecan-deficient cells is also not clear. Synde-
can-i may be involved in organizing the E-cadherin/
catenin complex in these cells into an adherens junc-
tion because each molecule is found at this site, and
cells lacking these complexes show deranged growth
control (Behrens et al., 1989; Vleminckx et al., 1991).
Another possibility is that syndecan-1 has a role in
delivering anchorage-dependent growth signals to the
cell, and indeed, certain neoplastically transformed
cells do have reduced levels of cell surface syndecan-1
(Leppa et al., 1991; Inki et al., 1994). If, as with other
cells, this in vitro growth characteristic correlates with
tumorigenicity, then the level of cell surface synde-
can-i may be a useful indicator of malignant potential.
Lack of E-cadherin expression and a loss of actin

cytoskeletal organization appear to be the major mo-
lecular consequences of syndecan-1 deficiency in epi-
thelia. How this effect is mediated is unclear because
the intracellular interactions of syndecan-1 are not
established. Moreover, the signaling pathways leading
to changes in E-cadherin transcription and in actin
organization are poorly understood. Syndecan-1 could
interact intracellularly with a large variety of proteins,

including membrane receptor tyrosine kinases, the
panoply of proteins that organize, cross-link, or tether
F-actin to the plasma membrane, or with the E-cad-
herin/catenin complex, e.g. at an adhesion junction.
Alternatively, syndecan-1 could act indirectly through
classical second messengers, protein kinases, or mod-
ification of membrane phospholipids.
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