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Alternative splicing of fibronectin-like type III (FNIII)
repeats of tenascin-C (Tn-C) generates a number of
splice variants. The distribution of large variants, typ-
ical components of provisional extracellular matrices
that are up-regulated during tumor stroma remodel-
ing, was here studied by immunoblotting and immu-
nohistochemistry wusing a monoclonal antibody
against the FNIII B domain (named 4C8MS) in a series
of human breast cancers. Large Tn-C variants were
found at only low levels in normal breast tissues, but
were highly expressed at invading sites of intraductal
cancers and in the stroma of invasive ductal cancers,
especially at invasion fronts. There was a positive
correlation between the expression of large Tn-C vari-
ants and the cell proliferation rate determined by
immunolabeling of the Ki-67 antigen. Of the Tn-C
recombinant fragments (all FNIII repeats or mFNIII
FL, the conserved FNIII domain only, the epidermal
growth factor-like domain, and the fibrinogen-like
domain) which were expressed by CHO-K1 cells
transfected with mouse Tn-C cDNAs, only the mFNIII
FL enhanced in vitro migration and mitotic activity of
mammary cancer cells derived from a Tn-C-null
mouse. Addition of 4C8MS blocked the function of
mFNIII FL. These findings provide strong evidence
that the FNIII alternatively spliced region has impor-
tant roles in tumor progression of breast cancer.
(Am J Pathol 2003, 162:1857-1867)

During tumor progression, the cancer stroma becomes
remodeled by both tumor cells and stromal cells, and
protein components of the extracellular matrix (ECM) are
dynamically changed by degradation and neosynthesis.
Cellular interaction with the ECM strongly influences the
behavior of cancer and stromal cells, resulting in modu-
lation of cell growth, migration, differentiation, and apo-
ptosis.’® Compositional change of the ECM in cancer
stroma is thus a key determinant of tumor growth and

cancer progression. A variety of ECM glycoproteins,
such as tenascin-C (Tn-C) and fibronectin, are overex-
pressed in cancer stroma. In addition, splice variants of
these proteins, which are generally absent in normal
adult tissues, become predominant.*~""

It has been reported that overexpression of Tn-C in
breast cancer is related to a poor prognosis, and local
and distant recurrence,'® ' this being attributable to the
ability to promote cell migration and proliferation demon-
strated in vitro."®'® Tn-C is a hexameric glycoprotein,
each subunit consisting of a TA (Tn assembly) domain;
14 + 1/2 epidermal growth factor (EGF)-like domains, a
variable number of fibronectin type Il (FN IIl) repeats,
and a C-terminal fibrinogen-related domain (FBG).'” 2"
The size of Tn-C monomers varies as a result of alterna-
tive splicing in the FN Il repeats at the pre-mRNA level.
There are eight conserved FN Il repeats (designated as
numbers 1-8) and, in the case of human Tn-C, up to nine
alternatively spliced FN Il repeats (designated as letters
A-D) inserted between the conserved repeats 5 and 6. In
adults, the smallest Tn-C variant in which the alternatively
spliced domain is spliced out is present in static tissues
such as cartilage,®® whereas large variants containing
the alternatively spliced FNIII domains in various combi-
nations are found in developing tissues®*2° and in
pathological tissues which undergo remodeling, as with
regeneration, inflammation, and tumorigenesis.®2¢~2°
Recent studies have demonstrated that some splice vari-
ants are specific to diseased tissues. After balloon cath-
eterization, smooth muscle cells express a Tn-C isoform
containing only A1 and A2 repeats.®® Transcripts for
splice variants including the AD2 repeat are found in oral
cancer tissues, but not in normal and pre-malignant tis-
sues.®' Immunohistochemistry using a recombinant anti-
body to the spliced repeat C has shown that the repeat is
not detectable in normal adult tissues, not or barely de-
tectable in malignant epithelial tumors, but abundant in
glioblastomas.®® From quantitative analysis using anti-
bodies against alternative spliced domains, an increased
fraction of Tn-C containing A1-A4 appears related to the
tumor stage of colorectal cancer, while domain D is
down-regulated in metastasizing cancers.'® In breast tis-
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Figure 1. Multidomain structure of human (A) and mouse (B) Tn-Cs. The
amino-termini of six arms are joined to form a hexamer. Each arm consists of
14 + 1/2 EGF domains, 8—15 FN III domains, depending on alternative RNA
splicing, and a single fibrinogen-like domain. The universal FNIII domains
(FNIII repeats 1-5 and FNIII repeats 6—8) are present in all Tn-C variants.
The largest Tn-C variant also contains nine alternatively spliced FNIIT (FNIIT
repeats A1-D), which are missing in the shortest splice variant. Mouse Tn-C
lacks FNIII A3, AD2, and AD1 repeats. A scheme of recombinant proteins of
mouse Tn-C domains is shown. mFNIII FL does not contain the C domain
known as a glioma-associated repeat.

sues, expression of two Tn-C variants, one containing
domain D and the other both B and D, was found to be
associated with invasive carcinomas in one study.’’
Malignant properties of tumors highly expressing Tn-C
may to some extent be dependent on functions of alter-
native spliced domains of the FNIII repeats, since it has
been reported that the alternatively spliced region, FNIII
A-D, promotes migration and proliferation of endothelial
cells through interaction with annexin 11.33°° Thus an
involvement of Tn-C with the repeats in angiogenesis is
possible. The spliced region is further known to support
attachment of chick embryonic neurons,®*® to mediate
neurite outgrowth and guidance,®3® and to promote
proliferation of hemopoietic precursor cells in bone mar-
row.®° In addition, the receptor protein tyrosine phospha-
tase B present on glial tumor cells binds to FNIII A1, 2,
and 4, suggesting it to be an adhesion receptor to
ECM.*° However, it is unclear whether the alternatively

spliced region of Tn-C directly enhances progressive
behavior of tumor cells.

The aim of this study, therefore, was to examine the
expression and distribution of large Tn-C splice variants
in breast tissues using a novel monoclonal antibody
(mADb) specific to FNIII B. An investigation of direct ef-
fects of recombinant Tn-C fragments containing the al-
ternatively spliced region on migration and proliferation of
mammary cancer cells was also included.

Materials and Methods

Purification of Tn-C and Tn-C Recombinant
Fragments

To produce a monoclonal antibody specific for large
Tn-C splice variants, we first prepared a recombinant
protein containing FNIII A4-D domains of human Tn-C
(Figure 1A). Complementary DNA encoding the region
was generated by PCR using human fetal brain Mara-
thon-Ready cDNA (BD Biosciences Clontech, Palo Alto,
CA) as the template and the primers shown in Table 1.
PCR products were cloned into the BamHI and Hindlll
sites of the pQE30 expression vector (Qiagen, Hilden,
Germany) and the sequence confirmed. For protein ex-
pression, single colonies of E. coli JM109 cells trans-
formed with the construct were grown in LB medium.
Expression of the recombinant protein was induced by
addition of 1 mmol/L IPTG. The bacteria were collected
by centrifugation at 7,000 X g for 15 minutes, and resus-
pended in lysis buffer (phosphate buffer pH 7.4, 20
mmol/L imidazole, 1% Tween 20, 6 mol/L urea) with pro-
tease inhibitor cocktail tablets (Roche Diagnostic, Basel,
Switzerland). The mixture was stirred for 30 minutes at
room temperature and then centrifuged at 15,000 X g for
30 minutes at 4°C, the supernatant being collected and
applied to a HisTrap column (Amersham Pharmacia,
Buckinghamshire, UK). Recombinant proteins were
eluted with elution buffer (PB pH 7.4, 0.5 mol/L imidazole,
1% Tween-20, 6 mol/L urea). Recombinant hFNIII A4-C,
A4-B, and A4 fragments were also prepared by the same
procedures using the reverse primers shown in Table 1.

Table 1. PCR Primers Used for the Generation of Recombinant Proteins Issued from the Alternatively Spliced Domain of Human

and Mouse Tn-C

Recombinant protein

Primers (5'-3")

hENIIT A4-D
hENIIT A4-C
hFENIIT A4-B
hENIIT A4
mFNIIFL

mFENIT SO

mEGF

mFBG

: CTGGGAT CCCAGGT GCAGGAGGT CAACAAAGT G

. CCCAAGCTTGGGGGCAAGTAGGGTTATTTCCAG

: TACAAGCTTGTAACAATCTCAGCCCTCAAG

: GACAAGCTTGTCGTGGCTGTGGCACTGATG

: CACAAGCT TGT GGAGGCCTCAGCAGAGTACTG

- AAGGAATTCCTTCTGAGGT GTCCCCTCCCAAA

. AACT CGAGGGAAT GGGTACAGGAGT CCAAT

(1) : AAGGAATTCCTTCTGAGGT GTCCCCTCCCAAA
(5) : AACCTCGAGGCCTTCACACGTGCAGCCTTGC
(6) : ACGAATTCTGT CGACGGCCATGGGT TCTCCGAAGG
(8) : AACTCGAGGGAATGGGTACAGGAGT CCAAT

: AACGAATTCGCTGT GTCTGT GAACCAGGCTGG

: TCCTCGAGAGCAGTCTATCCCTGTGTAACC

F: TTGGAATTCCCAGGGACTGCTCTCAAGCAATG

R: CGGGCAGCGGECCGCTGCCCGCTTACGCCTGCCT

ATOMADOO0D0T

T

Pl ips]




To analyze functions of Tn-C domains, we also pre-
pared recombinant fragments of mouse Tn-C using a cell
expression system. Complementary DNAs encoding
EGF-like repeats (mEGF), FNIII repeats (mFNIIII FL and
SO), and the FBG-like domain (mFBG) of mouse Tn-C
(Figure 1B) were generated by PCR using mouse Tn-C
cDNA as a template and the primers shown in Table 1.
The complete cDNA of mouse Tn-C was cloned from a
cDNA library of a mammary cancer cell line.?! Restriction
sites were included in the primers to facilitate directional
cloning and PCR products were cloned into the
pSecTag2A expression vector having 6xHis and myc
tags (Invitrogen, Carlsbad, CA), and the sequences con-
firmed. Since the template Tn-C cDNA includes five al-
ternatively spliced repeats of the FNIII domain, repeats of
FNII1-5, A1, A2, A4, B, D, and 68 comprised cDNA for
mFENIIl FL. The plasmids containing FNIII 1-5 were then
restricted with Xhol, and those containing FNIII 6-8 were
restricted with Sall and Xhol. These constructs were li-
gated again, and then the plasmids for mFNIII SO were
completed. For transfection, CHO-K1 cells were used
and grown in Iscove’'s modified Dulbecco’s medium
(IMDM, Sigma, St. Louis, MO) supplemented with 10%
fetal calf serum (FCS, Gibco-BRL, Grand Island, NY)
under 95% air/5% CO, atmosphere at 37°C. The con-
structs were transfected into CHO-K1 cells with Lipo-
fectamin plus reagent (Invitrogen). Forty-eight hours
later, the cells were cultured in medium containing Zeo-
cin (Invitrogen) to select stable transfectants. The clones
producing the recombinant proteins were chosen by
Western blotting using anti-myc-tag antibody (MBL,
Nagoya, Japan), and subcloned three times. Conditioned
media containing the proteins were collected. The re-
combinant proteins were precipitated with 50% ammo-
nium sulfate, and purified using a HisTrap column (Am-
ersham Pharmacia). Purified proteins of Tn-C domains
from conditioned media of stable transfectants are shown
in Figure 2. Human Tn-C was purified from conditioned
media of a glioma cell line, U251MG, by a previously
described method.'® It is referred to as intact Tn-C in this

paper.

Monoclonal Antibodies Against Tn-C

To obtain higher efficiencies of antibody production, we
immunized congenic Tn-C-null mice obtained by back-
crossing Tn-C-null mice originally generated by Saga et
al*’ with BALB/c mice. They received 100 ug of the
recombinant FNIII A4-D protein mixed with Freund’s com-
plete adjuvant, and after 2 weeks, the antigen mixture
with Freund’s incomplete adjuvant. Three days before
cell fusion, the mice were hyperimmunized with the anti-
gen by i.v. injection. Hybridomas were prepared by fu-
sion of immunized mouse spleen cells with myeloma cells
(Sp2/0) in polyethylene glycol. Positive hybridoma clones
were detected by enzyme immunoassay using plates
coated with native human Tn-C and peroxidase-conju-
gated anti-mouse IgG antibodies (Biorad, Hercules, CA).
After being cloned three times, they were transferred to
serum-free  medium (Wako, Osaka, Japan) with 20
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Figure 2. Purified recombinant proteins of mouse Tn-C domains. Recombi-
nant proteins were purified from the conditioned media using His-trap

column, electrophoresed in sodium dodecyl sulfate polyacrylamide gel (2 to
15%), and stained with Coomassie blue.

<

units/ml IL-6 (Roche Diagnostic) and grown. The condi-
tioned media were collected by centrifugation, and then
the antibodies were purified by 50% ammonium sulfate
fractionation, followed by affinity-purification using a Hi-
Trap protein A column (Amersham Pharmacia). The iso-
type of the monoclonal antibodies was determined with
the mouse monoclonal antibody isotype kit (Amersham
Lifescience, Piscataway, NJ) and was IgG1 «.

Immunoblotting

Four breast tissue samples were obtained from speci-
mens taken at therapeutic surgeries for breast cancers.
Small pieces of normal parts and cancer tissues were
isolated by gross examination and stored at —80°C. Ali-
quots (100 wg) were then homogenized in 1 ml of 10
mmol/L Tris-buffered saline (TBS, pH 7.6) containing
0.2% Nonidet P-40 and protease inhibitor cocktail tablets
(Complete mini, Roche, Manheim, Germany), and centri-
fuged at 15,000 X g for 10 minutes. The pellets were
resuspended in TBS, and washed twice with centrifuga-
tion, then resuspended in 1 ml of TBS containing 2 mol/L
urea, and the slurries were gently shaken for 1 hour on
ice. They were centrifuged at 15,000 X g for 15 minutes,
and the supernatants were collected. The samples were
applied to polyacrylamide gels and electrophoresed by
the method of Laemmli. The electrophoresed proteins
were blotted onto Immobilon membranes (Millipore Ja-
pan, Tokyo, Japan), blocked with a blocking buffer (TBS,
pH 7.6 and 0.5% skimmed milk), and incubated with
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monoclonal anti-Tn-C antibodies (4F10TT or 4C8MS, 1
pg/ml) at 4°C overnight. The monoclonal antibody
4F10TT against the EGF-like repeats of Tn-C was as
previously reported.*® The membranes were then
washed in the blocking buffer and successively treated
with peroxidase-labeled goat anti-mouse IgG Fab’ (1:
400, MBL, Nagoya, Japan) for 1 hour at room tempera-
ture. The reactive bands were developed with diamino-
benzidine (DAB)/H,O, solution.

Immunohistochemistry

Immunohistochemical analysis was performed on 10 fi-
boroadenomas and 22 invasive ductal carcinomas using
archival samples which were fixed with formalin and rou-
tinely processed for embedding in paraffin. All sections
were cut at 4 um and placed on silane-coated glass
slides (DAKO Japan, Kyoto, Japan). For 4F10TT, the
sections were incubated in 0.4% pepsin (1:60,000,
Sigma) in 0.01N HCI for 20 minutes at 37°C to retrieve the
antigens. The sections were incubated in 0.3% H,O. in
methanol for 15 minutes to block endogenous peroxidase
activity. This proteinase treatment conversely abolished
the positive reaction with the 4C8MS antibody. Treatment
with 0.1% sapponin in distilled water for 20 minutes or
heating in an autoclave was effective for the retrieval of
antigens. Sections were treated with superblock solution
(Scytek Laboratories, Logan, UT) or 10% normal goat
serum before incubation with anti-Tn-C antibodies (1 to
10 ug/ml) overnight at 4°C. After being washed, sections
were treated with a commercially available LSAB kit
(Scytek) or peroxidase-conjugated anti-mouse IgG Fab’
(MBL), followed by color development with DAB/H,O,
solution. Light counterstaining with hematoxylin was per-
formed to aid orientation. Various tissue samples from
autopsy cases were also examined.

For double immunohistochemistry with 4C8MS and
Ki-67 antibodies, the sections were treated with 4C8MS,
followed by the incubation with peroxidase-conjugated
anti-mouse IgG Fab’, and color development by a DAB/
H,O, solution. The immune complexes were then re-
moved by treatment with 0.01N HCI solution. Next the
sections were exposed to the Ki-67 antibody (clone
MIB-1, Dako Japan), and again treated with peroxidase-
conjugated anti-mouse IgG Fab’. The second coloring
reaction was achieved with a Ni/DAB/H,O, solution.
Therefore, the 4C8MS immunoreactivity was brown in
color, whereas the Ki-67 immunoreactivity was blue. Fi-
nally the sections were lightly counterstained with meth-
ylgreen solution.

To examine whether expression of large Tn-C variants
was related to cell proliferation in human cancer tissues,
12 cases having sufficient areas for analysis were chosen
from fully invasive carcinomas. When the 4C8MS-staining
of cancer stroma was equivalent to or stronger than that
of the muscular arteries in the same tissue, the immuno-
labeling was considered as positive. Labeling indices for
Ki-67-positive nuclei in three fields (1 mm? each) positive
for 4C8MS was compared with those for three negative
fields close to the positive fields.

Migration Assay

The mouse mammalian cancer cell line, GHOMSE, was
established from a spontaneously developing tumor in a
congenic Tn-C-null mouse of the GRS/A strain. By trans-
well migration assay using cell culture inserts (8-um pore
size, Becton Dickinson Labware, Franklin Lakes, NJ), we
examined effects of intact Tn-C or its recombinant frag-
ments on cancer cell migration. Into the inner chamber,
5 X 10* cells were plated in 0.5% bovine serum albumin
(BSA)/serum-free IMDM, and the medium containing
0.5% BSA and 5% FCS as a chemoattractant was poured
in the outer chamber (Falcon 24-well plate, Becton Dick-
inson Labware). After addition of the proteins tested into
the medium of the upper chamber, the cells were allowed
to migrate to the lower membrane surface for 18 hours.
After the cells on the upper surface were wiped off, the
inserts were fixed and stained with 0.1% crystal violet
(Sigma) in 10% ethanol. Stained cells on the lower sur-
face in three fields of 1 mm? were counted under a 10X
objective lens.

BrdU Incorporation Assay

The cells were grown on coverslips in IMDM/10% FCS for
16 hours, washed with serum-free medium, and then
incubated in the medium with 0.1% FCS. Twenty-four
hours thereafter, Tn-C or the fragments were added into
the medium at final concentration of 1 to 10 ug/ml. After
incubation for 12 hours, the cells were labeled with 8-bro-
modeoxyuridine (BrdU 10 ug/ml) for 2 hours, fixed with
70% ethanol at —20°C for 30 minutes, and treated with
1N HCI solution at room temperature for 20 minutes.
Labeled nuclei were detected with monoclonal anti-BrdU
antibody (DAKO Japan) and anti-mouse IgG conjugated
with peroxidase (MBL). The percentage of the labeled
nuclei was determined.

Antibody Blocking

Three pg of mouse Tn-C fragments were incubated with
15 ng of the 4C8MS Fab’ fragment for 30 minutes at room
temperature and then added into the medium for BrdU
incorporation and migration assays. As a control anti-
body, an isotype-matched monoclonal antibody against
V protein of parainfluenza virus type Il (clone 53-1) (kind-
ly provided by the Department of Microbiology, Mie Uni-
versity School of Medicine, Mie, Japan) was used. The
experiment was performed in triplicate.

Statistical Analysis

For quantitative analysis the arithmetical mean values
and standard deviations were calculated and compared
by independent Student’s or Welch’s t-tests. The statisti-
cal significance of differences of the rates for Ki-67 pos-
itive cells between the large Tn-C variant distributions
was tested with the paired t-test.
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Figure 3. Characterization of monoclonal antibodies by immunoblotting.
With intact Tn-C purified from human glioma supernatant, 4F10TT showed
bands around 350 kd and at 210 kd (arrows), while 4C8MS did so only at
350 kd (A). Recombinant proteins mFNIII FL (lane 1), mFNIII SO (lane 2),
hFNIIIA4-C (lane 3), hFNIIIA4-C (lane 4), hFNIIIA4-B (lane 5), and hF-
NIITA4 (lane 6) which have 0xHis tags were visualized with an anti-0xHis
antibody (left in B). mFNIII FL, hFNIIIA4-D, hFNIIIA4-C, and hFNIIIA4-B
were labeled by 4C8MS, but mFNIII SO and hFNIIIA4 were not (right in B),
indicating that 4C8MS can react with FNIII B repeats of human and mouse
Tn-C.

Results

Monoclonal Antibody Characterization

For the characterization of the antibodies used in this
study, immunoblots of intact Tn-C from human glioma
cells were analyzed with the mAbs 4F10TT and 4C8MS.
Antibody 4F10TT labeled larger Tn-C variants and the
smallest variant of human glioma Tn-C, whereas 4C8MS
labeled larger variants but not the smallest one (Figure
3A). Immunoblotting using recombinant proteins with hu-
man FNIII A4-D regions showed 4C8MS to react with
FNIII repeats A4-D, A4-C and A4-B, but not A4 (Figure
3B). Thus, the epitope recognized by 4C8MS is located
on FNIIl repeat B. When the binding of the antibody to
mouse Tn-C recombinant proteins was examined, 4C8MS
reacted with mFNIII FL but not mFNIII SO, showing a cross-
reactivity with mouse FNIII repeat B (Figure 3B).

Expression and Distribution of Large Tn-C
Variants

In immunoblotting of normal breast tissue extracts,
4F10TT labeled two main bands at 210 kd (the smallest
variant, S) and 350 kd (the largest variant, L), whereas
4C8MS labeled faintly the 350 kd band (Figure 4). In
breast cancer tissue extracts, 4F10TT strongly labeled
bands at 210 kd and 350 kd. In addition, positive labeling
was also visible at a position around 250 kd (arrowhead).
The 4C8MS labeled the two bands at 250 kd and 350 kd
but not the 210 kd band. Thus, expression of the large
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Figure 4. Immunoblot analysis of tissue extracts from breast cancers and
normal tissues using 4C8MS and 4F10TT. Four samples of cancer tissues and
normal counterparts collected from four cases of mastectomies were exam-
ined. When the extracts were analyzed with 4F10TT, bands at 350 (L), 250
(arrowhead) and 210 kd (S) were intensely labeled in breast cancers, but
only weakly in normal tissues (left). With 4C8MS, 350 and 250 kd bands are
apparently limited to breast cancers (right).

Tn-C variants was found to be higher in breast cancers
than in normal tissues.

Next we analyzed breast cancer tissues with the same
antibodies by immunohistochemistry. Different staining
patterns of 4F10TT and 4C8MS were observed (Figure
5,A and B). In normal tissues, 4F10TT labeled a thin layer
beneath the basement membrane zone of the ducts and
acini. Muscular layers of vessels and the basement mem-
brane of capillaries were also intensely positive. Immu-
nostaining by 4C8MS was usually absent around normal
ducts and acini, but those associated with inflammation
were sometimes positive. Muscular arteries were positive
but not capillary vessels. In cases of fibroadenomas,
4F10TT showed apparent labeling of the basement mem-
brane zone of the epithelial components, and the fibrous
structures of the stroma, whereas 4C8MS labeling was
weak in the stroma (Figure 5, C and D). We examined 22
cases of invasive ductal carcinoma including 4 predom-
inantly intraductal, 12 scirrhous, and 6 non-scirrhous le-
sions. In the intraductal cases, the sub-basement mem-
brane zone of the duct containing intraductal cancer
components and the stroma surrounding ducts were
strongly labeled by 4F10TT (Figure 5E). Conversely, little
labeling by 4C8MS was observed in the stroma around
ducts (Figure 5F), but positive labeling appeared in sites
where cancer cells were invading into the surrounding
tissues (Figure 5G). In scirrhous carcinomas, the stroma
among the small cancer nests was densely positive for
4F10TT staining (Figure 5H). 4C8MS also labeled the
cancer stroma, stronger staining being frequently
present at invasion fronts than in the central regions of
tumors (Figure 5, | and J). In non-scirrhous cancers,
4C8MS-positive areas were also found at the tumor bor-
ders (Figure 5L). Foci of cancer cells having cytoplasmic
staining and intercellular 4C8MS-positive deposits were
observed in 9 cases (Figure 5, G and M). With double
immunostaining of Ki-67 antigen and large Tn-C variants,
the areas positive for the latter had an elevated index,
compared with those negative for 4C8MS (paired t-test,
P < 0.05, Figure 6).

Data for immunoreactivity of 4C8MS with various nor-
mal tissues obtained from autopsy cases are summa-
rized in Table 2. Immunoreactivity was focal in the renal
medulla, and weak in epithelial basement membrane
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Figure 6. Relationship of cell proliferation with expression of large Tn-C
variants in human breast cancers. The labeling index with the Ki-67 antigen
was compared between areas with strong staining for 4C8MS and areas
without the staining in 12 invasive ductal carcinomas. In the positive area for
4C8MS, the labeling index was significantly higher than in the negative area
(paired rtest P < 0.05). Closed circles denote scirrhous cancers, and open
circles denote non-scirrhous examples.

zones and muscular layers of the alimentary tract (data
not shown).

Effects of the Tn-C FNIIl Domain Containing
Alternatively Spliced Sites on Migration of
Tn-C-Null Mammary Cancer Cells

We have reported that intact Tn-C promotes cell migra-
tion in a wound closure assay in HEp 2 cells.'® In the
present study, we also confirmed that intact Tn-C also
promotes migration and proliferation in a transwell migra-
tion assay with the mammary cancer cell line GHOMS5E,
derived from Tn-C-null mouse to minimize the effect of
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Table 2. Reactivity of the 4F10TT and 4C8MS mAbs with
Human Normal Adult Tissues

mAb
Organ Tissue 4F10 4C8

Esophagus Basement membrane + -
Muscular layer of mucosa + -

Muscular layer + —

Stomach Basement membrane + =+
Muscular layer of mucosa + —

Muscular layer + -

Intestine Basement membrane + *
Muscular layer of mucosa + *

Muscular layer + =+

Liver Sinusoidal capillaries + -
Central veins + -

Kidney Medulla + +
Cortex + —

Adrenal gland Medulla + -
Cortex + —

Pancreas + -
Lung Alveolar wall + -
Cartilage Perichondrium + -
(Trachea) Chondrocytes + —
Blood vessel Muscular artery + +
Capillary vessel + —

Cardiac muscle

intrinsic Tn-C production (Figure 7). In our immunohisto-
chemical study, the large variants were expressed in
invasion sites and fronts of cancer cells, suggesting in-
volvement in cancer invasion. Next, we examined the
effects of Tn-C variants on migration of mammary cancer
cells, paying special attention to functional sites between
the alternatively spliced variants. Purified proteins of Tn-C
domains from conditioned media of stable transfectants
are shown in Figure 2. In a transwell assay, addition of
mFNIII FL (containing alternatively spliced sites) signifi-
cantly promoted cell migration, although the effect
seemed lower than that of intact Tn-C. In contrast, mFNIII
SO, mEGF, and mFBG showed no effects on cell migra-
tion.

Effects of Tn-C FNIIl Domain Containing
Alternatively Spliced Sites on Proliferation of
Tn-C-Null Mammary Cancer Cells

We previously demonstrated that intact Tn-C also pro-
motes cell proliferation in a BrdU incorporation assay in
HEp 2 cells.’™ In the present study, we showed that
expression of the large variants was associated with high
labeling index of Ki-67 in breast cancers (Figure 6).
Therefore we investigated effects of Tn-C domains on cell

Figure 5. Expression of Tn-C in normal mammary glands, benign lesions, and breast cancers determined by immunohistochemistry using 4F10TT and 4C8MS.
In normal mammary glands, all Tn-C variants labeled by 4F10TT are positive in the thin layer beneath the basement membrane zone of the ducts and acini (right
in A), but the large Tn-C variants labeled by 4C8MS are absent (right in B). In contrast, both the antibodies demonstrate strong binding in the cancer stroma (left
in A and B). In a fibroadenoma, the basement membrane zone of the epithelial components and the fibrous structures of the stroma are positive for 4F10TT (C),
but only weak labeling of the stroma is evident with 4C8MS (D). In an intraductal lesion, the basement membrane zone containing cancer cells is strongly positive
for 4F10TT (E), but not 4C8MS (F). The site of periductal invasion of cancer cells is, however, positive for 4C8MS (F). Panel G is a higher magnification in a square
of panel F. In this case, cytoplasmic staining of cancer cells is apparent. In a scirrthous lesion, 4F10TT diffusely labels the cancer stroma (H), while 4C8MS
demonstrate binding particularly near the invasion front (I, J). In a non-scirrhous invasive cancer also, 4F10TT labeling is extensive in cancer stroma (K), but
4C8MS labeling is limited to the tumor border (L). Double staining of Ki-67 (blue) and large Tn-C with 4C8MS (brown) is shown in M. Note the intercellular
deposition of Tn-C (M). Nuclei were counterstained with hematoxylin in A-L and with methylgreen in M. Bar in M, 100 wm for A-D, 200 um for E, F, H, I, K

and L, 50 um for G, J, and M.



1864 Tsunoda et al
AJP June 2003, Vol. 162, No. 6

A
() mENIIFL
mFNINSO
B
. 1501
E
E
=8 100
£
‘E‘ 50 - m m H
s
0
= “&&\q\« «é‘@cp & & &K
Protein (3 pgiml)
400 p<0.01
c - |
o 300 1 @ mFNIIFL |
< i -A MFNIISO
g 200 4 i ™C
o
& ]
B
{=/] -4
2 100
0 1 1 1 1
0 1 3 10
Concentration (ug/mi)

Figure 7. Effects of Tn-C domains and intact Tn-C on migration of mouse
mammary tumor cells in a transmigration assay. Cells were plated on the cell
culture insert, treated with the proteins, and allowed to migrate for 18 hours.
Cells migrating through the membrane were stained with 0.1% crystal violet
(A). Intact Tn-C and mFNIII FL significantly promoted tumor cell migration,
but mFNIII SO, mEGF, and mFBG did not (B). In C, results for promotive
effects of various protein concentrations are shown. The cells were counted
in three fields of 1 mm? in each insert, and the data are expressed as averages
and standard deviations from three independent experiments. Data in C are
relative to the control without Tn-C.

proliferation using a BrdU incorporation assay. The label-
ing index of Tn-C-null cancer cells, GHOM5E, was in-
creased by addition of mFNIII FL as well as intact Tn-C at
various concentrations (Figure 8). Addition of mFNIII SO,
mEGF, and mFBG was without effect.

Effects of mAb 4C8MS to the Alternatively
Spliced Domain B on Cell Migration and
Proliferation

Having shown that the alternatively spliced FNIII repeats
of Tn-C promote tumor cells proliferation and migration,
we tried next to confirm this function by blocking with
4C8MS which binds to FNIII repeat B. When mFNIII FL
were incubated with 4C8MS before the addition into the
medium, the effects on migration and proliferation were
abolished (Figure 9). The same amount of control anti-
body did not exert any influence. Pretreatment of intact
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Figure 8. Effects of Tn-C domains and intact Tn-C on proliferation of mouse
mammary tumor cells in a BrdU incorporation assay. After addition of the
proteins tested, cells were incubated for 12 hours, and treated with BrdU for
2 hours. The cells labeled with BrdU were visualized by immunocytochem-
istry (A). Intact Tn-C and mFNIII FL significantly increased the BrdU labeling
index, but mFNIII SO, mEGF, and mFBG did not (B). In C, the effects in
various concentrations of intact Tn-C and mFNIII FL are shown. Data in C are
relative to the control without Tn-C. All data are average and SD values from
at least three independent experiments.

Tn-C with mAbs, either 4C8MS or 4F10TT, did not affect
cell migration or the mitotic labeling index (data not
shown).

Discussion

Detection of Tn-C expression in breast tissues has dra-
matically changed since the first discovery of this glyco-
protein, reflecting improvement in the quality of materials
and methods applied. Originally only reported as a stro-
mal marker of epithelial malignancy in breast tissues,*? it
is now clear that Tn-C is also expressed around normal
ducts and benign lesions of the breast.**~*¢ Since com-
parisons of Tn-C expression and outcome of patients
yielded conflicting results, the distribution and site of
synthesis in breast cancer have been considered to have
greater prognostic significance than its presence or ab-
sence. %47 Furthermore, although it has been evident
for a long time that Tn-C has multiple variants produced
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Figure 9. Blockage of promotive effects of mFNIII FL on migration and
proliferation of cancer cells by antibody 4C8MS. Before addition to the
medium, mFNIII FL (3 wg/ml) was incubated with the antibodies (15 ug/mD
for 30 minutes. When mFNIII FL was pre-incubated with 4C8MS, the promo-
tive effect on cell migration (A) and BrdU incorporation (B) was completely
abolished. Control antibody 53-1 has no effect.

by alternative splicing of its RNA, data on the distribution
and biological functions of Tn-C variants in normal and
diseased breast tissues has remained scarce. The lack of
good monoclonal antibodies against Tn-C different vari-
ants, reactive in archived breast tissues, is partly to
blame.

In this study, we therefore first examined expression of
Tn-C in human breast cancers by means of immunoblot-
ting and immunohistochemistry using a novel monoclonal
antibody, 4C8MS, against FNIII B in the alternatively
spliced region. Results of our immunoblotting generally
paralleled those in a previous report comparing two other
monoclonal antibodies.® Analysis by immunoblotting with
BC-7 showed two bands of Tn-C at 330 kd and 190 kd in
extract from breast cancer tissues, but only the lower
band in the normal and benign tissues. When BC-2
against FNIII A was used, only the higher band was
labeled in cancer tissue extracts. Our immunoblotting
using 4C8MS antibody also showed that Tn-C including
the alternative spliced FNIII repeat B was rare in normal
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tissues, but abundant in the cancer stroma. Despite
some differences in Tn-C bands in normal tissue with the
two studies, possibly due to the differences in the method
of tissue extraction, monoclonal antibodies, or the blot-
ting procedures, both indicate that the large variants are
a major fraction of Tn-C deposited in the breast cancer
stroma.

This was here confirmed by our immunohistochemical
analysis of breast tissues. With the 4F10TT, Tn-C expres-
sion was detected in the sub-basement membrane zones
around ducts and acini as well as vessels in normal
breast tissues, and in the cancer stroma. In contrast,
using the 4C8MS, large Tn-C variants were almost exclu-
sively found in the cancer stroma. A similar finding has
been recently reported using mAb «llIB with frozen sec-
tions of breast cancers.'' In addition, differences in pat-
terns of Tn-C were found depending on expression site,
with more intense staining by 4C8MS at invasion borders,
contrasting with weaker staining in the central area of
cancers. Large Tn-C variants may be preferentially ex-
pressed at the border, and the weaker staining in the
central areas possibly illustrates their degradation, since
they are known to be more susceptible to matrix metal-
loproteinase than the small variant.*® Furthermore, while
strong staining of basement membrane zones of the
ducts containing intraductal cancer was observed with
4F10TT, the staining of 4C8MS was absent. The smallest
variant (with complete omission of the alternatively
spliced region) binds to fibronectin with higher affinity
than the large variants and is incorporated into the ma-
trix.4%-%0 This difference in binding capability between the
Tn-C variants may account for the variation in staining
patterns between the two antibodies. In chick tissues, the
intermediate sized and largest isoforms of Tn-C (contain-
ing variable numbers or all alternatively spliced domains,
respectively) are known to be distributed in smooth
muscle and underneath the epithelial lining of the villi,
paralleling our immunohistochemical analysis of
human tissues.*®

In a previous study on breast cancers using a conven-
tional Tn-C antibody, it was shown that expression at
invasion sites correlates with a higher proliferation rate of
cancer cells and is a predictor of local recurrence and
metastasis.'®'* We have showed that Tn-C molecules
expressed at the invasion fronts of tumors may chiefly be
of the large variant type. We also found a positive corre-
lation between their expression and proliferation of can-
cer cells. Since motility of cancer cells might be activated
during invasion, it is plausible that the enhanced expres-
sion at the invasion front is involved in cell migration.
Promotive effects of Tn-C on proliferation and migration of
malignant epithelial cells in vitro has been report-
ed.">'651 |n the present study, we prepared recombi-
nant proteins of Tn-C domains and investigated their
functions using the mouse mammary tumor cell line es-
tablished from Tn-C knockout mouse, and only the re-
combinant protein of FNIII repeats including alternative
spliced region promoted both proliferation and migration
of the cells. Furthermore, the 4C8MS, specific to FNIII B,
neutralized this promoting effect, providing compelling
evidence that the alternative spliced FNIII region is a
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functional domain for proliferation and migration. The
4C8MS could not neutralize the effects of purified intact
Tn-C. Since intact Tn-C is a mixture of the large variants
containing various combinations of the alternatively
spliced repeats, the large variants lacking FNIII B repeat
may be also effective.

An earlier study demonstrated that intact Tn-C and
recombinant proteins of FNIII A-D repeats cause down-
regulation of focal adhesion integrity in endothelial
cells.33 Adhesion of endometrial epithelial cells to Matri-
gel is also disrupted by intact Tn-C and the recombinant
fragments of the repeats.®? Addition of the fragments also
increased endothelial cell motility in a wound closure as-
say.®® Tn-C and these functional fragments are considered
to induce an intermediate state of adherence, characterized
by a restructuring of focal adhesions and stress fibers, and
to facilitate cell migration.®® In the present study, addition of
Tn-C and recombinant proteins containing the repeats A-D
into the upper chamber also promoted active locomotion of
the cancer cells on the membrane, followed by increased
transmigration to the lower surface. Furthermore, we found
that addition of the repeats caused increase in the prolifer-
ating fraction of the cancer cells, in line with results for
endothelial cells treated with Tn-C fragment repeats A-D.*°
A recent study using a recombinant large Tn-C variant
demonstrated an anti-adhesive mechanism and interfer-
ence with cell binding to the Hepll/syndecan-4 site in fi-
bronectin through direct binding of the protein to the 13th
FNIII repeat.®" When cells adhere to fibronectin matrix, the
interaction of integrin «5B81 and syndecan-4 attenuates cell
proliferation. By binding to fibronectin, Tn-C inhibits synde-
can-4 activation and impairs the signaling, resulting in en-
hanced tumor cell proliferation. Although a domain for Tn-C
binding to fibronectin has not yet been identified, the alter-
native spliced region may be thus a candidate.

In conclusion, the present study provided evidence
that large Tn-C variants are preferentially expressed in
breast cancer tissues. Immunohistochemistry and in vitro
experiments using recombinant fragments indicate that
they are also closely associated with migration and pro-
liferation of breast cancer cells. In addition, our novel
monoclonal antibody specific to FNIII B, 4C8MS, reactive
with paraffin-embedded tissues, is useful for exploration
of large Tn-C variant expression in pathological tissues.
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