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The metastatic potential ofundifferentiated neu-
roblastomas is typicaly lost when differentiation
into ganglioneuroblastomas occurs spontane-
ously or is induced. CeU adhesion may play a
role in metastasis, and we have shown recently
that expression of integrin avvI5 protein and
mRNA is up-regulated in ganglioneuroblastomas
in vivo To investigate whether interactions of
avc85 with matrix components play a role in the
loss ofmetastatic potential, we used immunohis-
tochemical and in situ hybridization to analyze
neuroblastic tumors at various stages of differ-
entiationfor expression of the av.35 ligands, vi-
tronectin and osteopontin, and determined the
ability of vitronectin to promote attachment and
neurite outgrowth in vitro in a retinoic-acid-dif-
ferentiated neuroblastoma ceU model. Wefound
that vitronectin, but not osteopontin, was ex-
pressed in 5 of5ganglioneuroblastomas but was
absent or weakly expressed in 6 of6 undifferen-
tiated neuroblastomas. Neuronal ceU vitronectin
was detected in 7 of 9 ganglioneuromas, 5 of 8
peripheral ganglia, and 14 of 21 adrenal gland
medulae, confirming expression of vitronectin
in mature peripheral neurons. In vitro, vitronec-
tin promoted attachment of both undfferenti-
ated and retinoic-acid-differentiated neuroblas-
toma ceUs, which was inhibited 20 and 60%,
respectively, by monoclonal antibody anti-inte-

grin av (5. Vitronectin-promoted neurite out-
growth ofretinoic-acid-differentiated neuroblas-
toma ceUs was not inhibited by monoclonal
antibody anti-av(5. These data suggest that the
synthesis ofvitronectin and the ability ofintegrin
avf85 to mediate vitronectin adhesion on retinoic-
acid-differentiated neuroblastoma ceUs maypro-
mote differentiation of neuroblastoma ceUs in
viva (AmjPathol 1997, 150:1631-1646)

Undifferentiated neuroblastoma tumors are rapidly
invasive and metastatic.' 2 These tumors, which
generally arise in the peripheral nervous system, are
capable of differentiating into neurons or ganglion-
euroblastomas.1' 2 The mechanism underlying this
differentiation, which can occur spontaneously or
with treatment,1 2 is unclear. However, comparative
analysis of these two types of tumor may indicate the
mechanism contributing to invasive and metastatic
potential. In vitro, extracellular matrix proteins, in-
cluding fibronectin, laminin, tenascin, and several
proteoglycans, have been reported to induce differ-
entiation, or neurite outgrowth, of undifferentiated
neuroblastoma cells.3 a Interaction with matrix pro-
teins, however, is not sufficient to induce complete
differentiation, as differentiating agents such as reti-
noic acid or nerve growth factor are also neces-
sary.3- This suggests that interaction with the extra-
cellular matrix protein is probably one of several
cellular signals required to induce differentiation of
undifferentiated neuroblastoma cells. A role for the
extracellular matrix in the development of the periph-
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eral nervous system has been suggested.9-13 Sev-
eral extracellular matrix proteins, such as fibronectin,
laminin, and tenascin, are expressed in a spatially
and temporally specific manner during peripheral
nerve development.9-13 Certain extracellular matrix
proteins, such as fibronectin, are also expressed in a
specific manner during regeneration of peripheral
nerve. 1 1

Extracellular matrix proteins can signal or commu-
nicate with the cell through the integrin family of cell
adhesion receptors.14-16 Integrins are a large family
of receptors that mediate a number of important
cellular functions including cell-matrix adhesion,
cell-cell adhesion, cell migration, neurite outgrowth,
and matrix protein turnover.14-16 The integrin recep-
tors are heterodimers composed of an a- and (3-sub-
unit, both of which span the cell membrane lipid
bilayer. The subunits are noncovalently associated
but interact with high affinity.14-16 Fifteen a- and
eight (-subunits have been identified to date, and it
has been shown that heterodimeric pairing is neces-
sary for receptor function. Although pairing of a- and
,3-subunits determines, in part, ligand specificity, a
number of other factors also can influence ligand
specificity, such as cell type, differentiation state of
the cell, divalent cations, and the affinity state of the
receptor. 14-16 Previous studies regarding integrin
expression of neuroblastoma cells have focused on
the (31 subfamily.17-25 Expression of the ,31 integrin
subunit in neuroblastomas appears to be affected by
amplification and overexpression of the N-myc onco-
gene,23 25 which is a marker of poor prognosis in
these tumors.1' 2 Overexpression of transfected N-
myc in a human neuroblastoma cell line can result in
down-regulation of (31 integrin subunit expres-
sion.23-25These data, combined with animal studies,
have led to the suggestion that human neuroblas-
toma cell lines that exhibit reduced integrin expres-
sion display more aggressive tumor behavior.23 25
Functional studies have shown that at least four j1
integrins mediate neurite outgrowth in vitro, including
a1l31, a2/31, a31l, and a8f31.17-19,26 In vivo, neuro-
blastic tumors have been reported to express the /1
subunit and the al, a2, and a3 subunits, suggesting
that integrins a1l31, a231, and a3/31 are expressed
on the cell surface.20,21 To date, no studies of neu-
roblastic tumors in vivo have investigated the expres-
sion of the matrix proteins recognized by these three
/31 integrins.
We recently have demonstrated that ganglioneu-

roblastoma cells express integrin av/35 mRNA and
protein in vivo.27 The ligands recognized by integrin
av/35 (vitronectin and osteopontin) are distinct from
those recognized by integrins al /1l, a2/31, and a3/31

(eg, collagen, fibronectin, and laminin). 14-16,28 To
determine whether the same ganglioneuroblastoma
tumor cells express a ligand for integrin av/35 in vivo,
we investigated the expression of matrix protein Ii-
gands of integrin av/35 in these tumors. In vivo, the
expression of vitronectin protein was up-regulated in
ganglioneuroblastoma cells as compared with undif-
ferentiated neuroblastoma cells, and vitronectin was
detected in normal peripheral nervous system neu-
rons. To determine whether vitronectin promotes pe-
ripheral neuronal cell adhesion and neurite out-
growth, we performed adhesion and neurite
outgrowth assays, utilizing undifferentiated and reti-
noic-acid-differentiated neuroblastoma cells. Our
data identify an integrin av,/5-mediated vitronectin-
dependent cell adhesion mechanism in ganglioneu-
roblastoma tumors. These findings, taken together
with the absence or minimal expression of vitronectin
in undifferentiated neuroblastoma, lead us to spec-
ulate that integrin av/35 recognition of vitronectin
contributes to the differentiation of undifferentiated
neuroblastoma cells and to the nonmetastatic phe-
notype of ganglioneuroblastoma cells.

Materials and Methods

Tissue Collection
Formalin-fixed, paraffin-embedded tissues from bi-
opsies of 16 peripheral neuroblastic tumors, 1 gan-
glioneuroma, and 1 adrenal gland, and 18 adrenal
glands obtained at autopsy were provided by The
Children's Hospital of Alabama. Eight of the eighteen
adrenal glands contained peripheral ganglia in the
capsule or medulla. In addition, formalin-fixed, par-
affin-embedded tissues from biopsies of eight gan-
glioneuromas and two adrenal glands were obtained
from The University of Alabama at Birmingham Hos-
pital. Two differentiating neuroblastoma biopsies
and one ganglioneuroblastoma biopsy were ob-
tained from the Cooperative Tissue Procurement
Network of the National Cancer Institute and were
snap-frozen at -700C.

These neuroblastic tumors were classified into un-
differentiated neuroblastoma, differentiating neuro-
blastoma, and ganglioneuroblastoma using the Shi-
mada classification as previously described.1'2 The
histological grading of neuroblastic tumors suggests
the prognosis. Undifferentiated neuroblastomas,
which are composed of undifferentiated neuroblasts,
are typically associated with a poor prognosis and
rapidly invade and metastasize.1'2 In contrast, gan-
glioneuroblastomas, which are composed predomi-
nantly of mature ganglion or neuronal cells as well as
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Schwann cells are associated with a better progno-
sis and metastasize less frequently.1'2 An intermedi-
ate histological grade indicated by undifferentiated
neuroblasts and immature ganglion cells, termed dif-
ferentiating neuroblastoma, is associated with an in-
termediate prognosis. Formalin-fixed tumor tissues
obtained from consecutive cases over a 4-year pe-
riod in which formalin fixation was initiated in the
operating room were utilized to optimize cellular
mRNA preservation.

Antibodies, Immunohistochemistry, and
Western Blot Analysis
The following antibodies were purchased: normal
rabbit serum from Sigma Chemical Co. (St. Louis,
MO), affinity-isolated rabbit anti-synaptophysin anti-
serum from Dako Laboratories (Glostrup, Denmark),
rabbit anti-human fibronectin antiserum from Gibco
BRL (Gaithersburg, MD), mouse monoclonal anti-
body (MAb) anti-collagen type IV IgG from ICN Bio-
medicals (Costa Mesa, CA), and goat anti-rabbit IgG
and goat anti-mouse IgG horseradish peroxidase
conjugates as well as goat anti-mouse IgG alkaline
phosphatase conjugate from BioRad Laboratories
(Richmond, CA). MAb anti-human laminin ascites
(LAM-89) from Sigma and clones to Ill from Gibco
BRL were pooled in equal parts. MAb anti-osteopon-
tin (MAb 53)29 was a gift from Dr. John F. Harris
(London Regional Cancer Center, London, Canada).
Rabbit anti-integrin ,B5 IgG,30 MAb anti-integrin av
(LM142),31 and neutralizing MAbs anti-integrin avf3
(LM609),31 anti-integrin avf5 (P3G2),32 and anti-in-
tegrin (1 (P4C10)33 were gifts from Dr. David
Cheresh (Scripps Research Institute, La Jolla, CA).
Neutralizing MAb anti-av (L230)34 hybridoma
(HB8448), which recognizes the av subunit paired
with any ,8-subunit, was purchased from the Ameri-
can Type Culture Collection (Rockville, MD), propa-
gated in culture, and purified by protein A Sepharose
chromatography. Antibody dilutions utilized for im-
munohistochemical analysis were as follows: rabbit
anti-fibronectin antisera (1:500), rabbit anti-synapto-
physin (1:50), normal rabbit serum IgG (10 ,ug/ml),
rabbit anti-human vitronectin IgG (7.5 ,ug/ml), MAb
anti-collagen type IV IgG (10 jig/ml), MAb anti-os-
teopontin IgG (10 ,ug/ml), and pooled MAb anti-
human laminin ascites (1:200). The use of rabbit
anti-human vitronectin IgG antibody and rabbit anti-
human fibronectin antibody in immunohistochemical
analysis was as described previously.35 Rabbit anti-
human vitronectin IgG antibody preadsorbed for 1
hour35 with purified vitronectin (100 jig/ml) did not

stain the tissue whereas preadsorbance with fi-
bronectin (100 ,ug/ml) did not affect the staining
pattern. Vitronectin was purified by the method of
Yatohgo et al36 and, after disulfide reduction, mi-
grated on 7.5% sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis as a 65/75-kd dou-
blet. Fibronectin was purchased from Gibco BRL.

Immunohistochemical analysis was performed as
described previously.27'35 Pepsin (Sigma) digestion
(1 mg/ml in phosphate-buffered saline (PBS) for 1
hour at 22°C) was performed before reaction with
anti-laminin, anti-collagen, anti-fibronectin, and anti-
synaptophysin antibodies to enhance antibody reac-
tivity. Antigen retrieval was performed before reac-
tion with anti-osteopontin MAb to enhance antigen
detection.27 Positive control tissues for matrix protein
antibody reactivities were as follows: liver for anti-
vitronectin, decalcified bone for anti-osteopontin, en-
dothelial cells of glioblastoma tumors for anti-tenas-
cin, and blood vessel basement membrane for anti-
fibronectin, anti-laminin, and anti-collagen type IV
antibody reactivity.27'29'35'37 Reticulin and trichrome
stains were performed as described previously.38
The grading scale for analysis of immunohistochem-
ical positivity and intensity, and the method to deter-
mine the threshold of positivity as well as the per-
centage of positive cells, was as described
previously.27 Normal rabbit serum IgG was used as
a negative control.27'35 39 Gangliocytic cells and
Schwann cells were identified as described previ-
ously,27 and adrenal medulla gland pheochromo-
cytes were identified by histological criteria as well
as reactivity with rabbit anti-synaptophysin antibody
on serial tissue sections.1 2

Western blot analysis was performed essentially
as described previously.40 The cell monolayer was
lysed on ice in RIPA buffer,35 centrifuged, subjected
to 5% SDS-polyacrylamide gel electrophoresis,
transferred to nylon membrane, blocked, reacted
with MAb anti-human laminin (1:5000 dilution of as-
cites; clone 1, Gibco BRL)41'42 overnight at 40C in 5%
bovine serum albumin/PBS, washed, reacted with
alkaline-phosphatase-conjugated goat anti-mouse
IgG (1:3000 dilution) for 1 hour at 220C, washed, and
developed with nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate (Sigma) substrates.

cDNAs, Riboprobe Transcription, and in
Situ Hybridization Analysis
The vitronectin and fibronectin constructs utilized for
transcribing antisense riboprobes and the riboprobe
transcription and in situ hybridization analysis were
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performed as described previously.27'39'43 The hy-
bridized sections were graded as positive if .4 silver
grains were observed over a nucleus or perinuclear
area.27'39 The fibroblasts in connective tissue and
the endothelial cells in blood vessels of each tissue
section served as a negative control for the vitronec-
tin antisense riboprobe. The grading system to as-
sess the intensity of hybridization and the method to
determine the threshold of positivity as well as the
percentage of positive cells was as describe,d pre-
viously.27

Fluorescent Activated Cell Sorter (FACS)
Analysis
SK-N-SH human undifferentiated neuroblastoma
cells were purchased from the American Type Cul-
ture Collection and were propagated in Dulbecco's
modified Eagle's medium with 10% fetal bovine se-
rum (Gibco BRL), as described.44 Cells were main-
tained free of mycoplasma. SK-N-SH cells were in-
duced to undergo differentiation with 1 ,umol/L all-
trans retinoic acid (Sigma) for 6 days, as
described.44 Consistent with a previous report,44
retinoic acid treatment of SK-N-SH cells (1 ,umol/L, 6
days) resulted in neurite outgrowth as well as de-
creased proliferation. FACS analysis was performed
as described previously.45

Cell Adhesion and Neurite Outgrowth
Assays
Retinoic-acid-differentiated SK-N-SH cells were met-
abolically labeled as a monolayer overnight (0.12
mCi of [35S]methionine/ml of complete media), har-
vested with buffered EDTA, resuspended in adhe-
sion assay buffer, and plated onto 96-well plates
(20,000 cells/well) that had been previously coated
with vitronectin, laminin, or ovalbumin (10 ,ug/ml) and
allowed to attach (30 minutes at 37°C and 5% C02),
as described previously.35 Laminin was purchased
from Sigma. For the adhesion assay, cells were in-
cubated with neutralizing anti-integrin antibodies or
mouse IgG (50 ,ug/ml) for 30 minutes before aliquots
were placed into the wells. Adhesion was stopped at
30 minutes, followed by washing with PBS (2x),
harvesting, and scintillation counting.35 All experi-
ments were performed in replicates of five, and
background counts estimated from adhesion to
ovalbumin-coated wells were subtracted. For the
neurite outgrowth assay, cells were plated onto the
coated wells in the presence of neutralizing anti-
integrin antibody or mouse IgG (50 ,ug/ml), the plate
was incubated at 37°C (5% C02) for 4 hours, and

each well was photographed at 4 hours (x20 mag-
nification).17'18 All conditions were performed in rep-
licates of five. The mean process outgrowth obtained
on ovalbumin-coated control wells was subtracted.
Neurite outgrowth, defined as process outgrowth
greater than the mean process outgrowth on ovalbu-
min, was calculated for 20 cells for each antibody
condition and averaged. Neurite outgrowth on lami-
nin was used as the positive control and taken to be
100% after subtraction of process outgrowth on the
control ovalbumin-coated plates. 17,18

Results

Vitronectin Protein and mRNA Expression in
Gangliocytic Cells of Ganglioneuroblastoma
in Vivo
To determine the repertoire of matrix proteins ex-
pressed in neuroblastic tumors, neuroblastic tumor
biopsies representing various stages of differentia-
tion were subjected to immunohistochemical analy-
sis with anti-vitronectin, osteopontin, fibronectin,
laminin, tenascin, and collagen type IV antibodies.27
In five of six undifferentiated neuroblastomas, tumor-
cell-associated vitronectin was not detectable (Fig-
ure 1A and Table 1). In the one specimen that was
weakly positive for protein (case 5, Table 1), only 3%
of tumor cells expressed vitronectin. In contrast, in
gangliocytic cells in five of five ganglioneuroblasto-
mas, vitronectin protein was present in nearly all of
the gangliocytic cells and strongly expressed in
greater than 30% (Figure 1 B, Table 2). Furthermore,
vitronectin labeling was present in the adjacent ex-
tracellular matrix (Figure 11B). Normal rabbit serum
IgG failed to react with the ganglioneuroblastoma
(Figure 1C). Similarly, in >20% of gangliocytic cells
in five of five neuroblastic tumors of intermediate
stage, known as differentiating neuroblastoma, vitro-
nectin protein was present. Although vitronectin pro-
tein was present in gangliocytic cells, it was not
detected in neuroblasts in three of five ganglioneu-
roblastomas (Table 2). These results indicate that the
expression of vitronectin protein is up-regulated with
differentiation of peripheral neuroblasts in vivo. We
further investigated vitronectin expression in a be-
nign tumor of adults, termed ganglioneuroma, which
is composed of ganglion cells (neurons) and
Schwann cells. These tumors may be related to neu-
roblastoma, as it has been speculated that gangli-
oneuromas arise from neuroblastomas that have dif-
ferentiated.1'2 Immunohistochemistry revealed high
expression of vitronectin protein in -50% of ganglion
cells in seven of nine ganglioneuromas (Table 3),
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Figure 1. Vitronrectin protein expression in gangliocytic cells in vivo. Paraffin sections of nindifferentiated neuroblastoma (case 2, Table 1) and
ganglioneuroblastoma (case 4, Table 2) were subjected to immutnobistochemical analPsis uitb rabbit anti-vitronectin IgG antibody or normal rabbit
senoin IgG, as described in Matenials and Metbods '27'39 I itroniectini reactivity uwas not detected in unzdifferentiated nieuroblastoma (A). In contrast,
vitronectin protein was detected in gangliocytic cells ofganglioneuroblastoma, ivithin hoth the cytoplasm and the extracellntlar matrix (B), buit niot
inz the niormal rabbit serum IgG control (C). The asterisk in A denotes the center oj a Honler Wright rosette. Arrows in B antd C denote gangliocvtic
cells. Magnification, X 100.

consistent with the results obtained for gangliocytic
cells of ganglioneuroblastoma.

Laminin and fibronectin were identified in a similar
tumor distribution to that of vitronectin, in that fi-
bronectin and laminin could not be detected in five of
six undifferentiated neuroblastomas but were de-
tected in gangliocytic cells or in the adjacent extra-
cellular matrix in four of five ganglioneuroblastomas

(Table 2). Tenascin and osteopontin could not be
detected in any of the undifferentiated neuroblasto-
mas or ganglioneuroblastomas. Tumor-cell-associ-
ated collagen IV was not detected by immunohisto-
chemical analysis; however, collagen type IV was
detected in the blood vessel basement membranes
of all neuroblastic tumors, independent of the stage
of differentiation, as were fibronectin and laminin.

Table 1. Vitronectin mRNA and Protein Expression in Undifferentiated Neuroblastoma

VN

Case

2
3
4
5
6

mRNA

wk+

wk+

Protein FN

+

LM

+

COL

+
+
+wk+

In situ hybridization and immunohistochemical analysis were performed as described in Materials and Methods.27 39a43 Collagen was
detected by trichrome and reticulin staining. The intensity of hybridization of the antisense vitronectin riboprobe was graded as follows: -

(negative hybridization signal), -3 grains over the nucleus or perinuclear area; wk+ (weak hybridization signal), 4 to 5 grains over the
nucleus or perinuclear area; + (positive hybridization signal), -6 grains over the nucleus or perinuclear area. The intensity of staining by
immunohistochemical analysis was graded as follows: light brown staining, weakly positive (wk+); medium brown staining, positive (+);
and dark brown staining, strongly positive (++). The age range for patients, denoted as cases 1 to 6 above, was 4 days to 2 years. VN,
vitronectin, FN, fibronectin; LM, laminin; COL, collagen.

Table 2. Vitronectin mRNA and Protein Expression in Ganglioneuroblastoma

Neuroblasts Gangliocytic cells
VN VN

Case mRNA Protein FN LM COL mRNA Protein FN LM COL

++ wk+ wk+ +
++ ++ wk+ +
++

wk+

_ +

+ +
± +

In situ hybridization and immunohistochemical analysis were performed as described in Materials and Methods. 27 39,43
Ganglioneuroblastomas are composed of neuroblasts and gangliocytic cells as well as Schwann cells and neural stroma. 12 In all cases,
>80% of tumor cells were gangliocytic cells. The age range for patients, denoted as cases 1 to 5 above, was 9 months to 3 years. See
Table 1 for explanation of grading and abbreviations.

wk+
2
2
3
4
5

wk+

+

+ +
+ +
+ +

+ + ++
_ ++

i

.I

I

i
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Table 3. Vitronectin Protein Expression in
Ganglioneuroma

VN protein

Case Ganglion cells Schwann cells

1 + wk+
2 +
3 ++ ++
4 ++ ++
5 ++ ++
6 + wk+
7 +
8
9 + ++

Immunohistochemical analysis was performed as described in
Materials and Methods.27,39 The age range for patients, denoted
as cases 1 to 9 above, was 7 to 78 years. See Table 1 for
explanation of grading.

Both trichrome and reticulin stains, which nonspecifi-
cally stain collagen, demonstrated tumor-cell-asso-
ciated positivity, which was most prominent in the
five ganglioneuroblastomas.

To determine whether gangliocytic cells are ca-
pable of synthesizing vitronectin in vivo, in situ hy-
bridization with an antisense vitronectin riboprobe
was carried out on serial sections of the neuroblas-
tic tumor biopsies described above.27'39'43 In five
of six undifferentiated neuroblastomas, vitronectin
mRNA was undetectable or only weakly expressed
in tumor cells (Figure 2A, Table 1), consistent with
the absent or weak expression of vitronectin pro-
tein revealed by immunohistochemical analysis. In
contrast, in four of five ganglioneuroblastomas,
vitronectin mRNA was clearly demonstrated in
gangliocytic cells (Figure 2C, Table 2), again con-
sistent with the immunohistochemical analysis for
vitronectin protein. Hematoxylin and eosin (H&E)-
stained tissue sections of the undifferentiated neu-
roblastoma and of the ganglioneuroblastoma biop-
sies are shown in Figure 2, B and D, respectively.
As a control, antisense fibronectin riboprobe was
hybridized to a subset of these tumors, and a
positive signal was detected in <5% of undiffer-
entiated neuroblastoma cells and in 10 to 20% of
gangliocytic cells in ganglioneuroblastoma, sup-
porting the immunohistochemical findings. These
results, together with the vitronectin immunohisto-
chemical analyses, are the first to demonstrate
that gangliocytic cells are capable of synthesizing
vitronectin protein in vivo.

Vitronectin Expression in Adrenal Gland
Pheochromocytes and Peripheral Ganglia

To determine whether pheochromocytes (special-
ized peripheral neurons) express vitronectin, 21

adrenal glands were subjected to immunohisto-
chemistry using rabbit anti-vitronectin IgG anti-
body. In 14 of 21 adrenal glands, vitronectin pro-
tein was present in the cytoplasm of
pheochromocytes (Figure 3A, Table 4). The nega-
tive control, normal rabbit serum IgG, failed to
react with the pheochromocytes (Figure 3B),
whereas the positive control, rabbit anti-synapto-
physin, strongly stained pheochromocytes (Figure
3C). An H&E-stained slide of the adrenal medulla
is shown in Figure 3D. Furthermore, in five of eight
peripheral ganglia, vitronectin protein was present
in the cytoplasm of ganglion cells (Table 4), indi-
cating that vitronectin is expressed in mature pe-
ripheral neurons. The mean percentage of gan-
glion cells and pheochromocytes expressing
vitronectin within individual sections was 34 and
41 %, respectively, indicating that a significant por-
tion of mature peripheral neurons express this pro-
tein.

Matrix Protein Expression in Schwann Cells

Vitronectin reactivity was associated with Schwann
cells in four of five ganglioneuroblastomas (cases 1
to 3 and 5, Table 2), in the seven ganglioneuromas in
which vitronectin was detected in ganglion cells (Ta-
ble 3), and in all five peripheral ganglia in which
vitronectin was detected in ganglion cells (Table 4).
Antisense vitronectin riboprobe hybridized to a small
percentage of Schwann cell nuclei in ganglioneuro-
blastomas, consistent with the immunohistochemical
results and indicating that Schwann cells are capa-
ble of synthesizing vitronectin. Fibronectin, collagen,
and laminin proteins were detected in a diffuse pat-
tern that was associated with Schwann cells in all
ganglioneuroblastomas, confirming and extending
the results of studies of Schwann cell matrix protein
expression in Schwannoma tumors.3'4 12 Synthesis
of fibronectin by Schwann cells was confirmed by in
situ hybridization with an antisense fibronectin ribo-
probe, which resulted in detection of a strong fi-
bronectin mRNA signal located over Schwann cell
nuclei of ganglioneuroblastomas. Fibronectin mRNA
was also detected over fibroblasts and smooth mus-
cle cells in neuroblastic tumors of all stages of dif-
ferentiation (data not shown).

Integrin avi35 Expression on Neuroblastoma
Cells
We have recently reported the expression of a vitro-
nectin receptor, integrin avP5, in ganglioneuroblas-
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Figure 2. Vitronectin mRNA expression in gangliocytic cells in vivo. Paraffin sections of undifferentiated neuroblastoma (case 2, Table 1) and
ganglioneuroblastoma (case 1, Table 2) were hybridized with antisense vitronectin riboprobe, as described in Materials and Methods.27394-3
Vitronectin mRNVA could not be detected in the undifferentiated neuroblastoma (A). In contrast, clusters ofnuclear andperinuclearsilvergrains were
detected in gangliocytic cells ofganglioneuroblastoma (C), indicating vitronectin mRNVA expression. An H&E-stained section of the undifferentiated
neuroblastoma and of the ganglioneuroblastoma is seen in B and D, respectively. Open arrows denote undifferentiated neuroblasts in the
undifferentiated neuroblastoma (A and B), and closed arrows denote gangliocytes in the ganglioneuroblastoma (C and D). Magnification, X 100.

I
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Figure 3. Vitronectin expression in adrenal gland medulla pheochromocytes in vivo. Paraffin sections of normal adrenal medulla (case 7, Table 4)
were reacted with rabbit anti-vitronectin IgG antibody, normal rabbit serum IgG, or rabbit anti-synaptophysin antibody, as described in Materials
and Methods.27 Strong vitronectin reactivity was demonstrated in meduillaepheochromocytes (A) but not by the normal rabbit serum IgG control
(B). Pheochromocytes were additionally identified by positive staining uwith anti-synaptophysin anitibody (C). An H&E-stained section is shown in D.
Arrows denote pheochromocytes. Magnification, X 100.

toma cells in vivo.27 In contrast to integrin avf35,
integrin avf33 expression was found to be down-
regulated with differentiation of neuroblastic tumors
in vivo.27 To determine whether integrin avf35 medi-
ates vitronectin-dependent adhesion of ganglioneu-
roblastoma cells, we utilized an in vitro model based
on retinoic-acid-induced differentiation of SK-N-SH
human neuroblastoma cells.44 Retinoic acid treat-
ment (1 p,mol/L, 6 days) induced neuronal differen-
tiation of SK-N-SH cells identical to that previously
reported (Figure 4B).44 The morphology of untreated
SK-N-SH neuroblastoma cells is shown in Figure 4A.
By FACS analysis, we found that undifferentiated
neuroblastoma cells (Figure 5A) and retinoic-acid-
differentiated neuroblastoma cells (Figure 5B) ex-
pressed integrin avf35 similarly. The number of cells
expressing integrin avf35, integrin avf33, and the f31
integrin subunit, as well as the mean fluorescent
intensity were not significantly different between the

undifferentiated and the retinoic-acid-differentiated
neuroblastoma cells. Other investigators have previ-
ously reported expression of integrins avP33, avIl,
a1l31, a2/31, a3f31, a4f31, and a5,31 on several neu-
roblastoma cell lines. 17-19,22

Integrin av,85 Mediates Vitronectin-
Dependent Adhesion of Retinoic-Acid-
Differentiated Neuroblastoma Cells
To determine whether neuroblastoma cells adhered
to vitronectin and whether integrin avf35 mediated
this adhesion, adhesion assays were performed, as
described.35 The optimal concentration for vitronec-
tin attachment was initially determined using a range
of vitronectin concentrations (0.01 to 20 ,ug/ml). We
found that 10 ,ug/ml vitronectin was optimal for at-
tachment of both undifferentiated and retinoic-acid-
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Table 4. Vitronectin Protein Expression in Normal
Peripheral Neurons

Case Age

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

4 days
1 months
2 months
2 months
3 months
4 months
4.5 months
5 months
1 1 months
13 months
22 months
3 years
3 years
4 years
5 years
6 years
9 years
9 years
13 years
59 years
66 years

Adrenal gland
pheochromocytes

wk+
wk+

+++

wk+

wk+

wk+
w+

wk+

Ganglion cells

++

wk+

Immunohistochemical analysis was performed as described in
Materials and Methods.27'39 The blank spaces denote absence of
detectable ganglion in the adrenal gland or its capsule. See
Table 1 for explanation of grading.

differentiated neuroblastoma cells (Figure 6). In a
typical 30-minute adhesion assay, the percent at-
tachment of the undifferentiated and retinoic-acid-
differentiated SK-N-SH cells was not statistically dif-
ferent, 30%, or 12,000, undifferentiated SK-N-SH
cells and 25%, or 10,000, retinoic-acid-differentiated
SK-N-SH cells attached to 10 ,ug/ml vitronectin (data
not shown).

Neutralizing MAb anti-avf35 (P3G2) differentially
inhibited attachment of undifferentiated neuroblas-
toma cells (20% inhibition; Figure 7A) and retinoic-
acid-differentiated neuroblastoma cells (60% inhibi-
tion; Figure 7B), indicating that integrin avf35 on
differentiated neuroblastoma cells mediates vitro-
nectin attachment, in part. Neutralizing MAb anti-av
(L230) inhibited vitronectin attachment of both undif-
ferentiated and retinoic-acid-differentiated SK-N-SH
cells by 70% (Figure 7, A and B, respectively). Neu-
tralizing MAb anti-integrin (1 (P4C10) inhibited at-
tachment of undifferentiated and of retinoic-acid-dif-
ferentiated neuroblastoma cells by 99 and 80%,
respectively, indicating that, independent of the dif-
ferentiation state, a (31 integrin(s) also promotes cell
attachment to vitronectin. The similar inhibition of
vitronectin attachment on retinoic-acid-differentiated
neuroblastoma cells demonstrated with MAb anti-av
and MAb anti-avf35 is consistent with integrin av,35
being the major av integrin mediating vitronectin
attachment on these cells. These data indicate that

Figure 4. Retinoic acid induces neurite outgrowth of human neuro-
blastoma cells. SK-N-SH human undifferentiated neutroblastoma cells
were plated subconfluently in complete media and treated with 1
,umol/L all-trans retinoic acidfor 6 days.44 The medium was changed
every 2 days with addition offresh retinoic acid. Untreated neuroblas-
toma cells failed to demonstrate significant process outgrowth (A) as
compared with the neurite outgrowth seen in retinoic-acid-treated cells
(B). Arrowheads in B denote cell processes or neurite outgrouwth.
Magnifcation, X 100.

integrin av(35 and a (31 integrin(s), such as a8(1,
mediate vitronectin adhesion of the retinoic-acid-dif-
ferentiated neuroblastoma cells, whereas integrin
av(5, another av integrin, and a (31 integrin mediate,
at least in part, vitronectin adhesion of the undiffer-
entiated neuroblastoma cells.

To determine whether vitronectin promotes neurite
outgrowth of retinoic-acid-differentiated SK-N-SH
cells and the role of integrin av(35, neurite outgrowth
assays were performed in the presence or absence
of neutralizing anti-integrin antibodies.17'18 Retinoic-
acid-differentiated SK-N-SH cells rapidly extended
neurites on vitronectin (Figure 8B) as well as on the
matrix protein laminin, which was used as a positive
control (Figure 8A). At 4 hours in the presence of
mouse IgG, the mean neurite outgrowth on vitronec-
tin was 80% of that on laminin (Figure 9). Neutralizing
MAbs anti-integrin av(35 (P3G2) and anti-integrin
aV(3 (LM609) failed to inhibit neurite outgrowth on
vitronectin (Figure 9); however, neutralizing MAb an-
ti-integrin (31 (P4C10) resulted in 50% inhibition, in-
dicating that a (31 integrin(s) mediates neuroblas-
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100 101 102 103 1041 101 102 103 104

Fluorescent Intensity Fluorescent Intensity
Figure 5. Integrin avCt5 expression onz neuroblastoma cells. UJndifferentiated ad retinoic acid diffrrentiated (1 panol L, 6 daIs) SK-N-SH neuro
blastoma cells were harvested uitb buffered EDTA, reacted with primary anti-integrin antibodies, /bllouwed by goat anti-mouse orgoat anti-rabbit IgG
FITC-coufjugated secontdary antibody, and analyzed on a FACStar, as descrnbed in MVlaterials and Mlethods.'5 MAb ati-integrin avP5 IgG u'as
detected on 60% ofthe undifferentiated and 68% ofthe retinoic-acid-differentiated neulroblastoma cells; rabbit anti-integnioi (31 IgG iwas detected on
95% of the undifferetntiated and 92% of the retinoic-acid-differentiated neiiroblastonia cells; and IAb anti-integrin av,f3 3 IgG was detected on 75%
oJ'the unidifferentiated and 80% ofthe retinoic-acid-differentiated neuroblastonia cells. The mean fluorescent intensi6' u'ith nmotuse IgG as theprimary
anitibody sewed as the negative conitrol, and thatfluorescenice is detnoted to the left ofI'the tertical bar.

toma cell neurite outgrowth on vitronectin. Neurite
outgrowth on laminin was 55% inhibited by MAb
P4C10 (Figure 9), consistent with previous reports of
,B1-integrin-mediated neurite outgrowth on lami-
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Figure 6. Concenttrationi dependence of' ivitronectin attachmient
nieniroblastoialc cells. tlndifffirentiated an1d retinioic-acid-differenitiated

( I ,umol/L, 6 days) SK-N-SNI neuroblastomna cells were metabolically
labeled overnight uvith fPiStniethionine, harnested with bifftred EDTA,
reswuspended in adhesioni assay btuffer, plated onto a 96-well plate
pretiously coateid wvith tariou.s concentrations of vitronectin (0.01 to
20 gg/mnl), and allowed to attach (.30 minuiites at 370C and 5%o CO ),)
as described in Mlaterials and Methods.) Subsequentl/, the wells tcere
washed u'ith PBS (2x ), and aclherenit cells u'ere harvested with trypsin
anid scintillation coun1ted. *, undiffrrentiated SK-N-SH cells; 0, reti-
noic-acid-differentiated SK-N-SH cells. Adhesioni to ovalbumin was

subtractdcl ontfromn each well. Results are the niveani +± SEM ofreplicates
offive for each condition.

nin. 18 To confirm that laminin was not responsible
for the neurite outgrowth of retinoic-acid-differenti-
ated neuroblastoma cells adherent to vitronectin,
Western blot analysis of the cell medium and mono-
layer with MAb anti-human laminin was performed at
the end of the neurite outgrowth assay. Laminin was
not detected in the cell media or cell monolayer of
retinoic-acid-differentiated neuroblastoma cells ad-
herent to vitronectin; however, the purified laminin
positive control was readily detected (data not
shown). These data suggest that vitronectin does
indeed promote neurite outgrowth of retinoic-acid-
differentiated neuroblastoma cells and that integrin
avf35 mediates, in large part, vitronectin adhesion,
whereas a (31 integrin(s) mediates vitronectin-de-
pendent neurite outgrowth of retinoic-acid-differenti-
ated neuroblastoma cells.

Discussion
The extracellular matrix plays a key role in regulating
cell function,3-16 but to date, no information has been
available regarding extracellular matrix protein ex-
pression in neuroblastic tumors in vivo. Based on the
well established role of the extracellular matrix in the
development of the peripheral nervous system,3 13
we postulated that the extracellular matrix of neuro-
blastic tumors would change with the stage of differ-
entiation in vivo. Recently we have shown expression
of a vitronectin receptor (integrin avf35) in the gan-
gliocytic cells of ganglioneuroblastoma tumors.27
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Figure 7. Integrin avf35 on retinoic-acid-differentiated neuroblastoma
cells mediates vitronectin adhesion. Undifferentiated and retinoic-
acid-differentiated ( I ,mol/L, 6 days) SK-N-SH neuroblastoma cells
wvere metabolically labeled overnight with [35SImethionine, harvested
uith buffered EDTA, resuspended in adhesion assay btiffer, followed by
incubation with 50 jig/ml neutralizing anti-integrin antibody or
mouse IgG for 30 minutes, and then plated onto a 96-well plate
previously coated with vitronectin (30 minutes at 3 70C and 5% C02),
as described in Materials and Methods.)5 Subsequently, wells were
washed with PBS (2x), and adherent cells were harvested with trypsin
and scintillation counted. MAb anti-integrin avf35 (P3G2) produced
20 and 60% inhibition of undifferentiated and retinoic-acid-differen-
tiated neuroblastoma cell adhesion to vitronectin, as compared uwith
the mouse IgG control, respectively. The latter indicates that integrin
av,3 5plays a role in mediating vitronectin adhesion of retinoic-acid-
differentiated nieuroblastoma cells. MAb anti-av inhibited attachment
ofboth cells by 70%. MAb anti-integrin /31 (P4C10) inhibited adhesion
of both cells to vitronectin, indicating that a/31 integrin(s) also par-
ticipates in mediating vitronectin adhesion of these cells. MAb anti-
integrin av/33 (LM609) failed to significantly inhibit adhesion ofeither
cell to vitronectin. Adhesion to ovalbumin was szubtracted out from
each well. Resuilts are the mean + SEM of replicates offive for each
condition.

Therefore, we examined expression of those extra-
cellular matrix proteins recognized by integrin avf35
(vitronectin and osteopontin) as well as several con-
trol proteins. We found that expression of vitronectin
protein is up-regulated as neuroblastoma cells dif-
ferentiate into neurons or gangliocytic cells in vivo,
whereas osteopontin was not detectable. In addition,
we found that vitronectin promotes attachment of
retinoic-acid-differentiated neuroblastoma cells in
vitro, suggesting that as neuroblastoma cells differ-
entiate in vivo their synthesis of vitronectin may lead
to a more stationary (adhesive) phenotype. Undiffer-
entiated neuroblastoma cells also attach to vitronec-
tin in vitro; however, the physiological significance of
this is unclear as vitronectin is not detectable in most
undifferentiated neuroblastomas in vivo.

Vitronectin also promoted neurite outgrowth of
retinoic-acid-differentiated neuroblastoma cells,
which at 4 hours was 80% of the neurite outgrowth
observed on laminin. This neurite outgrowth on vitro-
nectin does not appear to be secondary to laminin
synthesis by the cells, as Western blot analysis of the
cell medium and monolayer collected under the
same conditions failed to detect laminin. The MAb
anti-human laminin utilized for this Western blot anal-
ysis was directed toward an epitope in the (31 portion
of intact laminin 41,42 and, therefore, detects a laminin
isoform which contains the B1 chain. To date, seven
isoforms of laminin have been identified, four of
which do not contain the B1 chain.4647 It is not
known which laminin isoform(s) is synthesized by
undifferentiated or differentiated neuroblastoma
cells in vivo or in vitro. The endoneurium (extracellular
matrix) of human peripheral nerve in situ expresses
the B1 chain.48 Gangliocytic cells in situ are found
within peripheral nerve, and neuroblastomas are
thought to arise from undifferentiated cells within
peripheral nerve1 2; thus, it is likely that laminin pro-
duced by differentiated neuroblastoma cells in vitro
also includes a laminin isoform containing the B1
chain. We cannot rule out the possibility that a lami-
nin isoform not containing the B1 chain may be syn-
thesized by these cells and also contribute to neurite
outgrowth on vitronectin. Vitronectin has been re-
ported as promoting neurite outgrowth of PC12
pheochromocytoma cells,49 and more recently, vitro-
nectin has been shown to be developmentally ex-
pressed in avian retinal neurons50 and in mouse
tissue.51'52 The role of vitronectin in neuronal devel-
opment of neuroblastoma cells is unclear; however,
it is unlikely that vitronectin alone promotes neuronal
differentiation as vitronectin is a component of serum
(approximately 250 ,ug/ml)53 and neuroblastoma
cells grown in medium containing 10% fetal bovine
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Figure 8. Vitronectin promotes neurite outgrouwth of retinoic-acid-differentiated neuroblastoma cells in serum-free conditions. Retinoic-acid-
differentiated ( 1 AimollL, 6 days) SK-N-SH cells uwere harvested with buffered EDTA, resuspended in serum-free adhesion assay buffer, andplated onto
96-wellplates previously coated with vitronectin or lamininfor 4 hours (3 70C, 5% C02), as described in Materials and Methods;'7 "' In A, cellsplated
on laminin demonistrate neurite outgrowth, similar to those in B plated on vitronectin. Magnification, X 100.
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Figure 9. Integrin av3 5jfails to mnediate neurite outgrowth of retinoic-
acid-differentiated nieuiroblastomla cells on vitronectin. Retinoic-acid-
differentiated (1 gmollL, 6 days) SK-N-SH cells wvere harvested with
buffered EDTA, resuspended in senrm-free adhesiotn assal, buffer, anid
plated onto 96-well plates previously coated with vitronectin, laminin,
or ovalbumin in the presetnce of neutralizing antit-integrin antibodies
or mouse IgG ( 50 pug/ml) for 4 hours (3 7°C, 5% CG02), as described in
Materials and Methods.'7" The mean neulrite outgrouth oni laminin
in the presence of mouse IgG and after subtracting outt process ouit-
growth on ovalbumin was taken to be 100%, and all subsequient
measurements uwere expressed as a percentage of this. As previously
reported,'7,"8 MAb anti-integrin 1 (P4C10) produced 55% inhibition
of neurite outgrouwth on lamitnin. MAb anti-integrin (31 also produced
.50% inhibition of neuirite ouitgrowth on1 vitronectin, uhereas MAbs
anti-integrin avf5 (P3G2) and anti-initegrin avf3 (LM609) both
failed to significantly inhibit neurite outgrowth on vitronectin. Adhe-
sion to ovalbumin was subtracted outfrom each well. Resuilts are the
mean + SEM of replicates offivejbr each conditioni.

serum fail to differentiate. The relevance of our find-
ings regarding vitronectin expression with neuro-

blastoma differentiation to normal neuronal physiol-
ogy was underscored by our observation that
vitronectin is expressed in mature adrenal gland me-

dulla and peripheral ganglia cell neurons.

We also investigated expression of several other
matrix proteins in neuroblastoma tumors of various
stages and found that expression of laminin and
fibronectin correlates with the stage of differentiation
of neuroblastic tumors in vivo. These studies suggest
that these extracellular matrix proteins, as well as

vitronectin, may promote neurite outgrowth of gan-

glioneuroblastoma cells in vivo, as has been reported
for neuroblastoma cells in vitro.6'7 The increase in
matrix protein expression detected in ganglioneuro-
blastoma as compared with undifferentiated neuro-

blastoma, suggests an expanding role for integrin
receptor-mediated functions as neuroblastoma cells
differentiate in vivo. These findings support the con-

cept that increased integrin expression on neuro-

blastoma cells in vivo portends a less aggressive
behavior.23-25
We demonstrate in this report that vitronectin at-

tachment of retinoic-acid-differentiated neuroblas-
toma cells is mediated partly by integrin av(35 (60%),
whereas the contribution of integrin avP35 to vitronec-
tin attachment of undifferentiated neuroblastoma
cells was much lower (20%). However, the expres-
sion of integrin av135 protein was similar in undiffer-
entiated and retinoic-acid-differentiated neuroblas-
toma cells in vitro. Several interpretations of these
data are possible at this time. One possibility is that
the greater adhesive strength of the undifferentiated
neuroblastoma cell, as compared with the retinoic-
acid-differentiated neuroblastoma cell, for vitronectin
renders inhibition of vitronectin adhesion with anti-
integrin MAbs more difficult. An alteration in the ac-
tivity state of integrin avP5 with differentiation is also
consistent with the data, as MAb anti-integrin (31
similarly inhibited vitronectin attachment of both cell
types. Other investigators have shown that the activ-
ity state of integrin avf35 in vitro is dependent on the
cell type and can be altered by stimulation with
growth factors"1-6,32,43,54 As differentiation of neu-
roblastoma cells occurs, the signals to integrin re-
ceptors from inside and outside the cell most likely
are received in the context of a different co-stimula-
tory milieu, which could potentially alter the activity
state of an integrin. One such change in milieu is the
significant alterations in the extracellular matrix dur-
ing differentiation. Other groups have reported that
expression of integrin av/35 on other cell types (car-
cinoma and oligodendrocyte precursor cells) in-
creases their capacity for differentiation.5556 The dif-
ference in the adhesive strength for vitronectin of the
two cell types could be due to a different vitronectin
receptor integrin repertoire expressed on the undif-
ferentiated and the differentiated cells. The undiffer-
entiated neuroblastoma cells express at least three
different vitronectin receptors that mediate, at least
in part, vitronectin attachment (avf35, another av in-
tegrin, and a (31 integrin, which is probably not
avf3l). In contrast, on retinoic-acid-differentiated
neuroblastoma cells, two or more vitronectin recep-
tor integrins mediate vitronectin attachment (av,35
and a (31 integrin).

Interestingly, integrin avP35 was not necessary for
retinoic-acid-differentiated neuroblastoma cell neu-
rite outgrowth on vitronectin, as neutralizing MAb
anti-integrin avf35 failed to significantly inhibit neurite
outgrowth. Neutralizing MAb anti-integrin av133 also
failed to significantly inhibit neurite outgrowth. Neu-
tralizing anti-integrin (31 antibody resulted in 50%
inhibition of neurite outgrowth, however, indicating
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that a (31 integrin contributes to neurite outgrowth on
vitronectin. Two ,(1 integrins have been identified as
vitronectin receptors, av/31 and a8p1,14-16,26 and
thus are potential candidates for mediating neurite
outgrowth of these cells on vitronectin. Integrin avf3l
is expressed on several neuroblastoma cell lines22
(reviewed in Ref. 27), but to our knowledge, these
cells have not been examined for expression of in-
tegrin a831; the latter receptor was only recently
identified. Integrin av(38 recognizes soluble vitronec-
tin only57; thus, its potential role in mediating vitro-
nectin-directed neurite outgrowth or cell adhesion is
unclear. To our knowledge, expression of avf38 on
these cells has not been reported. The mechanism
mediating the pheochromocytoma cell neurite out-
growth on vitronectin reported previously was not
defined.49 Our findings indicate that a 31 integrin(s)
mediates neurite outgrowth of neuroblastoma cells
on vitronectin and laminin.

In summary, we have identified a cell adhesion
mechanism related to the metastatic potential of
ganglioneuroblastoma cells in vivo. The absence or
minimal expression of vitronectin by undifferentiated
neuroblastoma cells in vivo, and the expression of
vitronectin protein in two types of mature peripheral
neurons (adrenal gland medulla and peripheral gan-
glia cells), suggests that vitronectin protein plays a
developmental role in peripheral neurons. The ability
of vitronectin to promote neurite outgrowth as well as
adhesion may indicate that it has multiple functions
in ganglioneuroblastoma tumor cells in vivo. The ex-
pression of a functional vitronectin receptor (av135)
on differentiated neuroblastoma cells in vitro, and in
vivo,27 suggests that this receptor may mediate vi-
tronectin adhesion and/or serve to transduce a sig-
nal(s) from the matrix to the cell. Vitronectin expres-
sion may have additional consequences due to its
other known functions, such as regulation of fibrino-
lysis.58 We speculate that a combination of molecu-
lar events in neuroblastoma cells in vivo, which in-
clude synthesis of vitronectin, promotes neuronal
differentiation and the nonmetastic phenotype.
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