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Abstract

Neuroblastoma, a malignant neoplasm that arises in the adre-
nal medulla or sympathetic ganglion, is one of the most com-
mon solid tumors of childhood. Reports that neuroblastomas
spontaneously mature to form benign ganglioneuromas have
prompted investigations into the efficacy of using agents that
induce neuronal differentiation in the treatment of this malig-
nancy. Retinoic acid is one agent in particular that has been
shown to induce growth inhibition and terminal differentiation
of neuroblastoma cell lines in vitro. Using the human neuroblas-
toma cell line SMH-KCNR,we have investigated the role of
the extracellular matrix protein thrombospondin in retinoic
acid induced neuroblastoma differentiation. Treatment with ret-
inoic acid results in a rapid induction (within 4 h) of thrombo-
spondin (TSP) message which is independent of intervening
protein synthesis and superinducible in the presence of cyclo-
heximide. This suggests that TSP functions as a retinoic acid
inducible immediate early response gene. A concomitant in-
crease in both cell associated and soluble forms of TSPprotein
can be detected within 24 h of retinoic acid treatment. A func-
tional role for TSP in SMH-KCNRdifferentiation was estab-
lished in experiments which showed that exposure to anti-TSP
monoclonal antibodies delay retinoic acid differentiation for 48
h. At the time the cells overcome the effects of TSP inhibition,
laminin production becomes maximal. Treatment of the cells
with a combination of anti-TSP and antilaminin antibodies re-
sults in complete inhibition of differentiation. (J. Clin. Invest.
1992. 90:1857-1863.) Key words: biological sciences * molecu-
lar biology - cellular differentiation * extracellular matrix * neo-
plastic processes

Introduction

Neuroblastoma accounts for 10% of all cancers of childhood
and remains one of the most commonsolid tumors in children.
Arising in the adrenal medulla or sympathetic ganglia, this tu-
mor has been known to spontaneously mature to benign gan-
glioneuromas (1). Given the favorable outcome associated
with spontaneous differentiation, agents that induce neuronal
differentiation are being investigated for their therapeutic value
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in the treatment of neuroblastoma. Retinoic acid (RA)' is one
agent which is capable of inducing differentiation of neuroblas-
toma cell lines in vitro (2). Retinoic acid is also capable. of
initiating epithelial differentiation (3, 4), embryonal carci-
nomadifferentiation ( 5 ), and it is required for vertebrate devel-
opment (6-8). Acting through nuclear receptors, RA induces
the expression of many gene products, including homeobox
genes and components of the extracellular matrix, including
laminin (9). The induction of these proteins and especially
laminin is thought to be important in neural differentiation,
since laminin, in conjunction with other matrix proteins, is a
potent stimulator of neurite outgrowth (10). This induction,
however, occurs as a secondary response dependent on inter-
vening protein synthesis ( 11).

Thrombospondin (TSP) is another component of the ex-
tracellular matrix which has been implicated in neuronal dif-
ferentiation. TSP is a large trimeric glycoprotein (Mr 420,000
D) with functional domains capable of binding collagen, cal-
cium, heparin, and cell surface receptors (12, 13). Recently,
two homologous forms of TSP (TSP 1 and TSP 2) that are
encoded by related but distinct genes ( 14) have been identified.
The observations that have identified an important role for
TSPin neuronal differentiation include the finding that during
murine embryogenesis TSP 1 and 2 localize to developing
neural tissue as evidenced by deposition along developing fiber
tracts, pathways of cell migration such as neural crest migra-
tion, and regions of axonal outgrowth ( 15, and unpublished
observations). Secondly, when TSP 1 is immobilized on tissue
culture plastic, it has been shown to support neurite outgrowth
from primary cultures of central and peripheral mouse neurons
and from the rat pheochromocytoma cell line, PC 12 (16, 17).
Given that immobilized TSP is capable of inducing neurite
outgrowth from primary neuronal cultures and PC 12 cells, it
was logical to ask whether induction of TSP was part of the
neuronal differentiation program which resulted in neurite
outgrowth. Such a question is best addressed using an inducible
neuronal differentiation system, so that it is possible to moni-
tor both TSP synthesis and neurite outgrowth. In addition,
such a system is quantifiable and susceptible to antibody per-
turbation experiments, which in turn allow for an accurate
assessment of the role of the factor under study. A variety of
inducible cell lines are available to investigate this question.
Wehave chosen to examine the induction and role of TSP
during neuronal differentiation of a human neuroblastoma cell
line in response to retinoic acid. A major reason for this choice
was that retinoic acid is being used therapeutically in the treat-
ment of neuroblastomas, and it is thus imperative that the
mechanism by which it influences neuronal cell differentiation

1. Abbreviations used in this paper: RA, retinoic acid; TSP, thrombo-
spondin.
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be elucidated. In addition, retinoids can also act as teratogens,
inducing malformation of the central nervous system, cleft pal-
ate, and craniofacial abnormalities, sites where TSP is highly
expressed during development ( 15 ).

Methods

Cell culture and retinoic acid treatment. The SMH-KCNRcell line,
passage seven (gift of C. P. Reynolds, Children's Hospital, Los Angeles,
CA) was used for all experiments ( 18 ). Cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum and 10 mMglutamine, and
incubated at 370C with 5% CO2. Cells were treated for various time
periods with all-trans retinoic acid (Sigma Chemical Co., St. Louis,
MO) dissolved in 100% ethanol at a final concentration of 5 ,M. Cy-
cloheximide (Sigma Chemical Co.) was used where indicated at a final
concentration of 10 ,g/ml and applied 30 min before RA treatment.
Controls for the retinoic acid induction were ethanol-only-treated cells
grown under the same conditions. For monoclonal antibody inhibition
studies, cells were grown in RPMI in the absence of serum to remove
any exogenous source of TSP and the media was supplemented with
insulin, transferrin, selenium, BSA, and linoleic acid (ITS+); (Collabo-
rative Research, Inc., Bedford, MA).

RNA and Northern analysis. S x 106 cells from each treatment
condition were harvested by lysis with 6 Mguanidine-HCl and RNA
prepared as described previously ( 19). 10 jg of RNAfrom each sample
was electrophoresed on a 1%agarose gel. Equivalent loading and integ-
rity of each preparation were evaluated by ethidium-bromide staining
of the 28 S rRNA bands. After electrophoresis, RNAwas transferred to
nitrocellulose and hybridized under conditions of high stringency (2
X standard saline citrate/ 1% SDS) to 32P-labeled fragments of human
cDNA specific for TSP 1 (20) or TSP 2 (gift of P. Byers, University of
Washington, Seattle, WA). The TSP 1 specific probe corresponded to
nucleotides 151-890, which encode the heparin binding domain of
TSP 1. The TSP 2-specific probe was a 746-bp segment from the 3'
untranslated region of human TSP 2.

Metabolic labeling and quantitative immunoprecipitations. Cells
were treated with indicated concentrations of retinoic acid or ethanol
(carrier) as described. 6 h before harvesting, the cells were placed into
methionine- and cysteine-free RPMI supplemented with 1% BSAand
100 jUCi/ml of [35S] methionine and [35S]cysteine (trans-label; ICN
Radiochemicals, Inc., Div. ICN Biomedicals, Inc., Irvine, CA). An
equivalent number of TCA precipitable counts were incubated with
rabbit anti-human TSP antibody (21 ) or rabbit anti-human laminin
antibody (Telios Pharmaceuticals, Inc., San Diego, CA) at 40C in the
presence of protease inhibitors (1 gg/ml leupeptin, 1 jig/ml aprotinin,
10 ,ig!/ml soybean trypsin inhibitor, and 1 gg!/ml pepstatin) and deter-
gent containing buffer (15 mMNaCl, 10 mMNaH2PO4, 1% Triton

.U
28 s-

X-100, 0.5% deoxycholic acid, 0.1% SDS, and 20 mMEDTA). Im-
mune complexes were precipitated with protein A-Sepharose beads
and resolved on a 7.5% SDSpolyacrylamide gel under reducing condi-
tions as described previously (22).

Monoclonal antibody inhibition assays. Purified mouse monoclo-
nal antibody, A 4.1, which recognizes the limited tryptic core region of
human TSP 1 (23), was used to study the effect of TSPin retinoic acid
induced differentiation. A second monoclonal antibody specific for the
neurite promoting activity of laminin, designated as A 004 (24), was
used in conjunction with A 4.1 in certain experiments as described. An
irrelevant mouse monoclonal antibody M45Q(25) directed against an
antigen expressed on breast milk macrophages was used as a negative
control. A 4.1 was used at a final concentration of 50 Ag/ml. The
anti-laminin antibody A 004 was supplied as ascites and used at a 1:100
dilution. Control antibody M45Qwas used at a final concentration of
50 gg/ ml. Experiments were performed in duplicate and cells were
photographed using an inverted microscope (E. Leitz, Inc., Rockleigh,
NJ) with a 35-mm camera. Neurite outgrowth was quantitated from
photomicrographs using a digitizing tablet interfaced with a microcom-
puter. Distance from the edge of the cell to the neurite leading edge was
determined in 20 cells from each treatment group in duplicate experi-
ments and mean neurite length was compared between treatment
groups using a two-tailed t test. Additionally, incidence of neurite out-
growth was assessed from 50 cells from each treatment group. Neurites
were scored as present if they were at least twice the length of the cell
body.

Competitive inhibition studies. Competitive inhibition studies were
performed to determine whether the NH2-terminal heparin binding
domain or the RGDsequence in the carboxy-terminal domain of TSP
were contributing to neurite outgrowth. For these studies, cells were
treated with retinoic acid or ethanol (carrier) in combination with hepa-
rin at three concentrations, (10, 100, or 500 ,ug/ml); or an RGDpep-
tide (GRGDS; Telios Pharmaceuticals, Inc.) at two concentrations
( 100 or 500 ,ug/ml).

Results

The expression of TSPduring retinoic acid-induced neuroblas-
toma differentiation was investigated using the SMH-KCNR
cell line, which extends neurites within 24 h of exposure to
retinoic acid. RNAwas isolated from these cells after treatment
with retinoic acid or ethanol (carrier) and used for Northern
blot analysis. As shown in Fig. 1, the expression of TSP 1 tran-
script is rapidly increased over basal levels within 4 h of retinoic
acid treatment and is maximally expressed at 24 h. TSP 1 ex-
pression then declines, but still remains detectable even after 4
d of treatment. Additionally, treatment of the cells with reti-

Figure 1. Northern blot analysis. RNAfrom SMH-
KCNRcells after treatment with control solvent
(ETOH), retinoic acid (RA), cyclohexamide (CHX),
or no treatment (NO RX). 10 Mg of RNAwas re-
solved on a 1% agarose gel, transferred to nitrocellu-
lose and hybridized with a 32P random prime labeled
fragment of the human TSP 1 cDNA(23). Integrity
of the RNAwas evaluated by ethidium-bromide
staining as shown. Treatment of SMH-KCNRcells
with retinoic acid resulted in a rapid (4 h) induction
of the TSP 1 transcript, which was maximal at 24 h
of treatment and superinducible in the presence of
cyclohexamide.
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0 6H 24H 48H 72H 96H Figure 2. Quantitative
immunoprecipitation of
TSP from SMH-KCNR
cells treated with retinoic
acid. Cells were metaboli-
cally labeled with [35S]-

180 kD- methionine and [35JS]
cysteine, medium col-
lected and subjected to
immunoprecipitation
with rabbit anti-human
TSP antibody. SMH-
KCNRcells produce a
low endogenous level of
TSP that is rapidly in-

duced (6 h) after retinoic acid treatment. The induction of TSP
reaches a maximum at 24 h and then remains constant up to 4 d of
treatment. TSP migrates at 180 kD.

noic acid in the presence of the protein synthesis inhibitor cy-
cloheximide resulted in a superinduction of TSP 1 transcript.
This suggests that no intervening protein synthesis is needed
for the induction of TSP 1 transcript by retinoic acid, and there-
fore TSP 1 is a primary or immediate early response to retinoic
acid (27). TSP2 expression was not detected in untreated cells
or at any time point during retinoic acid treatment (data not
shown). Quantitative immunoprecipitation with anti-TSP an-
tibody confirmed the Northern blot findings. As early as 6 h
after retinoic acid treatment, an increase in TSP protein was

detected in the medium. After peak induction at 24 h there was
a decline, but elevated levels could still be detected as long as 4
d after induction (Fig. 2). Untreated cells or cells treated with
ethanol only showed an extremely low endogenous level of
TSPproduction, without any evidence of induction. Immuno-
precipitations from the cell layer gave results identical to those
from the medium (data not shown). Immunoperoxidase stain-
ing with anti-TSP monoclonal antibody was consistent with
the above findings, as immunoreactive TSP was detectable
within 24 h of retinoic acid treatment, and intense staining was
evident by 48 h (data not shown).

The expression of TSPat the onset of neural cell differentia-
tion suggested that TSP may participate in the changes in cell
phenotype, which are the appearance of neuritic processes,
axons, and dendrites. To assess the contribution of TSP to
these early retinoic acid-induced events, anti-TSP monoclonal
antibody A 4.1 was used to block TSP function during differen-
tiation. Monoclonal antibody A 4.1 (23) was adsorbed to tissue
culture plastic and cells plated and induced with retinoic acid.
In these experiments, the cells failed to attach to the tissue
culture dishes (data not shown), probably because of an inhibi-
tion of TSP-mediated cell attachment. Therefore, in the subse-
quent set of experiments, the A 4.1 antibody was added with
retinoic acid after the cells had been allowed to attach. This
resulted in a dramatic inhibition of neurite outgrowth for up to
48 h after retinoic acid treatment (Fig. 3). This occurred with-
out an observable effect on cell attachment. These findings
were quantitated for each treatment group with respect to
mean neurite length (Fig. 4) and the total number of cells with

Figure 3. Monoclonal antibody inhibition
assay. Cells were plated 24 h before treatment
in serum-free medium to remove any serum
source of TSP. Retinoic acid was added to a
final concentration of 5 ,M and anti-TSP
or irrelevant mouse monoclonal antibodies
were added concomitantly at a concentration
of 50 ,g/ml. Medium was changed every
other day. Experiments were performed in
duplicate and cells were photographed using
a Leitz inverted microscope with a 35-mm
camera.
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Figure 4. Quantification of neurite outgrowth. SMH-KCNRcells
treated with retinoic acid in the presence of control monoclonal anti-
body (M45Q) *, anti-TSP monoclonal antibody (A 4.1) E, or both
anti-TSP and antilaminin monoclonal antibodies (A004) . Treat-
ment with anti-TSP antibody inhibited differentiation for 48 h, but
by 72 h, the cells were able to overcome the effects of anti-TSP
antibody.

neurites greater than two cell bodies in length (Table I). 88%of
control treated cells formed neurites within 24 h of retinoic
acid treatment with a mean neurite length of 72.6±6.5 AM
(mean±SEM). By 48 h, 94% of the retinoic acid-treated cells
had neurites measuring 74±5.3 AtM (mean±SEM) in length,
and by 72 h, the neurites showed marked extension over
131.5±8.6 1M(mean±SEM) in length in 96%of the cells. This
pattern was in contrast to groups treated with anti-TSP antibod-
ies. For the first 48 h, < 30% of cells extended neurites and the
mean neurite length was < 255tM (P < .001). By 72 h, the cells
overcame this inhibition with 74% of cells forming neurites
with a mean length of 92±6.7,gM. This suggested that TSPwas
primarily involved in the initial burst of neurite outgrowth, and
that other neurite outgrowth promoting factors that were not
inhibitable by anti-TSP antibodies became dominant by 72 h.

To address this possibility, we investigated the role of lami-
nin as it has been previously shown to have potent neurite
outgrowth promoting activities (28). Quantitative immuno-
precipitation using a polyclonal antilaminin antibody revealed
a marked induction of laminin B 1 and B 2 chains after retinoic
acid treatment (Fig. 5). The B 1 chain (210 kD) and B 2 chain
(200 kD) are not separable by SDS-PAGE(29, 30) and comi-
grate as the upper band in Fig. 5. The faster migrating lower
band represents entactin (150 kD), which has been shown pre-
viously to coprecipitate with laminin (31, 32). Unlike TSP 1,
which is maximally produced at 24 h, laminin production

Table I. Percentage of Cells with Neurites Greater
Than Two Cell Bodies in Length

Percentage with neurites
greater than two

Treatment group cell bodies

24 h control 88
48 h control 94
72 h control 96
24 h anti-TSP 18
48 h anti-TSP 28
72 h anti-TSP 74
72 h anti-TSP/laminin 22

0 6H 24H 48H 72H 96H Figure 5. Quantitative
immunoprecipitation

*0 k D- _. .of laminin from SMH-
200kD-El El KCNRcells treated with

----*O~ *- 4 -- retinoic acid. After met-
abolic labeling the me-
dium was immunopre-
cipitated with rabbit
anti-human laminin
antibody (25). Un-
treated the SMH-
KCNRcells made a

small amount of B 1 and B 2 laminin, but this was increased after
retinoic acid treatment and reached a maximum after 72 h of treat-
ment. B 1 and B 2 comigrate at 200 kD. The lower band is entactin
( 150 kD), which coprecipitates with laminin.

reached its maximum expression at 72 h and like TSP, main-
tained a steady-state production out to 4 d. Scanning densitom-
etry demonstrated that the laminin level at 72 h is 32 times
more intense than at 0 h; 2.5 times more intense than at 6 h;
and six times more intense than at 4 d. Untreated cells or cells
treated with carrier alone had a low endogenous production of
laminin. To determine whether laminin was providing the sub-
strate upon which the cells were able to overcome the early
inhibition of the anti-TSP antibody, the cells were treated with
monoclonal antibodies directed against TSPand the laminin B
1 chain. The antibody against the laminin B 1 chain has been
shown previously to block partially the neurite-promoting ac-
tivity of laminin (24). At 60 h after RA induction and incuba-
tion with anti-TSP antibody only, cells were exposed addition-
ally to a cocktail containing both anti-TSP and antilaminin
monoclonal antibodies. Unlike the initial anti-TSP monoclo-
nal antibody inhibition assay, cells treated with both anti-TSP
and anti-laminin B I antibodies were inhibited from undergo-
ing normal morphological differentiation for up to 72 h after
retinoic acid induction (Fig. 6). Quantitative assessments of
neurite length revealed that only 22% of treated cells had
formed neurites and the neurite length was only 25.7±2.2 ,M
(mean±SEM, P < 0.001) in length. Cell viability was not af-
fected by any of the antibodies, as determined by trypan blue
staining. These findings suggest that monoclonal antibodies to
both TSPand laminin are potent inhibitors of retinoic acid-in-
duced morphological differentiation: many fewer cells extend
neurites, and the neurites that do appear are much shorter.

To determine whether the NH2-terminal heparin-binding
domain of TSP or the RGDsequence in its carboxy-terminal
domain contributed to neurite outgrowth, competitive inhibi-
tion studies were carried out. Cells were treated with retinoic
acid in the presence of various concentrations of heparin (10-
500 ,ug/ml) or a GRGDSpeptide (100 or 500,ug/ml). Neither
heparin nor the GRGDSpeptide was able to inhibit retinoic
acid induced neurite outgrowth (data not shown), suggesting
that these two potential cell attachment sites in TSPdo not play
a role in neurite outgrowth.

Discussion

Previous investigators have established a role for retinoic acid
in the induction of differentiation of neuroblastoma cells in
vitro (18), and clinical trials are on going to investigate the role
of retinoic acid in relapsed neuroblastoma (33, 34). Although a
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Figure 6. Monoclonal antibody inhibition as-
say using both anti-TSP and antilaminin anti-
bodies. Cells were plated as described and
treated with control monoclonal antibody in
the presence of retinoic acid or anti-TSP anti-
body for 60 h, at which time antilaminin anti-
body was also added. The addition of both
anti-TSP and antilaminin antibody resulted in
complete inhibition of differentiation.

great deal has been learned about the influence of retinoic acid
on the expression of homeobox proteins (35) and the crucial
role that retinoids appear to play in embryogenesis (6-8), little
is known about the induction of immediate early genes in the
differentiation process. Such genes represent the initial genetic
response of a cell to agonist and are thought to initiate alter-
ations in subsequent gene expression and cell behavior. Indeed,
the cloning and characterization of the retinoic acid induced
immediate early gene product, ERA- 1 as being homologous to
the homeobox protein Hox 1.6 (36, 37), substantiates the im-
portance of immediate early response genes in cell commit-
ment and differentiation. Later studies have shown that reti-
noic acid is able to induce differential expression of the HOX
gene complex in embryonic cell cultures (38-40), further em-
phasizing the importance of retinoic acid in cell differentiation.
It is thus no surprise that retinoic acid has recently been identi-
fied as the endogenous morphogen responsible for chicken
limb bud development and a potential regulator of central ner-
vous system development (41-43). The best studied effects of
retinoic acid on cell differentiation have been carried out in F9
embryonal carcinoma cells. When exposed to retinoic acid,
these cells differentiate to primitive endoderm and in the con-
comitant presence of cAMPdifferentiation proceeds towards
parietal endoderm. This sequence of differentiation events is
accompanied by the stimulation of synthesis of a number of
extracellular matrix components including laminin, type IV
collagen, entactin, and SPARC, which presumably contribute
to the differentiated phenotype (31, 32, 44-46). Other em-

bryonal carcinoma cell lines like P19 and neuroblastoma lines
respond to retinoic acid by displaying a differentiated neuronal
phenotype characterized by neuritic processes, microtubule
bundling, and cessation of cell division (47, 48). Wefind that
one of the genes induced by retinoic acid during differentiation
of the neuroblastoma cell line SMH-KCNRis the cell surface/
matrix protein thrombospondin. TSP is induced as an immedi-
ate early response to retinoic acid in that the induction of its
transcript is not susceptible to inhibition by inhibitors of pro-
tein synthesis, suggesting that TSP may play a role early on in
neuronal differentiation. This is confirmed by the finding that
the addition of anti-TSP 1 monoclonal antibodies to retinoic
acid induced KCNRcells results in a dramatic inhibition in
neurite outgrowth over the first 48 h. Thus, the induction of
TSPby retinoic acid appears to be important to the early phase
of neurite outgrowth. After 48 h, the neurite outgrowth pro-
moting function of TSP is superseded by laminin, a potent
stimulator of neurite outgrowth that is maximally induced by
retinoic acid at 72 h. This helps explain the inability of anti-
TSP monoclonal antibody to effectively inhibit neurite out-
growth at later times in differentiation (post-48 h). Consistent
with this is the finding that a combination of anti-TSP and
anti-laminin antibodies will inhibit neurite outgrowth at later
time periods. Taken together, the data implies an absolute re-
quirement for TSP in the early phases of neurite outgrowth,
and a requirement of both TSPand laminin in the later stages.
Experiments done to reveal which region of the TSP molecule
was responsible for the neurite outgrowth promoting activity
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showed that neither the NH2-terminal heparin binding domain
or the RGDsequence at the COOHterminus was involved.
These findings are in complete agreement with previously pub-
lished reports showing these sequences do not play a role in the
attachment of neuronal and other cell types ( 16, 48, 49). For
endothelial cells, TSP attachment appears to be dependent on
the RGDsequence, however, in neurite outgrowth blocking
these sequences do not result in inhibition indicating that addi-
tional sequences are involved in mediating neurite outgrowth.

The induction of TSP by retinoic acid as an immediate
early response, that is, one not requiring intervening protein
synthesis suggests that retinoic acid must directly influence
TSP gene transcription. One cannot totally discount a post-
transcriptional or translational effect of retinoic acid on TSP
synthesis, but this is highly unlikely, since no such effects of
retinoic acid have been described. On the contrary, it is now
quite evident that the mechanism of action of retinoic acid
involves the modulation of gene transcription by two families
of retinoic acid receptors, the RARs (50, 51 ) and the RXRs
(52). Surprisingly, the cis-acting recognition sequences for this
family of nuclear transcriptional factors is absent from the TSP
promoter (53). Given this, it is clearly important that future
work establish Lhe exact mechanism of retinoic acid-induced
TSP induction, a process critical to the expression of the differ-
entiated neuronal phenotype. In addition, our work raises the
possibility that TSP expression may be used as a marker of
neuroblastoma differentiation, and hence, potentially as a
prognostic marker for this disease.
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