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Abstract

Neuroblastoma is an embryonal tumor that typically arises in
cells of the developing adrenal medulla. IGF-II mRNAis ex-
pressed at high levels in the adrenal cortex before birth but it is
not detectable until after birth in the adrenal medulla. Neuro-
blastoma cell lines corresponding to early adrenal medullary
precursors did not express IGF-II, although all three cell lines
we tested were growth stimulated by IGF-II. Cell lines corre-
sponding to more mature adrenal medullary cells expressed
IGF-II, and one, SK-N-AS, grows by an IGF-II autocrine mech-
anism (J. Clin. Invest. 84:829-839) El-Badry, Romanus, Hel-
man, Cooper, Rechler, and Israel. 1989. An examination of
human neuroblastoma tumor tissues for IGF-II gene expres-
sion using in situ hybridization histochemistry revealed that
IGF-II is expressed by tumor cells in only 5 of 21 neuroblas-
tomas, but is detectable in cells of nonmalignant tissues includ-
ing adrenal cortical cells, stromal fibroblasts, and eosinophils
in all 21 tumors. These findings indicate that IGF-II may func-
tion as an autocrine growth factor for some neuroblastomas and
as a paracrine growth factor for others. They suggest that the
growth regulatory pathways utilized by neuroblastoma mimic
those used in the precursor cell type from which individual
tumors arise. (J. Clin. Invest. 1991. 87:648-657.) Key words:
paracrine * autocrine * adrenal - development - eosinophil

Introduction

Insulin-like growth factor II (IGF-II)' and IGF-I are chemically
similar peptides that share sequence homology with insulin (1).
Although distinct cell surface receptors have been identified for
IGF-I and IGF-II, both peptides are thought to stimulate
growth by binding to the type I IGF receptor (2-5). IGF-I medi-
ates the growth promoting effects of growth hormone during
postnatal growth (6, 7). In contrast, IGF-II is thought to be
involved in fetal growth and development: IGF-II mRNAis
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detected at higher levels in rat and human fetal tissues than in
the corresponding adult tissues (8-10); IGF-II has growth pro-
moting effects on fetal cells in vitro (1 1, 12); and fetal tissues
display type I IGF receptors on their cell surface (13-15). Ex-
pression of high levels of IGF-II mRNAin a number of human
embryonal and adult tumors relative to the levels observed in
the corresponding tissues of adults (10, 16-19) has raised the
possibility that IGF-II might contribute to the neoplastic prolif-
eration of tumor cells that express high levels of IGF-II.

Neuroblastoma is a highly malignant tumor of infants and
young children (median age at presentation 2 y) that accounts
for up to 50% of all malignancies among infants (20). Neuro-
blastomas arise in cells of neural crest origin destined to be-
come chromaffin tissue or neurons of the peripheral nervous
system (21). Wepreviously found that IGF-II can mediate the
autocrine growth of SK-N-AS neuroblastoma cells (22). Al-
though our studies using Northern blot analysis indicated that
IGF-II mRNAwas expressed in only a minority of neuroblas-
tomas, all of these tumors expressed the gene encoding the type
I IGF receptor (22). Wetherefore undertook studies to exam-
ine further the role of IGF-II in the proliferation of these tu-
mors.

Methods
Cell lines and cell culture. Human neuroblastoma cells (Table I; see
reference 23 for origins of cell lines) were cultured in RPMI 1640 me-
dium containing 10% FBS (Biofluids, Rockville, MD), penicillin (50
U/ml), streptomycin (50 Mg/ml) and L-glutamine (2 mM), and were
incubated at 370C in a humidified incubator containing 5%CO2. SK-
N-AS cells were cultured in serum-free N2Emedium and incubated in
6%CO2(22).

Cell multiplication assays. In preparation for growth assays, SK-N-
BE(2), SK-N-DZ, and LA-N-I cells were removed from serum by a
step-wise transfer from medium containing 10% FBS to medium con-
taining 5%FBSand then 1%FBS (one passage at each concentration, 7
d each). This medium was twice replaced with serum-free N2E me-
dium containing insulin (1 Mg/ml) (Sigma Chemical Co., St. Louis,
MO). The first replacement was at 72, and the second at 24 h before the
initiation of growth assays. SK-N-AS cells were continuously cultured
in N2E medium without serum or growth factors (22). On the day of
the experiment, cells were dissociated using Puck's saline containing I
mMEDTA, pelleted, and resuspended in serum-free N2E medium.
The cells were subsequently plated at 104/well into 96-well tissue cul-
ture dishes (Costar Data Packaging Corp., Cambridge, MA) in 100 1A of
serum-free N2E medium with or without IGF-II (Recombinant, hu-
man; Bachem Inc., Torrance, CA) and evaluated for growth over a
period of 9 d. 50 ,ul of the culture medium was removed on day 6 and
was replaced with 50 Ml of fresh N2E medium with or without IGF-II.
Cell proliferation was examined by the 344,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay as previously described
(22). Cell number was determined from standard curves relating absor-
bance to cell number, where R2 was 0.998, 0.999, 0.999, and 1.000 for
SK-N-AS, SK-N-BE(2), LA-N- 1, and SK-N-DZ cells, respectively
(data not shown). Microscopic examination of treated and untreated
cultures confirmed the quantitative assessment of cell number.
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Tissues and tumor samples. 21 neuroblastoma tumor tissues from
the primary site were obtained before treatment from 21 children aged
newborn to 12 y (4 stage II, 2 stage III, 9 stage IV, and 6 stage IVS)
(Evans staging system; 20) at the Children's Hospital of Philadelphia,
Philadelphia, PA. Normal fetal adrenal tissues were provided by Dr.
T. H. Shepard, Central Laboratory for Human Embryology, Seattle,
WA. Normal newborn and adult adrenal gland tissues were obtained
from Dr. R. P. Bolande, East Carolina University School of Medicine,
Greenville, NC. Tissues used for in situ hybridization histochemistry
were fixed in 10%o formalin and paraffin embedded according to stan-
dard techniques. Tissues from which RNAwas prepared were flash
frozen and stored in liquid nitrogen.

Northern blot and in situ hybridization analysis. Total cellular
RNA(24) was examined by Northern blot analysis using a 32P-labeled
plasmid DNAprobe containing a cDNA insert encoding rat IGF-II
(pr-IGF-II-l, 780-bp insert in pUC12) (8, 22) that was labeled to a
specific activity of 2-4 X 108 cpm/.g DNA. Neuroblastoma and nor-
mal human adrenal gland tissues (6-uM sections) were processed and
examined by in situ hybridization (25) using 5 x 105 cpm of a 31-bp
synthetic DNAsequence specific for IGF-II (corresponding to nucleo-
tides 535 to 565 [22, 26]) that was end labeled to a specific activity of 4
X 108 cpm/Ag of DNAusing [35S]dATP. The exposure time was 5 d.
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Results

IGF-II stimulates the proliferation of human neuroblastoma
cells in vitro. In preliminary studies we found that 21 of 26
neuroblastoma cell lines grew well in serum-free N2E medium
containing supraphysiological concentrations of insulin (5 ,ug/
ml), although most stopped growing after insulin was with-
drawn or the concentration was decreased (unpublished obser-
vations). Physiological concentrations of IGF-I or IGF-II stimu-
lated the growth of all human neuroblastoma cell lines (8 of 8
and 6 of 6, respectively) tested, while a panel of other peptides
including epidermal growth factor, acidic and basic fibroblast
growth factors, endothelial cell growth factor, platelet-derived
growth factor, transforming growth factor beta 1, or granulo-
cyte macrophage colony stimulating factor did not (22; and
data not shown). The mitogenic effect of physiological concen-
trations of IGFs or supraphysiological concentrations of insu-
lin is mediated through the type I IGF receptor (4, 5, 22, 27,
28), a receptor which is detectable in RNAfrom all neuroblas-
toma cell lines (8 of 8) and tumors (8 of 8) we have examined,
as well as in RNAfrom adrenal medulla, the tissue from which
most neuroblastomas are thought to arise (22; and data not
shown). Wefurther pursued the role of IGF-II in the growth of
neuroblastoma tumors for the following reasons: (a) neuroblas-
toma is an embryonal tumor and IGF-II is expressed at high
levels in the human fetus whereas IGF-I is not (29); (b) IGF-II
mRNAhad been detected in 3 of 12 neuroblastomas
previously examined (10, 22, 30, 31); and (c) the growth of one
human neuroblastoma cell line, SK-N-AS, is mediated by en-
dogenously produced IGF-II (22). In contrast, IGF-I is not ex-
pressed in poly A+ selected mRNAfrom neuroblastoma cell
lines, and is not detectable in culture medium conditioned by
human neuroblastoma cells (22; and data not shown). Also,
IGF-II expression has been documented in a large number of
different embryonal tumors (e.g., 16-19) whereas IGF-I
has not.

The experiment shown in Fig. 1 compares the growth of
four human neuroblastoma cell lines after plating at low den-
sity in N2E medium supplemented with varying concentra-
tions of IGF-II. SK-N-AS cells, which secrete large amounts of

SK-N-AS

10
9
8
7
6
5
4

3

2

_4 0 0---o -c
I , I I

2 4 6 8 10

20 r

10
9
8
7
6
5
4

3

21

1J

SK-N-DZ

2 4 6 8 10

Days in Cult'

SK-N-BE(2)

0 2 4 6 8 13

0 ~ LA-N-1

.

6

0

ure

2 4 6 8 10

Figure 1. IGF-II stimulates the proliferation of human neuroblastoma
cells in vitro. Humanneuroblastoma cells were plated at low density
into 96-well tissue culture dishes containing N2E medium with or
without IGF-II. Cell number was determined on the indicated days
using the MTTassay as described in Methods. The data presented
are from a representative experiment (n = 2) in which each point is
the mean of quadruplicate determinations.

IGF-II (22), grew in mitogen-free medium at a rate that was
indistinguishable from cells grown in medium containing IGF-
II (Fig. 1). In marked contrast, three other neuroblastoma cell
lines did not grow without added mitogens (Fig. 1, diamonds).
The growth of each of these cell lines was stimulated, however,
in a dose-dependent manner by IGF-II. The maximumstimula-
tion, six to sevenfold, was observed using IGF-II at 50 ng/ml
(Fig. 1, squares; and data not shown). IGF-II at 20 ng/ml also
stimulated the growth of CHP-382 and SK-N-LE neuroblas-
toma cells (data not shown).

IGF-II mRNAis detectable in a minority of neuroblastoma
cell lines. An examination of IGF-II mRNAexpression in total
cellular RNAusing Northern blot analysis indicated that the
6.1-, 4.6-, and 2.2-kb IGF-II transcripts were detectable in 6 of
22 human neuroblastoma cell lines (Fig. 2, Table I). Among
the cell lines that expressed IGF-II, two, SK-N-AS (Fig. 2, lanes
1 and 10), and SMS-KAN(Fig. 2, lane 9), expressed high levels
of the gene, while others including SK-N-BE(2), NGP, CHP-
234 (Fig. 2, lanes 5, 7, and 8, respectively), and SK-N-FI (data
not shown) expressed much less IGF-II mRNA.

Other work from our laboratory has suggested that neuro-
blastoma cell lines correspond to cells that occur at different
stages in the maturation of adrenal medullary chromaffin cells
(23). Wetherefore correlated IGF-II gene expression in neuro-
blastoma cell lines (Fig. 2, Table I) with their degree of chro-
maffin cell maturation (23). As illustrated in Table I, IGF-II
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Figure 2. Expression of IGF-II in human neuroblastoma cell lines.
Neuroblastoma cell line RNA(20 Ag/lane) was examined by
Northern blot analysis. Before the extraction of RNA, human
neuroblastoma cells were grown in tissue culture medium containing
10% FBS with the following exceptions: SK-N-AS was grown in
mitogen-free N2E medium (lane 10) or N2E medium containing
insulin (1 jig/ml, lane 1); SK-N-BE(2) cells were grown in N2E
medium containing insulin (1 ug/ml). Lane 1, SK-N-AS; lane 2,
CHP-404; lane 3, CHP-382; lane 4, NMB; lane 5, SK-N-BE(2); lane
6, SMS-KANR; lane 7, NGP; lane 8, CHP-234; lane 9, SMS-KAN;
lane 10, SK-N-AS; lane 11, LA-N-1; lane 12, SK-N-DZ; lane 13,
SMS-KCNR; and lane 14, SK-N-LE. Transcript sizes were estimated
by comparison of their migration to that observed for 28S and 1 8S
ribosomal RNAs.

gene expression in neuroblastoma cell lines was detected only
in cell lines that we previously determined to express markers
of mature adrenal medullary cells (23).

IGF-II mRNAis expressed by malignant cells of some neu-
roblastomas and by nonmalignant cells of all these tumors. To
determine which cells of neuroblastoma tumor tissue express
IGF-II, we examined IGF-II gene expression in 21 neuroblas-
toma specimens using in situ hybridization histochemistry (26;
see Methods). Wedetected IGF-II gene expression in tumor
cells of 5 of the 21 neuroblastomas evaluated (Fig. 3; and data
not shown). IGF-II was expressed at - 10 times the back-
ground level in one tumor (Fig. 3, A-D) and at 3-5 times back-
ground in the other 4 tumors (Fig. 3, E and F; and data not
shown). Interestingly, the frequency of malignant cells express-
ing IGF-II was low (- 20% of the tumor cells in the entire
tissue) in the one specimen expressing high levels of IGF-II in
tumor cells, while a greater proportion of these cells, 50-75%,
expressed IGF-II in tumors where IGF-II expression was lower
(data not shown).

Wealso detected IGF-II gene expression in several nonma-
lignant tissues adjacent to tumor cells in all 21 neuroblastomas
examined (Figs. 4 and 5). These tissues included adrenal corti-
cal cells (Fig. 4, A and B). IGF-II expression in such cells was
observed in 4 of the 7 neuroblastomas that contained adrenal
cortical tissue. IGF-II expression was also detected in neuroblas-
toma tumor stroma (Fig. 4, C-F) and capsular tissue (Fig. 4, E
and F) composed primarily of fibroblasts (Fig. 4, C-F). IGF-II
expression in stroma was observed in 9 of the 20 specimens that
contained stromal tissue. Expression of IGF-II in capsular tis-

Table I. Expression ofIGF-II in HumanNeuroblastoma Cell Lines

Cell line IGF-II mRNAexpression* Maturity$

NLF
CHP-382
GI-CA-N
CHP-404 -

CHP- I 34B -

GOTO - I
NGP-2 -

NMB -

SMS-KCN -

SMS-KCNR -

SK-N-DZ -

IMR-32 -

SMS-KANR -

LA-N-1 II
LA-N-5 -

NGP +

SK-N-BE(2) +
SK-N-LE
SMS-KAN +
CHP-234 + III
SK-N-FI +
SK-N-AS +

* +: IGF-II expression detectable in total cellular RNA.-: IGF-II ex-
pression not detectable in total cellular RNA.
* I, II, III: relative maturity with III being the most mature (23).

sue was observed in 8 of the 17 specimens that contained cap-
sule.

In all of the 21 neuroblastomas examined, we detected hy-
bridization of our IGF-II probe to eosinophils (Fig. 5). These
cells were observed within sheets of tumor cells (data not
shown) and in nonmalignant tissues associated with neuroblas-
tomas including hemorrhagic (Fig. 5, Cand D), stromal (Fig. 5,
E-G), and vascular tissues (data not shown). Wealso detected
such cells in a lymph node (Fig. 5, A and B) and pancreatic
tissue (data not shown) associated with metastatic neuroblas-
tomas. Weobserved marked differences in both the number of
eosinophils and the grain counts over eosinophils in the differ-
ent tumors analyzed (Fig. 5; and data not shown).

IGF-II is expressed at high levels in human fetal adrenal
cortical cells. Because of the potential importance of arrested
differentiation in the pathogenesis of neuroblastoma (21) we
examined normal fetal, childhood, and adult adrenal gland tis-
sues for the expression of IGF-II. Fig. 6 (A and B) illustrates
IGF-II expression in adrenal gland tissues from a 7-8 wk gesta-
tion embryo. The hybridization signal was highest in fetal adre-
nal cortical cells but was also detectable in the neocortex. At
9-10 wk of gestation IGF-II expression was still detectable at
low levels in the neocortex but had declined dramatically in
fetal adrenal cortex relative to the levels observed at 7-8 wk of
gestation (Fig. 6, Cand D). By 20 wk gestation (Fig. 6, Eand F)
IGF-II expression was detected with increasing intensity in the
neocortex and at approximately the same level in fetal adrenal
cortical cells as was observed at 9-10 wk of gestation. In con-
trast to the high levels of IGF-II expressed in adrenal cortical
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Figure 3. Expression of IGF-II in situ in human neuroblastomna tumor cells. B, D, and F are dark field images (silver grains appear as bright spots)
of the same views shown in A, C, and E using bright field optics (silver grains appear as dark spots). Tissues shown in A and B are magnified,
62, and are from a 12 yr-old male patient with stage IV neuroblastoma. Using Northern blot analysis, we have previously demonstrated IGF-11
gene expression in total cellular RNAextracted from this tumor (22). Cand D demonstrate a higher power magnification (1 25) of the same tissue
shown in A and B. Samples in E and F are magnified, 250, and are from an adrenal primary of a I -yr-old male patient with stage II
neuroblastoma. Both patients died of disease.
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Figure 4. Expression of IGF-II in nonmalignant tissues associated with neuroblastoma tumors. B, D, and F are dark field images of the same
views shown in panels A, C, and E. A and B (magnification, 125) demonstrate IGF-II gene expression in adrenal cortical cells surrounding an
IGF-II negative neuroblastoma. C and D demonstrate IGF-II gene expression in stromal tissues of an IGF-II negative neuroblastoma
(magnification, 62). E and F demonstrate IGF-II gene expression in stromal and capsular tissues surrounding IGF-II negative neuroblastoma
tumor cells, which are visible at the upper left of the figure (magnification, 62). Tissues shown in A and B are from a newborn female patient
with stage IVS adrenal neuroblastoma. This patient is alive with no evidence of disease more than 5 yr after diagnosis. Tissues shown in Cand
D are from a 2-wk-old female patient with stage IVS neuroblastoma. This patient died after 47 mowith metastatic neuroblastoma. Tissues
shown in E and F are from a 10-mo-old female patient with a stage II thoracic neuroblastoma. This patient is alive with no evidence of disease
more than 5 yr after diagnosis.



4.4 A~~~~~t

4W~~~ ~ ~ ~ ~ ~ ~~~~~~- Figure 5. Expression of IGF-11 in eosinophils associated with
G .~~~~~~~~~~~'~~~~ neuroblastoma tumors. B, D, and F are dark field images of the same

views shown in A, C, and E. Together with G, these photomicrographs
oigudemonstrate IGF-II mRNAexpression in eosinophils detected in

lymph nodes (A and B, magnification, 62), in hemorrhagic areas of
the tumor (C and D, magnification, 125), or in stroma (E-G: Eand
F, magnification, 500; G, magnification, 1,000). Tissues shown in A
and B are from a 5-yr-old male patient with stage IV extra-adrenal
abdominal neuroblastoma and metastasis to the lymph nodes and
skeleton. Note that the bright white cells shown in B are stained red
in the image shown in A. This patient died within 9 moof diagnosis.
Tissues shown in Cand Dare from an 18-mo-old male patient with
stage IV neuroblastoma. This patient had an adrenal primary and
metastases to the skeleton and died within 10 moof diagnosis. Tissues
shown in E-G are from an 1 I-mo-old female patient who presented
with stage II adrenal neuroblastoma and had metastases to regional
nodes. This patient died within 5 moof diagnosis. The image shown

in G is to demonstrate the eosinophils we detected and is focused to emphasize the cytologic appearance of these cells. At this magnification
(1,000) the silver grains over the cells and the cells themselves do not always appear in the same focal plane. Thus, the number of grains over the
cells illustrated in this panel is lower than that actually seen by microscopy (For reference, note the grains over the same cells in E).
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Figure 6. Developmental expression of IGF-II in the human adrenal gland. B. D, F, H. and J are dark field images of the same views shown in A,
C, E, G. and I (magnification, 62). A and B.: 7-8 wk gestation; Cand D: 9- 10 wk gestation; E and F.: 20 wk gestation; Gand H.- 4 mo after
birth; I and J.: adult. Images shown are from a representative experiment (n = 3) in which the tissues were exposed to the photographic emulsion
for 5 d. Longer exposure (I 12 d) did not reveal any additional sites of IGF-11 gene expression (data not shown). f: fetal adrenal cortex; n:
neocortex; M:- medulla; C: cortex.

654 El-Badry, Helman, Chatten, Steinberg, Evans, and Israel



G ; W. H.

''-1

z.,_

it i 1
VL~ ~~~~2

I J~~~~~~~~~~~~~~~~A

C-,~~~~~~~~~~~~~~-

Figure 6 (Continued)

cells during gestation, IGF-II expression was not detected by
this technique in cells of the embryonic adrenal medulla (e.g.,
Fig. 6, E and F) (23) or in adrenal cortical or medullary cells
from three children aged 1-1I1 mo (Fig. 6, Gand H; and data
not shown). Although we have previously detected expression
of IGF-II mRNAby Northern blot analysis in adrenal medul-
lary tissue from adults (22), we were unable in repeated studies
to detect expression by in situ hybridization (Fig. 6, I and J).

Discussion

The proliferation of a human neuroblastoma cell line, SK-N-
AS, is mediated by endogenously produced IGF-II (22). How-
ever, we observed that many neuroblastoma cell lines grow
poorly when plated at low density into medium without growth
factors. In this study we demonstrate that exogenously added
IGF-II stimulates the growth of several human neuroblastoma
cell lines in a dose-dependent manner (Fig. 1). Together with
our finding that IGF-II is expressed in cells of nonmalignant
tissues associated with neuroblastoma tumor cells (Figs. 4 and
5), these data indicate that locally produced IGF-II may stimu-
late the proliferation of neuroblastoma.

IGF-II-mediated growth of neuroblastoma requires appro-
priate receptors through which this factor can stimulate cellular
proliferation. IGF-II binds with high affinity to at least two
receptors: the type I IGF receptor, an IGF sensitive tyrosine-
specific protein kinase, and the type II/mannose-6-phosphate
receptor (2, 3, 32). Only the type I receptor has been shown to
mediate the mitogenic activities of IGF-II (4, 5). Using 1251
IGF-I, Shigematsu et al. (14) detected type I IGF receptors in
cells of both the fetal and adult human adrenal medulla and
cortex. Wepreviously reported type I IGF receptor gene ex-
pression in both adrenal medullary and cortical tissue and in 8
of 8 human neuroblastoma tumors (22). Cell surface type I IGF
receptors have also been demonstrated on SH-SY5Y human
neuroblastoma cells (33, 34) and in neuroblastomas from rats
(35) and mice (36). Moreover, the type I IGF receptors on
SK-N-AS neuroblastoma cells bind IGF-II and mediate IGF-
II-induced [3H]thymidine uptake in these cells (22).

Although the proliferation of some neuroblastomas may be
mediated by an IGF-II autocrine mechanism (22; and Figs. 2
and 3), our demonstration of IGF-II gene expression in cells of
tumor stroma, capsule, adrenal cortical tissues, and tumor in-
filtrating eosinophils (Figs. 4 and 5) suggests that IGF-II pro-
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duced by nonmalignant cells either within or adjacent to neuro-
blastoma tumors may function in a paracrine manner to stimu-
late their proliferation. Particularly noteworthy is the
observation of IGF-II gene expression in adrenal cortical tissue
adjacent to tumor (Fig. 4), but not in such tissue obtained from
patients without adrenal tumors. It will be important to deter-
mine whether the synthesis of this growth-stimulatory ligand in
nonmalignant tissues associated with neuroblastoma tumor
cells is mediated by tumor-derived factors. Other studies dem-
onstrating IGF-II expression in established fibroblast cell lines
and in benign and malignant human breast tissue (37) have
raised the possibility that locally produced IGFs mayalso medi-
ate the growth of other human tumors as well (38).

IGF-II gene expression has been detected in both parenchy-
mal and stromal tissue of many different embryonic organs
(10, 26, 29; and this study), suggesting that IGF-II may func-
tion normally in the human fetus to promote growth. Studies
in our laboratory have suggested that neuroblastoma tumor
cell lines correspond to adrenal chromaffin cells that are recog-
nizable at different times during development (23, 39). IGF-II
mRNAand protein is detected in adult adrenal medulla (17,
22) and neuroblastoma cell lines that express markers asso-
ciated with mature adrenal medullary tissue (Fig. 2, Table I)
(23). This finding is compatible with the origin of such tumors
in adrenal medullary cells that expressed IGF-II at the time of
their malignant transformation. The proliferation of these tu-
mors may not require exogenous sources of IGF-II (e.g., SK-N-
AS cells [22]). In contrast, neuroblastomas containing tumor
cells that do not express IGF-II may be dependent upon exoge-
nous IGF-II, potentially from adjacent stroma or other normal
tissues (Figs. 4 and 5). Such tumors may arise from more primi-
tive adrenal medullary cells (Table I), which do not express
IGF-II but are surrounded during development by tissues that
express very high levels of the gene (Fig. 6). These observations
suggest that the growth mechanisms mediating the prolifera-
tion of neuroblastoma tumor cells may be the same mecha-
nisms mediating the growth of normal medullary cells during
adrenal organogenesis.

A majority of the patients diagnosed with neuroblastoma
present with metastases to adjacent lymph nodes, bones, liver,
or skin (20). Significantly, all of these tissues express high levels
of IGF-II mRNAor protein at the times during development
when neuroblastomas are detected in such tissues (10, 26, 29,
30, 40, 41, and this study). In contrast, metastatic neuroblas-
toma is rarely detected in brain and lung, common sites of
metastases for other pediatric tumors. These tissues do not ex-
press high levels of IGF-II in the human fetus or adult (10, 42,
43). Observations that IGF-II can function as a chemoattrac-
tant (44, 45) raise the possibility that neuroblastomas metasta-
size to specific tissues due to the influence of IGF-II produced
by these tissues. Alternatively, neuroblastomas may metasta-
size to various sites throughout the body and proliferate only in
tissues that contain high concentrations of IGF-II. Neuroblas-
tomas in which tumor cells express high levels of IGF-II
mRNA,a minority of the tumors examined to date, may sur-
vive in other tissues such as lung that express little or no IGF-II.

Neuroblastomas of low clinical stage in children under 1 yr
of age and stage IVS disease often regress without cytotoxic
therapy (46, 47). Such tumors may be detected in the adrenal,
liver, and skin (47). IGF-II expression in these tissues has been
shown to decline from high levels observed early during gesta-

tion to low levels noted by birth or shortly after birth (10, 30,
48, 49; and this study). These findings raise the possibility that
the spontaneous regression of neuroblastomas may be asso-
ciated with the diminished level of IGF-II expression observed
in these tissues at the time of regression. In our analysis, all four
of the neuroblastomas in which we detected IGF-II gene ex-
pression in adrenal cortical cells adjacent to the tumor were
derived from patients aged newborn to 11 mo. The tumor in
three of these patients, newborn to 2 moof age, have regressed
and these individuals are alive with no evidence of disease after
5-13 yr of follow up. The fourth patient died within 5 moof
diagnosis. In contrast to the tumor tissue from the three pa-
tients who survived, tumor tissue from this patient, aged 11
mo, expressed IGF-II.
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