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Summary 

Insulin-like growth factor-II (IGF-II) and its receptors (type I and II IGF receptors) are expressed in the 
nervous system in a tissue and developmentally specific manner. We have previously shown that SH-SY5Y 
human neuroblastoma cells synthesize and secrete high levels of IGF-II, and respond to it with increased 
neuritic outgrowth, DNA synthesis, and cell proliferation. SH-SY5Y cells also produce type I IGF and 
IGF-II/M6P receptors; however, it is not known whether these receptors mediate the observed growth pro- 
moting effects of IGF-II. In this study, we assayed the role of type I IGF receptor and IGF-II/M6P receptor 
expression in mediating autocrine IGF-II induced growth. Using anti-receptor antibodies, we found that IGF-II 
stimulates cell proliferation via the type I IGF receptor but not via the IGF-II/M6P receptor. By Northern 
analysis, we detected increased mRNA expression of both receptors, with more dramatic changes in type I IGF 
receptor expression. Collectively, our results indicate a role for the type I IGF receptor in mediating IGF-II 
induced autocrine neuroblastoma cell growth. 

Introduction 

Insulin-like growth factor II (IGF-II) belongs to a 
family of polypeptides with insulin-like metabolic and 
growth promoting effects on many tissues [1]. In 
vitro, IGF-II enhances neuritic outgrowth, DNA 
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synthesis, and proliferation of developing fetal neu- 
roblasts [2-4], and promotes autocrine growth of 
neuroblastoma cells [5,6]. The effects of IGF-II may 
be due to its interactions with two different cell sur- 
face receptors, the type I IGF and IGF-II/M6P 
(mannose 6-phosphate) receptors [ 7 ]. The type I IGF 
receptor, structurally homologous to the insulin re- 
ceptor, exhibits four (0~2,fl2) transmembrane span- 
ning subunits and an intracellular tyrosine kinase 
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domain [8]. The type I IGF receptor has been shown 
to mediate IGF-II effects on SK-N-AS neuroblas- 
toma cell proliferation [5], and may serve a similar 
role in SH-SY5Y cells. In contrast, the IGF-II/M6P 
receptor is a single transmembrane spanning protein 
which exhibits separate but cooperative binding sites 
for IGF-II and M6P-containing ligands [9]. Its role 
in the intracellular trafficking of lysosomal enzymes 
is well established; however, the physiological rel- 
evance of IGF-II binding to this receptor is not 
known. Nevertheless, there is evidence that the IGF- 
II/M6P receptor mediates IGF-II induced cell mo- 
tility [ 10], neuritic outgrowth [ 11 ], Ca 2 + influx [ 12], 
and inositol phospholipid turnover [13]. 

Expression of IGF-II and the type I IGF and 
IGF-II/M6P receptors is tissue and developmentally 
specific [14], and all three genes are expressed in 
human neuroblastoma cells [5,15,16]. We have pre- 
viously shown that extracellular IGF-II is necessary 
for SH-SY5Y cell growth in serum-free media, and 
that IGF-II expression is sensitive to serum-induced 
changes in growth rate [6]. For this study, we as- 
sayed the effects of anti-IGF receptor antibodies on 
S H- SY5Y cell proliferation in serum-free media, and 
used Northern analysis to determine changes in IGF 
receptor expression in serum-free and serum-con- 
taining media. Anti-type I IGF receptor antibody 
inhibited SH-SY5Y cell proliferation in a dose- 
dependent fashion, whereas anti-IGF-II/M6P recep- 
tor antibody had no effect on cell number. Type I 
IGF receptor mRNA levels increased by 6-fold after 
1 day in serum-free media, whereas IGF-II/M6P re- 
ceptor levels increased by only 2-fold. Our results 
implicate a definite role for the type I IGF receptor 
in IGF-II induced autocrine growth of SH-SY5Y 
cells. 

Materials and Methods 

Cell culture flasks were obtained from Corning 
Glass Works (Corning, NY), and Costar (Cam- 
bridge, MA). Calf serum (CS) and Dulbecco's modi- 

fled Eagle's medium (DMEM) were purchased from 
Gibco BRL (Galthersburg, MD). Restriction en- 
zymes were from Boehringer-Mannheim (Indianapo- 
lis, IN) and Gibco BRL. [32p]dCTP was from NEN 
Dupont (Boston, MA). Monoclonal MOPC-21 an- 
tibody was purchased from Organon Teknika 
(Durham, NC). Murine monoclonal anti-rat IGF-II 
antibody was obtained from Upstate Biotechnology, 
Inc. (Lake Placid, NY). Polyclonal IgG against 
human type I IGF receptor was purchased from On- 
cogene Science (Uniondale, NY). Rabbit antiserum 
against human IGF-II/M6P receptor was generously 
provided by Dr. William S. Sly (St. Louis Medical 
Center, St. Louis, MO), and purified using an Im- 
munoPure (G) IgG purification kit (Pierce, Rock- 
ford, IL). All other chemicals were purchased from 
Sigma (St. Louis, MO). 

Cell culture 
SH-SY5Y human neuroblastoma cells were kindly 

provided by Dr. Stephen Fisher, University of 
Michigan Medical Center [17]. Cells were subcul- 
tured after removal with trypsin-EDTA, and rou- 
tinely maintained in DMEM and 10~o CS at 37°C 
in a humidified atmosphere with 10~o CO> 

Cell proliferation assay 
Cell proliferation was measured by the MTT colo- 

rimetric assay as previously described [6,18]. Cells 
were rinsed three times in DMEM and plated (9.104 
cells/cm 2 in 96-well plates) in 100/tl DMEM with or 
without ~-IR-3 antibody (0.01-1.0 #g/ml) or anti- 
IGF-II receptor antibody (0.03-3.0/~g/ml) or control 
MOPC-21 antibody (1/~g/ml). MTT (3(4,5-dimeth- 
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was 
added (1 mg/ml) for a 2 h incubation at 37 ° C. Lysis 
buffer (0.1 ml of 50 To dimethyl formamide, 20 ~o (w/v) 
SDS, pH 4.7) was then added and cells incubated at 
37°C overnight. The absorbance (A) of each well 
was measured by a Dynatech MR700 ELISA reader 
(Dynatech Laboratories, Inc., Cleveland Heights, 
OH) with lysis buffer as the blank. 



Northern analys• and cDNA probes 
Northern analysis was performed as reported [ 15]. 

SH-SY5Y cells (2.5-104 cells/cm 2 in T150 flasks) 
were cultured in D M E M / 1 0 ~  CS for 2 days. Me- 
dium was then removed, cells rinsed twice in DMEM, 
and DMEM + 10~o CS added. RNA was isolated 
either immediately (no media change) or 1, 2 or 3 
days after this medium change. RNA (20 #g) was 
electrophoresed in formaldehyde-agarose gels and 
transferred to Nytran membranes (Schleicher and 
Schuell, Keene, NH), then successively hybridized 
with [32P]dCTP labelled ((0.1-10).108 cpm/#g) 
cDNA probes for human type I IGF receptor (bases 
1490-2737 encoding the ~ and/~ chains excised with 
Eco RI and Hind III) [ 19], human type II IGF re- 
ceptor (the complete 9.1 kb cDNA excised with Sal I) 
[20], and chicken/~-actin (1.8 kb excised with Pst I) 
[21 ]. Using densitometry, relative A for each hybrid- 
ization was calculated by averaging several expo- 
sures in the linear range of the film. Experimental A 
values were expressed as a percentage of untreated 
(day 0) controls and divided by the percentage of 
A values similarly obtained for /~-actin hybridiza- 
tions. 

Results 

SH-SY5Y cells proliferate in serum-free media in 
a density- and IGF-II-dependent fashion [6]. We 
determined the role of the type I IGF receptor in 
SH-SY5Y serum-free cell division by blocking its 
function with the ~-IR3 blocking antibody. Cell pro- 
liferation was measured by MTT assay as described 
in Materials and Methods. As expected, SH-SY5Y 
cells exhibited a steady increase in cell number when 
cultured in serum-free media for 5 days (Fig. 1). Ad- 
dition of ~-IR 3 induced a dose-dependent inhibition 
of SH-SY5Y cell proliferation, which was maximal 
at 0.1 #g/ml throughout the 5 day culture period 
(Fig. 1). The unrelated mouse antibody, MOPC-21, 
had no effect on cell number relative to serum-free 
control. 
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Fig. 1. Effects of type I IGF receptor antibody on SH-SY5Y cell 
proliferation. SH-SY5Y cells were rinsed and plated in 96-wells 
under various conditions, as indicated in the legend. MOPC-21 
antibody was used at 1.0 #g/ml. Cell number was measured at 
several subsequent time points by MTT assay. Values presented 
as absorbances (570 nm) are the means of 8 wells + S.E.M. from 
a representative experiment performed twice. Error bars omitted 

where too small to be seen. 

As previously reported, addition of anti-IGF-II 
antibody also significantly reduced SH-SY5Y cell 
proliferation (Fig. 2) [6]. In contrast to anti-IGF-II 
and anti-type I IGF receptor, however, the IGF-II/  
M6P receptor antibody had no effect on cell prolif- 
eration. Addition of IGF-II /M6P receptor antibody 
(1-150 #g/ml) did not alter cell number relative to the 
serum-free control during the entire 4-day treatment 
period (Fig. 2). Lower concentrations of antibody 
( <  150 #g/ml) yielded growth curves similar to that 
for 150 #g/ml (data not shown). 

SH-SY5Y cells express an 11 kb type I IGF re- 
ceptor mRNA transcript and a 9.4 kb IGF-II /M6P 
receptor mRNA transcript, both of which were de- 
tectable by Northem analysis of total cellular RNA, 
as previously reported [ 15]. Using mRNA produc- 
tion as a representative measure of gene expression, 
we measured changes in mRNA levels for both the 
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Fig. 2. Effects of IGF-II/M6P receptor antibody on SH-SY5Y 
cell proliferation. SH-SY5Y cells were cultured as described in 
Fig. 1 in the presence or absence of anti-IGF-II (1.0 #g/ml), 
MOPC-21 (1 #g/ml), or anti-IGF-II/M6P receptor antibody (150 
#g/ml), as indicated in the legend, and MTT assay performed daily 
over a 4 day period. Values presented as absorbances (570 nm) 
are the means of 8 wells _+ S.E.M. from a representative experi- 

ment. 

type I I G F  and I G F - I I / M 6 P  receptors  over a 3-day 

per iod in serum or serum-flee media.  Levels of  

m R N A  for the type I I G F  receptor  increased rapidly 

in the absence of  serum, to 6-fold above untreated 

control  levels after 1 day,  and slowly decl ined there- 

after, to 5-fold after 3 days  (Figs. 3 and 4). Levels of  

the 11 kb type I I G F  receptor  m R N A  transcr ipt  

increased more slowly in the presence of  serum, to 

3-fold above untreated control  levels after 2 days,  

and 7-fold above control  after 3 days  (Figs. 3 and 4). 

As previously repor ted  [6], s teady-s ta te  /~-actin 

m R N A  levels were decreased  by 30% after 1 day  in 

serum-free media,  and  were otherwise cons tan t  

throughout  the serum-free or serum t rea tment  peri- 

ods.  

I G F - I I / M 6 P  receptor  m R N A  increased by 2-fold 

after 1 day  in serum-free media,  and remained  steady 

thereafter (Figs.  3 and 5). Like the type I I G F  recep- 

tor, I G F - I I / M 6 P  receptor  m R N A  increased more 

slowly in serum, to only 2-fold above control  after 3 

days (Figs. 3 and 5). The observed changes in ex- 

press ion of  the I G F - I I / M 6 P  receptor  in both serum 

and serum-free med ia  were much less dramat ic  than 
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Fig. 3. Northern analysis of mRNA for type I IGF receptor, IGF-II/M6P receptor, and fl-actin. Cells were plated for 2 days in 
DMEM + 10% CS, rinsed in DMEM, and fresh DMEM + 10% CS added. RNA was isolated either immediately or after a 1, 2, or 3 day 
incubation. RNA (20/~g per lane) was successively hybridized with 3zp-labelled cDNA probes for type I IGF receptor, IGF-II/M6P re- 

ceptor, and/3-actin. Radiographs exposed 4 d (type I IGF receptor), 48 h (IGF-II/M6P receptor), and 48 h (fl-actin). 
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Fig. 4. Densitometric analysis of type I IGF receptor mRNA.  
Autoradiographs from multiple exposures of  autoradiographs like 

those shown in Fig. 3 were quantitated as described in Materials 
and Methods. Values are the means of type I IGF receptor 11 kb 

m R N A  transcript densities expressed as fold increase over time 
zero control relative to fl-actin, from one of two experiments that 

gave similar results. 
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Fig. 5. Densitometric analysis of  type II IGF receptor mRNA.  

Autoradiographs from multiple exposures of  autoradiographs like 

those shown in Fig. 3 were quantitated as described in Materials 
and Methods. Values are the means of IGF-II /M6P receptor 9.4 

kb m R N A  transcript densities expressed as fold increase over time 
zero control relative to fl-actin, from one of two experiments that 

gave similar results. 

those seen for the type I IGF receptor (Figs. 4 and 
5). Both receptors exhibited rapid increases in 
mRNA after transfer of SH-SY5Y cells to serum- 
free media, whereas mRNA levels increased more 
slowly in the presence of serum. These results indi- 
cate that serum exerts differential effects on IGF 
receptor expression, and that this expression may be 
rapidly increased with serum removal. 

Discussion 

IGF receptors in autocrine growth 
We have shown in this paper that ~-IR3, a block- 

ing antibody against human type I IGF receptor, 
inhibits serum-free SH-SY5Y cell growth in a dose- 
dependent fashion. We observed weak inhibition of 
cell growth at 0.01 #g/ml ct-IR3, and strong inhibi- 

tion at 0.1 and 1.0 #g/ml. These concentrations of 
antibody are slightly below the 2 #g/ml concentration 
used by E1-Badry and colleagues to inhibit IGF-II  
interacting with the type I IGF receptor in SK-N-AS 
neuroblastoma cells [5]. Other reports have impli- 
cated the type I IGF receptor in autocrine IGF-I  and 
IGF-II  mediated growth of multiple cell types, in- 
cluding breast cancer [22], mouse muscle [23], and 
rhabdomyosarcoma [24] cells. Interestingly, SH- 
SY5Y cells exhibited a slow growth rate even in the 
presence of ~-IR3 or anti-IGF-II antibodies. We in- 
terpret these results to indicate that other factors in 
addition to IGF-II  may help sustain a low level of 
proliferation. Potential factors include PDGF,  
aFGF,  b-FGF, and EGF,  based on their mitogenic 
properties in other tissues [25]. 

In contrast to the dramatic inhibitory effects seen 
with ~-IR3, addition of antibody against the IGF- 
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II/M6P receptor had no effect on cell proliferation. 
We used this antibody at 150 #g/ml, a concentration 
known to block 90~o of IGF-II binding to the IGF- 
II/M6P receptor [ 10]. In a study using rhabdomyo- 
sarcoma cells, Minniti and colleagues demonstrated 
that the IGF-II/M6P receptor antibody prevents 
IGF-II induced cell motility but has only a small 
stimulatory effect on IGF-II autocrine growth [ 10]. 
Their results suggest that IGF-II binding to the 
IGF-II/M6P receptor has little growth-promoting 
effect, and may even inhibit rhabdomyosarcoma 
cell growth. Just as in our experiments, they found 
that IGF-II promotes autocrine proliferation through 
interaction with the type I IGF receptor. 

There is a growing body of literature indicating 
that the type I IGF receptor may, via its tyrosine 
kinase signal transduction mechanism, be tightly 
linked to regulation of cellular proliferation [26]. It 
is well known that insulin, IGF-I, and IGF-II, act- 
ing through the type I IGF receptor, can stimulate 
cell division in a variety of tissues and cell types [27]. 
Although this receptor has not been shown to play 
a direct role in cellular transformation, overexpres- 
sion of the receptor and one or more of its ligands 
in a tissue may very well be part of the mechanism 
leading to tumorigenesis. IGF-II and the type I IGF 
receptor are commonly over-expressed in many 
transformed cell types, including breast cancer 
[22,28], Wilm's tumors [29], neuroblastomas [5], 
and rhabdomyosarcoma [24], and could reflect a 
common theme in carcinogenesis. 

In contrast to the type I IGF receptor, IGF-II 
binding to the IGF-II/M6P receptor appears not to 
play an important role in neuroblastoma cell divi- 
sion. Alternatively, this receptor may be associated 
with an IGF-II differentiation pathway. Ishii and 
colleagues have demonstrated that IGF-II enhances 
neuritic outgrowth in SH-SY5Y cells in serum-free 
media [30], and we have provided evidence that this 
effect may involve the IGF-II/M6P receptor [ 11 ]. It 
is possible, then, that IGF-II acting through the IGF- 
II/M6P receptor promotes a neuroblastoma cell dif- 
ferentiation pathway. Further experiments will be 

necessary to determine whether blocking tile IGF- 
II/M6P receptor has any effect on the development 
of a mature, differentiated neuroblastoma cell phe- 
notype. 

IGF receptor expression 
We detected increased expression of both type I 

IGF receptor and IGF-II/M6P receptor mRNA lev- 
els over a 3-day period in serum and serum-free 
media. Type I IGF receptor mRNA increased more 
dramatically than IGF-II/M6P receptor mRNA (6- 
fold compared to 2-fold), suggesting that expression 
of the type I IGF receptor gene may be more sensi- 
tive to growth regulation. Elevated type I IGF re- 
ceptor RNA has also been observed under various 
conditions of altered growth and differentiation, such 
as after treatment of SH-SY5Y cells with interferon-y 
[31] or phorbol ester [32], with liver differentiation 
[33], and during fetal rat development [34]. Altered 
expression of the type I IGF receptor therefore seems 
to correlate with changes in cell and tissue growth 
rate. P~hlman and colleagues have shown that this 
receptor promotes IGF-I induced SH-SY5Y cell 
proliferation, or differentiation if the cells are treated 
with phorbol ester [35]. Thus, factors in serum which 
regulate cell growth rate may also control type I 
IGF receptor function and expression. For example, 
IGFs present in serum and IGF-II produced by SH- 
SY5Y cells could mediate the increased type I IGF 
receptor mRNA observed over time in culture, in 
which case addition of antibody against type I IGF 
receptor mRNA would be expected to block the in- 
crease. 

IGF-II/M6P receptor mRNA levels increased 
2-fold in SH-SY5Y cells under serum or serum-free 
conditions. We have previously shown that IGF-II 
mRNA levels are also increased in SH-SY5Y cells 
during exposure to serum or serum-free media [6], 
indicating that IGF-II and its receptors may be co- 
ordinately regulated. Consistent with this idea are 
data from Szebenyi and colleagues, who demon- 
strated coordinately increased IGF-II and IGF-II/  
M6P receptor mRNA during IGF-II/M6P receptor- 



mediated mouse muscle cell differentiation in serum- 
free media [36]. The IGF-II/M6P receptor does not 
seem to play a role in IGF-II mediated SH-SY5Y 
cell division, and it is therefore not surprising that 
serum and serum removal had only 2-fold effects on 
receptor expression. 

The IGF-II/M6P receptor is developmentally ex- 
pressed in the rat, with high fetal levels in serum and 
in several tissues including brain, and 100-fold lower 
levels in the adult [37]. Up-regulation of this recep- 
tor has also been observed during rat liver regenera- 
tion [38] and mouse muscle cell differentiation [36]. 
The significance of increased IGF-II/M6P receptor 
in SH-SY5Y cells is not yet known. In a study using 
mouse L-cells, Einstein and Gabel showed that 
serum factor s, including I G F- I I, regul ate d epho spho - 
rylation of lysosomal hydrolases via the IGF-II/M6P 
receptor [39]. It is possible that IGF-II serves a 
similar role in SH-SY5Y cells. 

In conclusion, the results of experiments presented 
here provide strong evidence that IGF-II promotes 
SH-SY5Y neuroblastoma cell autocrine growth 
through interaction with the type I IGF receptor and 
not with the IGF-II/M6P receptor. Expression of 
both receptors is altered with changes in serum con- 
centration, and may be associated with the effects of 
serum on cell growth rate. Further experiments will 
help determine the role of IGF-II and its receptors 
in proliferation and differentiation of both cancerous 
and non-cancerous cell types. 
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