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ABSTRACT. IGF binding proteins (IGFBP) regulate the
bioavailability and bioactivity of IGF. The major IGFBP
in serum is IGFBP-3. We investigated whether sera from
children with malignancies show alterations in levels of
IGFBP-3 as measured by Western ligand blot analysis
(WLB) and RIA with alGFBP-3gl, a specific rabbit poly-
clonal antibody. Furthermore, IGFBP-3 proteolysis was
quantified by densitometric analysis of ['*I]IGFBP-3 pro-
tease assays, and IGFBP-3 fragments were visualized by
Western immunoblot with «IGFBP-3gl. We examined sera
from 21 children with solid tumors, five patients with
sarcoma who had reached complete remission, and 13
children with acute leukemia. Serum samples were col-
lected at diagnosis, before initiation of therapy. Sera of 10
healthy children served as normal controls. Children with
solid tumor or leukemia had significantly higher (p <
0.001) IGFBP-3 protease activity in serum than did normal
controls or patients with sarcoma in complete remission.
Corresponding to this finding, densitometry of WLB
showed lower IGFBP-3 levels in sera of children with
malignancies in comparison with normal controls. The
negative correlation (» < 0.001, r = —-0.80) between
IGFBP-3 proteolysis, as measured by ['*IJIGFBP-3 pro-
tease assay, and IGFBP-3 band density on WLB indicates
that proteolysis is the probable reason for reduction of
IGFBP-3 on WLB. IGFBP-3 concentrations measured by
RIA were in the normal range for most patients, further
indicating that differences in serum IGFBP-3 levels meas-
ured by WLB reflect protease activity. We conclude that
sera from children with malignancies frequently contain
protease activity that causes IGFBP-3 cleavage in a way
that might affect the tissue availability of IGF. Because
many tumor cells are responsive to the mitogenic actions
of IGF in vitro, IGFBP-3 proteases in serum could also
play a role in tumor progression and metastasis in vivo.
(Pediatr Res 35: 720-724, 1994)

Abbreviations

IGFBP, IGF binding protein

Received November 3, 1993; accepted January 25, 1994,

Correspondence and reprint requests: Hermann L. Miiller, M.D., Department
of Pediatrics, Division of Endocrinology, Stanford University School of Medicine,
SUMC, Stanford, CA 94305-5119.

Supported in part by Grant CA58110 from the National Institutes of Health
(R.G.R.),a C.J. Martin Fellowship (S.E.G.), and a Dr Mildred Scheel Stipendium,
Deutsche Krebshilfe e.V. (H.I.M.).

WLB, Western ligand blot
CR, complete remission

IGF-I and IGF-II are peptide mitogens that share structural
homology with proinsulin, stimulate cellular proliferation in
many tissues, and may contribute to the autocrine stimulation
of cell growth in a variety of tumors (1-4). Unlike most polypep-
tide hormones and growth factors, IGF circulate bound to spe-
cific binding proteins, which may modulate the effects of these
growth factors on target tissues (5-7). To date, six distinct human
IGFBP have been classified on the basis of protein and DNA
sequence analysis; these have been named IGFBP-1 through
IGFBP-6 (8, 9). The major circulating IGFBP in serum is IGFBP-
3 (10-12). An additional complexity in the regulation of IGF by
IGFBP-3 has been the recently documented IGFBP proteases
(13, 14). The IGFBP proteases degrade IGFBP-3 into smaller
fragments that often display reduced affinity for IGF (14). In
human beings, this IGFBP protease has been found in serum
during pregnancy (13), in severely ill patients (15), and after
surgery (16). Recent reports show that degradation of IGFBP-3
also may occur in sera of patients with malignant tumors because
of IGFBP-3 protease (17-19).

In our study, we analyzed sera from children with malignant
solid tumors or acute leukemia to address the question of whether
significant IGFBP-3 proteolysis exists in sera of children with
malignant solid tumors, children with acute leukemia, and chil-
dren with solid tumors after reaching CR. We have also examined
whether IGFBP-3 proteolysis in serum is a specific marker for
certain tumor types.

MATERIALS AND METHODS

Patients. Twenty-six children with solid tumors [four rhabdo-
myosarcoma, five neuroblastoma, 12 malignant CNS tumors
(four medulloblastoma, three ependymoma, five primitive neu-
roectodermal tumors), and five soft-tissue sarcoma in CR] and
13 children with acute leukemia (nine common-type acute lym-
phoblastic leukemia, two T-cell acute lymphoblastic leukemia,
two acute myeloid leukemia) were included in the study. On the
basis of evaluation of historical data and physical examination,
patients who were severely catabolic at the time of diagnosis were
excluded from the study. Criteria for exclusion were historical
evidence of weight loss exceeding 10% of actual body weight,
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recent history of poor nutrition based on anamnestic data, and
anorexia or physical evidence of cachexia as evaluated by phys-
ical examination. Sera from 10 healthy children who were ex-
amined for exclusion of an infection served as normal controls.
IGFBP-3 levels in sera of children with malignancies were com-
pared with an age-related SD score of normal serum IGFBP-3
levels based on serum analysis of 360 normal healthy children.

Serum samples. Blood was collected by venous puncture at
the time of diagnosis, before initiation of therapy, or, in the case
of the five patients with sarcoma in CR, during regular follow-
up examination that reconfirmed the status of CR. After centrif-
ugation, sera were stored at —70°C until analysis. Informed
consent was not necessary for this study because no extra blood
was drawn and because only existing serum samples were used.

WLB analysis. Proteins from serum samples were size frac-
tionated by SDS-PAGE under nonreduced conditions according
to the method of Laemmli (20) and then electroblotted onto
nitrocellulose filters (0.45-um pore size) with a BioTrans unit
(Gelman Sciences, Ann Arbor, MI) (21). Filters were incubated
overnight with 1.5 x 10° cpm of ['*IJIGF-I or ['*IJIGF-II,
washed, dried, and exposed to x-ray film (Kodak X-Omat AR,
Rochester, NY) for a period of 4 d (22). Band densities were
analyzed with the area under the curve as calculated by densitom-
etry (Pharmacia LKB, Columbia, MA). The relative density of
the bands corresponding to IGFBP-3 on autoradiography were
expressed as absorption units per millimeter.

['PIJIGFBP-3 protease assay. Serum samples were assessed for
IGFBP-3 protease activity as described previously (23). In brief,
2-uL of serum were incubated with iodinated recombinant DNA-
derived IGFBP-3 produced in Escherichia coli (30 000 cpm)
(Celtrix, Santa Clara, CA) in N-2-hydroxyethylpiperazine- (0.1
M) for 5 h at 37°C. Subsequently, samples were diluted with
SDS-dissociation buffer and subjected to SDS-PAGE through a
4% stacking gel and a 10% separating gel under nonreducing
conditions, After electrophoresis, gels were dried under vacuum
and exposed to x-ray film for a period of 18 h as described above.
The autoradiographic intensities of the bands were determined
by scanning with a densitometer. The amount of proteolysis was
calculated as the percentage of the optical density of fragmented
IGFBP-3 over the sum of all IGFBP-3-related optical densities.

IGFBP-3 RIA. The RIA for IGFBP-3 in serum was performed
with a specific rabbit polyclonal antibody, «lGFBP-3gl by a
method previously described (24). The RIA used a 1:10 000
dilution of primary antiserum and a 1:20 dilution of goat anti-
rabbit serum. Specific binding of radiolabeled IGFBP-3 produced
in Chinese hamster ovary cells was 40%, with 50% displacement
at 1 ng/mL of unlabeled IGFBP-3 produced in Chinese hamster
ovary cells. The interassay and intraassay coefficients of variation
were 12% and 4%, respectively. The interassay and intraassay
coefficients of variation are based on a human reference serum
diluted 1:100 and measured in triplicate at two points in the
assay. This human reference serum was used as an internal
control in every assay.

Western immunoblot analysis. Samples were subjected to non-
reducing gel electrophoresis and electrotransferred to nitrocellu-
lose as described above. The nitrocellulose was prepared as
defined by the manufacturer, with the following modifications.
The nitrocellulose was blocked with BSA (1%, wt/vol) for 24 h
and washed three times in Tween 20 (0.1% vol/vol) in a buffer
containing 0.15 M NaCl and 0.1 M Tris at pH 7.4. The nitro-
cellulose was then incubated for 24 h with IGFBP-3 antiserum
(«lGFBP-3gl) (24) in 1:1000 final dilution in saline buffer con-
taining Tween 20 (0.1%, vol/vol) and washed three times for 15
min in Tween 20 (0.1%, vol/vol). After a 1-h incubation with
goat antirabbit IgG conjugated to horseradish peroxidase in 1:300
final dilution, the nitrocellulose was washed in Tween 20 buffer
(3 X 15 min). The treated nitrocellulose was then exposed to the
enhanced chemiluminescence reagents (Amersham, Arlington
Heights, IL) for 1 min, placed on plastic, and exposed to x-ray
film for 4 to 60 min.
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Statistics. Values are expressed as median and range unless
otherwise mentioned. Statistical comparison was performed on
a Macintosh SE/30 with the statistical software package
“StatWorks” (Cricket, Philadelphia, PA). The SD score of
IGFBP-3 concentrations in normal serum was calculated and
plotted using a three-degree polynomial equation with the soft-
ware program DeltaGraph Professional (DeltaPoint, Monterey,
CA). The significance of differences was estimated by ¢ test.
Correlations were determined by linear regression analysis.

RESULTS

Sera from 21 children with solid tumor and 13 children with
acute leukemia were analyzed before initiation of therapy and
compared with sera from 10 normal controls and five patients
with solid tumor (sarcoma) who had reached CR. Children with
malignancies were only included in the study when they were
clinically stable and not catabolic. Accordingly, the main symp-
tom of our patients with solid tumor (rhabdomyosarcoma or
neuroblastoma) was the tumor itself that had grown to a size
that led to palpability or visibility. Patients with CNS tumors
were diagnosed with neurologic symptoms, such as seizures or
headache. No significant differences in age distribution were
observed between the groups of patients with newly diagnosed
malignancy and normal controls. However, the patients in com-
plete remission were older than the other patient groups and the
normal controls (Table 1).

IGFBP-3 was detectable in sera from children with malignan-
cies and healthy controls as a 42- to 44-kD doublet by WLB (Fig.
14). Densitometric analysis of WLB of children with malignan-
cies showed that IGFBP-3 was reduced in sera from children
with solid tumor (p < 0.001) or leukemia (p < 0.001) (Table 1;
Fig. 24). Children with solid tumor who had reached CR showed
only modestly lower IGFBP-3 on WLB ( p < 0.05) in comparison
with healthy control children.

On the other hand, IGFBP-3 serum levels measured by RIA
were within the normal range (mean = 2 SD), although they
were toward the lower portion of the normal range for virtually
all the children with solid tumor, acute leukemia, or solid tumor
in CR (Fig. 3). Only one patient with rhabdomyosarcoma and
one patient with acute leukemia had IGFBP-3 levels in serum
that were slightly lower than the normal range. Such discrepan-
cies between IGFBP-3 determinations by RIA and WLB often
indicate the presence of IGFBP-3 proteolysis (24).

Proteolytic IGFBP-3 degradation was detected by ['*I}IGFBP-
3 protease assay for children with malignancies (Fig. 1B8). This
proteolytic activity correlated negatively (p < 0.001; r = 0.80)
with the IGFBP-3 band density on WLB (Fig. 4), indicating that
IGFBP-3 proteolysis is the probable reason for the reduction of
IGFBP-3 on WLB. Furthermore, after analyzing ['**I]IGFBP-3
protease assays, we found an identical fragment size and cleavage
pattern for IGFBP-3 in sera from pregnant women and children
with malignancies (Fig. 1B). This finding was confirmed on
Western immunoblots, where children with malignancies showed
a single immunoreactive IGFBP-3 fragment of 30 kD (Fig. 1C).
Differences in this fragment size could not be demonstrated by
Western immunoblot for different tumor or leukemia types.
Densitometric analysis of ['2°I]IGFBP-3 protease assays showed
that children with solid tumor (p < 0.001) or leukemia (p <
0.001) had significantly higher protease activity in serum than
did sera from healthy control children, whereas children with
solid tumors in CR had normal IGFBP-3 protease activity (Table
1, Fig. 2B).

Comparing the different types of solid tumors (four rhabdo-
myosarcoma, five neuroblastoma, 12 CNS tumors, five sarcoma
in CR) with normal controls, we found that children with neuro-
blastoma had the highest protease activity in serum (61%; range,
50-81%) and the lowest IGFBP-3 levels on WLB (Table 1).
Differences in IGFBP-3 cleavage pattern and IGFBP-3 protease
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Table 1. IGFBP-3 band density on WLB and IGFBP-3 protease activity (median) in sera from children with malignancies, normal
control children, and patients with sarcomas who had reached CR*

IGFBP-3 IGFBP-3 on
Sex protease activity WLB
Diagnosis n Age (y) (M/F) (%) (AU/mm)
Rhabdomyosarcoma 4 6 (1-13) 2/2 46 (13-75)t 4.0 (0.3-9.4)
Neuroblastoma 5 3 (1-9) 3/2 61 (50-81)t 1.1 (0.4-4.1)¢
CNS tumor 12 S5 (2-16) 7/5 50 (15-68)% 2.6 (0.2-6.4)§
Acute leukemia 13 6 (3-16) 6/7 50 (31-80)t 2.0(0.3-5.0)t
Solid tumors in CR S 18 (13-20)t 2/3 21 (10-32) 3.8(2.4-7.1)t
Normal control children 10 S (2-15) 5/5 17 (11-25) 6.8 (5.2-7.7)
* Numbers in parentheses represent ranges.
+ p < 0.05 vs normal control children.
$ p <0.001 vs normal control children.
§ p < 0.0l vs normal control children.
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Fig. 1. A, WLB of sera from children with acute leukemia (common 0
type acute lymphoblastic leukemia, lanes 3, 5, 6, 8. 9; T-cell acute 0
lymphoblastic leukemia, lane 7; acute myeloid leukemia, lane 4; and 0 5 10 15 20
normal control children, lanes I and 2). B, ['*1]IGFBP-3 protease assay age (y)

of sera from the same patients as in 4. Term pregnant serum (7PS) was
run as a positive control, and ['**IJIGFBP-3 without any serum sample
added is shown as a negative control. C, Western immunoblot with
alGFBP-3gl of sera from the same patients as in A.

activity were not demonstrable for different types of acute leu-
kemia (Fig. 1B and C).

DISCUSSION

In our analysis of sera from children with malignancies, we
have observed an impressive decrease in IGFBP-3 measured by
WLB for children with either solid tumors or acute leukemia.

Fig. 3. IGFBP-3 concentrations (ng/mL), measured by RIA, in serum
samples of patients with malignancies (+, rhabdomyosarcoma; @, neuro-
blastoma; OJ, CNS tumor; A, acute leukemia; ¢, sarcoma in CR). The
IGFBP-3 serum level of each patient is plotted on an age-related SD
score (mean + 2 SD) for IGFBP-3 concentration in normal serum that
was calculated on the basis of analysis of 360 normal healthy children.

Davies et al. (25) reported that serum IGFBP-3 decreases post-
operatively in severely ill patients who have undergone abdomi-
nal surgery. Furthermore, Davenport et al. (16) characterized a
serine protease in sera of adult patients after elective surgery and
proposed that it is responsible for the decrease in serum IGFBP-
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Fig. 4. IGFBP-3 protease activity (%) as measured by ['*I]IGFBP-3
protease assay in relationship to IGFBP-3 band density on serum WLB
of patients with malignancies (+, rhabdomyosarcoma; @, neuroblastoma;
0O, CNS tumor; A, acute leukemia; #, sarcoma in CR). The IGFBP-3
band density on WLB was quantified by densitometry and is shown as
percentage of the mean IGFBP-3 band density of 10 normal controls.
The R value and statistical significance were determined by linear regres-
sion analysis.

3 levels observed on WLB. Serum samples from most of our
patients were collected before surgery and at a time when the
patients were clinically stable. The only patients in this study
who had undergone surgery were the five children with sarcomas
who had reached CR for a period of at least 2 y after surgery.
These patients showed a far less impressive reduction of IGFBP-
3 on WLB in comparison with children with newly diagnosed
and untreated malignancies (Fig. 24). However, the difference
in comparison with normal controls still reached statistical sig-
nificance ( p < 0.05).

In accordance with the observations of Gargosky et al. (24),
the reductions in IGFBP-3 on WLB were not accompanied by
any alterations in IGFBP-3 serum levels as measured by RIA
with a specific antibody (a]IGFBP-3gl). Except for one child with
rhabdomyosarcoma and one child with acute leukemia, IGFBP-
3 values of all patients with malignancies were within the lower
normal range (Fig. 3). This finding can be explained by the
ability of alGFBP-3gl to recognize IGFBP-3 fragments that are
nondetectable by WLB technique. These IGFBP-3 fragments of
30-kD size were readily detectable by Western immunoblotting
technique with oIGFBP-3gl, indicating that the differences in
IGFBP-3 levels by WLB and RIA probably reflect protease
activity. This finding is further supported by the observation that
IGFBP-3 band density on WLB was negatively correlated with
IGFBP-3 protease activity measured by ['>’I]IGFBP-3 protease
assay (Fig. 4).

In regard to IGFBP-3 protease activity as measured by the
['**I]IGFBP-3 protease assay, no difference was observed between
normal controls and patients with sarcoma in CR, whereas
children with solid tumor or leukemia at the time of diagnosis
had highly elevated IGFBP-3 protease activity in sera (Fig. 2B).
These results are supported by studies on adult tumor patients
(17-19), which demonstrated an IGFBP-3-specific protease in
sera of patients with cancer of the lung, the breast, or the head
and neck area (18) and patients with prostate cancer (17, 19).
Furthermore, we could demonstrate that IGFBP-3 proteolysis is
elevated in the cerebrospinal fluid of patients with highly malig-
nant CNS tumors (26). Interestingly, our observation that pa-
tients in CR had normal IGFBP-3 protease activity in sera may
support the hypothesis that IGFBP-3 proteolysis is correlated
with the existence of detectable tumor tissue. This finding is
supported by other studies (17) showing that prostate specific
antigen levels correlate with the stage of tumor disease and
IGFBP-3 proteolysis in sera of patients with prostate cancer.
Prostate specific antigen, a serine protease that cleaves IGFBP-3
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in seminal plasma, serves as a serum tumor marker in prostate
cancer (27). Furthermore, as observed in reports of IGFBP-3
protease activity in conditioned medium of Hs578T, a human
breast cancer cell line (28), and other cancer cell lines (18), the
malignant cell itself seems to be a potential source for the IGFBP-
3 protease. However, prospective longitudinal studies are neces-
sary to address the question of whether IGFBP-3 proteolysis in
serum correlates with detectable tumor tissue.

In conclusion, IGFBP-3 proteolysis was increased in serum
samples of children with solid tumor or acute leukemia at the
time of diagnosis without specificity for any tumor or leukemia
type. This proteolytic activity was normalized in serum samples
from patients who had reached CR. IGFBP-3 fragments resulting
from high protease activity in sera show reduced affinity for IGF
(14), which may affect the tissue availability of IGF. Because
many tumor cells are responsive to the mitogenic actions of IGF,
such an effect could play a role in cancer progression. Measures
of IGFBP and IGFBP proteolytic activity warrant further inves-
tigation as potential diagnostic parameters in the evaluation of
cancer.
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