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Abstract

Human epithelioid sarcoma (ES) is an extremely aggressive soft tissue tumour of unknown histogenesis. Although growth factor-

dependent signalling cascades signi®cantly a�ect the biological behaviour of malignant tumours, little is known so far about their
role in human ES. The present investigation, therefore, analyses the coexpression and function of di�erent growth factors and their
receptors in the human ES cell line GRU-1 and its clonal subpopulations (GRU-1A, GRU-1B and GRU-1C). As shown by

Northern blot, ¯ow cytometry, immunocytochemistry and MTT assay, all ES cell lines expressed transforming growth factor
(TGF)-a and the epidermal growth factor receptor (EGF-R). Although no response to exogenous TGF-a was observed, antag-
onistic anti-EGF-R antibodies (at 20 mg/ml) induced signi®cant (P<0.05) growth inhibition in all cell lines. All cell lines showed

coexpression of platelet-derived growth factor (PDGF)-A and the corresponding receptors. Neutralisation of ES-derived PDGF by
anti-hPDGF antibodies resulted in signi®cant (P<0.05) growth inhibition of all clonal subpopulations. Although all cell lines
expressed TGF-b1 as well as TGF-b type I and type II receptors (TGF-BI-R and TGF-BII-R), growth inhibition (P<0.05) by
exogenous TGF-b1 was achieved in the clonal subpopulations only and not in the parental cell line. No ES cell line expressed acidic

®broblast growth factor (FGF) but stimulation of FGF type 3 and type 4 receptors (FGF-3R and FGF-4R) by exogenous acidic
FGF (aFGF) resulted in a marked (P<0.05) acceleration of proliferation in all cell lines. In conclusion, our investigation suggests
an intricate network of autocrine, juxtacrine and paracrine signalling between ES tumour cells and adjacent non-neoplastic stromal

cells. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Human epithelioid sarcoma (ES) is a peculiar malig-
nant soft tissue tumour of unknown histogenesis exhi-
biting a mixed phenotype with large polygonal cells
imparting an epithelial aspect as well as mesenchymal
spindle-shaped cells [1±5]. From the clinical point of
view, ES is an extremely aggressive tumour showing a
high rate of recurrence and metastasis [1]. Since con-
ventional chemotherapy and irradiation have proved to
be ine�ective, the prognosis of ES beyond the reach of
curative surgery is poor [1,6±8]. Therefore, the char-

acterisation of the complex network of growth factors
active in ES might provide important new insights into
the mechanisms determining its biological behaviour
and eventually facilitate the design of novel concepts in
tumour therapy [9].
Although initial immunohistochemical studies indi-

cated a strong expression of the epidermal growth factor
receptor (EGF-R) in human ES [10,11], further investi-
gations into the coexpression of di�erent growth factors
and their receptors as well as the functional intactness
of the corresponding signal transduction pathways have
not to date been performed in this tumour type. The
aim of our investigation, therefore, was to analyse the
coexpression of di�erent growth factors and their
receptors in appropriate in vitro models, which became
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available with the development of the ES cell line GRU-1
and its clonal subpopulations in our laboratory [12±16].
These clonal subpopulations have previously been
shown to di�er in morphology, invasiveness and
response to retinoic acid, tumour necrosis factor (TNF)-
a and paclitaxel [13±16]. In the present study, these clo-
nal cell lines were used to provide additional clues to the
biological implications of tumour heterogeneity for the
expression and function of growth factors in ES.
Because ES exhibits a peculiar mixed phenotype with
both epithelial and mesenchymal features of di�erentia-
tion, we focused on growth factors known to a�ect both
epithelial and mesenchymal cells [17].

2. Materials and methods

2.1. Cells and culture

The human ES cell line GRU-1 and its clonal sub-
populations (GRU-1A, GRU-1B, and GRU-1C) were
established in our laboratory [12,13]. The cell lines
were maintained at 37�C in an atmosphere with 5%
CO2 with Dulbecco's modi®ed Eagle's medium
(DMEM, Gibco, Gaithersburg, USA), supplemented
with 10% heat-inactivated fetal calf serum (FCS),
penicillin and streptomycin.

2.2. Immunohistochemical and immunocytochemical
analysis

Formalin-®xed, para�n-embedded tissue of the three
di�erent ES was analysed by immunohistochemistry.
For immunocytochemical analysis, tumour cells of the
parental cell line and its clonal subpopulations were
seeded onto microscopic slides and ®xed in situ by
exposure to methanol (5 min) and acetone (10 s) at
ÿ20�C. The slides were stained for EGF and TGF-a
(Ab-3, Oncogene Science, Schwalbach, Germany),
EGF-R (E-30, Merck, Darmstadt, Germany), ®broblast
growth factor type 4 receptor (FGF-4-R) (C-16, Santa
Cruz, Santa Cruz, USA), platelet-derived growth factor
(PDGF) (PC-21, Oncogene Science), platelet-derived
growth factor receptor (PDGF-R) (GR-14, Oncogene
Science), transforming growth factor (TGF)-b1 (V,
Santa Cruz), TGF-b type I receptor (TGF-b I-R) (V-22,
Santa Cruz) and TGF-b type II receptor (TGF-b II-R)
(H-567, Santa Cruz) by the avidin±biotin complex per-
oxidase method. Proper negative controls were per-
formed for all antibodies.
The percentage of positive tumour cells was graded as

follows: 0, none; 1, <10%, 2, 10±50%; 3, 51±80%; and
4, >80%. Immunostaining intensity was rated as fol-
lows: 0, none; 1, weak; 2, moderate; and 3, strong. To
estimate the protein expression, a score was calculated
in which the per cent positive rating was multiplied by

the intensity rating: (+) score 1±3, +, score 4±6, ++,
score 8±9; and +++, score 12.

2.3. DNA and RNA extraction

Aliquots of the cell lines were kept at ÿ70�C until
DNA and RNA preparation. Genomic DNA and
total cellular RNA were isolated by the guanidine±
thiocyanate method with minor modi®cations. After
caesium chloride ultra-centrifugation, genomic DNA
was extracted with phenol/chloroform and ®nally pre-
cipitated with ethanol. Total cellular RNA was further
extracted according the method of Chirgwin and
associates [18].

2.4. Northern blot analysis

The concentration of the puri®ed total cellular RNA
was measured by spectrophotometry at 260 nm and the
quality veri®ed in an ethidium bromide stained agarose
gel. Northern blot analysis was carried out for 20 mg
RNA of each sample under denaturating conditions
electrophoretically separated on a 1% formaldehyde
gel. Prior to the transfer of the RNA to Nylon mem-
branes, the gel was stained with ethidium bromide and
the equality of RNA amounts loaded in each lane was
veri®ed under ultraviolet (UV) light and photographed.
In a second control, complete transfer of the RNA from
the gel to the Nylon membranes was again veri®ed
under UV light. Afterwards, the RNA was hybridised
with speci®c DNA probes. The DNA was labelled by
incorporation of [32P]dCTP using an oligo-labelling kit
(Pharmacia, Freiburg, Germany). Hybridisation, strin-
gent washing procedures and ¯uorography were carried
out as previously described [19]. Fluorography was car-
ried out by exposure of Kodak X-Omat ®lm for 10 days
to the dried ®lters at ÿ70�C in conjunction with inten-
sifying screens. The probes were obtained from the pur-
i®ed inserts of the following plasmids: TGF-a (ATCC
no.: 59950; pBR 327), insert: EcoRI. EGF (ATCC no.:
59958; pUC 9), insert: EcoRI. EGF-R (ATCC no.:
57346; pBR 322), insert: ClaI. PDGF-A (C.H. Heldin;
pUC 13), insert: EcoRI. PDGF-B (C.H. Heldin; pUC
13), insert: EcoRI. PDGF-a-R (C.H. Heldin; pUC 19),
insert: EcoRI/AccI. PDGF-b-R (C.H. Heldin; pUC 19),
insert: PstI. TGF-b1 (S. Qian; pBluescript), insert: Hin-
dIII/XbaI. TGF-b I-R (C.H. Heldin; pSV7d), insert:
EcoRI. TGF-b II-R (R.A. Weinberg; pcDNAI), insert:
EcoRI. TGF-b III-R (J. Massague; pGEM 4Z), insert
EcoRI. Acidic FGF (aFGF) (ATCC no.: 53336; pUC
18), insert: EcoRI. FGF-3 receptor (FGF-3-R) (ATCC
no.: 65796; pGEM-3Zf+), insert: EcoRI. FGF-4-R
(ATCC no.: 65790; pGEM-3Zf+), insert: EcoRI. All
experiments were done twice with di�erent Nylon
membranes and the results obtained were reproducible.
Proper positive controls were performed in all blots.
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2.5. Enzyme-linked immunosorbent assay (ELISA)
analysis

For the determination of TGF-a or TGF-b1, super-
natants were obtained from con¯uent cultures of GRU-
1 and its subpopulations incubated for 96 h in 5 ml
(TGF-b1) or 10 ml (TGF-a) of serum-free standard
growth medium (DMEM). Sandwich enzyme-linked
immunosorbent assays (ELISA) were performed
according to the manufacturer's recommended proce-
dures (TGF-a: Dianova, Hamburg, Germany, no. QIA
05, FRG; TGF-b1: Quantikine TM, no. DB 100, R&D
Systems, Europe). All samples were run in duplicate:
Colour intensity was measured at 490 nm (TGF-a) or
450 nm (TGF-b1) using a spectrophotometric plate reader.
Growth factor concentrations were determined by com-
parison with standard curves. The minimal detectable
concentrations were found to be 10 pg/ml for TGF-a or
5 pg/ml for TGF-b1. Activation of latent TGF-b1 to
immunoreactive TGF-b1 was achieved by acidi®cation
according to the manufacturer's recommended proce-
dure and all samples were measured before and after
activation. No detectable levels of biologically active
TGF-b1 or TGF-a were observed in standard growth
medium (DMEM supplemented with 10% FCS).

2.6. Flow cytometry

Tumour cells were harvested before reaching the pla-
teau phase of growth, washed twice in phosphate buf-
fered saline (PBS)/0.1% bovine serum albumin (BSA)
and 10% DMEM and adjusted to a cell number of
2�106/ml. Indirect immunostaining of EGF-R was per-
formed using the speci®c anti-EGF-R antibody (clone
528,GRO1L, Dianova; concentration: 0.1 mg/2�105
cells) for 1 h at 4�C. Cells were washed twice and incu-
bated with goat anti-mouse 5-([4,6-dichlorotriuzin-2-yl]-
amino)-¯uorescein (DTAF)-conjugated IgG (No. 115-
015-062, Dianova; concentration: 0.25 mg/2�105 cells).
The isotype control was performed with a non-relevant
mouse IgG (No. 115-000-003, Dianova; concentration:
0.1 mg/2�105 cells). Flow cytometry was performed with
a Cytoron absolute (Ortho Diagnostic Systems, Neck-
argemuÈ nd, Germany). Cells were analysed for cell
volume, right-angle light scatter and green ¯uorescence.
Data were acquired in the list mode. Green ¯uorescence
was collected with a logarithmic ampli®er and analysed
with the software program Immunocount (Ortho Diag-
nostic Systems, NeckargemuÈ nd, Germany). Cells were
gated on forward and sideward scatter to exclude debris.
Anti-EGF-R stained cells were compared with unstained
cells and cells stained with the irrelevant mouse IgG as
isotype control. As a internal control for EGF-R expres-
sion the cell line A-431 (positive control) and the cell
line U-937 (negative control) were used, both purchased
from the European Culture Collection. All experiments
were done twice and the results were reproducible.

2.7. Assessment of growth properties after exposure to
exogenous growth factors or antagonistic antibodies

TGF-a (Hermann Biermann, Bad Nauheim, Ger-
many) was prepared as a 100 mg/ml stock solution in
PBS and 0.1% BSA and then added to the cultures to
yield a ®nal concentration of 1 ng/ml and 10 ng/ml,
respectively. PDGF-AA, PDGF-BB and aFGF (Her-
mann Biermann) were prepared as a 10 mg/ml stock
solution in 0.1% BSA and 4 mM HCl and then added
to the cultures to yield ®nal concentrations of 10 ng/ml
and 100 ng/ml, respectively. TGF-b1 (Hermann Bier-
mann) was prepared as a 2 mg/ml stock solution in 1
mg/ml BSA and 4 mM HCl and then added to the cul-
tures to yield a ®nal concentration of 1 ng/ml and 10
ng/ml, respectively. The antagonistic anti-EGF-R anti-
body Ab-1 (=MoAb-528 [20]; Dianova), which inhibits
ligand binding was added to the cultures to yield a ®nal
concentration of 2 mg/ml and 20 ml/ml, respectively. The
anti-hPDGF antibody (R+D Systems, Wiesbaden,
Germany), which neutralises the biological activity of
all human PGDF isoforms (AA, AB, BB), was added to
the cultures to yield a ®nal concentration of 0.2 mg/ml
and 2.0 mg/ml, respectively.

2.8. In vitro proliferation assay

Tumour cells in the exponential growth phase were
counted via a haemocytometer and then transferred to
96 microwell titre plates (Gibco) at 10 000 cells per well
in 0.1 ml of standard growth medium. Preliminary stu-
dies had demonstrated that this cell number did not
result in con¯uent cultures at the end of the observation
period of 168 h and produced the optimal absorbance
value for the 3-[4,5-dimethylthiazol-2-yl]2,5 diphenyl-
tetrazolium bromide (MTT) assay. After 24 h, the tumour
cells were exposed to exogenous growth factors in
growth medium containing either 1% FCS (TGF-a,
PDGF-AA, PDGF-BB, aFGF) or 10% FCS (TGF-b1).
The ®rst column of each microwell plate served as a
blank and the second was used as a control containing
tumour cells in standard growth medium with 1% FCS
or 10% FCS, respectively, but without the growth fac-
tor supplement. The plates were incubated for another
72 and 168 h (TGF-b1 only) at 37�C and 5% CO2

without further renewal of growth medium. The num-
ber of viable tumour cells was then estimated using the
colorimetric MTT assay as described by Mosman [21].
The MTT assay is based on the reduction of MTT by a
mitochondrial succinyldehydrogenase in viable cells to a
formazan derivative that can be measured spectro-
photometrically. Brie¯y, 0.25 mg of MTT dissolved in
PBS (Serva, Heidelberg, Germany) was added to each
well and incubated for another 4 h at 37�C. Formazan
crystals were dissolved by exposure to DMSO for 10
min and colour intensity was determined on a micro-
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culture plate reader (Titertek Multiscan Plus MK II) at
570 nm. The per cent viability of each well was calcu-
lated from the following:

per cent viability

� absorbance of testÿ absorbance of blank

absorbance of controlÿ absorbance of blank
� 100

The data presented are the mean�standard deviation
(S.D.) from eight replicate wells per microtitre plate and
three replicate microtitre plates per cell line. Micro-
scopic inspection of the wells con®rmed that decreased
absorbance values correlated with decreased cell num-
ber. Data of the MTT assays were analysed by means of
Student t-tests. A P value of less than 0.05 was con-
sidered to be signi®cant.

3. Results

3.1. Expression of growth factors and their receptors in
the original tumour

Immunohistochemical analysis of the original ES
demonstrated a very weak cytoplasmatic staining for

EGF-R and PDGF-R, a moderate expression of TGF-
a, PDGF, TGF-b1 as well as TGF-b type I-R and II-R
and a strong expression for the FGF-4-R (Fig. 1, Table
1). Of note, a closely corresponding expression pattern
was observed in two other epithelioid sarcomas
retrieved from our ®les (Table 1). No expression of
EGF was found in any tumour.

3.2. Expression and function of growth factors and their
receptors in vitro EGF/TGF-� and EGF-R

Northern blot analysis revealed no expression of EGF
in any cell line (data not shown). TGF-a mRNA was
observed in GRU-1 and its clonal subpopulations with
a low to moderate expression level (Fig. 2). Immuno-
cytochemistry revealed weak to moderate levels of
TGF-a protein in approximately 50% of the tumour
cells (Table 1). Secretion of TGF-a into the supernatant
could be demonstrated for GRU-1B and GRU-1C by
ELISA, the TGF-a concentrations ranging from 40 to
70 pg/ml per 107 tumour cells (Table 2). No TGF-a
protein secretion could be detected in the supernatants
of GRU-1 and GRU-1A, although both cell lines had
exhibited TGF-a mRNA and protein expression.

Fig. 1. Immunohistochemical analysis of growth factors and their receptors in the original epithelioid sarcoma (ES). Positive immunostaining

indicates expression of growth factors and their receptors in vivo. Bar=20 mm.
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EGF-R mRNA was observed in all cell lines, the
expression being most pronounced in GRU-1A and
GRU-1B (Fig. 2). Flow cytometric analysis demon-
strated EGF-R expression in all cell lines (Table 3), the
mean ¯uorescence intensities varying from 6.0 (GRU-
1C) to 9.5 (GRU-1A). In all cell lines, immunocyto-
chemistry revealed low levels of EGF-R expression in
less than or equal to 50% of tumour cells (Table 1).
Exogenously added TGF-a (10 ng/ml) resulted in a

very weak growth stimulation (P<0.05) of doubtful
biological signi®cance in GRU-1B, whereas no e�ects
were observed in the other cell lines (Fig. 3a). In con-
trast, the inhibition of TGF-a binding to its receptor
by the antagonistic anti-EGF-R antibody Ab-1 (at 20

mg/ml) resulted in a signi®cant (P<0.05) dose-dependent
growth inhibition in all cell lines (Fig. 3b).

3.3. PDGF-A/B and PDGF-�/-�-Rs

Northern blot analysis revealed a strong PDGF-A
expression in all cell lines (Fig. 2), whereas PDGF-B
mRNA was not observed in any cell line (data not
shown).
PDGF-a-R mRNA (Fig. 2) was present in every cell

line, the expression being most pronounced in the par-
ental cell line GRU-1 and least pronounced in GRU-
1C. A varying PDGF-b-R mRNA expression (Fig. 2)
was evident in GRU-1, GRU-1B and GRU-1C,
whereas no PDGF-b-R mRNA was observed in GRU-
1A. In all cell lines, immunocytochemistry revealed
moderate PDGF expression in at least 50% of the cells
and a weak to moderate staining for PDGF-R in at least
25% of the cells (Table 1). (It has to be noted that the
antibodies used for the detection of PDGF or PDGF-R
do not discriminate between the di�erent types of ligand
and receptor.)
Exogenously added PDGF-AA or PDGF-BB (10 and

100 ng/ml) exhibited no growth-modulating e�ects in

Table 1

Expression of growth factors and their receptors as revealed by immunocytochemical analysisa

TGF-a EGF-R PDGF PDGF-R FGF-4-R TGF-b1 TGF-b I-R TGF-b II-R

Original tumour in vitro ++ (+) ++ (+) +++ ++ ++ ++

GRU-1 + (+) ++ + ++ + (+) +

GRU-1A ++ (+) ++ + + ++ ++ ++

GRU-1B ++ (+) ++ ++ ++ ++ ++ +

GRU-1C ++ (+) ++ ++ ++ ++ ++ ++

ES-1 (+) (+) ++ (+) + + + +

ES-2 (+) (+) ++ (+) + + ++ +

a Preserved expression pattern of growth factors and their receptors when comparing the original tumour and its cell lines. Closely corresponding

expression pattern in tissue samples from two other epithelioid sarcomas originating in a 7-year-old girl with a tumour 3 cm in diameter (=ES-1)

and a 17-year-old boy with a tumour 20 cm in diameter (=ES-2).

TGF(-a,b,b1,bI,bII), transforming growth factor (alpha, beta, beta type I and II; R, receptor; EGF-R, epidermal growth factor receptor; PDGF,

platelet-derived growth factor; ES, epithelioid sarcoma. Intensity rating: (+), score 1±3; +, score 4±6; ++, score 8±9; +++, score 12.

Fig. 2. Northern blot analysis of growth factors and their receptors in

GRU-1 and its subpopulations. Speci®c signals indicate expression of

growth factors and their receptors in vitro (each lane contains 20 mg of

total RNA. aethidium bromide stained agarose gel with 18S and 28S

RNA.

Table 2

Enzyme-linked immunosorbent assay (ELISA) analysis of transform-

ing growth factor (TGF)-a secretion into the supernatanta

Cell line TGF-a (pg per ml and 107 cells)

GRU-1 n.d.

GRU-1A n.d.

GRU-1B 40

GRU-1C 70

a Data were obtained from con¯uent cultures incubated for 96 h in

10 ml serum-free Dulbecco's modi®ed Eagle's medium (DMEM)

growth medium and represent the mean of two replicate analyses.

n.d., not detectable.
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any cell line (data not shown). In contrast, the neu-
tralisation of ES-derived PDGF ligands by an anti-
hPDGF antibody (at 2 mg/ml) resulted in a signi®cant
(P<0.05) dose-dependent growth inhibition of all
clonal subpopulations (Fig. 3c).

3.4. aFGF and FGF-3- and 4-Rs

No expression of aFGF mRNA was detected in any
cell line (data not shown). In contrast, all cell lines
exhibited a faint to moderate FGF-3-R and -4-R

Fig. 3. E�ects of exogenously added transforming growth factor (TGF)-a, acidic ®broblast growth factor (aFGF) or TGF-b1 on proliferation of

GRU-1 and its subpopulations. (a) Very weak growth stimulatory e�ects (P<0.05) of doubtful biological signi®cance in GRU-1B cells after expo-

sure to TGF-a for 72 h. (b) Dose-dependent growth inhibition (P<0.05) in all ES cell lines by the blocking of epidermal growth factor (EGF)

receptor activation by antagonistic Ab-1 antibodies for 72 h. (c) Dose-dependent growth inhibition (P<0.05) in all clonal subpopulations after

neutralisation of platelet-derived growth factor (PDGF) ligands by hPDGF antibodies for 72 h. (d) Dose-dependent growth stimulation (P<0.05) in

all ES cell lines after exposure to aFGF for 72 h. (e) Dose-dependent growth stimulation (P<0.05) in all clonal subpopulations, but not in the

parental cell line GRU-1 after exposure to TGF-b1 for 168 h. Data represent the mean cell number�standard deviation (per cent of the control) of

three replicate experiments.
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mRNA expression (Fig. 2). Immunocytochemistry con-
®rmed weak to moderate levels of FGF-4-R protein
expression in GRU-1 and its subpopulations in at least
50% of tumour cells (Table 1).
Exogenously added aFGF (10 and 100 ng/ml) resulted

in a signi®cant (P<0.05) dose-dependent stimulation of
proliferation in all cell lines (Fig. 3d). The maximum of
growth stimulation was observed in GRU-1C showing a
stimulation of cell growth up to 164+22% of the con-
trol after 72 h.

3.5. TGF-�1 and TGF-� type I-, II- and III-Rs

Northern blot analysis revealed a faint TGF-b1
expression in all cell lines (Fig. 2), which was con®rmed
by immunocytochemistry showing weak to moderate
levels of TGF-b1 in at least 50% of tumour cells (Table
1). Secretion of TGF-b1 into the supernatant could be
demonstrated for GRU-1, GRU-1A and GRU-1C by
ELISA, the TGF-b1 concentrations per 106 tumour
cells ranging from 70 pg/ml (GRU-1) to 500 pg/ml
(GRU-1C) (Table 4). TGF-b1, however, was secreted
as a biologically inactive complex only, which had to
be activated by acidi®cation prior to measurement by
ELISA. (It is important to note that no detectable
levels of biologically active TGF-b1 were observed in
standard growth medium supplemented with 10%
FCS.)
mRNA of TGF-b I-, II- and III-Rs was detected in all

cell lines but at di�ering expression levels (Fig. 2).
Immunocytochemistry revealed weak to moderate levels
of TGF-b I-R and II-R protein in all cell lines in at least
50% of tumour cells (Table 1).
Exogenously added biologically active TGF-b1 (10

ng/ml) resulted in a signi®cant (P<0.05) inhibition of
proliferation in all subpopulations, but not in the
parental cell line (Fig. 3e). The maximum of growth
inhibition was observed in GRU-1A showing a reduc-
tion of cell growth to 44�6% of the control after 168 h.

4. Discussion

Our study clearly demonstrated that ES expresses a
complex pattern of growth factors and their receptors
both in vivo and in vitro. Analysis of the actual function
of the corresponding signal transduction further con-
®rmed the existence of an intricate network of auto-
crine, juxtacrine and paracrine signalling between ES
tumour cells and adjacent non-neoplastic stroma cells.
Thus, TGF-a expression could be detected in all ES

cell lines, although TGF-a secretion into the super-
natant was found in two clonal subpopulations only.
This observation indicated interclonal heterogeneity in
the activation and secretion of TGF-a, which is gener-
ated as a membrane-bound precursor molecule prior to
further processing by enzymatic cleavage [22]. But even
without secretion, juxtacrine actions of membrane-
bound TGF-a could be suspected, because EGF-R
expression was found in all our cell lines, con®rming
previous reports on EGF-R expression in ES [10,11]. In
fact, the marked growth-inhibitory e�ects of antag-
onistic anti-EGF-R antibodies indicated the existence of
e�ective autocrine and juxtacrine growth stimulation by
ES-derived TGF-a in all our cell lines. In conclusion,
TGF-a expression by ES cells in vivo could be relevant
for autocrine and juxtacrine growth stimulation as well
as for paracrine stimulation of angiogenesis [23] and
tumour invasion [24].
Similar conclusions could be drawn from our analysis

of the PDGFs. Based on our Northern blot and immu-
nocytochemical data, ES could be supposed to respond
to PDGFs, either produced by the tumour cells or pro-
vided by the microenvironment. Although exposure to
exogenous PDGF-AA or PDGF-BB failed to reveal any
e�ects on tumour cell proliferation, e�ective autocrine
growth stimulation became evident from our experi-
ments showing growth inhibition of all our ES sub-
populations after neutralisation of endogenous PDGF
ligands by anti-hPDGF. In vivo, ES-derived PDGF-AA
might also be relevant for paracrine signalling between
tumour cells and their stromal microenvironment, either

Table 3

FACS analysis of epidermal growth factor receptor (EGF-R) protein

expressiona

Cell line Mean ¯uorescence intensities

EGF-R Isotype control

GRU-1 6.4 1.4

GRU-1A 9.5 3.0

GRU-1B 8.6 2.4

GRU-1C 6.0 2.4

A-431 46.4 2.8

U-937 2.0 1.8

a Data represent the mean ¯uorescence intensity of 2�106 cells

using an EGF-R-speci®c antibody (isotype control with a non-relevant

mouse antibody; A-431, positive control, U-937, negative control.

Table 4

Enyzme-linked immunosorbent assay (ELISA) analysis of transform-

ing growth factor (TGF)-b1 secretion into the supernatanta

Cell line TGF-b1 (pg per ml and 106 cells)

GRU-1 70

GRU-1A 80

GRU-1B n.d.

GRU-1C 500

a Data were obtained from con¯uent cultures incubated for 96 h in

5 ml serum-free Dulbecco's modi®ed Eagle's medium (DMEM)

growth medium and represent the mean of two replicate analyses.

n.d., not detectable.

C.-D. Gerharz et al. / European Journal of Cancer 36 (2000) 1171±1179 1177



stimulating angiogenesis or the massive deposition of
collagen characteristic for ES [23,25,26].
Although aFGF expression could not be demon-

strated in our ES cell lines, all cell lines showed expres-
sion of FGF-3-R and -4-R. Therefore, paracrine
signalling could become e�ective between ES cells and
stromal cells of the microenviroment, which are known
to release FGFs [27]. This assumption was supported by
our experiments showing that exposure to exogenous
aFGF resulted in a signi®cant dose-dependent stimula-
tion of proliferation in all cell lines. This response,
however, was at variance with the retardation of pro-
liferation previously observed in another ES cell line
after exposure to FGF [28]. These opposite e�ects of
FGF in di�erent ES cell lines further underline the
complexity of growth regulation in ES.
The important role of paracrine interactions between

ES and non-neoplastic stroma cells was also underlined
by our analysis of the TGF-b1 system. Thus, our ES
expressed TGF-b1 as well as the type I and type II
receptors both in vivo and in vitro, which would permit
autocrine TGF-b1-triggered signal transduction. Expo-
sure to exogenous biologically active TGF-b1, however,
could not inhibit the proliferation of the parental cell
line GRU-1, thereby indicating escape from negative
growth control by TGF-b1, one of the most potent
inhibitory growth factors identi®ed so far [29,30].
Because ES cells were shown to secrete TGF-b1 exclu-
sively in a biologically inactive complex, GRU-1 cells
are not confronted with a biologically active TGF-b1 in
vitro. In consequence, there is no selection pressure,
which could favour the aquisition of TGF-b1 resistance
in vitro. The TGF-b-resistant phenotype of GRU-1
cells, therefore, is very likely not a cell culture artefact,
but rather had developed in the original tumour.
Nevertheless, our cloning experiments revealed that

the TGF-b-resistant parental cell line GRU-1 still har-
boured clonogenic subpopulations, which responded to
biologically active TGF-b1 with signi®cant growth inhi-
bition. Of course, it is tempting to speculate that these
TGF-b1-responsive subpopulations represent remnants
of an earlier stage of tumour progression in ES. Thus, it
is highly unlikely that mutational events leading to
TGF-b1-resistance in the parental cell line could have
been reversed by consecutive mutations in the clonal
subpopulations GRU1-A-, -B, and -C. Nevertheless, it
was perplexing that our cloning experiments failed to
establish TGF-b1-resistant clonal subpopulations as
well. The clonal subpopulations of our study, however,
di�er in many additional aspects, not directly related to
TGF-b1 responsiveness, including cytoskeletal archi-
tecture, growth properties and invasive behaviour [13±
16]. Therefore, as yet unde®ned selective advantages
imposed by our cloning procedure might have favoured
the selection of exclusively TGF-b1-responsive sub-
populations.

In this context, it is important to emphasise that the
secretion of biologically inactive TGF-b1 in vitro cannot
argue against a role of tumour-derived TGF-b1 for
paracrine action on stroma cells in vivo. Although little
is currently known about TGF-b1 activation in vivo [30],
in vitro activation has been achieved by acidi®cation or
exposure to proteases like plasmin or cathepsin D [29].
It is reasonable, therefore, to assume that in vivo acti-
vation of ES-derived TGF-b1 will happen in the acidic
microenvironment of ischaemic tumours or in areas rich
in proteases secreted by either the tumour cells or
in¯ammatory cells [30±32]. As a consequence, ES-
derived TGF-b1 could indirectly accelerate tumour pro-
gression by its immunosuppressive or angiogenic
potential [33,34].
In conclusion, our investigation revealed a complex

pattern of expression and functional activity of growth
factors and their receptors in the human ES cell line
GRU-1 and its clonal subpopulations. Although these
observations suggest intricate autocrine, juxtacrine and
paracrine interactions between ES cells and non-neo-
plastic stromal cells, further investigations will have to
de®ne the expression of growth factors and their recep-
tors in a larger series of this rare tumour entity.
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