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ABSTRACT

The hydatidiform mole is a benign disease of the placenta characterized
by the absence of the maternal genome. Approximately 3% of the reported
cases will develop into malignant Choriocarcinoma. In situ hybridization
analysis reveals that the paternal platelet-derived growth factor (PDGF) ÃŸ
receptor gene is up to 1 orders of magnitude more active in cytotropho-

blasts of the complete hydatidiform moles than in normal placentae. The
transition between hyperplasia (complete hydatidiform mole) and neopla
sia (Choriocarcinoma) in these cells correlates with at least a 10- to 20-fold
activation of the PDGF-B gene. Since the neoplastic cytotrophoblasts have

maintained an abnormally high level of PDGF ÃŸreceptor expression, we
propose that a deregulated PDGF autostimulatory loop is involved in the
genesis of human Choriocarcinoma from hydatidiform moles.

INTRODUCTION

Tumorigenesis is a multistep process involving the down-regulation

of suppressors of proliferation in combination with the activation of
growth-stimulatory pathways (1). Abnormal expression of growth

factors and receptors may trigger cell growth via autocrine pathways.
This is exemplified by the two growth factor molecules which have
been identified as the transforming oncogenes in two different retro-
viruses. These are int-2, belonging to the fibroblast growth factor
family and the v-sis gene, the viral counterpart of the PDGF-B5 gene

(2). The PDGF molecule is a homo/heterodimeric protein consisting
of A and B subunits which arc encoded by two separate genes situated
on different chromosomes. The homodimeric protein products pro
duced by both the v-sis oncogene and the PDGF-B gene bind to two
high-affinity cell surface receptors, the PDGF a and ÃŸreceptors,
which upon ligand binding elicit a tyrosine kinase-activated signal
(3, 4). The v-ÃÃÃand PDGF-B genes also display similar transforming
potentials when transfected into PDGF receptor expressing NIH-3T3

cells (5, 6)
PDGF is, in vitro, a potent mitogen for a variety of cells including

mesenchymal cells, capillary endothelial cells, neural cells, and me-

sothelial cells. The addition of PDGF also stimulates membrane ruf
fling and actin reorganization as well as chemotaxis in cells of mes
enchymal origin (7). The evidence for the in vivo roles of PDGF is
mostly circumstantial and is based on deductions from in vivo expres
sion patterns. PDGF has been implicated in angiogenesis during both
normal placenta! and tumor development. The microcapillary endo
thelial cells which vascularize the human placenta and glioma tumors
cocxprcss the PDGF-B and ÃŸreceptor genes (8-10). A number of
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tumor cell lines such as glioma and osteosarcoma cells express PDGF
and PDGF receptors in vitro (11). It is therefore conceivable that
PDGF can directly or indirectly contribute to cellular transformation
in vivo. An example of the latter is melanoma cells lacking PDGF
receptors which have been used to study the influence of PDGF-B in
tumor formation in nude mice. Cells transfected with PDGF-B stim
ulate the growth of the surrounding mesenchyme, whereas non-
PDGF-expressing tumors were surrounded by necrotic areas (12).

PDGF may also be more directly involved in tumorigenesis. This is
suggested by the observation that PDGF-B and PDGF ÃŸreceptor are

coexpressed in benign dermatofibroma as well as malignant fibrous
histiocytoma (13).

The complete hydatidiform mole is a benign placenta! disease
caused by the fertilization and activation of an oocyte lacking the
maternal cell genome (14). It is characterized by the absence of a
fetus, hydropic swelling of the villi, the absence or marked reduction
of fetal blood vessels, and an increased proliferation of cytotropho
blasts (15, 16). The incidence of hydatidiform moles in total pregnan
cies in the western world is approximately 1:1000-1:2000 (15,16). By

analyzing the parental gene dosage in incomplete (containing one
maternal and 2 paternal or 2 maternal and one paternal cell genomes)
and complete (containing only 2 paternal cell genomes) hydatidiform
moles, it has been concluded that the paternal cell genome specifically
promotes proliferation of trophoblasts in humans (17). While there are
no reported cases of incomplete hydatidiform moles progressing into
malignant sequelae, around 3% of the complete hydatidiform moles
develop into choriocarcinomas (18). Thus, the predisposition for cy
totrophoblasts of the preneoplastic mole to progress to neoplasia is
likely to be linked to the complete absence of the maternal cell
genome.

We have previously published data suggesting that subpopulations
of human placenta! cytotrophoblasts may normally proliferate via
autocrine loops ( 19, 20). It was therefore of interest to see if pertur
bations of the regulation of the PDGF-B and PDGF ÃŸreceptor genes

correlated with the hyperplasia (hydatidiform mole) and neoplasia
(Choriocarcinoma) in human cytotrophoblasts. We have analyzed
PDGF ligand and receptor gene expression patterns in samples, which
on a morphological, genetic, and inimunohistochemical basis as well
as from patient histories were diagnosed as complete hydatidiform
moles and choriocarcinomas. In this study, we report that the PDGF ÃŸ
receptor is activated in the cytotrophoblaststs of hydatidiform mole
and choriocarcinomas. Furthermore, the transition from benign mole
to malignant Choriocarcinoma correlates with the expression of
PDGF-B gene which is coexpressed with the PDGF ÃŸreceptor gene

in malignant cytotrophoblasts.

MATERIALS AND METHODS

Tissue Sections. Tissue samples from normal placenta, incomplete and
complete moles, and choriocarcinomas were acquired from the Gynecology
Department. Karolinska Hospital (Stockholm) and the Pathology Department.
Akademiska Hospital (Uppsala). The tissues, which were staged according to

ultrasound and patient history records, were fixed in buffered 4% formalde
hyde for 20 h prior to dehydration and parraffin embedding, according to
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standard histolÃ³gica! procedures. Choriocarcinoma tumor cells were identified

by immunostaining with antibodies against a human chorionic gonadotropin
(Sigma) (data not shown).

In Situ Hybridization. Paraffin-embedded tissue was sectioned and
mounted on .3-aminopropyliriethoxysilanc-coatcd slides (Sigma). Sections

were pretrcatcd with 0.2 M MCI for IO min and permeabilized with 2 ng/ml
Proteinase K (Merck) at 37Â°Cfor 15 min prior to hybridization. Tissue sections
were hybridized with "S-labeled riboprobes (Promega Biotech) transcribed

from supcrcoiled plasmid templates, yielding probes with consistent specific
activity and size. Sections were hybridized overnight at 56Â°Cin 3x standard

saline citrate and 50% formamide and washed in 2x standard saline citrate and
50% formamide prior to treatment with RNase A (Boehringer) (100 pig/ml.
37Â°Cfor 30 min). Following the application of K5 photographic emulsion

(Ilford) diluted 1:1 in an aqueous solution of 2% glycerol and exposure at 4Â°C
for 2-4 weeks, sections were developed and counterstained with Mayer's

hematoxylin and mounted with Permount (Fisher Scientific). The following
probes were used in this study: PDGF-A (21); PDGF-B (8); PDGF a receptor

(22); and PDGF ÃŸreceptor (23).
Immunostaining. Formaldehyde-fixed sections (tissue was not available

for freeze sectioning due to the low frequency of choriocarcinoma in Sweden)
were permeabilized by an acid wash in 0.2 MHCI for 10 min prior to digestion
with Proteinase K (2 Â¿ig/ml;Merck) for 15 min at 37Â°C.Endogenous perox-

idase activity was quenched by treatment with 0.3% HjOj. Sections were
incubated with affinity-purified rabbbil antibodies against PDGF-B protein (a
kind gift from Zymogenetics) at 4Â°Covernight. Positive staining was visual

ized with a peroxidase detection kit according to the protocol of the manufac
turer (Vector). Antibodies detected M, 24,000 and 30.000 proteins in Western
blot analysis of PDGF-B-transfcclcd Chinese hamster ovary cells and specif
ically stained PDGF-B-expressing endothclial cells in normal human placenta

(Refs. 9 and 24 and data not shown). Stainings with immunopurificd antibodies
against PDGF-A were always negative. Immunostainings of hydatidiform mole
sections with both PDGF-A and -B antibodies were also negative. Freeze

sections were also prepared from hydatidiform mole tissue samples. Sections
were fixed in cold acetone for 20 min prior to incubation with PDGFR-B2, a

mouse monoclonal antibody directed against the extracellular region of PDGF
ÃŸreceptor (9, 25).

RESULTS

In Situ Hybridization Analysis. The PDGF and PDGF receptor
expression were analyzed in normal placenta, incomplete hydatidi
form mole, complete hydatidiform mole, and choriocarcinoma. The
tissues not only were morphologically different but also differed in the
ratio of patcrnal:maternal genomes (normal placenta, 1:1; incomplete
mole, 2:1; complete mole, 2:0; choriocarcinoma, 2:0). The results
from i/i situ hybridization analysis of the PDGF and PDGF receptor
gene expression in cytotrophoblasts from the respective tissues are
summarized in Table 1.

Neither the PDGF-B gene nor the PDGF ÃŸreceptor were expressed

in villous cytotrophoblasts (progenitors of syncytial cells which con
stitute the placenta! barrier) of first-trimester placenta (Table I) (8).

This is in contrast to the extravillous cytotrophoblast cells that have
invaded the endometrium to form the cytotrophoblastic shell. The
majority of these cells express PDGF-B gene, a subpopulation of

which also express the PDGF receptor genes (Table I ) (20). The strict
regulation of expression of both the PDGF-B gene and the PDGF ÃŸ

receptor gene may therefore be an important step in the regulation of
cytotrophoblast proliferative potential.

In contrast to normal placenta, all cytotrophoblast cells of the
complete moles expressed the PDGF ÃŸreceptor gene at a level ap
proximately 2 magnitudes higher (Fig. 1). No discrimination could be
detected in the expression levels of villous and extravillous cytotro
phoblasts. Terminally differentiated, nonproliferating syncytiotropho-

blasts did not express any detectable receptor mRNA above back
ground, however. The induction is specific for the PDGF ÃŸreceptor
since no expression of the PDGF a receptor gene could be detected

Table I PDGF and PDGF receptor expression in normal, benign, ami nropltisiit'

cytfilrophoblasts

PDGF and PDGF receptor gene expression

NormalplÃ¡cenla9wlOwI2w12wTermTermTermIncomplele

hydalidiformmole1234Complele

hydalidiformmole1"2*34Invasive

moleI2Choriocarcinoma1"2Â»Â¡c4"PDGF-A0(I00iiii10011-nR000011100000000000000-B111144411111111]14443-0R100011133335555555555

"'h Complele hydalidiform moles and choriocarcinomas derived from the same

patients.
c-ti Choriocarcinoma samples derived from a primary lumor and a lung metastasis of

two different patients.

(Fig. I ). The dramatic increase in the activity of the PDGF ÃŸreceptor
gene in virtually all villous cytotrophoblasts of the complete hydatid
iform moles was observed in invasive moles as well, while incomplete
hydatidiform moles displayed intermediate levels of expression (Table
1). Increased PDGF ÃŸreceptor mRNA levels therefore correlate with
increased paternal influence in the cell genome. With few exceptions,
the PDGF-A and PDGF-B genes were expressed at a level barely

above background in the cytotrophoblasts of either the incomplete or
complete hydatidiform mole samples (Fig. 1; Table 1).

Two of the patients with the complete hydatidiform mole (samples
1 and 2) developed choriocarcinoma tumors with a latency of 3 and 12
months, respectively, without any known intermittent pregnancy.
These choriocarcinomas consisted solely of neoplastic cytotropho
blasts and were characterized by the absence of villous structures, the
presence of large amounts of nccrotic tissue, and hemorrhage through
out the lesion. Fig. 1 shows a comparison of the hydatidiform mole
sample number Ia and the resulting choriocarcinoma. Similar levels of

PDGF ÃŸreceptor gene expression were detected in the cytotropho
blasts of hydatidiform mole and the ensuing choriocarcinoma. A major
change in the PDGF-B gene expression between hyperplastic and

neoplastic cytotrophoblasts was observed, however. Both cases of
choriocarcinoma displayed a 10- to 20-fold activation of the PDGF-B

gene expression with respect to the prcceeding moles, as estimated by
silver grain counts of in situ hybridization analysis (Table I; Fig. 2).
A similar PDGF expression pattern was also detected in two additional
choriocarcinomas. No positive hybridization signals over background
for either the PDGF-A or the PDGF a receptor gene could be observed

in the cytotrophoblasts of any of the choriocarcinoma samples (Table
l;Fig. 1).

Immunostaining. Immunohistochemica! analysis of PDGF ÃŸre
ceptor protein in hydatidiform mole yielded a granular staining pattern
in the cytotrophoblast compartment (Fig. 3). Surprisingly, PDGF ÃŸ
receptor expression protein was also detected in the terminally differ-
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Fig. 1. In situ hybridization analysis of PDGF-B and PDGF ÃŸreceptor expression in complete hydatidiform mole and choriocarcinoma tissue from patient 1". Hydatidiform mole
with extravillous (arrows) and villous (arrowheads) cytotrophoblasts. The expression patterns of the PDGF-B (A and Â£),PDGF ÃŸreceptor (B and F). PDGF-A (C and G) and PDGF
a receptor (D and H) genes in the complete hydatidiform mole (A-D) and choriocarcinoma tumor (E-H) have been visualized by combination of dark-field/bright-field exposures.
Positive signal is represented by red dots. Magnifications were 47-fold (A-D) and 94-fold (E-H), respectively.

PDGF-B PDGF-SR

Fig. 2. A quantitative estimation of PDGF-B and PDGF ÃŸreceptor gene expression in
hyperplastic and neoplastic cytotrophoblasts. While the PDGF ÃŸreceptor gene expression
is essentially the same in hyperplastic (H) and neoplastic (â€¢)cytotrophoblasts, the
PDGF-B chain gene expression is elevated 10-20-fold during the transition from hyper-
plasia to neoplasia. The data have been collected from two patients with complete
hydatiform moles which have subsequently developed into choriocarcinomas, without a
known intermittent pregnancy (see also Table I).

Due to the presence of translation inhibitory sequences in the
PDGF-B transcript, mRNA steady-state levels may not necessarily

reflect the actual protein levels produced (26). It was therefore im
portant to verify the presence of PDGF-B protein in choriocarcinoma

cells. Immunohistochemical analysis was performed on formalde
hyde-fixed sections from the same patient material shown in Fig. 1.
PDGF-B protein was not detected in cytotrophoblasts of hydatidiform

mole (Fig. 3). Analysis of the resulting choriocarcinoma, however,
revealed that choriocarcinoma cells do express PDGF-B protein. This
confirms that the activation of the PDGF-B gene is also reflected at

the protein level. It also indicates that the growth factor remains cell
associated after synthesis, in agreement with previous published re
ports (27). The expression of PDGF-B correlates, therefore, with the

transition to malignancy in cytotrophoblasts.

entiated syncytiotrophoblast layer. This was puzzling since no PDGF
ÃŸreceptor mRNA could be detected in these cells. It is possible that
PDGF ÃŸreceptors are derived from cytotrophoblasts which differen
tiate and fuse to become part of the syncytium. Since the requirement
for chemotherapy of choriocarcinoma is ascertained by serum levels
of human chorionic gonadotropin, histological material from resected
tumors is very rare. It was therefore not possible to obtain the frozen
sections necessary for staining with the PDGF ÃŸreceptor antibody.

DISCUSSION

Our findings show that the expression of the human PDGF ÃŸ
receptor is dramatically up-regulated in complete moles in comparison
to normal placenta. In addition, activation of PDGF-B expression

correlates with the progression to malignancy. We have previously
shown that expression of the PDGF and PDGF receptors in normal
placenta is under strict spatiotemporal control (8, 20). The data pre-
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Fig. 3. Immunohistochemical analysis of PDGF ÃŸreceptor expression in hydalidiform mole (A and C) and PDGF-B expression in choriocarcinoma (B, D. Â£).Receptor protein was
detected in cytotrophoblasts and syncytiotrophoblasts of (he hydalidiform mole (A). Similar concentrations of irrelevant antibodies always yielded a negative result (C). Immunohis
tochemical analysis of PDGF-B expression in choriocarcinoma (B; same patient as in Fig. 2) revealed a patchy staining pallern with the PDGF-B antibodies. Cytoirophoblasts of the
preceeding benign state did not exhibit any positive staining (D). Immunohisiochemical staining with immunopurified antibodies against PDGF-AA served as a negative control (Â£).

sented in this study support the notion that deregulation of growth
factor or receptor expression may contribute to tumorigenesis.

The hydatidiform mole is a dramatic example of the different con
tributions made by the maternal and paternal genomes in humans. The
absence of the maternal genome confers lack of development of
embryonic tissues. The loss or duplication of chromosomal regions
which contain genes which are expressed in an allele-specific

mannner (depending on wether the alÃeleis maternally or paternally
inherited) is associated with a number of pathological conditions such
as the Beckwith-Wiedemann, the Angelman, and the Prader-Villi syn
dromes (28). The Beckwith-Wiedemann syndrome is associated with

the the loss of the maternal chromosome 1Ipl5, resulting in abnormal
organ development and a predisposition of Wilms' tumor formation

(29). In this respect it is interesting to note that the expression level of
PDGF ÃŸreceptor mRNA in humans correlates with the ratio of pa-

ternal:maternal genomes. We suggest that the lack of the maternal
genome in hydatidiform mole results in abnormal expression (up to
100-fold higher) of the PDGF ÃŸreceptor in cytotrophoblasts and a
subsequent 1000-fold increased risk of progression of choriocarci

noma.
Expression of the PDGF-B gene could not be detected above back

ground levels in cytotrophoblasts or any other cell types of the hyda
tidiform mole. It is therefore doubtful that the abnormal expression of
PDGF ÃŸreceptor contributes significantly to cytotrophoblast prolif
eration in the benign mole. PDGF-B expression was detected, how

ever, in all choriocarcinomas studied. The level of induction was
15-20-fold in patients with hydatidiform moles which had progressed

into malignancy. It is possible therefore that this induction could
contribute to the proliferative capacity of malignant cytotrophoblasts
via the PDGF ÃŸreceptor. Studies of the transcriptional regulation of
the PDGF-B gene in the Jeg-3 choriocarcinoma cell line has identified

positive regulatory regions in the first intron. These elements are
active specifically in Jeg-3 cells and constitute possible targets for the

activation during placental tumorigenesis (30). It cannot be ruled out,
however, that a small subpopulation of cytotrophoblasts coexpress
these genes and are selected for during the malignant progression.

In contrast to basic fibroblast growth factor, the PDGF-B and PDGF

ÃŸreceptor genes encode a signal sequence which directs the tran
scripts to be translated into the endoplasmic reticulum. If cotranslated,
both gene products would initially be colocalized in the endoplasmic
reticulum and Golgi apparatus. Analysis of PDGF-B transfccted cells

in vitro has shown that receptors are phosphorylated by the ligand
intracellularly. Our finding that choriocarcinoma cells coexpress
PDGF-B and PDGF ÃŸreceptor suggests that similar mechanisms may

stimulate the growth of malignant cytotrophoblasts. Direct proof of
this, however, will require inactivation of the PDGF receptor stimu
lation in vitro.

Studies of PDGF and receptor expression in mesenchymally de
rived lesions have shown that the PDGF-B and PDGF ÃŸreceptor

genes are already coexpressed in the benign dermatofibroma as well
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as malignant fibrous histiocytoma (13). We have found, in contrast,
that the coexpression of these genes correlates specifically with the
transition to malignancy in choriocarcinoma. Normal cytotrophoblasts
are unique in the respect that they exhibit a transient pseudomalignant
phenotype (such as invasivity, high proliferative potential, and evasion
of maternal immunosurveillance) during the establishment of preg
nancy (31). This, in combination with the lack of maternally expressed
genes in hydatidiform mole, may result in the continuous activation of
growth stimulatory pathways which may in turn be enough to induce
a malignant phenotype.

In conclusion, the apparent sequential activation of PDGF and
PDGF receptor gene expression in hydatidiform mole and choriocar
cinoma suggests an important role for these genes in the tumorigenesis
of the human cytotrophoblast.
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