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ABSTRACT

Studies were initiated on oncogene activation in two bivalve species with

high frequencies of histologically identifiable gonadal neoplasms. Patho
logical assessments identified epizootic seminomas and dysgerminomas in
softshell clams i UvÂ«arenaria) from three Maine estuarine sites contam
inated In herbicides and in hardshell clams (Mercenaria) from the Indian
River in Florida, an area of potential citrus agrochemical exposure.
NIH3T3 transfectum assays were used to examine DNA isolated from
these umiliisi ;m tumors for the presence of activated oncogenes. DNAs
isolated from advanced tumors in both species were able to transform
NIH3T3 cells in a standard focus assay. These same cells were also able to
form colonies in low concentrations of serum and induce tumors in athy-
mic mice. Cells expanded from isolated foci demonstrated anchorage-

independent growth in soft agar. The results of these studies indicate that
DNA from the clam tumors is able to transform mouse fibroblasts, which
suggests that a transforming gene is present in these tumor cells. Studies
are under way to identify the gene(s) detected by these assays.

INTRODUCTION

The degree to which long-term exposure to low-level environmen

tal toxicants in the environment induces cancer has long been a subject
of debate ( 1). In most cases, direct causality has been difficult, if not
impossible, to prove. Important clues to the understanding of this
process have come through recent advances in basic research on the
molecular mechanisms of chemical carcinogenesis (2). The realization
that most of these processes are evolutionarily conserved has ex
panded the number of model systems available to study pathological
changes in molecular pathways of cell growth and differentiation. In
recent years, alternative models such as aquatic organisms have made
important contributions to the field of toxicity assessment and molec
ular carcinogenesis.

The past few decades have witnessed a significant increase in the
incidence and types of tumors reported in aquatic species (3). Not only
has the frequency of tumors increased, but the number of sites that
contain tumor-bearing animals has also increased (3, 4). Field surveys

(Environmental Protection Agency Environmental Research Labora
tory, Narragansett, RI) showed an association between herbicide con
tamination and epizootic germinomas in three geographically isolated
populations of softshell clams (Mya arenaria) in eastern Maine (5).
Specifically, significant quantities of Tordon 101 (picloram), 2,4-
dichlorophenoxyacetic acid, and 2,4,5-trichlorphenoxyacetic acid

were used at Dennysville Â¡nforestry and Roque Bluffs in the culture
of blueberries (5). While these herbicides are not generally considered
potent carcinogens, dioxin (2.3.7.8-tetrachlorodibenzo-p-dioxin). a
byproduct contaminant from the synthesis of 2,4.5-trichlorphenoxy-

acetic acid and a tumor promoter, is one of the most toxic environ
mental contaminants known (6). Histologically similar tumors were
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also been reported in hardshell clams (Mercenaria) taken from the
Indian River in Florida (7). Specific populations in this area exhibit
the highest incidence of neoplasia ever reponed in a marine inverte
brate (61% in female clams). This estuarine system drains a wide area
of citrus groves and receives substantial domestic and agricultural
runoff. Bullhead catfish taken from lakes in the citrus groves exhibited
a variety of neoplasms of epidermal origin (3). This correlation be
tween herbicides and molluscan gonadal neoplasms was strengthened
by critical laboratory studies of bivalves that linked rapid uptake of
chemical carcinogens, mutagenic activity, and tumor formation
(8-10).

Additional reports suggest that this phenomenon is not limited to
poikilotherms. Seminomas have been detected in military working
dogs exposed to herbicides in Vietnam (11). A recent report (12)
showed a positive correlation between the incidence of malignant
lymphomas in dogs and the use by the owners of 2.4-dichlorophe-

noxyacetic acid on their lawns. Furthermore. Environmental Protec
tion Agency epidemiological surveys of the geographic areas in which
the tumor-bearing clam populations were found indicated that the

mortality rate due to ovarian and other reproductive system cancers in
human females was significantly higher than the national average
(13). These reported toxieological effects on different phylogenetic
levels suggest that herbicides may contribute to the etiology of go
nadal and other cancers.

Reported here are preliminary investigations of the molecular
mechanisms of tumor formation correlated with environmental expo
sure to herbicides in two bivalve species. The high prevalence of
tumors in widely divergent species suggests that a common mecha
nism may be shared at the molecular level. In order to address this
question. DNAs isolated from representative individuals of both bi
valve species were transfected into NIH3T3 cells. The results of these
preliminary studies indicate that clam tumor DNA is able to transform
NIH3T3 cells. Although the identity of the specific gene(s) has not yet
been determined, our data suggest that it is a phylogenetically con
served sequence. Further confirmational studies are in progress.

MATERIALS AND METHODS

Animals. In November 1990. 30 softshell clams (M. arenaria) from Den
nysville. ME. and 30 hardshell clams (Mercenaria) from Indian River. FL.
were collected to histologically identify tumor-hearing unimuls. Medial
transections 2 mm in width were made from each of 60 animals for histopa-
thology. Tissue sections for histopathological analysis were fixed in Helly's

fixative as previously described (5). Tumors classified as early ovarian or
testicular neoplasms were defined as having areas of normal intratbllicular
embryonic development and single or clustered competitor neoplastic germinal
cells. The germinal cells were arranged in irregular or patchy foci. Total area

occupied by the neoplastic follicles in these early tumors was less than 5%.
Advanced lesions were defined as having follicles filled with monomorphic.

basophilic, and undifferentiated gonadal germinal cells organi/.ed as fairly
diffuse or merged patterns of neoplastic follicles. Invasiveness was character
ized by dissemination of neoplastic cells imo reproductive ducts and to other
organs. The total area occupied by neoplastic follicles in advanced neoplasms
ranged from greater than 5 to lOO'/h
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Segments of tissue were rapidly frozen in liquid nitrogen and stored at
-70Â°C until used for DNA extraction. DNAs from early and advanced stages

of tumor development were examined for oncogene activation as described
below.

Transfection Analysis. DNA was prepared by Quick-Dounce homogeni-
/ation as reported previously ( 14). DNAs from both clam species were cotrans-

fected with the plasmid pSV,neo into NIH3T3 cells (strain 490N3T) using a
calcium-phosphate precipitation procedure (14, 15) modified from that of

Graham and van der Eb ( 16). Stable transfectants were selected by growth in
medium containing G418 (Geneticin: Gibco/BRL. Gaithersburg. MD). Drug-

selected cells were pooled and assessed for transformation/tumorigenicity in
three assays: (Â«)standard focus assay, in which cells were replated, grown to
confluency and examined for the presence of morphologically altered foci; (b)
colony selection assay, in which cells were plated in Quality Biologicals
Serum-free 51 medium (Quality Biologicals, Gaithersburg, MD). either in the

absence of serum or with the addition of 0.1% bovine serum supplemented
(Gibco/BRL, Gaithersburg, MD); cells which were positive for growth in this
assay formed colonies after several weeks; and (c) nude mouse assay, in which
drug-selected cells were also injected into athymic mice at 1-3 x IO'1cells/

mouse (17). Mice were examined for tumor formation at the sile of injection.
Tumors usually appeared by 6 to 8 weeks.

Foci and colonies were picked and expanded. Representative focus cells
were plated in soft agar ( 18) and examined for anchorage-independent growth.

High molecular weight DNAs isolated from transformed cells were used to
initiate a second transfection cycle.

RESULTS

Histopathology. In the current study, the prevalence of germino-
mas in softshell clams from the Wilson-Hardscrabble River near Den-

nysville was 33%. The rate in hardshell clams from Indian River
examined in this study was 20%. No germinomas were detected in
control areas. Detailed histopathological analysis of these tumors has
been presented earlier (7. 19). The stage of neoplastic development of
both softshell and hardshell clams varied, which allowed examination
of the transfecting potential of DNAs from early and advanced tu
mors.

Transfection Analysis. Results of the transfection assays are pre
sented in Tables 1-3. Typical foci and colonies are illustrated in Figs.

1 and 2, respectively. DNAs isolated from Mercenaria tumors at both
early and late stages of progression were able to induce foci in
NIH3T3 cells (Table 1). Only cells transfected with DNA from the
advanced tumor exhibited significant growth in the colony selection
assay when grown in the presence of 0.1% serum. Cells expanded
from foci demonstrated anchorage independence in soft agar. Tumors
were induced in nude mice with a short incubation period (3 weeks)
in one of two mice given injections of cells transfected with DNA
from the advanced tumor. Tumors were also induced by cells trans
fected with DNA from the early tumors but with longer latent periods.

Results of the primary transfection assays using DNA from softshell
clams are reported in Table 2. DNAs from both an advanced tumor
and an early tumor were positive in all four assays. Tumors were
induced in nude mice by cells transfected with all tumor DNAs in 6
of 6 mice that were given injections. The latency periods decreased
relative to the increasing malignancy of the tumors. However, DNA
from one of the advanced tumors did not induce foci or colonies in the
colony selection assay.

DNAs isolated from representative foci were used in a secondary
transfection assay (Table 3). Cells transfected with tumor DNA from
both species induced focus formation in the standard focus assay and
formed colonies in the colony selection assay medium. Only cells
transfected with DNA from the advanced tumor from M. arenaria
exhibited significant tumorigenicity in nude mice. Some background
tumorigenicity was observed using DNA from control cells
(M. arenaria). DNA from the nude mouse tumors was not examined
in a secondary cycle at this time. It is possible that the putative
transforming gene may be detected in DNA isolated from these tu
mors. This hypothesis is currently being tested.

DISCUSSION

The results of our preliminary research represent one of the first
studies to address the molecular basis of tumor induction in bivalve
mollusks. The data indicate that DNA from gonadal tumors from both
species transforms NIH3T3 cells. Overall, the degree of transforming
ability as well as the tumorigenicity in nude mice appears to correlale
with the progression of the tumor. The one exception is the DNA from
the advanced tumor from M. arenaria (see Table 2). This discrepancy
may be due to the difficulty in correctly identifying gonadal tissue in
frozen specimens or, alternatively, this animal may not have an acti
vated transforming gene detectable by this assay. We have made
similar observations in our studies with chemically induced tumors in
the Japanese medaka (14). In this fish. DNA from a diethylnitro-
samine-induced cholangiocarcinoma was significantly more efficient

in transforming NIH3T3 cells than DNA isolated from a preneoplastic
focal biliary hyperplasia. However, DNA from an aggressive methyl-
azoxymethanol acetate-induced rhabdomyosarcoma was only weakly

transforming but did exhibit tumorigenicity in nude mice. This is not
unexpected since initiation and/or promotion of tumorigenesis in
duced by these different chemicals may take place by different mech
anisms. One possible explanation for the increased transforming ac
tivity of some of the more aggressive tumors may be the observation
that, in general, amplification of cellular oncogenes is associated with
later stages of tumor development (20). If an oncogene which can
transform NIH3T3 cells is amplified, DNA from the later-stage tumors

may be more efficient at transforming NIH3T3 cells.
While there is evidence for the presence of transforming genes in

the clam tumor DNA. alternative explanations of the observed results
should also be considered. Although there is a high degree of evolu
tionary conservation in the structural domains of these genes, we
know less about the functional similarity which exists in their regu
latory domains. Consequently, it is possible that cellular-oncogene

promoters in mollusks may not be subject to their normal endogenous
regulators when transfected into mammalian cells. As the next step to
clone and identify the gene responsible for the transformation of the
N1H3T3 cells, we must confirm that clam DNA is present in the
transformed cells. Southern blots will be prepared using restriction
digests of transfected cells and these will be hybridized to '~P-labeled

clam DNA in order to identify clam-specific repetitive sequences.

These experiments, as well as studies to identify activated clam on
cogenes in the transfected NIH3T3 cells, are in progress. Alternative

Table 1 Priman' tiwisft'ction tif' N1H3T1 cells \\'ith DNA front lÃ¬iintsÃ¬Ã¬i'Ã¬Ã¬lÃ¬atnsiMerci'ililiÃ¯it)

DNAsourceReference

animalEarlv
tumorEarlv
tumorAdvanced

tumorStandard

focus assay
(no. foci/figDNA)I)00.21.2Nude

mouseassayColony
sflfrtinn"<QBSF''

+ 0.1r/( serum) No. tumors/no,mice+

0/2<+
1/3+

0/2++
1/2Wk

toonset63Soft
agar

assay"NDND++++

"Growth is measured in numbers ot'colonies formed relative to control plates (NIH3T3 cells, no growth; WÃÂ».v-transl'ormedNIH3T3 cells, -
''QBSF, Quality Biologicals Serum-free medium. ND. not done.
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Table 2 Primare trunsfeclion uj N1HJT3 cells with DMAfrom soflshell clams (Mya arenaria)

DNAsourceReference

animalEurlv
lumiirAdvanced
tumorAdvanced

lu morSlandard

focus assay
(no. foci/jigDNA)0.30.2401.6Colony

selection"
(QBSF'' + 0.1%serum)ND-f-f0+++Nude

mouseassayNo.

tumors/no,mice0/13/3I/I2/2Wk toonset6.754.3Soft agarassay"ND+-fND+

"Growth is measured in numbers of colonies formed relative to control plates (N1H3T3 cells, no growth; /Â«(Â«-transformedNIH3T3 cells, +++++K
'' QBSF, Quality Biological* Serum-free medium. ND, not done.

Table 3 Secondary inmsfection of NIH3T3 cells with clam tumor DNA

DNAsourceM\a

arenariaReference
animalEarlv
tumorAdvanced

tumorMercenariaReference

animalEarlv
tumorAdvanced

tumorStandard

focus assay"

(no. foci/figDNA)0.02>0.3>0.30.11.2>0.3Nude

mouseassay'Colony
MhcÃ¤Mrassay

(QBSF + 0.1% serum)'' (tumors/no,mice)0

2/4+
0/4+
5/80

0/4+
0/4+

0/7Wks

toonset4.06.6

" Cells were plated half in DulbcCCO'l modified Eagle's medium and half in Dulbecco's modified Eagle's medium with the addition of dexamethazone.
'' Growth is measured relative to control plates.
' Tumor* which appeared after ^ weeks postinjection were considered background.
''QBSF. Quality Biologicals Serum-free medium.

approaches lo identity activated oncogenes and inactivated suppressor and other cell immortalization genes in human tumors. A similar
genes in tumor DNA have recently been reviewed by Chiao et ai. (21). method could be developed with fish cells. Additional approaches
They have developed in vitro cell systems using human cells which involve the identification of changes in gene expression in tumor cells
may be used to examine the functions of oncogenes. suppressor genes, relative to normal tissue. This may be examined by either the devel-

0.1 mm
O.lmVn a

O.I mm
Fig. I. Typical foci observed in the standard focus assay, a, foci formed in NIH3T3

cells transfected with DNA from the M. arenaria aggressive tumor; h, focus formed in the
standard focus assay using DNA from the aggressive tumor from Mercenaria.

O.imrn
Fig. 2. Colony formation in Quality Biologicals Serum-free medium containing 0. lrÃ

supplemented calf serum. In a. NIH3T3 cells had been transfected with DNA from the
low-grade M. arenaria tumor, b. control NIH3T3 cells which had been transfected with a
v-w/i.v construct.
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opment of complementary DNA subtraction libraries (22) or by dif
ferential display polymerase chain reaction methods (23).

This study represents our initial efforts at understanding the link
between human and environmental health. The coordinate occurrence
of high incidence of ovarian cancer in human populations in the same
areas suggests that although bivalves and humans are widely divergent
phylogenetically, these tumors may share a common etiology. Ovarian
carcinoma is now one of the leading causes of death due to cancer
among women (24) and its molecular basis is an active field of
investigation. Recent studies have identified activation or overexpres-
sion of HER-2/ni'ii (25), K-ra.v, H-ra.s, c-mvr (26), and mutated alÃeles

of the p53 tumor suppressor gene in human ovarian tumors (27). It has
been well established that both the structure and function of these
genes are highly conserved throughout evolution, which suggests that
homologous genes may be activated in bivalve tumors. Studies of
molecular mechanisms of gonadal tumor formation in clams may
provide information on conserved mechanisms of tumorigenesis and
establish the bivalves as sentinel organisms in coastal communities.
The shift in focus in recent years to the elucidation of molecular
mechanisms and other biomurkers of cellular and subcellular changes
may provide important new information on the etiology of suspected
chemically induced tumors.
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