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Abstract: Primary cell cultures from sea urchins have a low proliferative level that prevents the establishment of

long-term cultures. To increase expression levels of the genes regulating cell growth in sea urchins, and thus

enhance cell growth, we used the transcriptional activator gene Gal4 found earlier in yeast. Sea urchin embryos

were treated with plasmid DNA containing the Gal4 gene. Expression of the transgene was confirmed by

reverse transcriptase polymerase chain reaction. When the fully functional gene was used, embryos effectively

formed teratoma-like structures after 50 to 55 hours of cultivation. In contrast, the Gal4 gene, devoid of acidic

activating regions, possessed little activity as a teratogen. The Gal4-treated cells in blastula-derived culture

showed higher DNA synthesis and higher proliferative activity than control cells. We suggest that formation of

the teratoma-like structures in embryos, activation of DNA synthesis, and significant increase of cell number in

embryo-derived cell cultures could be attributed to Gal4 gene action.
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INTRODUCTION

Primary cell cultures of marine invertebrates are widely
used to investigate particular aspects of embryology and
molecular and cell biology. However, many problems of
biotechnology cannot be approached without continuous
cell lines from these animals. Sea urchins are an attractive
object for biotechnological studies because of their ability
to produce a broad spectrum of biologically active qui-
nones (Koltsova et al., 1981). Unfortunately, primary cell
cultures from echinoderms have a low proliferative level,
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and cell degeneration predominates over proliferation.
Therefore, all efforts aimed at obtaining long-term cell lines
of echinoderms have so far failed. It is well established that
to obtain a continuous cell line of an animal, tissues with
high growth potential such as embryonic or neoplastic
tissues should be used.

Studies have revealed that expression of genes involved
in the regulation of embryogenesis and development of sea
urchins is mediated by a complex and extended cis-regu-
latory system (Coffman et al., 1996; Koike et al., 1998; Yuh
et al., 1998). These data led us to postulate that modulation
of expression patterns of these genes could be a useful tool
to trigger accelerated cell growth. Activation of cell growth



is thought to be sufficient for establishing a cell culture and
thereby overcoming a bottleneck in marine invertebrate
biotechnology. Two approaches may be used for modula-
tion of gene expression. One approach includes using well-
known transcriptional regulatory proteins, especially those
that contain acidic activating domains and are considered
as activators of a “universal” type, e.g. GAL4, GCN4, and
VP16 (Lin and Green, 1991; Greenblatt, 1991). The other
approach includes treatment of the cells by substances
possessing teratogenic activity. Hopes of finding a corre-
lation between gene activity and teratogenic activity have in
some cases been fulfilled. LiCl, as a teratogen, was used to
study the expression pattern of the Endo16 sea urchin gene,
which encodes a polyfunctional secreted protein of the
midgut in the late embryo. LiCl treatment abolished the
negative effect of the 3 repressor modules of Endol6 gene
and caused them all to act instead as transcriptional stim-
ulators (Yuh et al., 1998).

Our experiments were carried out with the yeast
cis-acting Gal4 gene. Gal4 and its derivatives, which work
with high efficiency in yeast, stimulate transcription of
target genes in mammalian, Drosophila, and plant cells
(Ma et al., 1988). Regulatory elements of Gal4 have been
used to study expression patterns of the sea urchin ortho-
denticle-related genes (Mao et al., 1996; Kiyama et al,
1998).

A useful prerequisite to our work was fulfilled in the
publication of the nucleotide sequence of the sea urchin
epidermal growth factor gene, which could contain a
GAL4-binding site in the upstream promoter region (Del-
gadillo-Reynoso et al., 1989). Two derivatives of the Gal4
gene were used: pMA563 and pMA564 (Figure 1). The first
construction contains the functional Gal4 gene, which
consists of both nucleotide regions responsible for trans-
criptional activation, according to the Ptashne-Gann model
(Ptashne and Gann, 1990). The second construction,
PMAS564, which has been used as a control plasmid, lacks
acidic activation domains and fails to activate transcription
in yeast, mammalian, and plant cells (Ma et al., 1988). We
chose to use a recombinant Gal4 gene containing acidic
activating domains linked with DNA-binding sites because
the small protein encoded by this gene is stable in hetero-
geneous systems (Ma and Ptashne, 1987; Ma et al., 1988;
Ornitz et al., 1991). We transformed sea urchin embryos as
well as embryo-derived cells with the Gal4 gene and showed
that treatment resulted in formation of teratoma-like
structures possessing neoplastic features and enhanced cell
growth potential.
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Figure 1. Maps of plasmids pMA563 and pMA564. DNA constructs

encode the amino-terminal portions of the 881 amino acid GAL4

pMAS564

PMAS563 -] GAL4 (1-147)

protein (1-147 amino acid residues, DNA-binding site), activator
region I (residues 148-196), activator region II (residues 768-881). I
and II are regions that encode acidic activator domains, interacting
with a component of the transcriptional machinery (Ma et al., 1988;
Ma and Ptashne, 1987; Lin and Green, 1991). The term nos promoter
indicates promoter of the nopaline synthase gene of Agrobacterium
tumefaciens; nos polyA site, polyA site of nopaline synthase gene

(Bevan et al., 1983). The constructs are not drawn to scale.

MATERIALS AND METHODS

Animals

Sea urchins (Strongylocentrotus intermedius and Scaphechi-
nus mirabilis) were collected from Vostok Bay in the Sea of
Japan. Experiments were carried over a 4-year period
(1998-2001) at the Sea Experimental Station of the Insti-
tute of Marine Biology. Animals were washed 2 to 3 times
with UV-irradiated seawater and maintained in tanks with
aerated seawater as described (Odintsova et al., 1999).

Plasmids and Reagents

Plasmid DNA samples (pMA563 and pMA564) were kindly
provided by Jun Ma (Harvard University, Cambridge,
MASS.). Standard techniques were used to transform
Esherichia coli Tg2 strain by these plasmids (Maniatis et al.,
1982). The E. coli TG2/pMA563 and TG2/pMA564 were
grown in LB medium at 37°C with the addition of tetra-
cycline (15 mg/L) and ampicillin (50 mg/L). The presence
of plasmids in E. coli strains was confirmed by plasmid
isolation via CsCl gradient centrifugation and restriction
analysis. For the transformation experiments we used
freshly isolated plasmid DNA. The E. coli strains were
grown overnight, and plasmid DNA was isolated by alka-
line lysis and purified as described (Maniatis et al., 1982).
Reagents were purchased from Sigma Chemical Company
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(St. Louis, MO.) and Serva Feinbiochemica GmbH & Co.
(Heidelberg, Germany). Polyethylene glycol M 4000 (PEG)
was obtained from Loba Feinchemie (Fischamend, Austria).

Transformation of Embryos

Concentrated suspensions of sea urchin fertilized eggs or
embryos at different stages of development (15 minutes, 45
minutes, 6 hours, and 12 hours after fertilization) were
centrifuged at 500 g for 45 seconds and resuspended in
sterile seawater (2500-3000 embryos/ml). The embryo
suspension 500 pl was incubated with a solution of plasmid
DNA (0.01-1 pg) for 1 minute. A further equal volume of
20% PEG solution (wt/vol, molecular weight 4000) in
seawater was added drop by drop, and the embryos were
incubated for 20 minutes at 19°C, washed stepwise in 9 vol
of seawater, and centrifuged at 500 g for 1 minute. The
pellet of embryos was resuspended in sterile seawater (250—
300 embryos/ml), cultured in Petri dishes at 18°C, and
observed to estimate the percentage of growth induced.
Embryos without PEG and plasmid DNA treatment were
used as controls.

Transformation of Embryo-Derived Cells

For obtaining primary cell cultures, sea urchin embryos at
the mesenchyme blastula stage (13 hours after fertilization)
were collected onto a fine-meshed gauze, washed in Ca?*-
free and Mg**-free artificial seawater containing 100 U
penicillin and 100 pg/ml streptomycin, twice rinsed with
sterile seawater containing the same antibiotics, and then
dissociated in a 0.25% collagenase solution for 20 minutes
19°C (Odintsova et al., 1994). Cells were resuspended at a
concentration of 25 x 10%/ml in a modified Leibovitz me-
dium (1100 mOsmol), supplemented with 2% fetal calf
serum, insulin (50 mg/L), a-tocopherol-acetate (1.75 mg/
L), glutamine (100 mg/L), and gentamycin (40 mg/L). The
resulting cell suspension was treated with PEG and plasmid
DNA as described above and cultivated in 24-multiwell
plates (Corning) at 19°C. Seeding concentration was 0.5 to
0.6 x 10° cells per well.

RT-PCR Analysis

Total RNA from sea urchin embryos was extracted with
TRIzol reagent (Life Technologies, Rockville, Md.) fol-
lowing the instructions of the manufacturer. Extracted
RNA was digested with Dnasel (Amresco, Solon, Ohio) and

purified with BlueSorb (Clonogen, St. Petersburg, Russia).
Complementary DNAs were synthesized from 1 pg of RNA
using RNA PCR Kit (Silex M, Moscow, Russia). The
reactions were performed in 25-pl aliquots of reaction
mixture containing RT buffer, 0.25-pl each of the 4 dNTPs,
1.5 pg of random 6-mer primer, 5U of Tth-polymerase, 1.2
mM MnCl, at 37°C for 1 hour. The 10-pl samples of re-
verse transcription products were then amplified by poly-
merase chain reaction (RT-PCR) with the following

primers:

Primer 1 5-TCCAACCAGGTGACAG-3’
Primer 2 5-CCTCGAGAAGACCTTG-3’

The 2 primers were designed to flank a 720-bp fragment
of the Gal4 gene in pMA563 (regions 1-147 and II, see
Figure 1). Amplification reactions were performed in vol-
umes of 25 pl containing 10 mM Tris-HCI (pH 8.5), 50 mM
KCl, 2.0 mM MgCl,, 0.01% gelatin, 0.1 mM Triton X-100,
0.2 mM of each ANTP, 0.2 uM of primer, and 1.0 U of Tag
DNA polymerase. Analysis was performed in an UNO
Thermoblock thermal cycler (Biometra, Gottingen, Ger-
many) programmed for an initial denaturation step of 60
seconds at 94°C followed by 45 cycles of 60 seconds at 94°C,
60 seconds at 45°C, 90 seconds at 72°C, and a last cycle of
72°C for 420 seconds, using the fastest available transitions
between each temperature. The PCR products were sepa-
rated by electrophoresis in 1.5% agarose gel (DNA grade,
Pharmacia, Piscataway, N.J.). The size of the fragment was
estimated by comparison with synthetic markers.

DNA Synthesis

The level of [’H]thymidine incorporation in cells was de-
termined as described previously (Odintsova et al., 1999).

LiCl Treatment
LiCl (final concentration, 25 mM) was added as an aqueous

sterile solution to pMA563-treated and twice-washed em-
bryos immediately after the transformation procedure.

REsuLTs AND DiscussioN

Transformation of Embryos

The first indication of Gal4-gene action could be detected
within 55 to 60 hours of plasmid DNA treatment of S.
intermedius and S. mirabilis embryos. Some of the
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pMA563-treated embryos developed growths (Figure 2)
consisting of undifferentiated cells with basophilic cyto-

plasm, large nuclei, and poorly differentiated nucleoli.
We designated these growths “teratoma-like structures”
(TLSs). During 4 years of work at the Vostok Experimental
Station, 25 independent transformation experiments were
carried out, and development of TLSs after transformation
was repeatedly observed. The count of embryos based on a
single typical experiment is given in Table 1. The control
embryos did not form abnormal structures, with one ex-
ception (Table 1). PEG alone could cause abnormal de-
velopment of embryos; up to 2% of treated embryos
formed TLS. The effect of Gal4 derivatives on development
of the embryos of both sea urchin species was dependent on
the time of treatment, and maximal efficiency of TLS for-
mation was observed at 45 minutes after fertilization.
Treatment of the embryos with pMA563 DNA resulted in
the maximal effect, with approximately 1 of 3 embryos
forming the teratoma-like structures. Some activity, how-
ever, showed pMA564: 6% of S. intermedius and 9% of S.
mirabilis embryos formed TLS. Older embryos (6 and 12
hours after fertilization) were noncompetent for plasmid
DNA treatment. The finding that pMAS563 possessed much
more activity than pMA564 provided evidence that the

Figure 2. Formation of teratoma-like
structures on embryos transformed by Gal4
gene. A, B: Embryos treated with PEG. C,
D: Embryos treated with PEG + pMA563.
Embryos were cultivated for 60 hours after
fertilization. Bar indicates 50 uM.

Gal4-gene effect was specific. In addition, pMA563 activity
was shown to be dose-dependent, unlike pMA564 activity
(data not shown).

Gene-specific PCR analysis revealed that DNA samples
of pMA563- and pMA564-treated embryos contained Gal4
gene sequences (data not shown). Using RT-PCR, we found
that the Gal4 gene was expressed in pMA563-treated em-
bryos (Figure 3).

Effect of LiCl

LiCl has been shown to interact with sea urchin regulatory
genes on the transcriptional level (Koike et al., 1998; Yuh
et al.,, 1998). To further characterize the putative role of
Gal4 on embryo development, we studied the effect of LiCl
on TLS formation after Gal4 treatment. LiCl, having being
added to the incubation mixture, caused different abnor-
malities of embryo development. Some of them were
morphologically similar to those caused by the Gal4 gene.
When used at a concentration of 25 mM after the Gal4
treatment, LiCl decreased the formation of TLSs substan-
tially (Table 2). The interaction between Gal4 and LiCl is of
particular interest: a clear LiCl response reinforces the
likelihood that Gal4 acts on the transcriptional level.
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Table 1. Effect of pMA563 and pMA564 on Sea Urchin Embryo Development

S. intermedius embryos, %

S. mirabilis embryos, %

Time after

Under- Under-
Treatment fertilization Normal Teratoma-like developed Normal Teratoma-like developed
Control 86 0 14 91 1 8
PEG 0 0 100 92 1 7
PMA564 15 min 67 5 28 87 1 12
PMA563 55 10 35 88 4 8
Control 81 0 19 95 0
PEG 45 min 12 2 86 90 1
PMA564 42 6 52 42 9 50
PMA563 31 28 41 35 30 35
Control 96 0 4 94 0 6
PEG 6h 15 2 83 98 0 2
PMAS564 43 1 56 94 0 6
PMA563 84 0 16 94 1 5
Control 100 0 0 94 0 6
PEG 12 h 94 0 6 96 0 4
PMAS564 99 0 1 95 0 5
PMA563 100 0 0 94 0 6

M 1 2 3 4 M

.'."4’-\_""1

Figure 3. RT-PCR detection of messenger RNA of the Gal4 gene in
transformed sea urchin embryos. RNA samples were isolated at 55
hours after transformation from control S. mirabilis embryos (lane
1) and control S. intermedius embryos (lane 2); transformed by
PMA563 S. mirabilis embryos (lane 3), and transformed by pMA563
S. intermedius embryos (lane 4). Lane M, synthetic marker.

Somewhat of a paradox exists with regard to the Gal4-LiCl
effect on embryo formation since both Gal4 and LiCl could
act as transcriptional activators. It is possible that LiCl af-
fects the permeability of sea urchin membranes and thus
decreases uptake of Gal4 plasmid DNA. However, this is
thought to be unlikely because embryos were washed before
LiCl treatment. An alternative explanation for the Gal4-
LiCl interaction exists. It is known that an excess of one
activator can inhibit activity of another (Ptashne and Gann,
1990). In our experiments an excess of LiCl could abolish
activity of the Gal4 gene, and vice versa.

Embryo-Derived Primary Cell Culture
of S. intermedius

Cells of primary culture were obtained from S. intermedius
embryos by collagenase treatment and transformed as
described in “Materials and Methods.” Transformed cells
demonstrated rapid growth (Figure 4) and formed a
monolayer during 3-day cultivation. In control wells the
cell number increased much more slowly, and cell granu-
lation and general deterioration followed by cell lysis oc-
curred after 14-day cultivation. Nine subcultivations of the
actively growing transformed cells were carried out for 3
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Table 2. Effect of LiCl Treatment on the Gal4 Gene Effect*

S. intermedius embryos, %

S. mirabilis embryos, %

Treatment Normal Teratoma-like Under-developed ~ Normal Teratoma-like Under-developed
Control 75 0 25 36 0 64
pPMA563 21 20 59 21 21 58
LiCl 15 14 71 38 9 53
pMA563 + LiCl 14 5 81 40 0 60
*Embryos were treated at 45 minutes after fertilization.
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Figure 5. Activation of DNA synthesis in sea urchin cells treated by
0 . . . \ plasmids in blastula-derived 3-day culture. Mean values + SE from 2
0 15 30 45 60

Time of cultivation (d)

Figure 4. Growth of blastula-derived S. intermedius non-transformed
cells control(s) and cells cultures transformed with the full-length
Gal4 gene (pMA563). Values are means + SE based on 5 replicate

samples obtained in a single experiment.

months. Further growth of transformed culture was de-
layed, and cells become granulated, as in the control cul-
ture. However, we observed rare aggregates of
nongranulated cells in 3-month-transformed cultures and
found that the time of cell duplication was approximately
10 days. Unfortunately, these cells were subsequently lost
owing to microbial contamination. Nevertheless, the effect
of transformation was clearly noted and supported by the
observation that the Gal4-transformed culture demon-
strated a higher level of DNA synthesis than the control
culture (Figure 5).

An unexpected feature of truncated Gal4 gene was its
weak but clear and reproducible stimulatory effect on TLS
formation and DNA synthesis (Table 1, Figure 5). This

effect is difficult to unravel at present, and possible func-

independent experiments.

tion of the truncated Gal4 gene will be examined in our
future work.

The results presented in this report provide evidence
that the yeast transcriptional activator can regulate cell
differentiation processes in sea animals. Apparently, rapid
development of TLSs in the embryos, activation of DNA
synthesis, and significant increase of cell number in em-
bryo-derived cell cultures can be attributed to the Gal4
gene action. We suggest that after transformation the
transcriptional activator gene provides a signal allowing
continued cell division, which inhibits the process of nor-
mal cell differentiation. However, if the activator function
is prevented, then embryos fail to receive this molecular
signal and develop normally, as shown for the truncated
Gal4 gene (Figure 1, Table 1). Despite restricted knowledge
about the gene regulatory systems of marine invertebrates,
regulation of the proliferative potential of cells of these
animals by transcriptional activator genes emerges as a
novel approach for research in the field of marine bio-
technology.
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