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Abstract—In order to solve many tasks of biotechnology, constant lines of the cells of marine invertebrates
with a high growth potential are required, which are absent at present. We used the universal activator of tran-
scription gal4 to change the degree of expression of genes of growth factorsin embryonic sea urchin cells and,
thereby, increase their proliferative activity. The fertilized sea urchin eggs and dissociated embryonic cells at
the blastula stage were treated with plasmids containing both the functional gene gal4 and the gene devoid of
the regions encoding the activator domain. The transfection of embryonic sea urchin eggs with the functional
gene led to cell dedifferentiation and formation of tumor-like structures in the embryos or increased number of
embryonic cellsin culture. In the cells obtained from the transfected embryos, the pigments were found within
two months of cultivation, whose absorption spectrum coincided with that of echinochrome.
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More than 5000 chemical compounds from marine
organisms were described during the past 10 years and
many of these natural bioactive metabolites have ahigh
pharmacological potential. Sea urchins are also a
source of valuable biologically active substances, spe-
cifically the sand dollar Scaphechinus mirabilis con-
tains naphtochinoid pigments, among which echi-
nochromeisthe most essential (Nishibori, 1957). The
drug Histochrome developed on its basis has unique
therapeutic properties (Elyakov et al., 1999a, 1999b;
Fedoreyev et al., 2000). However, the large scale
procurement may lead the organisms-producents to
the brink of disappearance. The in vitro production
of biologically active substances may become an
alternative to chemical synthesis or aquaculture, pro-
vided that the cultured cells have a high growth
potential.

One of the promising ways to solve this problem is
to lead the cells out of the state of differentiation by
changing the expression of the genes of growth factors.
For this purpose we used the transcription factor
encoded by the yeast gene gal4. This protein is an acti-
vator of transcription in heterologous eukaryotic sys-

tems(Maet al., 1988): it bindsto the sequence TGACA
in the promoter regions of genes and activates their
expression. Such a motif was found in the promoter
regions of the genes of growth factors of marine inver-
tebrates (Delgadillo-Reynoso et al., 1989; Yuh et al.,
1998).

The proteins—activators of transcription fulfill two
functions in the same molecules, i.e., contain a DNA
binding domain and aregion activating transcription of
the eukaryotic genes (Ptashne and Gann, 1990). We
used the gene engineering construct, plasmid MA563
containing the functional gene gal4 (Ma and Ptashne,
1987) and, as the control, plasmid MA564 containing
the gene devoid of the region that encodes the activator
domain (Fig. 1).

The incorporation of the plasmid DNA and its
expression were earlier demonstrated by gene-specific
PCR and reverse transcriptase PCR (RT-PCR) (Bulga
kov et al., 2002). The aim of the present work was to
study the properties of embryonic sand dollar cells after
their transfection with the gene gal4.
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Fig. 1. Plasmid constructs used in the experiment: (a) pMA563 containing the functional gene gal4, (b) pMA564 containing the
nonfunctional gene gal4. Ap, gene of resistance to ampicillin; ori, site of replication origin.

MATERIALS AND METHODS

Seaurchins (S mirabilis) were collected in the Vos-
tok Bay, Sea of Japan, and, during the entire experi-
ment, kept in bath-tubs with running aerated sea water.
Before the experiments, the animal s were washed two—
three times with UV-irradiated filtered sea water. The
spawning of seaurchinswas stimulated by injections of
0.5 M KCI. The embryos were reared to the blastula
stage (12 h after fertilization) and then dissociated in
0.25% collagenase at 19°C for 20 min, as described
earlier (Odintsova et al., 1994).

We used plasmid DNA (pMA563 and pMA564)
purified by the method of alkainelysis(Maniatiset al .,
1982) and kindly provided by Dr. M. Ptashne (Harvard
University, USA). The nativity of plasmid DNAs was
tested by electrophoresisin 0.8% agarose gel (Pharma-
cia, Sweden). Within 15-20 min after fertilization, the
eggs were treated with plasmid DNA, as described ear-
lier (Bulgakov et al., 2002). Exogenous DNA was
transferred in the presence of polyethylene glycol
(PEG) (Loba Feinchemie, Austria) with the molecular
mass 4000 Daat afinal concentration of 7.5%. The con-
trol and transfected embryos developed in a climatic
chamber (19°C) in Petri dishes.

The cells of primary culturesfrom the blastula stage
were incubated with plasmid DNA (0.01-2 pg) for
1 min and then, after addition of PEG, in the climatic
chamber (18-19°C) for another 15-20 min. The cells
were washed in 10-fold volume of sterile sea water,
resuspended in a modified Leibovitz medium (Flow
Laboratories, USA) (Odintsova and Khomenko, 1991),
and cultivated in 24-well plates (Corning, USA) at
19°C. The initial concentration of cells at plating was
2-6 % 105/ml.

The proliferative activity of cells was estimated by
direct counting during the entire period of cultivation.
For registration of DNA synthesis in the cells, *H-thy-
midine (18.5 x 10* Bg/ml, specific activity 307.1 x
10%* Bg/mmol, Amersham, UK) was introduced in the
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wells. In order to arrest incorporation, an equal volume
of cold 10%itrichloroacetic acid was added to the wells.
The mixture was kept at 0°C for 3060 min and the
contents of wells was then transferred onto membrane
filters (0.45 pm), as described earlier (Odintsovaet al.,
1999), Dry filters were placed in vials containing 5 ml
toluene scintillator each. Radioactivity was measured
on a LC-30 scintilation counter (Intertechnique,
France) for 100 s. No less than three parallel experi-
ments were carried in each case.

For preparation of semithin sections, the larvaewere
fixed by 2.5% glutaraldehyde (Sigma, USA) on 0.05 M
cacodylate buffer with 2.14 mg/ml NaCl for 2 h,
washed by cacodylate buffer (20 min), postfixed by 1%
0s0, on the same buffer for 75 min, again washed by
cacodylate buffer (20 min), and passed through ascend-
ing alcohols. The materials were embedded in Araldite
(Sigma). Semithin sections (0.75 and 0.5 pm) were
made on an HM 360 Microm rotation microtome (Carl
Zeiss, Germany). The sections were stained by methyl-
ene blue.

Chinoid pigments were extracted from embryonic
cells as described by Koltsova et al. (1981). The pellet
of cellswas homogenized in 96° ethanol, an equal vol-
ume of 3N HCI was added to the homogenate, and the
resulting mixture was left for infusion for 20 min. The
extract was then poured off, the residue was quantita-
tively washed by ethanol and united with the extract.
The resultant mixture was then clarified by centrifuga-
tion at 3000 rpm for 15 min. The absorption spectrum
of the obtained extract and echinochrome solution of
known concentration in acidified ethanol was recorded
on a Specord M-40 spectrophotometer (Carl Zeiss).

The data we obtained were statistically processed
using the FraphPadPrism software and presented as
mean * standard error. The datawere checked by paired
Student’s t-test. The level of 0.05 was chosen as the
minimal value of dtatistical difference in all experi-
ments.
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RESULTS

Transfection of the embryonic cells of primary cul-
tures obtained from the blastula stage led to significant
changesin their proliferative activity. The total number
of cellsin primary cultures treated with pMA563 and
pMA564 increased 4.4-4.6- and 2.7-2.9-fold, respec-
tively, during two months of cultivation (Fig. 2). In the
control cultures, the growth of cells was insignificant
(within the limits of experimental error). Note that the
control culture died aready in the beginning of the sec-
ond week of cultivation. On the contrary, the cells
treated with the functional gene gal4 survived during
two-three months. In addition, the level of DNA syn-
thesis (Fig. 3) in these cultures increased 2.2-2.3-fold,
as compared to the control cells.

Thetreatment of fertilized sea urchin eggs (until the
two-cell stage) with aplasmid containing the functional
gene gal4 (pPMA563) led to the appearance of abnor-
mally developing larvae already within 48-52 h of cul-
tivation. The transfected larvae had a rounded shape
and their devel oped was slowed down, whilein the con-
trol the development was normal: plutei were formed
by three days of cultivation (Fig. 4a). In 15-20% of
transfected embryos, cell aggregates were formed on
the surface as tumor-like structures (Fig. 4b). These
aggregates varied in morphol ogy, number, and position
on the larva and many of them were pigmented. After
transfection of the nonfunctional gene gal4 (pMA564),
tumor-like structures were also formed at the early
developmental stages, but their number was much less
(table). Unlike the control larvae (Fig. 4c), in the
embryos treated with the functional gene, the blasto-
coel represented a small cavity in the center, while the
major part of the volume was occupied by primary mes-
enchyme cells, some of which had elongated shape
with phyllopodia (Fig. 4d). Among them, atypical cells
could be seen: larger and having rounded shape
(Fig. 4d, arrows). The tumor-like aggregates were rep-
resented by agroup of cellsloosely positioned and with
agreat amount of extracellular matrix.

The dynamics of formation of the tumor-like struc-
ture in the pMA563 treated sea urchin larvae, as com-
pared to the control, are shown in Fig. 5. The highest
number of larvae with tumor-like aggregates was
observed by the beginning of the third day of cultiva-
tion (48-55 h): 13.5 £ 1.4% versus no more than 2% in
the control. During the following seven—nine days, the
number of larvae with tumor-like structures gradually
decreased and the number of separate cells increased.
In the experiments with the plasmid containing the
functional gene (pPMA563), the formation of tumor-like
structures was dose-dependent, while in those with
pMA564, the number of tumor-like structures did not
depend on the plasmid concentration (Fig. 6).

The control larvae and larvae transfected with the
nonfunctional gene gal4 died without additional feed-
ing within 10-14 days, while those transfected with the
functional gene dissociated into separate cells within
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Fig. 2. Dynamics of growth of primary cell cultures
obtained from the embryos of the sand dollar S mirabilis at
the blastula stage. Abscissa: time of cultivation, days; ordi-
nate: number of cells per well, x 10°. Cells: control (®)and
treated with plasmids pMA563 (@) and pMA564 (O).

800
700+ I
600}
500}
400}
300 T
200}
100

0

Fig. 3. Level of 3H-thymidi ne incorporation (cps/million
cells) inthe cells of primary cultures after three days of cul-
tivation. Cells: control ((J) and after treatment with the plas-
mid containing the functional genegal4 (*). ** p< 0.01.

one month of incubation in seawater without any addi-
tions. Among them, the amount of cells containing red-
brown pigment reached 50-60%. The absorption spec-
trum of pigments isolated from the culture of cells of
transfected embryos practically coincided with that of
echinochrome (Fig. 7).

Effects of plasmid DNAs (pMA563 and pMA564) on em-
bryogenesis of sea urchins

Kind of Number of embryos with tumor-like
treatment* structures (48-55 h after fertilization), %
Control 1.3+0.6
PEG 21+05
pMA564 20106
pPMAS563 14+14

*The eggs were treated within 15-20 min after fertilization.
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Fig. 4. Larvae of S mirabilis within 55 h after fertilization: (a, ¢) control (pluteus); (b, d) larvae after treatment with plasmid
PMAS563; (a, b) external appearance; (c, d) semithin sections. Scale: 50 um.
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Fig. 5. Dynamics of formation of tumor-like structure dur-
ing cultivation of embryos transfected by plasmids
pMA563 (@) and pMA564 (O). Abscissa: time of cultiva-
tion, h; ordinate: embryos with tumor-like structures, %.
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Fig. 6. Influence of the plasmid DNA concentration (abscis-
sa, pg/sample) on the amount of tumor-like structures (ordi-
nate, %) in the embryos of S mirabilis. Plasmids: (@)
pPMAS563, (O) pMA564.

DISCUSSION

The data presented suggest that the gene of yeast
universal activator of transcription gal4 is capable of
affecting cell differentiation in sea urchins. The molec-
ular mechanisms of this process are as yet unknown.
According to the model of Ptashne and Gann (1990), in
order to ensure the functioning of gal4, an upstream
activation sequence for GAL4 should be located in the
above lying part of the promoter of the gene to be acti-
vated (Giniger et al., 1985). This sequence consists of
severa repeating 17-nucleotide sequences (17-meres)
providing for recognition of GAL4, which contain the
sequence TGACA binding to the N-terminal domain of
GAL4. Unfortunately, the above lying promoter
regions of the genes of growth factors of sea urchins
have been sequenced only partially, to approximately
150 bp (Delgadillo-Reynoso et al., 1989). These
regions contain binding sites for GAL4, but no
17-meres. It cannot, however, be excluded that the
binding sites for GAL4 are inside the regulatory genes
of marineinvertebrates. Thissuggestion iscorroborated
by a significant difference between the activities of
functiona (pPMAS563) and nonfunctional (pMA564)
gene gal4 (Bulgakov et al., 2002). Computer search in
GenBank has shown that 17-meres are present in DNA
of mammals and plants. However, such regions were
not found in DNA of seaurchins, possibly, dueto insuf-
ficient knowledge about their regulatory genes. Our fur-
ther work along these lineswill consist in identification
of the protein GAL4 in sea urchin embryos, determina-
tion of its stability, and search for gene(s) with which
the activator interacts.

We propose that in the beginning of embryogenesis,
when the cells of marine invertebrates are most suscep-
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Fig. 7. Absorption spectra of echinochrome (- - -) and pig-
ments (-) from cells of the transfected embryos. Abscissa:
wavelength, nm; ordinate: optic density.

tible to the influence of external factors (Dixon, 1983),
transfection of the activator and its subsequent expres-
sion enhance continuation of cell proliferation and lead
to cell dedifferentiation and formation of tumor-like
structures in sea urchin embryos or significantly
increased number of embryonic cells in culture. The
observed increase of cell number in the cultures treated
with the nonfunctional gene gal4 indicatesto apossible
cell growth as aresult of stimulating effect of plasmid
PMAS564. Further experiments are needed to disclose
the causes of this phenomenon.

As the time of cultivation increases, the relative
amount of larvae with tumor-like structures decreases,
while that of separate cells covering the dish floor by a
dense layer increases. We explain this effect by gradual
degradation of rather “fragile’ structures. The effi-
ciency of transfection as was earlier shown by Bulga-
kov et al. (2002) isthe highest at the early stages of sea
urchin development. This appears to be due to the fact
that in this case, the area of dividing cells is maximal,
while their amount is minimal. Thisis of especia sig-
nificance in the case of transfection with the use of
PEG, since this agent enhances the increased adhesion
of the plasmid DNA to the surface of cells under treat-
ment (Maniatiset al., 1982). The dose-dependent patter
of formation of the tumor-like structures (in the case of
PMAS563) confirms that the increase in the number of
tumor-like structures is related to the activity of the
functional gene gal4.

The red-brown coloration of cultured cells from the
embryos transfected by the functional geneissimilar to
that appearing in vivo in the embryos at the prism stage
due to the synthesis of naphtochinoid pigments (Kolts-
ovaet al., 1981). The absorption spectrum of pigments
from the cultured cellspractically coincideswith that of
echinochrome, while the amount of naphtochinoid pig-
ments in cells obtained from the transfected embryos,
as calculated per one cell (Kominami and Takata,
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2002), increased 9-10-fold, as compared to the cells of
normal pluteus larvaein vivo (Koltsovaet al., 1981).

Theregulation of proliferative activity of the cells of
marine invertebrates by the genes—activators of tran-
scription capable of increasing the expression of
growth factors can be considered as a new promising
approach in marine biotechnology, which can lead in
future to the production constant cell lines of marine
invertebrates.

ACKNOWLEDGMENTS

The authors are grateful to Dr. V.P. Glazunov for
recording of absorption spectra and Dr. S.V. Plotnikov
and Prof. E.Ya. Kostetskii for their help in this work
and discussion of experimental results.

This study was supported in part by the U.S. Civil-
ian Research and Development Foundation and Minis-
try of Education of the Russian Federation, project
no. 99T-03.

REFERENCES

Bulgakov, V.P, Odintsova, N.A., Plotnikov, S.V., et al., Gal4
Gene-Dependent Alterations of Embryo Development and
Cell Growth in aPrimary Culture of the SeaUrchins, Marine
Biotech., 2002, val. 4, no. 5, pp. 480-486.

Delgadillo-Reynoso, M.G., Rallo, D.R., Hursh, D.A., et al.,
Structural Analysis of the UEGF Gene in the Sea Urchin
Srongylocentrotus purpuratus Reveals More Similarity to
Vertebrate Than to Invertebrate Genes with EGF-like
Repeats, J. Mol. Eval., 1989, val. 29, pp. 314-327.

Dixon, D.R., Methodsfor Assessing the Effects of Chemicals
on Reproductive Function in Marine Molluscs, Methods for
Assessing the Effects of Chemicals on Reproductive Func-
tions, Vouk, V.B. and Sheehan, PJ, Eds, New York:
Springer, 1983, pp. 439-457.

Elyakov, G.B., Fedoreev, SA., Maksimov, O.B., et al.,
Medicinal Drug “Histochrome” for Treatment of Inflamma-
tory Diseases of Eye Retinaand Cornea: Patent no. 2134107,
Byull. |zobret., 1999a, no. 22, p. 280.

Elyakov, G.B., Fedoreev, SA., Maksimov, O.B., et al.,
Medicinal Drug “Histochrome” for Treatment of Acute Car-
diac Infarction and Cardiac Ischemia: Patent no. 2137472,
Byull. Izobret., 1999b, no. 22, p. 283.

Fedoreyev, S.A., Mischenko, N.P, Koltsova, EA., et al., A
New Drug, Histochrome, from the Sea Urchin, Abstr. 5th
Intern. Marine Biotech. Conf., Townsville, Australia:
29 Sept.—4 Oct. 2000, p. 53.

Giniger, E., Varnum, S.M., and Ptashne, M., Specific DNA
Binding of GAL4, a Positive Regulatory Protein of Yeast,
Cell (Cambridge, Mass.), 1985, val. 40, pp. 767-774.

Koltsova, E.A., Boguslavskaya, L.V., and Maximov, O.B.,
On the Functions of Quinonoid Pigments Production in Sea
Urchin Embryos, Int. J. Invertebr. Repr., 1981, vol. 4,
pp. 17-28.

Kominami, T. and Takata, H., Process of Pigment Cell Spec-
ification in the Sand Dollar, Scaphechinus mirabilis, Devel.
Growth Differ., 2002, vol. 44, no. 2, pp. 113-125.

Vol. 34 No.4 2003



222

Ma, J. and Ptashne, M., A New Class of Yeast Transcriptional
Activators, Cell (Cambridge, Mass.)), 1987, vol. 51,
pp. 113-119.

Ma, J., Przibilla, E., Hu, J., et al., Yeast Activators Stimulate
Plant Gene Expression, Nature (London), 1988, vol. 334,
pp. 631-633.

Maniatis, T., Frich, E., and Sambruk, J., Metody genet-
icheskoi inzhenerii. Molekulyarnoe klonirovanie (Methods
of genetic Engineering. Molecular Cloning), Moscow: Mir,
1982.

Nishibori, K., Studies on Pigments of Marine Animals. 111.
Echinochrome a From the Spine of Sand-Dollar Echinorach-
nius mirabilis, Bull. Soc. Sci. Fish., 1957, vol. 22, no. 11,
pp. 708-711.

Qdintsova, N.A. and Khomenko, A.V., Primary Cell Culture
From Embryos of the Japanese Scallop Mizuchopecten yes-

RUSSIAN JOURNAL OF DEVELOPMENTAL BIOLOGY

ODINTSOVA et al.

soensis (Bivalvia), Cytotechnology, 1991, vol. 6, no. 1,
pp. 49-54.

Odintsova, N.A., Ermak, A.V., and Tsal, L.G., Substrate
Selection for Long-Term Cultivation of Marine Invertebrate
Cells, Comp. Bioch. Physial., 1994, vol. 107, pp. 613-619.

Odintsova, N.A., Belogortseva, N.I., Ermak, A.V., et al.,
Adhesive and Growth Properties of Lectin from the Ascidian
Didemnum ternatanum on Cultivated Marine Invertebrate
Cells, Biochim. Biophys. Acta, 1999, vol. 1448, pp. 381-389.

Ptashne, M. and Gann, A., Activators and Targets, Nature
(London), 1990, vol. 346, pp. 329-331.

Yuh, C.-H., Bolouri, H., and Davidson, E.H., Genomic Cis-
Regulatory Logic: Experimental and Computational Analy-
sisof a Sea Urchin Gene, Science, 1998, vol. 279, pp. 1896—
1902.

Vol. 34 No. 4 2003



