SELMA CANDELARIA GENARI

“EFEITO DO ESTRESSE NUTRICIONAL EM CULTURAS DE

CELULAS PRIMARIAS E EM LINHAGENS ESTABELECIDAS”

Tese apresentada ao Instituto de Biologia da
Universidade Estadual de Campinas para a
obtencio do titulo de Doutor em Ciéncias, area

de concentracio em Biologia Celular.

5
A

3
o
o
(11
Ly
& o
& i
il 27
3
343
' (=2
3
& e
%
o =
3 ]
W EAa]
%3 s
= ) B
3 = @
3 i S
2 ? -
P > 2 Ta
-~ : R
[=8
w : <
&
e oF
& =
o3
1.
£
£ a
L | i
iy = : @
Wk
CICt

tadora: Profa. Dra. Maria Luacia Furlan Wada

Campinas, SP
1998.

BRI s
JGTECA €05 ik

Rt 67"




FICHA CATALOGRAFICA ELABORADA PELA
BIBLIOTECA DO INSTITUTO DE BIOLOGIA - UNICAMP

Genari, Selma Candelaria
G285e Efeito do estresse nutricional em culturas de eélulas
primdrias e em linhagens estabelecidas/Selma Candeléria.
Genari. -- Campinas, SP: [s.n.], 1998.
108f.:1lus.

Orientadora: Maria Lucia Furlan Wada
Tese (doutorado) - Universidade Estadual de Campinas.
Instituto de Biologia.

1.Cultura de células. 2.Stress. 3. Morfologia. 4.Citogenética.
5. Citoesqueleto. I. Wada, Maria Ltcia Furlan, . Universidade
Estadual de Campinas. Instituto de Biologia. III. Titulo.




LOCAL E DATA: Campinas, 10 de Dezembro de 1998.

BANCA EXAMINADORA:

TITULARES:

Orientadora:

Profa. Dra. MARIA LUCIA FURLAN WADA

Profa. Dra. ELOIZA HELENA TAJARA DA SILVA

Profa. Dra. ANA ELIZABETE SILVA

Profa. Dra. MARIA LUIZA SILVEIRA MELLO

Prof. Dr. HERNANDES FAUSTINO DE CARVALHO

SUPLENTES:

Profa. Dra. CHRISTINE HACKEL

Profa. Dra. MARY ANNE HEIDE DOLDER

Assinatura

T

Assinphura

Fo PN L
N {J’j oY
Assinatura

Sl

j; Oy

Assinatura

-~ -~
I

Assinatura



il

O presente trabalho foi realizado no Laboratério de Cultura de Células Animais
do Departamento de Biologia Celular, Instituto de Biclogia da Universidade Estadual de
Campinas, sob a orientagdo da Prof.. Maria Licia Furlan Wada e com o suporte
financeiro das seguintes entidades:

- Coordenagio de Aperfeigoamento de Pessoal de Nivel Superior (CAPES).
- Fundo de Apoio ao Ensino e a Pesquisa (FAEP/UNICAMP).

- Fundagdo de Amparo & Pesquisa do Estado de S3o Paulo (FAPESP)



iv

Durante a realizaciio deste trabaltho foram publicados ou submetidos para

publicagiio os seguintes artigos originais, 0s quais encontram-se €m anexos:

1Y)

2)

3)

4)

3)

GENARI, S. C; DOLDER, M. A H. and WADA, M. L. F. Scanning and
transmission electron microscopy of transformed Vero cells with altered in vifro

growth characteristics. J. Submicrosc. Cytol. Pathol. 28(4), 565-572, 1996.

GENARI, 8. C; GOMES, L. and WADA, M. L. F. Alterations in the growth and

adhesion pattern of Vero cells induced by nutritional stress conditions. Cell Riol. Int.

20(2), 1998.

GENARI, S. C. and WADA, M. L. F. Influence of the nutritional stress conditions on
differentiation and tubulogenesis of epithelial cells in vitro. J. Cell. Physiol

(submetido para publicac¢do).

GENARI, S. C. and WADA, M. L. F. Effects of nutritional stress conditions on the

ploidy and growth of human amniotic cells. /n Vitro Cell. Dev. Biol. (submetido para

publicagdo).

GENARI, S. C. and WADA, M. L. F Cytogenetics and cytotoskeleton alterations in
Vero cells transformed for nutritional stress conditions. J. Histochem. Cytochem. (a

ser submetido para publicagio).



Ao German Alejandro
por seu amor, carinho

e compreensdo...

A nossa filha
que ird chegar e
ja compartilha das

emogdes deste momento...

Dedico.



AGRADECIMENTOS

Durante a elaboragdo deste trabalho foram muitas as pessoas e as Instituicdes que
direta ou indiretamente contribuiram em sua execugdo. Gostaria de expressar meus

profundos agradecimentos 4 todas elas... Em especial agradeco a:

Profa. Dra. Maria Licia Furlan Wada pelo carinho, compreensio e dedicagio na
orientagio deste trabalho, sempre apoiando e estimulando a minha vida profissional e
sobretudo pela amizade surgida desta convivéncia, a qual ird nos acompanhar nas etapas

futuras de nossas vidas.

A Coordenagio de Aperfeigoamento de Pessoal do Ensino Superior {CAPES), pela bolsa
a mim concedida durante o curso de Doutoramento, sem a qual eu ndo teria condigdes de

ter realizado o presente trabatho.

As professoras Dras. Maria Luiza S. Mello, Eloiza H. Taraja, Ana Elizabeth Silva e ao
professor Dr. Hernandes F. de Carvalho pela leitura cuidadosa e sugestdes que muito

contribuiram para a versdo final deste trabalho.

As professoras Dras. Maria Luiza S. Mello, Eloiza H. Taraja, Ana Elizabeth Silva,
Christine Hackel, Mary A. Heide Dolder e ao professor Dr. Hernandes F. de Carvalho,

por aceitarem participar como membros da banca examinadora desta tese.



vii

A professora Dra. M. A. Heide Dolder pelo seu valioso auxilio e colaboracio na

execugio dos estudos morfoldgicos em microscopia eletrnica.

Ao professor Dr. Hernandes F. de Carvalho pela doagio de reagentes, por sua inestimavel
assisténcia durante os experimentos de imunocitoquimica e pela revisiio critica dos

manuscritos.

A todos os professores do Departamento de Biologia Celular que muito contribuiram para
a minha formagdo profissional através de seus ensinamentos, de seu exemplo e

dedicacio.

Ao Instituto de Quimica pela utilizagfio do Microscopio Eletrénico de Varredura.

Aos funcionarios do Departamento de Biologia Celular e aos colegas de Pds-Graduagio
que na amizade e incentivo diarios, contribuiram para tornar esse trabalho ainda mais

gratificante.

Aos meus pais que, por seu imenso amor, ndo mediram esforgos para que eu pudesse ter

uma formag@o profissional e mais oportunidades de realizagdes do que eles préprios

tiveram em sua vida. ..



INDICE:
I - Introdugio
II — Objetivos do Trabalho
I — Artigos anexos

- Artigo 1

- Artigo 2

- Artigo 3

- Artigo 4

- Artigo 5
IV — Conclusdes Finais
V - Resumo

VI - Abstract

VI - Referéncias Bibliograficas

........................................................

16

26

50

82

97

100

102

104



I- INTRODUCAO

A transformagdo celular envolve mudangas num grande conjunto de propriedades,
podendo causar alteragdes nas interagdes célula-célula (LOEWENSTEIN, 1979;
KLAUNIG & RUCH, 1990; REN et alii, 1990; YAMASAKI, 1990), célula-substrato
(MURRAY et alii, 1980; KESKI-OJA et alii, 1985; NERMUT, 1991)) e célula-meio
(HOLZER et alii, 1986; CROSS & DEXTER, 1991), induzindo a mudancas no
comportamento e padrdo de crescimento em cultura. Como a transformagio celular in vitro
apresenta relagBes com o processo de carcinogénese in vive e pode ser induzida por
diferentes agentes (IARC/NCI/EPA Working Group, 1985), ela tem sido grandemente
estudada como um analogo ao desenvolvimento neoplasico, embora a correspondéncia
exata entre esses dois processos néo tenha sido totalmente estabelecida (PONTEN, 1976).
Atualmente o objetivo do estudo da transformacgdo in vifro é entender a tumorigénese em
organismos vivos, assim como 0s eventos moleculares envolvidos nesse processo (SMETS,
1980; BISHOP, 1991).

Entre as alteragBes comportamentais mais frequentemente observadas depois da
transformagfo, estd o crescimento celular em multiplas camadas, indicando a perda de
inibi¢do por contato (ABERCROMBIE, 1979). A transformagdo celular in vifro geralmente
esta associada a alteragSes no complemento cromossdmico, podendo apresentar mudangas
no grau de ploidia celular ou aberragdes cromossdmicas individuais (BIANCHI & AYRES,
1971; BIEDLER, 1976; GILVARRY et alii, 1990).

Algumas modifica¢des nas propriedades celulares decorrentes da transformagio

envolvem altera¢des dos componentes e/ou fungdes da superficie celular. Varias proteinas e



glicoproteinas de superficie estio presentes em concentragdes reduzidas, ou mesmo
ausentes nas células transformadas (H'YNES, 1976; VAHERI & MOSHER, 1978; SMETS
& VAN BEEK, 1984). Entre essas proteinas encontra-se a fibronectina, uma proteina da
matriz extracelular que desempenha viarias fungGes, como na migragio, adesio e
espalhamento celular a superficie, e frequentemente esta presente em quantidades reduzidas
apos a transformagfo induzida por agentes virais (HAYMAN et alii, 1981; ALITALO et
ali, 1982, NERMUT et alii, 1991) e em culturas celulares provenientes de certos tipos
tumorais (HYNES, 1976; MURRAY, 1980). Alguns estudos indicam ainda que o
decréscimo dessa proteina pode ser consequéncia da diminuicio de sua sintese ou a
inabilidade desta célula transformada em reter a fibronectina na sua superficie. Essas
modificagdes acabam interferindo no processo de adesfio, levando alguns tipos celulares
transformados a crescer em suspensdo, sem se fixar a um substrato, ou apresentando
menores indices de adesfio (HAYMAN et al. 1981; COOK & CHEN, 1988; PERSKY et al.,
1989).

As alteragdes morfolégicas e de adesio podem estar relacionadas, ainda, ao
citoesqueleto, uma vez que este encontra-se associado & manutencio da forma célular assim
como aos elementos de matriz extracetutar (Ben-Ze’Ev, 1985).

Diferentes organismos como leveduras, até células eucaridticas de todos os niveis
filogenéticos, parecem responder de maneira similar quando expostas a vérios tipos de
estresse metabolico que podem causar transformagio (MORIMOTO, 1991; WELCH,
1993). Entre esses varios tipos de estresse estdo mudangas de temperatura (MORIMOTO,
1991, WELCH, 1993), alteragdes 1dnicas e no pH (MATSUOKA, et alii, 1979; ZURA &

GRANT, 1981), irradiacio (WITTE et al, 1989; BOENSEN, 1992; TERZAGHI-HOWE,



1993), estresse hiperosmotico (WOLLNIK, et al., 1993), estresse nutricional (GALEGO, et
alii, 1984; BOREK, 1972) e outros.

Condi¢Ges ndo fisioldgicas de tratamento por estresse nutricional tém sido
associadas a inducdo de efeitos genotdxicos e transformacgdo em cultura de células de
mamiferos. A demonstracio do fenémeno de transformagio celular por processos de
estresse nutricional pode ter uma possivel aplicagdo para algumas classes de neoplasias
desenvolvidas (BOREK, 1972). As células epiteliais do figado, quando submetidas ao
estresse nutricional, passam a apresentar caracteristicas associadas a malignidade, como o
crescimento em multiplas camadas (BOREK, 1972). Um outro exemplo € o protozoario
Tetrahymena pyriformis que, quando submetido ao estresse nutricional, passa a sintetizar
quatro proteinas com pesos moleculares de 100klDa, 70kDa, 50kDa e 30kDa (GALEGO, et
alii, 1984). Esses estudos também podem auxiliar o entendimento da necrose que ocorre em
determinadas regides tumorais, onde as células sobreviventes sofrem privagfo de oxigénio
e nutrientes, por estarem em locais pobremente vascularizados (SHERIDAN et alii, 1981).

A linhagem celular Vero, estabelecida a partir de células renais de macaco verde da
Africa (Cercopithecus aethiops), apresehta comportamento caracteristico em cultura, com
crescimento em monocamadas. Em estudos anteriores, foi demonstrado que, por processo
de transformégio, essas células passam a apresentar alteragGes morfologicas,
comportamentais ¢ de crescimento em relagdo ao padrdo da linhagem inicial. A populagio
Vero alterada apresentou crescimento em multiplas camadas formando grumos celulares,
indicando perda de inibi¢do por contato. Foram descritas, também, alteragBes citogenéticas
referentes ao grau de ploidia celular, nimero modal de cromossomos e ainda alteragGes no
cariotipo da populacdo transformada em relagfio & populagio inicial (GENARI & WADA,

1995).



Baseados nos dados encontrados na literatura e descritos acima, a transformacéo das
células Vero pode ter ocorrido em fungdo de condigdes ndo fisiologicas de tratamento, ja
que essas células passam a crescer em multiplas camadas ¢ a apresentar varias alteragdes

descritas em células submetidas ao estresse nutricional.



I - OBJETIVOS DO TRABALHO

O objetivo geral do presente trabalho € estudar o efeito do estresse nutricional em
diferentes tipos celulares de linhagem estabelecida (Vero e MDCK) e primaria (células

amnioticas humanas), avaliando aspectos celulares morfologicos, citogenéticos e de

crescimento em cultura.

Os principais objetivos especificos sio:

Observar as alterag8es de padr@o comportamental ocorridas nos tipos celulares de
linhagens e cultura primaria submetidos ao estresse nutricional, comparando-os com seus

respectivos controles mantidos em condig¢des normais de tratamento.

Estudar as diferengas morfologicas e de crescimento celular em cultura, através da
utilizagdo da microscopia eletrénica de varredura e da obtengdo das curvas de crescimento

das populagBes controle e sob estresse.

Estudar a distribui¢iio da fibronectina, através de métodos imunocitoquimicos, nos

diferentes tipos celulares em condi¢Bes normais de cultura e sob o efeito do estresse

nutricional.



Analisar, através de métodos imunocitoquimicos, a distribuicio de actina e

vimentina nas popula¢les controle e sob estresse, para detecgdo de possiveis alteractes

ocorridas no citoesqueleto das células,

Efetuar estudo citogenético nas células sob estresse e seus controles, através da
determinag@o do indice mitdtico, grau de ploidia celular, mimero modal de cromossomos e

estudo do caridtipo.
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Scanning and transmission electron microscopy
of transformed Vero cells, with altered 7z vitro

growth characteristics

S.C. GENARIL M.AHL DOLDER and M.L.E WADA

Department of Cellular Biology, State University of Campinas, UNICAMP, Sao Paulo, Brazil

SUMMARY - The Vero lineage, established from kidney cells of the green African monkey, presented
tibroblasts-like cells and growth in monolayers. Maintained in culture, the Vero cells presented behavioural
and morphologic alterations, associated with cellular transformation. The morphological alterations were
investigated using scanning and transmission electron microscopy. The study of proliferation and determina-
tion of the cellular doubling time was obtained from the growth curve. The initial population presented
growth in a monolayer, while the altered cells grew in multilavers forming cellular aggregates, with fattened
cells on the surface and globular cells in the inner region of the aggregate, together with extracellular
matrix material, The cell surface of the altered population presented innumerable structures similar to little
vesicles, microvilli and cytoplasmic prolongations. The cellular proliferation of both populations was very
similar. Our results indicate that morphological and growth changes probably resulted from cellular trans-
formation of the initial Vero cells, These transformed cells presented several characterstics assaciated with

neoplastic growth, and can be used as a model for tumor calls studies 2 vizro.

Key Worps Vero colls - multiple lavers - cellular

werphologic afteration
2

cellular transformation -
aggregates -

INTRODUCTION

The Vero cell lineage, established from kidney cells of the
green African monkey (Cercopithecus sethiops), has a cha-
racteristic growth pattern in culture. This lineage present-
ed fibroblastic-fike cells, growing in monclayers (Janik and
Greko, 1976; Fleming and Kistler, 1977; Lee and
Engelhardt, 1977; Araki and Nakamura, 1978; McClane
and MacDonel, 1979; Leary and Blair, 1980). Maintained
in culture, the Vero cells began to alter their initial
behavioral and growth characteristics. This altered Vero
population grew in multiple Jayers, forming cellular ag-
gregates (Genari and Wada, 1995). This abnormal social
behavior is called morphologic transformation (Smets,

Madlting addvess: Dr. Selma Candeliria Genari, Departamento de Biclogia
Celular, Instituto de Biologia, Universidade Estadual de Campinas, UNI-
CAMP, Caixa Postal 6109, CEP 13 083.970, Campinas, Séo Paulo, Brazil.

1980), and occurs due to the loss of the contact inhibi-
tion (Heidelberger and Type, 1966), frequently observed
in cells extracted from tumors and grown in cell cubture
(Persky er af., 1989, Sridhar ef a/, 1989; Ebert ef af., 1990;
Bridges ez al, 1991) or cells transformed by virus and car-
cinogenic chemicals (Duesberg and Vogt, 1970; Alitalo
et al., 1982; Brown et al., 1986; Perocco ef al, 1993). The
transformed and the cancer cells, when compared with
their genitive ancestral cells or their tissue of origin, may
present significant differences in their growth curve.
These cells consistently have prolonged survival in low
nutritional conditions and an accelerated growth index
{Abercrombie, 1979; Golombick et 4/, 1990). The process
of mammalian cell transformation has been the subject of
many investigations. The objective of this study i vitro is
to help understand how tumors originate and progress in
animals (Pontén, 1976; IARC/NCI/EPA Working Group,
1985; Terzaghi-Howe, 1993). The study described in this
paper investigated the morpholegic and growth characte-
ristics of the initial Vero cells and the altered population,
by transmission and scanning electron microscopy, and
their respective growth curves.
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FiGure 5 The altered Vero cells after confluency, with 15 days culture, continue to develop indefinitely, growing in multiple Jayers and forming
cellular aggregates (arrow). ¢ 800.

FrGuRe 6 Cellular surface of the initial Vero celis presented Jirtle vesicles (V), microvilhi (arrowheads) and cytoplasmatic prolongations of various
lengths (arrow). X 16,000.

Fioure 7 Ceilular surface of the sliered Vero cells presented innumerable vesicles (V) and fibrillar structures (arrows), which may represent extra-
cellular matrix elements. % 10,000.
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(Persky er al, 1989; Sridhar e 4, 1989; Bridges et 4.,
1991).

The formation of miniature tumor colonies requires as
critical events, the production of matrix clements as well
as cell-to-extracellular matrix interaction (Persky et al,
1989). Another important aspect may be the possible
relation between fibrillar structures of extracellular matrix
elements and the physical stability of the cellular aggre-
gates, since these structures are frequently ohserved in
dividing cells {Takezawa ef af, 1593},

The surface of altered cells was covered with innumera-
ble structures which can be described as microvilli, vesi-
cles or ruffles. These structures are frequently observed in
transformed cells,

These changes in surface and cellular shape were associat-
ed with the increased intracellular protein production or
the elimination of this marerial (Linstead es af, 1988).
The vesicles observed in altered cells appear to indicate
the elimination of material to the extracellular environ-
ment. In the transformed Vere cells, the microvilli seem
to play roles for the binding of ceflto-cell and cell-to-
collagen or other matrix elements (Takezawa ez af., 1993).
Fibroblasts first bind directly or indirectly to collagen
fibrils through binding sites located on the cell membra-
ne of microviili (Grinnell and Bennett, 1981; Asaga e 4/.,
1991; Lu et af, 1992).

In relation to the growth curves, in the proliferative
phase no differences are observed between the initial
Vero and the altered population, but after the end of the
profiferative phase the initial Vero cells stopped cellular
division, reached senescence and died. The aitered popu-
lation continued the proliferative phase for an indefinite
time, since the cells begin growing in multiple layers. This
fact demonssrared that the initial Vero cells maintained the
characteristics of contact inhibition, while the altered
population lost this characteristic (Heidelberger and Iype,
1966). The loss of contact inhibition was observed in
various transformed cellular types after viral action, ex-
posure at the carcinogenic chemicals, radiation and other
factors {Borek and Sachs, 1966; Borek, 1972; Abercrom-
bie, 1979) and also in malignant cells obtained from teci-
dual tumors and maintained in culture (Persky er al,
1989; Sridhar e af., 198%; Ebert er al, 1990; Bridges
et al., 1991).

In this manner, the morphological and growth changes de-
scribed in this paper were probably the result of cellular
transformation mechanisms in culture. These altered cells
can be used as a model for tumor cell studies i vitro.
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The pattern of growth, adhesion and protein synthesis in Vero celis submitted to nutritional
stress conditions was investigated. The control cells presented a characteristic pattern, with
monolayer growth, while the stressed cells presented muitilayered growth, with aggregate or
spheroid formation which detached on the flask surface and continued their growth in another
region. In the soft agar assay, with reduced amount of nutrients, only the stressed cells presented
growth, indicating physical and nutritional independence. A 44-kDa protein was observed in
stressed cells and was absent in non-stressed cells. The adhesion index and fibronectin synthesis
and distribution were altered in stressed cells. After confluence, control celis presented
fibronectin accumulation in lateral cell-cell contact regions, while this fibronectin accumulation
pattern was not observed in stressed cells. These alterations may be responsible for the
multilayered growth and decreased adhesion index observed in stressed cells which were

transformed by nutritional stress conditions.

© 1998 Academic Press

Keyworps: cellular transformation; adhesion alterations; soft agar: fibronectin; 44 kDa protein;,

nutritional stress.

INTRODUCTION

The Vero cell lineage obtained from kidney cells of
the African green monkey (Cercopithecus aethiops)
has a characteristic growth pattern in culture
(Bianchi and Ayres, 1971). The cells of this lineage
grow in monolayers, are elongated in shape and are
similar to fibroblast cells, with little cytoplasmic
granulation. When a Vero population reaches
cellular confluence, subculture should be carried
out, otherwise the celis degenerate and lift off the
culture flask surface (Genari and Wada, 19953),
Cultured fibroblasts and epithelial celis in culture
can undergo neoplastic evolution for the cellular
transformation process. The transformation
involves a modification or serial modifications in
the celiular genome, which lead to the transformed
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- phenotype (Smets, 1980). Morphological manifes-

tations of the transformation are observed in the
growth, adhesion and spreading characteristics,
which are frequently altered in transformed and
tumour cells (Keski-Oja ef al., 1985; Vasiliev, 1985;
Nermut et al., 1991). Since cellular transformation
1s inducible in vitro by several agents such as
viruses, chemicals, radiation and metabolic injury
incurred by some treatments, these transformed
cells have been used to study a process analogous
to neoplastic transformation in vivo, to help under-
stand how tumours originate and progress in ani-
mals (Pénten, 1976; IARC/NCI/EPA Working
Group, 1985; Terzaghi-Howe, 1993). Several
treatments which lead to physiological stress can
induce transformation in cultured cells. Thus, in
the present study, we investigated the growth,
adhesion index, protein synthesis patterns and
fibronectin distribution of Vero cells submitted
to nutritional stress cenditions and compared
these parameters to those of a control non-stressed
population.

4 1998 Academic Press
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MATERIALS AND METHODS

Control culture conditions

The Vero cells obtained from the Adolfo Lutz
Institute, Sdo Paulo, Brazil, were maintained in
Ham F10 medium (Sigma Chemical Co., St Louis,
MO), supplemented with a 5% fetal bovine serum
(Nutricell, Campinas, SP, Brazil) in 37°C with 5%
of CO,. The medium was renovated at 48-h inter-
vals, and subculture was always performed at
confluence of the monolayers.

Stress culture conditions

Stressed cells at confluence were maintained with-
out change of culture medium for 15 days and then
returned to control culture conditions. The period
of 15 days was chosen because no changes in
growth characteristics were observed over shorter
periods of stress, and most cell cultures presented
senescence and death over longer periods of stress
even after they were returned to normal culture
conditions.

Pattern growth analysis

The control and stressed cells at a density of
3 x 10° cells/ml were seeded on to 35-mm culture
plates and their growth characteristics observed.
The stressed cells presented multilayered growth
with the formation of spheroids that spontaneously
detached from the plate surface after prolonged
culture times. The detached spheroids were col-
lected and added to other culture flasks and their
growth pattern was observed and photographed
under an inverted phase-contrast microscope.

Adhesion assay

Suspensions of control or stressed cells at a density
of 2 x 10%, were seeded on to 35 mm culture plates
with Ham F10 medium supplemented with 5% fetal
bovine serum (FBS). The cells were maintained at
37°C with 5% CO, for different periods of time ie.
10, 20, 40, 60, 80 and 100 min. At the end of each
period, the plates were washed in saline solutjon,
fixed in methanol/acetic acid (3:1 v/v) and stained
with 5% Giemsa (Murray er a/., 1980). The number
of adhered cells was estimated by counting ten
random fields per plate. The assay for each time
period was carried out in triplicate. The mean rate
of adhered cells was obtained for each time period
and the data were plotted graphically.
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Soft agar assay

The cells were cultured in 35-mm plates with a
1.5-ml underlay containing 0.6% agar (cell culture
tested, Sigma) in Ham F12 medium (Sigma) at the
concentration indicated by the manufacturer and
10% FBS. The plating layer was the same medium
in 0.3% agar, but with half the concentration of the
above nutrients. Cells were plated at a concen-
tration of 6 x 10° cells per dish and incubated for 8
days at 37°C, with 5% CO,. The Sp2 cell line
obtained from mouse myeloma, which grows in a
suspension system, was used as control. The assay
was performed with ten culture plates for each cell
population.

Cell extract and total protein content

After detachment from the flask walls, cells were
maintained for 2h in Ham F10 medium supple-
mented with 5% FBS for the reestablishment of the
cell surface proteins. After this time they were
washed three times in phosphate-buffered saline
(PBS) and a density of 6 x 107 cells was obtained.
The cells were lysed in 1% Triton X100 in Tris—-HCI
buffer, pH 7.5 (1:1 v/v). Total protein content of
the cell extracts was determined by the method of
Bradford (1976).

Electrophoresis

Samples of the control and stressed cell extracts,
with 50 ug of protein, were submitted to electro-
phoresis in 10% polyacrylamide gel (SDS-PAGE)
(2% sodium dodecyl sulfate, 10% glycerol,
10 myM ethylene diamine tetraacetic acid (EDTA)
and 0.01% bromophenol blue) under reducing
(Z-mercaptoethanol  0.2%) and non-reducing
conditions (Zingales, 1984).

Immunocytochemistry

Immunodetection was performed on subconfluent
and confluent monolayer cultures of control and
stressed Vero cells grown on glass coverslips. The
cells were seeded at a density of 5 x 10% celis/m] on
glass coverslips in Ham F10 medium with 5% FBS
and further cultured for 24 and 72 h before immu-
nostaining. After washing in 0.1 M PBS, pH 7.4, the
cells were fixed in 4% paraformaldehyde in PBS for
15 min. The material was preincubated for 10 min
in 1% bovine serum albumin (BSA) in PBS to block
nonspecific staining. The preparations were then
incubated overnight in a moist chamber at 4°C with
a monoclonal anti-cellular fibronectin antibody
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S
Fig. 1. Phase contrast photomicrographs of the same field of nutritionally stressed Vero cells, in the process of spheroid
formation. (A) Confiuent monolayer after 24 h of culture. {B) After confiuence, the stressed cells grown for 48 h presented

multilayered growth. (C) After 96 h, the stressed cells presented cellular aggregations and ipitial spheroid formation. (D) Cell
aggregates or spheroid formation after 120 h of culture. x 160,
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Fig. 2, Phase-contrast photomicrographs of spontaneously detached cellular spheroids returned to culture conditions. The
spheroid presented cellular adhesion and migration on the culture flask surface. (A), 24 h; (B), 48 h; (C}), 120 h. = 90. (D), The
area initially occupied by the detached spheroid remained unoccupied by the surrounding cells, even though multilayered growth

was observed at the periphery (arrow). x 160,
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Fig. 3. Analysis of cell adhesion for control (Vero-C, @) and
stressed {Vero-S, M) cells in Ham F10 medium, supplemented
with 5% FBS over different time periods. The stressed cells
showed a smaller adhesion rate than normal cells for all time
periods analysed.

(Sigma) obtained from mouse ascite fluid (Clone
FN-3E2). After washing in PBS, the antigenic
sites were observed using FITC conjugated anti-
mouse [gG (F0257—whole molecule) (Sigma)
developed 1n a goat. The coverslips were
mounted in Vectashield mounting medium (Vector,
Burlingame, CA, U.S.A)) and analysed with an
Axioskop Zeiss fluorescence microscope. Control
experiments were performed including omission of
primary antibody and under serum-free conditions.

RESULTS

Pattern growth analysis

The control Vero cells presented monolayered
growth and, after confluence, they stopped dividing
and entered senescence followed by death. The
stressed cells, after confluence, presented mutltilay-
ered growth with the formation of cell aggregates
or spheroids which grew for 15 to 20 days and then
spontaneously detached from the plate’s surface
(Fig. 1). The spheroids were collected and placed in
other culture flasks, where they presented adhesion
to the substrate and cell migration. A monolayer
was 1nitially followed by multiple layer growth
(Fig. 2A, B and C). The place initially occupied by
the detached spheroids remained unoccupied by
the surrounding cells, and multilayered growth was
observed at the periphery of these areas (Fig. 2D).

Adhesion assay

The mean rate of adhered control and stressed celis
obtained for each time period is graphically pre-
sented in Figure 3, showing a lower adhesion rate

5

for stressed cells than normal cells for all time
periods analysed.

Soft agar assay

In the soft agar assay, a lower concentration of
medium and FBS was used than suggested by the
manufacturer. The Sp2 myeloma cells and control
Vero cells did not present colony formation and
were observed as individual cells on all soft agar
culture plates (Fig. 4A and B). Eight day stressed
cells in soft agar culture presented initial colony
formation on all culture plates which slowly
developed for two days (Fig. 4C).

Total protein analysis and electrophoresis

The total protein concentration in control Vero
celis was 8.7 ug/ul, while the stressed cells presented
21.0 ug/ul. The electrophoresis gel showed some
differences between the proteins of control and
stressed cells. The stressed cells presented a 78-kDa
band which was less visible in control ceils, and a
44-kDa protein which was highly visible in the
stressed cells and absent in the control cells (Fig. 5).
No noticeable differences were observed between
the reducing and non-reducing conditions.

Immunocytochemisiry

Before confluence, the control cells presented dis-
persed fibronectin distribution on their surface and
a more concentrated distribution in some regions

© of contact fibres between neighbouring cells (Fig.

6A and B). The stressed cells did not present this
concentration in specific areas, showing a dispersed
fibronectin distribution (Fig. 6C and D). At mon-
olayer confluence, the control cells were actively
synthesizing fibronectins which  accumulated
between adjacent cell-cell contact regions (Fig. 7A
and B), while the stressed cells presented diffuse
fibronectin localization (Fig. 7C and D).

DISCUSSION

The aim of this study was to investigate the influ-
ence of nutritional stress conditions on Vero cell
growth and adhesion characteristics. The multilay-
ered growth observed in the stressed cells, with
spheroid formation, is a manifestation of morpho-
fogical transformation and was irreversible, even
when the stressed cells were returned to normal
culture conditions. Cell transformation in vitro can
be defined as the acquisition of permanent distur-

20
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Fig. 4. Phase contrast photomicrographs of a ceflular culture in
soft agar medivm with reduced nutrient concentration. (A)
3p2 myeloma cells (arrow); (B}, contro! Vero cells (arrow); (C),
initial colony formation of stressed Vero cells (arrowhead),
® 150,

]

bances 1n the growth and/or locomotion control
(Pontén, 1976; Smets, 1980} and involves altera-
tions in several celi~cell (Klaunig and Ruch, 1990;
Ren et al, 1990; Yamasaki, 1990), celi-substrate
(Keski-Oja et al., 1985; Nermut, 1991) and cell-
medium (Holzer et al, 1986; Cross and Dexter,
1991) interactions. When the Vero monolayers were
submitted to nutritional stress the cells were not
only exposed to the effects of a depleted medium,

Cell Biology International, Vol 22, No. 0, 1998
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Fig. 5. Comparison of the protein pattern of contrel and
stressed Vero cells by 10% polyacrylamide gel SDS-PAGE gel.
Lanes 1 and 2: molecular weight protein standards (Pharma-
cia, Uppsals, Sweden): Lanes 3 and 4 Cell extract of the
control Vero cell population under reduced and non-reduced
conditions, respectively; Lanes 5 and 6: Celtular extract of the
stressed Vero cell population under reduced and non-reduced
conditions, respectively. Proteins on the gel were stained by
Coomassie brilliant blue.

but also to the consequences of this condition, such
as the products of their own metabolism as well as a
lowered pH. Nutritional stress (Borek, 1972) and
low pH (Morita et al., 1989; Zura and Grant, 1981)
have been associated with the induction of cell
transformation in mammalian cell culture and of
some kinds of stomach and bladder tumour devel-
opment in mice {Ashby and Ashidate, 1986;
Brusick, 1987). Thus, the altered morphological
and growth characteristics observed in the stressed
cells were probably caused by the nutritional stress
conditions and their consequences.

The spheroid is a spherical mass composed of
cells and extracellular matrices (Landry, 1985;
Takezawa et al,, 1993; Genari and Wada, 1996)
and their formation in multilayer growth indicates
the loss of contact inhibition (Abercrombie, 1979),
which has been associated with malignancy. The
fact that cells do not occupy the space left by the
detached spheroid may indicate the production of
some substance which prevents the attachment and
spreading of surrounding cells.

Normal fibroblasts or epithelial cells require
adhesion and spreading on the substrate for growth
in vitro, while some kinds of tumour cells present
the capacity to grow in suspension or in a soft agar
medium, a property known as anchorage indepen-
dence (Beremblum and Armuth, 1981; Vasiliev,
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Fig. 6. Immunostaining of fibronectin distribution after 24 h of culture in sparse cells of the control Vero population (A and B},
and in the stressed population (C and D). (A) Phase contrast of the control sparse cells; (B) same field showing control celis
presenting fibronectin accumulation in fibres between neighbouring celis (arrowheads) x 3500. (C) Phase contrast of stressed
sparse cells and (D)) same field with stressed Vero cells presenting diffuse fibronectin distribution. x 3500.

1985). For the soft agar assay, only the stressed
cells presented initial growth and colony forma-
tion, indicating not only a physical, but also a
nutritive independence, since these cells were grow-
ing in reduced amounts of nutrients and serum,
while the control population did not present devel-
opment or colony formation (Holzer er al., 1986;
Persky et al., 1989).

Several studies demonstrated altered proteins or
new protein synthesis during the carcinogenic pro-
cess in vivo. Some of these proteins are able to
induce cellular transformation i vitro (Beremblum
and Armuth, 1981). The best studied abnormal
protein in cells transformed by viruses or chemical
agents or spontaneously, as well as in cancer cells,
is a 53-kDa protein, called pp53. This phosphopro-

tein i3 absent in normal cells and has been associ-
ated with maintaining the transformed phenotype
(Lane and Crawford, 1979; Senger er al., 1979;
Gurney et al., 1980; McCormick and Harlow,
1980; Crawford et al., 1981). More recent studies
have demonstrated that the p53 gene is frequently
affected in several kinds of human tumours, being
involved in the control of cellular growth and
playing an mmportant role in the suppression
of the abnormal cell proliferation and tumour
development {(Milner, 1991). :

During cellular transformation obtained by
several treatments such as high temperatures
(Morimoto, 1991; Welch, 1993), irradiation (Witte
et al., 1989; Boensen, 1992; Terzaghi-Howe, 1993),
nutritional stress (Borek, 1972) and hyperosmotic
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Fig. 7. Immunostaining of fibronectin distribution after 72 h of culture in confluent monolayers of control Vero popuiation (A
and B), and in the stressed population (C and D). (A) Phase contrast of a monolayer control cell population; (B) same field
showing fibronectin accumulation between adjacent cell-cell contact regions (arrowheads) in control cells, x 3500. ()
Phase-contrast of a monolayer stressed population and (D) same field showing the stressed cells presenting diffuse fibronectin

distribution., = 3500.

(Wollnik et al., 1993) or other environmental stress,
the synthesis of a group of cellular proteins has
been observed. These proteins are collectively
called HSP (heat shock proteins) or stress proteins
because they were 1nitially observed in cells exposed
to heat shock. HSP production is observed in ail
organisms, from the simplest prokaryotes, yeast,
plants on up to higher eukaryotes and their pro-
duction indicates an apparent defence mechanism
(Weich and Suhan, 1986). Most HSP are in fact
expressed in all cells maintained under normal
growth conditions, but the expression of these
proteins can increase as the result of several meta-
bolic insults, which reduce the level of normal ATP
(Welch, 1993). Some stress proteins have been

shown to function as mediators of protein matura-
tion, leading to the more general concept of
molecular chaperones, i.e. proteins which assist the
correct non-covalent assembly of other polypeptide
structures, but which are not components of these
assembled structures, when they perform their nor-
mal biological functions (Ellis, 1993). Some stress
proteins were synthesized by Tetrahymena pyri-
Jormis submitted to stress conditions by starvation.
These proteins are included in the 100-kDa, 70-
kDa, 50-kDda and 30-kDa family (Galego, 1984).
The stressed Vero cells presented a 44-kDa protein
which was not observed in the unstressed popula-
tion, and a 78-kDa protein which was more visible
than in control ceils, where it was found in very
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small quantities. The synthesis of large amounts of
an approximately 35-kDa protein was observed in
studies using various mouse fibroblast cells after
their viral, chemical or spontaneous transforma-
tion. These studies showed that this protein
is associated with growth control and may
possibly be a marker for cellular transformation
(Gottesman, 1978). A 37-kDa protein was also
described on the cellular surface of mouse fibrosa-
rcoma, being associated in vifro with invasiveness,
since the use of specific antibodies inhibited cell
invasion and the contact inhibition was restored
(Parish et al., 1987). The data presented above may
indicate a possible function of the 44-kDa protein
and other HSP in the altered characteristics
of stressed cells and in the maintenance of their
transformed phenotype.

Other proteins frequeatly altered in transformed
cells are the fibronectins, which are glycoproteins
found in plasma and secreted by a variety of cell
types including fibroblasts, endothelial cells and
hepatocytes (Grinnell and Bennett, 1981). The
principal function of fibronectins is the adhesion of
cells to extracellular materials or to a solid sub-
strate. This process includes initial attachment,
spreading, the organization of cytoskeletal fibrils
and focal attachments to the substrate (Hynes,
1990). Fibronectin was lost from the surface of
virally, chemically or spontaneously transformed
cells and from tumour-derived cells (Murray et al.,
1980; Bannikov et al., 1982). The loss of or dimin-
ished fibronectin production in transformed cells
may be caused by alterations in cell adhesion,

cytoskeletal organization and cell migration. The

distribution of fibronectin in stressed Vero cells was
considerably altered in relation to the control ceils.
In the sparse cultures the control cells presented
fibronectin accumulation in contact fibres between
neighbouring cells, while this pattern of fibronectin
accumulation was not observed in: stressed cells. At
confluence, control cells presented fibronectin accu-
mulation between adjacent cells, while the stressed
ceils presented a diffuse distribution. This localiza-
tion suggests that fibronectin may have an import-
ant function in the attachment, adhesion and
migration of these cells to the substratum because,
in fact, the stressed cells presented a smaller adhe-
sion index than control cells. Decreased spreading
and attachment, accompanied by reduced adhe-
sion, are frequently observed in transformed or
tumorigenic cells, and are associated with the
deficient interaction and production of extracellu-
lar matrix elements (Grinnel and Bennett, 1981;
Kieinman ez al., 1981; Alitalo er af., 1982; Vasiliev,
1983). The absence of fibronectin accumulation in
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lateral cellcell contact regions may signify a
reduced fibronectin synthesis or deficient fibro-
nectin accurnulation in stressed cells. The deficient
formation of continuous cell-cell contact regions
may lead to disorganization in the growth pattern,
with multilayer growth and aggregate or spheroid
formation (Bannikov, 1982; Hynes, 1990). The
fibronectin accumulation in cell-cell contact
regions may contribute to the maintenance of
the monolayered organization, as observed in
the growth characteristics of control Vero cells.
The decreased synthesis or accumulation of
fibronectin can lead to the disorganization of cell
growth pattern, with multilayered growth in virro,
contributing to the metastasis process in vivo.

The data presented here indicate that nutritional
stress conditions may promote the transformation
of Vero cells, leading tc alterations in their
growth characteristics, adhesion index and protein
synthesis.
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SUMMARY

We have investigated the effect of nutritional stress conditions on different properties of
Vero cells in culture. Nutritional stress and lowered pH may promote the transformation
of Vero cells, leading to alterations in their growth and adhesion characteristics. In this
work we investigated the induction of morphologic transformation of Vero cells
submitted to nutritional stress and their correlation with cytogenetical alterations, the
cytoskeleton and extracellular matrix components. Control and stressed populations
presented different modal chromosome number and karyotypes. Polyploidy was
enhanced in stressed cells. Codistribution of fibronectin and actin was observed in control
cells, while the expression of fibronectin was reduced in stressed cells and no
codistribution was observed. Stressed Vero cells also presented reduced staining for
vimentin. We can conclude that the nutritional stress conditions associated with a
lowered pH are responsible for the cytogenetical and cytoskeletal alterations in stressed

Vero cells.

Keywords: Transformation; Fibronectin; cytoskeleton; polyploidy; Vero cells.
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INTRODUCTION

Some studies have demonstrated that non-physiological conditions in culture such
as ionic alterations, pH lowering (Zura and Grant, 1981 and Morita et al., 1989/1990) and
nutritional stress (Borek, 1972, Genari and Wada, 1998) may be associated with
genotoxical effect, induction of cellular transformation and cytogenetical alterations
(Genari and Wada, 1995). Other studies have also associated these conditions to those
observed in some stomach and urinary bladder tumors in the mouse (Brushich, 1987,
Ashby and Ishidate, 1986). We have investigated the effect of nutritional stress
conditions on different properties of Vero cells in culture. These studies indicate that
nutritional stress may promote the transformation of Vero cells, leading to alterations in
their growth and adhesion characteristics, and in the proteins synthesized (Genari et al,
1996; Genari et al, 1998).

During long term cultivation, cell lines may change some of their original
characteristics, including the karyotype. These changes may be due not only to genetic
characteristics of culture cells but also may be induced by alterations in the culture
conditions (Mamaeva, 1998). Genetic alteration is frequently associated with changes in
cellular growth and morphology, and these characteristics are defined by interactions
between extracellular matrix and cytoskeletal components, or between neighbouring cells
{Geiger, et al., 1985).

This research investigated the induction of morphologic transformation in Vero
cells submitted to nutritional stress conditions and their correlation with cytogenetical

alterations as well as cytoskeletal and extracellular matrix components.
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MATERIALS AND METHODS:

Control Culture Conditions

Vero cells at passage number 195 were obtained from the Adolfo Lutz Institute - Sio
Paulo, Brazil, and maintained in Harmn F10 medium (Sigma Chemical Co., St Louis, MO -
USA), supplemented with a 5% fetal bovine serum (Nutricell, Campinas,SP - Brazil) at
37°C with a 5% CO; atmosphere. The medium was changed at 48 hours intervals, and the

subculture was performed when cells reached confluence.

Stress Conditions

Confluent cells were maintained without culture medium replacement for fifteen days.
After this time, the stressed cells were returned to the control culture conditions. This
period was standardized because no morphological alterations were observed if cells
were subjected to shorter periods. On the other hand, senescence and cellular death were
verified in most of the cultures stressed for periods over fifteen days, even when the cells

were returned to the normal culture conditions. At the end of the stressing period, the

medium reached pH 6.8.
Morphological and Growth Characteristics

The growth and morphological characteristics of control and stressed MDCK cells were

assessed by daily observation of the cultures with an inverted microscope.
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Cytogenetics and karyotypic analysis

Cells were arrested in metaphase by the addition of colchicine (16 pg/ml) on logarithmic
phase cultures (control cells at passage 198 and stressed cells at the passage 201),
followed by a 4 h incubation period. Cells were harvested and chromosomes were
prepared according to routine techniques. Trypsin-Giemsa (GTG) banding was performed
according to a modification of the method of Seabright (1971). The modal chromosome
number was determined by counting the chromosomes in 100 metaphases for each cell
population. The mitotic and polyploidy index were obtained according to Deitch and
Sawicki (1979) and Gylvarry et al. (1990), respectively. The arrangement of the
chromosomes was adjusted according to Bianchi & Ayres (1971) and Genari & Wada

(1995).

Immunocytochemistry

Immunocytochemistry for fibronectin, actin and vimentin was performed on
subconfluent and confluent monolayer cultures of control and stressed cells grown on
glass coverslips. The cells were seeded at the density of 5 X 10* cells/ml in Ham F10
medium with 5% FBS and further cultured for 24 or 72 h before immunostaining. After
washing in PBS, pH 7.4, the cells were fixed and permeabilized in 0.25% glutaraldehyde,
4% formaldehyde in 80mM Pipes pH6.8, containing 1mM MgCl, SmM EGTA and 0.2%
Triton X-100 for 30 min. After blocking with 100mM sodium borohydride buffer for 20
min and with 3% BSA for 1h they were incubated with the primary antibodies. The cells
were incubated with phalloidin-rhodamin (SIGMA) for F-actin during 1 h and further

stained with either a monoclonal antibody anti-vimentin (SIGMA - from mouse ascites
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fluid, clone V9} or an anti-cellular fibronectin (SIGMA - from mouse ascites fluid, clone
FN-3E2). Primary antibodies were visualized by incubation with a goat FITC-conjugated
antibody anti-mouse IgG (SIGMA). The material was observed with a Zeiss Axioskop

equipped with filter sets for rhodamin and fluorescein.
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RESULTS

Morphological and Growth Characteristics

Control Vero cells grew exponentially in a monolayer until confluence and presented an
elongated shape, typical of normal fibroblastic-like cells (Figure 1 A). After reaching
confluence at day 3 to 4, normal cells stopped dividing and died. The stressed cells, after

confluence, presented growth in multilayers with formation of cellular aggregates (Figure

1 B).

Cyfogenetics and karyotyping

Control and stressed Vero cells presented polyploidy indices of 5.0% and 12.3%
respectively. Mitotic index was the same (7.2%) for both conditions. Control and stressed
populations presented a modal chromosome number of 55 and 56, respectively (range: 53
to 58; n = 100 for each condition). The diploid chromosome number distribution in
control and stressed cells is presented in Figure 2. Figures 3 and 4 exhibit the karvotype
of control and stressed Vero cells, respectively. The karyotype of stressed cells was
characterized by trisomy of chromosome 5. Monosomy of some chromosomes was also

ohserved in both conditions.

Immunocytochemistry

In control and stressed cells bundles of actin in the form of stress fibers were observed.
They transverse the cytoplasm, and codistributed with fibronectin in control cells, while
the expression of fibronectins was reduced in stressed cells and no codistribution was

observed (Figure 5). When compared to the control cells, stressed cells presented reduced
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staining for vimentin, with a diffuse localization. Control cells presented vimentin fibers
located mainly around the nucleus and extending to the cytoplasm (Figure 5). After
confluence, control cells presented fibronectin and actin deposition between adjacent
cells (Figure 6); the distribution of fibronectin was not altered in stressed cells and

continued as before confluence (not shown).
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DISCUSSION

The Vero cell lineage obtained from kidney cells of the African green monkey
(Cercopithecus aethiops) has a characteristic growth pattern in culture. We previously
have shown that nutritional stress conditions may induce alterations of different
properties of Vero cells, including morphologic transformation (Genari et al, 1996;
Genari et al, 1998). We now describe the association of cytogenetical alterations,
cytoskeletal and extracellular matrix components, associated with this morphologic
transformation in Vero cells.

The normal diploid chromosome number in the African green monkey is 60
(Bianchi and Ayres, 1971) and the karyotype of Vero cells is described as pseudodiploid
(ATCC). In this study the karyotype of control and stressed Vero cells, these display a
different modal chromosome number, 55 and 56, respectively. The karyotype of stressed
cells was characterized by a trisomy of the chromosome 5. Polyploidy was enhanced in
stressed cells (12.3%) as compared to control cells (5.0%), and this characteristic has
been associated with transformation.

When the Vero monolayers were submitted to nutritional stress the cells were not
only exposed to the effects of a depleted medium, but also to other consequences of this
condition, such as accumulation of metabolites and lowered pH. Nutritional stress and
low pH (Morita, e al. 1989; Zura and Grant, 1981; Genari and Wada, 1998) have been
associated with the induction of cell transformation in mammalian cell culture and of
some kinds of stomach and bladder tumor developed in mice (Ashby and Ashidate, 1986:

Brusick, 1987).
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Fibronectin expression is important for cellular migration and adhesion,
morphogenesis and transformation process. In virally transformed cells (Murray 1980;
Hayman et al, 1981; Chen et al, 1984; and Nermut et al, 1991) the expression of
fibronectin is often reduced and the cells are typically less adherent to the substrate and
no longer show lost of contact inhibition (Chen and Chen, 1987; Hynes, 1990a).
Nevertheless, some studies indicated that cellular fibronectin and other matrix
components may be effective in promoting assembly and stabilization of actin stress
fibers in some cells (Hynes, 1990b). The distribution of fibronectin in stressed cells was
altered in relation to control cells. The control cells presented fibronectin accumulation
between neighboring cells at confluence, while stressed cells presented a diffuse
distribution. The absence of fibronectin accumulation between the cells of the monolayer
may signify a reduced fibronectin synthesis or deficient fibronectin accumulation in
stressed cells, which may lead at the disorganization of the growth pattern with
multilayered growth and formation of cellular aggregates (Banikov, 1982; Hynes, 1990).

Most of cell types attach to fibronectin matrices by an integrin receptor, which
that results in cell spreading, accompahied by cytoskeletal reorganization and clustering
of integrin receptors into specialized regions, termed focal adhesions, on the basal surface
of the cells. These structures are regions of close contact between the cell membrane and
the substrate and serve as sites to anchor actin stress fibers (Singer et al., 1988;
Christopher et al., 1997). The cytoskeleton plays a major role in maintaining cell shape,
alterations in the cytoskeleton of normal cells result in changes in shape and
adhesiveness, and may induce expression of matrix metatloproteinases (Hansell et al,

1995). Some studies have described reduction of focal adhesions, actin stress fibers and
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fibronectin associated with morphological alterations in transformed cells (Boschek et al.,
1981). In our resuits we did not observe decrease of stress fibers and focal adhesion
associated with diminished fibronectin in transformed cells. The actin distribution
presented the same pattern in control and stressed cells, but another cytoskeleton
compound, the vimentin, was reduced in stressed cells. Typically found in cells of
mesenchymal origin, vimentin, a cytoskeletal intermediate filament, is also observed in
most cultured cell types (Jaeger et al., 1995). Some studies have indicated that an
excessive vimentin content can similarly act as a mutagenic protein, leading to a number
of morphological, structural and biological abnormalities iﬁ epithelial cells (Andreoli and
Trevor, 1995). We believe that reduced amounts of vimentin also may be associated with
alterations of morphology and growth characteristics, as observed in stressed cells.

We can conclude that the nutritional stress conditions accompanied by lowered

pH are responsible for the cytogenetical, cytoskeletal and extracellular matrix alterations

in stressed Vero cells,
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LEGENDS
Figure 1 - Control and stressed Vero cells growing in culture. Control cells with 48 h of
culture form a monolayer and grow as fibroblastic-like cells (A), 100X. Stressed Vero

cells after 26 days in culture grow in multilayer forming cellular aggregates (B) (arrow),

100X.

Figure 2 - Chromosome number of control (upper panel) and stressed Vero cells (lower
panel). Control population presented a modal chromosome number of 55, while the
stressed cell population presented a modal chromosome number of 56 (n=100; range 53

to 58, for both conditions).

Figure 3 — Representative 55, XX GTG-banding karyotype of control Vero cells. 1500X.

Figure 4 — Representative 56, XX GTG-banding karyotype of stressed Vero cells. 1500x.

Figure 5 - Indirect immunofluorescence staining of fibronectin, actin and vimentin in
control and stressed Vero cells. Cells were seeded on coverslips and cultured for 24 h.
Cells were then fixed, permeabilized and stained by indirect immunofluorescence with
antibodies against fibronectin or vimentin and phalloidin. Left panel shows the control
cells, and right panel shows the stressed Vero cells; A and C correspond to the
colocalization of fibronectin and actin and B and D vimentin and actin. In control cells
the codistribution of actin and fibronectin, is observed mainly at the stress fibers and at

the cell periphery (A). In the stressed cells, fibronectin staining was reduced and no actin

42



colocalization was observed (C). When compared to control cells (B), stressed cells

presented reduced staining for vimentin (D). 350X.

Figure 6 - Indirect immunofluorescence staining of fibronectin (B) and actin (C) in
control Vero cells cultured for 72 h. Afier confluence control cells presented
codistribution of fibronectin and actin between adjacent cells (D), while the distribution
of fibronectin was not altered in stressed cells that continued as before confluence (not

shown). 350X.
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SUMMARY

Madin-Darby Canine Kidney (MDCK) cells have a distinctive epithelioid
morphology and display several functional and anatomical properties of normal kidney
tubule cells. This cell line has been considered ideal for studies concerning cell growth
regulation and to investigate the factors involved with the assembly of epithelial cells into
organized multicellular units and tubulogenesis. We have focused our investigations on
the effect of physiological conditions, more specifically on nutritional stress accompanied
by lowered pH, on the morphological and growth characteristics of MDCK cells. Control
MDCK cells grow in monolayer and after the confluence, decreased cellular proliferation
and die. The nutritionally stressed cells presented continuous multilayered growth, with
differentiated characteristics and formation of tubular structures in long culture time,
Cytogenetical studies showed differences between control and stressed cells and
enhanced polyploidy index in the latter. Fibronectin, actin and enhanced vimentin
deposition was observed at the cell-cell contact regions in stressed cells. These results
suggest that nutritional stresses may induce alterations in the interactions between
extracellular inatrix components including fibronectin, with the cytoskeleton, which may

be important factors in the folding of an epithelial monolayer to form tubular structures.
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INTRODUCTION

The Madin-Darby Canine Kidney (MDCK), originally derived from the kidney of
a normal cocker spaniel dog, is a well characterized cell line which presents monolayer
growth in culture and has the morphological properties of distal tubular epithelial cells
(Rindler, et al., 1979). This cell line was shown to retain the differentiated function of
polarized cells, which have the capacity for vectorial salt and fluid transport, occluding
junctions formation, sensitivity to growth regulation and the ability to regenerate tubule-
like structures when injected into athymic nude mice (Rindler, et al., 1979; Meza, et al,
1980; Cereijido, et al., 1981; Saier, 1981). With these properties, the MDCK cell line has
been used as a model system for studying fundamental mechanisms of transepithelial
transport (Cobb, et al., 1982; Wollner and Nelson, 1992), tubulogenesis (Montesano, et
al. 1991) and renal morphogenesis and differentiation processes in vifro (Rodrigues-
Boulan, 1983; Patrone, et al, 1992; Devuyst, et al, 1994; Orellana, et al, 1996).
Transepithelial transport occurs across the epithelial polarized cells monolayer, in an
apical to basolateral direction, making up bubbles of fluid between the cell layer and the
underlying impermeable surface. These structures are called “domes” and their presence
in MDCK cells are evidence for the occurrence of thansepithelial transport that is
dependent on differentiation processes (Lever, 1990). A number of compounds has been
identified as potent inductors of differentiation and dome formation by confluent MDCK
cells (Lever, 1979). These inductors include nonphysiological polar compounds such as

dimethylsulfoxide, dimethylformamide, hexamethylene bis-acetamide, and compound of
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physiological occurrence such as butyrate, hypoxantine, adenosine (Lever, 1990), steroid
hormones (Oberleithner, et al., 1990) and mineralocorticoids (Lever, 1979).

Some studies have demonstrated that non physiological conditions such as ionic
alterations, pH lowering (Zura and Grant, 1981 and Morita et al, 1989/1990) and
nutritional stress (Borek, 1972, Genari and Wada, 1998) may be associated with
genotoxical effect, induction of cellular transformation and cytogenetical alterations
(Genari and Wada, 1995). Nevertheless, other studies associated these conditions to some
types of stomach and urinary bladder tumors in the mouse (Brushich, 1987, Ashby and
Ishidate, 1986).

This work investigated the induction of dome and tubular structures formation and
the alterations in morphological, growth and adhesion characteristics of MDCK cells

submitted to nutritional stress conditions and their correlation with the cytoskeleton and

extracellular matrix components.
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MATERIALS AND METHODS:

Control Culture Conditions

MDCK cells at passage number 37 were obtained from the Adolfo Lutz Institute - Sfo
Paulo, Brazil, and maintained in Ham F10 medium (Sigma Chemical Co., St Louis, MO -
USA), supplemented with a 5% fetal bovine serum (Nutricell, Campinas,SP - Brazil) at
37°C with a 5% CO, atmosphere. The medium was changed after intervals of 48 hours,

and the subculture was performed when cells reached confluence.

Stress Conditions

Confluent cells were maintained without culture medium replacement for fifteen days.
After this time, the stressed cells were returned to the control culture conditions. This
period of time was standardized because no morphological alterations were observed 1f
cells were subjected to shorter periods. On the other hand senescence and cellular death
were verified in most of the cultures stressed for periods over fifteen days, even when the
cells were returned to the normal culture conditions. At the end of stressing time, the

medium pH was 6.8. Long term cultures of 60 days were performed in stressed cells.
Morphological and Growth Characteristics

The growth and morphological characteristics of control and stressed MDCK cells were

assessed by daily observation of the cultures with an inverted microscope.
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Growth Curve

For the growth curve control and stressed cells were seeded at the density of 6 X 10 cells
in 35 mm tissue culture dishes (Corning, New York, NJ - USA) and maintained under
normal culture conditions at 37°C with a 5% CO, atmosphere by the periods of 1 to 10

days. The number of viable cells in each period was assessed and the data are presented

as the mean of triplicate samples.

Scanning Electron Microscopy

The stressed MDCK cells were homogeneously seeded at the density of 2 X 10*
cells/ml on glass coverslips in 35mm tissue culture dishes and maintained under normal
culture conditions until they reached the confluence and after confluence for up 21 days.
These samples were fixed in 2.5% glutaraldehyde, post fixed with 1% osmium tetroxide,
dehydrated, critical point dried and coated with gold. Observation of the specimens was

performed with a JEOL-300 microscope.

Cytogenetics and karyotypic analysis

Cells were .arrested in metaphases by the addition of colchicine (16 pug/mi) on
logarithmic phase cultures (control cells at passage 38 and stressed cells at the passage
42), followed by a 4 h incubation period. Cells were harvested and chromosomes were
prepared according to routine techniques. Trypsin-Giemsa (GTG) banding was performed
according to a modification of the method of Seabright (1971). The modal chromosome

number was determined by counting the chromosomes in 100 metaphases to each cell
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population. The mitotic and polyploidy index were obtained according Deitch and
Sawicki (1979) and Gilvarry et. al (1990), respectively. The arrangement of the
chromosomes was adjusted to the nomenclature of the canine karyotype, according to

Reimann et. al (1996).

Immunocytochemistry

Immunocytochemistry was performed on subconfluent and confluent monolayer cultures
of control and stressed cells grown on glass coverslips. The cells were seeded at the
density of 5 X 10% cells/ml in Ham F10 medium with 5% FBS and further cultured for 24
or 72 h before immunostaining. After washing in PBS, pH 7.4, the cells were fixed and
permeabilized in 0.25% glutaraldehyde, 4% formaldehyde in 80mM Pipes pH6.38,
containing 1mM MgCl, 5SmM EGTA and 0.2% Triton X-100 for 30 min. After blocking
with 100mM sodium borohydride buffer for 20 min and with 3% BSA for 1h they were
incubated with the primary antibodies. The cells were incubated with phalloidin-
thodamin (SIGMA) for F-actin for 1 h and further stained with either a monoclonal
antibody anti-vimentin (SIGMA - from mouse ascites fluid, clone V9) or an anti-cellular
fibronectin (SIGMA - from mouse ascites fluid, clone FN-3E2). Primary antibodies were
visnalized by incubation with a goat FITC-conjugated antibody anti-mouse IgG
(SIGMA). The material was observed with a Zeiss Axioskop equiped with filter sets for

rhodamin and fluorescein.
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RESULTS

Morphological and Growth Characteristics

The control MDCK cells grew exponentially in monolayer until the confluence and
presented a polygonal flattened shape, typical of normal epithelial-like cells (Figure 1 A).
After reaching confluence at day 3 to 4 normal cells stops dividing and died. The stressed
cells presented dome formation at the confluence (Figure 1 B). After confluence they
started to grow indefinitely in multilayers with formation of cellular aggregates (Figure 1

C). In long term cultures the stressed cells formed tubule-like structures (Figure 1 D).

Growth Curve

Control and stressed MDCK cells presented very similar growth rates in the proliferative
phase. However, after 150 h in culture the stressed population, presented a continuous
proliferative phase, while the control population reached senescence, stopped

proliferating and died. The growth curve of control and stressed MDCK cells are

presented in Figure 2.

Scanning Electron Microscopy

The stressed MDCK grew initialy as a monolayered cell sheet and cells are firmly
attached to each other. These cells were flattened and presented several microvilli and
vesicular structures (Figure 3 A and B). After confluence, some regions of the monolayer

formed dome structures. The dome cells showed numerous microvilli at the cellular
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surface (Figure 3 C and D). On prolonged culture times after confluence the stressed cells

started to grow in multilayers and formed of cellular aggregates (Figure 3 E and F).

Cytogenetics and karyotyping

Control and stressed MDCK cells presented polyploidy indices of 1.8% and 4.4%
respectively. The mitotic index was the same (9.3%) for both conditions. Control and
stressed population presented a modal chromosome number of 80 (range: 78 to 82, n =
100 for each condition). The diploid chromosome number distribution in control and
stressed cells is presented in Figure 7. Figures 8 and 9 exhibit the karyotype of the
control and stressed MDCK cells, respectively. The karyotype of control cells was
characterized by one sexual X chromosome and three telomeric extra autosomes, while
the stressed cells presented two sexual X chromosome and two telomeric extra

autosomes.

Immunocytochemistry

In control cells bundles of actin in the form of stress fibers were observed. They
trangverse the cytoplasm, and codistributed with fibronectin, also at the cell periphery
(Figure 7A). In stressed cells, the codistribution of fibronectin and actin was observed at
the cell-cell contact regions in non confluent (Figure 7C) and in confluent monolayers
(not shown). When conparated to the control cells, stressed cells presented enhanced
staining for vimentin, which colocalized with actin at the cell-cell contact regions of

stressed cells (Figure 7B and D).
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DISCUSSION

Cell differentiation represent a complex sequence of events leading to coordinated
changes in multiple biochemical and morphological parameters (Lever, 1990). Little is
known about the factors and conditions responsible for the regulation of growth and
expression of the differentiated state in epithelial cells. The MDCK cell line has a
distinctive epithelioid morphology and displays several functional properties of normal
kidney tubule cells. So, these cells were considered to be ideal for studies concerned with
transmembrane transport and growth regulation (Saier, ef al. 1981; Valentich, 1981;
Oberleithner, et al_, 1990) and to investigate factors that govern the ordered assembly of
epithelial cells into spatially organized multicellular units (Montesano, et al, 1997). Thus,
in this work we have focused our investigations in the physiological conditions affecting
the several morphological and growth characteristics of MDCK cells.

MDCK control cells formed an uninterrupted monolayer with the characteristic
morphology of epithelial cells (Meza, et al., 1980). After the confluence, control cells
stopped proliferation and entered senescence, followed by death. The stressed cells
initially presented the same proliferation velocity as control cells, and at the confluence,
they presented  differentiated characteristics as dome formation and microvilli,
Nevertheless, after confluence, these stressed MDCK cells grew indefinitely in
multilayers forming aggregates what indicates the loss of the contact inhibition
(Abercrombie, 1979; Genari, et al., 1996). After long term cultures these stressed cells

formed tubule-like structures.
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When the MDCK monolayers were submitted to nutritional stress the cells were
not only exposed to the effects of a depleted medium, but also to the consequences of this
condition, such as accumulation of metabolites and the lowered pH. Nutritional stress and
low pH (Morita, et al. 1989; Zura and Grant, 1981; Genari and Wada, 1998) have been
associated with the induction of cell transformation in mammalian cell culture and some
kinds of stomach and bladder tumor development in mice (Ashby and Ashidate, 1986;
Brusick, 1987). Other studies described different clones or subtypes of MDCK cells and
showed the effect of culture conditions in their phenotype (Nakasato, et al, 1989,
Devuyst, et al,, 1994). Among these conditions, the alkaline stress was described as a
potent transformation stimulus for MDCK cells (Oberleithner, et al,, 1991; Wiinsch, et
al., 1995). Thus, the appearance of differentiated properties such as dome formation,
microvilli, loss of contact inhibition and multilayer growth, and formation of tubular
structures may be induced by nutritional stress conditions. Since these altered properties
and growth characteristics were irreversible by returning stressed cells to normal culture
conditions, we suspected that cellular transformation was also induced by nutritional
stresses. Moreover, these results indicate that MDCK cells may differentiate or/and
undergo transformation not only by alkaline pH, but also by acid pH as observed in the
present nutritionai stress conditions.

The normal diploid chromosome number in the domestic dog (Canis familiaris) is
78 (Reiman, et al., 1996). The karyotype of MDCK cells is described as pseudediploid
(Saier, 1981). In the present study, the karyotype of control and stressed MDCK cells
displays the same chromosome number, but stressed population presented two exira

telocentric autosomes and a biarmed sexual X chromosome, while control population
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displays three extra telocentric autosomes. Wiinsch et al. (1995) described the presence of
an exira biarmed chromosome, apparently resulting from nondisjunction during mitosis,
in MDCK cells transformed by alteration in the intracellular pH. The intracellular pH is
known to play a critical role in controlling cell cycle and is often associated with
abnormal proliferation (Gillies, et al., 1992). We can conclude that the nutritional stress
conditions accompanied by pH alterations are responsible for the karyotype differences
and phenotype alterations in MDCK stressed cells. Polyploidy was enhanced in stressed
cells as compared to the control cells, and this characteristic has also been associated with
transformation.

Some of the factors that may induce epithelial cell differentiation m culture, are
the nature of the cell substratum, the extracellular matrix components and their influence
on the nutrient accessibility to the basal cell surface (Emerman, 1979; Rabito, et al, 1980,
Reid, et al., 1981; Greenberg and Hay, 1982; Lever, 1990). It been described that MDCK
cells cultured in collagen gels form branching tubules and spherical cysts {Montesano, et
al, 1997). This may be a factor that contributes to the differentiation of stressed MDCK
cells, since the after a long culture timé, cells can modify their substrate by increasing or
reducing production and deposition of extracellular matrix components. Indeed, stressed
MDCK celis presented fibronectin accumulation between adjacent cells. Fibronectin
expression is important for the cellular migration and adhesion, morphogenesis and
transformation process. In virally transformed cells (Chen et al, 1984; Hayman et al,
1981; Nermut et al., 1991 and Murray 1980) the expression of fibronectins is often
reduced and these cells are typically less adherent to the substrate and no longer show

lost of contact inhibition {Chen and Chen, 1987; Hynes, 1990a). Nevertheless, some
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studies that indicated that cellular fibronectin and some other matrix components may be
effective in promoting assembly and stabilization of actin stress fibers in epithelial cells,
This result suggest that extracellular matrix elements including fibronectin, interacts with
intracellular microfilaments in epithelial tissues and this interaction may be important in
inducing and/or mantaining the morphology and polarity of epithelial MDCK cells
(Hynes, 1990b).

Changes in cell shape and contacts have long been recognized as processes with
central role in the regulation of tissue morphogenesis, cellular growth (Folkman and
Moskona, 1978) and differentiation (Ben-Ze‘ev, 1987) and it is defined by interactions
between extracellular matrix and cytoskeletal components, or between neighbouring cells
(Geiger, et al., 1983). In this work we also investigated the distribution pattern of actin
and vimentin, which are proteins that participate of the main anchoring junctions in
epithelial cells: the adherens junction and desmossomes, respectively (Birchmeier, et al,,
1993).The anchoring junctions are clearly important for cell adhesion. Genetic studies
have also indicated that adherens junctions are also sites of developmentally significant
signalling between epithelial cells, controlling the spatial pattern of differentiation
(Woods and Bryant, 1993). The confluent and non confluent stressed cells presented
enhanced vimentin and actin deposition at the cell-cell contact regions, as compared to
the control cells. It is thought that the oriented contraction of the actin filaments running
along adherens junctions causes the epithelial cells to narrow their apex and it plays an
important function in the folding of an epithelial sheet to form tubes (Geiger et al., 1985,
Geiger and Ginsberg, 1991). Since the stressed cells formed tubule-like structures in long

term cultures, we can conclude that actin accumulation at the cell-cell contact regions
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contributes in this process. Other studies have described alterations of the intermediate
filament proteins in response to changes in culture conditions (Ben-Ze’ev, 1987); and
increase amounts of vimentin in cells treated with tumor promoters(Lazlo and Bissel,
1983) and in some epithelial tumors (Caselitz, et al., 1981; Miettinen, et al., 1984: Araujo
and Aranjo, 1990; Jaeger, et al., 1995). Moreover, these studies associate the increased
vimentin expression with a more invasive behaviour (Schaafsma, et al., 1994; Andreoli
and Trevor, 1995}.

Besides the fact that cytoskeleton plays a major role in maintaining cell shape,
there is increasing evidence that the cytoskeleton contributes to these specialized
interactions between epithelial cells, having critical roles in epithelial biogenesis (Yap et
al, 1995). The surface contacts and cell shape changes are transduced via the
cytoskeleton to bring about biochemical responses from the nucleus (Ben-Ze’ev, 1985).
Many proteins of the cytoskeleton are modified by second messenger and can collectively
behave as a complex biological network that integrates information from signal
transduction pathways and results in changes on cell morphology (Fowler and Vale,
1996). Qur results show that expression of these cytoskeletal elements is related to
changes in cell shape and cell contacts, and that such changes may be central to the
acquisition of the differentiated and/or transformed phenotype.

In conclusion, our data indicate that nutritional stress conditions accompanied by
pH alteration are important stimuli that induce alterations in growth, morphology and

interactions of renal epithelial cells, leading to tubular morphogenesis in vitro.
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LEGENDS

Fig. 1 Phase-contrast micrographs of control (A) and nutritionally stressed MDCK cells
(B, C, D). Control MDCK cells after 48 h of culture, growing exponentially in monolayer
show the flattened shape typical of epithelial-like normal cells (A), 200X. Stressed
MDCK cells after 48 h of culture show dome formation (arrow) (B), 200X, After the
confluence stressed cells with 21 days of culture grow in multilayers and form cellular

ageregates, {C), 100X, In long term culture (60 days) stressed cells formed tubular

structures (1D}, 1400X.

Fig. 2 Growth curve of control and stressed MDCK cells. Control and stressed cells
presented the same growth rate until 150 h of culture. After this point control cells
stopped cellular division, reached the stationary phase, and died. Stressed cells presented

continuous extended phase.

Fig. 3 Scanning electron microscopy of MDCK epithelial cells. The stressed cells grow
as a monolayered in which cells are firmly attached to each other. These cells with
flattened shape presented stub-like microvilly (asterisk and star) and vesicular structures
(arrowheads) (A), 6000X. Detail of the stub-like microvilli (B), 10000X. After the
confluence, the stressed MDCK cells formed dome structures with numerous microvilli
(C), 2000X. Detail of the dome surface showing microvilli (D), 5000X. On extended
periods after confluence, the stressed cells started to grow in multilayers (E), 1500X; and

formed cellular aggregates (F), 1350X.
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Fig. 4 Diploid chromosome number of control (upper panel) and stressed MDCK cells
{(lower panel). Both cellular populations presented a modal chromosome number of 80

(range 78 to 82 chromosomes, n=100),

Fig. 5 Representative GTG-banding karyotype of control MDCK cells with one sexual X

chromosome and three telomeric extra autosomes. 1500X.

Fig. 6 Representative GTG-banding karyotype of stressed MDCK cells with presented

two sexual X chromosome and two telomeric extra autosomes. 1500X.

Fig, 7 Indirect immunofluorescence staining of fibronectin, actin and vimentin in control
and stressed MDCK epithelial cells. Cells were seeded on coverslips and cultured for 24
h. Cells were then fixed, permeabilized and stained by indirect immunofluorescence with
antibodies against fibronectin or vimentin and phalloidin. Left panel shows the control
cells, and right panel shows the stressed MDCK cells; A and C corresponds to the
colocalization of fibronectin and actin and B and D vimentin and actin. In control cells
the codistribution of actin and fibronectin, is observed mainly at the stress fibers
(arrowheads) and at the cell periphery (arrow) (A). In the stressed cells the codistribution
of fibronectin and actin was observed at the cell-cell contact regions (arrow) (C). When
compared to control cells (B), stressed cells presented enhanced staining for vimentin

(D), which colocalizes with actin at the cell-cell contact regions (arrow). 350X,
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SUMMARY

The extensive use of permanent cell lines and primary cultures in various fields
has stimulated cytogenetic studies of cells in culture. The analyses of variability of
karyotype have been of fundamental importance when associated with phenotypical cell
characteristics in identifying peculiarities of karyotype evolution during the establishment
of cell lines. Some studies have demonstrated that non physiological conditions may be
associated with induction of cellular transformation and cytogenetical alterations. We
investigated the effect of nutritional stress conditions on the phenotypic and cytogenetical
characteristics of primary human amniotic cells. Control amniotic cells grew in
monolayer as fibroblastic-like cells and after confluence showed decreased proliferation
followed by cell death. Stressed amniotic cells presented multilayered growth and formed
aggregates. Control cells presented a modal number of chromosomes equal to 46 and a
normal 46, XY karyotype, and polyploidy was founded in 6.6% of the cells. Stressed
cells presented a modal number of chromosomes equal to 82, with a high variable
karyotype and 100% of cells were polyploid. We can conclude that the nutritional stress
conditions accompanied by pH alterations may be responsible by the polyploidization
and the phenotype alterations in amniotic stressed cells or for the selection of polyploid
clones which. have more potential to adapt to the culture conditions as compared to the
diploid cells. The variability in the karyotype characteristics is then intimately related
with the establishment of a cell line.

Key words: transformation, human amniotic cells, polyploidy, nuiritional stress.
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Dear Editor

For the past few years, extensive use of permanent cell lines and primary cultures
in various fields of biology, medicine and biotechnology has stimulated cytogenetic
studies of cells in culture. The analyses of regularity or variability of the karyotype,
which are both common features of cells growing in vifro and in vivo, have  been of
fundamental importance when associated with the phenotypical cell characteristics in
identifying peculiarities of karyotype evolution during the establishment of cell lines and
the effect of various experimental factors (Mamaeva, 1998). During cell cultivation,
changes in some of original characteristics, including the karyotypic ones, may happen.
These changes can be due not only to genetic peculiarities of cultured cells but also to
conditions of their cultivation, particularly in function of the culture medium, growth
factors, serum factors, and high doses of antibiotics, for example. Some studies have been
demonstrated that non physiological conditions such as ionic alterations, pH diminution
(Zura and Grant, 1981 and Morita et al_; 1989) and nutritional stress (Borek, 1972, Genari
and Wada, 1998) may be associated with genotoxical effect, induction of cellular
transformation and cytogenetical alterations (Genari and Wada, 1995). In this study we
then investigate the effect of nutritional stress conditions on the phenotypic and
cytogenetical characteristics of primary human amniotic cells, during the processes of
establishment of the lineage.

Amniotic cells were obtained by transabdominal punction on 16th week of

pregnancy and cultured in Ham F10 medium supplemented with 30% fetal calf serum
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(NUTRICELL), at 37°C, with a 5% CO, atmosphere. Cytogenetical preparation and
analysis were performed according to Priest (1991). After the cytogenetical analysis the
amniotic cells were submitted to nutritional stress conditions by a period of 21 days, and
their growth characteristics were accompanied during this time. At the end of stress
period, cytogenetical preparations of stressed cells were also performed by the same
methodology mentioned above. The modal chromosome number was determined by
counting the chromosomes in 100 metaphases from each cellular population. The mitotic
indices were determined according to Gilvarry et al., (1990).

Control non stressed amniotic cells grew in monolayer with flattened shape,
typical of fibroblastic-like cells and formed aligned arrangements (Fig 1 A). After
confluence the control cells showed decreased proliferation and presented aspects of
senescence, followed by cell death. Stressed amniotic cells, after 21 days of culture,
presented multilayered growth and formed aggregates (Fig 1 B), indicating loss of
contact inhibition, what is frequently associated with malignancy {(Abercrombie, 1979,
Genart, et al., 1996). Stressed cells also demonstrated to be sensitive to subcultivation by
treatment with tripsin-EDTA. So the subcultivation was performed by dissociating cells
mechanically. When these cell aggregates were mechanically removed and subcultived,
they adhered to the flask culture surface and grew and migrated (Fig 1 C). Initially these
cells presented rounded shape and grew as monolayer (Fig I D). Then they started
growing as multilayer (Fig 1E). Control cells presented a modal number of chromosomes
equal to 46, and a normal 46, XY karyotype (Fig 2). Polyploidy was founded in 6.6% of
the cells. Stressed cells presented a modal number of chromosomes equal to 82, with a

high variable karyotype (not shown) and 100% of cells were polyploid (Fig 3).
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Cell lines are characterized, as a rule, by karyotypic heterogeneity of the initial
cell population and selection of cell clones that are the most adapted to the in virro
conditions. Many factors including nutritional stress, clonal evolution and adaptations to
in vitro conditions may contribute to the cytogenetic diversity. At this stage that
significant numeric and structural rearrangments of chromosomes occur. Duration of the
establishment stage of a cell line is determined by both the amount of karyotypically
different cell clones in the initial material and the duration of karyotypic evolution of
dominating cell clones that results in a balanced karyotype stabilization (Mamaeva,
1998).

Polyploidy has been associated with the establishment of cells lines from human
tumors. At the earlier passages, these cells gradually become hyperdiploid with
replacement of near-haploid cell clones by near-diploid or near-diploid near-tetraploid
cells (Kohno et al., 1980; More et al., 1985; Drouim et al., 1993). Based on the currently
available data from these works, it is evident that near-diploid cell clones tend to be
replaced by polyploid cells. Unfortunately, the karyotypes evolution in these lines at the
establishment stage was not studied in detail, and the presence of at least two modal
classes, near-diploid and near-tetraploid, in most of cell lines indicate that these
characteristc may be associated with the process of the line establishment (Waters et al,,
1988).

Malignancy is a dynamic process in which the transformed cells grow without
restriction or control. These altered cells frequently exhibit mitotic irregularities and
genomic instability (Brison, O., 1995; Cheng & Loeb, 1993; Otto et al, 1989). An

increase in chromosome number is a common feature in many malignancies and appear
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to be a crucial step in the progression of many solid tumors. Furthermore polyploid
karyotypes have been described in several in vivo and in vitro tumor models. Whether a
malignant tumor arises from a single cell or from more than one cell is still contradictory.
However, a large number of evidence suggests that cancers are monoclonal at the initial
phase and the clonal evolution during tumor progression plays a fundamental role in the
generation of heterogeneity (Nowell, 1976; Woodruff, 1989; Marx, 1982). Biological
heterogeneity has been observed in primary tumor as well as within and among
metastatic lesions (Runowics et al., 1990; Talmadge, et al.,, 1984) and appears to be more
common in metastatic models than in nonmetastatic tumors (Nguyen, et al., 1993).

When the amniotic cells were submitted to nutritional stress they were not only
exposed to the effects of a depleted medium, but also to the consequences of this
condition, such as the accumulation of metabolites and to a low pH. Nutritional stress and
fow pH (Morita, ef al. 1989, Zura and Grant, 1981; Genari and Wada, 1998) have been
associated with the induction of cell transformation in mammalian cells in culture and
with the development of some kinds of stomach and bladder tumour in mice (Ashby and
Ashidate, 1986; Brusick, 1987).

Since intracellular pH is known to play a critical role in controlling cell cycle and
is frequently associated with abnormal proliferation (Gillies, et al., 1992), we can
conclude that the nutritional stress conditions accompanied by pH alterations may be
responsible by the polyploidization and the phenotype alterations in amniotic stressed
cells. These non physiological conditions may also be responsible for the selection of

polyploid clones which have more potential to adapt to the culture conditions as
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compared to the diploid cells. The variability in the karyotype characteristics is then

intimately related with the establishment of a cell line.

88



ACKNOWLEDGEMENTS
This work was carried out with the support of Coordenadoria de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES)} and FundagBio de Apoio ao Ensino e Pesquisa

(FAEP),

89



REFERENCES

Abrercrombie, M. Contact inhibition and malignancy. Nature 281:259-262; 1979.

Ashby, I. and Ishidate, M. Clastonenicity in vitro of the Na, K, Ca and Mg salts of
saccharin, and magnesium chloride; consideration of significance. Mutation Res.163:63-
73; 1986.

Borek, C. Neoplastic transformation in vitro of a clone of adult liver epithelial cells into
differentiated Hepatoma-like cells under conditions of nutritional stress. Proc. Nat. Acad.
Sci. USA 69:956-959; 1972

Brison, O. Gene amplification and tumor progression. Biochem. Biophys. Acta. 1155:
25-41; 1993.

Brushich, D. 1. Implications of treatment-condition-induced genotoxicity for chemical
screening and data interpretation. Mutation Res. 189:1-6; 1987.

Cheng, K. C.; Loeb, L. A. Genomic instability and tumor progression: mechanistic
considerations. Adv. Cancer Res. 60: 21-156; 1993.

Drouin, V.; Viguie, F. and Debesse, B. Near-haploid karyotype in a squamous cell lung
carcinoma. Genes, Chrom Cancer 7:209-212; 1993.

Genari, S. C. and Wada, M. L. F. Behavioural differences and cytogenetical analysis of a
transformed cellular population derived from a Vero cell line. Cytobios 81:17-25; 1995.
Genari, S. C. Dolder, M. A. D. and Wada, M. L. F. Scanning and transmition electron
micrascopy of transformed Vero cells, with altered in vitro growth characteristics. J.

Submicrosc. Cytol. Pathol. 28:565-572; 1996.

90



Genari, S. C., Gomes, L. and Wada, M. L. F. Alterations in the growth and adhesion
pattern of Vero cells induced by nutritional stress conditions. Cell Biol. Int. (in press),
1998.

Gillies, R. J., Martinez-Zeguilan, R., Peterson, E. P, and Perona, R. Role of intracellular
pH in mammalian cell proliferation. Cell Physiol. Biochem. 2:159-179; 1992.

Gylvarry, U., Farrel, D., Lynch, V., Moriarty, M., Dooley, M., Law, E. and Clynes, M.
Cytological differences between normal and malignant human cell populations in culture.
Cancer Res. 50:3390-3393; 1990,

Kohno, S. I.; Minowada, J. and Sandberg, A. A. Chromosome evolution of nearhaploid
clones in a established human acute lymphoblastic leukemia cell line (Nalm-16). INCI, T
Natl. Cancer Inst. 64:485-493; 1996,

Mamaeva, S. E. Karyotype evolution of cells in culture: a new concept. Int. Rev. Cytol,,
178:1-40; 1998.

Marx, J. .. Tumors: a mixed bag of cells. Science 215:275-277:1992.

More, D. E.; Weise, K.; Zawydiwski, K. and Thompson, E. B. The karyotype of the
glucocorticoid-sensitive, lymphoblastic human T-cell line CCR¥-CEM shows a unique
deleted and inverted chromosome 9. Cancer Genet. Cytogenet. 14:89-94; 1985,

Morita, T., Watanabe, Y., Takeda, K. and Okomura, K. Effects of pH in the in vitro
chromosomal aberration test. Mutation Res. 225:55-60; 1989.

Nguyen, H. N.; Sevin, B.-U.; Averette, H. E. Evidence of tumor heterogenity in cervical
cancer and lymph node metastases as determined by flow cytometry, Cancer 71:2543-
2550, 1993.

Nowell, P. C. The clonal evolution of tumor cell populations. Science 194:23-28, 1996.

91



Otto,e. McCord, S.; Tisty, T.D. Increased incidence of CAD gene amplification in
tumorigenic rat lines as indicator of genoniic instability of neoplastic cells. J. Biol. Chem.
264:3390-3396, 1990.

Priest, J. H. Prenatal Chromosomal Diagnosis and Cell Culture. In The ACT
Cytogenetics Laboratory Manual. Margaret J. Barch, M. S, CLSp (CG) Editor. 2o
edition. Raven Press, New York, pp149-326; 1991,

Runowicz, C. D.; Nuchtern, L. M, Braunstein, J. D. et al. Heteroneity in hormone
receptor status in primary and metastatic endometrial cancer. Gynecol. Oncol. 38:437-
441; 1990.

Talmadge, J.E.; Wolman, S. R.; Fidler,I. J. Evidence for the clonal origin of spontaneous
metastases. Cancer Res. 44:3801-3805, 1984.

Waters, J. J.; lbson, J. M.; Twentyman, P. R; Blechen, N. M. and Rabbitts, P. H.
Cytogenetic abnormalities in human small cells lung carcinoma: cell lines characterized
for myc gene amplification. Cancer Genet. Cytogenet. 30:213-223; 1988.

Woodruff, M. F. A. Tumor clonality and its biological significance. Adv. Cancer Res.
50:197-229, 1989

Zura, K. D. and Grant, W. F. The role of hydronium ion in the induction of chromosomal

aberrations by weak acid solutions. Mutation Res. 84:349-364; 1981,

92



LEGENDS
Figure 1 - Control and stressed human amniotic cells growing in culture. Control cells
with 10 days of culture form a monolayer and grow as aligned fibroblastic-like cells (A),
100X. Stressed amniotic cells after 21 days in culture showing growth as multilayer and
forming cell aggregates (arrow) (B), 100X. Mechanically removed cells adhered on the
flask surface and migrated before forming aggregates (arrow) (E), 400X. Cells initially
presented a rounded and grew in monolayer (D) up to confluence, then they grow in

multilayers in a disorganized fashion (C), 100X.

Figure 2 - Representative GTG-banding of a normal 46, XY karyotype control amniotic

cell. 1200X.

Figure 3 - Chromosome number of control (upper panel) and stressed human amniotic
cells (lower panel). Control population presented a modal chromosome number of 46
(n=100; range 45 to 46 chromosomes), while the stressed cell population presented a

modal chromosome number of 82 (n=100, range 79 to 92).
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IV — CONCLUSOES FINAIS

As linhagens estabelecidas Vero e MDCK assim como as células de cultura
priméria de liquido amnidtico, que possuem inibi¢do por comtato e crescimento em
monocamadas,  apresentaram crescimento em multiplas camadas com formagdo de
agregados celulares apds serem submetidas ao estresse nutricional, perdendo portanto a

inibigio por contato.

A linhagem Vero submetida ao estresse sofreu alteragdes morfolégicas na superficie
celular, caracterizado pelo aumento da presenga de estruturas vesiculares e

microvilosidades, pouco observadas na populagio controle.

As células presentes nos agregados ou grumos da populagio Vero estressada
apresentaram ainda um certo grau de diferenciagdo, com células achatadas na superficie do
grumo ¢ células arredondadas no interior do mesmo e presenga de material extracelular,

simulando a formagdo de pequenas colénias tumorais.

Nas monocamadas celulares da populagio MDCK estressada houve a formacdo de
estruturas denominadas domes, evidenciando a ocorréncia de transporte transepitelial. Apos
a confluéncia e crescimento em multiplas camadas, as células MDCK estressadas

organizaram-se formando estruturas tubulares.

As células Vero controle apresentaram codistribuicio de fibronectina e actina, as

quais concentraram-se principalmente nas fibras de estresse e acumuladas nas regides de
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contato entre as células da monocamada. Nas células Vero estressadas houve reduciio da
evidenciacdo de fibronectina sem codistribui¢do com a actina. Nas células MDCK controle
e estressadas observou-se codistribui¢io de fibronectina e actina especialmente evidenciada

nas regides de contato entre as células estressadas.

A diminuig8o da fibronectina nas células Vero sob estresse provavelmente encontra-
se associada a desorganizacio no padrfio de crescimento, levando & formacio de maltiplas
camadas e diminui¢do nos indices de adesdo. Na populagio Vero controle a presenga da
fibronectina entre as células da monocamada manteria a adesiio ac substrato e o

crescimento em monocamadas.

A resposta imunocitoguimica para vimentina em fungio do estresse nutricional foi

reduzida nas células Vero e aumentada nas células MDCK.

A codistribuigdo de fibronectina e actina entre as regides de contato entre células
adjacentes da populagio MDCK estressada, assim como o aumento da evidenciagio de

vimentina encontra-se associada a formagfo de estruturas tubulares por estas células,

A alteragdo no nimero modal de cromossomos de células Vero, MDCK e de liquido
ammidtico submetidas ao estresse, assim como elevados indices de poliploidia, indicam que
o estresse nutricional associado ao abaixamento do pH € responsavel ndo somente por

alteracdes morfologicas, mas também genéticas nos tipos celulares estudados.
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Pelo presente trabalho pudemos concluir que condigdes nfo fisiologicas de
tratamento por estresse nutricional associada a redugfio do pH do meio, foram responsaveis
pela indugdo da transformacdo em todos os tipos celulares estudados, levando a alteragdes

em varios aspectos celulares analisados.
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V- RESUMO

Condi¢des nao fisiologicas de tratamento por estresse nutricional e diminui¢io do pH, tém
sido associadas a inducdo de efeitos genotoxicos e transformagdo em cultura de células de
mamiferos. As linhagens celulares Vero, estabelecida a partir de células fibroblasticas

renais de macaco verde da Africa (Cercopithecus aethiops) e MDCK (Madin-Darby canine

kidney) a partir de células epiteliais renais, assim como células de cultura priméria de
liquido amnidtico humano foram submetidas ao estresse nutricional, com o objetivo de se
investigar ¢ efeito desse sobre varios caracteres celulares. As células estressadas assim
como seus respectivos controles foram analisadas com relagiio a aspectos morfologicos e de
crescimento em cultura, caracteristicas citogenéticas e alteragdes no citoesqueleto e
elementos de matnz extracelular. As linhagens estabelecidas Vero e MDCK assim como as
células de cultura primaria de liquido amnidtico, apresentam inibi¢do por contato e
crescimento em monocamadas. Apos serem submetidas ao estresse nutricional essas
populagbes passaram a crescer em multiplas camadas com formagiio de agregados
celulares, perdendo portanto a nibigdo bor contato. A linhagem Vero estressada mostrou
alteragbes morfologicas na superficie celular, com aumento em estruturas vesiculares e
microvilosidades, pouco observadas na populagio controle, que exibia superficie regular,
As células presentes nos agregados ou grumos da populagio Vero estressada apresentaram
ainda um certo grau de diferenciac8o, com células achatadas na superficie do grumo e
células arredondadas no interior do mesmo e presenca de material extracelular, simulando a
formagio de pequenas colbnias tumorais. Nas monocamadas celulares da populagio
MDCK estressada houve a formac¢do de estruturas denominadas domes, evidenciando a

ocorréncia de transporte transepitelial. Apds a confluéneia e crescimento em multiplas
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camadas, as células MDCK estressadas organizaram-se formando estruturas tubulares. As
células Vero controle apresentaram codistribuigio de fibronectina e actina, as quais
concentraram-se principalmente nas fibras de estresse e se acumularam nas regides de
contato entre as células da monocamada. Nas células Vero estressadas houve redug@io da
resposta imunocitoquimica para fibronectina sem codistribui¢do com a actina, bem como a
reduciio da coloragdo para vimentina. A diminuigio de fibronectina nas células Vero
estressadas provavelmente encontra-se associada a desorganizagio no padrio de
crescimento, levando a formagio de multiplas camadas e diminuigfo nos indices de adesdo,
enquanto a presenga da fibronectina entre as células da monocamada manteria a adesdo ao
substrato e o crescimento em monocamadas. As células MDCK controle e estressadas
exibiram codistribuigio de fibronectina e actina especialmente nas regides de contato entre
as células estressadas, enquanto a vimentina apresentou-se mais intensamente corada nas
células MDCK estressadas. A codistribui¢do de fibronectina e actina nas regides de contato
entre células adjacentes da populagio MDCK estressada, assim como o aumento da
evidenciagdo de vimentina encontram-se associados a formacgdo de estruturas tubulares por
estas células. Células Vero, MDCK e de liquido amniético apresentaram niimero modal de
cromossomos diferentes de suas populagdes celulares controle, assim como elevados
indices de poliploidia, indicando que o estresse nutricional associado ao abaixamento do
pH ¢é responsavel ndo somente por alteragdes morfoldgicas, mas também genéticas nos
tipos celulares estudados. Pelo presente trabalho pudemos concluir que condi¢Bes ndo
fisiologicas de tratamento por estresse nutricional associado & redugio do pH do meio,
foram responsaveis pela inducio da transformacgio em todos os tipos celulares estudados,

levando a alteragBes em varios dos aspectos celulares analisados.
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VI- ABSTRACT

Non-physiological treatment conditions by nutritional stress and lowered pH have been
associated with genotoxic effect and cellular transformation in mammalian culture cells.
Vero cell line, obtained from fibloblastic kidney cells of African green monkey

(Cercapithecus aethiops), and MDCK (Madin-Darby canine kidney) epithelial cells as well

as a primary culture of amniotic human cells were submitted to nutritional stress conditions,
to investigate the effect of this treatment, in several cellular characteristics in these cell
types. The cellular morphological, growth, cytogenetical, cytoskeleton and extracellular
characteristics of cells submitted to stress conditions and their respective controls were
analyzed. Vero and MDCK cell lines as well as the primary culture of amniotic cells
presented contact inhibition and monolayer growth. After submitted to nutritional stress
conditions all these cell types presented multilayered growth with formation of cellular
aggregates, losing the contact inhibition property. Vero stressed cells presented
morphological alterations at the cellular surface, with enhanced of vesicular and microvilli
structures, not often observed in control cells. At the periphery of Vero cell aggregates,
flattened cells were observed, while in the aggregate, the inner cells presented a rounded
shape with extracellular material, indicating an ability to stimulate miniature tumoral
colony formation. On the monolayer of stressed MDCK cells specific structures called
domes were observed, which indicate that transepithelial transport has been performed.
After confluence an multilayered growth of stressed MDCK ceils were organized in tubular
structures. Control Vero cells presented fibronectin and actin codistribution at stress fibers
and between adjacent cells in the monolayer. Stressed Vero cells showed reduced

immunocytochemical response to fibronectin and vimentin without actin codistribution.
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The reduction of fibronectin response in Vero stressed cells probably is associated to the
growth pattern disorganization, with multilayer growth and a reduced adhesion index, while
fibronectin between adjacent cells is responsible forthe substrate adhesion and monolayer
growth. Control and stressed MDCK cells presented fibronectin and actin codistribution at
the cell-cell contact regions, while the vimentin immunocytochemical response was
enhanced in stressed cells. These characteristics in stressed MDCK cells probably are
associated with the formation of the tubular structures observed. Vero and MDCK lines as
well as amniotic human cells presented altered modal chromosome number and enhanced
polyploidy index when compared at their controls, showing that nutritional stress
conditions and lowered pH are associated, not only to morphological, but also to genetical
alteration in the analyzed cell types. In the present research we can conclude that non-
physiological conditions by nutritional stress associated with lowered medium pH were

responsible by transformation induction in all the cellular types studied.
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