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ABSTRACT

The effect of SV40 viral transformation of human fibroblasts on
intercellular gap Junctional communication (IJC) was investigated using
a short-term quantitative assay. IJC was measured using metabolic
cooperation in a coculture system of argininosuccinate synthetase- and
argininosuccinate lyase-deficient human fibroblasts. These cell lines were
transformed with origin-defective adenovirus/SV40 recombinant virions,
and IJC was determined both between transformed cells (homologous
IJC) and between transformed and untransformed cells (heterologous
IJC). At equivalent cell densities, homologous IJC between transformed
cells was reduced to 25-55% of the level between untransformed cells.
Intermediate levels of IJC (50-70% of normal) were observed in heter
ologous cocultures of transformed with untransformed cells. Transformed
and untransformed cells were equally sensitive to inhibition of IJC by
phorbol esters and by glycyrrhetinic acid, and also did not differ in the
degree of upregulation of IJC by forskolin. We conclude that SV40
transformation of human fibroblasts leads to a partial impairment of IJC
which is additive when both communicating partners are transformed.

INTRODUCTION

Gap junctions are widely distributed in animal tissues and
cultured cells, and mediate the exchange of small molecules
directly between cells in contact (1, 2). An early and attractive
hypothesis (3, 4) suggested that cell-to-cell channels transmit
growth-regulatory signals, and that impairment of IJC4 could
release predisposed cells from the growth-inhibitory influences
of surrounding normal cells. The extensive experimental data
relating to this hypothesis have been reviewed (4-6) and may
be grouped into three main types of observation as follows: (a)
an impairment in IJC has been demonstrated in many but not
all transformed cells in culture; (b) a number of tumor pro
moters including the protein kinase C activators and others
which do not activate protein kinase C have been shown to
inhibit IJC in cultured cell systems; (c) the growth of some but
not all types of transformed cells in culture is inhibited when
they are in contact with quiescent normal cells. A recent study
showed a correlation between this growth inhibition and the
level of IJC between the normal and transformed cells (heter
ologous IJC) (7).

A decrease in IJC following SV40 transformation has previ
ously been demonstrated in human fibroblasts using a 2-week
contact-feeding assay (8) and in human keratinocytes using

fluorescent dye microinjection (9). We investigated the effect
of SV40 transformation on IJC in human fibroblasts using a
new short-term, quantitative assay. It has been pointed out that
the degree of impairment of heterologous IJC between trans-
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formed and untransformed cells is a potentially more important
determinant for carcinogenesis than the level of IJC between
homologous transformed cells (4, 10). Therefore, we sought to
determine the effect of viral transformation on IJC in both
heterologous and homologous cocultures.

A convenient system for measuring IJC in cultured human
fibroblasts uses metabolic cooperation of two cell types deficient
in consecutive enzymes of the urea cycle (11). Neither argini
nosuccinate synthetase deficient (S) nor argininosuccinate lyase-
deficient (L) cells are able to incorporate [l4C]citrulline into

protein, since the sequential action of both enzymes is required
to convert citrulline into arginine. Cocultures of the two cell
types efficiently incorporate [l4C]citrulline by the transfer of
argininosuccinate via intercellular junctions over a 2.5-h period.

It has recently become possible to transform human fibro
blasts cell lines with high efficiency, using an origin-defective
adenovirus/SV40 recombinant (12). In the present study, ad-
enovirus/SV40 recombinant virions were used to transform the
two human mutant fibroblast cell types described above, and
the effects of transformation on IJC were quantitated.

MATERIALS AND METHODS

Metabolic Cooperation Assay for IJC. Argininosuccinate synthetase-
deficient (S-cells) and argininosuccinate lyase-deficient (L-cells) human
fibroblast cell lines were derived from skin biopsy of patients with
cirtullinemia and argininosuccinic aciduria as previously described (11).
Normal skin fibroblasts (N-cells) were derived from normal volunteers.
All cells were maintained without antibiotics in DMEM (GIBCO) in
humidified 8% CO2 at 37"C. The metabolic cooperation assay was

performed as described previously (13) except for minor modifications
as described below. Confluent monolayers of each mutant cell line were
detached with a solution consisting of 135 mM NaCl, 5 mM KC1, 10
mM Na2HPO4 (pH 7.4), 2.2 mM D-glucose, 0.5 mM EDTA. and 1.25
mg/ml trypsin. Cells were Â«suspended in BME (GIBCO) with 10%
fetal calf serum (GIBCO), 30 mg/liter penicillin, and 50 mg/liter
streptomycin, except where indicated. After counting aliquots of the
cell suspensions (Coulter Model ZS) the appropriate combinations of
two cell lines were mixed well in suspension and plated into 24-well
plastic culture plates (16-mm diameter wells, FALCON) at a density
of approximately 2.5 x 10s cells/well or at the densities indicated.
Except where stated otherwise, synthetase- and lyase-deficient cells
were mixed at a 1:1 ratio. Cocultures were then incubated in humidified
5% CO2 at 37Â°Cfor the indicated times before measuring isotope

incorporation.
The attached cells were washed once with buffer A and preincubated

for 30 min in the same buffer. Buffer A consisted of 140 mM NaCl, 4
mM KC1, 1 mM MgCl2, 1 mM CaCl2, 1.4 mM Na2HPO4, 8.3 mM D-
glucose, 20 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
(pH 7.4), 6 mg/liter phenol red, and BME amino acid mixture (Flow
Laboratories) at 1/40 of the concentration in regular BME medium.

The preincubation medium was then replaced with 0.3 ml of labeling
medium consisting of buffer A containing (caroa/noj'/-14C]citrulIine
(0.5-0.8 ÃŸd/ml) and [2,3-3H]phenylalanine (1.2-1.8 MCi/ml), and the
cells were incubated for 2.5 h at 37Â°Cwithout CO2. Cell protein was
precipitated by washing four times with 5% trichloroacetic acid at 4Â°C.

The cell residue was solubilized with 0.1 M NaOH, neutralized with
acetic acid, mixed with 8 ml of Instagel (Packard) scintillant, and
counted in a Beckman LS 3801 scintillation counter with windows
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optimized for double-label counting. The C/P ratio in trichloroacetic
acid-insoluble material was used as an index of IJC as previously
described (14). Values for C/P ratio shown are the means Â±SD of
duplicate or triplicate wells. All experiments shown are representative
of similar results obtained on at least three occasions.

Isotopes were obtained from the Radiochemical Centre, Amersham,
United Kingdom. 12-O-tetradecanoylphorbol-13-acetate, 18a-glycyr-
rhetinic acid, forskolin, and isobutylmethylxanthine were from Sigma
Chemical Co.

Transformation of Cell Lines by Origin-defective Adenovirus/SV40
Recombinant Virus. Recombinant adenovirus/SV40 virions that have a
defective origin for replication were a kind gift from Dr. Y. Gluzman
(Cold Spring Harbor Laboratories, Cold Spring Harbor, NY). This
virus was used as previously described (12) to infect the S- and L-cell
lines as well as a normal human fibroblast cell line (N-cells). Confluent
cultures were exposed to the virus for 72 h and were then passaged in
DM EM (split ratio, 6:1) with 2% serum approximately every 3 days
for 3 weeks. The resulting cultures were examined during the subse
quent 2 months for growth characteristics and IJC. Morphological
phenotype, growth characteristics, and IJC measurements remained
stable over this period. The transformed counterparts of the S-, L-, and
N-cells were designated as TS, TL, and TN cells, respectively.

Growth in soft agar was performed by suspending 3 x IO3cells/ml

in 0.3% agar in DMEM supplemented with 10% fetal calf serum, 30
mg/ml penicillin, and 50 mg/ml streptomycin. Of the resultant mixture,
0.7 ml was pipetted onto a 0.7-ml base layer (0.5% agar in the supple
mented medium) in 35-mm Petri dishes (Falcon). Dishes were incu
bated at 37Â°Cfor 10 days in a humidified 8% COi atmosphere without

further feeding. After 10 days, the number of colonies visualized by
phase contrast microscopy was scored.

Cell morphology was observed by phase contrast microscopy of living
cells and by staining of fixed monolayers with either hematoxylin and
eosin or mÃ©thylÃ¨neblue.

RESULTS

Argininosuccinate synthetase- and argininosuccinate lyase-
deficient human fibroblasts exposed to adenovirus/SV40 re-
combinant virions showed morphological changes typical of
transformed cells (Fig. 1). Most cells were irregular in shape
and smaller than untransformed cells, although there was ple-
omorphism in size and shape. There was a marked increase in
the nucleancytoplasmic ratio and nuclei were hyperchromatic
with prominent nucleoli. Unlike the untransformed cells which
grew in ordered parallel monolayers, the infected cells showed
a disorganized growth pattern with cells growing on top of each
other in islands (Fig. 1).

Virus-infected cells proliferated much more rapidly than un
transformed cells at all serum concentrations tested between
0.3 and 10%. Fig. 2 compares the growth of uninfected and
infected S- and L-cells at a serum concentration of 1%. Growth
curves in 0.3% serum were similar to those shown in Fig. 2
except that the proliferation rate of virus-infected cells was
decreased by approximately 40%, while the parental cells were
completely quiescent. Infected cells failed to undergo density
dependent inhibition of growth and when grown at 1% serum,
the cells continued to divide until they were several layers thick,
after which cell death tended to occur. Uninfected cells, how
ever, grew to a stable maximum cell number at concentrations
of serum up to 10%.

Untransformed cells were unable to grow in soft agar, while
virus-infected cells formed numerous large colonies in soft agar.
The cloning efficiency of infected cell on soft agar was estimated
to be 30%.

In summary, the virus-infected cells demonstrated the mor
phological characteristics of transformation, had a decreased
requirement for exogenous serum-derived growth factors, and

Fig. 1. Morphology of (a) untransformed fibroblast monolayer (L-cells) and
(o) transformed fibroblast monolayer (TL cells). Cells were fixed with methanol/
acetic acid and stained with mÃ©thylÃ¨neblue.

failed to show density-dependent inhibition of growth. In ad
dition, they were able to grow in soft agar under conditions in
which their uninfected counterparts are anchorage dependent.
These cells will therefore be referred to as transformed synthe
tase deficient (TS cells) or transformed lyase deficient (TL
cells). Normal human fibroblasts (without enzyme deficiency)
were similarly transformed and designated TN cells.

Intercellular junctional communication in L/S, L/TS, TL/S,
and TL/TS cocultures was quantitated by measuring citrulline
incorporation rate. Citrulline incorporation was expressed as a
ratio to simultaneous phenylalanine incorporation (C/P ratio),
in order to correct for differences in protein synthesis rate in
the different cell lines (14). The transformed mutant cell lines
TS and TL retained the same defects in [14C]citrulline incor

poration as their untransformed parent lines, having C/P ratios
less than 3% of normal (N) cells without enzyme deficiency
(Fig. 3). In addition, transformation with this virus had no
effect on citrulline metabolism in a normal human fibroblast
cell line, TN, indicating that transformation did not alter the
enzyme activities of the citrulline incorporation pathway (Fig.

3486

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3485/2431306/cr0480123485.pdf by guest on 19 M

ay 2023



SV40 TRANSFORMATION AND CELL COMMMUNICATION

10

I
te 5

4 8
Days

12

Fig. 2. Growth curves of untransformed (S, L) and virus-transformed (TS,
TL) human fibroblasts in the presence of 1% fetal calf serum. Bars, SD.
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Fig. 3. Incorporation of [14C]citrulline and [3H]phenylalanine by untrans
formed S, L, and N human fibroblasts and their transformed derivatives TS, TL,
and TN. C/P ratio refers to the ratio of I4C:3H dpm and is expressed as a

percentage of the ratio in the normal (N) cells.
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Fig. 4. Intercellular junctional communication measured by C/P ratio in
cocultures of transformed and untransformed human fibroblasts and the effects
of two classes of inhibitor. Labeling was carried out 5 h after plating the cells.
Labeling medium contained no inhibitor (D), SO nil TPA (D). or 15 MM18 a-
glycyrrhetinic acid (â€¢).C/P ratio is expressed as a percentage of the ratio in L/S
cocultures. Han, SD.

3). As we have previously shown (11), S/L cocultures incorpo
rated citrulline at rates comparable to N-eelIs. In 16 independ
ent experiments the C/P ratio in S/L cocultures averaged 93 Â±
24% (SD) of the ratio in normal (N) cells.

The levelof IJC as measured by citrulline/phenylalanine ratio
in each of the coculture combinations after 5 h of coculture is
shown in Fig. 4, a representative experiment. In three inde
pendent similar experiments using different subcultures of cells,

the levelof IJC in TL/S, L/TS, and TL/TS cocultures averaged
69 Â±8, 61 Â±13, and 47 Â±12%, respectively, of the value in
untransformed (S/L) cocultures. Thus in heterologous cocul
tures (i.e., untransformed/transformed cocultures) there was a
modest but significant decrease in IJC, and the decrease in IJC
was additive when both communicating partners were trans
formed. However when IJC in homologous cocultures was
measured at longer times after plating, the extent of commu
nication in the transformed cells increased, in some experiments
approaching that in untransformed cocultures (Fig. 5). In con
trast, IJC in untransformed (S/L) cocultures reached a plateau
as confluence was reached, after which the C/P ratio did not
increase further (Figs. 5 and 6). Since the transformed cells
proliferated faster than the untransformed cells, it was neces
sary to distinguish whether this increase in IJC with time was
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Fig. 5. Intercellular junctiona! communication in untransformed (S/L, â€¢)and
transformed (TS/TL, D) o Â»culturesas a function of time after plating. Both types
of coculture were plated at equal cell density (1.6 x 10* cells/well) and labeling
was performed at the indicated times after plating. C/P ratio is expressed as a
percentage of the ratio in S/L cocultures at 3 h. Bars, SD.
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Fig. 6. Relationship of intercellular junctional communication in homologous
cocultures to cell density. Transformed (TS/TL) cocultures (open symbols) were
plated at 3 different cell densities (IO4, 3 x IO4, and 9 x IO4 cells/well).
Untransformed (S/L) cocultures (closedsymbols) were plated only at high density
(1.2 x 10s cells/well). C/P ratios were determined at the times indicated after

plating and are expressed as a percentage of the ratio in S/L cocultures at 5 h.
Bars, SD.
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merely a consequence of higher cell density or whether the
defect in IJC itself was decreasing with time. Therefore, trans
formed cells were plated at a range of different cell densities,
and IJC was measured at different times after plating. Fig. 6
shows that IJC between transformed cells increased linearly
with increasing cell density, and that the level of IJC is a
function of cell density alone, being independent of time after
plating. Thus the return towards "normal" communication over

time shown in Fig. 5 is fully accounted for by increasing cell
density in the transformed cells.

Since elevation of cellular cyclic AMP has been reported to
cause upregulation of IJC (7, 15) we investigated the effects of
forskolin, an activator of adenylate cyclase, and isobutyl-
methylxanthine, a cyclic AMP phosphodiesterase inhibitor. In
both untransformed (S/L) and transformed (TS/TL) cocul-
tures, prolonged treatment with forskolin produced a small but
significant increase in C/P ratio (Table 1). Lesser increases
were observed with isobutylmethylxanthine and with short-term
forskolin (Table 1). A similar small degree of upregulation was
observed in heterologous (S/TL and TS/L) cocultures (not
shown).

The sensitivity of transformed and untransformed cells to
inhibition of IJC by two classes of known IJC inhibitors was
compared. The tumor-promoting phorbol ester TPA inhibited
IJC by approximately 70% in all four types of coculture (Fig.
4). There was no significant difference between the four com
binations of cocultures indicating that transformation did not
alter the sensitivity to IJC inhibition by TPA. Similarly, a-
glycyrrhetinic acid, a newly discovered inhibitor of IJC ( 16) was
equally effective (>90% inhibition) on all four coculture types
(Fig. 4).

DISCUSSION

In this study, we investigated the effect of SV40 viral trans
formation on IJC in human fibroblasts using a quantitative
short-term assay for IJC. High efficiency transformation of
human fibroblasts was performed with an origin defective ad-
enovirus/SV40 recombinant virus (12). Transformation with
this virus results from the expression of SV40 genes, since the
adenovirus transforming genes are not present in the recombi
nant (12). Cells exposed to the virus developed the morpholog
ical phenotype of transformation, showed a reduction in re
quirement for exogenous serum-derived growth factors, lost
their density-dependent growth regulation, and were able to
grow in an anchorage-independent manner. Thus all the gen
erally accepted in vitro criteria for cell transformation were met.

The metabolic cooperation assay used in these experiments

Table I Effect of agents which elevate cellular cyclic AMP on IJC in
untransformed (S/L) and transformed (TS/TL) cocultures

Cells were plated in equal ratios at a total cell density of 5 x Id4 cells/well,

and labeling was performed 48 h later. Forskolin and isobutylmethylxanthine
were present either during the labeling period only (2.5 h), or throughout the
preceding 48 h in addition to the labeling period, as indicated.

Citrulline/phenylalanine
ratio (% of control)

Control
Forskolin. 10 pM (48-h exposure)
Forskolin. 10 <IM(short exposure)
Isobutylmethylxanthine. 200 MM(48-h

exposure)S/L100

Â±2.5Â°
123 Â±1.4*

105 Â±4.9
107 Â±1.2TS/TL26

Â±0.435Â±2.1C

29 Â±1.2
30 Â±3.3

â€¢Mean Â±SD.
* Significantly greater than control, at P < 0.01 (Student's t test).
c Significantly greater than control, at P < 0.05 (Student's t test).

was sufficiently sensitive to detect quantitative differences in
the level of IJC attained in the different coculture types. Co-
cultures in which only one partner was transformed (heterolo
gous cocultures) demonstrated a modest but significant reduc
tion in IJC when compared to homologous untransformed
cocultures, and the lesion in IJC was additive when both part
ners were transformed. These results are in essential agreement
with the study of Corsaro and Migeon (8), who used a long-
term assay in which IJC is estimated by the extent of cell killing
as a result of transfer of toxic metabolite over a 2-week coculture
period. They found that SV40-transformed fibroblasts had di
minished IJC with the normal human fibroblasts from which
they were derived, and that the decrease was most marked when
both partners were transformed. In contrast, Mehta et al. (7)
reported a marked defect in heterologous IJC between mouse
10T1/2 cells and their SV40-transformed counterparts, while
homologous IJC remained essentially unimpaired. Using dye
injection, Steinberg and Defendi (9) demonstrated a decrease
in IJC in human keratinocytes after SV40 infection; heterolo
gous IJC was not examined in their study.

While it is to be expected that different transforming viruses
will differ in their effects on IJC, it is of interest to note that a
decrease in IJC is also one of the consequences of transforma
tion by Rous sarcoma virus (17, 18) or by V-src DNA (19). The
use of cells transformed by temperature-sensitive mutants of
Rous sarcoma virus has made it possible to show in that system
that activation of the viral oncogene product results in rapid
and reversible inhibition of IJC, which occurs by a modulation
of the permeability of existing junctions rather than a change
in their number (17, 18).

In order to gain insight into the factors responsible for
decreased IJC in the SV40-transformed cells, we compared the
effects of pharmacological agents known to modulate IJC.
Transformed and untransformed cocultures did not differ in
their susceptibility to the phorbol ester TPA, or to a-glycyrrhe-
tinic acid, two agents which inhibit IJC by different mechanisms
(16). Upregulation of IJC by drugs which increase cellular cyclic
AMP was also similar in transformed and untransformed cells.
Only a small degree of upregulation was observed in our system,
in contrast to the marked changes which have been reported in
other systems (7, 15). Taken together, these results suggest that
SV40 transformation does not induce decreased IJC by lower
ing cyclic AMP or by activation of C-kinase.

The relevance of the observed decrease in IJC to the loss of
growth control in the transformed cells depends on the nature
of the putative growth-regulatory molecules which might be
transferred by IJC. These molecules are as yet unidentified, but
likely candidates might be the intracellular messengers known
to be involved in growth factor signal transduction, such as
inositol phosphates, Ca2+ ions, and cyclic nucleotides. The IJC
assay used in the present study measures the transfer of argi-
ninosuccinate (A/, 290), which is similar in size to the inositol
phosphates and cyclic nucleotides and can therefore be assumed
to reflect the permeability of the junctions to these molecules.
It is, however, possible that the change in IJC consequent upon
SV40 transformation might affect the transfer of smaller mol
ecules to a lesser degree and larger molecules to a greater degree
than suggested by our assay.

Transformation with recombinant adenovirus/SV40 may
find wide application in the investigation of inherited disorders
and of cell types which are difficult to grow in culture (12). In
the present investigation, the enzyme deficiencies in the cell
lines used for the IJC assay were unaffected by SV40 transfor
mation. This was also the case in a previous report of SV40
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transformation of human fibroblasts with lysosomal enzyme
defects (20). However, since IJC may play important roles in
many physiological processes, the decrease in IJC consequent
upon SV40 transformation should be kept in mind when using
transformation to set up model cell systems.

We conclude that SV40 transformation of human fibroblasts
results in a partial impairment of IJC which is greatest when
both communicating partners are transformed. The impairment
in IJC is a possible contributory factor to the loss of growth
control in this type of transformation.
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