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Summary. To learn whether the reduction of cell-to-cell com-
munication in transformation is a possible primary effect of
pp60°c phosphorylation or secondary to a cytoskeletal altera-
tion, we examined the junctional permeability in transformed
cells with normal cytoskeleton. The permeability to fluorescent-
labelled mono- and diglutamate was compared in clones of
Faras’ vole cells—clones transformed by Rous sarcoma virus
and reverted from that transformation. One revertant clone (par-
tial revertant), had the high levels of pp60*< kinase activity and
tumorigenicity of the fully transformed parent clone, but had lost
the cytoskeletal alterations of that clone. Another revertant
clone (full revertant) had lost the tumorigenicity and most of the
pp60° kinase activity, in addition (J.F. Nawrocki et al., 1984,
Mol. Cell Biol. 4:212). The junctional permeability of the partial
revertant with normal cytoskeleton was similar to that of the
fully transformed parent clone with abnormal cytoskeleton. The
permeabilities of both were lower than those of the full revertant
and the normal uninfected cell, demonstrating that the junctional
change by the src gene is independent of the cytoskeletal one.
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Introduction

The cellular alterations by the src gene that go un-
der the portmanteau of transformation comprise a
wide spectrum of changes in cellular state. Among
these changes are: phosphorylation of tyrosine resi-
dues in certain cytoplasmic proteins (Radke &
Martin, 1979; Sefton, Hunter, Ball & Singer, 1981);
modifications of cytoskeleton, such as microfila-
ment disorganization, loss of actin and consequent
changes in cell shape (Edelman & Yahara, 1976;
Ash, Vogt & Singer, 1976; Wang & Goldberg,
1976); loss of fibronectin from extracellular matrix
(Hynes & Wyker, 1975); alterations of growth in
vitro, such as loss of density-dependent inhibition
and of anchorage dependence (¢f. Bishop, 1983);
and, as shown in the preceding paper, a loss in the

capacity of cell-to-cell communication, namely a re-
duction in junctional permeability (Azarnia &
Loewenstein, 1984a). The transformation culmi-
nates in decontrol of growth, as manifested by the
genesis of tumors.

One cannot piece together as yet a coherent
picture of the chain of events leading to the de-
control of growth; many of the foregoing changes
may well be merely peripheral to that chain. But to
all indications, a tyrosine phosphorylation by
pp607¢, the src gene protein, is a primary event,
perhaps the triggering one of the chain (cf. Hunter,
1980).

Thus, in terms of the change in cell-to-cell com-
munication, our immediate problem is to identify a
link between pp60*< and the cell-to-cell channel.
Two possible mechanisms come immediately to
mind. One is a mechanism where pp60”¢ phos-
phorylates a critical protein in the regulation of the
channel open state, perhaps the channel protein it-
self. The thought of such a chemical linkage flows
naturally from the knowledge that the normal, high
Jjunctional permeability is contingent on a cyclic
AMP-dependent protein kinase—the isoenzyme
form I-—that phosphorylates serine and threonine
residues (Flagg-Newton, Dahl & Loewenstein,
1981; Wiener & Loewenstein, 1983). This is the
guiding thought behind the present work.

In the second mechanism, the effect on the cell-
to-cell channel is secondary to a pp60 action on
the cytoskeleton. Here the phosphorylation of a cy-
toskeletal element would lead to cytoskeletal disor-
ganization and hence to mechanical disturbance of
the cell contact relation. The idea of such a mechan-
ical linkage between the channel and the target of
phosphorylation is a sequel of the hypothesis ad-
vanced by Sefton, Hunter, Ball and Singer (1981) to
account for the change in cell shape in transforma-
tion: tyrosine phosphorylation of vinculin, the pro-
tein that anchors the actin microfilaments to the cell
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membrane (and the cell substratum), would destabi-
lize this anchorage, leading to a rounding of the cell
shape. Vinculin, in this hypothesis, owes its pivotal
role to its strategic location in the cytoskeleton and
to the fact that it is one of the cytoplasmic proteins
that is phosphorylated by pp60¢ (Chen & Singer,
1982).

A priori, both mechanisms seem plausible. To
distinguish between them, one needs a mutant cell
system bereft of the cytoskeletal response to the
virus. Such a system has been developed by Faras
and his colleagues: a revertant clone of RSV-trans-
formed cells of the vole Microtus agrestis. This
clone is a partial revertant that retained the high
level of pp60+ kinase activity, the anchorage inde-
pendence, and the tumorigenicity of the fully trans-
formed cells. But it lost the cytoskeletal alteration:
it is normal in respect to cell shape, cytoskeleton
organization, and amounts of actin and fibronectin
(Lau, Krzyzek, Brugge, Erikson, Schollmeyer &
Faras, 1979; Collett, Brugge, Erikson, Lau, Krzyzek
& Faras, 1979; Nawrocki, Lau & Faras, 1984). The
analytical complement of this system is a subclone
that lost 97-98% of the pp60° kinase activity, the
anchorage independence and the tumorigenicity, in
addition—a full revertant (Lau, Krzyzek & Faras,
1981). Dr. Anthony Faras kindly provided us with
these revertants together with the fully transformed
ancestor. We compare their junctional properties
and show that the junctional permeability of both,
the partial revertant and the fully transformed
clone, is reduced.

Materials and Methods

CELLS AND MEDIA

Normal, uninfected fibroblasts of Microtus agrestis, the Euro-
pean field mouse (vole), a clone of such fibroblasts—1T-—trans-
formed by RSV (Schmidt-Ruppin group D), and two subclones of
1T, the partial revertant (866-5RC) and the full revertant (866-4)
(Krzyzek, Lau, Spector & Faras, 1977; Krzyzek, Lau, Vogt
& Faras, 1978; Lau et al., 1979) were grown in Dulbecco’s MEM
supplemented with 10% calf serum in an incubator, 6-8% CO, in
air, at 37°C. The same batch of serum and the same passaging
protocol was used for all cells.

JUNCTIONAL PROBING
WITH TWO MOLECULAR SPECIES

The junctions were probed with the fluorescent molecules listed
in Table 1. In preliminary tests, in which these molecules were
microinjected as single species, LRB-Glu and LRB-Glu-Glu
were found to be close to or below the permeation threshold in

the least permeable of the four classes of cells. We used these
two molecules as our principal probes.

In the main series of probings, each one of these principal
probes (red fluorescent) was microinjected together with the
smaller Lucifer Yellow (yellow-green fluorescent), the auxiliary
probe. The mixtures in the micropipettes were 7 mM LRB-Glu/
10 mM Lucifer Yellow and 5§ mm LRB-Glu-Glu/23 mM Lucifer
Yellow.

Lucifer Yellow was far above threshold of junction perme-
ation in all cells (Table 2) and, hence, unsuited for sensitive
detection of permeability differences. But this very same supra-
threshold-permeation property made it useful as an indicator of
artifactual junctional blockade in co-injection with the close-to-
threshold probe (Socolar & Loewenstein, 1979). The passage of
the auxiliary probe to, at least, 50% of the first-order neighbors
of the injected (source) cell served as our acceptance criterion of
the data of each individual injection, in the case of a negative
passage of the principal probe. Besides, as in the work of the
preceding paper, data from cells with visible damage (granular-
ity, blebbings, etc.) were rejected.

The junctional transfers of the principal and auxiliary
probes from the source cell were scored in succession by switch-
ing the filter optics. The scoring was done within 3-5 min of the
microinjection. This was the optimal period for the present cell
systems, by the test criteria described in the preceding paper.
The cells were at room temperature, 30-32°C during the
probings. .

In our preliminary search for an adequate auxiliary probe,
we considered carboxyfluorescein, besides Lucifer Yellow. Car-
boxyfluorescein gave incidences of permeable interfaces compa-
rable to those of Lucifer Yellow, and so would have been useful
as an auxiliary probe, too (it is easily distinguishable from LRB).
Besides, as a channel probe, it is probably superior to the more
charged and protein-binding Lucifer dye. We chose Lucifer,
nonetheless, because it fluoresced more intensely than carboxy-
fluorescein with our excitation system—the same system we
used in the work of the preceding and subsequent papers (both

Table 1. Junctional probes

Mean Charge® Mol wt Peak
molecular (—) fluor-
diameter® escence
A emission
{(nm)
Lucifer Yellow 10.4 443 510
Carboxyfluorescein  10.4 1-2 376 520
LRB-Glu 13.4 2 688 590
LRB-Glu-Glu 14.6 3 817 590
LRB-Glu-Glu-Glu¢  15.6 4 946 590

# The geometric mean of the dimensions of the minimum rectan-
gular parallelopiped containing the molecule.

b Net charge.

¢ Used in the next paper of this series only (Azarnia & Loewen-
stein, 19845b).

For preparation, purification, and characteristics of the probes,
see Stewart, 1978 (Lucifer Yellow); Socolar & Loewenstein,
1979 (carboxyfluorescein); Simpson et al., 1977 (LRB-Gluta-
mates).
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Fig. 1. Dual probings of vole cells. (A) normal, (B) fully transformed, and (C) partial revertant. LRB-Glus and Lucifer Yellow are co-
injected into cell marked x. Row II shows the Lucifer fluorescence; row J11, the LRB-Glu, fluorescence (both in darkfield), and row £,

the cells in phase contrast. Calibration, 100 um

done before the present study). By modifying the system for the
present work, we could have brought the carboxyfluorescein flu-
orescence up to the level of Lucifer, and so have gained perhaps
a better auxiliary probe, but we would have lost the advantage of
comparability throughout the three papers.

MEASUREMENT OF FLUORESCENCE L.oss

The fluorescence loss was measured in single cells as in the
preceding paper. In addition, and in order to insure that the
measures reflected the conditions under which the junctional
transfer was determined, we studied the losses in two-cell Sys-

tems where the acceptance criterion of junctional transfer was
applied. In these measurements Lucifer Yellow was co-injected
with LRB-Glu or LRB-Glu-Glu. The loss of LRB fluorescence
was determined in the injected cell (with the photodiode looking
at a spot of that cell), when the system had passed the Lucifer
junctional transfer test.

The method for microinjection, scoring of the incidence of
permeable interfaces, and statistical treatment of the data are
described in the preceding paper (Azarnia & Loewenstein,
1984a).
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Table 2. Mean incidence of permeable interfaces (%) in the vole cell system

Probing Principal

Normal Fully transformed Partial revertant Full revertant
mode probe
Dual LRB-Glu 89 £ 3100007 21 £ 483 +407) 0 0/82+6318) 39 + 3/78 519
LRB-Glu, 50 £ 3/100 = 0 Q0 0 x0/52+4(9 9 = 3 /64 =320 47 * 4/83 = 5(10)
Single LRB-Glu 94 + 2 (28) 10 = 2 (49) ¢ = 06 12 = 319y
LRB-Giu, 0x£0(® 00y 22 = 619

Mean incidence of permeable (first-order) cell interfaces * se. The incidence value for the principal probe (boldface) is followed by that

for the auxiliary probe, Lucifer Yellow, in the dual probing mode. In parentheses, the number of injected cells (the # for all statistics}.
The number of first-order interfaces examined ranged 46-348 per datum. Each horizontal line in this table subsumes the strictly

comparable sets of data (see text).

Results and Discussion

We compared the junctional transfer in four classes
of cells: (i) fully rransformed by RSV, (i) partial
revertants from that transformation, (iii) full rever-
tants, and (iv) normal. The culture parallelism be-
tween the various classes of cells had to be specially
tight for these comparisons, as we did not have the
convenience of temperature-sensitive virus mutants
we had in the preceding work, allowing us to rapidly
reverse the src-gene junctional effect. It helped that
three of the cells had a common genealogy, but their
culture histories may have been different in respect
to hormone composition of the serum supplements
and to passage protocol, before we received them.
Such factors, particularly hormones, can influence
junctional permeability (Flagg-Newton & Loewen-
stein, 1981; Radu, Dahl, & Loewenstein, 1982).
Thus, our first endeavor was to establish a common
culture base. Only after the cells had been carried
over several weeks in matched conditions, did we
begin with the testing of their junctions.

A further problem concerned the measurements
of junctional transfer themselves. The partial rever-
tant and the full revertant turned out to be fragile.
They were more prone to damage by the micropi-
pette impalement than the fully transformed cell (or
the cells dealt with in the preceding paper), as indi-
cated by intracellular granularity, cell opacity, bleb-
bing, and even shriveling in some cases. We re-
sorted, therefore, to the use of specially fine-tipped
micropipettes to minimize damage. Besides, we
used the method of testing junctional transfer simul-
tanecously with two molecules, one large and one
small (Simpson, Rose & Loewenstein, 1977). The
large molecule, LRB-Glu or LRB-Glu,, served as
the actual probe of junctional permeability; it was
close to the junction permeation threshold and,
hence, suited for sensing small changes of perme-
ability. The smaller companion, Lucifer Yellow—a
molecule high above permeation threshold in all
four cells (light-printed data in Table 2; Fig. 1)—

served as an auxiliary probe to control against gen-
eral junctional blockade caused by cell damage. The
cell-to-cell channels close up in response to eleva-
tions of cytoplasmic Ca?* concentration, such as
those produced by injury to cell membrane or cyto-
plasm (Déleze & Loewenstein, 1976; Rose &
Loewenstein, 1976). Thus, the positive junctional
transfer of the auxiliary probe provided a useful cri-
terion for accepting the data, in the case of negative
transfer of the principal probe (see Materials and
Methods).

The data from such dual probings constitute the
backbone of the present results. For corroboration,
we also include the data from the probings with the
single principal molecular species. As it turned out,
they are in general agreement with the more strin-
gent data of the dual probings. For each principal
probe, the data of the four classes of cells can be
directly compared (the data are horizontally aligned
in Table 2, for this purpose). However, compari-
sons should not be made between the data from
different principal probes (vertically in the table);
the proportions of the two principal probes in the
probe mixtures were different (see Materials and
Methods).

Table 2 summarizes the results. The junctional
transfer of the principal probes was much lower in
the fully transformed and the partial revertant cells,
compared with that in the normal and fully rever-
tant cells. The differences between the mean inci-
dences of both LRB-Glu and LRB-Glu,-permeable
interfaces were statistically highly significant (Table
24).

The cell densities at which the junctional trans-
fer was studied ranged from 2 to 12 (10? cells/cm?).
Over this range (and wider), the vole cells, includ-
ing the normal cell and partial revertant, showed no
dependence on density in their junctional transfer.
Figure 2 illustrates this for the normal- and the fully
transformed cell,

The lower junctional transfer in the partial re-
vertant and fully transformed cell is not attributable
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Table 2A4. Statistical confidence levels of the difference between the mean incidence values

Mode Normal Fully Partial Full
transf, revertant revertant
Dual Normal <0.00009 <0.00009 <0.00009
<0.00009 <0.00009 0.21
Full <0.00009 0.0007 <0.00009
revertant 0.21 <0.00009 <0.00009
Single Normal <0.00009 <0.00009 <0.00009
Full <0.00009 <(0.32 0.001
revertant — <(.0004 0.0004

Confidence levels (P) by 1 test of the differences between the means of Table 3. In each comparison the
upper P value corresponds to the probings with LRB-Glu and the lower value, to the probings with

LRB-Glu,.
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Fig. 2. Density independence of junctional transfer in the vole
cell system. First-order permeable interfaces vs. cell density in
the normal (O) and the fully transformed (@) cells

to a higher nonjunctional membrane permeability in
these cells. In the fully transformed cell (and normal
cell), the curves of LRB-Glu and LRB-Glu, cell flu-
orescence vs. time were virtually flat over 5 min,
the maximum period of our tests of junctional trans-
fer (see Materials and Methods); and in the partial
revertant, the loss rate constants were 1.5-3%/min,
the same as in the full revertant (the respective pat-
terns were like those of the curves in Fig. 54 and B
of the preceding paper). So, once again the com-
bined results on junctional transfer and nonjunc-
tional membrane permeance demonstrate a reduc-
tion in junctional permeability associated with the
src-transformed state.

The reduction of junctional permeability in the
partial revertant is comparable (for both probes) to
that in the fully transformed cells (Table 2). Thus,
the answer to the main question posed in this paper
is clear: the reduction of junctional permeability
caused by pp60F’ is independent of cytoskeletal al-
terations.

Table 3. Cell generation times

Cell Doubling
time®
(hr)

Normal 34

Fully transformed, 1T 14.5

Partial revertant, 866-R5C 14.5

Full revertant, 866-4 24

2 Doubling time of the number of cells in the logarithmic growth
phase.

The ramifications of this outcome concerning
growth control are discussed in the following paper
(Azarnia & Loewenstein, 1984b). For the present, it
is sufficient and encouraging to note that the junc-
tional change in transformation does not follow the
cytoskeletal change to the heap of epiphenomena.
The junctional alteration, even in its subtle form, is
a factor to be reckoned with in the chain leading to
decontrol of growth.

A side result was a difference between the full
revertant and the normal cell. As probed with LRB-
Glu (dual- and single mode), the incidence of per-
meable interfaces was lower in the full revertant (P
<0.00009; Table 2A). Perhaps, there was still
enough pp60° kinase activity in the revertant to
affect junctional permeability; the analysis of that
clone by Lau et al. (1981) puts the remnant kinase
activity at 2-3% and, in the cultures in our labora-
tory, the generation cycle of the full revertants was
shorter than that of the normal cells (Table 3). An
explanation of this sort implies that the junctional
sensitivity to the kinase is high. This does not seem
implausible, considering that pp60** is closely asso-
ciated with cell membrane (Courtneidge, Levinson,
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& Bishop, 1980; Krueger, Wang & Goldberg, 1980),
including the membrane at junctions (Willingham,
Jay & Pastan, 1979; Schriver & Rohrschneider,
1981; Nigg, Sefton, Hunter, Walter & Singer, 1982).
However, the difference between the full revertant
and normal cell did not show up in the probings
with LRB-Glu, (Table 2). This negative finding be-
clouds the side result.

We thank Dr. Anthony Faras for providing us with the cells and
Dr. Joan Brugge for invaluable suggestions. The work was sup-
ported by Research Grant No. CA14464 from the National Insti-
tutes of Health.
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