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Madin-Darby canine kidney (MDCK) cells are highly differentiated and have retained the morphogenetic
properties necessary to form polarized, multicellular epithelial structures (cysts) in vitro that resemble
epithelial tissues in vivo. We introduced the c-src gene into MDCK cells to elevate the level of the plasma
membrane-associated cellular tyrosine kinase, pp60°*™, to levels two- to ninefold higher than that expressed in
parent MDCK cells. Our results revealed a highly discriminatory biological action of pp60““ on the
morphogenetic properties of MDCK cells. Elevated expression of pp60°" conferred on MDCK cells the ability
to undergo dramatic changes of cell shape that includes the formation of long cell processes (100 to 200 jm),
never observed in control MDCK cells. The morphogenesis of multicellular epithelial cysts was altered by
elevated levels of pp60°*™ and led to predictable distortions of their three-dimensional architecture. However,
these cells established morphologically normal cell polarity, formed adhesive epithelial cell-cell contacts
indistinguishable from those of control MDCK cells, and exhibited neither focus-forming ability or anchorage-
independent growth potential. Finally, we showed that MDCK cells expressing elevated levels of pp60°~™
_exhibit increased phosphorylation of a more limited number of phosphotyrosine-containing proteins than
MDCK cells expressing pp60*'~™. We suggest that a natural function of pp60°*™ is to regulate the

morphogenetic properties which determine the shape of differentiated cells and multicellular structures.

The cellular tyrosine kinase, pp60°*"°, is structurally
homologous to the transforming protein of the Rous sarcoma
virus, pp60¥~", which induces morphological alterations
and uncontrolled proliferation of cells. However, the natural
biological function of pp60°~" is unknown (4, 5, 34, 35, 66,
67).

The c-src gene has been assayed for biological activity
almost exclusively by transformation assays that detect
genes which lead to uncontrolled proliferation of cells (9, 36,
38, 41, 44, 56, 57, 61). Elevated levels of pp60°*" do not
transform chicken or rat fibroblasts in vitro (36, 56), although
very high levels of pp60°~"° have weak focus-inducing
activity in NIH 3T3 cells (38). Thus, pp60°“" can partially
mimic the transforming action of pp60¥-*"°, but only under
exceptional circumstances (34). Since elevated pp60°*"
expression in vivo is most abundant in differentiated cells
that cannot divide (15, 21, 45, 64, 71; also see Discussion), it
is possible that pp60°*" has a nonmitogenic natural function
which does not manifest itself in transformation assays.

We have developed a simple in vitro biological assay that
detects nonmitogenic, morphoregulatory activities of pp60*"©
kinases (72). The assay is based on the ability of Madin-
Darby canine kidney (MDCK) cells to establish specific
cell-cell contacts and to generate tissuelike multicellular
structures (cysts) composed of polarized epithelial monolay-
ers (10, 11, 30, 52, 59, 70). We have shown previously that
low-level expression of pp60¥~" in MDCK cells leads to flat,
more spread-out cells and disrupts selective cell adhesion
components between MDCK cells, but does not have a
mitogenic effect (72). Furthermore, multicellular epithelial
cysts composed of these cells exhibited architectural defor-
mations only in regions of the cyst wall which were sub-
jected to mechanical stress. These studies suggested to us
that low levels of pp60¥*"* mimic the action of a related
cellular tyrosine kinase, such as pp60°*“. Since an elevation
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of pp60°~"° levels appears to coincide with dynamic changes
in the morphogenetic activities of cells in vivo (see Discus-
sion), we sought to test this idea by elevating pp60°~*"
expression above the level of pp60°*’ that exists in control
MDCK cells. The results showed that elevated levels of
pp60°=" confer on MDCK cells a capacity for marked
changes in cell shape without a mitogenic effect. These cells
generate multicellular, polarized epithelial structures that
exhibit predictable distortions of their three-dimensional
architecture. Our studies showed that areas of the plasma
membrane involved in MDCK cell-cell contact are enriched
with pp60°~"<; however pp60°°" does not appear to modu-
late the degree of cell-cell adhesion as shown previously for
pp60V="<. Thus, pp60°~" exhibits a highly discriminatory
biological action since it alters a subset of the morphogenetic
properties which are altered by pp60¥~"°. We suggest that a
natural function of pp60°*" is to confer on differentiated
cells and multicellular structures the ability to undergo
changes in shape without affecting the proliferative status of
the cells.

MATERIALS AND METHODS

Vector constructions. The T4 DNA ligase, Klenow frag-
ment of Escherichia coli DNA polymerase I, BamHI linker,
and all restriction enzymes were purchased from New En-
gland BioLabs, Inc. (Beverly, Mass.). The bacterial alkaline
phosphatase was from International Biotechnologies, Inc.
(New Haven, Conn.).

Details of pPFVXMneo, pMv-src, and pMOneoMT,,,v-src
have been described elsewhere (38, 42, 72). pMc-
srcAiSVneo was constructed by a five-step procedure, using
techniques described previously (49). First, the c-src-coding
sequence was removed from p5H (provided by H. Hanafusa;
see reference 44). The Ncol site within the ATG start codon
and the Bgl/II site downstream of the c-src-coding sequence
were cut to yield a 1.7-kilobase (kb) restriction fragment that
was excised and purified from a preparative agarose gel.
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Second, the v-src-coding sequence was removed from pMv-
src (provided by D. Shalloway; see reference 38) by partial
Ncol restriction digestion and complete Bgl/II restriction
digestion. The remaining 6.7-kb vector backbone was gel
purified and contained the long terminal repeats (LTRs), a
1.8-kb intron containing 5’ and 3’ splice sites and the  site,
the plasmid replication origin, and the Amp* gene. Third, the
1.7-kb Ncol-BglII restriction fragment containing the c-src-
coding sequence was ligated into the 6.7-kb vector backbone
to yield pMc-srcAi. The pMc-srcAi plasmid lacked trans-
forming activity (data not shown), indicating that v-src
sequences were successfully removed from Mv-src in the
second step. Fourth, the Bg/II site in pMc-srcAi was cut and
dephosphorylated. Fifth, a 1.6-kb BamHI restriction frag-
ment from pSVneo4 containing the transposon TnS Neo'-
coding sequence under the control of the simian virus 40
early region enhancer-promoter segment was ligated into the
Bglll site of pMc-srcAi to generate the completed vector,
pMc-srcAiSVneo.

Generation of virus stocks. Virus stocks were prepared
from YAM cells as described previously (14, 72).

Southern analysis. High-molecular-weight DNA was iso-
lated from MDCK cells and cut with EcoRI. The digested
DNAs (13 ng) were applied to a 1% (wt/vol) agarose gel,
electrophoresed, transferred to nitrocellulose paper, and
hybridized to nick-translated DNA probes as described
previously (49).

Northern (RNA) analysis. RNA was extracted from
MDCK cells by the hot-phenol method which is described
elsewhere (49). Total RNA (25 pg) from each clone was
denatured with formaldehyde and formamide and applied to
a 1% formaldehyde-containing agarose gel, electrophoresed,
and transferred to nitrocellulose paper, hybridized, washed,
and exposed as described previously (49). For quantitation,
a segment of nitrocellulose paper containing both the subge-
nomic retroviral c-src mRNA species and the endogenous
c-src transcript from each of the lanes 3 to 7 in Fig. 3A and
a segment of nitrocellulose paper containing the endogenous
c-src transcript from lane 2 of Fig. 3A (MFN-2 cells) were
cut out and compared by scintillation spectroscopy. The
radioactivity (counts per minute) from each band was di-
vided by the radioactivity (counts per minute) of a band
corresponding to the RNA transcript of ribosomal protein 32
(provided by R. Perry) which served as an internal standard.
The ratio determined for MFN-2 was given an arbitrary
valiie of 1.0, and the other ratios were normalized accord-
ingly.

pp60°<™ kinase assay. The pp60°*" kinase assay was
performed as described previously (13, 72).

Metabolic labeling with 32P,. Cells (10°) of each clone were
seeded in 35-mm petri dishes in complete Dulbecco modified
Eagle medium with 10% fetal bovine serum. For metabolic
labeling, the medium was replaced with 2 ml of phosphate-
free minimal essential medium supplemented with 5% dia-
lyzed fetal bovine serum and 1 mCi of *2P, (5 mCi/ml; New
England Nuclear/DuPont). The cells were incubated for 15 h
at 37°C. The cells were rinsed in ice-cold phosphate-buffered
saline (PBS) and extracted for 15 min in 1 ml of ice-cold
RIPA buffer (26) at 4°C. The extract was centrifuged at
~12,000 X g for 30 min at 4°C, and the supernatant was
normalized to total protein content by the Bio-Rad protein
assay. Equal volumes of the extract, each containing 550 pg
of protein, were incubated with 5 pl of polyclonal antibody
which recognizes multiple phosphotyrosine-containing pro-
teins (provided by Carl-Henrik Heldin; see reference 17) for
60 min at 4°C. Staphylococcus aureus protein A-Sepharose
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4B beads (10 pl; Pharmacia Fine Chemicals, Piscataway,
N.J.) were added and rocked at 4°C for 1 h. The beads were
washed four times in RIPA buffer, boiled in 70 ul of sodium
dodecyl sulfate sample buffer, and applied to 5 to 15% linear
gradient polyacrylamide-sodium dodecyl sulfate gel (43).
The gel was fixed and stained with Coomassie brilliant blue.
After destaining, the gel was dried and exposed to XAR-5
X-ray film for 96 h at —80°C without an intensifying screen.

Cell culture. The MDCK cells used in this study were
cloned from an original low-passage-number stock and have
been characterized previously (54). Cells were grown in
Dulbecco modified Eagle medium supplemented with 10%
fetal bovine serum at 37°C in a humidified atmosphere
containing 5% CO,. The focus formation assays and anchor-
age-independent growth assays were performed as described
previously (72). Spherical and disk-shaped multicellular
cysts were made as described previously (72).

Electron microscopy and light microscopy. Electron and
light microscopy were performed as described previously
(72).

Indirect immunofluorescence. Cells were grown on colla-
gen-coated cover slips, fixed with 1.75% (wt/vol) formalde-
hyde in PBS, washed in PBS for 10 min, and then perme-
abilized with PBS containing 0.5% (vol/vol) Triton X-100 and
2 mM MgCl, for 2 to 15 min at room temperature. For double
immunofluorescence, mouse monoclonal anti-pp60¥~"< anti-
body (MAb 327) (provided by J. Brugge; see reference 46)
and the rabbit antiactin antibodies (54) were mixed and
diluted 1:10 and incubated with the fixed cells. After the cells
were washed with PBS, affinity-purified goat anti-mouse
immunoglobulin G (IgG) conjugated to rhodamine (Boehr-
inger Mannheim Biochemicals, Indianapolis, Ind.) was
added and incubated at 37°C for 30 min in a humidified
atmosphere. After the cells were washed with PBS, affinity-
purified biotinylated goat anti-rabbit IgG (Boehringer Mann-
heim) was added and incubated for 30 min at 37°C as before.
The cells were washed with PBS, and avidin conjugated with
fluorescein was added and incubated with the cells at 37°C
for 30 min as before. Standard immunofluorescence was
performed similarly with MAb 327, followed by biotinylated
affinity-purified goat anti-mouse IgG and by avidin conju-
gated with fluorescein or with rabbit antiactin antibodies
followed by biotinylated affinity-purified goat anti-rabbit IgG
and then by avidin conjugated with fluorescein. The cover
slips were washed with PBS, mounted in Elvanol, viewed
with a 63X objective in a Zeiss Universal microscope
equipped with epifluorescence illumination, and photo-
graphed on Tri-X Pan-film (Eastman Kodak Co., Rochester,
N.Y.).

RESULTS

Retrovirus vector containing c-src-coding sequences lacks
transforming activity. The c-src-coding sequence was stably
introduced into MDCK cells by using helper-free, defective,
amphotropic retroviruses (50). The retroviral vectors con-
tain the neomycin resistance gene (Tn5 Neo") and therefore
enable selection of infected cells for resistance to the toxic
aminoglycoside G418 (Fig. 1A). The pMc-srcAiSVneo pro-
virus construct contains the c-src-coding sequence con-
trolled by the Moloney LTR promoter and has the Tn5 Neo"
gene placed downstream from an internal simian virus 40
early region enhancer-promoter segment. The control vec-
tor, pPFVXMneo, contains the TnS Neo" gene which is under
the control of the Moloney LTR promoter.

Amphotropic viral stocks of Mc-srcAiSVneo and FVXM
neo were harvested from yAM producer cells and compared



634 WARREN ET AL.

MoL. CELL. BioL.

A

pMc-src AiSVneo | — e

pFVXM neo W 1°77z7z7>-{ W+

neoR

FVXM neo

MOneoMT,,,v-src

Mc-srcAiSVneo

Mv-src

FIG. 1. (A) Retrovirus vector constructions. A schematic map of the provirus insert from each plasmid is shown. The plasmid designations
are given on the left. pMc-srcAiSVneo contains the c-src-coding sequence under control of the Moloney LTR promoter and an additional
transcriptional unit composed of the Tn5 aminoglycoside phosphotransferase (Tn5 Neo")-coding region which is under the control of an
internal simian virus 40 early region enhancer-promoter segment. The pFVXMneo provirus contains only the Tn5 Neo" gene under the control
of the Moloney LTR promoter. Symbols: open boxes, LTR sequences; open circle, virus genome packaging signal (§); open arrowhead, 5’
splice site; solid arrowhead, 3’ splice site; solid rectangles, simian virus 40 early region enhancer-promoter segment; thick lines, rat genome
DNA derived from original provirus clone; E, EcoRI restriction site. (B) Focus formation assay. One petri dish (100 mim) containing 5 x 10°
rat-1 cells was infected with =10° infectious virus particles (Neo® units) of FVXMneo, Mc-srcAiSVneo, or MOneoMT,,,v-src amphotropic
virus stock and selected for resistance to G418. A mixed population of Rat-1 cells derived by infection with each of these virus stocks was
tested for focus-forming ability as described previously (72). A dish of Rat-1 cells which was infected with a high-pp60¥-*"-expressing virus,

Mv-src, and assayed for focus-forming ability is shown for comparison.

with viral stocks of MOneoMT,,,v-src (a low-v-src-ex-
pressing virus [72]) and Mv-src (a high-v-src-expressing
virus [72]) for their ability to transform rat-1 cells. The two
v-src-expressing viruses, MOneoMT,,,v-src and Mv-src,
exhibitéd a low and high degree of focus-forming activity,
respectively (Fig. 1B, lower panels). However, Mc-
srcAiSVneo lacked focus-forming activity, since G418" Rat-1
cells derived by infection with Mc-srcAiSVneo (Fig. 1B,
upper right panel) were indistinguishable in this assay from

G418 rat-1 cells derived by infection with FVXMneo (Fig:
1B, upper left panel) or uninfected rat-1 cells (data not
shown). In addition, the rat-1 cell populations derived by
infection with the v-src-expressing viruses exhibited soft
agar growth potential, but rat-1 cells derived by infection
with Mc-srcAiSVneo or FVXMneo failed to grow in agar
suspension (data not shown). Finally, all MDCK cell clones
derived by infection with Mc-srcAiSVneo (see below) lacked
anchorage-independent growth potential and focus-forming
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potential (data not shown). These data demonstrate that
Mc-srcAiSVneo is not a transforming virus and that the viral
stocks contain no detectable spontaneous transforming mu-
tants.

MDCK epithelial cells expressing elevated levels of pp60°-".
MDCK cells were infected with either Mc-srcAiSVneo or
FVXMneo virus and selected in G418. Five representative
clones were picked and expanded for detailed analysis. The
presence of a proviral insertion in the genome of each clone
was demonstrated by Southern blot analysis. High-molecu-
lar-weight DNA from each clone was digested with EcoRlI,
electrophoresed through an agarose gel, transferred to nitro-
cellulose, and hybridized to a nick-translated SVneo probe
(Fig. 2, lanes a to f). The provirus sequence contains an
EcoRI site between the c-src-coding region and SVneo
sequences (Fig. 1A). DNA from each clone had a different-
sized band that hybridized to the SVneo probe, indicating
that each cell clone has a single provirus insertion. A second
EcoRlI site exists in the intron, approximately 800 base pairs
upstream from the ATG codon of c-src. Hybridization with
a nick-translated c-src probe revealed the presence of a
single band (~2.5 kb) in each clone containing the Mc-
srcAiSVneo provirus (Fig. 2, lanes g to 1), indicating that no
gross rearrangements or deletions were detectable within the
c-src-coding region.

The level of c-src expression was determined by Northern
blot analysis and by an in vitro pp60°“" kinase assay (Fig.
3). For each type of analysis, the MFN-2 control cells and
cells of each clone were grown to approximately the same
subconfluent cell density. Total RNA (25 pg) from each
clone was electrophoresed through a formaldehyde-con-
taining agarose gel, transferred to nitrocellulose paper, and
hybridized to a nick-translated c-src probe (Fig. 3A). The
resulting autoradiogram shows that each cell clone contain-
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FIG. 2. Southern blot analysis of MDCK cell lines expressing
elevated levels of pp60°*“ and the control MFN-2 cells. High-
molecular-weight DNA (13 pg) was digested with EcoRI, electro-
phoretically separated, transferred to nitrocellulose, and hybridized
with either a 3?P-labeled nick-translated SVneo probe or an c-src
probe. Lanes: a and g, MFN-2; b and h, Mc1; c and i, Mc2; d and j,
Mc3; e and k, Mc4; f and 1, Mc5. A HindIII relative molecular size
markers are given in kilobases (kb) on the left.
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FIG. 3. (A) Northern blot analysis of MDCK cell lines express-
ing elevated levels of pp60°*"“ and control MFN-2 cells. Total RNA
(25 pg) was denatured with formamide-formaldehyde and separated
with a formaldehyde-containing 1% agarose gel, transferred to
nitrocellulose, and hybridized with a 32P-labeled, nick-translated
c-src probe. Lanes: 1, MFN-2; 2, MFN-2; 3, Mcl; 4, Mc2; 5, Mc3;
6, Mc4; 7, McS. The autoradiogram of lane 1 was exposed for 24 h.
The autoradiograms of lanes 2 to 7 were exposed for 1 h. Relative
molecular mass markers are given in kilobases (kb) on the left-hand
margin: 4.6 kb, spliced Mc-srcAiSVneo transcript; 2.6 kb, B subunit
of Na* ,K*-ATPase mRNA (dog); 2.0 kb, actin mRNA (dog); 0.6 kb,
ribosomal protein 32 (dog). (B) pp60°* kinase assay of MDCK cell
lines expressing elevated levels of pp60°*"© and control MFN-2
cells. The protein kinase assay with [y->2P]JATP was performed on
pp60°~< specific immunoprecipitates prepared from each MDCK
cell line, normalized to total protein content. The immunoprecipi-
tates were applied to a 7 to 15% linear gradient sodium dodecyl
sulfate-polyacrylamide gel and electrophoresed. Portions of the
resulting autoradiograms are presented and reveal specific 32P
labeling of the IgG heavy chains. Lanes: 1, MFN-2; 2, MFN-2; 3,
Mcl3.2; 4, Mc13.8; 5, Mc13.22; 6, Mc18.5; 7, Mc18.7. The autora-
diogram of larie 1 was exposed for 51 h. The autoradiograms of lanes
2 to 7 were exposed for 17 h.

ing an Mc-srcASVneo provirus expressed elevated levels of
two RNA species (~5.8 and ~4 kb) which hybridized to the
c-src probe. Hybridization with a nick-translated SVneo
probe identified the same pair of transcripts (data not
shown), which presumably represent the genomic proviral
transcript (unspliced) and the subgenomic proviral transcript
(spliced), respectively. These two RNA species were absent
in the MFN-2 cells (Fig. 3A, lane 2). The endogenous c-src
RNA transcript in. the MFN-2 control cells was detected
after longer exposure of the autoradiograms and could be
distinguished from the exogenous c-src RNA species by its
slightly smaller size of ~3.9 kb (Fig. 3A, lane 1). The
following relative levels of c-src RNA expression were
determined quantitatively as described in the Materials and
Methods: MFN-2, 1; Mcl, 8; Mc2, 8; Mc3, 11; Mc4, 8; and
Mc§, 15.

The amount of pp60°~" enzyme expressed in each clone
was determined by an in vitro kinase assay. Cell extracts
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were normalized to total protein and immunoprecipitated
with a monoclonal antibody (MADb) raised against pp60“~"¢
that recognizes pp60°~"¢ (46). In vitro phosphorylation of
IgG heavy chains was performed as described previously
(13, 72). All clones had levels of pp60°*"© kinase activity
greater than that of the MFN-2 control cells (Fig. 3B).
Longer exposures of autoradiograms were required to detect
kinase activity in immunoprecipitates of MFN-2 cell extracts
than in immunoprecipitates of the cells containing the Mc-
srcAiSVneo provirus (Fig. 3B, lane 1). For quantitation of
relative kinase levels, the total pp60°~" kinase level of each
clone was divided by the level of pp60°"* kinase activity of
the MFN-2 control cells to give the following values: MFN-
2, 1; Mcl, 3.2; Mc2, 3.3; Mc3, 3.4; Mc4, 1.1; and McS$, 9.2.
Thus, the relative pp60°*’° kinase levels of the clones
correlate roughly with the relative levels of c-src RNA
expression determined by Northern blot analysis.

MDCK cells expressing elevated levels of pp60°*™ exhibit
marked changes in cell shape. At low density, MFN-2 control
cells formed discrete colonies with smooth, rounded edges
(Fig. 4A). The MDCK cell clones expressing elevated levels
of pp60°~" also formed discrete colonies under these con-
ditions, but all the cells were very flat and elongated and, at
the edges of the colonies, bore prominent processes (Fig. 4B
to D). However, at moderate cell densities (~2 X 10°/cm?),
the cells of each clone became closely packed to form a
continuous monolayer which closely resembled that formed
by the parent MDCK cells (data not shown; for confluent
control MFN-2 cells, see Fig. 4L).

A conspicuous feature of the MDCK cells expressing
elevated levels of pp60°*"< was their ability to form cell
processes, which became even more apparent when the cells
were grown to confluency. Two to three days after reaching
confluency, many of the cells of each clone began to extend
long, attenuated processes that burrowed beneath the mono-
layer for distances of up to 200 um, which is approximately
20-fold greater than the dimensions of a control MDCK cell
(~10 pm) (Fig. 4M). After a week of growth, the epithelial
monolayer was partially undermined by an extensive mesh-
work of cell processes (Fig. 4M, arrowheads). An analysis of
the processes by electron microscopy has confirmed the
subepithelial location of the processes and indicates that the
processes do not contain nuclei (unpublished data). Signifi-
cantly, the level of pp60°" expression correlated with the
severity of change in cell shape; the highest-pp60°~"-ex-
pressing MDCK cell clone, McS, formed processes earlier
and formed a more extensive meshwork of processes than
any other clone. The lowest-pp60°*"“-expressing clone,
Mc4, exhibited the least extensive meshwork of processes
(data not shown). Control MFN-2 cells did not exhibit this
trait (Fig. 4L).

Elevated levels of pp60°“™ alter the morphogenesis of
polarized, multicellular (MDCK) cysts. The fact that elevated
expression of pp60°~"° markedly alters the morphological
properties of individual MDCK cells prompted us to deter-
mine whether these cells still retained the morphogenetic
properties necessary to form tissuelike, multicellular epithe-
lial cysts in a collagen gel matrix in vitro (72). Under these
conditions, normal MDCK cells divide clonally to form a
spherical cyst composed of a closed monolayer of polarized
cells in which the apical membranes face the lumen of the
cyst and the basal membranes form a smooth, outer surface
exposed to the collagen gel matrix (Fig. SA and B; see also
Fig. 6A).

One day after seeding the cells in the collagen gel matrix,
it was noted that, without exception, all the MFN-2 control
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cells exhibited a rounded shape without visible cell pro-
cesses (Fig. 4E). However, approximately 25 to 75% of the
cells from each of the high-pp60°~"“-expressing MDCK cell
clones exhibited a dramatic change in cell shape. Some cells
exhibited a bipolar, spindle shape (Fig. 4I), but more fre-
quently they assumed bizarre stellate shapes, with multiple
processes extending from the cell body (Fig. 4F, G, H, J, and
K). Only a fraction of the cells from each high-pp60°<"-
expressing cell clone exhibited altered shapes in the collagen
gel matrix, even though 100% of the cells exhibited a
distorted cell shape when plated on a two-dimensional
substratum (Fig. 4B to D); this may reflect differences
between the two-dimensional plastic substratum and the
three-dimensional collagen gel substratum. The three-dimen-
sional substratum, which exhibits random variations in the
consistency of the collagen gel, presumably provides a less
uniform surface for cell attachment than the two-dimen-
sional plastic substratum. This explanation is supported by
the fact that the shape of the high-pp60°*"“-expressing
MDCK cells can be distorted in a predictable manner by
gently stretching the collagen gel matrix surrounding the
cells with sterile forceps (unpublished data). Within a few
hours after this manipulation, cells in the vicinity of the
applied tension exhibited a bipolar shape with cell processes
oriented parallel to the direction of the applied force. The
same manipulation did not alter the cell shape of control
MDCK cells (data not shown).

Six days after seeding, the high-pp60°~"“-expressing
MDCK cells formed cysts with deformed architecture (Fig.
5). Whereas 100% of the MFN-2-derived cysts were spher-
ical, over 90% of the cysts formed by each of the high-
pp60°~"-expressing clones exhibited irregular, nonspherical
shapes (Fig. 5C to H). Some cysts formed by the high-
pp60°~"-expressing cells were spherical over part of their
surface, but contained a few bleblike protrusions (Fig. 5C
and F); other cysts were markedly distorted with an elon-
gated conformation (Fig. SE, G, and H). Significantly, these
irregularly shaped cysts were composed of intact epithelial
monolayers that exhibited no apparent disruption of the
two-dimensional relationship between the cells. Although
occasional cell processes extended from the basal aspect of
some cysts into the collagen gel matrix, entire cells were not
displaced from the epithelial monolayer into the surrounding
collagen gel matrix.

These results indicate that elevated levels of pp60°="
confer on MDCK cell monolayers the ability to form struc-
tures with multiple three-dimensional shapes, whereas con-
trol MDCK cells form only spherical structures. Apparently,
these cysts are able to maintain the two-dimensional rela-
tionships among the cells that form the monolayer, but are
unable to maintain the rigid, spherical three-dimensional
architecture exhibited by control cysts. These observations
suggested to us that the morphogenesis of multicellular
epithelial cysts composed of high-pp60°°"“-expressing
MDCK cells was highly susceptible to distortion by physical
constraints of the surrounding collagen gel matrix. To test
this possibility, we assayed the morphogenetic properties of
MFN-2 cells and high-pp60°~"“-expressing MDCK cells un-
der conditions that led to a predictable distortion of the
three-dimensional conformation of all cysts. In this assay,
MDCK cell cysts were grown in the interface between two
layers of collagen gel matrix, a condition that causes normal
MDCK cells to form biconvex, disk-shaped cysts rather than
spherical cysts (see diagram in Fig. 5I; also see reference
72). The MFN-2 cells formed cysts indistinguishable from
those of parent MDCK cells that maintained relatively large,



MoL. CeLL. BioL.

WARREN ET AL.

638

‘wirl o1 ‘N 01 [ sjoued ul sreq “wirl gz ‘H 01 V S[oued ul sieg "usawnj 3y} Jo seare juajed moys N
pue I\ s[oued ur smolly ‘udwnj AYINIS € NqIYXd YoIym sisAd ¢O Yy jJo ASojoydiow ey moys T [dued Ul SmoLIe [[ewS ‘S[[30 Z-NAW [01)u0d Aq pauLIo]
suawn| uado ‘opim moys 3] pue [ sjoued ul smoLre s[qno( "Xujeu [28 usSe[[0d sy} ol [fem 1sAd 3Y) Jo 10adse [eseq ay) woyy unodafoad sassasoud [199
moys H 01 D sjaued uf SMOLIY "SNd0J Ul JaArjouow [elayiids ay) Jo s[yold sy} moys g pue y sjaued ur smoury “SOW (N) ‘SO (W) ‘SON (1) <T-NAW 3
Z-NAW (D) PO (H) ‘€9 (D) ‘SOW (D) (SN () (€N (@) SON (D) {(1o11u02) T-NAW (4 PUe V) “(N 03 f) soudo p[oy-1y3Lq yim 9 Aep uo payderdojoyd
pUE 3N[q SUIPIN[O} YIIM PIUIR)S 2I9m SUONDIIS Y], (N 01 [) pasedaid arom (Wl €) sUONIIS UIY) pue ‘(7/) AISNOIAAId PIQLIOSSP Se PIPPIqUId pue paxy
a19m Y311 9y} U0 $ISAD Y], *(H 01 V) sondo 1senuos-aseyd yim 9 Aep uo paydersoioyd a1am 3J3] 3y U0 $3sAd ayJ, '] [dued ut A[jeonewreidelp pajensnjji se
x1jew [23 uade[[0d Jo JaK.| PUOdIS & YIIM PIB[ISAO UdY) pue wnjensqns [93 us3e[jod [eUOISUSWIP-0M) Jef € U0 UMOIS a1am S[[32 Y3 ‘(N 03 [) S1SA5 (IDAN)
Jeqnjieonnuw ‘padeys-ysip wioj o, ‘(H 031 V) SAep 9 10] m0I3 0] pamoje pue XLijew [93 usSe[[0d [RUOISUIWIP-33IY) B OJUI A[JOSIIP PIPaIas JIaMm ,,..,09dd

JO S[9A9] pareAd[s Surssaidxa S[[90 YDAW PUE S[1290 Z-NAW [013U0)) “XLijeu [33 uaBe[jod e ul umoid s3s4d (IDAW) Te[n][3oD]nW JO UONeULIO ‘S "OL

LI
§500n00§
¢ = .
A‘ CCCCCCDC X /
/4// /




639

BIOLOGICAL ACTION OF pp60°~"*

VoL. 8, 1988

FIG. 6. Ultrastructure of multicellular cysts composed of MFN-2 (control) cells and MDCK cells expressing elevated levels of pp60°*"<. MDCK cells
were cultured in a three-dimensional collagen gel matrix for 6 days and then processed for analysis by transmission electron microscopy (A to E). The
cells in panel F were grown on a planar, two-dimensional collagen gel substratum and processed similarly. (A) Low-power electron micrograph showing
section of spherical multicellular cyst composed of MFN-2 (control) cells. (B) Low-power electron micrograph showing edge of a disk-shaped cyst
composed of MFN-2 (control) cells. (C) Low-power electron micrograph showing edge of a flat cyst composed of MDCK cells which express elevated
levels of pp60°*. (D and E) Low-power views of the discontinuous luminal spaces formed by high-pp60°*"“-expressing MDCK cells. (F) High-power
electron micrograph showing area of cell-cell contact between two MDCK cells which express elevated levels of pp60°~*. ap, Apical plasma membrane;
ba, basal plasma membrane; zo, zonula occludens; D, desmosomes. Bars: 10 um (A); 2.5 pm (B and C); 5 um (D and E); 1 pm (F).
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open lumens which were oval in cross section (Fig. 5J and
K). However, the MDCK cells expressing elevated levels of
pp60°*"c formed completely flattened cysts under these
conditions (Fig. SL to N). At the resolution of the light
microscope, an intact epithelial monolayer appeared to
enclose a narrow, slitlike lumen in the cysts. These results
demonstrated that elevated levels of pp60°~" regulate the
morphogenetic properties which determine the shape of both
single MDCK cells and multicellular epithelial structures
composed of MDCK cells.

MDCK cells expressing elevated levels of pp60°~™ exhibit
distorted shapes but retain the ability to form morphologically
normal cell-cell contacts. A low-power electron micrograph
of a section through a spherical multicellular MFN-2 cell
cyst showed that the epithelial monolayer was composed of
cells that exhibited fairly uniform, semipyramidal shapes
with the apical membrane oriented toward the lumen (Fig.
6A). An electron micrograph of a section through the edge of
a disk-shaped MFN-2 cell cyst revealed that, in the region of
the cyst wall which bends acutely, the shape of the individ-
ual cells is slightly distorted and less uniform than the shape
of the MFN-2 cells in spherical cyst walls, but the cells still
form a highly organized epithelial monolayer that maintains
a curved contour at the edge of the cyst wall (Fig. 6B). In
contrast, Mc5 cells grown under these conditions formed
multicellular structures composed of epithelial monolayers
that were folded at the edges in acute angles, which placed
the cells of the superior and inferior aspects of the cyst walls
into very close proximity (Fig. 6C). In fact, there were
multiple cell-cell contacts, characterized by close apposition
of cell membranes and occasional desmosomes, formed
between cells in the superior aspect and cells in the inferior
aspect of the cysts. In these regions, the cyst lumen ap-
peared to be irregular and discontinuous in each plane of
section (Fig. 6D and E; also see arrows in Fig. 5M and N).
Significantly, the shape of the individual cells within the cyst
wall was more distorted than that of the MFN-2 control
cells, but these cells exhibited a high degree of cell-cell
contact and established morphological polarity as indicated
by the formation of a cyst lumen.

The ability of these cells to form morphologically normal
cell-cell contacts was revealed more clearly by sectioning
open epithelial monolayers grown on a planar, two-dimen-
sional collagen gel matrix and analyzing them by transmis-
sion electron microscopy (Fig. 6F). A representative section
through adjacent McS5 cells showed a high degree of cell-cell
contact between the membranes, which are closely apposed
with rare instances of intercellular spaces greater than 50 nm
(Fig. 6F). The McS cells were morphologically polarized,
exhibiting numerous apical microvilli and a well-developed
apical junctional complex. The zonula occludens, located at
the boundary of the apical and lateral membranes of the cell,
was characterized by the very close opposition of adjacent
cell membranes. The zonula adherens, characterized by an
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intercellular gap of ~20 nm, was present below the zonula
occludens as demonstrated previously in normal MDCK
cells (18, 63, 72). Finally, desmosomes with associated
tonofilament bundles were located randomly on the lateral
membranes. All high-pp60°~"<-expressing MDCK cell clones
exhibited these ultrastructural features, which are indis-
tinguishable from those exhibited by control MDCK cells
(data not shown; see reference 72).

Areas of MDCK cell-cell contact are enriched with pp60°-".
The fact that pp60°~© elicits an altered shape in highly
differentiaicd epithelial cells prompted us to ask whether the
distribution of pp60°*’ immunoreactivity coincides with
that of specific membrane-associated actin-containing struc-
tures inside the cell which have been implicated in the
control of epithelial cell shape (see Discussion). Immunoflu-
orescence microscopy was performed on MFN-2 control
cells and all the MDCK cell clones expressing elevated
levels of pp60°~"°, using an MAD raised against pp60*~"*
(MAD 237), a rabbit antiserum raised against canine actin, or
both antibodies for double immunoftuorescence (Fig. 7).

MFN-2 cells incubated with MAb 327 exhibited weak, but
discrete linear staining of the cell periphery in regions of
cell-cell contact and to a lesser degree on the free edge of
cells (Fig. 7E). In addition, there was faint, diffuse ppG0°~"¢
staining that was more intense than the staining obtained
with a nonimmune serum (compare Fig. 7A and E). All
clones of high-pp60°~"-expressing MDCK cells exhibited a
staining pattern that was qualitatively similar to that of the
MFN-2 cells, but discrete pp60°"° immunoreactivity was
more intense in areas of cell-cell contact, and there was more
intense, homogeneous pp60°*"° immunoreactivity through-
out the cells (Fig. 7C, D, G, and I).

MFN-2 cells incubated with antiactin antiserum exhibited
discrete staining of actin filaments in three subcellular loca-
tions (Fig. 7F). First, there were multiple discrete spots in
the apical plane of focus which corresponded to microvilli
(data not shown). Second, there were linear striations in the
basal plane of focus which represented stress fibers that have
been shown to be associated at their ends with focal adhe-
sion plaques on the plasma membrane (Fig. 7F, thin arrow;
see references 23, 24, 32, and 74). Third, continuous linear
staining was present in areas of cell-cell contact and on the
free edge of the cells (Fig. 7F, thick arrows). MDCK cells
expressing elevated levels of pp60°*"“ showed a similar
pattern of actin immunofluorescence, except that the contin-
uous line of immunoreactive actin which characterized the
free edge of MFN-2 control cells appeared to be reorganized
in the high-pp60°*"“-expressing cells; the free edge of many
cells exhibited prominent stress fibers organized in a radiat-
ing pattern that coincided with lamellopodia and cell pro-
cesses visualized by phase-contrast microscopy (Fig. 7H and
J). Double immunofluorescence of MFN-2 control and high-
pp60°~"“-expressing cells showed that the pattern of focal
pp60°~" staining (Fig. 7E, G, and I, thick arrows) coincided

FIG. 7. Indirect immunofluorescence of MDCK cells expressing elevated levels of pp60° and control MFN-2 cells. Indirect
immunofluorescence assays were performed on MDCK cells that had been fixed with 1.75% formaldehyde and permeabilized with 0.5%
(vol/vol) Triton X-100 in PBS. The first antibody was nonimmune mouse IgG (A), a nonimmune rabbit serum (B), a MAb directed against
pp60'=" (C, D, E, G, I), or rabbit antiactin polyclonal antibody (F, H, and J). The second antibody was biotinylated goat anti-mouse IgG (A,
C, and D) or a combination of rhodamine-conjugated goat anti-mouse IgG and biotinylated goat anti-rabbit IgG (B, E to J). The third reagent
was fluorescein-conjugated avidin (A to J). (A) Mc5; (B) Mc5; (C) Mcl; (D) Mc4; (E and F) MFN-2; (G and H) Mc2; (I and J) McS. Large
arrowheads show pp60°~"* immunoreactivity in areas of cell-cell contact (C, D, E, G, I). Small arrowheads show pp60°*™ immunoreactivity
on the free edge of the cells (E and G). Thick arrows show actin immunoreactivity in areas of cell-cell contact (F, H, and J). Thin arrows show
actin stress fibers (F, H, and J). Nuclear immunofluorescence is exhibited by cells incubated with control antibody (A and B) and with
anti-pp60°" antibody (C, D, E, G, I) and is therefore considered nonspecific immunoreactivity. All photographs are presented at the same

exposure and the same magnification. Bars, 5 pm.
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FIG. 8. Phosphotyrosine-containing phosphoproteins immuno-
precipitated from control MFN-2 cells, MDCK cells expressing
elevated levels of pp60°*"°, and MDCK cells expressing pp60*~".
Cells were labeled metabolically with 32P; for 15 h and extracted with
RIPA buffer. Samples were normalized to total protein content and
immunoprecipitated with a polyclonal rabbit antibody directed
against phosphotyrosine (17). Immunoprecipitates were separated
by S to 15% sodium dodecy! sulfate-polyacrylamide gel electropho-
resis, dried, and exposed to X-ray film for 5 h. The resulting
autoradiogram is presented. Lanes: 1, MFN-2; 2, Mc4; 3, McS; 4,
MMTv-10 (low-pp60¥~*"-expressing MDCK cell line); 5, MMTv-7
(low-pp60*~*-expressing MDCK cell line); 6, MMTv-60 (MDCK
cell line transformed by pp60'~*); 7, Mv-src-9 (high-pp60*~"-
expressing cell line); 8, control (Mv-src-9 cell extract immunopre-
cipitated with nonimmune rabbit serum). Relative molecular mass
markers are indicated in kilodaltons (kd): 25 kDa, myosin heavy
chain; 116 kDa, B-galactosidase; 97.5 kDa, phosphorylase b; 68
kDa, bovine serum albumin; 45 kDa, ovalbumin; 29.5 kDa, carbonic
anhydrase. Arrowheads on left-hand margin show R, values corre-
sponding to molecular masses of 210, 190, 160, 120, and 110 kDa.
The arrow on the left-hand margin and the dots between the lanes
mark the R, value corresponding to the ~160-kDa protein species.

with the pattern of immunoreactive actin only in areas of
cell-cell contact (Fig. 7F, H, and J, arrowheads). Little or no
focal pp60°~"° immunofluorescence was detected on the
basal aspect of the cells which exhibited subcortical actin-
containing stress fibers (compare Fig. 7I and J).

MDCK cells expressing elevated levels of pp60°“" exhibit
increased phosphorylation of a more limited number of phos-
photyrosine-containing proteins than MDCK cells expressing
pp60”. We analyzed the level of phosphorylation of phos-
photyrosine-containing proteins in control MDCK cells, high
pp60°~"-expressing MDCK cells, and pp60¥~*"-expressing
MDCK cells to compare the phenotypes of these cells at a
biochemical level. A polyclonal antiphosphotyrosine anti-
body (17) was used to immunoprecipitate phosphotyrosine-
containing proteins from cell extracts of MFN-2 cells, Mc4
cells, McS5 cells, and four MDCK cell lines expressing
different levels of pp60¥-" which had been labeled with 32P,
for 15 h (Fig. 8). All MDCK cell lines, including the MFN-2
control cells, exhibited multiple bands corresponding to
phosphotyrosine-containing proteins. However, for compar-
ative purposes, we concentrated in this analysis on seven
prominent phosphotyrosine-containing proteins with appar-
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ent molecular sizes of ~220, ~190, ~160, ~120, ~110, ~80,
and ~60 kilodaltons (kDa) (Fig. 8, indicated by arrowheads
at left margin of autoradiogram). The ~220-, ~190-, ~120-,
and ~110-kDa bands are similar in intensity in the MFN-2
control cells and the MDCK cells expressing elevated levels
of pp60°~"< (Fig. 8, lanes 1 to 3). However, the relative
intensity of the ~160-kDa band compared with the ~220-,
~190-, ~120-, and ~110-kDa bands is higher in MDCK cell
lines expressing elevated levels of pp60°~*" than in MFN-2
cells (Fig. 8, lanes 2 and 3). In contrast, MDCK cell lines
expressing low levels of pp60¥~" showed increased phos-
phorylation of the ~220-, ~190-, ~160-, ~120-, and ~110-
kDa proteins compared with the MFN-2 cells and high-
pp60°~"“-expressing MDCK cells (Fig. 8, lanes 4 and S). The
MDCK cell lines transformed by elevated levels of pp60¥-*"°
exhibited more intense bands corresponding to the ~190-,
~160-, and ~120-kDa phosphoprotein species, in addition to
prominent bands corresponding to phosphoproteins with
molecular weights of ~80 and ~60 kDa (Fig. 8, lanes 6 and
7). Finally, it is evident that in all pp60“-*"“-expressing
MDCK cell lines, the two bands corresponding to phospho-
proteins of ~190 and ~120 kDa are more intense than the
band corresponding to the ~160-kDa phosphoprotein spe-
cies (Fig. 8, lanes 4 to 7). In conclusion, these data show that
of the seven phosphotyrosine-containing proteins compared
in this analysis, only one exhibited increased phosphoryla-
tion in MDCK cells expressing elevated levels of pp60°=",
whereas multiple proteins exhibited increased phosphoryla-
tion in MDCK cells expressing pp60¥~"<.

DISCUSSION

Detection of a nonmitogenic biological action of pp60°~™ by
the MDCK cell assay. MDCK cells are able to generate
multicellular epithelial structures in vitro which show a
striking structural and functional resemblance to epithelial
tissue structures in vivo (10, 11, 30, 52, 59, 70). The
formation of thése multicellular structures depends on mor-
phogenetic determinants that control the degree of adhesion
between MDCK cells and those which establish and main-
tain the fixed cuboidal shape of MDCK cells (72; also see
below). MDCK cells are already highly differentiated and do
not undergo a sequential inductive process to form multicel-
lular structures, which characterizes epithelial morphogen-
esis in situ (3, 28). For this reason, the alteration of the
morphogenetic properties of MDCK cells may be attributed
to the elevated expression of an introduced gene and not to
independent inductive factors.

Using these properties of MDCK cells, we found that
pp60°*"¢ induces a nonmitogenic, pleomorphic phenotype
which manifests itself as a predictable change in the shape of
highly differentiated epithelial cells and multicellular epithe-
lial structures in vitro. In contrast, fibroblasts expressing
elevated levels of pp60°*"© were morphologically indistin-
guishable from control fibroblasts (data not shown; see Fig.
1B and reference 56). The reason for this difference may be
that the biological action of pp60°“"° manifests itself less
overtly in fibroblasts than in MDCK cells, because normal
fibroblasts are already able to form prominent cell processes
and do not form highly organized tissuelike multicellular
structures in vitro. Thus, MDCK c¢lls provide a sensitive
biological assay to study the nonmitogenic action(s) of the
pp60°~*" tyrosine kinase.

pp60°* exhibits a more discriminatory biological action
than pp60'~". Our previous study showed that low-level
expression of pp60¥* in MDCK cells did not have a
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mitogenic effect, but led to a flat, spread-out cells (including
the formation of cell processes) and a disturbance of selec-
tive epithelial cell-cell adhesion components (72). The
present studies demonstrated that MDCK cells expressing
elevated levels of pp60°~" exhibit marked alterations of cell
shape (pleomorphism), but in contrast to MDCK cells ex-
pressing pp60¥~"<, these cells from morphologically normal
cell-cell contacts. Three facts indicate that the MDCK cells
expressing elevated levels of pp60°="< exhibit a high degree
of cell-cell adhesion, a property which correlates with the
high degree of cell-cell contact observed by electron micros-
copy. First, whole cells were not displaced from the basal
aspect of multicellular epithelial cysts into the surrounding
collagen gel matrix, as was demonstrated previously for
MDCK cells expressing low levels of pp60*~"< (Fig. 5 and 6)
(72). Second, cells were not displaced (shed) from the apical
aspect of confluent epithelial monolayers grown in petri
dishes and overlaid with agar-containing medium, as dem-
onstrated previously for MDCK cells expressing low levels
of pp60"~" (Fig. 4M) (72). Third, these cells express steady-
state levels of a canine epithelial cell adhesion molecule, rr-1
(29), that are similar or identical to that expressed by control
MDCK cells (unpublished data). Thus, elevated levels of
pp60°*"° induced in MDCK cells a subset of the phenotypic
traits which were induced by low levels of pp60¥-*"; MDCK
cells expressing elevated levels of pp60°~" exhibit changes
in the shape of single cells and multicellular structures, but
they show neither a disturbance of cell-cell contact nor a loss
of growth control.

These qualitative biological differences between the phe-
notypes induced by pp60°="< and pp60“~" could theoreti-
cally be due to differences in the biochemical specificity of
these enzymes. Our comparison of phosphotyrosine-con-
taining proteins in control MDCK cells, MDCK cells ex-
pressing elevated levels of pp60°~", and MDCK cells ex-
pressing pp60*~" demonstrated differences in phosphate
incorporation into the seven phosphotyrosine-containing
protein species considered in this analysis. We found that
pp60”~" expression in MDCK cells led to increased phos-
phate incorporation into multiple phosphotyrosine-con-
taining phosphoproteins with molecular sizes of ~220, ~190,
~160, ~120, ~110, ~80, and ~60 kDa compared with that in
control MDCK cells. In contrast, of these seven phospho-
proteins, only the ~160-kDa protein exhibited increased
phosphorylation in high-pp60°*"“-expressing MDCK cells
compared with that in MFN-2 control cells. We do not know
whether the ~160-kDa phosphoprotein is phosphorylated on
a tyrosine residue or whether it is a direct substrate for
pp60°-", but these problems are being investigated. Never-
theless, the morphological and biochemical data taken to-
gether imply that in MDCK cells pp60°~"< exhibits a more
discriminatory biological action than pp60¥*", because ele-
vated pp60°*"“ expression leads to increased phosphoryla-
tion of a more limited set of protein(s) than does pp60¥="<.

How does pp60““™ induce a pleomorphic phenotype in
MDCK cells? Our results showed that individual MDCK
cells expressing elevated levels of pp60°*" exhibit a pleo-
morphic shape unlike the characteristic rounded shape of
control MDCK cells cultured under identical conditions
(Fig. 4E to K); furthermore, the shape of high-pp60°s"-
expressing MDCK cells, but not that of control MDCK cells,
can be distorted by externally applied forces. In a three-di-
mensional collagen gel, multicellular cysts generated by
high-pp60°-*"“-expressing MDCK cells are also pleomorphic
and are unable to maintain the characteristic spherical shape
of cysts formed by control MDCK cells (Fig. SA to H).
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When pp60°*"“-expressing MDCK cells were grown be-
tween two layers of collagen, the resulting multicellular
cysts were deformed uniformly into a flat configuration with
a slitlike lumen (Fig. SL to N). In contrast, parent MDCK
cells and MFN-2 control cells, which express low levels of
pp60°°", were able to generate multicellular cysts that
developed sufficient rigidity to expand the interface between
the upper and lower layers of collagen gel matrix and to form
a biconvex, disk-shaped structure with a large open lumen
(Fig. 5J and K). These observations on the morphogenesis of
multicellular MDCK epithelial structures in vitro indicate
that elevated levels of pp60°"< allow the three-dimensional
architecture of these cysts to adapt to the physical restric-
tions of the surrounding collagen gel matrix (i.e., the narrow
interface between collagen layers). High-pp60°-<-ex-
pressing MDCK cells apparently cannot develop multicellu-
lar structures with enough rigidity to expand the interface
between the layers of collagen gel.

Taken together with the observation that MDCK cells
expressing elevated levels of pp60°~"° undergo marked
changes of cell shape (e.g., the formation of long cell
processes), these results indicate that the cell membrane is
morphologically more plastic than that of control MDCK
cells, which express low levels of pp60°*"<. It is possible that
elevated levels of pp60°< alter the ability of MDCK cell
cysts to vectorially transport fluids and solutes, which could
alter indirectly the rigidity and structure of the cysts. How-
ever, the ability of MDCK cells to form a physiologically
competent, ion-pumping multicellular epithelium is not a
necessary condition for detecting the nonmitogenic action of
pp60°*<, since the pp60°*"“-induced trait manifests as struc-
tural plasticity in single MDCK cells (Fig. 4). This indicates
a direct effect of pp60°" on the morphogenetic properties of
MDCK cells. The fact that pp60°="< selectively alters this
morphogenetic property of MDCK cells suggests strongly
that pp60°~" acts on the elements within the cell which
control the structural plasticity of the plasma membrane,
without directly affecting the transduction of mitogenic
signals or the function of specific epithelial cell adhesion
structures.

Previous studies have shown that the shape and structural
plasticity of animal cell membranes depend to a large extent
on complex submembranous protein structures which con-
tain actin filaments and multiple actin-binding proteins (51,
68, 73, 75). The shape of many types of epithelial cells is
thought to be determined in part by actin-containing micro-
filaments, which are associated with the cytoplasmic aspect
of the plasma membrane in areas of cell-cell contact (8, 39,
40, 53, 58, 65, 68, 75). Our analysis of the spatial distribution
of pp60°*"“ in MDCK cells demonstrated that focal pp60°-"°
immunoreactivity coincides with focal actin immunoreactiv-
ity in regions of MDCK cell-cell contact. This suggests that
pp60°~" could achieve a selective morphoregulatory effect
on cell shape, at least in part, by altering the structural or
mechanical properties of the actin-containing membrane
skeleton in areas of cell-cell contact. In addition, the pres-
ence of increased homogeneous pp60°~"° immunoreactivity
throughout these flat MDCK cells suggests that pp60°~< acts
on membrane-associated targets which are not in areas of
cell-cell contact and which do not exhibit focal pp60°"c
immunoreactivity, particularly since the most marked
changes in cell membrane shape and in the pattern of actin
immunoreactivity were observed in the free edges of these
cells (e.g., cell processes and areas of extensive cell spread-
ing). Although we do not know the molecular substrate(s) of
pp60°"“ in the MDCK cells, the data show that pp60°~"< has
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a biological activity and subcellular localization necessary to
function as a selective regulator of the structural or mechan-
ical properties of the plasma membrane-associated cytoske-
leton.

In vivo implications of morphoregulatory action of pp60°-"™
on MDCK cells. The trait induced by pp60°* in this in vitro
system appears to resemble morphogenetic phenomena
which characterize developing epithelial tissues in vivo. The
formation of epithelial evaginations and more complex
glandlike structures is thought to require spatial variations in
the plasticity of the epithelium to give rise to movements that
cause the monolayer to fold (33, 39, 65, 68, 75). The cells in
folding regions of an epithelium exhibit shapes different from
those of cells in flat regions of an epithelium (75). Move-
ments of this type are thought to be regulated by a mecha-
nism that modulates the degree of structural plasticity and
shape of the cells, without disturbing the specific epithelial
cell-cell contacts which are necessary to maintain the intact,
two-dimensional organization of the epithelial monolayer
(39, 65, 68, 75). We showed that elevated levels of pp60°~"
can induce structural plasticity and an altered three-dimen-
sional conformation of multicellular structures composed of
MDCK cells without disturbing their ability to establish
morphological polarity or their ability to form specific,
adhesive cell-cell contacts which are necessary to maintain
the two-dimensional organization of the monolayer. Thus,
our studies show that pp60°" has the biological potential to
modulate the spatial organization of epithelial cells during
epithelial morphogenesis.

Does the pp60°~-induced trait in MDCK cells represent a
natural function of pp60°““? A consideration of the expres-
sion of pp60°~" in development and evolution may provide
clues about the function of pp60°~". Low levels of pp60°—="*
or c-src RNA have been detected in nearly all vertebrate
cells and tissues examined, but a few specialized types of
cells express much greater levels of pp60°~" than other cell
types (27, 37, 55, 60). In the developing central nervous
system, a large increase in pp60°*" expression occurs at the
onset of neuronal differentiation (15, 21, 45, 47, 48, 64, 71).
pp60°°" levels are highest in certain postmitotic neurons
undergoing dynamic changes in their spatial organization,
such as the neuroepithelial cells that form the folding edge of
the developing neural tube (48) and tracts of growing axonal
processes in the developing retina and cerebellum (21, 64).
Regions of the developing insect nervous system exhibit a
similar enrichment of c-src transcripts (62). In addition,
platelet membranes (25) and monocytic leukocytes and
macrophages express elevated levels of pp60°~"© (2, 22, 27).

Differentiating neurons, mature platelets, and monocyte-
macrophages appear to share few characteristics since they
exhibit widely divergent differentiated features. However,
these types of cells lack proliferative potential and can be
distinguished from types of cells which express low levels of
pp60°~"¢ by their characteristic ability to undergo marked
changes in cell shape. Differentiating postmitotic neurons
engage in diverse morphogenetic movements such as neurite
outgrowth, neuroepithelial folding, and cell migration (1, 20,
31, 69). Activated platelets rapidly change their rigid, discoid
shapes into highly distorted forms that make up the platelet
(hemostatic) plug (19, 76). Monocyte-macrophages exhibit
extreme structural plasticity during diapedesis, chemotaxis,
and phagocytosis (12, 16, 77). The pp60°*" protein may
perform a fundamental physiological action in most or all
higher eucaryotic cells, because of its high degree of evolu-
tionary conservation and its widespread expression in ani-
mal cells and tissues. However, the fact that pp60°~"
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becomes expressed at particularly high levels in types of
cells which characteristically undergo marked changes in
cell shape raises the possibility that pp60°~" plays a role in
the regulation of the structural plasticity and hence shape of
cells.

Our experiments demonstrated a biological activity of
pp60°"< that fits well with these limited predictions about
the natural function of pp60°~". Elevated levels of pp60°~"°
were not mitogenic and selectively induced a high degree of
structural plasticity in MDCK cells. Significantly, elevated
levels of pp60°*"< did not disturb the specific differentiated
morphological features of MDCK cells, since these cells
established normal morphological polarity and exhibited no
detectable alteration of their specific epithelial cell-cell con-
tacts. We suggest that a natural function of the cellular
tyrosine kinase, pp60°~’<, is to induce structural plasticity in
cells and multicellular structures undergoing dynamic
changes in spatial organization.
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