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Abstract. In a rat mammary epithelial cell line, LA-7,
cytokeratin bundles recognized in immunofluores-
cence by a monoclonal antibody (24B42) disappear
after trypsinization of cultures and are gradually re-
formed after replating.

We have followed the time course of cytokeratin
filament reappearance by growing cells in low calcium
medium (0.1 mM), which prevents desmosome for-
mation, and then shifting to high calcium (1.8 mM) to
start the process. By fixing the cells at various inter-
vals and staining them in immunofluorescence for
24B42 cytokeratin and for desmosomal proteins, we
found that cell to cell contact and desmosome forma-
tion are prerequisites for keratin filament formation in
these cells. EGTA treatment, by disassembling desmo-
somes, causes the cytokeratin filaments to disappear
and the 24B42 protein to pass into a soluble form in
this cell line, as ascertained by 100,000 g fractionation

and immunoenzymatic assay. Cycloheximide treat-
ment also causes cytokeratin filaments to disappear,
indicating that protein synthesis is needed for normal
filament maintenance. In another related cell line
(106A-10a) and in HelLa cells, trypsinization and
EGTA exposure do not cause a complete loss of
24B42 immunofluorescence, although distinct fila-
ments disappear, indicating the presence in these cells
of different organizing centers, besides desmosomes,
for cytokeratin bundle formation.

LA7 cells therefore seem to have a cytokeratin sys-
tem strictly dependent on the presence of desmo-
somes, which act as an organizing center for filament
assembly. 106A-10a cells (also rich in desmosomes)
and HelLa cells (showing instead a reduced number of
desmosomes) have a cytokeratin system partially or
totally independent from that of desmosomes, with
different organizing centers.

tion characteristic for the histological origin of the cell

{27, 31). The major protein component of intermediate
size filaments in both normal and neoplastic epithelial cells
are cytokeratins, which form a family of related polypeptides
present in various combinations in different tissues (12, 26,
29). These proteins have multiple antigenic determinants that
can be useful for studies of cell differentiation (14, 35) and
for diagnosing and classifying tumors histologically (31). Cy-
tokeratin filaments occur in bundles containing two or more
different cytokeratins, which are necessary for the formation
of polymeric filaments (14, 28, 39).

Electron microscopy and immunofluorescence studies
show that cytokeratin bundles contact the cell periphery at
desmosomal plaques (13, 15, 30). These are the intracyto-
plasmic portions of desmosomes, which are highly conserved
structures that probably perform a mechanical function. They
are regarded as anchorage points between individual cells of
a tissue, able to distribute the mechanical stress applied to
one cell among nearby cells and thus to the entire tissue (4,
34, 37, 42). Other types of intermediate filaments have been
described to be connected to desmosomes (22, 24).

Using a monoclonal antibody, 24B42, raised against bovine

INTERMEDIATE size filaments have a molecular composi-

muzzle keratin (1), which cross-reacts with cytokeratins of rat
and human mammary epithelial cells, we have followed by
immunofluorescence the formation and disappearance of cy-
tokeratin filaments in a line of rat mammary cells (9). Our
observations show that the formation of keratin bundles in
these cells is controlled by the desmosomes to which they are
attached.

Materials and Methods
Cell Cultures

LA7 and 106A-10a cells, derived from a mammary carcinoma chemically
induced in Sprague-Dawley rats (9), were maintained in Nunc dishes (Nunc,
Roskilde, Denmark) using Dulbecco’s modified Eagle’s medium supplemented
with 5% calf serum and 50 ng/ml each of hydrocortisone and insulin. NMuMG
cells (33) were grown in the same medium supplemented with 10% fetal calf
serum in place of calf serum. HeLa cells were grown in the same medium,
without hormones. For special treatment, confluent cultures were exposed to
the same medium supplemented by either 4 mM EGTA (Sigma Chemical Co.,
St. Louis, MO) for up to 4 hat 37°C or | ug/ml cycloheximide (Sigma Chemical
Co.) for several days, also at 37°C. Low calcium medium was prepared using
calcium-free Dulbecco’s modified Eagle’s medium supplemented with 5%
Chelex-100 (Bio-Rad Laboratories, Richmond, CA)-treated calf serum (3) and
adjusted to the desired calcium concentration with CaCl,. For transfer, cells
were detached from the dish by trypsin/EDTA (250 mg of trypsin and 90 mg
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of EDTA per liter in a Tris-buffered saline, pH 7.5) and plated in dishes
containing acid-washed glass coverslips (15 mm, round). As a viability test the
cultures were washed with phosphate-buffered saline (PBS) and then covered
with complete medium containing 1.5 ug/ml propidium iodide, which stains
the nuclei of dead cells. After 10 min the cultures were washed twice with PBS,
mounted as for immunofluorescence, and examined by immunofluorescence
using appropriate filters.

Antibody

The 24B42 mouse monoclonal has been described (1). The cytokeratins it
recognizes in LA7 cells were characterized by labeling growing cultures with
[**S)methionine, solubilizing cells in 0.5% Nonidet P-40 in Tris buffer, and
immunoprecipitating the supernatant with 24B42. The immunoprecipitaie was
suspended in buffer (60 mM Tris, pH 6.9, 10% glycerol, 2% SDS, 2% mercap-
toethanol) and fractionated by 10% acrylamide gel electrophoresis. Autoradi-
ographs of the gel showed two bands, 54 and 56 kD.

Immunofluorescence

Cells grown on glass coverslips were fixed for 1 min with a mixture of cold
acetone/methanol (1:1) and stained with mouse monoclonal antibody 24B42
(IgG,) (used as plain supernatant of the hybridoma culture, containing 106 ug/
ml of immunoglobulin and supplemented with 0.1% sodium azide), followed
by fluoresceinated goat antiserum to mouse immunoglobulins (Cappel Labo-
ratories, West Chester. PA) at 1:100 dilution. Supernatant from a MOPC-21
myeloma culture (containing IgG,) was used as negative control. In double
immunofluorescence experiments 24B42 was used in conjunction with either
a polyclonal guinea pig antibody (gift of Dr. D. R. Garrod) raised against 205-
and 230-kD bovine desmosomal plaque proteins (desmoplakins, see references
4, 6, and 30) at 1:200 dilution or a polyclonal rabbit antibody (DP I/11, gift of
Dr. M. S. Steinberg) raised against bovine desmoplakins I and II (24) at 1:50
dilution. The second antibody system was either a mixture of rhodamine-
conjugated goat antiserum to mouse immunoglobulins (1:100) and fluorescein-
ated goat antiserum to guinea pig immunoglobulins (1:100) or a mixture of
fluoresceinated goat antiserum to mouse immunoglobulins (1:100) and rho-
damine-conjugated goat antiserum to rabbit immunoglobulins (1:100). In other
experiments LA7 cells were fixed in 3% formaldehyde for 5 min and then
exposed to polyclonal rabbit antibodies raised against bovine desmocollins.
Several antibodies were used: DG [-1; DG II-1; DG 1I-2, a gift of Dr. M. S.
Steinberg (16); and HM-1, a gift of Dr. D. R. Garrod at 1:50 to 1:100 dilutions.
Washes and dilutions were performed with PBS (pH 7.2) containing 0.1%
sodium azide. The preparations were observed under a Zeiss photomicroscope
equipped with phase-contrast and epi-ultraviolet-illuminator with selective
filters for fluorescein and rhodamine.

Preparation of Cell Fractions Containing Assembled
and Unassembled Cytokeratins

Total cytokeratin was estimated by enzyme immunoassay using monoclonal
antibody 24B42. Confluent cultures of LA7 cells in 9-cm dishes, either un-
treated or treated with 4 mM EGTA for 4 h, were placed on ice, rinsed twice
with 10 ml Tris-buffered saline, and then scraped and homogenized in 10 mM
Tris, pH 7.4, containing 1 mM phenylmethylsulfonyl fluoride. The homogenate
was centrifuged at 100,000 g for 1 h and fractionated into pellets (P-100 or
assembled) and supernatant (S-100 or unassembled). After protein concentra-
tions were determined by the method of Bradford (2) each fraction was diluted
in 60 mM sodium carbonate, pH 9.6, and plated in multiwell dishes (E.LA.
microtitration plates, Linbro, Flow Laboratories, Hamden, CT) at 5 ug/well.
The proteins were allowed to bond hydrophobically to the dishes overnight at
4°C. Undiluted culture supernatants of 24B42 or a matched isotype control,
MOPC-21, were added for 4 h at 22°C. Bound monoclonal antibody was
detected by adding to each well 50 ul of goat antiserum to mouse immunoglob-
ulins, labeled with horseradish peroxidase, diluted 1/1,000. After another
washing the color reaction was developed with O-phenylenediamine (150 ul of
a solution containing 400 wg/ml in 75 mM citrate, pH 5.5) and hydrogen
peroxide. The reaction was stopped with the addition of 1/3 vol of 4 N H,SO,
and read at 490 um with a microplate reader (MR600, Dynatech Laboratories,
Inc., Alexandria, VA).

Results

Observations on LA7 Cells—Relation of Cytokeratin
Bundles to Desmosomes

In confluent cultures of LA7 cells, 24B42 stains a meshwork
of filaments that stretches from the surface to the nuclear

membrane (Fig. 1, ¢ and /). Many filaments have a general
centripetal direction, whereas others are parallel to the nuclear
membrane. At the cell surface each filament terminates with
an expansion, or plaque.

Guinea pig and rabbit polycolonal antibodies against bo-
vine desmoplakins stain desmosomal plaques at the borders
between these cells, as they do in other epithelial cells (4, 6).
Double immunofluorescence with mouse monoclonal anti-
body 24B42 and antiserum to desmoplakins shows that
plaques stained by 24B42 are internal to those revealed by
anti-desmoplakin antibodies and are always associated with
them (Fig. 4, a and b). We will call them keratoplaques.

Formation of Bundles of Cytokeratin Filaments in
Confluent Cultures of LA7 Cells

In confluent cultures almost all cells contain a cytoplasmic
meshwork of keratin bundles stained by 24B42. Cells exam-
ined several hours after trypsinization and replating showed
that most cells completely lack the meshwork. We studied the
reappearance of the bundles during subsequent incubation.
To this effect individual cells were assigned to several classes:

(1) Completely negative cells without bundles or kerato-
plaques. These cells are either single or in small groups (Fig.
1, a and b).

(2) Cells with discrete keratoplaques at their edges, but
lacking internal filaments. The plaques are always present at
contacting edges, where a cell touches another cell; free edges
are always devoid of plaques (Fig. 1 ¢). Not all contacting
edges contain keratoplaques.

(3) Cells with short filaments anchored to keratoplaques at
one end and with the other end radially directed toward the
nucleus of the cell (Fig. 1, d and e) or cells with a complex
meshwork of filaments (Fig. 1, f).

The proportions of cells positive only for keratoplaques
(class 2) or for both keratoplaques and filaments (class 3) were
determined during the reappearance of filaments. The results
are shown in Fig. 2, plotted versus the time elapsed from
trypsinization. With time, the population of cells is extensively
characterized by a complex meshwork of filaments (Fig. 3, a
and b).

Time Sequence of Desmoplakin and Cytokeratin
Appearance in LA7 Cells

To prevent desmosomal formation, LA7 cells were grown in
low calcium medium (0.1 mM calcium). In these conditions
LA7 grow as single cells that lack linear reciprocal contacts
and express neither desmoplakins nor keratoplaques and fil-
aments. Only a small proportion of cells {(<15%) shows a
diffused or patchy perinuclear positivity for cytokeratins.

After being shifted to regular medium, containing 1.8 mM
calcium, cells start making contacts, then expressing desmo-
plakins, and finally expressing cytokeratin plaques and fila-
ments, as illustrated in Figs. 4 and 5.

Desmosomal Glycoproteins in LA7 Cells

By the use of several rabbit antisera raised against different
classes of desmosomal glycoproteins (desmocollins or des-
mogloeins, references 5 and 16), LA7 cells showed a homo-
geneous distribution of granular positivity on the cell surface,
both in single cells and in large colonies, without particular
condensations of the positivity at cell mutual contacts. A
slight condensation at this level became evident, however,
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Figure 1. Appearance of cytokeratins in LA7 cells. 6 h after plating, cells are single or in small groups (a) and are 24B42 immunofluorescence
negative (b). Later, keratoplaques and incipient filaments are stainable with 24B42 (¢). Finally, most cells show a complete pattern of filaments,
radially directed and aligned with corresponding filaments in the adjacent cells {(d and ¢) or forming a complex meshwork (/). Bars, 10 um.
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Figure 2. Time course of 24B42 immunofluorescence positivity in
LAT7 cells after standard trypsinization. O, cells positive for kerato-
plaques only; @, cells positive for both keratoplaques and filaments.
Each point is the mean + SD of eight independent counts.

after a brief EGTA treatment (4 uM for 15 min at room
temperature).

Disappearance of Cytokeratin Bundles
and Keratoplaques

Observations were made in cultures exposed to EGTA or
cycloheximide.

EGTA Treatment

Immunofluorescence Studies. In confluent LA7 cells treated
with 4 mM EGTA, an agent known to promote desmosomal
breakdown (19, 21, 23, 40), the ability of 24B42 to stain
filaments rapidly declines. After 4 h of treatment, only ~20%
of the cells show filaments (class 3), as compared with ~95%
in the untreated controls. In contrast, the proportion of cells
showing 24B42-positive keratoplaques (class 2) undergoes a
rapid and highly significant (P < 0.001) increase, followed by
a plateau and then by a progressive decrease (Fig. 6).

Fractionation and Micro-Enzyme-linked Immunosorbent
Assay. EGTA-induced loss of cytokeratin bundles, as judged
by immunofluorescence of treated cells, could be the result of
degradation of cytokeratin or merely a shift from assembled
cytokeratin to unassembled. Following the approach used by
Goud et al. (17) to show a shift in assembled versus unassem-
bled clathrin, we fractionated LA7 cells into a 100,000 g X 1
h pellet (P-100) and a 100,000 g X 1 h supernatant (S-100).
These two fractions, containing assembled (P-100) and solu-
ble, unassembled cytokeratin (S-100), were assayed for cyto-
keratin recognized by 24B42 and total protein (Table I). In
untreated LA7 cells the cytokeratin and protein are approxi-
mately evenly distributed between the two fractions. However,
a major shift of cytokeratin to the unassembled form was seen
in cells treated with EGTA.

Cycloheximide Treatment

It is known that protein synthesis is required for desmosome
formation (32). Confluent LA7 cultures kept in the presence
of cycloheximide (1 ug/ml) were therefore tested for 24B42
immunofluorescence at various intervals. The proportion of
cells positive for both keratoplaques and filaments (class 3)
dropped rapidly in the first 48 h and reached essentially zero
in 7 d. The proportion of cells positive only for keratoplaques
(class 2) showed initially a highly significant increase (P <

Figure 3. Confluent culture of LA7 cells. (a) Phase contrast; (b)
24B42 immunofluorescence. Bar, 40 um.

0.005), then a plateau, and finally a significant decrease (P <
0.02) (Fig. 7). In a small proportion of cells 24B42 immuno-
fluorescence was localized in fine cytoplasmic granules, which
are never observed in untreated growing cells. The disappear-
ance of the filaments is not due to cell death caused by
cycloheximide toxicity, because after addition of propidium
iodide to the cultures we found very few stained nuclei up to
48 h after cycloheximide addition, when most cells have lost
their cytokeratin network.

Relation of Cytokeratin Bundles to Desmosomes in
106A-10a Cells and HeLa Cells

106A-10a cells are derived from the same source as LA7 cells
but do not have differentiation capabilities (9). They grow in
monolayers with a polygonal shape, forming many desmo-
somes, and display an intense positivity for keratoplaques and
filaments identified by 24B42. In contrast to findings with
LA7 cells, trypsinization did not cause an extensive disap-
pearance of cytokeratins detected by immunofluorescence:
even single cells mostly retained a bright positivity, which,
however, was either diffused or patchy. Distinct filaments
could be seen only some hours after replating, when cells had
spread out and reestablished mutual contacts and desmo-
somes. EGTA treatment on 106A-10a cells caused an analo-
gous progressive disappearance of 24B42 filaments without
the disappearance of 24B42 immunofluorescence. After 4 h
of EGTA exposure, when the cells were largely rounded up
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Figure 4. LAT cells grown in low calcium (0.1 mM) fixed 44 h after calcium reconstitution (1.8 mM). Double immunofluorescence for (a)
desmoplakin I/II and (b) 24B42 cytokeratins. A clear correspondence is evident for desmoplakins and keratoplaques, frequently with a one-to-
one ratio between plaques and filaments. All cells at this stage have desmoplakins, many have keratoplaques, and some have incipient or well-
formed keratin filaments. Bar, 10 pm.
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Figure 5. Time course of desmoplakin and cytokeratin expression
in LA7 cells grown in low calcium (0.1 mM), after calcium reconsti-
tution {1.8 mM). O, cells positive for desmoplakins; [J, cells positive
for keratoplaques only; B, cells positive for keratoplaques and fila-
ments. Each point is the mean + SD of eight independent counts.
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Figure 6. Time course of 24B42 positivity in LA7 cells during EGTA
exposure. O, cells positive for keratoplaques only; @, cells positive for
keratoplaques and filaments. Each point is the mean + SD of eight
independent counts.

Table 1. Assembled Versus Unassembled Cytokeratin

LA7 LA7 + EGTA

Cytokeratin*

Total* 0.835 0.875

Assembled 46.3 + 4% 30. 2%

Unassembled 53.7+4% 70. + 2%
Protein/dish

Total 3.78 mg 3.14 mg

P-100 43% 41%

S-100 57% 59%

* Cytokeratin content was determined on 5-ug aliquots of protein by enzyme
linked immunosorbent assay using monocional antbody 24B42 and are the
mean + 1 SD of three experiments.

* Total cytokeratin = Aqg 0f 5 ug of P-100 plus S-100.

and desmosomes were disassembled, ~60% of 106A-10a cells
retained a moderate patchy or diffused perinuclear positivity;
40% were completely negative.

Hel a cells of the line used here, although originally deriving
from a stratified epithelial tissue, normally very rich in des-
mosomes, displayed a very small proportion of desmosomes,
as ascertained by desmoplakin immunofluorescence. Most
cells formed only occasional and nonlinear mutual contacts
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Figure 7. Time course of 24B42 positivity in LA7 cells during cyclo-
heximide exposure. O, cells positive for keratoplaques only; @, cells
positive for keratoplaques and filaments. Each point is the mean +
SD of eight independent counts.

but had a very rich network of intermediate filaments stained
by 24B42 monoclonal antibodies. Analogous to 106A-10a
cells, EGTA treatment of HeLa cultures produced the disap-
pearance of the filaments in most cells, which retained, how-
ever, a bright lumpy or diffused positivity; only a small
proportion of the cells became negative.

To see whether keratin bundles behave similarly in non-
neoplastic mammary cells, we have examined cells of the
NMuGM line, which was obtained from normal mouse, as
well as cryostat sections of normal mammary gland from a 3-
wk-old rat. We found no keratoplaques in the NMuGM cells,
which contain a rich cytokeratin network surrounding the
nucleus. In the normal mammary gland desmosomes are
present in all cells in endbuds, whereas in ducts they are
mostly confined to the myoepithelial cells (8). Keratoplaques
are much less frequent but can be recognized in sections of
endbuds, often in association with desmoplaques.

Discussion

Using a mouse monoclonal antibody that recognizes a class
of cytokeratins, we have studied the appearance and disap-
pearance of bundles of cytokeratin filaments in rat mammary
epithelial cells. In one line (LA7) the bundles are formed from
the desmosomes in a series of steps as follows: keratin negative
loose cells — contacts between cells — appearance of des-
mosomal glycoproteins — appearance of desmocollins and
desmogloeins — appearance of desmoplakins — appearance
of keratoplaque — appearance of plaque-attached keratin
filaments — formation of meshwork.

The requirement for contacts between cells is supported by
the observation that no filaments or keratoplaques are visible
on the free borders of cells growing at the edge of colonies,
on sparse cells after trypsinization, or in cells growing in low
calcium medium. This observation conforms to previous
observations in other systems (7, 19, 21, 32).

Once the desmoplakins are in place, cytokeratins recog-
nized by 24B42 antibody accumulate in an area closely adja-
cent to them, forming the keratin component of the desmo-
somal plaque. This keratoplaque probably corresponds to a
rather indistinct structure formed by convoluted or looping
filaments previously observed by electron microscopy (the
inner electron-dense plaque, reference 36). Bundles of cyto-
keratin-containing filaments assemble in continuity with the
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keratoplaques, radially directed toward the nuclear mem-
brane. Subsequently the bundles reach that membrane. Fi-
nally, criss-crossing cytokeratin bundles appear. Some of them
run parallel to the cell membrane, connecting several keratop-
laques. We assume that the presence of desmosomal glyco-
proteins (desmocollins or desmogloeins) at contacts between
cells initiate the process. Because the glycoproteins are not
localized exclusively at desmosomes, they may play this role
by local structural rearrangements.

A broadly reverse series of events takes place during the
disappearance of cytokeratin bundles by exposing cultures to
either EGTA or cycloheximide. In confluent cultures of LA7
cells the EGTA treatment leads to a rapid loss of cell-to~cell
contacts. Then the number of cells positive for both kerato-
plaques and filaments (class 3) rapidly decreases, whereas cells
positivity only for keratoplaques (class 2) increase. The rapid
increase in the number of class 2 cells and their persistence
and slow decline (Fig. 6) suggest that they are an intermediate
stage in the evolution of the cells with both keratoplaques and
filaments (class 3) to negative cells (class 1). The frequency of
cells in each of these classes during the formation of the
bundles (Fig. 2) is also compatible with this conclusion.

Exposure of the cells to cycloheximide, which blocks pro-
tein synthesis, also causes the disappearance of cytokeratin
filaments. Confluent cultures of LA7 cells displayed a signif-
icant decrease of stainable cytokeratin filaments in the pres-
ence of this drug. The decline, with a half-life of ~20 h, is
much slower than after EGTA (half-life of ~50 min), but the
succession of events is similar; the proportion of cells in which
only keratoplaques were stained (class 2) also increased. Pro-
tein synthesis may be required for replacing either cytokera-
tins lost by normal turnover or other proteins needed for
bundle polymerization, as is the case for several other cyto-
skeletal components (e.g., a-actinin and filamin stabilizing
actin filaments [41] and filaggrin for intermediate filaments
(38]).

The rapid disappearance of the cytokeratin bundles after
trypsinization or EGTA treatment of confluent cultures is not
accompanied by a disappearance of the cytokeratin molecules.
After EGTA treatment the total amount of immunoreactive
cytokeratin molecules is unchanged, but a conspicuous frac-
tion of the membrane-bound molecules moves to the cytosol.
Evidently the membrane-connected bundles break up, releas-
ing smaller subunits that are no longer detectable by immu-
nofluorescence. A breakdown of the cytokeratin bundle is
noticeable also by immunofluorescence in cells exposed to
cycloheximide (perhaps because it occurs slowly), which dis-
play rows of fine cytoplasmic granules stained by 24B42.
These granules probably represent an intermediate stage of
breakdown.

In conclusion, the formation of bundles of cytokeratin
filaments in LA7 cells is strictly dependent upon the presence
of desmosomes. No bundles are formed without desmosomes,
and their polymerization starts at the periphery of the cell in
continuity with desmosomes, proceeding from there in cen-
tripetal direction. Disruption of desmosomes by EGTA (pre-
sumably by direct action on desmocollins) causes the rapid
breakdown of existing bundles. Desmosomes are the principal
organizing center of cytokeratins in these cells. In other cell
types the control of formation of cytokeratin bundles may be
different, as shown by the results with 106A-10a and HeLa
cells.

In 106A-10a cells disruption of desmosomes by trypsini-
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zation or EGTA does not cause a complete depolymerization
of cytokeratins, which remain detectable as diffused or patchy
cytoplasmic immunofluorescence in most cells. In HeLa cells,
which have very few desmosomes, EGTA also causes disrup-
tion of cytokeratin bundles but more slowly. EGTA seems
therefore to disrupt the bundles by two mechanisms: a rapid
and complete one, presumably through desmosome disrup-
tion, and a slower and less complete one independent of
desmosomes. A direct Ca** effect on cytokeratin bundles is
plausible because Ca** has been shown to be involved in the
regulation of polymerization of cytoskeletal components (25).
LAT7 cells would have a cytokeratin system dependent exclu-
sively on desmosomes; HeLa cells would have a desmosome-
independent system, whereas 106A-10a cells would have both.
The desmosome-independent system could be that identified
by anchorage points on the nuclear membrane (10, 11, 20).
We do not know the relevance of the system we have
described to the physiology of the mammary gland, from
which LA7 cells were derived. We did not find it expressed in
a line of normal mouse mammary cells. These cells, however,
may be of a type different from LA7. In the rat mammary
gland itself the association of keratoplaques with desmo-
plaques was observed in some endbud cells. This finding may
be significant, because mammary cancers, such as that from
which LA7 were derived, appear to originate in the endbuds

(18).

We thank Sharon Okada and Marianne Bowman for technical assist-
ance, Dr. S. Hanks (Salk Institute, La Jolla, CA) for HeLa cells, and
Drs. D. Garrod (University of Southampton, UK) and M. S. Steinberg
(Princeton University) for antibodies.

This investigation was supported by grant 1-RO1CA21993 from
the National Cancer Institute, Bethesda, MD, and by grants from the
Hammer Foundation (Los Angeles, CA), the Samuel Roberts Noble
Foundation, Inc. (Ardmore, OK), the Pope Foundation (New York,
NY), and the Joseph Drown Foundation (Los Angeles, CA). The
research was conducted in part by the Clayton Foundation (Houston,
TX), California Division. R. Dulbecco is a Senior Clayton Founda-
tion Investigator. The research was partially supported by a grant of
the Italian National Research Council, Special Project “Oncology.”
contract number 84.00464.44.

Received for publication 24 June 1985, and in revised form 16
October 1985.

References

1. Allen, R., R. Dulbecco, P. Syka, M. Bowman, and B. Armstrong. 1984.
Developmental regulation of cytokeratins in cells of the rat mammary gland
studied with monoclonal antibodies. Proc. Natl. Acad. Sci. USA. 81:1203-
1207.

2. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72:248-254.

3. Brennan, J. K., J. Mansky, G. Roberts, and M. A. Lichtman. 1975.
Improved methods for reducing calcium and magnesium concentrations in
tissue culture medium: application to studies of lymphoblast proliferation in
vitro. In Vitro. 6:354-360.

4. Cowin, P., and D. R. Garrod. 1983. Antibodies to epithelial desmosomes
show wide tissue and species crossreactivity. Nature (Lond.). 302:148-150.

5. Cowin, P., D. Mattey, and D. Garrod. 1984. Identification of desmoso-
mal surface components (desmocollins) and inhibition of desmosome forma-
tion by specific FAb'. J. Cell Sci. 70:41-60.

6. Cowin, P.. D. Mattey, and D. Garrod. 1984. Distribution of desmosomal
components in the tissues of vertebrates, studied by fluorescent antibody
staining. J. Cell Sci. 66:119-132.

7. Dembitzer, H. M., A. Herz, R. C. Schermer, R. C. Wolley, and G. Koss.
1980. Desmosome development in an in vitro model. J. Cefl Biol. 85:695-702.

8. Dulbecco, R., W. R, Allen, and M. Bowman. 1984. Lumen formation
and redistribution of inframembranous proteins during differentiation of ducts
in the rat mammary gland. Proc. Natl. Acad. Sci. USA. 81:5763-5766.

9. Dulbecco, R., M. Bologna, and M. Unger. 1979. Differentation of a rat
mammary cell line in vitro. Proc. Natl. Acad. Sci. USA. 76:1256~1260.

566



10. Eckert, B. S., R. A. Daley, and L. M. Parysek. 1982. In vivo disruption
of the cytokeratin cytoskeleton in cultured epithelial cells by microinjection of
antikeratin; evidence for the presence of an intermediate-filament-organizing
center. Cold Spring Harbor Symp. Quant. Biol. 26:403-412,

11. Fey, E. G., K. M. Wan, and S. Penman. 1984. Epithelial cytoskeletal
framework and nuclear matrix-intermediate filament scaffold: three-dimen-
sional organization and protein composition. J. Cell Biol. 98:1973-1984.

12. Franke, W. W., H. Denk, R. Kalt, and E. Schmid. 1981. Biochemical
and immunological identification of cytokeratin proteins present in hepatocytes
of mammalian liver tissue. Exp. Cell Res. 131:299-318.

13. Franke, W. W, E. Schmid, C. Grund, H. Muller, 1. Engelbrecht, R.
Moll, J. Stadler, and E.-D. Jarash. 1981. Antibodies to high molecular weight
polypeptides of desmosomes: specific localization of a class of junctional
proteins in cells and tissues. Differentiation. 20:217-241.

14. Franke, W. W., E. Schmid, S. Mittnacht, C. Grund, and J. L. Lorcano.
1984. Integration of different keratins into the same filament system after
microinjection of mRNA for epidermal keratins into kidney epithelial cells.
Cell. 36:813-825.

15. Geiger, B., E. Schmid, and W. W. Franke. 1983. Spatial distribution of
proteins specific for desmosomes and adhaerens junctions in epithelial cells
demonstrated by double immunofluorescence microscopy. Differentiation.
23:189-205.

16. Giudice, G. J., S. M. Cohen, N. H. Patel, and M. S. Steinberg. 1984,
Immunological comparison of desmosomal components from several bovine
tissues. J. Cell. Biochem. 26:35-45.

17. Goud, B., C. Huet, and D. Louvard. 1985. Assembled and unassembled
pools of clathrin: a quantitative study using an enzyme immunoassay. J. Cel/
Biol. 100:521-527.

18. Haslam, S. Z., and H. A. Bern. 1977. Histopathogenesis of 7,12-dimeth-
ylbenz[a]anthracene-induced rat mammary tumors. Proc. Natl. Acad. Sci. USA.
74:4020-4024.

19. Hennings, H., and K. A. Holbrook. 1983. Calcium regulation of cell-cell
contact and differentiation of epidermal cells in culture. Exp. Cell. Res.
143:127-142.

20. Jones, J. C. R., and R. D. Goodman. 1985. Intermediate filaments and
initiation of desmosome assembly. J. Cell. Biol. 101:506-517.

21. Jones, J. C. R., A, E. Goldman, P. M. Steinert, S. Yuspa, and R. D.
Goldman. 1982. Dynamic aspects of the supramolecular organization of inter-
mediate filament networks in cultured epidermal cells. Cell Motil. 2:197-213.

22. Kartenbeck, J., W. W. Franke, J. G. Moser, and U. Stoffels. 1983.
Specific attachment of desmin filaments to desmosomal plaques in cardiac
myocytes. EMBO (Eur. Mol. Biol. Organ.) J. 2:735-742.

23. Kartenbeck, J., E. Schmid, W. W. Franke, and B. Geiger. 1982. Different
modes of internalization of proteins associated with adhaerens junctions and
desmosomes: experimental separation of lateral contacts induces endocytosis
of desmosomal plaque material. EMBO (Eur. Mol. Biol. Organ.) J. 1:725-732.

24. Kartenbeck, J., K. Schwechheimer, R. Moll, and W. W. Franke. 1984,
Attachment of vimentin filaments to desmosomal plaques in human menin-

giomal cells and arachnoidal tissue. J. Cell Biol. 98:1072-1081.

25. Keith, C. H., F. R. Maxfield, and M. L. Shelansky. 1985. Intracellular
free calcium levels are reduced in mitotic ptk2 epithelial cells. Proc. Natl. Acad.
Sci. USA. 82:800-804.

26. Kim, K. H., F. Schwartz, and E. Fuchs. 1984. Differences in keratin
synthesis between normal epithelial cells and squamous cell carcinomas are
mediated by vitamin A. Proc. Natl. Acad. Sci. USA. 81:4280-4284.

27. Lazarides, E. 1980. Intermediate filaments as mechanical integrators of
cellular space. Nature (Lond.). 283:249-256.

28. Lehnert, M. E.. J. L. Lorcano, H. Zentgraft, M. Blessing, J. K. Franz,
and W. W. Franke. 1984. Characterization of bovine keratin genes: similarities
of exon patterns in genes coding for different keratins. EMBO (Eur. Mol. Biol.
Organ.) J. 3:3279-3287.

29. Moll, R., W. W. Franke, D. L. Schiller, B. Geiger, and R. Krepler. 1982.
The catalog of human cytokeratins: patterns of expression in normal epithelia,
tumors, and cultured cells. Cell 31:11-24.

30. Mueller, H., and W. W. Franke. 1983. Biochemical and immunological
characterization of desmoplakins I and II, the major polypeptides of the
desmosomal plaque. J. Mol. Biol. 163:647-671,

31. Osborn, M., and K. Weber. 1982. Intermediate filaments: cell-type-
specific markers in differentiation and pathology. Cell. 31:303-306.

32. Overton, J., and R. DeSalle. 1980. Control of desmosome formation in
aggregating embryonic chick cells. Dev. Biol. 75:168-176.

33. Owen, R. B., H. S. Smith, and A. J. Hackett. 1974, Epithelial cell cultures
from normal glandular tissue of mice. J. Natl. Cancer Inst. 53:261-269.

34. Pitelka, D. R., B. N. Taggart, and S. T. Hamamoto. 1983. Effect of
extracellular calcium depletion on membrane topography and occluding junc-
tions of mammary epithelial cells in culture. J. Cell Biol. 96:613-624.

35. Pruss, R. M, R. Mirsky, M. C. Raff, R. Thorpe, A. J. Dowding, and B.
H. Anderton. 1984. All classes of intermediate filaments share a common
antigenic determinant defined by a monoclonal antibody. Cell. 27:419-428.

36. Shida, H., G. Gorbsky, M. Shida, and M. S. Steinberg. 1982. Ultrastruc-
tural and biochemical identification of con A receptors in the desmosome. J.
Cell Biochem. 20:113-126.

37. Stachelin, L. A. 1974. Structure and function of intercellular junctions.
Int. Rev. Cvtol. 39:191-283.

38. Steinert, P., W. Idler, M. Aynardi-Whitman, R. Zackroff, and R. D.
Goldman. 1982. Heterogeneity of intermediate filaments assembled in vitro.
Cold Spring Harbor Symp. Quant. Biol. 46:465-474.

39. Steinert, P. M., W. W. Idler, and S. B. Zimmerman. 1976. Self-assembly
of bovine epidermal keratin filaments in vitro. J. Mol. Biol. 108:547-567.

40. Trinkaus-Randall, V., and 1. K. Gipson. 1984. Role of calcium and
calmodulin in hemidesmosome formation in vitro. J. Cell Biol. 98:1565-1571.

41. Weeds, A. 1982. Actin binding proteins—regulators of cell architecture
and motility. Nature (Lond.). 296:811-816.

42. White, F. H., and K. Gohari. 1984. Desmosomes in hamster cheek-
pouch epithelium: their quantitative characterization during epithelial differ-
entiation. J. Cell Sci. 66:411-429.

567 Bologna et al. Cytokeratin Organization by Desmosomes



