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ABSTRACT

Abdominal diffuse malignant mesotheliontas develop in rats adminis
tered asbestos by the intraperitoneal route. A latency period of 6 to 24
months precedes tumor development; the biological and morphological
features of these tumors resemble mesotheliomas in humans.

Using one- and two-dimensional gel electrophoresis and immunoblot-
ting, rat mesotheliomas (n = 24) were shown to express two classes of
intermediate filament (IF) proteins. The tumors contained both vimentin
and at least one of six keratins (p40, M, 40,000; I)â€ž,.U, 50,000; p53, V/r
53,000; Bâ€žM, 53,000; Câ€ž,M, 54,000; Aâ€žM, 54,000). Vimentin
predominated in 15 of 16 tumors exhibiting either sarcoma tuns or mixed
(epithelial and mesenchymal) appearance. One of eight mixed lesions
and six of eight epithelial tumors had a complement of IF proteins in
which cytokeratins predominated.

A similar pattern has been reported in mesotheliomas in humans
(Blobel et al., Am. J. Pathol. 121: 235, 1985). Epithelial tumors often
contain comparable amounts of vimentin and low molecular weight cyto
keratins, while vimentin is the most actively expressed IF protein in
sarcomatous tumors. Thus, tumors induced by asbestos in the rat peri
toneum express IF proteins in a manner that resembles human mesothe
liomas, supporting the notion that these lesions are appropriate models
of human mesothelioma.

INTRODUCTION

Asbestos is a significant etiological factor in the causation of
mesothelioma (1-3), but the mechanisms of tumorigenesis re
main unknown (4). The induction of mesothelioma in labora
tory animals with asbestos provides a tool for the study of these
lesions and their origins. In rats, inhalation exposure or intra-
pleural injection of asbestos leads to pleura! tumors (5, 6) and
i.p. injection causes tumors in the peritoneal cavity (7,8). These
neoplasms resemble mesotheliomas of humans: in both humans
(3, 9, 10) and rats (5-8, 11), the tumors have long latency
periods, and their microscopic features range from epithelial to
mesenchymal.

IF3 synthesis seems to be a stable phenotypic feature of

mammalian cells (12, 13); transformed cells often restrict syn
thesis to the IF proteins of their precursor cell types (14, 15).
In humans, normal mesothelial cells synthesize vimentin and
low molecular weight keratins (16,17); coexpression of keratins
and vimentin in vivo is shared with few other tissues (14, 15).

Blobel ft al. (18) showed that cells of human mesotheliomas
synthesized both vimentin and cytokeratins. Epithelial-appear
ing mesotheliomas contained relatively large amounts of cyto
keratins; some had small quantities of cytokeratins of molecular
weight greater than those normally expressed by nontrans-
formed mesothelium.

Because the IF expression pattern of mesotheliomas in hu
mans is known (16, 18), and because IF expression is a stable
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trait of both normal and malignant cells, we investigated the
types of such proteins that were present in asbestos-induced
serosal tumors in the rat, using 1-D and 2-D gel electrophoresis
and Western blotting. Here, we show that mesotheliomas of
the rat coexpress the same two classes of IF proteins as me
sotheliomas in humans.

MATERIALS AND METHODS

Tumor Induction

Peritoneal mesotheliomas were induced in 5- to 7-week-old female
Fisher 344 rats (Charles River, Kingston, NY) by the i.p. injection of
25 mg International Union Against Cancer standard Canadian chry-
sotile fibers in 1 ml Hanks' balanced salt solution (8). Rats were

sacrificed when ascites accumulated, 6-18 months after injection.
For analysis of cytoskeletal proteins, samples of tumor masses in the

peritoneal cavity were frozen in a dry ice-ethanol bath and stored at
-70Â°C [Biological characterization of the tumors will be reported

elsewhere (19).] One of us (J. E. C.) classified tumors using represent
ative samples of formalin-fixed, hemotoxylin and eosin-stained tissues.

Sample Preparation. The cytoskeletal proteins of 24 fresh-frozen
tumor samples were analyzed by 1-D and 2-D gel electrophoresis. To
enrich the IF protein concentration of the sample, approximately 100
mg of tumor was shaved on dry ice, then Dounce homogenized on wet
ice in 1 ml extraction buffer (140 mM NaCl, 5 HIM MgCl2, 2 HIM
ethyleneglycol-bis(aminoethylether)tetraacetic acid, 1% Triton \ 1(10.
10 mM Tris-Cl, pH 7.6) (20). Thirty M' of protease inhibitor solution
(16 mg phenylmethylsulfonylfluoride, 16 mg benzamidine, 16 mg p-
tosyl-1-arginine methylester HC1, freshly dissolved in 1 ml ethanol)
was added per ml of extraction buffer and sample buffer to retard IF
protein degradation (21, 22).

Normal mesothelium was obtained by removing the lungs from a
freshly sacrificed animal, pressing a glass slide coated with dried agarose
(Seaplaque; FMC, Rockland, ME) against the lungs, and then gently
removing it (16). The agarose-embedded mesothelial layer was then
scraped into extraction buffer and homogenized.

Tumor or mesothelial homogenate was then centrifuged for 1 min
at 12,000 x g, and the pellet sonicated with three 10-s pulses at 75 W
in 1 ml fresh extraction buffer, on wet ice. After another brief centrif-
ugation the pellet was dissolved by sonication in the appropriate sample
preparation buffer, aliquotted, and immediately frozen to â€”70*C.

Electrophoresis. To estimate the concentration of IF proteins, an
aliquot of each sample was dissolved in 200 Â«Â¿11-D sample preparation
buffer (2% SDS, 5% 2-ME, 25% glycerol, 50 mM 2-(N-cyclohexylam-
ino)ethanesulfonic acid, pH 9.6), applied to a miniature SDS-polyac-
rylamide gel (10% acrylamide; Hoefer Instruments, San Francisco,
CA), and stained with Coomassie Blue R-250. This process, which
required less than 45 min, gave an accurate estimate of the amount of
protein in the sample, as well as a preview to the IF protein pattern.
Samples were then loaded onto 15- x 15-cm SDS-polyacrylamide gels
such that each lane contained approximately 10 /ig of protein Â¡nthe
molecular weight range of 35,000-70,000, where vimentin and cyto-
keratin IF proteins would normally be detected. These SDS-polyacryl
amide gels had a 10 to 20% acrylamide gradient, and were run by
modifications of Laemmli's procedure (23).

2-D gel electrophoresis was performed by the method of Tracy et al.
(24), which has been optimized to yield an extremely broad pH gradient.
The cytoskeletal pellet was dissolved in 2-D lysis buffer [9 M urea, 2%
2-ME, 2% Nonidet P-40, 2% 9-11 ampholyte (LKB, Uppsala, Sweden),
pH 9.5]. Because some protein is lost in equilibration of the isoelectric
focusing tube gel prior to second-dimension SDS-PAGE, twice the
amount of sample for SDS-PAGE alone was used. After focusing, gels
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IF PROTEINS IN MESOTHELIOMAS

Table 1 Intermediate filament proteins in cytoskeletal extracts of rat mesotheliomas
Cytoskeletal proteins" (IO"3 xM,)Tumor

histologyFibrosarcomatousMixedEpithelialAnimalno.123456789101112131415161718192021222324p40(40,000)*Of+++000000+00+0+000â€¢f+++++0Dâ€ž(50,000)0+++++000+0000++++000++Â«H-+++++++P53(53,000)++0/+0/+0/+0/+0000+++00â€¢H-+++0/+0+++++++++â€¢H-++B.(53,000)000000000000000++0+0++++++++0c,(54,000)0/+0/+0/+0/+0/+â€¢f+++++00/+0/+++++0++0/+4-f+++++++0/+A.
V(55,000)

(57,000)0

++++
+++++
+++++
+++++
+â€¢*-+0
+++0
+++0
+++0

+++0
+++++
++++
+++0
+++++
+++0
+++++
++++

++++
+++0
++++
+++
++++
+++
++0

++
* Cytokeratins Aâ€ž,Bâ€ž,Câ€ž,and Dm are named after cytokeratins A, B, C, and D, respectively, of rat liver (27). p40 seems to be analogous to cytokeratin p39 (22);

p53 appears to be a Type I keratin. V, vimentin.
* Numbers in parentheses, molecular weight.
' The relative quantities of proteins were scored as: +++, prominent in Coomassie-stained gels: ++, visible in stained gels and on immunoblots: -t, not visible in

gels, yet detectable by blotting: 0, absent by both criteria. Extracts of some tumors were not probed with AE1 or IF2; in these cases, 0/+ denotes that trace quantities
of p53 or ( 'â€ž,were not seen in stained gels.

were subjected to SDS-PAGE on 10 to 20% acrylamide slab gels (see
above).

Because the most basic type II cytokeratins will not focus in many
isoelectric focusing gel systems, nonequilibrium pH gradient gel elec-

trophoresis is often used instead (18). To confirm that even basic
cytokeratins would enter the isoelectric focusing gels in these experi
ments, samples of normal human plasma were used in our system.
Major plasma proteins with pi values of 4.0 to 9 (24, 25) focused as
spots on 2-D gels using isoelectric focusing as the first dimension (data
not shown). Nonequilibrium electrophoresis was thus not used, as
proteins in the pi range of type II cytokeratins (5.5-7.5) (12) focused
under equilibrium conditions.

In addition, the cytoskeleton of one tumor that expressed many IF
proteins (No. 23) was coelectrophoresed with normal human plasma
to estimate isoelectric focusing points for the IF proteins. The pi values
of these proteins were established using major human plasma proteins
of known pi as markers (24, 25). The locations of the spots of cyto
skeletal proteins on these gels were confirmed by probing immunoblots
of the gels with anti-IF antibodies.

Staining and Immunoblotting. Both I-D and 2-D gels were stained
with Coomassie Blue K 250 and photographed on a light box with
Type 55 film (Polaroid, Cambridge, MA). The proteins present in these
stained gels then were electrophoretically transferred onto nitrocellu
lose paper (BA85; Schleicher and Schuell, Keene, NH), according to
the procedure of Jackson and Thompson (26), with modification. Gels
were preincubated in 25 mM Tris-OH, 182 mM glycine, and 1% SDS
for 1 h, then electrotransferred at 25 V/cm for 3 h in 25 mM Tris-OH,
192 mM glycine, 0.01% SDS, and 20% methanol. A recirculating
cooling apparatus maintained the transfer buffer's temperature under
20*C. After blocking nonspecific binding sites and incubating with

primary antibody solution, the immunoblot was incubated for 1 h in 40
ml phosphate-buffered sodium chloride solution (2 mM Na2PO4, 8 mM
NaHzPOÂ«,140 mM NaCl, pH 7.4) containing 1 x 10' cpm of I25I-
labeled second-stage reagent (27) and 2% bovine serum albumin. U5I-
labeled rabbit anti-mouse IgG was used with murine monoclonal anti

bodies; for polyclonal rabbit antisera, 125I-conjugated Staphylococcus

aureus protein A (Cappell, Malvern, PA) was used. After 1 h, the blot
was again rinsed, dried, and autoradiographed with XAR film (Kodak,
Rochester, NY) in the presence of a Cronex intensifying screen (Du-
Pont, Wilmington, DE) at -70Â°C. Because the nitrocellulose paper
displayed a faithful image of the gel's staining pattern, the stained band

or spot corresponding to immunologically identified proteins on the
autoradiograph could be identified easily. A preliminary experiment
was conducted to determine that Coomassie Blue staining of the pro
teins did not interfere with their immunoreactivities.

Antibodies. Six antibodies were used to identify IF proteins on
Western blots. Monoclonal 24A3, a gift of J-F. ChiÃ¹and A. L. Burk-
hart, was developed against an acidic (type I) M, 46,000 cytokeratin of
rat hepatoma (20). L. H. Hnilica generously supplied three antibodies
that were made against Novikoff ascites hepatoma proteins. In rat
hepatoma, E3 recognized an acidic (type I) cytokeratin with a molecular
weight of 39,000 (28), and B9 recognized a M, 56,000 basic (type II)
cytokeratin;4 rabbit polyclonal NAHpc combined the reactivities of the

two mom Â»clonÃ¡is(29). AE1, which recognizes most human acidic (type
I) cytokeratins, as a gift of J. L. Woodcock-Mitchell (30). Vimentin
was identified with a commercially available monoclonal antibody, V9
(Calbiochem, San Francisco, CA) (31). The broadly reacting anti-IF
protein antibody IF2 was developed by Pruss et al. (32); IF2-secreting
hybridoma cells were obtained from the American Type Culture Col
lection (Rockville, MD).

Assessment of IF Protein Expression. The IF protein composition of
the tumors was qualitatively assessed by scoring the Coomassie Blue
stained ID or 2-D gels and their immunoblots for the relative abun
dance of the identified proteins. The presence of proteins was scored
according to the system described in Table 1.

Immunocytochemistry. The ABC method of Hsu et al. (33) was used
with antibodies NAHpc and V9 in formalin-fixed or frozen sections of
nine tumors. Reagent dilutions were as recommended by the ABC kit

4 L. H. Hnilica, personal communication.
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IF PROTEINS IN MESOTHELIOMAS
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Fig. 1. Chrysotile asbestos-induced i.p. mesotheliomas of fibrosarcomatous

(. I. animal 1) and epithelial (B, animal 20) types. H & E stained. Bar, 200 uni.

6

200 K-â€”

97 Kâ€”-

68 Kâ€”-

43 K-â€”

Jfc

25 K*

18K*

I4K-*Â»

Fig. 2. Coomassie Blue stained 1-D SDS-polyacrylamide gels of rat mesothe-
lial and mesothelioma cytoskeletal extracts. Lane I, pleural mesothelium contains
both vimentin (arrowhead; M, 57,000) and cytokeratins (arrows at right), as well
as actin (triangle; M, 42,000); lune\ 2 and 3, patterns of animals 2 and 3 are
dominated by vimentin and actin; lanes 4-6, cytoskeletons of the tumors of
animals 22, 20, and 16 each contained large amounts of cytokeratins along with
vimentin and actin. Prominent proteins between A/, 14,000 and 18,000 comi
grated with purified histones, generously supplied by G. Fasman (data not shown).
(Arrows at left, positions of molecular weight markers: phosphorylase B, M,
97,000; bovine serum albumin, M, 68.000: ovalbumin, M, 43,000; a-chymotryp-
sinogen, M, 25,000; 0-lactoglobulin, M, 18,000; lysozyme, M, 14,000.
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Fig. 3. Immunoblots of cytoskeleton of animal 21's tumor. Lane I, Coomassie
Blue stained I-D gel. Vimentin (arrowheads), cytokeratins (arrows), and actin
(triangle) are visible. Lanes 2-6, immunoblots of replicate lanes; lane 2, antivi-
mentin V9 identifies M, 57,000 protein; lane 3, B9 recognizes proteins at M,
55,000 and 53.000; lane 4, AE1 reacts with a band at M, 53,000; lane 5, 24A3
reacts with an M, 50,000 protein; lane 6, E3 recognizes a M, 40,000 band.

manufacturer (Vector Labs, Burlingame, CA). Diaminobenzidine tet-
rahydrochloride was the substrate for the peroxidase reaction, produc
ing a brown precipitate that contrasted well with a light hematoxylin
counterstain. Sections of rat liver, kidney, brain, and skeletal muscle
were used to titer antibody concentrations; each experiment included
sections where anti-IF antibodies were replaced by equal titers of
nonimmune serum or irrelevant primary antibodies.

RESULTS

One hundred and sixty-four rats were injected with asbestos,
and 108 of them developed periotoneal tumors over the next
24 months. The tumors of 87 animals were classified according
to morphology as predominantly epithelial, predominantly sar-
comatous, or mixed in type, containing elements of both (Fig.
1). This classification is similar to that used by Blobel ci al.
(18) for human mesotheliomas. Eight each of the epithelial (n
= 30), mixed (n = 25), and sarcomatous (n = 32) tumors were
chosen for further study; the earliest-developing tumors for
which suitable material available were used in each category.

1-D Gel Analysis. The IF proteins were identified by their (a)
presence in a Triton X-100 insoluble pellet, (b) positions on
SDS-polyacrylamide gels, and (c) immunoreactivity with anti-
IF antibodies. All cytoskeletal extracts displayed two major
bands (M, 42,000 and 57,000) in the molecular weight range of
keratins (34) and vimentin (Fig. 2). The M, 42,000 protein
comigrated with actin; the A/r 57,000 protein comigrated with
vimentin from cultured rat fibroblasts (data not shown).

In addition to these bands, pleural mesothelium contained
cytoskeletal proteins of M, 40,000, 50,000, and 55,000 (Fig. 2,
lane 1). These proteins were present in different amounts in
the cytoskeletal extracts of the mesotheliomas, along with pro
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IF PROTEINS IN MESOTHELIOMAS

5.7 6.0 6.4

Fig. 4. 2-D gel analysis of cytoskeletal pro
teins of tumor nodule of animal 7. Proteins
with more acidic isoelectric points are towards
the left side of the gel. Large arrowhead, vi
mentin; smaller arrowheads, its "breakdown
trail;" open arrows, actin.

57K

42K

'm

teins of M, 54,000 and 55,000 (Fig. 2, lanes 2-6).
The identification of cytoskeletal proteins in the M, 40,000-

57,000 range was furthered by probing Western blots of 1-D
SDS-polyacrylamide gels with anti-IF protein antibodies. An
tibody V9 recognized a single species at A/r 57,000 (Fig. 3, lane
2). B9 recognized two bands, at M, 53,000 and 55,000 (Fig. 3,
lane 3); AE1 and 24A3 each recognized a single band, at M,
53,000 (lane 4) and 50,000 (lane 5), respectively. E3 detected
a protein of M, 40,000 (Fig. 3, lane 6). IF2 was not useful for
detecting keratins with 1-D gels, as it would bind to small
quantities of vimentin breakdown products in the molecular
weight range of the cytokeratins (35).

2-D Gel Analysis. The cytokeratin peptides of many human
tissues (12) and of rat liver (34) have been characterized by
their isoelectric points and apparent molecular weights by 2-D
gel electrophoresis. The cytoskeletal extracts of mesotheliomas
were studied by this technique to compare their IF proteins
with those previously described. Tumors consistently contained
large amounts of an acidic cytoskeletal protein (57,000/5.7)
(A/r/pI) that reacted with the anti-vimentin antibody V9. V9
also reacted with the faint spots that formed a "breakdown
trail" characteristic of vimentin (35) on some gels (Fig. 4).

Four cytoskeletal proteins had isoelectric points and apparent
molecular weights similar to those cited by Franke et al. (34,
36) for cytokeratins of rat liver. Three of these proteins reacted
with antibodies raised against rat hepatoma keratins. B9 and
NAHpc, which bind cytokeratin A in rat hepatoma, recognized
cytokeratins with mass and charge characteristics of A and B,
Am (M, 55,000/6.5) and Bm (M, 53,000/6.3) (Fig. 5D). (Cyto
keratins of rat mesothelioma are given an "m" subscript to

denote their tissue of origin.) 24A3 reacts with a type I keratin
of apparent M, 46,000 in rat liver and lung, identified as
cytokeratin D (20). In rat mesothelioma, 24A3 bound to an
acidic protein of apparent M, 50,000 and pi 5.9, which was
named Dm (Fig. 5Â£).

The epitope recognized by antibody IF2 is shared by most if
not all IF proteins, and it is conserved under the conditions of
Western blotting (33). When Western blots of 2-D gels of
mesothelioma cytoskeletal proteins were probed with IF2, all
spots that were reactive against the other anti-IF antibodies

were also recognized by IF2, with the single exception of Dm.
In addition, a minor constituent of some cytoskeletal extracts
was identified by IF2. Because the acidic charge (6.0) and
molecular weight (M, 54,000) of this protein were similar to
those cited for liver cytokeratin C (34), it was named Cm (Fig.
5B).

Two other proteins were immunoreactive with anti-keratin
antibodies. Because the acidic cytoskeletal protein p53 (M,
53,000/5.8) was recognized by IF2 and AE1, it is probably a
type I keratin peptide (Fig. 5, B and C). Monoclonal and
polyclonal antibodies produced by Schmidt et al. (29) against
an M, 39,000 type I keratin of hepatoma (p39) reacted strongly
with a M, 40,000 protein, p40 (Fig. 5D). p39 and p40 appear
to be identical, possessing similar isoelectric points and molec
ular weights. p40 focused at 5.9 in our system, midway between
ÃŸ-and 7-actin. A keratin identified in mouse breast, IEF 40,
also has a molecular weight and isoelectric point close to p39
(37).

IF Expression and Morphology of Tumors. Our results com
paring morphology and IF expression are summarized in Table
1. Both qualitative and quantitative differences in IF protein
expression correlated with tumor appearance. Vimentin was
the most prominent IF protein in all eight sarcomatous tumors,
and in most (seven of eight) of the mixed lesions (comprised of
both sarcomatous and epithelial elements). One to three cyto
keratin peptides were detected in these tumors, whereas three
to six cytokeratins were found in six of the eight tumors with
the most pronounced epithelial features, and in one of eight
mixed-type tumors. The abundance of vimentin was matched
or nearly matched by the aggregate abundance of the cytoker
atins in these seven cases. The strength of the correlation
between the morphological and biochemical characteristics of
these neoplasms was unexpected, in view of the variability of
many of these lesions from one location to another.

Types of Keratins Expressed. The cytokeratins are divided
into the type I (acidic) and type II (basic) families (38). p40,
Dm, p53, and Cm have isoelectric points that are compatible
with type I members. Additionally, antibodies which bind to
p40, Dm, and p53 (E3, 24A3, and AE1, respectively) recognize
epitopes on type I members (27, 28, 30). In contrast, Am and
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5.7 6.0 6.4

57K

42K
Fig. 5. 2-D gel of tumor of animal 20, rep

resentative of tumors with many cytokeratin
species. A, Coomassie Blue stain shows cyto
keratins (UITOH-J)and vimentin (arrowhead), as
well as actin (open arrows). Cm is not present
in large enough quantities to stain; HI. au-
toradiographs of immunoblots of replicate
gels. The positions of vimentin and actin are
marked as reference points; B, IF2 recognizedvimentin and cytokeratins Vâ€ž,.lÃ¬,,,,( 'â€ž,.p53,

and p40; C AE1 identifÃ¬estwo isoforms of
p53: D, isoforms of Am, Bm,and p40 are bound
by NAHpc; E, 24A3 binds to cytokeratin Dm
isoforms.

>
p40-*

5.7 6.0 6.4 5.7 6.0 6.4
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B
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B,â€žhave more basic isoelectric points, and are bound by an
antibody (B9) that binds type II keratins of similar molecular
weight in rat hepatomas (28) (Fig. 7).

Most nontransformed epithelial cells appear to synthesize
approximately equal amounts of type I and type II keratins
(39). This appeared to be the case with pleura! mesothelium, as
Amwas approximately balanced by the sum of Droand p40 (Fig.
2, lane I). However, most of the tumors we studied did not
have such a balance (Table 1).

IF Protein Distribution among Nodules of a Single Animal.
Mesothelioma-burdened animals had tumor nodules scattered
throughout the viscera of the peritoneal cavity. Individual nod
ules of two animals (9 and 18) were examined to determine
whether the presumptive tumor implants in each animal had
similar patterns of IF protein expression. Cytoskeletal prepa
rations of three nodules from each animal were analyzed by 2-
D gel electrophoresis (Fig. 6, 2 nodules from animal 18).
Intraanimal variability was slight in comparison to the spectrum
of patterns observed in the tumors of different animals.

57

42

Immunocytochemistry. We probed serial sections of nine tu
mors with anticytokeratin (NAHpc) and antivimentin (V9)
antibodies to investigate the distribution of IF proteins among
the individual cells of a tumor. All formalin-fixed tumor sec
tions (animals 5, 11, 16, 18, 20, 21, and 24) showed reactivity
to V9, though in each case some tumor cells stained intensely
while others did not stain at all. In contrast, only three of the
seven formalin-fixed tumors showed reactivity to NAHpc. One
of these, animal 21, displayed a striking glandular organization,
with the gland-forming cells intensely staining for cytokeratins,
and cells of the interstitium registering the presence of vimentin
(Fig. 8, A-Q.

In order to unmask IF epitopes hidden by exposure to for
malin, fixed sections were gently digested by trypsin prior to
immunoreaction (40). However, no increase in signal was noted.
Therefore, despite sacrifices in morphological detail, frozen
sections were prepared for five tumors (animals 5, 14, 16, 21,
and 22). In every case, NAHpc and V9 each stained some cells
with great intensity, and left other cells unstained. In tumors
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B

A

Fig. 6. 2-D gels of cytoskeletal extracts of two tumor nodules from animal 18.
A and B. both nodules appear to contain a large quantity of vimentin (large
arrowhead) and small amounts of its breakdown products (small arrowheads).
and cytokeratin Câ€ž.Actin (open arrow) is also present.

6.Â«

Â«- â€¢

p53â€”

O O

Fig. 7. Molecular weights and pi values of IF proteins of rat mesothelioma.

with a sarcomatous or adenomatous appearance, it was not
possible to determine whether a single cell was coexpressing
cytokeratins and vimentin, or whether some contained one IF
type and some the other (data not shown). In a glandular area
of animal 14's tumor, however, cytokeratin expression appeared

to be restricted to the cells of the glands, while vimentin was
detected only between them (Fig. 8, D-F).

DISCUSSION

Asbestos-induced mesotheliomas of rats were studied to de
termine their IF protein phenotypes. The cytoskeletal proteins
found by 1-D and 2-D electrophoresis were probed with well-
characterized anti-IF antibodies to identify these proteins by
comparison with known rodent IF proteins. Fig. 6 and Table 1
show that vimentin and six cytokeratins were found. While
patterns of cytoskeletal proteins differed from animal to animal,
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Fig. 8. Immunocytochemistry of two mesotheliomas. A-C, sections were cut

from a formalin-fixed, 2-mm diameter tumor nodule of animal 21. A, anti-
cytokeratin (NAHpc); B, antivimentin (V9); C, nonimmune mouse serum, underexposed to show glandular structure of tumor; !>!â€¢'.tumor nodule from animal

14 with less distinct glands. Arrows, point to glandular structures. Frozen sections
were reacted with anticytokeratin, D, and with antivimentin, E; F, H & E-section
of formalin-fixed tumor. Bar (C), 50 ion.

tumor nodules of the same animal seemed to have very similar
complements of IF proteins. Thus, expression of these cyto
skeletal proteins seems to be a stable feature of these tumors,
and the similarity of nodules in a single animal suggests that
they are derived from a common primary tumor.

Vimentin, Am, Dm, and p40 were present in pleural mesothe-
lium, while Bm, Cm, and p53 were not observed. Thus, certain
rat mesotheliomas are able to synthesize large amounts of three
cytokeratins that are barely expressed or unexpressed in normal
mesothelium. Interestingly, confluent cultures of mesothelial
cells contain a cytokeratin of M, 53,000,5 indicating that mes

othelial cells have the ability to synthesize at least one of these
proteins prior to transformation.

In humans, mesotheliomas coexpress vimentin and cytoker
atins; the most abundant cytokeratins are the lower molecular
weight species known as "simple epithelial keratins" (16, 18).

These proteins are the acidic cytokeratins no. 17 (M, 46,000),
no. 18 (A/r 45,000), and no. 19 (M, 40,000), and the basic
cytokeratins no. 7 (M, 54,000) and no. 8 (M, 52,500) (12).
Larocca and Rheinwald (16) demonstrated that, even though
differing amounts of these proteins are present in different
human mesotheliomas, cytokeratin expression is always accom
panied by expression of vimentin.

Recently, Blobel et al. (18) detected keratins other than nos.
7, 8, 17, 18, and 19 in human mesotheliomas. Using immuno-
blots of 2-D gels, they identified cytokeratins that are usually

found in squamous epithelium. Appreciable quantities of kera
tin no. 5 (A/r 58,000) were detected in some epithelial tumors,
along with small amounts of no. 4 (M, 59,000) and no. 16 (M,
48,000). Vimentin was always present, and tended to be the
most prominent IF protein in cells of sarcomatous appearance.
Mixed-type tumors contained relatively less cytokeratin protein

5A. M. Mackay, unpublished results.
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than most epithelial tumors, although more than most sarco-

matous ones.
The cytokeratins we found in rat mesothelium and mesothe-

liomas are not exact analogues of those in the catalogue of
human cytokeratins (12), for intraspecies differences exist in
keratin genes (36). The reactivities of antisera and monoclonal
antibodies to keratins of different species vary markedly. While
antisera raised against bovine muzzle keratins react well with
most human skin keratins (36) and some mouse mammary
gland keratins (37), one such antiserum (A575, Dako) displayed
only slight reactivity in Western blots against the lower molec
ular weight keratins of rat mesotheliomas (data not shown).
Antibodies AE1 and AE3 are broadly reactive against human
type I and type II keratins, respectively (30), yet in our rat
tumors AE1 consistently recognized only one keratin, p53. AE3
reacted faintly to the basic keratins A,,,and B,,,(data not shown).
In contrast to these results, Asch and Asch (41) found that AE1
and AE3 recognized numerous cytokeratins in immunoblotted
mouse mammary epithelial proteins. The use of different im-
munoblotting protocols might account for these contrasting
results (42).

The rat cytokeratins identified in this report can be correlated
with their human counterparts. Keratins p40 (A/r 40,000) and
no. 19 (A/r 40,000) are the smallest acidic keratins of rat
mesothelioma and human mesothelioma, respectively. The
basic keratins Am (M, 55,000) and Bm(A/r 53,000) appear to be
related to human keratins no. 7 (M, 54,000) and no. 8 (M,
52,500). Woodcock-Mitchell et al. (30) proposed that rat cy-
tokeratin D is analogous to human keratin no. 18. While acidic
cytokeratins p53 and Cm are in the relative molecular weight
range of acidic human cytokeratins 14, 15, 16, and 17, it is not
possible to assign each to a corresponding human peptide.

We have begun using immunocytochemistry to study the
distribution of IF proteins among the individual cells of a
tumor. In the parts of four mesotheliomas with sarcomatous or
adenomatous appearances, both cytokeratin-containing cells
and vimentin-containing cells were observed. Such cells could
not be distinguished from one another on a morphological
basis; an appreciable fraction of the cells might have coex-
pressed both types of IPs.

Thus, in the sections that lacked a glandular structure, cyto
keratin-containing cells were present along with vimentin-con
taining ones. Where glandular elements were observed, they
stained for cytokeratin, and were surrounded by sarcomatous
and stromal areas where cells reacted only with anti-vimentin
antibody. These two patterns of the intermingling of cytokera
tin-containing elements and vimentinous elements are both
compatible with the idea that the cells of mesotheliomas are
capable of both epithelial and mesenchymal differentiation (9,
43).

Tonofilament protofilaments are composed of heterotetra-
mers that are associations of two type I and two type II
cytokeratin peptides (39, 44). While most keratins are coded
by their own mRNA (38), equimolar amounts of type I and
type II keratins are present in most nontransformed epithelial
tissues (44). In rat liver, for example, tonofilaments appear to
be composed of A2D2 tetramers (45, 46). In contrast, many of
the tumors considered in this report did not exhibit a balance
of type I and type II cytokeratins. Only type I cytokeratins were
detected in some tumors (nos. 1,9, 10, 19, and 24); substantial
excesses of type II cytokeratins were found in others (nos. 3, 4,
11, 17). This apparent abberation in cytokeratin expression
might result from the transforming events that lead to the
development of these tumors. We are investigating whether

these patterns of expression result in the presence of cytokeratin
peptides in forms other than heterotetrameric protofilaments.
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