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Coexpression of Vimentin and Keratins by
Human Melanoma Tumor Cells: Correlation
With Invasive and Metastatic Potential

Mary J. C. Hendrix,* Elisabeth A. Seftor, Yi-Wen Chu, Richard E.
B. Seftor, Raymond B. Nagle, Kathleen M. McDaniel, Stanley P. L.
Leong, Karin H. Yohem, Albert M. Leibovitz, Frank L. Meyskens,
Jr., Dale H. Conaway, Danny R. Welch, Lance A. Liotta, William

Stetler-Stevenson

Background: Several protein markers, including vimentin,
have been used to diagnose human melanoma. Because mel-
anoma often has metastasized by the time of diagnosis, early
markers prognostic for metastatic potential need to be iden-
tified. Commonly, vimentin is found in mesenchymal cells,
and keratins are present in epithelial cells, but recent studies
report coexpression of vimentin and keratin(s) in epithelial
and nonepithelial neoplasms, including some melanomas.
Purpose: Our purpose was to determine whether co-
expression of vimentin and keratin(s) is correlated with
tumor cell invasion and metastatic behavior. Methods: We
evaluated nine human melanoma cell lines expressing
vimentin and other markers of aggressive tumor behavior
(HMB-45, S-100, HLA-ABC class I and HLA-DR class 11
histocompatibility antigens, and K8 and K18 keratins). Lev-
els of K8 and K18 keratins were determined in the highly
metastatic C8161 cell line, the poorly metastatic A375P line,
and the moderately metastatic A375M line. To determine
whether the presence of keratin affects migratory ability, we
altered the conformational structure of keratin filaments in
C8161 cells by transfection with a mutant K18 complemen-
tary DNA. We also determined messenger RNA levels of
human type IV collagenase, an enzyme marker for invasion
and metastasis. Results: In A375P cells, two-dimensional
electrophoresis with Coomassie-stained gels, immunoblott-
ing, and immunofluorescence staining showed no detectable
levels of K8 or K18. A375M cells showed low levels of K8
and K18 by Western and Northern blotting, with a distinc-
tive fluorescent subpopulation of cells. In comparison, K8
and K18 levels in C8161 cells were high in all cells. Type IV
collagenase messenger RNA levels were lowest in A375P
cells and highest in C8161 cells, correlating with invasive
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ability in vitro and metastatic potential in athymic nude
mice. The transfectant clones C1070-10 and C1070-14 de-
rived from the C8161 parent line showed dramatic morpho-
logical changes, disrupted keratin filaments, and decreased
invasive and metastatic potential directly correlated with a
reduction in migratory activity. Conclusion: These findings
show a correlation between the coexpression of vimentin
with K8 and K18 keratins and the invasive and metastatic
behavior of three representative human melanoma cell lines.
[J Natl Cancer Inst 84:165-174, 1992]
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A major problem in cancer management is metastasis—the
migration of tumor cells in the vasculature and tissue parenchy-
ma that gives rise to tumors at multiple locations in the body. Of
the many types of cancers, malignant melanoma has been stead-
ily increasing in incidence in the United States for several de-
cades. It is estimated that, by the year 2000, one in 90
Americans will be afflicted with this disease (/). This incidence
has been attributed to both atmospheric ozone degradation and
the increasing aesthetic value placed on a suntan by Westemn
populations. Whatever the societal and environmental contribu-
tions to the etiology of melanoma may be, alarmingly little is
known about the fundamental biology of its aggressiveness in
some individuals and quiescence in others.

From a clinical point of view, early diagnosis of melanoma
determines disease prognosis. Unfortunately, there is good evi-
dence to suggest that, at the time of diagnosis, the melanoma
may have already metastasized (2), depending on a variety of
factors such as tumor level and thickness (3). Therefore, specific
markers prognostic for metastatic potential need to be identifted.

The ability to invade or penetrate biological matrices is of pri-
mary importance in the development of malignant melanoma as
well as the genesis of many kinds of advanced malignancy, be-
cause these matrices are encountered by tumor cells during in-
travasation, extravasation, and dissemination. A three-step
hypothesis describing the sequence of biological events in-
volved in tumor-cell interaction with such extracellular matrices
has been proposed (4,5): (a) tumor cell attachment to a matrix
substratum, (b) local degradation of the matrix by tumor cell-se-
creted proteases, and (c¢) tumor cell locomotion into the matrix
modified by proteolysis. One enzyme marker shown to be
closely associated with invasive and metastatic potential is type
IV collagenase, which specifically degrades type IV collagen,
the major structural component of basement membranes (4-10).

Classical diagnosis of human melanoma has relied on the
presence of several protein markers, including HMB-45 and S-
100 antigens and vimentin (//-17). Vimentin and the keratins
are intermediate filaments, which are the principal components
of the cytoskeleton of mammalian cells [see review in (/8-20)).
Vimentin is characteristically found in mesenchymal cells,
whereas keratins are usually found in epithelial cells. Although
earlier studies emphasized the use of intermediate filaments as
cell type-specific markers in differentiation and pathology
(21,22), recent reports have confounded the literature with nu-
merous demonstrations of the coexpression of vimentin and ker-
atin(s) in epithelial and nonepithelial neoplasms, including some
melanomas (23-26). The purpose of our study was to extend
these observations by measuring specific markers in several
human melanoma cell lines of differing metastatic potentials
and to determine whether a correlation exists between the
coexpression of vimentin and keratin(s) and tumor cell invasive
and metastatic properties.

Materials and Methods

Human Melanoma Cell Lines

A375P, a poorly metastatic variant, and A375M, an interme-
diate metastatic variant (27), were developed from the human
melanotic A375 parental cell line. These cell lines were supplied

by L. J. Fidler (The University of Texas M. D. Anderson Cancer
Center, Houston). The C8161 cell line was established from an
amelanotic metastasis from a patient with recurrent, metastasiz-
ing malignant melanoma (28). Cell lines UACC-456, UACC-
383, UACC-608, and UACC-827 were established at the
University of Arizona Cancer Center Core Facility from patients
with metastatic melanoma. Cell lines BOWES and HS294 were
purchased from the American Type Culture Collection, Rock-
ville, Md., and have been well characterized (29,30). All cell
lines were stored as frozen stocks. They were maintained in cul-
ture for no longer than 2-3 weeks for each set of experiments to
ensure that their metastatic phenotype would not change as a re-
sult of prolonged passage in vitro.

Cells were grown as adherent cultures in tissue culture flasks
(Falcon Plastics, Lawndale, Calif.) containing Dulbecco’s modi-
fied Eagle medium (DMEM) (Irvine Scientific, Santa Ana,
Calif.). DMEM was supplemented with a 10% (1:1, vol/vol)
mixture of heat-inactivated fetal bovine serum (FBS)-calf serum
(GIBCO Laboratories, Grand Island, N.Y.) and 0.1% gentami-
cin sulfate (GIBCO Laboratories). The flasks were incubated at
37 *C in a humidified incubator in 5% CO, and 95% air. Cells
were detached by a 10-minute incubation in 2 mM EDTA in cal-
cium- and magnesium-free phosphate-buffered saline (CMF-
PBS) at pH 7.4, and a single-cell suspension was prepared by
trituration. Cell numbers were determined by using a hemacy-
tometer, and all cultures were found to be free of Mycoplasma
spp. contamination with the Gen-Probe Rapid Detection System
(Fisher Scientific, Tustin, Calif.).

Transfection of C8161 Cells

Transfection of C8161 cells was performed with the plasmid
LK442-K18-1070, which contains a deleted human K18 com-
plementary DNA (cDNA) under the control of a human B-actin
promoter (3/) and produces disrupted keratin filaments. This
plasmid also carries the gene that codes for Escherichia coli
xanthine-guanine phosphoribosyltransferase (gpt) as a drug-se-
lection marker. The plasmid pHBApr-1-neo (32), which was ob-
tained from J. Leavitt (Linus Pauling Institute of Science and
Medicine, Palo Alto, Calif.), harbors a gene for resistance to the
antibiotic G418 and was used for a control transfection (C-NEO
cells). The plasmids were introduced into C8161 cells using the
calcium phosphate precipitation method (33,34), and positive
colonies were selected according to their ability to grow in
DMEM containing 25 pg/mL mycophenolic acid, 2 pg/mL
aminopterin, 15 pg/mL hypoxanthine, 250 pg/mL xanthine, 10
pg/mL thymidine, and 25 pg/mL adenine (Sigma Chemical Co.,
St. Louis, Mo.) for the gpt phenotype or 0.8 pg/mL G418
(GIBCO Laboratories) for the control neo phenotype.

Chromosomal Analysis

G- and Q-banding analyses of all cell lines were performed
under routine conditions as previously described (27,35) to ver-
ify that the cell lines used were of human origin and displayed
the characteristics of melanoma.

Analysis of Vimentin and Keratins

As described below, the intermediate filaments were identi-
fied by two-dimensional gel electrophoresis and Western blot
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analysis, by immunofluorescence microscopy, and by Northern
blot analysis.

Two-dimensional gel electrophoresis and Western blot
analysis. The first-dimension separation of proteins was per-
formed using nonequilibrium pH gradient gel electrophoresis
(36) in tube gels (containing 2% ampholines; pH range, 3.5-9.5;
Bio-Rad Laboratories, Richmond, Calif.) at 3700 V/h. The sec-
ond dimension was run on 12.5% polyacrylamide gels contain-
ing sodium dodecy! sulfate (37), which were either stained with
Coomassie BBR-250 (Bio-Rad Laboratories; 0.25% Coomassie
BBR-250 in 25% isopropanol-10% acetic acid) or transblotted
onto a sheet of Immobilon-P membrane (Millipore Corp., Bed-
ford, Mass.). Visualization of the primary antibody was facili-
tated using a horseradish peroxidase-conjugated secondary
antibody and 4-chloro-1-naphthol (Bio-Rad Laboratories).

Immunofluorescence microscopy. Indirect immunofluores-
cence microscopy was performed on all three cell lines, which
were grown on glass coverslips to approximately 70% conflu-
ence. For the detection of vimentin, the V9 mouse monoclonal
antibody against vimentin (DAKO Corp., Santa Barbara, Calif.)
was diluted 1:50 in CMF-PBS. This antibody has been charac-
terized previously (24). Monoclonal antibody 10.11 (25), which
recognizes K8 and K18 keratins, was diluted 1:3000 in CMF-
PBS.

All cell cultures, which were on coverslips, were rinsed in
CMEF-PBS three times. They were then immersed in methanol
for 5 minutes, frozen, treated with acetone for 3 minutes, and
then rinsed in CMF-PBS, after which they were incubated with
the appropriate primary and secondary antibodies. For controls,
the primary antibody was omitted, and the cells were incubated
with the secondary antibody alone, in addition to incubation
with normal mouse IgG followed by the appropriate rhodamine-
or fluorescein-conjugated secondary antibody.

For detection of S-100 and HMB-45 antigens and histocom-
patibility antigens HLA-ABC and HLA-DR, which are used in
detection of pathological disease, cells were prepared as de-
scribed above and stained with the following antibodies using
indirect immunofluorescence microscopy: rabbit antibody to bo-
vine S-100 antigen (DAKO Corp.) (38), mouse antibody to
human HMB-45 antigen (ENZO Diagnostics, Inc., New York,
N.Y.) (39), mouse antibody to human HLA-DR antigen (Becton
Dickinson, San Jose, Calif.), and mouse antibody to human
HLA-ABC antigen. Photographs were taken with a Zeiss stan-
dard 18 fluorescence microscope with automatic rhodamine and
fluorescein filter sets.

Northern blot analysis. Total RNA was extracted from the
cells by the guanidine thiocyanate-cesium chloride method (40).
The RNA was poly A selected and separated by gel electro-
phoresis in 1% agarose containing 2.2 M formaldehyde (41).
RNA marker lanes were subsequently excised and stained with
ethidium bromide. The RNA gels were capillary blotted onto
0.1-um nylon membranes (GeneScreen Plus; DuPont, Wilming-
ton, Del.), baked, and hybridized with the following nick-trans-
lated DNA probes: the pH3A plasmid for human type IV
collagenase (42), the hp4F1 probe for vimentin (43), and the pK
811 and pK 189 probes for K8 and K18, respectively (3/).
These blots were reprobed for B-actin to ensure equal loading.
The relative amount of each message was determined densi-
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tometrically using a model 620 video densitometer and a one-di-
mensional computer analysis program (Bio-Rad Laboratories).

Tumor Cell Invasion Assay

The Membrane Invasion Culture System (MICS) assay was
used to evaluate the degree of tumor cell invasion through a re-
constituted basement membrane (Matrigel; Collaborative Re-
search, Inc., Bedford, Mass.) in vitro as previously described
(44). Matrigel is composed of laminin, type IV collagen, en-
tactin, and heparan sulfate proteoglycans (45). Briefly, 5 x 10*
tumor cells were seeded randomly onto Matrigel-coated nucle-
pore filters (Nuclepore Corp., Pleasanton, Calif.) situated be-
tween the upper and lower well plates of each MICS chamber
(six upper wells per cell line). Subsequently, the chambers were
incubated with humidity for 72 hours at 37 ‘C. At the time of
harvest, the cells that had penetrated the Matrigel-coated filters
were collected, stained, and counted visually. Percent invasion
was corrected for proliferation and calculated as: (total number
of invading cells [lower well sample])\(total number of cells
seeded [upper well sample]) x 100.

Tumor Cell Motility Assay

Unstimulated motility was determined in MICS chambers
containing polycarbonate filters that had been soaked overnight
in 0.1% bovine serum albumin by use of a modification of a
procedure described by McCarthy et al. (46). Tumor cells (5 X
10% were seeded randomly in each upper well (six wells per cell
line), allowed to incubate at 37 *C for 6 hours, and subsequently
processed as described above for the invasion assay.

Analysis of Metastatic Potential

Cultures that were 70%-80% confluent were detached with 2
mM EDTA solution, and cells were resuspended in a large vol-
ume of medium. The mixture was centrifuged, and cells were
resuspended in a small volume of ice-cold Hanks’ balanced salt
solution (HBSS). Cell counts were performed with a hema-
cytometer, and volumes were adjusted by addition of ice-cold
HBSS. Four-week-old, athymic nude mice (Harlan Sprague-
Dawley, Inc., Madison, Wis.) were inoculated subcutaneously
with either 5 x 10° or 1 x 10° cells in 0.5 mL of HBSS in either
the dorsolateral flank or the midscapular region. The animals
were maintained and housed according to the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
All protocols were reviewed and approved by the appropriate
Institutional Animal Care and Use Committees. Mice were fed
Purina rodent chow and tap water (chlorine content <5 ppm) ad
libitum.

Animals were killed by cervical dislocation at 27 or 62 days
after inoculation, and complete gross necropsies were per-
formed. Lungs were fixed in a neutral-buffered formalin-
Bouin’s fixative solution (5:1; vol/vol), and the number of
surface lung metastases was counted as previously described
47,48).

Results

In screening the nine chosen human melanoma cell lines, we
focused on the presence of specific markers (HMB-45, S-100,
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vimentin, K8 and K18, and HLA-ABC class I and HLA-DR
class II histocompatibility antigens) that could potentially pro-
vide some prognostic definition of “aggressive” melanomas.
The information presented in Table 1 is a compilation of data
derived from immunohistochemical analyses and shows that
there were three consistent markers expressed in the human mel-
anoma cell lines studied: HMB-45, vimentin, and HLA-ABC.

Specific examination of the invasive potential of the cell lines
was performed in the MICS assay during a 72-hour period
(Table 1). The ability of the cells to penetrate Matrigel-coated
filters is presented as percent invasion t standard error. The
metastatic potential is also shown as the range and median num-
ber and reflects the ability of the cells to form spontaneous me-
tastases in the lungs from a subcutaneous site 62 days after
inoculation. Collectively, these data indicate that the C8161
cells are the most invasive and, correlatively, the most meta-
static. The A375M cells are rank-ordered second in invasive and
metastatic potential.

In a separate study (42), the abilities of A375P, A375M, and
C8161 cells to form experimental metastases from intravenous
injection via the tail vein in athymic nude mice were measured
(data not shown). Similarly, the C8161 cells produced the high-
est median number of experimental lung colonies: >250 within
21 days after inoculation versus 146 for A375M and three for
A375P cells 6 weeks after inoculation (48,49).

To continue our study of the potential role(s) for keratins in
human melanoma cells, we focused our attention on (a) one cell
line that did not express K8 and K18—A375P (low invasive and
metastatic potential), (b) one cell line that contained sub-
populations of cells expressing K8 and K18—A375M (interme-
diate invasive and metastatic potential), and (¢) one cell line that
strongly expressed K8 and K18—C8161 (high invasive and
metastatic potential).

With indirect immunofluorescence microscopy, the localiza-
tion patterns of vimentin and K8 and K18 were demonstrated, as
shown in Fig. 1. Staining for vimentin was prominent in A375P,
A375M, and C8161 cells (Figs. 1A, B, and C, respectively). No
staining for K8 and K18 was detected in A375P cells (Fig. 1A"),

and only subpopulations of cells stained in A375M cells (Fig.
1B’). However, a brilliant staining pattern for K8 and K18 was
seen in C8161 cells (Fig. 1C"). In addition, sections of formalin-
fixed, paraffin-embedded tissues of the metastatic lesion from
which the C8161 cells were derived were positive for keratins
(data not shown), indicating that the anomalous expression of
keratins was not a tissue culture artifact.

Additional documentation for the presence and type of inter-
mediate filaments in these cell lines included two-dimensional
gel electrophoresis (Figs. 2A, B, and C), which demonstrated
the presence of vimentin in all three cell lines. Electrophoresis
showed no detectable levels of K8 and K18 in A375P and
A375M cells, but it demonstrated K8 and K18 levels in C8161
cells that were similar to levels in the normal HelLa cell control
(data not shown).

Western blot analysis (Fig. 3) showed low levels of K8 and
K18 in A375M cells and high levels in C8161 cells. In Fig. 4,
densitometric analysis of an accompanying Northern blot indi-
cates the relative amounts of vimentin and K8 and K18 messen-
ger (mRNA) levels: low expression in A375P (1.0), relatively
higher levels in A375M (3.0 and 6.8), and the highest levels in
C8161 (23 and 18).

An important enzyme associated with the metastatic behavior
of several cell types is type IV collagenase (4-/0), which has
also been implicated in the directed migration of human tumor
cells (50). We therefore measured mRNA expression levels of
this 72-kd enzyme in the three selected cell lines (Fig. 5). Densi-
tometric analysis of the Northern blots showed an increase in
the relative amount of mRNA levels for A375M cells and
C8161 cells compared with those for A375P (relative levels ad-
justed to 1.0). The corresponding levels of gelatinolytic activity
of type 1V collagenase, as measured by zymography, have been
recently published by our laboratory (42). This activity corre-
lates with the steady-state mRNA levels.

In an attempt to gather more direct evidence that keratin ex-
pression in melanoma tumor cells may contribute to an invasive-
metastatic phenotype, we asked the question: What effect on
invasive potential would occur in C8161 cells if their normal in-

Table 1. Presence of specific protein markers in human melanoma cell lines*

Protein marker

Invasive Metastatic

potential potential,
Cell line S-100 HMB-45 K8,KI8 Vimentin HLA-ABC HLA-DR in vitrot subcutaneous}
UACC-456 + + - + + - 0.03 £ 0.009 0
UACC-383 t + - + + - 0.03+£ 001 0
UACC-608 - + - + + + 0.321£0.003 0
UACC-827 + + - + + + 0.34 £ 0.07 0
A375P* + + - + + + 1.510.01 0
HS29%4 + + - + + + 1.5+£0.22 0
BOWES + + - + + - 35102 0
A375M* + + + + + + 4210.12 3(0-22)
C8161* - - + + + - 12510.11 31(5-187)

——————— — —

*Phenotyping of human melanoma cells was determined by direct and indirect immunofluorescence microscopy. + = positive marker, 60%-100% of population; —

= no positive staining; and £ = subpopulation staining only.

tInvasive potential was derived by measuring percent invasion through Matrigel-coated filters in the MICS assay during 72 hours. Values = % invasion t SE for

samples per cell line.

$Metastatic potential was evaluated by the number of spontancous lung metastases following subcutaneous injection of 1 x 106 cels into the dorsolateral flank.
Values = median (range) for six mice/group. Animals were killed 62 days after inoculation.
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Fig. 1. Indirect immunofluorescence microscopy of human melanoma cells
stained for vimentin (A,B,C) or K8 and K18 (A’,B",.C’). A375P (A), A375M (B),
and C8161 (C) cells were all positive for vimentin. By comparison, keratin stain-
ing was negative in A375P (A"), positive 1n distinctive subpopulations in A375M
(B’), and positive in all C8161 cells (C’). (original magnification x350).

termediate filament structure was disrupted? We addressed this
question by transfecting the C8161 cells with a mutant K18
c¢DNA that contains only the first 5 1070 nucleotides. Fourteen
stably transfected clones were produced. Two of these were se-
lected for further study, and they are designated C1070-10 and
C1070-14.

Indirect immunofluorescence microscopy of these clones to
detect K18 demonstrated a dramatic morphological change
compared with the C-NEO transfected controls, as shown in Fig.
6. The transfectant mutant cells were highly elongated and much
larger than the C-NEO cells and demonstrated an intracellular
staining pattern of short, discontinuous striated bundles of fila-
ments compared with the normal morphology seen in the C-
NEO controls and in the C8161 wild type (Fig. 1).

We then determined if the presence of the truncated K18 and
the disruption of normal keratin filament formation in C1070-10
and C1070-14 cells affected their invasive potential (Fig. 7).
Cells were tested for their ability to invade Matrigel-coated fil-
ters in the MICS assay during a 72-hour period. The C-NEO
control cells demonstrated 10% invasion, similar to the 12% in-
vasion profile of the wild-type C8161. In comparison, the
C1070-10 cells showed a 3.0% invasive potential, while the
C1070-14 cells achieved only a 0.4% invasive potential.
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Fig. 3. Western blot analysis of K8 and K18 isolated from A375P (P), A375M
(M), and C8161 (C) cells using a high-salt extraction. Ten pg of protein was
loaded into each lane of the 12.5% polyacrylamide gels containing sodium
dodecy! sulfate, and the separated proteins were subsequently electrophoretically
transferred to an Immobilon-P transblot membrane. Detection of keratins was
accomplished using either anti-K8 (left panel) or anti-K 18 (right panel) primary
antibodies followed by a secondary antibody conjugated with horseradish perox-
idase. The molecular weight markers correspond to the putative K8 (51 kd) and
K18 (45 kd).

In addition, when C1070-10 and C1070-14 cells were tested
for metastatic potential via subcutaneous administration, they
were unable to form primary tumors or spontaneous metastases.
Metastatic potential was evaluated by the size of the primary
tumor as well as by the number of spontaneous lung metastases
following subcutaneous injection of 5 X 10° cells into the mid-
scapular region. Animals were killed 27 days after inoculation.
Six of six mice receiving C-NEO cells showed primary tumors
averaging 6 mm°’ and a median of three lung metastases. Six of
six mice receiving C1070-10 and C1070- 14 cells showed no pri-
mary tumors and no metastases.
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Fig. 4. Northern blot analysis of human vimentin (Vim) and human K8 and K18
in A375P (P), A375M (M), and C8161 (C) melanoma cells. Poly A selected
mRNA was loaded 1 pg per lane, and relative values derived from densitometric
scans are shown under each lane.

Fig. 5. Northern blot analysis of
human type IV collagenase gene
expression in A375P (P), A375M
(M), and C8161 (C) melanoma
cells. RNA was poly A selected
(1 pg per lane) and fractionated
on 2.2 M formaldehyde gels, cap-
illary blotted to nylon mem-
branes, and probed with
“P-labeled pH3A for collagenase
IV (3.2-kilobase transcript size).
Relative values derived from
densitometric scans are shown
under each lane.

P M C

We further investigated whether a reduction in collagenase IV
gene expression could account for the dramatic decrease in in-
vasive potential for the C1070-10 and C1070-14 cells.
Zymography showed no dramatic difference between the
gelatinolytic activity of the 72-kd type IV collagenase in these
cells and that in the C-NEO controls (Fig. 8). Levels of mRNA
shown by Northern blot analysis (data not shown) confirmed
these findings.

With no significant difference shown in type IV collagenase
expression, we next measured the ability of the cells to migrate
through uncoated polycarbonate filters during a 6-hour period
(Fig. 9). These data show a dramatic reduction in motility of
both the C1070-10 and C1070- 14 transfectants.

Fig. 6. Indirect immunofluorescence microscopy of K18 distribution in (A)
C1070-10 cells and (B) C-NEO transfected control. (original magnification
X750).

Discussion

Intermediate filaments have been implicated in vital functions
related to cellular differentiation and serve as important trans-
ducers of signals to the nucleus (/8,57). Recent advances in mo-
lecular biology have uncovered at least five distinct types of
intermediate filaments expressed in various cell types, which
have been ascribed a variety of important functions (/9,52).

In our study, nine human melanoma cell lines were evaluated
for the presence of the intermediate filaments vimentin and ker-
atins K8 and K18, in addition to HMB-45, S-100, HLA-ABC,
and HLA-DR. We have shown a correlation between the
coexpression of vimentin with K8 and K18 and the invasive and
metastatic behavior of three representative human melanoma
cell lines. The poorly metastatic A375P cells showed no K8 and
K18 by routine methods of two-dimensional electrophoresis
with Coomassie-stained gels, Western immunoblotting, and im-

Joumnal of the National Cancer Institute




14

124

Fig. 7. Percent invasion of
C-NEO control cells and
C1070-10 and C1070-14
cells measured in the
MICS assay during a 72-

hour period using
6- Matrigel-coated  polycar-
bonate filters.

-

° T
C-NEO C1070-10  C1070-14
C-NEO Ci070-10 CI070-14

Fig. 8. Zymographic analysis of the gelatinolytic activity of the secreted 72-kd type
IV collagenase from supematants of C-NEO contro! cells and C1070-10 and
C1070-14 cells.

Fig. 9. Unstimulated mi-
§ gratory ability of C-NEO
control cells and C1070-
10 and C1070-14 cells
measured in the MICS
assay during a 6-hour pe-
2 riod using gelatin-coated
E polycarbonate filters.

. ===

C-NEO C1070-10

C1070-14

munofluorescence detection. However, a low level of mRNA
expression of both keratins was detected by Northern blot analy-
sis. The intermediate metastatic A375M cells showed low levels
of K8 and K18 by 2-D gel electrophoresis and Western and
Northern blotting, and distinctive subpopulations of cells were
positive by immunofluorescence among a basically negative
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general population. In contrast, the highly metastatic C8161
cells showed a strong presence of K8 and K18 by Coomassie-
stained gels and Western blotting and a prominent immuno-
fluorescence staining pattern. Furthermore, Northern blot
analysis showed a 10-fold increase in K8 and K18 mRNA levels
in C8161 cells, compared with A375P and A375M cells.

To provide more concrete evidence for a functional role for
these keratins, C8161 cells were transfected with a mutant K18
cDNA, which resulted in the disruption of normal keratin fila-
ment formation. Two of the stably transfected clones, C1070-10
and C1070-14, showed a dramatic decrease in invasive and met-
astatic potential, which could be attributed in part to a decrease
in motility.

This anomalous expression of keratins in melanomas has re-
cently been reported in the literature (23-26). In a recent study
of 100 melanomas analyzed by immunohistochemistry, 21% of
frozen tissue sections were shown to contain keratin, specific-
ally in metastatic and recurrent melanomas (53). This same
study suggested that keratin expression in melanomas may be
related to tumor progression, which was demonstrated in our in-
vestigation with in vitro and in vivo models. In another report
characterizing a highly heterogeneous human melanoma cell
line (IIB-MEL-J), three subpopulations were isolated by Percoll
gradient centrifugation, and all were shown to express keratin-
positive intermediate filaments (54). A third study found that
one of nine melanoma cell lines specifically expressed keratins
7,8,13,17, and 18 (55).

In these reports demonstrating the coexistence of keratins and
vimentins, three important variables are apparent which poten-
tially confound the pathologist’s diagnosis of melanoma versus
numerous types of carcinomas: (a) the fixation of the tissue
sample, (b) the mode of detection, and (c) the interpretation of
the data generated. It appears that the best diagnosis could be
made by using a panel of monoclonal antibodies to HMB-45, S-
100, keratins, and vimentin, in combination with Western im-
munoblotting and Northern blot analysis or in situ hybridization
for further investigation. At the molecular level, important infor-
mation relating to gene regulation could be correlated with
structure and function.

In our study, all cell lines were positive for HMB-45, which
identifies a premelanosomal glycoprotein found in activated and
neoplastic melanocytes and differentiates keratin-positive mela-
nomas from carcinomas (/7). In addition, all cell lines were pos-
itive for vimentin, which is a classical marker for melanoma
(12). The expression of keratins in A375M cell subpopulations
may reflect tumor cell heterogeneity (56-58) and the develop-
ment of clones with distinct biological differences. A possible
explanation for this phenomenon has been offered by Knapp
and Franke (59). These investigators suggest that an intrinsic in-
stability of the inactive state of the K8 and K18 genes is respon-
sible for the occurrence of these protein products in certain
nonepithelial tissues and tumors. Specifically, Knapp and
Franke found that several different transformed nonepithelial
cells constitutively express K8 and K18 and that these genes can
be transcribed without an accumulation of detectable amounts of
mRNA and without the appearance of keratin-containing fila-
ments (59). These data reinforce the need for using more than
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one technique in evaluating the presence of specific intermedi-
ate filaments, which was demonstrated in our study.

In attempting to draw a correlation between keratin expres-
sion and properties associated with invasive and metastatic be-
havior as well as directed migration (4-10,50), we measured the
expression of type IV collagenase. By Northern blot analysis,
mRNA levels of the enzyme are lowest in A375P cells and high-
est in C8161 cells. To show a more direct relationship between
keratin expression and invasive and metastatic behavior, we
used C1070-10 and C1070-14 cells containing a stably trans-
fected mutant K18 (60) in this study.

There are at least 19 separate keratins ranging in size from 40
to 68 kd. Keratins are commonly expressed as particular pairs,
which form heteropolymers in cells. For example, K18 is nor-
mally coexpressed with K8 to form a structural filament bundle.
Transfection of a mutant K18 protein into the highly invasive
C8161 cells would likely disrupt the normal interactions be-
tween K8 and K18. Unfortunately, there is no specific antigenic
epitope on the K18 mutant protein that does not also appear on
the endogenous K18. Therefore, it is not possible to differentiate
the localization of K18 mutant protein from normal K18 protein
in the cells. Since the carboxy-terminal deletion on K18 in-
cludes the most conserved part of the coil 2 structure that is
shared with all intermediate filament proteins and the tail re-
gion, it is possible that this deletion could cause the failure of
certain regions on the K8 protein to complex with their normal
pairing region, resulting in discontinuous filament formation.
This conformational change in filament bundling could account
for alterations in signal transduction, thus affecting invasive and
metastatic ability.

In a previous study, Albers and Fuchs (6/) showed that the
transient expression of a truncated mutant keratin cDNA in sim-
ple epithelial cells and squamous carcinoma also resulted in dis-
ruption in the keratin filament network. Furthermore, additional
evidence implicating the involvement of K8 and K18 in cellular
migration and invasion has recently been reported by our labora-
tory using the mouse L cell model, in which fibroblastic cells
transfected with K8 and K18 were at least 10-fold more invasive
and migratory than the parental cells (62).

When type IV collagenase activity was investigated to pro-
vide evidence of a potential mechanism that might be responsi-
ble for the reduction in invasive activity, we discovered that the
mRNA level of expression and the gelatinolytic activity of this
enzyme were no different in the C-NEO control cells and the
C1070-10 and C1070-14 clones. When unstimulated migratory
ability was analyzed, there was a commensurate drop in migra-
tion of the C1070-10 and C1070-14 cells versus the C-NEO
control cells, which may, in part, explain the inability of the
C1070-10 and C1070-14 cells to metastasize. However, there
was no detection of even a primary tumor, which should be fur-
ther investigated from the viewpoint of host immunological fac-
tors.

In trying to postulate potential role(s) for the expression of
keratins in melanomas, it is tempting to correlate the following
facts: (@) Keratins are the first intermediate filaments to be ex-
pressed during embryogenesis. Therefore, epithelial as well as
nonepithelial cellular derivatives originate from these precursors
(63). (b) K8 and K18 are complementary and are observed in

“simple epithelium” of many early embryonic and certain adult
tissues (64). (¢) Keratins have been detected in certain sarcomas
(65), astrocytomas (66), smooth muscle tumors (67), and vari-
ous other nonepithelial tumors [see review in (68)].

Collectively, these data reinforce the suggestion by Trejdo-
siewicz et al. (35) that expression of keratins in neoplastic cells
of neuroectodermal origin represents a reversion to a more prim-
itive, embryonic phenotype. This “dedifferentiated” state is
compatible with a more uninhibited phenotype capable of adapt-
ing to mesenchymal as well as epithelial matrices and thus able
to interpret additional positional clues which may contribute to a
more aggressive behavior (69). Taking into consideration the
fact that intermediate filaments can act as signal transducers, re-
laying information from the extracellular matrix to the nucleus
(51), and that matrix can regulate gene expression (70,71), it is
tempting to speculate that the ability to coexpress vimentin and
keratins offers a selective advantage to tumor cells. Indeed, a
general theme is beginning to emerge that suggests the phenom-
enon of “switching” phenotypic expression and coexpression of
two phenotypic markers in cells confers a selective advantage
toward transformation. Understanding the genetic regulation of
this anomalous expression holds the key to more efficient diag-
noses and more effective chemotherapeutic strategies.
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