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Cancer Treatment and Research

Foreword

Where do you begin to look for a recent, authoritative article on the diagnosis
or management of a particular malignancy? The few general oncology text
books are generally out of date. Single papers in specialized journal are
informative but seldom comprehensive; these are more often preliminary
reports on a very limited number of patients. Certain general journals
frequently publish good in-depth reviews of cancer topics, and published
symposium lectures are often the best overviews available. Unfortunately,
these reviews and supplements appear sporadically, and the reader can never
be sure when a topic of special interest will be covered.

Cancer Treatment and Research is a series of authoritative volumes that
aim to meet this need. It is an attempt to establish a critical mass of oncology
literature covering virtually all oncology topics, revised frequently to keep the
coverage up to date, and easily available on a single library shelf or by a single
personal subscription.
We have approached the problem in the following fashion: first, by

dividing the oncology literature into specific subdivisions such as lung cancer,
genitourinary cancer, pediatric oncology, etc. ; and second, by asking eminent
authorities in each of these areas to edit a volume on the specific topic on an
annual or biannual basis. Each topic and tumor type is covered in a volume
appearing frequently and predictably, discussing current diagnosis, staging,
markers, all forms of treatment modalities, basic biology, and more.

In Cancer Treatment and Research, we have an outstanding group of
editors, each having made a major commitment to bring to this new series
the very best literature in his or her field. Kluwer Academic Publishers has
made an equally major commitment to the rapid publication of high-quality
books and to worldwide distribution.
Where can you go to find quickly a recent authoritative article on any

major oncology problem? We hope that Cancer Treatment and Research
provides an answer.

WILLIAM L. MCGUIRE

Series Editor
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Preface

The past few years have seen a qualitative increase in our understanding of
molecular genetics and cytogenetics. Cytogenetics has given us clues about
gross translocations, deletions, and amplifications of genetic material. These
gross abnormalities, in turn, have led us to develop molecular genetic probes
that allow us to identify some of the mechanisms of carcinogenesis, including
deletion of sequences in the genome that may normally inhibit uncontrolled
growth, as well as amplification of other regions that may code for such
growth. Furthermore, whereas previous studies in this area had been pri
marily devoted to malignancies of the myeloproliferative and lymphopro
liferative varieties, these studies are now increasingly directed towards the
analysis of solid tumors such as malignant melanoma.
In the first chapter, Cowan and Francke give us insight into cytogenetic

abnormalities in melanoma, as well as its associated benign marker lesion,
the dysplastic nevus. They have focused attention on chromosomes 1, 6, 7,
10, and 11 in melanoma cells and have, for the first time, identified possible
absent 9 in dysplastic nevi.
Halaban, in the second section of this book, goes on to examine the role

of a variety of growth factors and receptors in growth control of normal and
malignant melanocytes. Kock, Schwarz, Micksche, and Luger review the role
that immunoregulatory and growth regulatory cytokines, as well as tumor
growth factors, may play in the biology of malignant melanoma. Coppock,
Tansey, Scandelis, and Nathanson are interested in how phorbol esters and
other agents that raise the level of cyclic AMP may interact in tumor pro
motion and growth regulation in melanocytes and malignant melanoma cells.
Valyi-Nagi and M. Herlyn review information on processes by which mel
anocytes may interact with their neighboring basal keratinocytes in such a
way as to maintain a stable system that is capable of protecting the epidermis
and dermis from the deleterious effect of ultraviolet light.
D. Heriyn, Adachi, Koprowski, and M. Herlyn report some of the mech

anisms responsible for the metastatic spread of malignant melanoma. They
utilize a human malignant cell line in a nude mouse model. The authors
examine enzymatics, growth factors, and chromosomal modes, and then
demonstrate that monoclonal antibodies to specific ganglioside antigens may

XI



inhibit melanoma growth in this system. Schultz looks more carefully at the
collagenolytic activity of metalloproteinases and their activity in modulating
the metastatic process. Multiple enzymes, including procollagenase and
prourikinase, are secreted by tumor cells, and the authors touch on how
tissue inhibitor of metallopretinases (TIMP) might effect an inhibition of
the process.
Hersey reports in greater detail on the ganglioside antigens (also examined

by D. Herlyn et al.) and gives us insight into how the expression of a variety
of ganglioside antigens interact with one another and with the expression
of such antigens on lymphocytes from lymph nodes harboring metastatic
melanoma cells. Murray and Rosenblum further explore the observation that
interferons may modulate antigen expression on melanoma cells, as they
are known to do in the histocompatibility antigen system. Understanding
how interferons and other cytokines may modify antigen expression on the
cell surface and antigen shedding may lead to further improvement of our
methods of clinical immunotherapy.
This volume emphasizes new developments in the laboratory more than

it does clinical studies. I would justify this bias by suggesting that it is a re
flection of current melanoma research. Moreover, the clinical advances of
the 1990s will come from these emerging research advances. For this reason,
I hope that clinicians (among whom I number myself) will find this volume
of interest.
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I

Genetics of melanoma



1. Cytogenetic analysis in melanoma and nevi

Janet M. Cowan and Uta Francke

1. Introduction

Cytogenetics has proved to be a useful tool in helping to identify regions of
the genome in which genes important in malignant transformation may be
located. Several research groups have been studying the cytogenetics of
melanoma, and other groups have been studying the molecular changes in
transformed melanocytes, but no consensus has been reached on the se
quence of events that change normal melanocytes into the aberrant cells
found in melanomas. This chapter will review some general background
literature (covering solid tumor cytogenetics and the models proposed for
transformation) and more specific melanocyte literature, cover briefly the
growth of melanocytes, present cytogenetic data from dysplastic nevi and
melanomas, and suggest a possible sequence of genetic changes that results in
malignancy.

1.1. General background

1.1.1. Cytogenetics. Identification of nonrandom chromosome changes in
solid tumors requires careful observation of a number of tumors of the same
histological type, since the karyotype abnormalities observed tend to be
complex. The final karyotype is a mixture of changes that are essential for
transformation, changes that add growth advantages but that are not essen
tial, and changes that happen by change and have a neutral effect [1]. For
a change to be described as essential for transformation, it must be seen as
the sole anomaly in a proportion of cases at an early stage [1]. The changes
resulting in growth advantages are often nonrandom and show donal
evolution, while the incidental changes tend to be nondona\.
In leukemia nonrandom changes often occur as the sole anomaly [1]

and have been used to distinguish subtypes of leukemia whose responses
to treatment may differ [reviewed by 2]. Few chromosome changes occur
in common among the subtypes, except the occurrance of an additional
chromosome 8, which is seen in several subtypes during disease progression
[2]. In contrast, many of the chromosomal alterations seen in solid tumors

L. Nathanson (ed.), MELANOMA RESEARCH: GENETICS, GROWTH FACTORS, METASTASES, 3
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have been observed in diverse tumor types, for instance, duplication of
chromosome 7 is a common finding in many types of tumor, and iso(6p) has
been reported in retinoblastoma, ovarian cancer, and melanoma [3-5].
From the results reported it is apparent that in the majority of leukemias

the characteristic change(s) involves reciprocal translocation(s) [6]. Non
random translocations have been reported in some solid tumors, including
synovial sarcoma, where the translocation involves chromosomes Xp and 18q
[7], Ewing's sarcoma, t(11;22)(q24;qI2) [8], and lipoma, in which breakpoints
in 12q have been identified, 12q13 and 12q14 [9]. In addition, cytogenetic
analysis of solid tumors has shown that many are associated with the
nonrandom loss of chromosomal material rather than translocation, for
example, chromosome 22 in acoustic neuroma [10] and bands p14-p21 of
chromosome 3 in small cell lung cancer [11].

1.1.2. Activation and inactivation of genes. As cytogenetic studies pro
gressed, showing the specificity of chromosomal change, molecular analysis
was also progressing. It was found that malignancy could be the result of the
alteration or activation of a normal cellular gene, such that the gene product
was produced continually, or the product was altered or the product was not
produced. Examples of these changes are the c-myc oncogene, which is
overexpressed in Burkitts lymphoma [12,13]; the c-abl oncogene in CML,
which forms an abnormally sized protein after translocation [14]; and the
retinoblastoma gene, which is inactivated in retinoblastoma [IS]. Activated
oncogenes have been identified in many tumors [16], and chromosomal
translocation has been shown to be one method of activation. Tumors
characterized by chromosomal deletion, such as retinoblastoma, acoustic
neuroma, and small-cell lung cancer, are considered to be the result of
inactivation of a tumor suppressor gene, both copies of which must be
inactivated for tumor formation.

1.1.3. How many gene changes are required? The evidence from leukemia
and retinoblastoma suggested that a single gene change was all that was
necessary for malignancy and that each tumor type would be characterized by
one nonrandom chromsome change (translocation or deletion). Additional
changes would not be essential, but could provide growth advantages for the
cell. This model did not seem to fit well with the observations of solid tumors
other than retinoblastoma, since there were often conflicting reports about
which nonrandom chromosome change was sufficient for transformation (the
literature on melanoma is a good example). Many of these questions were
answered by a study of colorectal cancer, in which a variety of chromosome
changes and oncogene activation had been reported [17-22]. The analysis
showed that as lesions progress from benign adenomatous polyps to malig
nant carcinomas, there is an accumulation of genetic changes, none of which
alone is sufficient for transformation [23]. The changes include deletion of the
long arms of chromosome 5 and 18, and the short arm of chromosome 17, and
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activation of the k-ras oncogene. These observations suggest a combination of
both models of malignant transformation-tumor suppressor deletion and
oncogene activation.

2. Melanoma background

2.1. Dysplastic nevus syndrome

Individuals with dysplastic nevus syndrome (DNS) have an increased risk of
developing melanoma, as do individuals with giant congenital nevi [24,25].
Histological analysis of sections from superficial spreading melanomas
showed areas of cells consistent with a preexisting nevus in 5 of 5 cases [26].
These data suggest that melanomas may preferential1y arise in the site of a
preexisting nevus [27]. Dysplastic nevi may be considered as premalignant or
early-malignant lesions, and as such would be expected to exhibit chromo
some changes that are essential for malignant transformation.
It has recently been reported that a gene for hereditary cutaneous

malignant melanoma-DNS maps to the distal part of chromosome Ip [28];
however, other groups have been unable to confirm this linkage [29].

2.2. Melanocyte cytogenetics

Analysis of melanocytes derived from nonmalignant nevi and malignant
melanomas has not identified one sole chromosome region as being consist
ently involved, but several chromosomes are reported to be nonrandomly
rearranged or deleted, including 1, 6, 7, [5,30], 3 and 9 ]31-33], and 10 [34,
35]. These observations suggest that melanoma may be more like colon
cancer than retinoblastoma, and the final malignancy is the result of accumu
lation of a number of changes. The most frequently reported change is
deletion of 6q, often with duplication of 6p; additional copies of 7, particu
larly 7p, are also frequently observed in advanced tumors [36]; chromosome
1 is frequently involved in translocation and duplication of the long arm,
and it has been suggested that loss of sequences from Ip is a late event in
disease progression [37].
Melanoma of the eye is a rare occurrence, but several cases have been

studied cytogenetical1y. Griffin et al. [38] reported a case with the karyotype
46, XY, -21, +t(6p21q), resulting in trisomy of 6p, similar to findings in
cutaneous melanoma. However, molecular studies (see below) suggest that
uveal melanoma and cutaneous melanoma may have different etiologies.

2.3. Molecular analyses ofmelanoma

Two groups have reported results of screening melanomas for loss of
heterozygosity, one in uveal melanoma [39] and the other in nonuveal
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melanoma [40]. The first study examined loci on every autosome and only
found loss of heterozygosity for loci on chromosome 2p. The second study
tested loci on chromosomes 1, 3, 5, 7,10, 13, 15, 17, 18,20, and 22, and found
the overall rate of loss of heterozygosity was 27% and there was no clear
pattern to the losses. Thus the results of molecular analysis mirror those of
cytogenetic analysis in showing that melanocyte transformation is a complex
process.

3. Culture methods

3.1. Dysplasticnevi

Melanocytes derived from dysplastic nevi require other growth factors, in
addition to those present in fetal calf serum [41]. One of the most important
factors is basic fibroblast growth factor [42], which can be substituted by TPA
(12-0-tetradecanoyl-phorbol-13-acetate) in culture. In addition, stimulation
of cyclic AMP is also required, and can be achieved with IBMX (isobutyl
methyl xanthine). When grown in this medium, the cells have a characteristic
dendritic appearance and will undergo several rounds of replication. Figure
1A shows melanocytes in culture, compared with fibroblasts (Figure IC).

3.2. Primary melanoma melanocytes

The growth requirements of melanocytes from primary melanomas fall
between those of melanocytes from dysplastic nevi and metastatic mela
nomas. Some require TPA and IBMX at the same concentrations, while
others will only grow in much lower concentrations (50-90% lower).
Cytogenetic analysis of melanocytes from primary melanomas have rarely
been reported, due in part to the problems associated with establishing the
cells in culture. The morphology of primary melanocytes tends to be bipolar
rather than dendritic, with shorter cellular projections and larger nuclei than
normal melanocytes (not illustrated).

3.3. Metastatic melanoma

Melanocytes from metastatic melanomas are among the easiest cells to
establish in culture. The cells will grow well in media supplemented solely
with 15-20% fetal calf serum. Figure 1B shows the appearance of these
melanocytes in culture. Note the loss of the dendritic form in the majority of
cells, and a more fibroblastlike appearance.

3.4. Pure melanocyte populations

One problem with analysis of cells derived from solid tumors is contamination
of the culture with fibroblasts derived from the stroma of the tumor. From
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Figure J. A. Characteristic appearance of normal melanocytes (derived from foreskin) in
culture. B. Melanocytes from a mestastatic melanoma in culture. C. Fibroblasts growing in a
culture derived from a congenital nevus.

Figure 1 it can be seen that the different cell types can be readily dis
tinguished. Early in the establishment of cultures, fibroblasts can help the
melanocytes to grow. However, for cytogenetic analysis a pure population of
cel1s is preferable. For normal melanocytes and melanocytes from primary
melanomas, this can be achieved by knocking the flask or by vigorous
pipetting. The melanocytes will float off, leaving the fibroblasts behind.
Melanocytes from metastatic lesions are more firmly attached (see Figure 1)
and will not detach as readily. Treatment of the culture will G418 sulfate
(geneticin) for 3 days, fol1owed by washing and reincubation in fresh medium,
wil1 result in fibroblast death within 7-10 days [43].
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4. Results

Cytogenetic analysis can provide two sets of data. The first is the identifi
cation of chromosomal bands that are frequently involved in rearrangement
and may pinpoint the site of gene activation. Other useful information
includes the frequencies and sites of chromosomal duplication or deletion,
which may highlight a region in which a tumor suppressor gene may be
located. In order to try to shed new light on the problems associated with the
data from melanocyte analysis, we present our results in both ways.
We have previously reported results of the analysis of a large series of

Table I. Number of samples showing duplication (dup) or deletion (del) for each autosome arm
observed in four dysplastic nevi (DN) and 14 melanomas (MEL)

p dup q dup p del q del
Chromo ON MEL ON MEL DN MEL ON MEL

I 0 2* 0 7 0 1 0 2*
2 0 0 0 0 0 5 0 4
3 0 4' 0 3' 0 1 0 I
4 0 0 0 0 I 2 1 2
5 0 2 0 I 0 1 0 3'
6 0 4 0 2 0 2 0 8*
7 I 9 I 8 0 0 0 0
8 I 6 0 8 0 1 0 I
9 0 I 0 3 2 9* 2 4
10 0 0 0 0 0 10* 0 8"
11 I 0 I 0 0 6 0 9"
12 0 2 0 2* 0 3 0 4"
13 0 0 0 2 0 0 0 2
14 0 0 0 0 0 0 0 6*
15 0 0 0 I 0 0 0 2
16 0 3 0 3 0 3 I 7
17 0 I 0 2 0 I 0 I
18 I I 0 3 0 3 0 2
19 0 3 0 3 0 2 0 I
20 0 7 1 7 0 I 0 I
21 I I I 2 0 I 0 I
22 0 0 0 7 0 0 0 I

Frequencies equal to 50% or greater are indicated in bold type. 0 indicates ploidy; • indicates not
all of the arm duplicated or deleted.
Chromosome I dup: I line only cent ---> pI3; del: I line only q42 ---> qter.
Chromosome 3 dup: I line only pI3 ---> pter; I line only cent ---> q23, I line only q25 ---> qter.
Chromosome 5 del: 2 lines only q31 ---> qter.
Chromosome 6 del: all breakpoints between cent and qI5.
Chromosome 9 del: 2 lines only p22 ---> pter.
Chromosome 10 del: I line only pl5 ---> pter; del: I line only q24 ---> qter, I line interstitial del

q22.3 ---> q24.1.
Chromosome II del: I line only q23 ---> qter, I line only q2I or q23 ---> qter; I possible interstitial

deletion q21 ---> q23.
Chromosome 12 dup: I line cent ---> q22; del: I line q24.1 ---> qter.
Chromosome 14 del: I line q24 ---> qter, I line q13 ---> qter.
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melanocytes from congenital and dysplastic nevi, primary melanoma, and
metastatic melanoma [31]. An additional five melanoma samples have been
added to the series for this analysis. The three samples from patient 5 of the
previous series were treated as one sample, and loss or gain was included if
observed in 2 of the 3 samples. While additional dysplastic nevi have been
analyzed in the interim, all had normal karyotypes.
Table 1 lists the frequency of loss or duplication of chromosomal material

observed in the karyotypes of patients previously reported and of, five
additional melanoma samples. The results from the melanoma samples are
illustrated in Figure 2. Loss of X and Y chromosomes was not recorded, since
one of these chromosomes is often lost in mitoses from cultures of lympho
cytes of older individuals, and also in many solid tumor samples (typically an
X in females and a Y in males; loss of an X is less common in males).
Additionally, when a sample from a male appears to be triploid, the
karyotype can be XXY or XYY, and when only one X and Yare present,
scoring which has been lost would be guesswork.
From this table it can be seen that several chromosomes are frequently

(50% of samples or more) duplicated in the melanomas analyzed: 1q, 7p, 7q,
8q, 20p, 20q, and 22q. Frequent deletion was observed for the following
regions: 6q, 9p, lOp, lOq, 11q, and 16q. In the dysplastic nevi, the only

lrWl ){ll------
20 11

14 III;

Figure 2. Ideogram showing the rrequency or duplication and deletion or chromosomal material
in 14 melanomas analyzed. Hatched areas above the chromosome represent duplication; solid
areas below the chromosome represent deletion.
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significant deletions observed were of 9p and 9q. Chromosome 7 was only
duplicated, and chromosomes 2, 4, 10, and 14 were only deleted and not
duplicated. Some chromosome regions were duplicated and deleted with
nearly equal frequency: 9q, 12p, 13, 15, 16p, 17, 18q, 19p, and 21.
Figure 3 shows the location of all the breakpoints identified in this series of

melanocyte samples (nevi and melanoma). It can be seen that several
chromosomes have breakpoints clustered in one or two bands. The location
of each breakpoint cluster is given in Table 2.
Most of the breaks occurred in heterochromatin regions that contain

repetitive DNA, around the centromere, and on the short arms of acro
centrics. Some euchromatic breakpoint clusters occur in regions that are

532
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Figure 3. Ideogram showing the location of 163 breakpoints identified in the analysis of four
dysplastic nevi and 14 melanomas. Open dots are nevus breakpoints; solid dots are melanoma
breakpoints.
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Table 2. Distribution of 163 breakpoints observed in melanocyte samples, by chromosome"

Chromosome Total # breaks Number spfc breaksh (%) Band location

1 22 8 (36) 1pl3
2 I
3 10
4 0
5 9 3 (33) 5q33
6 16 6 (37.5) 6ql3
7 16 5 (31 ) 7ql1.2
8 8
9 II 3 (27) 9ql3
10 8
11 13 4 (31 ) IIq23
12 3
13 6 4 (67) I3pll.2
14 6
15 7 4 (57) 15pl1.2
16 I
17 3 2 (67) 17pl3
18 4
19 3 2 (67) 19p13.3
20 2
21 4 3 (75) 21pl1.2
22 9 3 (33) 22q 11.2

X I

"None observed in Y.
hNumber of specific breakpoints (percentage of total in chromosome).

deleted distal to the breakpoint (5q33, 6q13, 11q23). The breakpoint ob
served on 7q leads to the duplication of 7q, while that in 9 leads equally to
deletion and duplication in the melanoma samples. There appears to be
frequent involvement of the short arms of the acrocentric chromosomes,
with the exception of chromosome 14.

5. Discussion

The data presented here, from four dysplastic nevi and 14 melanomas, are
in general agreement with the data from the literature, with two exceptions.
We found few rearrangements involving chromosomes 2 or 3, in contrast to
the report by Pedersen et al. [32,33), and the combined number of break
points in the two chromosomes was lower than that on several other smaller
chromosomes (e.g., 6, 7, 9,11).
In considering the data for identification of the location of a tumor

suppressor gene that must be deleted for transformation, four chromosomes
should be considered: 6q, 9p, lOp and q, and 11q. In each case a high pro
portion of the melanomas showed deletion of these regions. However,
the only region showing similar deletion in the dysplastic nevi is 9p. Thus,
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since dysplastic nevi can be considered precursor lesions for melanoma, we
suggest deletion of a gene or genes on 9p to be a primary event in melanocyte
transformation, though not necessarily sufficient for malignant progression.
Deletion of additional tumor suppressor genes from other shromosomal
regions probably occurs in the order lOp, 11q, and then lOq and 6q equally.
Since there appears to be a breakpoint hot spot in 11q23 , within a region
preferentially deleted, alteration of this region may occur before deletion
of lOp. Activation of an oncogene in Ip13 is also likely to be a contributing
event.

It was recently reported that the addition of a human chromosome 6 to two
melanoma cell lines resulted in the loss of their tumor-forming ability in nude
mice [44]. Chromosome 6 was added to the cells by microcell fusion, and the
resultant hybrids showed different in-vitro growth characteristics from the
parental lines, and in addition failed to form tumors when injected into nude
mice. Tumor-forming ability returned when one of the hybrid lines lost the
fusion chromosome 6. This result is not incompatible with the proposed
sequence of events outlined above. If melanocyte malignancy is the result of
deletion of a number of tumor suppressor genes, the replacement of anyone
of those genes may be sufficient for the loss of tumor formation in nude mice.
Alternatively, the loss of sequences on chromosome 6 may be the final event
that commits the melanocyte to malignancy and metastasis. Further similar
experiments using different chromosomes may clarify these observations.
Parmiter et al. [34,35] have previously suggested that lOq24 ~ q26 is the

site of a gene involved in the early stages of melanocyte neoplasia, based on
their observation of a dysplastic nevus with t(9;1O)(p24;q24), a metastatic
melanoma with t(5;6;1O), and the loss of one or more copies of chromosome
10 in 18 of 58 cases of melanoma [35]. Since one of their cases involves 9p,
it is equally possible that the gene of interest resides in this region. Priest
et al. [45] found 4 of 6 breakpoints on chromosome 9 to be in the short arm
and less than two normal copies of chromosome 9 in the majority of their
samples, which is in agreement with the data presented here. Chromosomes
10 and 11 were less often deleted in their series.
In the molecular screening reported by Dracopoli et al. [40], loss of

heterozygosity for DlOSl (which has been mapped to lOq21-23) was found in
5 of 20 cases. There was no loss of heterozygosity in three cases, and the
remaining samples were uninformative. This result suggests that deletion of
lOq is unlikely to be a primary event in all melanomas, but may be in some.
However, microdeletions of smaller regions of lOq, rather than the total loss
of the region, cannot be ruled out. A later study by the same group [46]
examined six independent metastases from one patient and found loss of
heterozygosity at a locus on 9p in all the samples, suggesting that loss of this
region occurred as an early event. The only other loci showing loss of
heterozygosity in all the samples mapped to the X chromosome, suggesting
that one chromosome X had been lost from the tumor. In this case, the loci
examined on chromosome 10 were uninformative.
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The involvement of the short arms of 4 of 5 pairs of acrocentrics in
rearrangement is interesting, since these are the regions to which the major
rRNA genes have been mapped [47]. The rRNA genes are present in multiple
copies at each location [48], though usually not all clusters are transcrip
tionally active, as determined by silver nitrate staining [47]. Thus, the loss of
two or three sets through translocation is unlikely to disturb the functioning
of the cell. It is interesting that Priest el al. [45] observed a similar pattern
of involvement of the acrocentric short arms, with comparatively few re
arrangements involving 14p.

5. Summary

We have presented data from the cytogenetic analysis of melanocytes derived
from four dysplastic nevi and 14 melanomas. We have confirmed previous
results from melanomas, including the loss of chromosome 6q and duplication
of 1q and 7p. We did not observe an excess of rearrangements involving
chromosomes 2 and 3, but we found frequent deletion of chromosomes 9p,
lOp, lOq, and llq. We observed the loss of chromosome 9 in 2 of 4 dysplastic
nevi, and combining this observation with that from the melanomas suggests
that deletion or inactivation of a gene on 9p may be a primary event in
melanocyte transformation. Other tumor suppressor genes are likely to be
involved in the transformation process, and these are most likely located on
lOp, lOq, llq, and 6q. We observed many rearrangement involving chromo
some band 1p13 and suggest that activation of a gene in that band may
also contribute to the transformation process.
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II

Growth Regulation/Oncogenes



2. Growth factors regulating normal and malignant
melanocytes

Ruth Halaban

I. Introduction

Growth factors and growth factor receptors play a critical role in normal
growth and development, and their aberrant expression and/or activity has
been implicated in neoplastic transformation. A common characteristic of
transformed cells is an acquired independence from environmental growth
factors that are needed for the proliferation of the nontransformed cell. Such
autonomy can be achieved at the level of the growth factor itself, the growth
factor receptor, or molecules involved in the transduction of the mitogenic
signal from the cell membrane to the nucleus. For example, aberrant, un
regulated production of transforming growth factors (TGF-u and TGF-~)

[1-3], platelet-derived growth fator (PDGF) [4,5], interleukins (IL-l, IL-2,
and IL-3) [6-10], and epidermal growth factor (EGF) [11] with an induction
of an autocrine loop was implicated in the maintenance of the transformed
state of the respective target cells. Overexpression of the macrophage-colony
stimulating factor (M-CSF) receptor, the EGF receptor, receptors homolo
gous to the EGF receptor, or mutations that confer constitutive activity on
the receptors have been shown to be oncogenic [12-17]. Several known
retroviral oncogenes, such as v-erb-B, v-erb-A, fms, and neu, are transduced
cellular genes encoding, respectively, the receptors for EGF, thyroid hor
mone (T3 ), macrophage colony stimulating factor (M-CSF), and an as-yet
unidentified ligand [18-26]. Therefore, knowledge of the growth factor
dependency of the normal cell may be a first step in the identification of a
gene or genes expressed aberrantly in the malignant counterpart. Following is
an up-to-date summary of the growth factors that are mitogenic for normal
human melanocytes and their expression in melanoma cells.

2. Basic FGF and normal human melanocytes

Comparisons of the growth of normal and malignant melanocytes in culture
show that melanoma cells continue to proliferate under conditions in which
normal melanocytes remain quiescent or die [27]. Melanoma cells from
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metastatic lesions grow in chemically defined medium in the presence of
common growth factors or in routine, serum-supplemented medium. These
media also support the growth of nontransformed cells other than melano
cytes, such as skin fibroblasts. Normal melanocytes require specific ingredi
ents in addition to common factors present in serum. For a while the only
agent known to support melanocyte proliferation was 12-0-tetradecanoyl
phorbol-13-acetate (TPA) , supplied in conjunction with substances that
increase intracellular levels of cyclic adenosine monophosphate (cAMP),
such as cholera toxin, isobutylmethyl xanthine (IBMX), and dibutyryl cAMP
(dbcAMP) [28-30].
A critical step in the search for regulatory factors that are biologically

significant to melanocytes was the identification of basic fibroblast growth

Table I. The melanocyte mitogen in melanoma-conditioned media is bFGF

Additions

hrbFGF
dbcAMP
dbcAMP + hrbFGF
Melanoma-conditioned media plus dbcAMP

Experiment 1
YU SITI
YU SAC2
YU DAN3
YU WIL4
YU MOL5
YU ZAZ6
SK-MEL23
SK-MEL37
SW-614
WM9

Experiment 2
YU DAN3
YU DAN3 + dbcAMP
YU DAN3 + dbcAMP + anti-bFGF-(1-24)-ab
SW614
SW614 + dbcAMP
SW614 + anti-bFGF-(1-24)-ab

'H-lhymidine incorporation
(cpm/well/3 hr)

19,600
1,450
38,000

1,000
2,000
20,000
2,000
2,800
500
3,800
500

15,600
6.000

1,200
13,000
1,600
2,340
23,000
2,400

Human melanocytes derived from newborn foreskins were seeded in the chemically defined PC-I
medium in 24-well cluster plates (approximately 30,000 cells/well). Additions were 1 ng/ml
hrbFGF (human recombinant basic fibroblast growth factor, Chiron), 1.0 mM dbcAMP
(dibutyryl adenosine cyclic monophosphate), and 3 day PC-! conditioned media from melanomas
diluted 1:1 with fresh PC·! medium. Neutralizing antibodies to bFGF [anti-bFGF-(1-24)-ab],
I: 100 dilution, were added directly to experimental media. 'H-thymidine incorporation was
performed during the last 3 hours of the 24-hour incubation period. Data are the mean of
duplicate wells. Notice that the melanocyte mitogen in melanoma-conditioned media is com
pletely neutralized by anti-bFGF antibodies. Antibodies to plasminogen like growth factor did
not neutralize the mitogenic activity of melanoma conditioned media (data not shown).
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factor (bFGF) as a natural mitogen for melanocytes [31]. In a short-term 24
hour proliferation assay, bFGF alone is sufficient to stimulate normal human
melanocytes [reference 27] (Table 1). This mitogenic action is dependent on
the quality of bFGF, because in general cAMP stimulators are needed for
maximal mitogenicity [27,31]. In long-term proliferation assays, cAMP is
always needed to elicit the mitogenic response of melanocytes to bFGF [31
and our unpublished results]. In situ, bFGF appears to be provided to normal
melanocytes by the immediate neighboring cells, because normal melano
cytes, unlike other cell types that respond to bFGF, do not produce bFGF on
their own [32]. The absence of bFGF in normal melanocytes is seen on both
the mRNA and protein levels. Melanocytes do not produce the bFGF gene
transcript, nor a protein reactive with anti-bFGF-antibodies (Figure 1), or
any other mitogen that stimulates their own proliferation [32]. In contrast,

anti
Control bFGF

II
M N M N

94-"'"
67-

43-

30-

20.1-

14.4-

Figure /. Immunoprecipitated bFGF in melanoma cells. Normal human melanocytes from new
born foreskins (N) and YU SITI metastatic melanoma cells (M) were metabolically radiolabeled
with 35S-methionine for 6 hours. Extracts containing 5 x 107 cpm in TeA perceptible material
were subjected to immunoprecipitation by anti-bFGF-(1-24) (anti-bFGF) or by nonimmune
rabbit (control) antibodies. Immune complexes were resolved in 15% polyacylamide gels (SDS
PAGE), and gels were fluorographed overnight at room temperature. Molecular size markers
(x 103) from top to bottom: phosphorylase b, albumin, ovalbumin, carbonic anhydrase, soybean
trypsin inhibitor, and lysozyme. Arrow points to bFGF.
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other skin cells, such as proliferating keratinocytes and dermal fibroblasts,
produce bFGF and in coculture with melanocytes maintain melanocyte
viability [33].

3. Expression of bFGF in melanoma cells

The majority of metastatic melanomas and some primary melanomas,
particularly those in the vertical growth phase, are independent of melano
cyte growth factors because of self-stimulation through aberrant production
of bFGF [32]. Metastatic melanoma cells in culture produce mRNA species
that hybridize with bFGF eDNA and are similar in size to bFGF mRNA in
other cell types [32]. In addition, melanoma cells, but not normal melano
cytes, express a protein of about 18 kD, precipitated by anti-bFGF-antibodies
(Figure 1). This protein is biologically active because addition of anti-bFGF
antibody neutralizes the mitogenic activity of extracts from cultured mela
noma cells toward normal human melanocytes [31,32]. Melanomas are
known to express a heparin-binding factor that behaves like bFGF [34-36],
and the partially purified melanocyte mitogen in one melanoma cell line
was shown to bind heparin [37].
There is evidence that the melanoma cells depend upon this intrinsic

mitogen because internalized neutralizing anti-bFGF-antibodies inhibit
growth [32]. In addition, antisense, but not sense, oligodeoxynucleotides
targeted against three different sites of human bFGF mRNA inhibit prolifer
ation and colony formation in soft agar of metastatic melanoma cells and
primary melanoma cells from the vertical growth phase [38]. Antisense
oligodeoxynucleotides to nerve growth factor (~-NGF) and insulinlike growth
factor I (IGF-I) mRNA had no effect on melanoma cells [38]. An indirect
evidence for the importance of bFGF in melanomas growth is the finding
that the proliferation of a human melanoma cell line was inhibited by a
monoclonal antibody against the active site of urokinase-type plasminogen
activator (u-PA) [39]. Because bFGF is known to increase the synthesis of
plasminogen activator [40], the inhibition of melanoma growth by anti-u-PA
antibody suggests that bFGF in melanomas acts via induction of this serine
protease.
The self-stimulation of melanoma cells with bFGF cannot be explained

solely by a classical autocrine loop, in which a factor is secreted into the
medium and in turn binds to cell surface receptors. Significant levels of bFGF
were secreted in only 3 out of 10 melanomas tested (Table 1); in the other
cases, the bFGF was cell associated [32,34]. In contrast to classical autocrine
loops [41], the self-stimulation of melanoma cells with bFGF cannot be
inhibited by the addition of bFGF neutralizing antibodies to the culture
medium [32]. Basic FGF lacks a hydrophobic signal peptide that would
facilitate its secretion [42,43], yet the peptide must be released, even from
normal cells, because it is found in vivo in the extracellular matrix (ECM)
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[44,45]. Therefore, it is possible that most of the bFGF produced by mela
noma cells in culture is likewise immobilized to the ECM and may not be
accessible to neutralizing antibodies in the medium. However, other exper
iments, discussed below, suggest that bFGF acts in melanomas through an
intracellular loop of autocrine stimulation. Precedence for this mechanism
exists in the case of v-sis (an oncogene derived by transduction of the
PDGF-B gene by simian sarcoma virus) [41,46-48], granulocyte/macrophage
colony-stimulating factor (GM-CSF), and IL-3 [41,49-51]. The activity of this
internal loop in melanoma cells, involving the binding of growth factor to
internal bFGF receptors, results in suppression of melanocytic differentiated
functions [52]. This internal mode of action is qualitatively different from
that of an external autocrine loop, in which the growth factor binds to cell sur
face receptors and differentiated functions are maintained or even enhanced.
The mechanism by which the bFGF gene becomes expressed in melanomas

is not clear. Basic FGF has been mapped to human chromosome 4 [53], which
is known to not be affected in melanomas [54-56]. Southern blot analysis
suggested that in melanomas the gene is neither amplified nor rearranged
[57 and our unpublished results]. However, one should keep in mind that
expression of bFGF is a normal event in several tissues in vivo, and in a
number of nontransformed cell types in vitro [58], and the expression in
melanoma cells, although aberrant for this cell type, is at least 20-fold lower
than in normal keratinocytes and skin fibroblasts grown in culture [32,33].
Therefore, suppression of bFGF expression in melanocytes might be an
important event leading to their differentiation.

4. Basic FGF receptors

Basic FGF receptor activity in melanomas is critical for proliferation, because
synthetic bFGF peptides that span the receptor binding domain and act as
bFGF antagonists inhibit melanoma cell growth, whereas peptides from
nonrelevant domains have no effect [32]. Internalized anti-phosphotyrosine
antibodies also inhibit melanoma cell growth [32]. Both bFGF and aFGF
receptors have been shown to be tyrosine kinases [59,60]. The presence of a
tyrosine-kinase domain was recently confirmed by cloning of the bFGF and
aFGF receptors [61,62,108-111]. The deduced amino acid sequences showed
an identity of 51-53% between the two FGF receptor kinase regions and
the known tyrosine kinase regions in receptors for PDGF and CSF-1 [61,62,
108-111]. Therefore, the internalized anti-phosphotyrosine antibodies, like
the antagonistic peptides, probably inhibit the growth of the cells through
inhibition of bFGF receptor activity. The mechanism by which the signal
from an activated tyrosine-protein kinase is transmitted to the nucleus is
not yet clear. However, it is possible that the activated receptors migrate to
the nucleus, because the deduced amino acid sequence of the cloned avian
bFGF contains a series of eight consecutive acidic residues that are character-
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istic of nuclear proteins, suggesting that the human bFGF receptor may have
similar properties [61]. In accordance with this hypothesis is the localization
of bFGF to nuclear sites [112]. The combined data suggest that the receptor
ligand complex may migrate to the nucleus and exert its mitogenic stimulus in
a manner similar to that of transactivating factors.

5. Basic FGF in melanocytes of early melanocytic lesions in vivo and in vitro.

A study on the expression of bFGF in normal skin and melanocytic lesions
was recently performed by Scott, Stoler, Sarkar, and Halaban [113]. In-situ
hybridization of a riboprobe for bFGF eDNA to sections of normal skin
showed the presence of bFGF mRNA in basal keratinocytes (Figure 2).
The method did not allow us to determine whether normal melanocytes
in vivo produced bFGF. The data on keratinocytes are in accordance with a
preceding study showing bFGF gene transcripts only in proliferating and not
in stratifying keratinocytes in culture [33]. In the junctional nests of nevic
cells, bFGF mRNA was detected at low levels in benign nevi, with an increase
in expression in dysplastic nevi, while low expression was observed in the
dermal nevic populations of both types of nevi. Medium to high levels of
signal were observed in melanocytes of primary melanomas (Figure 2). If
benign and dysplastic nevi represent lesions with increased potential toward
malignancy, as suggested by Clark and collaborators [63], then one of the
initial events in progression towards an autonomous mode of growth could be
the aberrant expression of bFGF. However, expression of bFGF by itself is
insufficient to confer the malignant phenotype, because melanocytes in
common nevi are not malignant. In fact, in patients with the dysplastic nevus
syndrome who may have as many as 300 nevi, a single cell in only one dys
plastic nevus may give rise to a melanoma. The benign nature of nevus cells
expressing bFGF in vivo is in agreement with results obtained by introducing
a bFGF cDNA clone into normal melanocytes experimentally [52, and
section 6 below].
The low level of expression of bFGF in vivo in nevic melanocytes never

theless affects the behavior of these cells in culture. Although melanocytes
cultured from common and dysplastic nevi generally display complete
dependence on melanocyte growth factors, melanocytes derived from two
dysplastic nevi from a 28-year-old patient, who had a history of cutaneous
melanoma and had the dysplastic nevus syndrome, were able to proliferate in
the presence of only cAMP stimulators (in the absence of TPA or bFGF),
[27]. In addition, the adult melanocytes from nevi have a longer lifespan in
culture than do normal melanocytes and, once growth factors are removed
from the medium, they remain viable for a longer period [27]. These data
suggest that the low levels of expression of bFGF in nevic melanocytes confer
a growth advantage and increased viability under conditions of deprivation
that kill normal melanocytes.
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Figurt 2D.

Figure 2. Basic FGF mRNA in situ. Excisional biopsies were fixed in 10% formaldehyde, pH 7.4,
embedded in paraffin, and sectioned at 4-6 flm. Sections were stained with hematoxylin and
eosin. Wax was partially removed by heating to 62°C for 45 minutes before hybridization.
Hybridization was performed with a riboprobc prcparcd from the 1.4-kb bovine cDNA for bFGF
[42]. The cONA was cloned into the EcoRl site of the RNA transcription vector pGEM 3Z.
Tritium-labeled asymmetric RNA transcripts were synthesized to a specific activity of 3.7 x
lO7 cpm/flg. The 'sense' orientation probe was used as a negative control. Hybridization was
performed under moderate stringency, washed under high stringency, and followed by auto
radiography for 21 days. Left column: Bright field micrograhps. Right column: Dark field
micrographs.
A. Normal skin. Normal keratinocytes and fibroblasts show strong hybridization signal (200x). B.
Benign compound nevus. Epidermal keratinocytes and junctional nevic cell show strong
hybridization signal (200x). C. Dysplastic nevus. Junctionalnevic cell show strong hybridization
signal (200x). D. Primary malignant melanoma. Malignant melanocytes in the epidermis show
hybridization signal (400x).

6. Transformation of a murine melanocyte line with bFGF cDNA and
known oncogenes

Experimental manipulation of normal melanocytes to express bFGF con
stitutively produced results that are in agreement with those described
above with in-situ hybridization. The introduction of bFGF cDNA into the
murine melanocyte line L-BlO.BR via recombinant retroviruses conferred,
as expected, autonomous growth in culture [52]. What was not expected was
the associated loss of alI differentiated functions, including pigmentation,
expression of tyrosinase (the key enzyme in melanin synthesis), the synthesis
of melanosomes, the subcelIular organelles in which melanin is normally
deposited, and loss of dendrite formation. The bFGF-transformed melano
cytes no longer resembled their original counterpart, but rather appeared
like fibroblasts or endothelial cells [52]. In contrast, prolonged exposure of
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normal melanocytes in culture to bFGF or other mitogens, such as TPA and
cAMP stimulators, maintains the cells in a highly differentiated state. In fact,
all substances known to stimulate the proliferation of normal melanocytes
in culture also stimulate the production of melanocyte-specific mRNAs,
tyrosinase, and melanin [64-67]. These observations suggest that differen
tiation of melanocytes is dependent on continuous cell surface stimulation.
Therefore, bFGF produced by the transfected melanocytes probably activates
in large part an internal pool of receptors, which effectively maintains the
pathway to proliferation, but not to differentiation. It is not clear in which
intracellular compartment the endogenous bFGF binds to its receptor since
the receptor is a membrane-bound protein, with its receptor domain pre
sumed to be extracytosolic and bFGF is not [42,43,61,62].
The bFGF-transformed melanocytes did not grow as tumors in syngeneic

or nude mice. Instead, they regained their differentiated functions, including
the ability to produce melanin, and appeared in all respects like normal
melanocytes. Thus, expression of bFGF was sufficient to confer autonomous
growth in culture, accompanied by extinction of differentiated functions, but
did not render the cells tumorigenic. Like the human nevic melanocytes, in
vivo, the growth of the bFGF-expressing murine melanocytes was restrained
by environmental factors whose nature is not yet known.
When L-BlO.BR cells were transformed with ras or neu, the cells grew

as tumors in immunocompetent syngeneic and nude mice, whereas Ela and
myc transformed melanocytes formed tumors only in nude mice [52]. Like
the bFGF transformants in vitro, these cells became independent of growth
factors and displayed a nonmelanocytic phenotype. Transformation by these
oncogenes was not due to activation of bFGF expression, because a melano
cyte mitogen could not be detected in these cells. Inhibition of growth by
factors produced by adjacent cells in a reconstituted skin environment was
evident only in the case of the neu-transformants. Tumorigenicity was sup
pressed when the neu-transformants were cografted with keratinocytes.
Fibroblasts did not have this effect. Thus, the in-vitro transformed melano
cytes demonstrated that tumorigenicity was not solely determined by on
cogenes, but also by the immune response and by growth inhibitors produced
by neighboring cells.
L-BlO.BR melanocytes were not transformed by constitutive expression of

mutated p53 [52]. The absence of p53 transforming ability was not due to a
defect in the recombinant retroviral vector, because the same construct was
able to transform a keratinocyte line [68]. Mutated p53 was recently shown to
be suppressed by wild-type p53, suggesting that the latter is a tumor sup
pressor rather than a tumor promoter [69]. Because in our experiment [52]
the p53-transduced melanocytes became neomycin resistant and expressed
p53 at higher levels than the original cell line, the absence of transformation
may indicate that melanocytes express wild-type p53 and that this gene
product counteracted the tumor-promoting effect of the mutated p53.
The originally homogeneous population of murine melanocytes became
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highly variable in morphology and tumor-forming ability after transforma
tion with oncogenes in vitro. Metastatic melanomas are known to be highly
variable with respect to morphology in culture, and expression of cell surface
antigens and differentiated functions [70]. Therefore, it is possible that the
divergent phenotypes observed in melanomas are due to a diversity in the
genetic events operating in each tumor, in addition to the aberrant expression
of bFGF. Evidence for heterozygosity of DNA at several loci was recently
shown for 24 human melanoma cell lines [55].

7. Transformation ofmurine melanocytes in primary culture

The results described above were obtained with an immortalized melanocyte
line that had already lost the dependency on one growth facor, cAMP. This
cell line has an extra chromosome 6 [71]. When similar experiments were
performed with primary melanocytes at an early passage (P-BlO.BR, passage
6), the outcome was different. These cells incorporated and expressed the
recombinant retroviral genes because they became resistant to geneticin due
to the expression of the viral neomycin gene. However, the infected cells did
not become independent of growth factors and did not loose their melano
cytic phenotype [Dotto, Ghosh, and Halaban, unpublished resultsl. Even the
highly transforming ras oncogene did not confer autonomous growth to
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Figure 3. Kinetics of growth of P-B 10.BR-ras melanocytes. Primary melanocyte cultures trans
formed with ras oncogene were tested after selection (fourth passage) in TAMP-G800 [medium
supplemented with TPA (T), dbcAMP (A), melanotropin (M), placental extract (P). and 800
~g/ml G418 (G)). Test media were AMP (_), TAMP (e), AMP-G400 (0). and TAMP-G400
(400 ~g/ml G418) (0). Notice that the melanocytes grew in the presence of the drug G418.
which is evidence for expression of the viral-neomycine gene. but not in the absence of TPA.
indicating that they did not become independent from melanocyte mitogen.
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Figure 4. Basic FGF levels in bFGF-transformed melanocytes. Mitogenic response of normal
human melanocytes to extract from transfected P-BIO.BR (0) and L-BIO.BR (e) melanocytes.
Extracts were added in PC-l defined medium plus 1.0 mM dbcAMP for 24 hours to cultures of
neonatal melanocytes at the third passage. 3H-thymidine incorporation was performed during the
last 3 hours of incubation. Data present the counts per minute for 3 hours and are the average of
duplicate wells.

primary murine melanocytes (Figure 3). The failure to transform these cells
was probably due to low levels of expression of the transduced genes. The
transformed L-BlO.BR-bFGF melanocytes expressed approximately I5-fold
more biologically active mitogen than the nontransformed P-BlO.BR-bFGF
melanocytes (Figure 4). Therefore, the ability to acquire growth factor in
dependence is a function of the level of expression of the transduced genes.
Immortalized cell lines may be more permissive to transformation because
they allow higher expression of foreign genes.

8. Other melanocyte mitogens

Basic FGF belongs to a family of peptides that share approximately 50%
homology. This family also includes acidic FGF (aFGF) [72] and the secreted
growth factors K-FGF/hst (Kaposi's sarcoma growth factor, which is identical
with the gene product of human stomach tumor) [73-75], int-2 (a cellular
gene activated by the integration of mammary tumor virus) [76], FGF-5 [77],
FGF-6 [78], and keratinocyte growth factor (KGF) [79]. Some of these
factors, i.e., aFGF, K-FGF/hst, FGF-5, and FGF-6, but not KGF, are
mitogenic toward human melanocytes [27,32] (Table 2). Perhaps signifi-
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cantly, the amino acid simularity between the nonmitogenic KGF and the
highly mitogenic FGFs is the lowest [79]. One melanoma out of ten contained
amplification of the linked int-2 and K-FGF/hst genes [80], suggesting that
growth advantage may be acquired by the action of the two respective gene
products.
The mitogenic effect of members from the FGF family on normal human

melanocytes in culture is of special importance, because many other mitogens
have been tested and proven to be ineffective [27]. They include melano
tropin (melanocyte-stimulating hormone), an effective mitogen for murine
melanocytes [71]; adrenocorticotropic hormone (ACTH); other pituitary
hormones; NGF, EGF, TGF-u, and -p, PDGF; JL-l and -2; and others [for
complete list, see 27]. However, the FGFs are only fully mitogenic in the
presence of cAMP stimulators, suggesting the possibility for other natural
mitogens. Recent experiments with known and only recently identified
factors show that such mitogens indeed exist. Morelli et al. [81] showed

Table 2, Other melanocyte mitogens

Additions

Experiment I
hrbFGF
dbcAMP
dbcAMP + hrbFGF
Cell extracts with dbcAMP with and without anti-bFGF-(1-24)-ab

NIH 3T3
NIH 3T3 + anti-bFGF-ab
FGF-5
FGF-5 + anti-bFGF-ab
FGF-6
FGF-6 + anti-bFGF-ab
Melanoma YU SIT I
Melanoma YU SIT I + anti-bFGF-ab
Experiment 2
None
hrbFGF
dbcAMP
hrbFGF + dbc AMP
LTC4
LTC4 + dbc AMP
LTC4 + hrbFGF

'H-thymidine incorporation
(cpm/well/3 hours)

230
1,290
20,200

9,620
4,500
24,700
17,300
50,700
47,000
41,100
1.100

700
3,400
560

24,400
300
4,000
7.100

Additions were I ng/ml hrbFGF (human recombinant basic fibroblast growth factor, Chiron, 1.0
mM dbcAMP (dibutyryladenosine cyclic !J10nophosphate), 100 nM LTC. (Ieukotriene C.), \00
J.lg protein/ml cell extract. and I: 100 dilution of anti-bFGF-(1-24)-ab, FGF-5 and FGF-6 are
fibroblasts transformed with cDNA clones for the respective growth factor. The cell lines were
obtained from Drs. M, Goldfarb and D, Birnbaum, respectively, 'H-thymidine incorporation
was performed during the last 3 hours of the 24-hour incubation pcriod, Othcr dctails are as in
the legend to Table I. Data are the means of duplicate wells, Notice that anti-bFGF antibodies
neutralized only slightly the melanocyte mitogen in extracts from NIH 3T3, FGF-5, and FGF-6
fibroblasts, In contrast, they neutralized all the mitogenic activity in the YU SIT I melanoma cell
extract, confirming that the melanocyte mitogen in melanomas is bFGF,
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that two eicosanoids, the leukotrienes C4 (LTC4) and 0 4 (LT04), stimulate
human melanocyte proliferation when supplied in keratinocyte growth
medium that contains pituitary extract. Because pituitary extract is rich
in bFGF [58], these results suggest that the two leukotrienes acted syn
ergistically with bFGF. Indeed, in our hands, LTC4 stimulated normal
human and murine melanocytes only when supplied with either dbcAMP
or bFGF (Table 2). Eicosanoids are inflammatory mediators and therefore
might be responsible for postinflammatory hyperpigmentation, as suggested
by Morelli et al. [81].
The recently discovered plasminogen-like growth factor (PLGF) [82],

which does not belong to the FGF family, is also mitogenic to normal human
melanocytes [Halaban, Rubin, and Aaronson, unpublished]. PLGF, isolated
and cloned from M426 human embryonic lung fibroblasts, is distinct from
keratinocyte growth factor (KGF), cloned from the same cell line [79], as well
as from FGF. PLGF stimulates cells of epithelial origin, such as hepatocytes
and endothelial cells, but not fibroblasts. It is mitogenic toward melanocytes
in a 24-hour stimulation assay when supplied by itself, but its potency is
increased synergistically in the presence of dbcAMP or bFGF. PLGF, like
bFGF, stimulates a tyrosine-kinase [82]. These results suggest that activation
of at least one tyrosine-kinase at the cell surface is needed for full stimulation
ofmelanocytes and that, in vivo, the synergism between bFGFand leukotrienes
or PLGF may lead to melanocyte proliferation.
Some melanomas express growth factors other than those from the FGF

family, such as POGF [83], TGF-a [84,85], TGF-~ [84], melanoma-derived
growth factor (MGSA) [86], IL-1 [87], and as-yet unidentified factors that can
stimulate fibroblasts or melanoma cells [84, 88]. Interestingly, cells from some
nevi with abnormal karyotype also produced a secreted factor that stimulated
a melanoma cell line [88]. However, as indicated before, none of these factors
is mitogenic for normal human melanocytes and, in contrast to bFGF [32],
no evidence has been provided that their activity is needed for melanoma
survival. In addition, normal melanocytes and most melanoma cell lines do
not express receptors for POGF [83] or TGF-a [89], the latter being identical
with the EGF receptor. Therefore, the other mitogens produced by mela
noma cells may not act as autocrine growth factors, but rather as paracrine
factors affecting neighboring cells. Evidence for a paracrine function for
TGF-a was suggested by a case report of a patient with acanthosis nigricans
secondary to a cutaneous melanoma [85]. In this case, it appeared that TGF-a
was secreted by the cutaneous melanoma and, in turn, promoted the develop
ment of acanthosis nigricans [85].

9. Concluding remarks and a look to the future

This chapter had as its focus the growth factors and growth factor receptors
that are important for the proliferation of normal and malignant melanocytes.
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We demonstrated that optimal growth in culture of normal melanocytes
requires the synergistic stimulus of two growth factors, one being from the
FGF family. Basic FGF was shown to be produced in skin cells in vivo and in
vitro. Activation of tyrosine-kinases in melanocytes is probably important for
proliferation, because activation of the receptors for two of the known growth
factors, bFGF and PLGF, also activates tyrosine kinases. The constitutive
activation of one of these receptors, for bFGF, was shown to be required but
not sufficient to cause melanomas. Interestingly, the dominant oncogene Tu
in Xiphophorus hybrids was recently identified as a gene encoding a novel
receptor tyrosine kinase that is closely related to the EGF receptor [90].
Factors are produced by the environment that either promote or inhibit the

growth of transformed melanocytes. Preferential metastasis to the liver was
shown to be the result of a melanoma growth factor produced by hepatocytes
[91], and the existence of a melanoma inhibitor in certain human myofibro
blast lines has also been documented [92]. Interferons, tumor necrosis factor,
and TGF-~l and TGF-~2 are known to restrain normal cell proliferation [93].
Interferons that are used to treat patients with melanomas might be among
the inhibitors produced by keratinocytes. One mechanism by which meta
static cells might escape environmental restraints is failure to express the
relevant receptors. This was shown in the case of retinoblastoma cell lines
that had lost the receptors for TGF-~1 [93]. Future research will probably
identify the natural growth promoters and inhibitors for melanomas, and may
reveal the mechanism by which melanocytes escape environmental control.
The failure of transduced oncogenes to transform primary melanocytes

suggests the existence of suppressing factors in normal cells. The existence of
tumor suppressor genes was shown more than a decade ago by the study of
hybrids made from malignant and normal cells [94-98]. In hybrids in which
the full chromosomal complement of the parental cells was preserved,
malignancy was dominantly suppressed [94-98]. Similar results were obtained
in hybrids between melanoma cells and fibroblasts that showed, in addition,
suppression of differentiated functions [99-101]. Further support for the
presence of a melanoma suppressor gene is the frequent deletion or loss
of heterozygosity at chromosomal locations Ip 6 and 7 in melanomas and
suppression of tumorigenicity by transfer of normal chromosome 6 into
melanoma cells [54,114]. It appears that this region contains a dysplastic
nevus/malignant melanoma susceptibility gene [102], although more recent
studies have not confirmed this observation [115,116]. The cloning and
characterization of the retinoblastoma susceptibility gene and the demonstra
tion that this gene acts as a tumor suppressor is one of the most exciting
events in the field of tumor biology [103-106]. The identification of such
genes in melanocytes will further clarify the mechanism by which normal
melanocytes resist becoming malignant.
Knowledge of the importance of bFGF receptor activity in melanomas may

be used to devise new drugs for therapy. The drugs can be directed toward
blocking the binding of FGF to the receptor or to inhibit the tyrosine-kinase
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actIvity. There is a precedence for such an approach. For example, low
molecular weight tyrphostins have been developed that inhibit the tyrosine
kinase of the EGF receptor more effectively than that of the insulin receptor
by three orders of magnitude [102]. These substances inhibit the proliferation
in culture of a carcinoma cell line expressing high levels of EGF receptors
[107]. The melanocyte growth factors can also be covalently linked to a drug.
The efficacy of such drugs for melanocytes would be determined by the
expression of the receptors in vivo.
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3. Cytokines and Human Malignant Melanoma
Immuno- and Growth-Regulatory Peptides
in Melanoma Biology

A. K6ck, T. Schwarz, M. Micksche, and T.A. Luger

1. Introduction

The incidence of malignant melanoma has dramatically increased worldwide
during the last decade, and no effective treatment modalities exist for
advanced stages of this malignancy [1]. Therefore new therapeutic strategies
need to be developed [2]. Accordingly, it seems to be of great importance to
elucidate the biology of this fatal skin disease in order to discover new
treatment modalities that interfere with the growth behavior of malignant
melanoma.
Evidence exists that immunological factors play an essential role in the

biological behavior and therefore in the clinical course of malignant mela
noma. The phenomenon of spontaneous tumor regression [3], as well as the
occurrence of metastatic lesions, even 10 years after initial radical surgery of
the primary tumor, emphasize the importance of immune mechanisms in the
control of this disease. Furthermore, dense lymphocytic infiltrates detected in
many, but not all, primary and metastatic nodules, and the recent finding that
these tumor infiltrating lymphocytes can be activated to potent killer cells
for therapeutic use supports the notion that immune reactions are actively
involved in the defense mechanisms against malignant melanoma [4].
The question of whether soluble mediators released by melanoma cells

influence the immune reactions or whether tumor cell derived growth factors
influence the clinical behavior of this disease has not yet been clearly eluci
dated. In the present review, we will focus on cytokines and growth factors
produced by melanoma cells and their importance for growth behavior of
human malignant melanoma, both in vitro and in vivo. Furthermore, the
potential clinical use of recombinant cytokines and growth factors will briefly
be discussed,

2. General aspects of cytokines

Cytokines are multifunctional and multitargeted soluble factors that play an
important role in the mediation of inflammatory and immunologic reactions
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[5]. There is ample evidence that most nucleated cells exhibit the capacity to
release at least some of these mediators [6]. Cytokines may not only function
locally at the site of release, but may also gain access to the circulation and
thus cause systemic effects, e.g., modulation of immunity and inflammation,
either in a stimulating or depressing manner [7]. Since several transformed or
neoplastic cells have turned out as potent cellular sources for cytokines, the
question of whether melanoma cells release such mediators and how that
relates to the immune response has raised great interest within the last years.
Cytokines or peptide regulatory factors are (glyco) proteins that bind to

specific receptors and influence activation, proliferation, and differentiation
of both immune and nomimmune cells. Originally these hormonelike
substances were thought to be exclusively released by lymphocytes, and their
effect was thought to be confined only to immune cells, therefore the term
lymphokines was used [5]. However, it turned out that, not only other
immune cells, such as macrophages or granulocytes, but also many other
cells, such as fibroblasts, endothelial cells, and epithelial cells, including
keratinocytes and stroma cells, exhibit the capacity to release these regulatory
factors [8]. They originally were described according to their biological
activity detected in cell culture supernatants. Since most cells simultaneously
release several factors that can sometimes affect the same target cell in a
stimulating or suppressive manner, it turned out to be difficult to isolate these
mediators by biological and biochemical methods. Recently, due to new
molecular biology techniques, great progress has been achieved in identifying
the structure and the gene of most cytokines. Moreover, several cytokines are
now produced by recombinant DNA techniques and can be provided in
sufficient quantities for use as biological response modifiers (BRM) in clinical
trials.
All cytokines exhibit pleiotropic biological activities affecting the same

or different target cells that express specific cell membrane receptors. In
addition, several of these factors can regulate their own release and/or that of
other mediators as well as cytokine receptor expression. Accordingly, there is
strong evidence for a network of interacting cytokines maintaining a proper
balance of immune reactions under physiological conditions. Pathological
events, however, may induce the release of some mediators, which by them
selves stimulate or inhibit the production of other factors. The activation
of this cytokine cascade might be an initial event in pathological reactions and
in the manifestation of clinical symptoms.
Due to their multiple and overlapping biological activities, it is impossible

to classify cytokines according to simple schemes. The interferons (IFNa, ~,
Y), interleukin (IL)-6, and tumor necrosis factor (TNF) were originally
categorized in the group of factors with antiviral activity [9-11]. Recently,
however, it turned out that the antiviral effect of IL-6 and TNF may be
indirect due to the induction of the release of IFN (12]. In addition, IL-1,
IL-6, and TNF may play an important role in the mediation of inflammatory
reactions and of an acute-phase response [13-15]. Colony stimulating factors
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(CSF) induce the differentiation and proliferation of both bone marrow and
of mature blood cells and include interleukin-3 (IL-3), granulocyte/macro
phage-CSF (GM-CSF), granulocyte-CSF (G-CSF), and macrophage-CSF
(M-CSF) [16]. Primarily T-cell-derived factors are IL-2, IL-4, IL-5, and IL-7,
and these factors play an important role in T- and B-cell activation [17].
Recently, a group of related chemoattractant factors, mainly activating
neutrophils, has been characterized and collectively called IL-8 [18].
Currently increasing interest has been raised by another group of mediators,
the suppressor factors or anti-cytokines. These, at the moment, are not very
well characterized factors that inhibit the biological activities of several
cytokines, thus functioning in an antagonistic way [19]. Growth factors that
mainly control cell proliferation include epidermal growth factor (EGF),
transforming growth factor (TGF) , fibroblast growth factor (FGF), and
platelet derived growth factor (PDGF) [20]. These factors play an important
role in the induction and maintenance of malignant cell growth.
The following chapters will focus on cytokines, such as IL-l, IL-6, and

growth factors that are known to be produced by melanoma cells (Table 1)
or melanocytes, and/or whose release, even if by other cells, may have
important implications in the pathogenesis and biological behavior of
malignant melanoma.

3. Immunoregulatory cytokines produced by melanoma cells

3.1. lnterleukin-l (IL-1)

Interleukin-l originally has been described as a lymphocyte activating factor
that is released only by monocytes [21]. Later it became evident that a variety
of previously described soluble products exhibited the same biological as well
as biochemical characteristics, and therefore the term interleukin-1 was
introduced [22]. Moreover, it turned out that, in addition to monocytes, a
variety of cells, including endothelial cells and keratinocytes, can produce this
multifunctional mediator [23,24]. Both in the human and murine systems, two
different forms of IL-l - IL-la and IL-l~ - have been found [25-27].
Although there is only 30% amino acid homology between the IL-l subtypes,
both share the same spectrum of biological activities and bind to the same
receptor with equal affinity [25]. Both IL-l forms are produced as 31-kD
precursor peptides, which subsequently, through the action of specific
proteases, have to be cleaved into the 17-kD molecules. Whereas both IL-la
peptides are biologically active, the 31-kD IL-l~ precursor lacks any bio
logical activity [28]. In contrast to macrophages that produce mainly IL-l~,

the major IL-l species released by keratinocytes is IL-la [28]. IL-l is a
multifunctional cytokine, and one of its first functions described was its
capacity to activate lymphocytes and to stimulate the proliferation of thymo
cytes in response to mitogens [21 ,29]. IL-l is not directly mitogenic for
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T-Iymphocytes, but it induces the production of cytokines such as IL-2, IL-4,
IFNy, and CSF, and the expression of IL-2 receptors, thus functioning as a
second signal in T-cell activation [30]. Through enhancing the effects of B-cell
factors, such as IL-4, IL-5, and IL-6, it also may influence B-cell growth and
differentiation indirectly [31]. Macrophages are activated by IL-l in an auto
crine fashion to synthesize prostaglandin Ez, to produce cytokines, and to
increase their cytotoxic activity [23,29]. IL-l stimulates fibroblasts to proli
ferate, to produce collagen, and to release prostaglandins and other cytokines
[32]. Under the influence of IL-l, endothelial cells release platelet activating
factor, endothelial cell procoagulant activity, and plasminogen activator
inhibitor, and express higher amounts of intercellular adhesion molecule-l
(ICAM-l) on their surface, which supports adherence of neutrophils, mono
cytes, and lymphocytes to endothelial cells [33-35]. Moreover, IL-l induces
fever, causes metabolic changes, hypalbuminemia, proteolysis, and increased
production of acute-phase proteins, such as fibrinogen, C-reactive protein,
and serum amyloid A [36]. Recently, it was observed that IL-l induces the
release of hypothalamic and pituitary gland hormones, including endorphins,
corticotropin releasing factor, ACTH, somatostatin, and melanocyte stimu
lating hormone (MSH) [37,38]. IL-l also upregulates MSH receptor ex
pression on melanocytes and melanoma cells, as well as melanin production,
in the presence of MSH [38]. The observation that MSH blocks the biological
activity of IL-l supports the concept of a self-regulatory feedback mechanism.
Since epidermal cells, in particular keratinocytes, were one of the first

cells discovered that did not belong to the macrophage/monocyte lineage that
were able to release IL-l [23], and since IL-l has been found in significant
amounts within the epidermis, it also appeared to be of interest to investigate
whether melanocytes and melanoma cells can produce this mediator [39].
Initially a thymocyte and fibroblast proliferation augmenting activity was
demonstrated in melanoma-cell-derived supernatants, which according to its
biochemical characterization could not be separated from IL-l [40]. This was
further confirmed by neutralizing studies using IL-la-specific antibodies and
by immunoprecipitation. Upon HPLC chromatofocusing, a major peak at pH
5.0, corresponding to IL-la, and a minor one at pH 7.0, probably due to
IL-1P, was observed. These biological data were also confirmed at the molec
ular level; Northern blot analysis demonstrated the expression of mRNA
encoding for IL-la (Figure 1) [39] and, though in minor amounts, also for
IL-IP [41]. Therefore, as with keratinocytes, the major form of IL-l pro
duced by melanoma cells appears to be IL-la. It has not yet been determined
whether these cells exhibit the capacity to release the specific protease that
cleaves the IL-IP precursor into the active 17-kD molecule. There is an
obvious heterogeneity within different melanoma cell lines concerning the
ability to produce IL-l. The constitutive release in most melanomas is quite
low, but can be significantly upregulated by various stimuli such as tumor
promotors, Iipopolysccharide (LPS), a streptococcus pyogenes preparation
(OK432), silica, hydroxyurea, and other cytokines [39,40]. Detection of
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2.2. kb-

1 2 3
Figure 1. Northern blot analysis of the expression of IL-Ia in human melanoma cells. KRFM
cells were incubated for 12 hours without stimulus (lane 1) or in the presence of PMA (50 nglml,
lane 2) and rhIL la (5 U/ml, lane 3), respectively. For Northern blot analysis of total cellular
RNA (20 Ilg) a 32P-labeled cDNA probe encoding for IL-la was used. (Reprinted from J. Natl.
Cancer Inst. 81:36-41 (1989) with copyright permission from Editorial Office, R.A. Bloch
International Cancer Information Center, Bethesda, MD.)

enhanced expression of IL-l-specific mRNA after cell treatment demons
trates, that these stimuli affect IL-l production not only at the protein, but
also at the gene level (Figure 1) [39].

3.2. InterLeukin-6 (IL-6)

IL-6 is a multifunctional cytokine that was discovered independently by
various groups and was described according to the respective biological
activities under various names, such as B-cell stimulatory factor-2 [42],
interferon ~2 [9], hybridoma growth factor [43], hepatocyte stimulating fac
tor [44], macrophage granulocyte inducer-2 [45], and 26-kD protein [46].
Macrophages and fibroblasts were originally regarded as the predominant
cellular source of this cytokine, however, soon other cells, including
endothelial cells, keratinocytes, as well as carcinoma and myeloma cell lines,
were demonstrated to exhibit the capacity to release this mediator [47-49].
The constitutive production of IL-6 in general is quite low, but can be
significantly upregulated by inflammatory cytokines such as IL-l, TNFa,
PDGF, and IFN [50]. In addition, tumor protomors, LPS, different viruses,
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abnormal nucleic acids, and UV-Iight are potent inducers of IL-6 synthesis
and release [50,51].
IL-6 is an important mediator of B-cell growth and differentiation [52]. It

induces the proliferation of murine hybridoma/plasmacytoma cell lines and
EBV-transformed B-cell lines [53,54], and it enhances immunoglobulin
production in activated B-cells and B-Iymphoblastoid cell lines [55]. More
over, IL-6 may also influence T-cells functioning as a second signal [56] and
stimulate indirectly NK cells via inducing the release of IL-2 [57].
IL-6 is also regarded as a mediator of the acute-phase response, since it

enhances the production of acute-phase reactants, such as CRP and chy
motrypsin, and induces hypalbuminemia [58]. In addition, IL-6 has been
identified as one of the endogenous pyrogens, since injection of IL-6 into
rabbits and dogs, respectively, results in fever [59]. These observations are
also confirmed by recent findings demonstrating significantly enhanced IL-6
serum levels in patients with severe burns [60], septicemia [61], extensive
psoriasis [62], after intense UV-exposure [63], and following the injection of
endotoxin [64].
The role of IL-6 in the pathogenesis of malignant diseases is still contro

versial, since several tumors exhibit the capacity to release IL-6 and since
some neoplastic cells, such as distinct myeloma cell lines, require IL-6 as an
autocrine growth factor [65]. Recent observations also demonstrate that IL-6
stimulates pheochromocytoma cell lines to differentiate into neurite ex
tending cells and to express several protooncogenes at a higher level [66]. On
the other hand, IL-6 affects certain fibroblasts and tumor cell lines in an
antiproliferative manner [67]. This antiproliferative effect was also demon
strated in breast ductal carcinoma cells; however, it is associated with a
disaggregation of cell colonies and an increase in cell motility [68]. How these
findings relate to the capacity to metastasize remains to be determined.
Considering these latter observations, it appears to be of interest whether

or not IL-6 may have similar effects on melanoma cells and whether or not
melanoma cells release IL-6. Recently, two melanoma cell lines were
screened for IL-6 production. Using a hybridoma cell growth assay, IL-6
activity was detected in only one cell line after stimulation with PMA [69].
This was also confirmed by Northern blot analysis, which demonstrated no
constitutive IL-6 mRNA expression, but significant amounts after treatment
with PMA. As with IL-l, there seems to be a heterogeneity within different
melanoma cell lines regarding the capacity to produce IL-6. Preliminary
observations also indicate that normal human melanocytes release IL-6 after
stimulation (unpublished observations).
Previously, it was observed that melanoma cell lines that are similar to

keratinocytes release a mediator that activates NK cells and that is distinct
from IL-l, IL-2, or IFNy, and therefore is called epidermal-cell-derived
natural killer cell factor (ENKAF) [70,71]. Since both keratinocytes and
melanoma cells produce IL-6, and since IL-6 activates NK cells, it appeared
to be likely that ENKAF and IL-6 are identical. This was further confirmed
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by the recent finding that ENKAF activity can be blocked by IL-6 antibodies
[71].

3.3. Interleukin-8 (IL-8)

Recently, a new group of related human-monocyte-derived mediators that
are chemotactic for neutrophilic granulocytes was isolated, purified, se
quenced, and cloned by several groups and named neutrophil activating
factor (NAF) [72], neutrophil activating peptide (NAP) [73], and monocyte
derived neutrophil chemotactic factor (MDNCF) [74]. Currently, in accord
ance with the cytokine nomenclature, this mediator has been termed IL-8
[18]. The sequence of IL-8 shows strong homology to previously charac
terized mediators, such as platelet basic protein [75], ~-thromboglobulin [76],
platelet factor-4 [77], IFNy-inducible protein (IPlO) [78], v-src inducible
protein [79], and melanoma growth stimulatory activity (MGSA) [80].
IL-8 is able to evoke all responses observed in chemotactically activated

neutrophils. It induces the release of storage enzymes, produces reactive
oxygen metabolites, increases cytosolic free Ca2

+, activates the respiratory
burst, and induces granule exocytosis [18]. IL-8 acts via specific cell surface
receptors, which appear to be distinct from those of CSa , f-Met-Leu-Phe,
PAF, and LTB4 [81], and appears to be very selective, since it does not
stimulate phagocytes, platelets, and fibroblasts. However, in addition to its
neutrophil-activating capacities, IL-8 was recently shown to function as a
chemotattractant for T-lymphocytes and epidermal cells [82,83]. IL-8 is
not species specific, and intravenous injection induces granulocytosis and
intradermal application results in a massive infiltration by neutrophils and
lymphocytes [84].
IL-8 was originally described as a product of monocytes, which release

this factor upon appropriate stimulation, including LPS, PMA, Con A, IL-l,
TNFa, or IFNy [72,78]. Recently, however, it was found that fibroblasts,
hepatocytes, and endothelial and epithelial cells release IL-8 [73,74,85].
Keratinocytes also appear as a source for this cytokine, since chemotactic
peptides obtained from psoriatic scales are identical to IL-8 [85,86].
A protein derived from human melanoma cells that stimulates the growth

of melanoma cells was previously isolated and called melanoma growth
stimulating activity (MGSA) [87,88]. Recently, MGSA was cloned [80] and
turned out to be structurally similar to IL-8 and to exhibit 50% sequence
homology with IL-8 [89]. In addition, the human MGSA gene was mapped to
chromosome 4, a region that also contains the genes for platelet factor-4,
IP-lO, and IL-8 [80]. MGSA mRNA was detected in a variety of cell types,
including melanoma cells; the level of MGSA mRNA in these cells was
strongly enhanced by treatment with MGSA [80]. Therefore, it may function
as an autocrine growth factor for melanoma cells. The relation between
MGSA and IL-S recently became more obvious, since it was demonstrated
that MGSA is a neutrophil activator and that a minor neutrophil enzyme
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releasing activity purified from LPS-treated macrophages was due to MGSA
[89].
Considering the similarity between MGSA and IL-8, the question arises as

to whether melanoma cells can produce IL-8. Recent observations from our
laboratory and others indicate that melanoma cells do produce IL-8 which
has been demonstrated both at the protein and the mRNA level (124; C.
Zachariae, Arhus, personal communication). However, it is not yet clear
whether IL-8 similar to MGSA stimulates its own production, as well as
melanoma cell proliferation, thus functioning as an autocrine growth factor.

4. Growth regulatory peptides produced by melanoma cells

4.1. Hematopoietic growth factors

Cytokines affecting hematopoiesis were named colony-stimulating factors
(CSF) according to their capacity to induce colony formation in soft agar
cultures. These factors include interleukin-3 (IL-3), granulocyte-colony
stimulating factor (G-CSF), macrophage-colony stimulating factor (M-CSF),
and granulocyte/macrophage-colony stimulating factor (GM-CSF) [16,90].
IL-3, also called multi-CSF, and GM-CSF, stimulates the growth of multi
lineage colonies containing erythrocytes, granulocytes, monocytes, and
megakaryocytes, whereas G-CSF mainly induces colonies of neutrophils
and M-CSF that are primarily monocytes [91].

4.1.1. Interleukin-3. Human IL-3 is a highly glycosylated molecule exhibiting
molecular weight heterogeneity between 14 kD and 28 kD. IL-3 and GM-CSF
have overlapping and synergistic activities, IL-3, however, is more effective
in stimulating more primitive progenitors. In addition, IL-3 is a potent growth
factor for colonies containing basophils and mast cells. T-Iymphocytes have
been regarded as the only cellular source for IL-3. Recently, however,
mRNA encoding for murine IL-3 has been detected in murine keratinocyte
cell lines, and a mediator stimulating the proliferation of IL-3-dependent cell
lines has been observed in supernatants of murine epidermal cells [92,93]. In
contrast to the murine system, it was not possible to detect IL-3 mRNA
expression in human keratinocytes, supporting the concept that T-cells are
the only source for human IL-3. Recently, however, we were able to demon
strate that supernatants derived from the human melanoma cell line
KRFM significantly enhanced the proliferation of the IL-3- and GM-CSF
dependent cell line AML193 [94]. This activity could be blocked only partially
by the addition of an anti-GM-CSF antibody, while the combination of anti
IL-3 and anti-GM-CSF completely suppressed the melanoma-mediated
AML193 cell proliferation. This indicates that KRFM cells, in addition to
GM-CSF, produce an IL-3-like mediator. Upon HPLC gel filtration and
Western blot analysis, KRFM-derived IL-3 exhibited a molecular weight of
approximately 17 kD. Northern blot analysis using a human IL-3 cDNA
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probe revealed that non stimulated melanoma cells expressed low levels of
IL-3 mRNA, which were significantly upregulated by tumor promoters.
These findings represent the first observation of a 'non-T-cell' being able to
synthesize and release human IL-3.

4.1.2. Granulocyte macrophage colony stimulating factor. Similar to IL-3,
GM-CSF exhibits a wide spectrum of biological activities: It supports the
proliferation of macrophage, eosinophilic, and neutrophilic colonies and is
able to support, in synergy with erythropoietin, the proliferation of eryth
rocyte and megakaryocyte progenitors. Moreover, GM-CSF enhances the
activity of mature granulocytes and monocytes [95]. In contrast to IL-3,
the production of GM-CSF is not confined to T-cells, but has been
demonstrated in monocytes, fibroblasts, and endothelial cells [15]. Recently, it
was shown that keratinocytes may also function as a source for GM-CSF [96].
The release of this factor by keratinocytes may be of major relevance in vivo,
since GM-CSF currently has been identified to support the maturation of
epidermal Langerhans cells into potent immunostimulatory dendritic cells
[97].
Since melanoma-derived supernatants supported the proliferation of the

GM-CSF and IL-3-dependent cell line AML193, and since this activity could
be partially blocked by anti-GM-CSF antibodies, it was obvious that
melanoma cells, in addition to IL-3, also release GM-CSF [98]. This was also
confirmed at the molecular level, demonstrating that melanoma cells express
mRNA encoding for GM-CSF. Similar to other cytokines, the constitutive
production was minimal, but could be enhanced significantly by treating cells
with PMA.

4.2. Tumor growth factors

Polypeptide hormones known collectively as growth factors have raised much
interest since some of these mediators have been shown to affect the growth
of malignant and nonmalignant cells in vitro, suggesting a possible role in
the control of neoplastic proliferation [99].

4.2.1. Transforming growth factors (TGF) and epidermal growth factor
(EGF). EGF was the first growth factor discovered, when salivary gland
extracts injected into newborn mice were found to induce earlier eyelid
opening [100]. This 53-amino acid single chain peptide is also involved in the
control of gastric acid secretion and enhances normal cell growth and repair
processes [101,102]. The search for cancer-specific factors that induce a
transformed phenotype in normal cells led to the discovery of TGFa, which is
closely related to EGF, but, however, is released in abnormal amounts by
some tumor cells. TGFa was first isolated from virus-transformed rat cells and
from a human melanoma cell line [103]. Although there is only partial
sequence homology, EGF and TGFa bind to the same receptor [104]. TGFa
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has been reported to be a more potent angiogenic factor than EGF and to be
more effective in the induction of osteoclasts [lOS]. EGF and TGFa are
essential for the ability of normal epithelial cell clones to grow. Human
keratinocytes express specific high-affinity receptors for EGF, suggesting an
important role of EGF and TGFa in the promotion of wound healing, which
recently has been confirmed by clinical studies [106,107].
Another peptide in the crude growth factor preparations was isolated that

had growth-promoting activity only in the presence of EGF. This factor,
called TGF~, was purified and subsequently shown to either stimulate or
inhibit cell proliferation, depending on the experimental conditions [108].
TGF~ does not interact with the EGF receptor and has no relationship with
TGFa, except for the fact that both factors were detected in the same
supernatant preparations. TGF~ is a homodimer and exhibits a molecular
weight of 25 kD. There are three known forms of TGFp - TGF~I, TGFp2,
and TGFp3 - resulting from homodimeric or heterodimeric combinations of
subunits [109]. Besides its bimodal effect on cell proliferation, TGFp blocks
adipogenesis, myogenesis, and hematopoiesis; promotes chondrogenesis;
and stimulates the expression of fibronectin and collagens in fibroblasts. In
addition, TGFp recently turned out to be a potent immunosuppressor that
was blocking the biological activity of IL-l and IL-3, suggesting a possible
role in the downregulation of the immune response [110,111].

TGFa usually is produced by retrovirally transformed cells, by most human
tumor cells, and even by some normal cells, e.g., keratinocytes [112,113].
Initially TGFa was isolated and characterized from a human melanoma cell
line [103]. It was later demonstrated that melanoma cells also release TGF~,
which was isolated in melanoma cell supernatants by its activity in inducing
loose, dispersed colonies in rat kidney fibroblasts [114]. Recently, the
production of TGF~1 by melanoma cells was also detected at the transcrip
tional level [115]. Since melanoma lines appear to be a source for trans
forming growth factors, it may be possible that these mediators function in
an autocrine or paracrine manner. Accordingly, the transforming activity
found in melanoma supernatants characterized by the stimulation of
anchorage-independent growth of fibroblasts appears to be due to TGFa,
while induction of the anchorage-dependent growth of melanoma cells is due
to MGSA [88].

4.2.2. Platelet-derived growth factor (PDGF). PDGF was first isolated from
platelets [116]. It is a 30-kD molecule consisting of two peptide chains,
termed A and B, which are approximately 60% homologous with one another
in terms of their amino acid sequence. The B-chain is encoded by the c-sis
protooncogene, the human homologue of the oncogene encoded by the
simian sarcoma virus [117]. Most of PDGF purified from human platelets
consists of PDGF-AB, and the remainder is principally PDGF-BB, together
with small amounts of PDGF-AA [118]. PDGF induces several biological
effects on cells by binding to specific cell surface receptors [119,120]. These
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receptors consist of two subunits, a and ~, and each PDGF monomer binds to
one receptor subunit; binding studies, however, show that the a subunit can
only associate with PDGF-B. Since the detection of PDGF in platelets, it has
been observed that both PDGF chains can be produced by many other cells,
such as macrophages, endothelial cells, smooth muscle cells, and keratino
cytes [120-122]. In addition, many transformed cells, e.g., cells derived from
colon carcinomas, hepatomas, and bladder carcinomas, can release either
PDGF-AA or PDGF-BB. Some of these cells express PDGF receptors to
which PDGF secreted by the same cell can bind, and thus cause tumor
expansion in an autocrine manner. Other tumor cells have no receptors but
can secrete PDGF, which may affect surrounding connective tissue cells,
inducing fibrosis and stroma proliferation. PDGF production can be induced
by various stimuli, including cytokines such as IL-1 or TGF~ [118].
Similar to other growth factors, the biological effects of PDGF are

pleiotropic [119]. PDGF has been shown to induce the generation of
eicosanoides, to modify connective tissue matrix formation, and to be
chemotactic for fibroblasts and smooth muscle cells. PDGF is directly
mitogenic for cells expressing PDGF receptors such as fibroblasts, vascular
smooth muscle cells, glial cells, and chondrocytes. In addition, it enhances
indirectly the proliferation of antigen-specific T-cells and MHC class II
antigen expression on accessory cells.
Involvement of PDGF in human malignancy is suggested by the finding of

expression of the sis-oncogene and/or production of PDGF-like activity in a
number of human cell lines, including those of neural crest origin [117].
Therefore, various melanoma cell lines were tested for their capacity to
produce PDGF. PDGF receptor competing activity was first observed in
melanoma-cell-derived supernatants, but not in melanocyte-conditioned
medium, suggesting that melanoma cells can produce PDGF [123]. These
data were recently confirmed by detecting immunoreactive PDGF using
ELISA. In addition, PDGF mRNA was first demonstrated in three
melanoma cell lines, one derived from a primary and two from metastases of
the same patient. All three cell lines contained a relative abundance of
PDGF-A chain transcripts, whereas the primary line expressed B-chain
mRNA. As is the case with other cytokines, the production of PDGF appears
to be heterogenous, since in several other melanoma cell lines neither PDGF
A nor PDGF-B mRNA was detected [124].

4.2.3. Fibroblast growth factor (FGF). FGF was originally isolated from
bovine brain and was described according to its capacity to induce the
proliferation of primary and established fibroblasts [125]. FGF activity was
found to seperate upon isoelectric focusing with an acidic and a basic
isoelectric point. Acidic FGF (aFGF) and basic FGF (bFGF) exhibit 55%
amino acid homology [126,127]. A variety of growth factor activities that
were previously thought to be unique have been recognized to be due to
aFGF or bFGF. Due to their capacity to bind to heparin, they belong to the
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group of heparin-binding proteins. FGF are not only mitogenic for fibro
blasts, but also for endothelial cells, and thus appear to play an important role
during angiogenesis [128]. Moreover, FGFs are also chemotactic for endo
thelial cells and induce the expression of plasminogen activators and col
lagenases. In addition, FGFs induce the proliferation of chondrocytes,
myoblasts, osteoblasts, glial cells, astrocytes, and neuroblasts [129]. Acidic
FGFs also induce differentiation and neurite outgrowth of the pheochromo
cytoma cell line pe12 [130].
It is not clear whether FGFs are involved in malignant transformation,

however, they are found to be persistently expressed in tumors that main
tain the transformed phenotype. Thus FGFs may function as paracrine or
autocrine growth factors and, due to their effect on endothelial cells, may
be involved in tumor angiogenesis. Recently, it was shown that bFGFs
inhibited the proliferation of certain tumor cell lines derived from Ewing's
sarcoma, angiosarcoma, or osteosarcoma [131]. The same bFGF preparation,
however, did not inhibit, or even stimulated, the proliferation of other tumor
cells, including rhabdomyosarcoma, epidermal carcinomas, and adrenal or
pituitary sarcomas. Thus bFGFs may be considered to be bifunctional
regulators of tumor cell growth [131].
Normal human melanocytes, unlike pigment cells derived from metastatic

melanomas, do not survive when cultured in routine serum-supplemented
media [132]. The search for natural growth factors for melanocytes indicated
that mitogenic activity is present in bovine brain and supernatants derived
from certain cell lines, including those established from metastatic mela
nomas and human placenta [132-134]. The factor isolated from the brain has
been partially characterized as a protein of approximately 30 kD and a slightly
cationic isoelectric point. In view of the maintaining evidence that some
oncogenes are homologous to growth factors or growth factor receptors,
various of these mediators were tested for their ability to support melanocyte
proliferation. Only bFGF in the presence of cAMP turned out to be mito
genic for melanocytes [135]. The mitogenic activity could be blocked by
an anti-bFGF antibody. Acidic FGF, however, did not stimulate growth,
suggesting that melanocytes bear specific receptors for bFGF [135]. Unlike
endothelial cells and fibroblasts, which are stimulated by bFGF and also
produce this polypeptide, bFGF was not detectable in melanocytes, either
as a gene transcript or as an immunoprecipitable protein [136]. However,
melanocytes cultured in the presence of keratinocytes survive for several
weeks without the addition of bFGF and cAMP. Furthermore, the melano
cyte mitogenic activity detected in keratinocyte-conditioned medium could
be blocked by an antibody directed against bFGF. Accordingly, mRNA
encoding for bFGF could be demonstrated in keratinocytes. Basic FGF pro
duction in keratinocytes is increased after irradiation with UVB light. These
data suggest that keratinocyte-derived bFGF is a natural and exogenously
inducible growth factor for normal human melanocytes in vivo [137].
In addition, it has been demonstrated that bFGF stimulates the growth of
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some but not all melanoma cell lines [138]. In contrast to melanocytes, several
human melanoma cells produce bFGF, which can support proliferation and
thus function as an autocrine growth factor [139].

5. The role of cytokines in the biology of malignant melanoma

There is strong evidence that melanoma cell lines derived from primary and
metastatic lesions exhibit the capacity to release several immuno- and growth
regulatory factors in vitro, such as lL-la, IL-I~, IL-6, IL-3, GM-CSF, IL-8,
bFGF, TGFa, TGF~, and PDGF (Table I). The production of most of these
mediators has been demonstrated at the protein as well as the mRNA level.
However, there exists heterogeneity in the capacity to release cytokines
within the different melanoma cell lines studied, as no unique secretion
pattern by these could be identified. In addition, some melanoma cell cultures
turned out to be a potent source for distinct mediators, while others were only
weak and some did not produce the respective factor at all. Moreover, there
appears to be no general difference in the ability to produce cytokines,
whether the cell line is established from a primary or a metastatic lesion.
The heterogeneity is also reflected by the inducibility of cytokine release.
Stimulation with well-known inducing signals, including tumor promotors,
LPS, or cytokines themselves, results in enhanced release by several cell lines
that show no or minimal constitutive production. Whether the variable con
stitutive or inducible productivity is associated with a higher or less aggressive
clinical behavior of the original tumors has not yet been pursued.
Cytokines released by neoplastic cells can affect the biological behavior by

mediating cell growth in an autocrine or paracrine fashion and by influencing

Table I. Cytokines released by melanoma cells

Detection in
melanoma cells

Chromosomal Induction
m.w. (kD) location protein mRNA by Reference

IL-Ia + + PMA, LPS,
silica

17-31 2 hydroxyurea, 39,40,41
IL-I~ + + OK432
IL-6 22-27 7 + + PMA 69
IL-8 6-8 4 + + 124; C. Zachariae

personal
communication

IL-3 14-28 5 + + 94
GM-CSF 14-35 5 + + PMA 9R
TGFa 7 2 + n.d. 103
TGF~ 25 n.d. + liS
PDGF 30 7 + + 123,124
bFGF 18 5 + + 139

n.d. = not done
S3



defense mechanisms of the host [99]. Basic FGF and MGSA have been
demonstrated to be potent growth factors for malignant melanoma in vitro,
resulting' in an increase of thymidine incorporation and cell proliferation
[87,135]. Since both factors are released by melanoma cell lines, they may
function as autocrine growth regulators. In addition, bFGF is also secreted by
keratinocytes, which through this capacity and through the close proximity to
melanocytes may contribute to the growth behavior of early malignant
melanocytic lesions [136]. Melanoma cells transplanted into UV-irradiated
skin areas exhibit a more rapid growth and an enhanced tendancy to
metastasize compared to those cells injected into non-UV-exposed skin [140].
Since keratinocytes have been found to produce higher amounts of bFGF
upon UV exposure, bFGF may contribute to the enhanced growth of the
melanoma cells transplanted in UV-irradiated skin [136]. As MGSA has
recently been sequenced and cloned, specific cDNA probes will be available,
and it can be demonstrated by in-situ hybridization whether or not more
aggressive melanomas express higher levels of MGSA. There is recent
evidence that IL-8 and MGSA are biochemically and biologically related.
Therefore, it remains to be tested whether IL-8 may also function as an
intrinsic growth factor, similar to MGSA, and whether melanoma cells bear
specific receptors for IL-8.
Although melanoma cells can produce TGFa, TGF~,and PDGF, there is

no clear evidence at present as to whether these factors directly influence
growth behavior. TGFa, however, is well known to stimulate untransformed
fibroblast cell lines to reversibly express a transformed phenotype. Therefore,
the correlation between the expression of TGFa and the malignant charac
teristics of transformed cells, including melanoma cells, in vivo appears
interesting from both a biological and a clinical point of view. In addition,
growth factors, in particular FGF and PDGF, are chemotactic for endothelial
cells and induce the expression of plasminogen activators and collagenases by
these cells [119,128]. Therefore, these mediators are likely to be involved in
the process of tumor angiogenesis.
The clinical course of malignant melanoma is probably affected by the

immune response of the host. Whether particular factors or surface molecules
contribute to the fact that some, but not all, lesions are surrounded by a dense
lymphocytic infiltrate is at present unknown. Since melanoma cells have been
demonstrated to release a variety of immunological mediators, including IL-1
and IL-6, it appears likely that the release of these factors by tumor cells
influences the host immune response. Therefore, further studies are neces
sary to clarify whether there is a correlation between the production of
inflammatory mediators by tumor cells and the inflammatory infiltrate. One
can speculate that melanomas releasing high levels of IL-1 lead to an early
initiation of the immune response by activating lymphocytes and thus
inducing the release of other cytokines such as IL-2, TNF, and IL-6. In
addition, it recently has been shown that natural and recombinant IL-1~ in
vitro is cytotoxic to the human melanoma cell line A375 [141]. However,
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the universality of this finding with regard to other melanoma cell lines and
melanoma in vivo remains to be determined.
Recently, several mediators, collectively designated as anticytokines or

suppressor factors, have been detected that block the biological activity
of distinct cytokines [142,143]. Through their inhibitory capacities, these
mediators may play an important role in the downregulation of the immune
response and in the induction of immunosuppression. Much information has
accumulated on the isolation and characterization of a heterogeneous group
of molecules that inhibit the bioactivities of interleukin-l. The altered
production of lL-l and IL-l inhibitors in tumor-bearing patients and in
inflammatory states may contribute to the immune dysfunction associated
with these diseases. Among many other cells, keratinocytes, upon UV
exposure, have been demonstrated to release a factor that blocks IL-l
induced thymocyte and fibroblast proliferation [144]. Recently, an lL-l
inhibitory activity with similar biochemical characteristics was detected in
melanoma cell supernatants [70]. The release of such suppressor factors by
melanoma cells may thus impair the immune response of the host and
therefore may influence the biological behavior of malignant melanoma.
lL-6 recently has been shown to activate natural killer cells indirectly via

the release of IL-2. Since NK cell activity might be involved in the defense
against malignant melanoma [145], it needs to be studied whether melanomas
that have lost the capacity to release IL-6 exhibit a more aggressive behavior
and a poorer prognosis.
Currently, it was demonstrated that the expression of the intercellular

adhesion molecule-l (ICAM-l) on melanoma cells correlates with an
increased risk for metastasis [146]. Expression of lCAM-1 may lead to
heterotypic adhesion between melanoma cells and LFA-I expressing leuko
cytes and thereby may contribute to the dissemination of cells from the
primary tumor. However, it remains to be determined whether the increased
expression of lCAM-l on the surface is due to an enhanced intrinsic activity
acquired during transformation or whether cytokines released by the
melanoma cell itself or by other neighboring cells are responsible for the
upregulation of lCAM-l, which can be induced by IFNy, TNFa, and TNFp
[147].

6. Therapeutic implications for the use of cytokines in malignant melanoma

The observation that cytokines are released by every nucleated cell and that
the secretion behavior is usually altered after malignant transformation
resulted in the attempt to apply these mediators in cancer therapy [148].
Cytokines can affect tumor growth and behavior in several ways: by
exhibiting a direct antiproliferative effect, by activating the host immune
response, or by reducing the side effects of conventional cancer therapy. The
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rationale for the use of the distinct cytokines in clinical trials is mainly based
on preclinical in-vitro and in-vivo studies. Interferons and TNFa. may have a
direct antiproliferative as welI as cytostatic effect, whereas IL-2, IL-4, and IL
6 may be used according to their immunomodulatory activity and CSFs
because of their capacity to reverse irradiation or chemotherapy-induced
myelosuppression [149]. Since there is a great diversity in the growth behavior
of malignant melanomas and since the immune response of the host may
essentialIy influence the clinical course, melanoma was one the first tumors
included in the biological response modifier (BRM) trials.
In-vitro studies have clearly demonstrated that IFNs are potent inhibitors

of melanoma cell growth, as detected both in proliferation and clonogeneic
assays [150]. AdditionalIy, IFNs have turned out to be potent immuno
modulating agents, since incubation of natural kilIer (NK) celIs - which
exhibit spontaneous, i.e., natural, cytotoxicity against a variety of malignant
celIs, including melanomas - with IFN results in a significant augmentation
of NK celI activity [151,152]. Other effector celI functions such as T- and B
celI responses may also be modulated by in-vitro exposure to IFNa. and IFNy
[153]. Moreover, IFNy seems to be a potent signal for monocyte/macrophage
activation, resulting in an augmented macrophage cytotoxicity [154]. Another
important aspect of immunomodulation by IFN is the enhancing effect on the
expression of celI surface molecules on both nonmalignant and malignant
target celIs [155].
Based on these preclinical findings and promising data from phase II trials

[156], recombinant IFNs are now extensively used for the treatment of
advanced malignant melanoma and more recently for minimal residual
disease (adjuvant therapy) [157,158]. However, objective tumor remission
achieved with systemic IFNa. therapy in these phase II studies was only in the
range of 5-30%, depending mainly on the patient population studied
[157,158]. It appears from these investigations that patients with soft tissue
metastases and/or pulmonary lesions are those who are likely to repond,
whereas bone and/or hepatic metastases are refractory to IFN therapy.
Furthermore, the tumor burden is also considered as an important factor, as
patients with far advanced disease were found to be weak responders to IFN
and other BRM [157,158]. In addition, intralesional injection has also been
used to apply IFN in melanoma patients with metastatic disease [159]. Based
on these findings, IFNa therapy is now used for the treatment of minimal
residual disease, i.e., as adjuant therapy after surgery for melanoma patients
with a high risk of relapse [160]. The efficacy of IFNa in combination with
IFNy, IL-2, and TNFa, respectively, is presently being investigated in
patients with advanced melanoma [161].
Culture of normal lymphocytes with high concentrations of IL-2 for 3-5

days in the absence of any other stimulus results in the induction of
lymphokine-activated kilIer (LAK) celI activity, which causes a nonspecific
lysis of a variety of autologous and alIogeneic fresh or cultured tumor celIs,
including NK-resistant targets [162]. Furthermore, IL-2 injection alone or in
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combination with LAK cells resulted in the regression of primary and meta
static tumors in a number of murine tumor models [163].

In view of these preclinical in-vitro and in-vivo experiments, recombinant
IL-2 has been applied in human malignant melanoma [164]. This approach of
combining IL-2 therapy with the infusion of autologous in-vitro activated
LAK cells was initially tested in 25 patients with refractory cancer, including
melanoma. Eleven of these patients experienced objective tumor remissions
[165]. The partial efficacy of this combination therapy was again confirmed by
a recent study showing 2 complete, 4 partial, and 1 minor response in 26
evaluable melanoma patients. Furthermore, it was demonstrated in this trial
that therapy with a high dose of IL-2 alone also results in a considerable
number of tumor remissions [166].
The combined application of IL-2 and IFNa seems to be most promising at

present, whereas the combination of IL-2 with IFNy therapy is just in an early
stage of clinical investigation, and therefore no data on efficacy are available
[167]. Although the response rates are not at all spectacular, IL-2 and LAK
therapy have provided a new impetus for intensive investigations in the field
of immunomodulation for the treatment of cancer [167].
At present hematopoietic growth factors appear to be the most efficient

BRM in cancer therapy, and their clinical use has expanded dramatically
within the last few years. In phase I studies different routes of administration
were used to define the optimum biological dose, toxicity and pharmaco
kinetics of GM-CSF, G-CSF, M-CSF, and IL-3, and it was demonstrated that
these recombinant polypeptides can be safely administered over a broad dose
range with only minimal side effects [168]. Accordingly, using GM-CSF, G
CSF, M-CSF, and IL-3, new strategies for the treatment of cancer and
metastatic melanoma are being developed. Due to the ability of CSF therapy
to counteract the complications of chemotherapy, in particular bone-marrow
failure and the consequent susceptibility to infection and bleeding, a con
siderable number of patients, including those with malignant melanoma,
seem to be potential candidates for hematopoietic growth factor treatment in
combination with standard therapies [169]. Furthermore, these factors may
also enable the application of higher and more frequent doses of chemo
therapy [169,170]. Moreover, due to the immunomodulating effects of these
factors, in-vivo neutrophils and/or monocytes may become more efficient in
attacking cancer cells, especially when used in combination with monoclonal
antibodies directed against melanoma surface antigens [171]. Other growth
factors, such as IL-4, IL-6, and IL-l, are currently being investigated in
clinical phase I trials to determine their optimal biological dose and their
toxicity [172].
Detection of the optimal dose appears to be an essential requirement for a

successful application of BRM, since these mediators can cause severe side
effects. This may be due to the fact that cytokines are pleiotropic and exhibit
a variety of biological effects, such as vascular leakage, induction of an acute
phase reponse, fever, leukopenia, flulike symptoms, etc. In addition, as dem-
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onstrated in vitro, administration of a single cytokine induces the release of
other mediators, thus activating the cytokine cascade. Therefore the optimal
dosage, i.e., that causing the maximum therapeutic effect with minimal side
effects, as well as reasonable but not random combinations of cytokines, need
to be determined before cytokine therapy will become an established routine
strategy in cancer treatment.
Therefore, the study of melanoma cells as a source for BRM and of their

behavior in response to these mediators will contribute to the understanding
of the biology of malignant melanoma and will reveal new strategies for
treatment [2].
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4. Phorbol esters and growth regulation in
metastatic melanoma cells

Donald L. Coppock, Jeanne B. Tansey, Suzanne Scandalis, and
Larry Nathanson

1. Introduction

Normal cells proliferate rapidly under appropriate conditions, yet regulate
their growth when the cellular environment indicates. In contrast, the
malignantly transformed cell does not fully respond to environmental stimuli
signaling growth cessation. Characterizations of most pathways affecting
cellular growth were first established in the fibroblast. Recently, the
development of culture systems for many different types of cells makes it
possible to begin to analyze the regulation of proliferation in other cell types.
About 2-3% of the cells in the epidermis are differentiated melanocytes

[1]. In-vitro culture of melanocytes was extremely difficult until a medium
containing the tumor-promoting phorbol ester 12-0-tetradecanoyl phorbol
13-acetate (TPA) was developed. This addition enhanced the proliferative
capacity of the melanocytes relative to the other cells that were coisolated
with them [2]. How the phorbol ester acts to stimulate the growth of the
melanocytes is not well understood.
The differences in the requirements for culture of normal melanocytes and

transformed melanoma cells are a starting point for many studies seeking to
understand the origins of melanoma. Melanoma cells can be cultured in
the same growth medium that supports the growth of fibroblasts, with no
additional supplements. Indeed, it is possible to grow murine melanoma cells
in a very simple serum-free medium with no underfined constituents [3,4].
The loss of a requirement for growth factors commonly occurs in transformed
cells. For example, the PG19 melanoma cell line does not require insulin or
the insulin-like growth factors in serum-free medium, while hybridization of
these cells to fibroblasts leads to activation of this requirement [4]. Halaban et
al. have shown that melanomas express the basic fibroblast growth factor
(bFGF) gene while normal melanocytes do not [5].
The genetic lesions in melanocytes that lead to uncontrolled growth

have not yet been discovered. The search for a melanoma oncogene using
transfection of untransformed NIH 3T3 cells resulted in the discovery of
the mel oncogene in a human tumor cell line [6], but this gene has not
been demonstrated to be of general relevance. The activated ras oncogene
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has been found in some melanomas [7-9], but it is not clear whether this
is due to genetic instability or represents a late event in the formation of
efficiently metastatic cells. In any case, activation of ras does not explain
the transformation of the normal to the malignant melanocyte [10]. Cyto
genetic studies have suggested that loss of tumor suppressor genes may
well be an important step in the transition from the normal melanocyte
to the malignant melanoma cell [11,12]. A neoplastic phenotype similar
to the transformed melanoma cell has been achieved by transferring the
gene for the middle T antigen of the polyoma virus into an untransformed
melanocyte-like murine cell line [13]. This transformation eliminated the
requirement for the addition of phorbol esters in the growth medium. In
a similar type of experiment, transfection of the basic fibroblast growth
factor cDNA to normal murine melanocytes led to a loss of growth control
and the ability to differentiate in vitro, but did not impart the ability to form
tumors in vivo [14].
Some agents that are growth promoting for the normal melanocytes inhibit

growth in the malignant melanoma cell. This is true for the phorbol ester
12-0-tetradecanoyl-phorbol-13-acetate (TPA) and agents that raise the level
of cAMP [15]. TPA, isolated as the active agent for tumor promotion from
croton oil [16], has long been known to be growth stimulatory for fibroblasts
in culture [17] and to induce hyperplasia when applied to mouse skin [18].
Phorbol esters bind to protein kinase C and have their tumor-promoting
effect by mimicking the endogenous activator of the enzyme diacylglycerol
[19]. The acute effects of TPA are thought to be mediated through the protein
kinase C enzymes (PKC) [20], while the chronic effects may be mediated by a
depletion of protein kinase C.
We have begun to analyze how TPA and other phorbol ester analogs slow

growth of metastatic melanoma cells and yet are required for active growth of
normal melanocytes.

2. Growth effects of phorbol esters and their analogs

To study the effect of TPA on malignant melanoma cells, we have established
several cell lines from metastases removed from patients. In Figure lA
we show that TPA inhibits 3H-thymidine incorporation in two cell lines
established in our laboratory, the ORL3 and Demel cells, and the HS294T
melanoma cell line [21]. A similar effect is seen on cellular proliferation
(Figure IB). The effect is maximal at 24 hours and cells begin to proliferate
slowly thereafter. The inhibition of cell growth was strongest on the Demel
cell line, so further studies were continued with these.
The Demel line was established from a metastasis to the lymph nodes of a

62-year-old male. It is amelanotic and grows extremely well in MEM supple
mented with 10% serum. The doubling time is about 40 hours. The cell line is
subtetraploid, with 50-65 chromosomes (median = 55; n = 40). The
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Figure I. Inhibition of proliferation in metastatic melanoma cells by TPA. The effect of TPA
on the growth rate of three melanoma cell lines was measured. A. 'H-thymidine incorporation
[key from left to right, no addition, DMSO (0.1%) control; TPA (10~') M); TPA (lO-x M); TPA
(3 x IO-x M); TPA (10- 1 M)]. B. Cellular growth [key: open circle, no addition; solid circle,
DMSO control; open triangle, TPA (10-'1 M); solid triangle, TPA (10~x M); open square, TPA
(3 x IO-x M); solid square, TPA (10- 1 MI. Methods: Cells: The HS294T cells were obtained
from the American Type Culture Collection. The Demel cell line is derived from an amelanotic
metastasis to lymph nodes to the breast of a 62-year-old man. ORL3 was established from a
melanoma metastatic to lymph nodes of the groin from a 78-year-old female. Growth medium for
all the melanomas is minimal essential medium (MEM) supplemented with 2.5% fetal calf serum
(Gibco), 7.5% serum Plus (Hazelton), 100 11M penicillin, and 100 Ilg/ml streptomycin.
Thymidine incorporation: Cells were seeded into 24-well plates at 3 x 104 cells/plate and
were pulsed at the indicated times with 'H-thymidine (1 IlCi/ml) for 30 minutes, the medium
aspirated, and 10% trichloroacetic acid added for 15 minutes. TCA treatment was repeated an
additional two times, aspirated, the precipitated monolayer was dissolved in 0.2 M NaOH, and
an aliquot was counted. Each point is an average of duplicates. Growth curves: Cells were seeded
as above, and at the indicated times cells were trypsinized and counted in a Coulter Counter,
model ZM.
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morphology is cuboidal when grown in growth medium and the cells display
increased refractility when cultured in the presence of TPA for 24 hours.
As shown in Figure 1, TPA inhibited both cellular proliferation and 3H_

thymidine incorporation at concentrations of 10-8 M and greater. One
possibility was that the ability of TPA to inhibit cell growth depended on
the density of the cells at the time of administration of TPA. As depicted
in Figure 2, the ability of TPA to inhibit DNA synthesis over a 24-hour
period was not dependent on cellular density, although the amount of
DNA synthesis per cell decreased with increasing density.

If the inhibition of growth were induced via the activation and subsequent
depletion of protein kinase C, the TPA analogs would be predicted to inhibit
to the same degree that they act as tumor promotors. The phorbol ester
phorbol 12,13 dibutyrate (PDBu), which is an active tumor-promoting agent
for mouse epidermis, was inhibitory for the growth of the Demel cells, while
4a-phorbol (4aP), which is inactive as a tumor-promoting agent, was inactive
in the inhibition of growth of the Demel cells. In Figure 3A we show that
PDBu is almost as active as TPA, while 4a-phorbol is virtually without
activity. The small enhancement of 3H-thymidine incorporation at low
concentrations of phorbol esters is frequently observed.
Since the effect of phorbol esters is thought to be mediated through protein

kinase C, we measured the effect of two lipid effectors of PKC for the ability
to affect the growth of the melanoma cells. sn-1,2-dioctanoylglycerol (DOG)
and sn-1-octanoyl-2-acetyl glycerol (OAG) were without effect at con
centrations that activate protein kinase C (Figure 3B). The fact that these
compounds did not inhibit the growth of the melanoma cells suggests that
TPA may be acting through a pathway other than the activation of protein
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Figure 2. Effect of cell density upon inhibition of growth by TPA. Cells were plated at the
indicated densities, ranging from 0.5 x 104 cells/cm2 to 7.5 x 104 cells/cm2 After 1 day either
DMSO (0.1%) or TPA (3 x 10-" M) was added. After 24 hours -'H-thymidine was added and
incorporation was determined after a 30-minute pulse, as described in the legend to Figure I.
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Figure 3. Effect of phorbol esters and diacylglycerol on Demel melanoma cells. (A) TPA, 12,
13-phorbol ester dibutyrate (PDBU) or 4a-phorbol (4aP), or (B) sn-I,2-dioctanoylglycerol
(DOG) and sn-l-octanoyl-2-acetyl glycerol (OAG), were added to cultures of Demel cells.
Demel melanoma cells were plated at I x 10' cells per 35-mm culture dish in growth medium.
After I day additions, as described above, were added. After a 24-huur incubatiun with the
drugs, 'H-thymidine incorporation was determined, as described in the legend to Figure I.

kinase C. The inhibition at the highest doses was clearly due to generalized
toxicity.
Because melanocytes were stimulated rather than inhibited by TPA, it was

of interest to examine how TPA analogs affected the melanocytes. We have
established cultures of melanocytes and good long-term growth is seen in the
presence of TPA without the addition of extracts from other cells (see legend
for Figure 8), To test how TPA analogs affected melanocyte growth, they
were cultured in medium without TPA for 4 days, including two medium
changes, and then medium with various additives was added back to these cell
and cellular proliferation was followed. As for the melanoma cells, only
PDBU was effective in mimicking the effect of TPA. The diacylglycerols
DOG and OAG were ineffective and at the highest doses were clearly
cytotoxic. Again, this suggests that cells of the melanocytic lineage are
affected by TPA and other phorbol esters through a pathway other than
stimulation of PKC.

3. TPA and cell cycle

If phorbol esters inhibited the growth of melanoma cells by acting on a small
number of intracellular targets, one would expect the growth arrest to be
cell-cycle specific. To test this possibility, we treated the cells with various
concentrations of TPA for 24 hours and analyzed them with two-dimensional
flow microfluorimetry, as shown in Figure 4. As demonstrated in panel 4A,
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Figure 4. Flow microfluorimetry of Demel melanoma cells treated with TPA. To determine the
part of the cell cycle that the melanoma cells arrested in, cells were treated with (A) DMSO
(0,1%), (B) TPA (10-') M), (C) TPA (10-" M), and (D) TPA (10-7 M) for 24 hours, The FLi
channel shows the amount of green fluorescence (representing the rate of DNA synthesis) and
the FL2 channel shows the amount of red fluorescence (representing the amount of DNA per
cell). Methods: Cells were pulsed for 30 minutes with 10 11M bromodeoxyuridine (BUdR) at
37°C in a 5% CO2 atmosphere. At this time the cells were harvested and prepared for flow
microfluorimetry by a modification of the thermal denaturation method (as described by Becton
Dickenson). Cells were harvested with trypsin, washed, and resuspended in phosphate buffered
saline (PBS), Cells were fixed in 70% ethanol (-20°C) and held on ice for 30 minutes, Cells were
then treated with 0.25% paraformaldehyde for 30 minutes at room temperature and washed with
PBS, They were then treated with RNase, pelleted, and resuspended in 0.1 M HCI with 0,5%
Triton X-100. Cells were pelleted and resuspended in H20, and the tube was placed in an H20
bath for 10 min at 100°C. The tube was rapidly cooled and then centrifuged, and the cells were
resuspended in 50:50, PBS:2 x SSC (I x SSC = 0.18 M NaCI, 0.03 M sodium citrate), 0.5%
Tween-20, and 1% BSA. Anti-BUdR FITC (B-D monoclonals) was added and incubated for 30
minutes at room temperature, and the cells were washed and stained with propidium iodide.
Analysis was performed using a FACSCAN flow cytometer (Becton Dickenson). For each
experiment 50,000 cells were counted and contours were drawn using C30 or Lysys software
(Becton-Dickenson).
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approximately 20% of the cells treated with DMSO were in S phase, 15% in
Gz/M, and the rest in G,. Cells not treated with DMSO are indistinguishable
from those in panel A. In panels B, C, and D we see that increasing doses of
TPA caused a larger percentage of the cells to accumulate in G1 , a large
decrease in the number of cells in S phase, and an increase in the number
of cells in Gz.
To test if there were a slow growing subpopulation in this cell line, the cells

were labeled for 48 hours with BUdR and then subjected to two-dimensional
flow microfluorimetry analysis. As shown in Figure 5A, almost all cells (92%)
synthesized DNA (as shown by the incorporation of BUdR) during this
period. This is expected, since the doubling time (= average cell cycle length)
is about 40 hours. This shows that almost all cells in the population are
cycling. To examine the cell cycle arrest in a different way, we asked what
happened to cells in S phase after TPA had been added. We added TPA to
cultures of Demel cells and after 4 hours labeled them with BUdR for 30
minutes. This labels the population of cells that are in S phase during the 30
minute pulse. The BUdR was washed out and medium containing TPA was
restored. After an additional 20 hours, the cells were harvested and analyzed.
As shown in Figure 5B, most of the labeled cells were found with G, or Gz
DNA content and almost none were found in S phase. This showed that in the
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Figure 5. Analysis of effect of TPA on proliferation of Demel cells. A. To determine if there
was a population of cells that did not proliferate, cells were labeled for 48 hours with BUdR and
then processed for flow microfluorimetry, as described in the legend to Figure 4. B. To determine
if TPA blocked cells in S phase, I x 10" cells were plated per IOO-mm dish and the next day TPA
(3 x 10 K M) was added. After 4 hours BUdR was added for a 30-minute pulse, the plates were
rinsed, and medium without BUdR, supplemented with TPA, was added back. The plates were
incubated for an additional 20 hours and then analyzed for two-dimensional flow micro
fluorimetry. as described in the legend to Figure 4.

73



presence of TPA, cells completed S phase and their growth was arrested in
either G 1 or Gz.

4. Kinetics of inhibitory activity of phorbol esters

The inhibition of cell proliferation was determined 24 hours after the TPA
was added. By this time it is known that the amount of protein kinase C
activity is largely depleted [20]. However, the kinetics of the inhibition of
growth of the Demel cells demonstrated that TPA began to act within 1 hour
of the time of addition of TPA. As shown in Figure 6, the rate of DNA
synthesis began to drop soon after the drug was applied. In contrast, in the
presence of staurosporine, which is a potent inhibitor of protein kinase C
[22), the Demel cells showed very different kinetics. We chose a dose of
staurosporine (3 x 10-9 M) that inhibited DNA synthesis by more than
90% after 24 hours without obvious cytotoxicity. As shown in Figure 6,
staurosporine had little or no effect on the rate of DNA synthesis for more
than 6 hours, while by 6 hours TPA had inhibited DNA synthesis by more
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Figure 6. Kinetics of inhibition of DNA synthesis in Demel cells. Cells were plated at I x 10'
cells/35-mm culture dish. After 18 hours DMSO (0.1%), TPA (3 x IO-x M), or staurosporine
(3 x IO-'! M) were added. -'H-thymidine (1 J.ICi/ml) was added for I hour, beginning at the
time indicated, and the plates were processed, as described in Ihe legend to Figure I.
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Figure 7. Additivity of staurosporine and TPA. Cells were plated at 2 x 104 cells per well in
a 24-well plate. After 24 hours DMSO (open circles) or TPA (3 x 10-' M, filled circles)
and staurosporine at the indicated concentrations were added. After 24 hours'H-thymidine
(I ).lCi/ml) was added for 30 minutes, and the plates were processed, as described in the legend
to Figure I.

than 25%. After this time, staurosporine was highly effective in inhibiting
the incorporation of 3H-thymidine.

If staurosporine and TPA were inhibiting the growth of the melanoma cells
by acting on the same pathway, we would expect that their effects would be
subadditive at higher concentrations. However, as shown in Figure 7, TPA
and staurosporine are additive in their effects on the melanoma cells. This
suggests that TPA is probably not acting solely through those protein kinases
inhibited by staurosporine.

5. Is TPA acting by substituting for a growth factor?

Protein kinase C has been implicated in the growth stimulatory pathways for
many cell types. Cells with high levels of transfected PKC are extremely
responsive to certain growth factors and can be transformed easily [23,24].
Halaban et aL demonstrated that basic fibroblast growth factor (bFGF) is a
mitogen for melanocytes that is found in keratinocytes and that it can
substitute for TPA in short-term growth assays [25,26]. If TPA and bFGF
were acting via the same pathway in Demel cells, we would expect bFGF to be
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Figure 8. Effect of bFGF on melanocytes and melanoma cells: A. Melanocytes were plated in
melanocyte growth medium. After 1 day growth medium was removed and medium without TPA
was added. On day 3 fresh medium without TPA was added again. On day 5 medium without
TPA supplemented with DMSO, bFGF (1 ng/ml), or TPA (5 x 10 -x M) was added and cell
growth was monitored for the following 8 days. B. Demel melanoma cells were plated at
1.8 x 10" cells per 35-mm tissue culture plate and after 24 hours DMSO, TPA (3 x IO- x M),
bFGF (1 ng/ml), or bFGF and TPA were added. Cells were harvested and counted for 4 days
following the addition of the supplements. Methods: Cell numbers were determined as described
in the legend to Figure I. The melanocyte cultures were established from human foreskins, as
described by Halaban et al. 115,43]. They were cultured in FlO medium (Gibco) supplemented
with 5% fetal calf serum (Gibco), 5% serum plus (Hazelton), 0.1 mM isobutyl methyl xanthine
(IBMX), 1 nM cholera toxin (List Bilchemicals), 100 ~M penicillin, and 100 ~g/ml streptomycin
in a 37°C incubator with 5% CO~. Cultures were expanded and then frozen at passages 4-6 and
used for experiments in passages 6-20.

inhibitory for growth. In Figure 8A, TPA or bFGF added to melanocytes that
had been cultured without TPA for 4 days (with two medium changes) were
essentially equivalent for melanocyte growth, but at least one was required.
In contrast, bFGF had no effect on the growht of the Demel cells or on the
ability of TPA to inhibit their growth (Figure 8B). This suggests that the
pathways stimulated by bFGF cannot be identical to those stimulated by
TPA.

6. Effect on gene transcription

One possibility is that TPA, which is known to alter the transcription of many
genes [27], might be altering the expression of specific isozymes of protein
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Figure 9. Northern blots of PKCa and PKC~ mRNA in Demel cells. Demel cells were plated
in complete medium and after 24 hours DMSO (0.1 'Yo) or TPA (3 x IO- x M) was added. After
24 hours cells were harvested, and Northern hlots were prepared and prohed with probes to
PKCa, PKC~, and PKCy [2RI. No signal was obtained using the probe to PKCy. Methods:
Northern blots: RNA was prepared hy the method of Chirgwin et al. 144], and Northern analysis
was performed as previously descrihed [45] using probes to PKCa, PKC~, and PKCy [28].
Positions of the 18S and 28S rihosomal RNAs were visualized by UV shadowing.

kinase C. To examine this possibility, we prepared Northern blots of RNA
from Demel cells treated with DMSO or TPA and hybridized them to the
probes for protein kinase C u (PKC 3), protein kinase C ~ (PKC 2) and pro
tein kinase C y (PKC 1) [28]. Signals were detected for PKC u and PKC ~;

however, TPA treatment induced no change (Figure 9). PKC YmRNA was
not detected under either condition.

7. Discussion

Cellular growth and differentiation in normal vertebrate cells is regulated by
interaction with the external cellular environment, i.e., growth factors,
extracellular matrix, and cell-to-cell contact. Transformed cells lose this
dependence, regulation of growth and differentiation is disturbed, and
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frequently control completely breaks down. The normal melanocyte is in
intimate contact with other cells in the epidermis, e.g., keratinocytes and
fibroblasts, both of which produce growth factors that are not produced by
the melanocyte [25]. The melanocytes are only a small percentage of the
cells in the epidermis, and their growth is precisely regulated. bFGF inhibits
differentiation of the melanocytes and is mitogenic [29]. The metastatic
melanoma cells are capable of growing outside the epidermis and much of
the growth regulation has been lost.
Suggestions as to which growth regulatory mechanisms have been altered

have been discovered when these two cell types were cultured. Normal
melanocytes require TPA for active proliferation, whether in medium con
taining serum or in a completely defined medium [2,30]. Although it is not
entirely clear as to how TPA is acting in promoting growth, bFGF appears
to be able to substitute for TPA in short-term growth assays [25] (Figure 8A).
However, the morphology of human melanocytes grown with TPA and
bFGF differs [29, our observations]. In addition, murine melanocytes are
less differentiated when cultured with a transfected bFGF cDNA [14].
Growth stimulation by bFGF does not appear to require the activation of
protein kinase C in murine fibroblasts [31] or CHO cells [32], although
both pathways stimulated by both TPA and bFGF may impinge on the
same intracellular targets.
Melanoma cells have not been difficult to culture and the success rate is as

high as > 80% [33]. Melanoma cells have relatively simple growth require
ments, and they grow well in standard tissue-culture media supplemented
with only serum. In contrast to melanocytes, TPA is a growth inhibitor for
many melanoma cell lines [15]. This suggests that there has been an overall
disturbance in the pathways that regulate growth and differentiation in
melanoma cells. TPA apparently acts as an inducer of a more differentiated
phenotype, which in turn leads to slowing or cessation of cellular proliferation
in several transformed cell types, besides melanoma, including the HL-60
promyelocytic leukemia line [34], human neuroblastoma [35], Daudi Burkitt
lymphoma cells [36], and A549 human lung carcinoma cells [37]. The fact
that TPA and tumor-promoting phorbol esters cause growth inhibition in
several transformed lines derived from distinct developmental lineages
suggests that the alteration of this pathway is of fundamental importance for
cellular transformation in general.

7.1. Mechanism ofaction of TPA

How is TPA acting in melanoma cells? It is well known that the TPA receptor
in cells is the family of protein kinase C isozymes. These protein kinases are
activated by Ca2+, phospholipids, and diacylglycerol, and are thought to
mediate the responses of many receptor-activated effects. The enzymes are
found in the cytosol and membrane fractions. Within minutes of binding to
diacylglycerol or TPA, PKC relocates to the plasma membrane from the
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cytoplasm and then is proteolytically cleaved into a TPA binding moiety and a
protein kinase moiety, referred to as protein kinase M [19]. A 24-hour
exposure of many cell types to TPA (10-6 M) inactivates almost all PKC
activity.

7.1.1. Cell cycle effects of TPA. Our central observation was that application
of TPA caused inhibition of growth by preventing cells in G1 from entering S
phase and by causing a secondary block that prevented G2/M cells from
entering G1. Flow cytometry of a cycling cell population showed that
approximately 60-65% of the cells were in Gland the rest were in S/G2/M
(see Figure 4). Our data demonstrated that cells that are in S phase when
TPA is applied complete it and then continue through the cell cycle, arresting
at G2/M or G1. The observation that TPA caused cell-cycle arrest at two
distinct points in the cell cycle raises the question as to whether this is the sum
of two distinct activities mediated by TPA or an action that is mediated
through a single effector of TPA. Because of the dual nature of the response
to TPA, by stimulation and depletion of protein kinase C activity it is possible
that a complex range of cellular effects will be seen.
A time course of the addition of TPA to the Demel melanoma cells

showed that DNA synthesis began to be inhibited by I hour after TPA was
administered. In contrast staurosporine, a potent inhibitor of protein kinase
C, was ineffective for 6 hours in blocking 3H-thymidine incorporation. This
suggests that the initial effect seen might be mediated by the acute effect of
TPA, i.e., the activation of protein kinase C, and that the later effects may be
mediated by the depletion of PKC that is caused by chronic administration
of TPA. It is interesting to note, however, that the effects of PKC and
staurosporine are additive across a large dose range. If both drugs acted
through the depletion or inactivation of PKC activity, then one would expect
their effects to be subadditive at higher doses. In contrast, staurosporine
antagonizes the effect of TPA in the induction of ornithine decarboxylase
mRNA in mouse epidermis [38]. One possibility that must be considered is
that although staurosporine is one of the most specific inhibitors of protein
kinase C, it is inhibitory for several other protein kinases and that the additive
effects seen are due to a loss of protein kinase C as well as to inhibition of
other kinases required for growth. A comparison with the TPA-induced
differentiation of HL-60 cells is informative. HL-60 cells differentiate into
macrophagelike cells when exposed to TPA concentrations greater than 10-9

M. These cells express differentiation-specific antigens but do not proliferate
in response to TPA. Dose response curves of HL-60 cells exposed to various
concentrations of TPA demonstrate that extremely low concentrations not
only fail to activate the differentiation of these cells, but also stimulate a
low amount of DNA synthesis in these cells. We have observed a similar
phenomenon with low concentrations of phorbol esters (see Figure 3). One
possibility is that different isozymes of PKC are activated or proteolytically
cleaved at different concentrations of PKC. Huang et al. [39] showed that
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PKC III (from the PKCa gene) was degraded more slowly, both in vitro
and in vivo, than PKC II (from the PKCp gene) when exposed to various
PKC activators. However, Nishizuka and coworkers [20] demonstrated that
these two isoforms were activated differently depending on the presence of
diacylglycerol. One possibility that must be explored is whether different
isozymes of PKC are responsible for different activities of TPA. The Demel
cells contained mRNA for PKCa and PKCp, but PKCy mRNA was not
detected. This is consistent with the pattern observed in other tissues [20].
Another approach to understanding how TPA acts to induce growth in

hibition is to use TPA analogs. TPA is an extremely potent tumor promotor,
however, several other phorbol derivatives have different capacities. We
tested PDBU, which is also a strong tumor promotor, and 4a phorbol, which
has little or no tumor-promoting activity. These two compounds inhibited
melanoma cell growth according to their strength as tumor promotors, which
also corresponds with their efficiency in causing activation and the eventual
loss of protein kinase C activity. In contrast, two diacylglycerols, dioctanoyl
and 1-acetyl-2-octanoyl glycerol, were ineffective in growth inhibition of the
melanoma cells, except when they were obviously cytotoxic. This appears to
be similar to the induction of differentiation of HL-60 cells by activators of
PKC. Here the diacylglycerols were shown to induce the phosphorylation of
cellular proteins, but failed to cause differentiation and cell-cycle arrest of
the HL-60 cells [40]. A similar phenomenon was observed with the A549
lung carcinoma cells [41]. In each of these cases, in transformed cell lines
from different developmental lineages, TPA and tumor-promoting phorbol
esters are growth inhibitory, but the diacylglycerols failed to inhibit growth
unless a cytotoxic level was reached. This suggests that growth inhibition
may not be mediated by a mechanism that includes activation of protein
kinase C or it may be possible that the inhibition is mediated by only one
isozyme of PKC. On the other hand, it may be that complete depletion of
PKC following activation is required. The half-life of diacylglycerol is much
shorter than TPA, because it is lost from the cell by phosphorylation to form
phosphatidic acid.

8. Future directions

To understand the loss of growth control in transformed melanoma cells, the
reversal in roles of FGF and TPA in cellular proliferation must be analyzed.
An understanding of how gene expression is regulated will be an integral part
of this process. TPA induces many of its acute effects by changes in gene
expression [27], presumably mediated by phosphorylation of cellular proteins
by the isozymes of PKC. Several genes have been found to have a TPA
responsive element in the 5' controlling region [42]. This site is occupied by
the DNA-binding protein complex AP-1 when the cells are stimulated by
TPA, certain growth factors, and serum. A depletion of PKC would certainly
alter the expression of these genes.

80



Although both TPA and bFGF are growth stimulatory for normal human
melanocytes, they clearly have opposite effects on the differentiation of these
cells. The way in which stimulation of gene expression differs in response to
TPA and bFGF in these cells will certainly playa major role in determining
the phenotypic changes found in the transformed melanoma cells. Since
the dysplastic nevus is a premalignant lesion thought to be the precursor
of malignant melanoma in about 20% of the cases, it is an important inter
mediary in the melanocytic lineage. It will be important to know if changes in
gene expression induced by TPA are the same in melanocytes, dysplastic
nevi, and malignant melanoma cells.
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5. Regulation of growth and phenotype of
normal human melanocytes in culture

Istvan T. Yalyi-Nagy and Meenhard Heriyn

1. Introduction

The primary function of the melanocyte in the skin is to synthesize an
optically dense and active pigment, melanin, to protect cells of the epidermis
and dermis from the deleterious effects of ultraviolet (UY) light. The pheno
typic characteristics of melanocytes have long been established. These are a)
melanin production through the action of the cell-specific enzyme, tyrosinase;
b) dendritic morphology; c) pigment donation via dendritic processes to
adjacent keratinocytes; and d) unless specifically stimulated (i.e., by UY
light), no detectable proliferation in situ. Despite the undetectable prolifer
ation, a stable life-long 5-6:1 ratio is maintained between basal keratinocytes
and melanocytes, suggesting a constant, controlled self-replication of epider
mal pigmented cells. In this article we review the currently available data on
maturation, growth requirements, and antigen expression of melanocytes and
their interactions with keratinocytes.

2. Precursor stages in melanocyte maturation

Melanocytes are pigmented cells located in the basal layer of the epidermis,
the infundibulum and the bulb of hair sheaths, the choroid of the eye,
certain mucous membranes, and the leptomeninges. These neuroectoderm
derived cells leave the neural crest 2-3 weeks after fertilization. Sub
sequently, they migrate through the embryonal dermis to reach the epidermis
by 8-10 weeks. These immature precursor cells, melanoblasts, are devoid of
active melanin production and do not actively produce pigment until after
birth, with the exception of the slightly pigmented areas of the nipples and
the genitalia. Ultrastructurally, these cells possess premelanosomes (grade I
and II melanosomes; melanosome precursors lacking melanin) but do not
exhibit tyrosinase activity [1]. The pathway of maturation of melanocytes, as
summarized in Table 1, is still unclear. Experimental evidence to delineate
each maturation stage of melanocytes remains incomplete, but it appears that
melanoblasts undergo at least two precursor stages before maturing. Inter-
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Table 1. Maturation of melanocytes

Cell type

Melanoblast

! t
! t

Early premelanocyte
! t
! t

Intermediate or late
premelanocyte
!
!

Melanocyte

Phenotype

?

Round, noncharacteristic;
premelanosomes;
tyrosinase activity - (a)
pigmentation 
proliferation (b)

Uni- or bipolar
premelanosomes
tyrosinase activity - (a)
pigmentation ±
proliferation (b)

Bi-, tripolar, or
multidendritic;
premelanosomes and
melanosomes;
tyrosinase activity +
pigmentation +
proliferation (b)

Location

Migrating from neural
crest

Fetal dermis; outer sheath
of hair follicle; adult
dermis (?)

Fetal dermis; adult
dermis (?);
infundibulum of hair
follicle

Basal layers of skin;
infundibulum and bulb
of hair follicle; (eye!
mucous membranes,
leptomeninges)

Modified from refs. 1,2,4, and 5.
Tyrosinase activity (a) and proliferation (b) can be specifically modulated by culture conditions
and forced regeneration.
~ maturation.
-----> reversion.

mediate cell types, premelanocytes, can be isolated, cultured, and cloned
from neonatal human skin [2]. These cells are unpigmented or slightly pig
mented, and contain grade I and II melanosomes (premelanosomes). The
vast majority of these cells are tyrosinase negative; however, activation of
tyrosinase and pigmentation can be achieved by elevating the pH of culturing
medium from 6.8 to 7.4 and supplementing the medium with 1 mM tyrosine,
the precursor of melanin. Following these manipulations, pigmentation of
these unpigmented or barely pigmented clones occurs gradually [2]. The
initially unstable, then stable, activation of melanin synthesis has led to the
concept of gradual commitment of these cells in their maturation pathway
[3,4]. Benett hypothesized that stable commitment occurs when melanocytes
become pigmented. Analysis of clones of human melanocytes and murine
melanoma cells showed that the likelihood of reversion from more-pigmented
cells to a less-pigmented cell type decreased with the increasing degree of
pigmentation [3]. Reversion was never observed in well-pigmented clones;
thus, these cells could be considered as stably committed cells. Reversion of
human premelanocyte clones, however, could only be observed when cells
were very lightly pigmented, whereas reversion of murine melanoma clones
exhibiting divergent degrees of pigmentation was frequently noticed [3]. In

86



conclusion, the gradual commitment of melanocytic cells parallels the devel
opment of pigmentation. Maturation is associated with a falling probability
of reversion and is complete when the likelihood of reversion approaches
zero [4].
The putative equivalents of the premelanocytes in vivo can be found in the

outer sheath of the hair follicles. In the hair follicles, pigmented melanocytes
are characteristically located in the wall of the pilary canal (infundibulum)
and in the pigmented portion of the hair bulb. Conversely, the outer sheath
of the middle portion of the follicle contains amelanotic melanocytes. It is
suggested that these cells, under the stimuli of epidermal regeneration and!
or following UV irradiation, undergo serial divisions, migrate up toward the
infundibular portion of the follicle, and gradually mature into dendritic,
pigmented melanocytes. It is also believed that, when the stimulus subsides,
these cells revert into inactivity [5].

Mature melanocytes are multidendritic pigmented cells that are located
mainly in the basal layer of the epidermis. These cells are tyrosinase positive
and produce pigment through the action of the tyrosinase enzyme. These
cells contain melanosomes of all (I-IV) stages of maturation and transport
pigment to adjacent keratinocytes.

3. Growth requirements of normal human melanocytes in vitro

The development of meticulous isolation methods and special culture media
for selective growth and long-term maintenance of melanocytes has been
a major basic contribution to our understanding of pigment cell biology.
Attempts at isolating and growing human melanocytes had been made for
almost 30 years [6-10]. It was only in 1982 when pure cultures of normal
human melanocytes could be reproducibly established to yield large quan
tities of cells for biological, biochemical, and molecular analysis. Eisinger and
Marko [11] found that a tumor promoter, phorbol 12-myristate-13-acetate
(PMA), and an intracellular cyclic adenosine 3' ,5'monophosphate (cAMP)
enhancer, cholera toxin, were strong mitogens for melanocytes. The first
report on a natural melanocyte mitogen was provided by Gilchrest et al. [12],
who used bovine hypothalamus extracts and cholera toxin for melanocyte
culture. The recent, rapid development of tissue culture methods has led to
the advent of effective, standardized procedures for the culture of human
epidermal melanocytes.
Deletion of serum and brain tissue extracts from medium has led to the

delineation of four groups of chemically defined melanocyte mitogens: a)
peptide growth factors, b) calcium and cation binding proteins, c) enhancers
of intracellular levels of cAMP, and d) activators of protein kinase C.
Ultraviolet light (UV-B) appears to be the only physical mitogen with a
known growth stimulatory effect [13-16]. Table 2 summarizes the factors that
modulate the growth stimulatory of melanocytes in culture.
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Table 2. Factors that modulate melanocyte growth and/or morphology in culture

Name

Polypeptide growth factors
bFGF
Insulin/IGF-l
EGFrrGFa
TGF~

Calcium and cation binding proteins
Caz+ (1.0-2.0 mM)
Tyrosinase (Cuz+)
Ceruloplasmin (Cu2+)
Transferrin (Fez+)

Activators of adenylate cyclaseh

a-MSH
FSH
Cholera toxin
Forskolin
Isobutyl methylxanthine (IBMX)

Activators of protein kinase C
TPA
PDBu

Miscellaneous compounds
Dibutyryl cAMP
Histamine
1,25(OHh vitamin-D,/
25(OH) vitamin-D,

Prostaglandin Fz,,(PGFz,,)
Ez(PGEz)

Extracellular matrix (ECM)

Physical agents
Ultraviolet light
(UY-B, UY-C)

Main type of action

Growth promotion
Growth promotion
Growth promotion"
Growth inhibition

Growth promotion
Growth promotion
Growth promotion
Growth promotion

Growth promotion
Growth promotion
Growth promotion
Growth promotion
Growth promotion

Growth promotion
Growth promotion

Growth promotion/morphology
Morphology
Morphology/growth promotion?

Growth promotion/morphology

Morphology/growth modulation?

Growth promotion/morphology

Reference

17
21
20-22
22

23
23
23
23

23
23
11
23
26

11
28

29
30
35

23,24

36

13,14

"Only during the initial passage of melanocytes.
hlntracellular enhancement of cAMP has not been demonstrated on human melanocytes.

3.1. Peptide growth factors. The main growth-promoting polypeptide in
bovine brain (hypothalamus) and pituitary extracts is basic fibroblast growth
factor (bFGF) [17,18]. Basic FGF can exert its stimulatory effect only in
combination with either cAMP-enhancing components or activators of pro
tein kinase C. Insulinlike growth factor-I (IGF-I) and insulin share a similar
growth-promoting effect, since they bind to the same cell surface receptor. It
has been shown, however, that the affinity of IGF-I for this receptor on
melanoma cells is approximately 100-fold higher [19]. Epidermal growth
factor (EGF) supports the growth of melanocytes during the initial passage,
but is not mitogenic for established cultures [20,21]. Transforming growth
factor-alpha (TGF-a) has a similar, if not identical, effect. TGF-p, on the
other hand, is an inhibitor of melanocyte growth [22].
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3.2. Calcium and cation binding proteins

Ca2+ is an important cation in melanocyte growth media. Its optimal con
centration is 1.0-2.0 mM. Reduction of calcium concentration in medium to
0.03 mM reduces cell growth by approximately 50% [23]. Cation binding
proteins, such as tyrosinase (copper), ceruloplasmin (copper), or transferrin
(iron), are mitogenic for melanocytes [23].

3.3. Compounds that enhance the intracellular level ofcA MP

There are a great variety of compounds of diverse origin that have been
described to be mitogens for melanocytes in cultures [23]. Alpha-melanocyte
stimulating hormone (u-MSH) is a very strong mitogen in chemically defined
melanocyte growth medium for human melanocytes, but the mechansims
of action are not clear. Conversely, beta-melanocyte stimulating hormone
(~-MSH) probably has no effect on human melanocytes [24]. Forskolin
and follicle-stimulating hormone, after increasing the intracellular level of
cAMP, also increase the binding of insulin to the cells [25].
Cholera toxin, tetanus toxin, and pertussis toxin probably also augment

intracellular cAMP levels, however, enhancement of intracellular cAMP
has not been unequivocally proven in cultured melanocytes. Cholera toxin
is commonly added to melanocyte media [11 ,12,26] and the B subunit is
most effective [23]. It has also been shown that GMI monosialoganglioside
is the receptor for cholera toxin that can act as a bimodal regulator of cellular
growth, generating either negative or positive signals for cell growth [27].

3.4. Protein kinase C activator phorbol esters

Protein kinase C activating phorbol esters are very strong mitogens for
melanocytes. 12-0-tetradeconoyl-phorbol-13-acetate (TPA) is lipophilic, so it
cannot be removed from the cells by simple washing. 20-oxo-phorbol-12-13
dibutyrate (PDBu) is a similar, but more hydrophilic, derivative [28]. Besides
their mitogenic effect, phorbol esters also modulate the morphology of
melanocytes to a high degree (see below). Withdrawal of phorbol ester from
melanocyte growth medium induces a 'fibroblastoid' morphologic change
(Figure IB) and a grossly decreased growth rate. This change is reversible on
the condition that the growth medium is replenished with phorbol ester within
14 days. Thus, these compounds are necessary not only for maintaining cell
proliferation, but also for the maintenance of the characteristic bi- or tripolar
phenotype (Figure lA) [11].

3.5. Miscellaneous compounds with impact on melanocyte growth and/
or morphology

Dibutyryl cAMP (dbcAMP) is a very strong inducer of dendrite formation
(Figure IC). The number of dendritic process increased about tenfold within
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4-6 days of dbcAMP [23]. This morphologic effect is reversible; melanocytes
reassume their bi- or tripolar morphology 4-8 days after the removal of
dbcAMP from medium. dbcAMP also has a growth-promoting effect when
used together with cholera toxin [29].
Histamine, produced in the skin by mast cells, is also stimulatory for

cultured melanocytes [30]. In a dose-dependent fashion, histamine increases
both the amount of tyrosinase and the size of melanocytes, and cells also
become more dendritic. These changes can already be observed 6 hours after
supplementing the medium with histamine.
1,25-dihydroxyvitamin 0 3 (1,25(OHh03) and 25-hydroxyvitamin 0 3

(25(OH)03) are the active derivatives of vitamin 0 3. The precursors of this
hormone are synthesized in the basal layer of the skin upon exposure to UV
light. Normal human melanocytes, melanoma cells, and keratinocytes have
the biochemical capacity to convert vitamin 0 3 into its active hydroxylated
metabolites [31-33]. Topical treatment of mice with cholecalciferol or
1,25(OHh03 increase the number of pigmented cells. This phenomenon is
due either to the reactivation of residing melanocytes or to a direct mitogenic
effect. The effect of the topical treatment can be blocked by simultaneous
oral treatment with indomethacin. This suggests that prostaglandins, prob
ably produced by surrounding keratinocytes, act as modulators and/or
mediators to pigmented cells. In fact, prostaglandin F1a was shown to
have a strong stimulatory effect on melanocytes, using chemically defined
media [23]. Treating cells with prostaglandin E1 , but not E" results in only
morphological changes [34]. In cultured human melanocytes, however,
1,25(OHh03, and to a lesser extent 25(OH)03, cause a marked decrease of
tyrosinase activity. The differences between the results obtained from animal
experiments and in-vitro studies might be due to the lack of keratinocytes and
Langerhans cells in the culture system, which may be the sources of other,
coacting mediators. It has also been shown that human melanocytes in culture
express cell surface receptors to vitamin 0 3, The isolated receptor molecule
was found to migrate in the 53-kO region [35].
Human epidermal melanocytes cultured on extracellular matrix (ECM)

coated plastic surfaces develop flatter and larger cell bodies, and present with
an increased melanin production. Pigmented human melanoma cells are not
affected by the presence of ECM [36].
Melanocytes from newborn foreskin grown in the presence of insulin,

EGF, pituitary extract, fetal calf serum, and TPA grow at doubling times of
1-4 days for 40-60 doublings. Heavily pigmented cells may senesce after
20-30 doublings. Oendricity may increase at higher passage levels. Normal

Figure 1. Melanocytes grown on a medium supplemented with bFGF (pituitary extract), serum.
and phorbol esters. Pigmented cells have slim cellular bodies with two to four dendrites. A.
Morphology of melanocytes 14 days after phorbol ester was omitted from medium: cell bodies
are enlarged and flat; dendricity is decreased ('fibroblastoid' changed). B. Melanocytes treated
with dibutyryl cAMP exhibit an increased tendency for dendrite formation C.
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melanocytes have a diploid karyotype and are nontumorigemc In athymic
nude mice. These cells do not proliferate anchorage independently in soft
agar [20].

4. Morphology and antigenic phenotype of melanocytes

4.1. Morphology

Normal melanocytes, grown in W489 medium supplemented with 2% FCS,
TPA, pituitary extract, insulin, and 2mM CaCI2> exhibit a bi- or tripolar
morphology, with varying degrees of cytoplasmic pigment (Figure lA and
group 1 in Table 3). Ultrastructurally, these cells contain melanosomes
from all stages of maturation. Melanocytes grown in PBDu- instead of TPA
containing medium have a similar morphology, but they are less dendritic,
appear longer, and continue to divide, but at a slower rate. IfTPA is removed
at passge 5 from medium, cells slow in their growth rate, the morphology
becomes flat, and the pigmentation disappears (Figure IB and group 1 in
Table 3). By passage 8, cells senesce and cannot be passaged further. Cells
grown in the presence of dbcAMP (in addition of TPA) develop multiple
dendrities (Figure Ie). The dendrite formation begins after 2-5 days and is
reversible when dbcAMP is removed from medium. If melanocytes are
established in medium without TPA, they grow at doubling times of 3-6 days
for the first 2-3 passages and then they senesce by passage 5 (subgroup A

Table 3. Phenotype of melanocytes isolated from newborn foreskin"

Growth Morphologyh Pigmentation

Group Culture condition p.l p.S p.8 p.1 p.S p8 p.l p.S p.8

1. TPA +++ +++ +++ D D D +++ +++ +++
No TPA p.S L.- L.- 0 L.- F L.- 0

2. No TPA (subgroup A) +++ + 0 S F F + 0 0
TPA p.l L.-c L.- +++ L.- D ++
TPA p.S L.- L.- 0 L.- F '- 0
No TPA (subgroup B) +++ +++ +++ S S S 0 0 0
TPA p.S L.- '- +++ '- SID '- +

3. Coculture with
keratinocytes ++ ++ D D + +

TPA p.1 '- '- +++ +++ L.- D D '- ++ ++

"All cultures were maintained in same base medium: W489 medium with insulin. EGF, 40
!ig/ml bovine pituitary extract, and 2% FCS.
hS = spindle; F = flat, polygonal; D = dendritic, + ~ +++ = degree of growth or
pigmentation; 0 = no growth or > 14 days doubling and no pigmentation.

C Addition of TPA to medium at passage I, followed by continued presence of TPA in medium.
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Vitronectin
receplor
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Fi bronectin
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NGF-receptor
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Figure 2. Expression of antigens on melanocytes in situ (left panel) and in culture (right panel).
Bars indicate the percentage of specimen and cultures expressing antigens as tested with MAbs.
Results with cultured melanocytes are show with TPA-containing medium at passages 2-20, with
the exception of gp145. gp145 is expressed more strongly on melanocytes cultured in the absence
ofTPA.

of group 2 in Table 3). Addition of TPA induces the bipolar, pigmented
phenotype only when added to the medium at passage 1, not at passage 5. A
subgroup of melanocytes, representing approximately 15% of the specimens,
preserves a stable phenotype when established in the absence of TPA
(subgroup B of group 2 in Table 3). These cells continue to proliferate after
passage 5, remain responsive to TPA, and are of spindle morphology and
nonpigmented [21].
In coculture with keratinocytes, melanocytes assume a dendritic mor

phology that is similar to that in TPA-containing medium (Figure 3 and group
3 in Table 3). Cocultured melanocytes continue to be responsive to TPA,
even after keratinocytes (due to the presence of TPA in medium) have
terminally differentiated and dissappeared.
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4.2. Antigenic phenotype o/normal melanocytes

Only few attempts have been made to produce monoclonal antibodies
(MAbs) to normal melanocytes [37,21]. On the other hand, extensive studies
have been done to characterize the antigenic phenotype of malignant
melanoma cells [38]. Figure 2 summarizes the expression of melanocyte
associated antigens in situ and in vitro. Cultured melanocytes share with
melanoma cells the expression of a variety of cell surface antigens, including
p97 melanotransferrin, vitronectin receptor, gangliosides GD3 and 9-0-acetyl
GD3 , and chondroitin sulfate proteoglycan [21]. In situ, however, these
antigens are not expressed by melanocytes [39]. Weak expression on
melanocytes in situ of the receptor for nerve growth factor contrasts to
strong expression on cultured cells. The reason for this divergent anti
genic phenotype in culture and in situ is not known, but it is assumed that
cultured cells, due to their rapid proliferation, acquire the enhanced
expression of melanoma-associated antigens. The expression of these
antigens on melanocytes, on the other hand, does not appear to reflect
a 'transformed' phenotype.
Melanocytes in situ and in culture also express antigens that are not found

on melanoma cells. These include adenosine deaminase binding protein
(ADA bp) [40] and gp145, detected by antibody 487 [20]. Potentially, the
group of antigens referred to as 'suppressor antigens' is much larger, and they
may play important roles in the pathogenesis of melanoma development.

Figure 3. In monolayer cocultures with keratinocytes, melanocytes (arrows) survive for a pro
longed time without adding phorbol esters and adenylate cyclase inducers to medium. Calcium
concentration in this medium is low (0.03 mM), as opposed to the 2.0 mM calcium concentration
required for optimal growth of melanocyles. Melanocytes preserve their mature, dendritic
phenotype and contact adjacent keratinocytes with their dendrites.
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Table 4. Expression of cell surface antigens on rnelanocytes

NGF receptor gpl4SK

Group Cultured condition p.l p.S p.8 p.l p.S p.8

1. TPA ++ +++ +++ 0 0 +
No TPA p.S '- '- + '- ++

2. A. No TPA ++++ 0 +++
TPA p.S '- e- O e- ++

B. No TPA +++ +++ +++ 0 + +

+ --. + + + = increasing degree of expression; 0 = no expression.

As shown in Table 4, the antigenic phenotype of cultured melanocytes
varies depending on the culture conditions and changes with the morphologi
cal phenotype (for comparison, see also Table 3). At the onset of culture, all
melanocytes express a variety of melanoma-associated antigens, regardless of
whether or not TPA is added to medium. However, after five passages in
medium without TPA, expression of the NGF receptor disappears, whereas
gp145 is strongly expressed (group 1 in Table 4). Cells cultured in a TPA
containing medium (group 1 in Table 4) and a rare variant of cells without
the addition of TPA (group 2B in Table 4) strongly express NGF receptor
throughout their lifespan.

5. regulation of growth and phenotype of melanocytes by normal human
keratinocytes in vitro

The symbiosis of the three major cell types in the epidermis, i.e., keratino
cytes, melanocytes, and Langerhans cells, follows strict rules. Keratinocytes
of the basal or germinative layer constantly divide, and, while moving
upwards within the epidermis, undergo a well-characterized, gradual differ
entiation pathway. Melanocytes, on the other hand, never leave the basal
layer, and, unless specifically stimulated, do not divide.
For optimal growth in culture, melanocytes require bFGF, phorbol esters,

intracellular cAMP enhancers, and 2 mM calcium. In contrast to this,
keratinocytes have strikingly divergent growth requirements (Table 5).
Phorbol esters induce growth arrest and terminal differentiation of keratino
cytes [41]. Serum and calcium also induce their terminal differentiation
[42,43]. Both cell types need bFGF in growth medium, but EGF is required
only by kertinocytes.
In serum-free keratinocyte growth medium, melanocytes do not survive.

When cocultured with normal human keratinocytes in this medium, melano
cytes survive for a prolonged time [44,45]. It has also been shown that in these
cocultures melanocytes maintain their mature dendritic phenotype, contact
surrounding keratinocytes with their dendrites, and donate pigment in a
similar fashion to that in vivo (Figure 3) [45].
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Table 5. Growth requirements of normal human melanocytes and keratinocytes

hFGF (pituitary extract)
Insulin/IGF-l
TPA (phorhol esters)
2 mM Ca2+
EGF

Melanocytes

Required
Required
Required
Required
Only initially

Keratinocytes

Required
Required
Terminal differentiation
Terminal differentiation
Required

In three-dimensional epidermal reconstructs, keratinocytes differentiate
into three layers that morphologically and antigenically resemble the basal,
spinous, and cornified layers of the intact skin. The vast majority of melano
cytes, cocultured with keratinocytes in these skin equivalents, are located
within the basal layer of the epidermis, maintain their dendritic phenotype,
and donate pigment to surrounding keratinocytes (Figure 4) [45]. Under
these experimental conditions, the ratio between epidermal cells and melano
cytes remains constant [46]. Only cocultured epidermal keratinocytes, but not
oral epidermal cells, had regulatory effects on melanocytes [47].

..
: .r....~..._ ..• ,... •• •

Figure 4. The majority of melanocytes in three-dimensional epidermal reconstructs are located
within the basal layer of the epidermis. In this environment. pigmented cells remain viable for up
to 30 days and donate pigment to surrounding epidermal cells.
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Table 6. Growth factor, cytokine, and hormone production of undifferentiated keratinocytes in
culture

Product

Basic fibroblast growth factor
(bFGF)

Transforming growth factor-alpha
(TGF-u)

Transforming growth factor-beta
(TGF-~)

Interleukin-I (IL-I )/epidermal
cell-derived thymocyte activating
factor (ETAF) (produced in
inactive form, site of inactivation
is unknown)

Interleukin-3 (IL-3)

Interferon-alpha (INF-u)

Interferon-beta (INF-~)/
interleukin (IL-6)

Epidermal cell-derived natural
killer cell activating factor
(ENKAF)

Granulocyte-monocyte colony
stimulating factor (GM-CSF)/
keratinocyte-derived T-cell
growth factor (KTGF)

Vitamin 0 3 1,25-dihydroxyvitamin
OJ (1,25(OHh 0 3);
25-hydroxyvitamin D,
(25(OH)D3)

Low molecular weight
keratinocyte-derived substance
«500 kD)
High molecular weight
keratinocyte-derived substance

Activity

Autocrine and paracrine growth
stimulator

Autocrine and paracrine growth
stimulator

Autocrine and paracrine growth
inhibitor

Stimulator of keratinocyte motility and
fibronectin secretion

T-cell activator, induces cytokine
release from other cells, induces
collagen and collagenase production
of fibroblasts, promotes melanocyte
pigmentation, promotes antigen
presentation by Langerhans cells

Cofactor in T-cell and mast-cell
activation

Differentiation inducer, inhibits
proliferation, mediator in
immunologic reactions

Stimulator of B-cells and keratinocytes

NK-cell activation

T-cell and granulocyte/monocyte
activation

Systemic effect on calcium and
phosphate metabolism, autocrine and
paracrine growth modulation of
epidermal cells (?)
Modulation of melanocyte morphology

Growth promotion of melanocytes

Reference

44

50

56,57

51,52

52

53

54,55

52

58

32

49

49

The fact that melanocytes in coculture with keratinocytes remain viable
and assume a mature phenotype and function without the presence of their
standard in-vitro mitogens, i.e., phorbol esters and adenylate cyclase acti
vators, suggests the production of maturation factors by keratinocytes. Basic
FGF, produced by epidermal keratinocytes, is certainly one of the growth
modulating factors for melanocytes [17,44]. Keratinocyte/melanocyte contact
also appears to be required for the interactions of these two cell types
[44-48]. Recently it has been suggested that keratinocyte-derived substances
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of high molecular weight stimulate melanocyte growth, while low molecular
weight compounds « 500 kD) promote dendricity and melanization [49].
These studies demonstrate that keratinocytes, in vitro, and most likely also

in vivo, release factors that regulate and/or modulate the growth and differ
entiation of melanocytes. The keratinocyte, the predominant cell type of the
epidermis, has an enormously broad variety of metabolic capabilities, i.e.,
vitamin and hormone, as well as growth factor and cytokine production. (For
summary and references, see Table 6.) The majority of these factors have an
impact on growth, morphology, and/or antigen expression of melanocytes in
culture. Conversely, very little is known about the effect of Langerhans cells
on epidermal homeostasis. In addition, epidermal cells are under the constant
surveillance of the neuroendocrine system. Normal human melanocytes also
have the ability to recognize and respond to signals generated by and/or
transmitted via the extracellular matrix (see Table 2). This ability appears to
be altered or absent in melanoma cells [36].
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6. Experimental model of human melanoma
metastases

Dorothee Herlyn, Koji Adachi, Hilary Koprowski, and Meenhard Herlyn

1. Introduction

Models for spontaneous metastasis of human melanoma have recently been
developed in nude mice [1-7]. These models have helped to define the three
major steps within the metastatic cascade: cell attachment to basement mem
branes, membrane degradation, and cell locomotion [8]. Cells selected in
these animal models have a relatively stable metastatic phenotype. Cultured
cells from metastatic melanoma lesions, on the other hand, show instability of
their metastatic phenotype. They are noninvasive when injected into nude
mice [7] and have antigenic and genetic similarities with primary melanoma
cells [9]. Instability of the metastatic properties of cells from metastatic
lesions occurs either during in-vitro growth or as a result of variant selection
during rapid proliferation in the human host [10].
We have developed a human melanoma metastasis model in nude mice. In

this model, a human variant cell line (451-LU) was obtained that spon
taneously metastasizes in nude mice. This variant cell line was selected from
the lung of a nude mouse after several passages in vivo of human melanoma
WMI64 cells, which were previously isolated from a melanoma metastasis of
a patient [11], but are without competence for metastasis in nude mice [7].
The phenotypes of the metastatic variant (451-LU) cells and nonmeta

static, parental (WMI64) cells were compared with respect to growth at
clonal cell densities, invasinveness of the cells, proteolytic enzyme activity,
expression of melanoma-associated antigens, and karyotype. These studies
demonstrate that metastatic cells, derived from a heterogeneous population
of nonmetastatic cells, have distinct phenotypic characteristics, suggesting
that metastases are produced by the selective growth of specialized aggressive
subpopulations of metastatic cells that preexisted in the parent tumor, rather
than by random survival of circulating tumor emboli.
This model has shown usefulness for the study of inhibition of human

melanoma metastases by MAb in experimental animals. Although there are
several reports on the inhibition of metastases of syngeneic animal tumors by
antibodies [12-14]' experimental models for the study of MAb effects on
metastases of human tumors would provide useful information before the
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clinical application of MAb. MAb that inhibit the attachment of tumor cells
to the basement membrane potentially may inhibit the metastatic spread of
tumors invivo. Several melanoma-associated antigens have been implicated
in the attachment of tumor cells to substrate, e.g., proteoglycan molecular
complex (molecular masses of > 450 kD and 250 kD [15]) and chondroitin
sulfate proteoglycan [16]. Gangliosides were shown, using MAbs, to localize
in the focal adhesion plaques of tumor cells [17], and anti-ganglioside MAbs
inhibited tumor growth in vitro in the absence of effector cells or complement
[18]. In experimental animals, MAb to the GD3 ganglioside suppressed
subcutaneous growth of melanomas [19]. Clinical trials in melanoma patients
indicate their possible usefulness of gangliosides as target antigens in passive
immunotherapy [20].
We have shown [7] that MAb ME 36.1 to GD2/GD3 gangliosides inhibits

experimental metastasis of human melanoma in nude mice. The availability
of isotypic class switch variants of this MAb [21] greatly facilitated the analy
sis of the mechanism of metastasis inhibition by the anti-GD2/GD3 MAb.

2. Model of experimental spontaneous metastases of human melanoma

The procedures used to establish the model of spontaneous metastases of
human melanoma in nude mice are schematized in Figure 1. Following i.v.
injection of 1 x 106 WMl64 cells into a nude mouse pretreated with p
estradiol to inactivate natural killer cells [22,23], a mass culture (first pass
age, 239-LU) was obtained from the lung. After confirming the human origin
of the cultured cells by testing for binding with MAb to melanoma-associated
antigens in mixed hemadsorption assay [9], 239-LU cells (1 x lOb) were
inoculated i.v. into five mice pretreated with p-estradiol. Human melanoma
cells were cultured from the lungs of four mice. Cells (1 x 107) of one of the
four cultures (282-LU, second passage) were inoculated s.c. into 4 p
estradiol-pretreated nude mice. Organs were excised after 6 weeks, and lung
metastases that had formed spontaneously were cultured from two mice.
Cells (1 x 107) of one culture (third passage, 417-LU) were inoculated s.c.
into the flank of three mice not pretreated with p-estradiol. After 6 weeks,
organs were excised again, and lung metastases were cultured from all three
mice. Cells (5 x 106 ) of one culture (fourth passage, 451-LU mestastasis)
were injected s.c. into four nude mice. All four mice showed grade III lung
metastases 8 weeks after tumor cell inoculation (Figures 2a-2c). Single tumor
cells (Figures 2d and 2e) were observed 2 weeks and 1 week after tumor cell
inoculation, respectively. All mice also showed metastatic nodules in axillary
lymph nodes. However, no metastases were found in any of the other organs
tested, such as spleen, liver, and inguinal lymph nodes.
The characteristics of metastatic 451-LU in comparison to parental non

metastatic WMl64 cells are summarized in Table 1. We compared the
phenotypes of the parental nonmetastatic cell line and of the metastatic
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Figure 1. Isolation of metastatic variants of WMI64 cells by sequential in-vivo/in-vitro passaging
of the cells in nude mice and in culture. Mice were treated with ~-estradiol implants [22] and
tumor cells were injected either i.v. (1 x 10" cells) or s.c. (I X 107 cells), followed by culturing of
tumor cells from the lungs of nude mice after each injection.

variant with respect to growth behavior at clonal densities, in-vitro invasion
through a reconstructed basement membrane, secretion of proteolytic
enzymes, expression of tumor-associated antigens, and modal chromosome
number. Metastatic 451-LU cells showed significantly increased growth
rates [population doubling (PD) times], survival, and growth at clonal den
sities, as compared to the parental cell line. In an in-vitro invasion assay,
metastatic 451-LU cells were shown to be significantly more invasive than the
parental cells. The invasive variant secreted collagenase and tissue-type
plasminogen activator (tPA) at levels ten- and threefold higher than those in
the parental WMI64 cells, respectively. In the metastatic cells, the percentage
of cells expressing the NGF receptor was significantly increased. Further
more, elevation of NGF receptor expression was also seen at the protein level
(Western blot analysis) and transcriptional level (Northern blot analysis). The
results obtained in indirect flow cytometry with MAb ME 36.1 against GD2/
GD3 gangliosides indicate a greater than twofold increase in the percentage
of cells binding MAb and a 1.8-fold increase in the mean fluorescence
intensity per cell in 451-LU cells, as compared to WMI64 cells. However,
none of the other antigens tested, such as chondroitin sulfate proteoglycan
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A
Figure 2. Metastases of 451-LU cells to the lungs of nude mice. A. Eight weeks after tumor cell
inoculation, a small focus of tumor is seen within the lung parenchyma that is compatible with the
establishment of a metastatic focus and does not represent simply cells floating loosely within the
alveolar air space. Hematoxylin and eosin (magnification x 325).

Figure 2. B. Several malignant cells are seen within a vessel in the lung parenchyma 8 weeks
after tumor cell inoculation. Note the lining up of the malignant cells that are surrounded by
flattened attenuated endothelium. This channel could be either a lymphatic or blood vessel.
Hematoxylin and eosin (magnification x 650).
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Figure 2. C. A grade III (> 10 cells per focus) metastatic tumor focus is seen within the lung
parenchyma 8 weeks after tumor cell inoculation. The tumor cells are characterized by an in
creased size, increased nuclear-cytoplasmic ratio, and hyperchromatic nuclei with prominent
nucleoli. Note the mitotic cell in the upper left-hand corner of the metastatic focus. Hematoxylin
and eosin (magnification x 650).

Figure 2. D. A single tumor cell is seen within the lung parenchyma 2 weeks after tumor cell
inoculation (magnification x 325).
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Figure 2. E. Isolated tumor cell within a blood vessel in the lung 7 days after tumor cell inocula
tion. Note the red blood cells within the channel. Hematoxylin and eosin (magnification x 650).

[24], proteins of 130/105 kD [25], 120 kD [25], 120/94 kD [26), 125/104/99 kD
[27], highly glycosylated 30/60 kD [28], epidermal growth factor receptor
[29], melanotransferrin [27], or HLA-DR [30,31), differed in their expression
between metastatic and nonmetastatic cells. Metastatic cells had a modal
number of 78 chromosomes, whereas the parental nonmetastatic cells had a
mode of 52 chromosomes. These studies suggest that metastatic melanoma
cell variants show distinct phenotypes, genotypes, and growth behavior, as
compared to the nonmetastatic parental cells. The data further suggest
phenotypic heterogeneity of the parental cells.

3. In-vitro selected invasive variants

Since it was possible to select in vivo in nude mice metastatic variants from a
population of nonmetastatic human melanoma cells, the question arose as to
whether the variants were 'induced' in nude mice or whether these cells were
present in the parental population before in-vivo passaging through nude
mice. To address this question, we passaged the parental WMl64 cells
through reconstructed basement membranes [32]. Using this approach,
invasive variants (WMl64-Bch4) were obtained that spontaneously metas
tasized in 100% of the nude mice. The in-vitro selected invasive cells showed
characteristics similar to the in-vivo selected metastatic cells (Table 1). These
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Table I. Summary of characteristics of metastatic 451-LU and nonmetastatic WMI64 melanoma
cells

9.2 ± 3.1 25.6 ± 6.6 20.4 ± 0.0
0.05 ± 0.02 0.60 ± 0.25 n.t.

8.5 ± 2.7 25.1 ± 9.5 16.4 ± 0.3

20 ± 5 100 ± 1.0 80 ± 10.0
10 2R n.t.
52 78 90

Parameter investigated

Population doubling (PO) time (hr)h

Colony-forming efficiency,
CFE(%t
In-vitro invasiveness (number of cells
migrated through Matrigel
covered filter in Boyden
chamber)d

Collagenase activity (ng/ml)C

Tissue plasminogen activator (tPA)
activity (mPUf/mg protein)g

Percentage of cells expressing:
NGF-receptorh

GDz/GD, gangliosides
Chromosome mode;

Parental cells
WMI64
(± S.D.)"

222.1 ± 0.34
2.0 ± 1.0

In-vivo selected
metastatic cells
451-LU
(± S.D.)"

94 ± 16
17 ± 5

In-vitro selected
invasive cells
WMI64-Bch4
(± S.D.)"

166 ± 2.0
14.0 ± 6.0

"Mean ± S.D. (standard deviation) from two to three independently performed experiments.
hpD time was determined with cells grown in protein-free medium [49] and seeded at low
densities (30-360 cells/cmZ) in wells precoated with I% gelatin, and by counting cells at various
days after seeding. PO time was calcualted as described [26].

C CFE was determined with cells grown at 180 cells/cmz as described under footnote (b) and CFE
was calculated [26].
d Invasion of cells through a reconstructed basement membrane (Matrigel) was tested as
described [32].
CCollagenase activity of cells grown in serum-free medium was determined in radioimmunoassay
with 'Z51_labeled type IV collagen as the substrate and bacterial collagenase type IV as the
standard.
f mPU = milliploug unit.
gtPA activity was determined in supernatants of cells grown in serum-free medium by fibrin plate
assay [SO].
hMeasured by mixed hemadsorption assay (NGF-receptor) [9] or FACS analysis (GDz/GD,).
; Determined by Giemsa banding of colchicine-treated cells [51].
The values shown for 451-LU and WMI64-Bch 4 cells each differ significantly (at p < 0.05 level.
Student's t test) from the corresponding values for WMI64 cells for each parameter investigated.

results suggest that the parental nonmetastatic WM164 cells contained a
subpopulation of cells that were invasive in vitro. It is hypothesized that these
invasive cells gave rise to the in-vivo metastatic variants 451-LU.

4. Inhibition of experimental metastases by MAb ME 36.1

The model of experimental metastases of human melanoma described above
served to test whether MAb ME 36.1 (IgG2a) defining the GD2/GD3 gangli
osides [21] could inhibit metastatic spread of melanoma in nude mice. The
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Table 2. Summary of inhibitory effects of MAb ME 36.1 on subcutaneous and metastatic growth
of human melanoma cells"

InhibitionC of

Day of administration Primary Metastases
after tumor cell (s.c. growing) (lung and axillary

MAbcode inoculation° tumor lymph node)

ME 36.1
(IgGZa) 0 yesC yesC

I yesC yes
7 yesC yes"
14 no no

ME 36.1
(IgGI) 0 no yesC

"For details, see ref. 7.
°Nude mice were inoculated with 3 x 10" 451-LU cells s.c. Following immediately (day 0) or at
various time points (days I, 7, 14) after tumor inoculation, mice were treated with ZOO J.lg of
MAb ME 36.1 or irrelevant control MAb i.p. daily for Z weeks.
cTumor sizes at the injection site and number of metastatic roci at distant organs were
significantly (at p < 0.05 level, Student's t test) different in animals treated with MAb ME 36.1
as compared to animals treated with irrelevant control MAb.

results have been described in detail elsewhere [7] and are summarized in
Table 2. When the MAb was injected on the day of tumor cell inoculation or 1
day thereafter, tumor growth at the injection site was completely inhibited,
and no metastases were detected in popliteal lymph nodes or in the lungs,
whereas mice treated with control antibody developed numerous metastases
in those organs. Delayed MAb administration, i.e., 1 week after tumor
inoculation, at a time when tumor cells had already metastasized to lymph
nodes and lung, with MAb ME 36.1 significantly reduced the number of lung
metastases. However, when the MAb was first administered 14 days after
tumor inoculation, neither s.c. nor metastatic tumor growth were affected.
Treatment of mice with an IgG1 variant immunoglobulin of MAb ME 36.1
[21] also resulted in significant inhibition of lung metastases formation but no
inhibition of tumor growth at the primary site.
To clarify the mechanism of tumor growth inhibition by MAb ME 36.1 in

nude mice, cytotoxic effects of the MAb in conjunction with effector cells or
complement and the capacity of the MAb to inhibit cell invasion or attach
ment in vitro were investigated. MAb ME 36.1 of IgG2a isotype significantly
lysed WMI64 cells with human monocytes or lymphocytes as effector cells
and serum as a source of complement [21]. MAb ME 36.1 of both isotypes
(IgGl, IgG2a) inhibited cell attachment to substrate (Figure 3) as well as the
invasion of cells through a reconstructed basement membrane (Matrigel) in
vitro (Figure 4), whereas MAb ME 37.7 and ME 31.3 binding to HLA-DR
and proteoglycan on melanoma cells, respectively, did not show significant
inhibitory effects in these assays.
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Figure 3. Inhibition of attachment of 451-LU and WM164 cells to gelatin-coated plastic plates by
MAb ME 36.1 (Ig02a or Ig01, anti-OD2/OD,) and absence of inhibition by MAb ME 37.7
(Ig02a, anti-HLA-DR) and ME 31.3 (Ig02a, anti-proteoglycan). Cells grown in protein-free
medium (49) were seeded into gelatin-coated wells after preincubating the cells with the various
MAbs. Numbers of attached cells were determined as A: 45 minutes; B: 5 hours after plating.
Inhibition was quantitated as the difference between the number of cells attached with and
without preincubation with MAb and was expressed as the percentage of inhibition.

5. Conclusions

Melanoma cells, isolated from a metastatic lesion of a patient and maintained
in culture, were shown to represent a heterogeneous population of cells with
respect to metastatic capabilities in nude mice and invasiveness through a
reconstructed basement membrane in vitro. Less than 1% of the parental
WM164 cells spontaneously metastasized to the lungs of nude mice or
invaded through a reconstructed membrane in vitro. Given the origin of
WMl64 from a melanoma metastasis of a patient, the fraction of metastatic!
invasive cells seems rather low and is in the range of that reported for murine
tumors [33]. Successful isolation from nonmetastatic WM164 cells of invasive
variants in vitro, with metastatic properties in vivo (WM164-Bch4 cells),
suggests that a subpopulation of invasive cells present a priori in the parental
nonmetastatic cells gave rise to the metastatic 451-LU cell line that was
isolated under selective pressure in vivo. This is further supported by the
similarities in phenotypic differences observed in the in-vitro and in-vivo
selected variants when compared to the nonmetastatic parent line. Pheno
typic differences between metastatic!invasive and the parental cells were
found with respect to invasiveness, proteolytic enzymes, expression of
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Figure 4. Inhibition of cell invasion by MAb ME 36.1 (IgG2a or IgG I, anti-GD2/GD3), absence
of inhibition by MAb ME 31.3 (IgG2a, anti-proteoglycan) and ME 37.7 (IgG2a, anti-HLA-DR).
Cell invasion through a reconstructed membrane in a Boyden chamber was measured as
described [71.

melanoma-associated antigens, and karyotype. The demonstration of distinct
phenotypic differences between metastatic/invasive and nonmetastatic cells
seems to indicate that metastases are produced by the selective growth of
specialized aggressive subpopulations of cel1s that preexisted in the parent
tumor, rather than by random survival of circulating tumor emboli [34,35].
A striking difference between nonmetastatic and metastatic/invasive mela

noma cel1s is the increased growth factor independence at low cel1 density of
the latter cel1s. Similar results have been recently reported by others for
human melanoma cel1s [36] and murine tumor cel1s [37-39]. Independence
from exogeneous growth factors and higher survival at clonal (nonoptimal)
cell densities may be due to the production of growth factors for autocrine
growth stimulation, several of which have recently been demonstrated in
melanoma cel1s, including transforming growth factor alpha [40], platelet
derived growth factor [41], and fibroblast growth factor [42].
The increase in the invasiveness of melanoma cel1 variants as compared to

the parental cel1s might be at least partial1y explained by the increased tPA
and col1agenolytic activity in the variant cel1s. Invasiveness was significantly
inhibited by preincubation of the cells with antibodies to tPA.
We have demonstrated hyre that metastatic 451-LU cells have increased

the expression of GDz/GD3 gangliosides and NGF-receptor protein and
mRNA. Whereas the role of the NGF receptor in metastasis is highly
speculative, gangliosides have been implicated in the attachment of tumor

114



cells to substrate [17], and the increased ganglioside level in 451-LU cells may
relate to the invasiveness of these cells.
Both variants of WMI64 cells showed extra chromosomes 7 and 20. While

the role of chromosome 20 in tumor progression is unclear, interesting
associations have been found with respect to chromosome 7. It seems that
genes involved in invasion and metastasis are located on human chromosome
7 [43]. Extra chromosome 7 has been detected in advanced metastatic mela
nomas and has been shown to be associated with high expression of the
epidermal growth factor receptor [44].
This model of spontaneous metastasis to regional lymph nodes and lungs

after s.c. injection of melanoma cells into nude mice mimics closely the
metastatic route of melanoma in patients. The model has been useful for the
study of metastasis inhibition by MAb. MAb ME 36.1 to GD2/GD3 ganglio
sides was chosen for these studies because gangliosides most likely are
involved in the metastatic spread of melanoma [17,18]. IgG2a MAb ME 36.1
significantly inhibited tumor growth at the inoculation site as well as meta
static spread to lymph nodes and lungs. On the other hand, IgGl MAb ME
36.1 did not significantly inhibit tumor growth at the injection site but
significantly inhibited metastatic spread of tumor cells. Inhibition of mela
noma growth at the injection site by IgG2a MAb ME 36.1 might be mediated
primarily by macrophages (as shown for other IgG2a MAbs against human
tumors [45]), since the MAb is highly cytotoxic against cultured melanoma
cells in conjunction with murine or human macrophages/monocytes.
The exact mechanism by which metastatic spread of melanoma cells is

inhibited by both the IgG2a and IgGl MAb ME 36.1 is not known. On the
basis of our data obtained in vitro (Figures 3 and 4), we speculate that
inhibition of cell attachment to endothelial cell and/or basement membranes
and/or inhibition of invasion may have played a role in vivo. Alternative
mechanisms of inhibition of metastasis by MAb ME 36.1 include clearance of
MAb-coated tumor cells from the circulation, either by cells of the reticulo
endothelial system or complement. In animal tumor models, inhibition of
metastases by antibodies directed to various tumor-associated antigens has
been attributed to the clearance of antibody-coated cells from the vasculation
by effector cells and/or complement [14,46,47].
MAb ME 36.1 clearly showed immunotherapeutic potential in the nude

mouse model. The first clinical trial with this MAb in 13 melanoma patients
has shown encouraging results [48]. One patient with multiple skin lesions
showed a complete response and has been free of detectable disease for more
than 2 years as of 1990.
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7. The role of metalloproteinases in
tumor cell metastasis

Richard M. Schultz

1. Introduction

Metastasis is a complex process for which the controlling factors have not yet
been clearly identified. While certain oncogene transformations of cells will
generate a metastatic phenotype, other transformations by even the same
oncogene lead to cells having an ability to form a tumor but lacking an ability
to metastasize [1]. It is thus unclear whether the generation of the metastatic
phenotype is a genetic or an epigenetic event. It may be an inducible
phenotype of a transformed cell, due to factors in the environment of the
cell. Different cellular phenotypes may be induced during the different
steps in metastases: detachment from a primary tumor, invasion through the
basement membranes surrounding tissues and intravasation into the blood or
lymph vasculature, survival from any immunological assault, adherence to the
vascular wall of its target organ, extravasation from the vasculature, and
proliferation at its new site. A critical part of the process is the invasion
through the connective tissue stroma and basement membranes that surround
organs and tissues, including the blood and lymph systems. Metallo
proteinases secreted by tumor cells or by nontransformed cells associated
with the tumor cells are believed to facilitate the process. This chapter will
review aspects of the role of these metalloproteinases and their inhibitors in
the metastatic process. The reader may also wish to consult other recent
reviews on this subject [2,3].

2. Metalloproteinase structure

Three distinct metalloproteinase actIvItIes have been correlated with the
metastatic phenotype of transformed cells: type I collagenase (matrix
metalloproteinase 1, MMP-1), type IV collagenase (matrix metalloproteinase
2, MMP-2), and stromelysin (matrix metalloproteinase 3, MMP-3). These
enzymes are synthesized and secreted as proenzyme forms, which must be
activated extracellularly by specific proteolysis. Two distinct genetic forms of
type IV procollagenases with molecular weights 72 kD and 92 kD have been
identified in the human. The cDNA sequences for both forms have been
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determined [4,5]. Type I procollagenase has been isolated in a variety of cell
types, and the human type I procollagenase has been cloned [6]. It is
found in minor amounts as a glycoprotein with a mass of 57 kD and in its
major form as a unglycosylated protein with a mass of 52 kD. Stromelysin has
been purified, sequenced, and cloned [7]. It is also secreted in two forms, a
57-kD form, and in minor amounts as a glycosylated 60 kD protein [8]. More
than one stromelysin gene has been isolated [9]. The metalloproteinase transin
isolated and cloned from rodent cells has been shown to be homologous to
human stromelysin [7,8]. A metallohydrolase with endoglycosidase activity is
reportedly present in higher concentrations in the culture media of more
metastatic murine B16 melanoma cells [10]. This activity may be due to
stromelysin (MMP-3) [11].

A new collagenolytic protease, pump-I, has been recently isolated by
screening a human tumor cDNA library with a rat stromelysin probe under
low stringency [12]. Pump-l is synthesized as a proenzyme of molecular
weight 28,000, and is processed to yield active species of molecular weights
21,000 and 19,000.
The human prometalloproteinases possess an overall structural homology

[4]. The amino acid sequence alignment shows that prostromelysin and type I
procollagenase are more closely related to each other than to type IV
procollagenase (72-kD form). A similar NHrterminal domain (192 residues
in type IV procollagenase) is conserved in all three proteases. The COOH
terminal domain (264 residues in type IV collagenase) also appears to be
homologous in all three metalloproteinases. The central domain of type IV
procollagenase is not homologous with type I procollagenase of prostro
melysin, and consists of a 58-residue motif repeated three times in tandem.
This unique motif is positioned directly in front of the conserved sequence
of the putative zinc binding site, which is probably the catalytic site of the
enzyme. These type IV procollagenase repeats have a homology to the
collagen binding domain in fibronectin. The 92-kD procollagenase consists
of five domains: the NHrterminal and COOH-terminal domains present in
all metalloproteinases, a zinc binding domain, and the fibronectin-like
collagen binding domain that is also present in the 72-kD type IV collagenase.
In addition, the 92-kD type IV collagenase contains a 54-amino acid long
proline-rich domain homologous to the sequence in the alpha(2) chain of type
V collagen. Pump-l has a sequence homology to stromelysin and type I
collagenase, but lacks the COOH-terminal domain characteristic of these
enzymes [12]. The procollagenases are activated by a proteolytic cleavage,
which removes approximately 80 amino acids from their NHrterminal end
[4-8,12].

3. Substrate specificity of the metalloproteinases

It has been generally found that type IV collagenase cleaves types IV and V
collagens and not interstitial collagens types I-III. In turn, type I collagenase
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is active against interstitial collagens, and not type IV and V collagens.
However, the substrate specificities of the three metalloproteinases overlap to
some extent, depending on the source and prior treatment of the substrate.
Collier et aI. [4] have studied the substrate specificity of the three human
matrix metalloproteinases. Type IV collagenase is the same enzyme that was
previously designated gelatinase, and it has a high activity against denatured
type I collagen (gelatin). However, only type I collagenase acts on type I col
lagen in its folded triple-helical conformation. Stromelysin has a similar activ
ity as type IV collagenase to type IV collagen secreted from the Engelbreth
Holm-Swarm (EHS) tumor, and even type I collagenase has a low activity
towards EHS type IV collagen. However, only type IV collagenase had a
detectable activity towards placental type IV collagen. All three matrix
metalloproteinases have fibronectin degradative activities, but only stro
melysin was observed to act on laminin. In addition, stromelysin degrades
proteoglycans and fibronectin [5,13]. The substrate specificity of the 92-kD
type IV procollagenase appears indistinguishable from that of the 72-kD type
IV collagenase [4]. Pump-1 hydrolyzes gelatins (denatured forms) of types I,
III, IV, and V collagen, and fibronectin, and can activate type I pro
collagenase [12].

4. Structure and composition of the extracellular matrix

A significant part of the volume of tissues is the extracellular space, occupied
by a complex network of macromolecules which comprise the extracellular
matrix. The extracellular matrix includes the basement membranes and the
connective tissue stromas. The basement membrane or basal lamina is an
extremely thin but tough membrane that separates tissues of different
immunological types. A continuous basement membrane surrounds the
vessels of the lymph and blood systems through which tumor cells meta
stasize. The basement membrane consists of heparin sulfate proteoglycans,
type IV collagen, laminin, entactin, and other glycoproteins. The connective
tissue stroma beneath the basement membrane is composed of interstitial
collagen types I, II, and III, fibronectin, elastin, proteoglycans, hyaluronic
acid, and other glyocoproteins.
Type IV collagen thus provides the molecular framework for the basement

membrane. These collagen molecules do not form extracellular fibrils, as
found for interstitial collagens (types I-III), but apparently polymerize in a
defined polygonal network structure that forms an extended sheet-like lattice
[14]. Laminar lattices in different planes are interconnected by disulfide cross
links between the collagen molecules. Type V collagen is found in basement
membrane near its interface with the interstitial stroma.
In addition to type IV collagen, laminin is a major protein constituent

of the basement membrane. Laminin is a large protein (-850,000 Dal)
composed of three polypeptide chains, which electron microscopy shows to
be arranged in the shape of a cross, held together at their intersection by
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disulfide bonds [15]. The two short arms of the cross are determined by each
of the two smaller polypeptide chains B1 and B2, each about 200 kD, while
the long part of the cross-like structure is primarily due to the larger 400-kD
A polypeptide chain. The structure contains multiple functional domains.
One of the domains in laminin has a binding site for type IV collagen, a
second binds to the heparin sulfate of basement membrane, and a third
domain binds to the surface of cells through laminin receptors. The cell
binding domain of the laminin molecule contains the amino acid sequence
YIGSR (tyrosine-isoleucine-glycine-serine-arginine), which is essential to the
cell-binding property of laminin. The concentration of cell-surface YIGSR
binding laminin receptors has been correlated with metastatic potential [16].
It has been shown that treatment of murine B16 melanoma cells with the
YIGSR pentapeptide prior to their injection in C57BL mice will significantly
inhibit their ability to colonize the mouse lung [17]. These experiments show
the importance of laminin receptors in the extravasation step of the metastatic
process.
Fibronectin is an adhesive glycoprotein of the stroma, like laminin in

basement membrane [18]. Fibronectin molecules are also composed of
multiple domains that have binding sites for collagen, heparin, fibrin, and cell
surface receptors. The fibronectin molecules are dimers of two polypeptide
chains joined by disulfide bonds near their COOH-terminal ends. Each of
the two distinct chains are very large, with approximately 2500 amino acids
per polypeptide chain. In the extracellular matrix and on the cell surface,
fibronectin molecules are further cross-linked to one another by additional
disulfide bonds and often form insoluble fibronectin fibrils through the
stroma. The amino acids in its cell-binding domain responsible for the binding
of fibrin to cells contain the sequence RGDS (arginine-glycine-aspartate
serine). Other glycoproteins of the extracellular matrix also contain this
sequence, and these adhesive extracellular matrix proteins bind to specific
RGD cell receptors known as integrins [19]. Similar to the case of the laminin
YIGSR sequence, treatment of B16 murine melanoma cells with the RGDS
sequence prevents cells from strongly adhering to extracellular matrix and
inhibits lung colonization following injection into C57BL mice [20].

5. Mechanism of extracellular matrix invastion

Liotta [2] has proposed a mechanism of tumor cell invasion through basement
membrane of the extracellular matrix. In this mechanism the tumor cell first
attaches to the laminin of the basement membrane through its laminin
receptors. The binding of laminin to the laminin receptors induce the cell to
secrete collagenase type IV and other proteolytic enzymes, which degrade
the extracellular matrix components in the region of the cell, generating
a path for cell movement through the basement membrane. The cell
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transverses the membrane by repeating in a stepwise fashion the steps of
attachment to laminin, secretion of hydrolytic degradative activity, followed
by cell locomotion into the region of the proteolytically modified extracellular
matrix. It is inferred that tumor cell migration through the connective tissue
stroma would similarly involve stepwise attachments to fibronectin with
secretion of degradative enzymes.

6. Evidence in support of the involvement ofmetalloproteinases in the
stepwise mechanism of extracellular matrix invasion

6.1. Correlation of metalloproteinase activity with metastatic potential

There are multiple reports showing increases in the synthesis and/or secretion
of metalloproteinases with transformation, metastatic potential, and on
treatment with tumor promoters [2,3]. The evidence is particularly strong for
type IV collagenase activity [2,3,21]. For example, a strong correlation was
observed between metastatic potential in ras-oncogene transfected early
passage rat embryo fibroblasts and type IV collagenase activity [22]. The
c-Ha-ras oncogene alone, or combined with v-myc, induced these cells to
secrete high levels of type IV collagenolytic activity and showed a cor
respondingly high incidence of spontaneous metastasis from primary tumors
grown in nude mice. In contrast, the cotransfection of ras plus the adenovirus
type 2 Ela gene gave cells that grew tumors but were not metastatic. These
latter cells also failed to produce type IV collagenase. Similar results showing
a correlation between metastatic ability and the secretion of type IV
collagenolytic activity were obtained with oncogene transformations of NIH
3T3 cells [23]. In this case [23], the synthesis of the larger 92-kD type IV
procollagenase was correlated with metastatic potential. The 92-kD pro
collagenase was reported to be secreted by SV40-transformed human lung
fibroblasts, but not in the untransformed parental cell line IMR-90. However
H-ras transformed human bronchial epithelial cells (TBE-l) were shown to
secrete only the 72-kD type IV procollagenase [4].
While a correlation with type IV collagenase activity and metastatic ability

has been established for many cell lines some contradictory reports exist
[4,24,25]. Whether there is a strong positive correlation of a particular
metalloproteinase with metastasis may depend on the cell type and the
presence or absence of environmental stimulators.
Stromelysin and type I collagenase activities have also been sometimes

correlated with metastatic potential [3,6,8]. Stromelysin/transin mRNA was
shown to be increased in mouse skin carcinomas in comparison to normal
skin or benign papaillomas [26, 27]. Increases in stromelysin were observed in
transformed and metastatic Swiss 3T3 cells [28]. However, Collier et al. re
ported that human endothelial cells, keratinocytes, melanoma cells (A2508),

123



fibrosarcoma cells (HT-1080), and SV40-transformed human fetal lung fibro
blasts do not express stromelysin, nor is the enzyme induced by phorbol
ester [4].

6.2. The induction ofcollagenase activity by laminin andfibronectin

Laminin at concentrations of 4-8 Ilg/ml added to the serum-free media of
human melanoma A2058 cells increased the type IV collagenase activity two
to threefold [29]. An increase in type IV collagenase activity of sixfold was
observed when laminin fragments, as opposed to whole laminin, was added
to the culture media. The studies support the idea that tumor cell binding to
laminin, which comprises the first step of the basement membrane invasion
mechanism, will induce the second step, the collagenolytic destruction of the
basement membrane in the vicinity of the tumor cell.
Fibronectin fragments, but not whole fibronectin, could induce type I

collagenase and stromelysin gene expressions in cultured rabbit synovial
fibroblasts [30]. Collagen fragments, perhaps produced by the degradative
action of the metalloproteinases, have been shown to be chemotactic for
some tumor cells [31].

6.3. An inhibitor ofmetalloproteinases can inhibit metastasis

Tissue inhibitor of metalloproteinases (TIMP), a small glycoprotein of
molecular weight 28,500 Da, is synthesized by many, if not all, fetal and adult
human tissues of mesodermal origin [32]. It is a stoichiometric inhibitor of all
the metalloendoproteinases described, including the type I collagenases
(interstitial collagenases), the type IV collagenases, the stromelysins, and the
pump-l protease [3,12,33-46]. Immunologically identical forms of TIMP are
detected in a wide variety of human body fluids [37]. While it is present in
serum, its function in serum is not clear. Alpha-2 macroglobulin is also a
collagenase inhibitor and provides the bulk of the anti-collagenase activity of
serum [37,38]. TIMP has been found in high concentration in platelets and is
presumably secreted into blood on platelet activation [39]. The protein has
been isolated [40], sequenced [40-43], and cloned by several groups [41-43].
It is identical to a protein reported to have erythroid potentiating activity
(EPA) [41,42]. The TIMP gene has been assigned to the X chromosome [44].
As TIMP is an important physiological inhibitor of metalloproteinases, it

may have a significant role in modulating the invasion of tumor cells through
extracellular matrix. In in-vitro experiments using the amniotic membrane
from the human placenta to model invasion of tumor cells across basement
membrane and collagenous stroma, low concentrations ofTIMP added to the
culture media were shown to inhibit invasion [34,45]. In experiments in this
author's laboratory [46], we used human recombinant TIMP (rTIMP), which
was unglycosylated and had a molecular weight of 20,711. The rTiMP showed
a similar ability to inhibit the invasion of murine B16 melanoma cells through
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the amniotic membrane, as did natural TIMP. The injection of rTIMP into
C57BL mice (i.p. every 12 hours for 6 days) significantly decreased the
number of B16 melanoma tumors formed in the mouse lung after tail-vein
injection of the tumor cells. TIMP did not affect the tight binding of the
murine melanoma cells to the amniotic membrane, as did the fibronectin
(integrin) receptor-binding peptide RDGS and the laminin receptor-binding
peptide YIGSR, but instead inhibited invasion of tightly bound cells across
the membrane. Furthermore, TIMP had no effect on the size of the tumors
formed. In a similar type of experiment with murine B16 melanoma cells,
Reich et al. [47] showed that a synthetic collagenase inhibitor inhibits the
number of colonies formed in mouse lung from tail-vein injected melanoma
cells. These results showing inhibition of lung colonization by both a natural
and a synthetic collagenase inhibitor directly support a role for collagenases in
the metastasis of tumor cells.
Denhardt and coworkers [48] found that if they downmodulated TIMP

synthesis to 50% of its normal level in mouse Swiss 3T3 fibroblasts by
expressing an antisense TIMP mRNA, the cells assumed a new phenotype
that exhibited an ability to form tumors and metastasize in nude mice. As
the normal fibroblasts gave a malignant phenotype on the suppression of
TIMP synthesis, TIMP may be a tumor suppressor protein and the TIMP
gene may fit the definition of an anti-oncogene. Its expression in the Swiss
3T3 mouse line is apparently required to maintain the normal phenotype.
Further experiments in other systems will be required to confirm this
intriguing finding.
Recently a second TIMP, designated TIMP-2, has been isolated [49]. The

isolation of TIMP-2, homologous to TIMP, indicates that a family of TIMP
related proteins exist. TIMP-2 secreted from human melanoma cells is a 21
kD protein that binds in a 1:1 stoichiometry with the 72-kD type IV pro
collagenase that is also secreted by the same cells. TIMP-2 preferentially
interacts with the 72-kD collagenase. The 92-kD type IV collagenase only
interacts with TIMP, though TIMP can inhibit both the 92-kD and 72-kD
enzymes [50]. A 20-kD type IV collagenase inhibitor, which is not recognized
by TIMP antibodies, has recently been purified from bovine aortic endothelial
cells [51].
Neutrophil elastase, trypsin, and chymotrypsin were shown to destroy the

inhibitory activity of TIMP by degrading the inhibitor into small fragments
[52]. Perhaps TIMP is broken down in certain environments by cellular
secretions of TIMP-degrading proteases [53].

6.4. Tissue and urokinase type plasminogen activators are also associated with
the transformed and metastatic phenotype, and may act by activating the
proenzyme forms ofmetalloproteinases

Evidence for the involvement of the serine-type protease plasminogen
activators in cancer cell metastasis is quite extensive [3,54,55]. Plasminogen
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activator (PA) can act directly to degrade basement membrane proteoglycans
and glycoproteins or indirectly by generating active plasmin from its zymogen
plasminogen. Plasminogen is found in significant concentrations in extra
celIular compartments. Perhaps the pertinent observation is that plasmin
can activate type IV procolIagenases, which can then initiate the degrada
tion of the colIagens of the extracellular matrix. Thus, there may exist
a proteolytic cascade in which tumor-celI secreted plasminogen activator
activates plasmin, which in turn activates extracelIular prometalloproteinases
[56,57]. Two genetically and immunologically distinct forms of plasminogen
activator are known, urokinase and tissue plasminogen activator. In most
cases, the plasminogen activator increased with transformation is found to be
the urokinase type rather than the tissue plasminogen activator type [55].
Paranjpe et al. [56] early suggested the activation of human breast carcinoma
procollagenase by plasminogen activator. He et al. [57] demonstrated that in
cocultures of keratinocytes and skin fibroblasts, both type I procollagenase
and prostromelysin have a plasmin-dependent activation. Plasmin generated
an active type I collagenase by cleaving approximately 80 amino acids from
the NHrterminal end of the procollagenase. Catalytic amounts of stromelysin,
in turn, convert plasmin-activated colIagenase into a fulIy active enzyme
by removing an additional 15 amino acid residues from its COOH-terminal
end. The fully activated enzyme has a five- to eightfold higher activity than
the partialIy activated enzyme [57]. Stromelysin alone could not activate
procolIagenase [57].
Ossowski and Reich have reported that an antibody to human urokinase

injected into a chick embryo will significantly inhibit the metastasis to the
chick embryo lung of human HEp3 epidermal carcinoma celIs placed on the
chick embryo chorioalIantoic membrane [58]. Recent work in this laboratory
[59] and by Axelrod et al. [60] show that expression of human prourokinase
in transformed murine cells transfected with the human preprourokinase gene
wilI significantly increase the ability of these celIs to metastasize. The
increased urokinase expression also apparently leads to a higher collagenase
activity in culture [60], supporting the hypothesis that the relationship
between the higher urokinase activity and metastatic ability is due to a role of
urokinase in the activation of procolIagenases.

7. Possible cooperation between malignant cells and normal cells in the
induction of metalloproteinase activities

An alternate or coinciding hypothesis to the contention that malignant celIs
synthesize and secrete their own collagenolytic matrix degrading activity is
that they induce host cells to produce degradative enzymes. Biswas and
Nugent [61] have shown that tumor celIs can make a factor, called collagenase
stimulatory factor (CSF), that causes fibroblasts to secrete colIagenases.
Bauer et al. [62] noted a high collagenase activity associated with fibroblasts
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isolated from human basal cell carcinomas. It was suggested that the tumors
may have stimulated adjacent fibroblasts to produce collagenase, which is of
importance to the invasion of the tumor. Dabbous et al. [63] reported an
increase in mast cells within zones of tumor invasion. It was suggested that
mast cells may act as helper cells to metastasis and may induce collagenase
synthesis in host fibroblasts and in tumor cells.

8. Induction ofmetalloproteinase activities by exogenous factors

Many tumor cells metastasize to only certain organs or tissues, and there
must exist certain environmental signals that induce a particular tumor to
invade and form metastases in a particular target tissue. These signals or
factors that modulate the metastatic phenotype in vivo have not been clearly
identified. In addition to collagenase stimulatory factor, other factors that
may control metalloproteinase and metalloproteinase inhibitor gene expres
sions have been studied in vitro, and it is assumed these same factors or
factors like them may act in vivo within the microenvironment of the meta
stasizing tumor cell.
Retinoids have been shown to increase TIMP synthesis two- to threefold in

cultured human fibroblasts with a simultaneous two- to threefold decrease in
type I collagenase synthesis [64]. Dexamethasone causes a dose-dependent
decrease in collagenase without altering the biosynthesis of TIMP in the
human fibroblasts [64].
Tumor necrosis factor-alpha, which is secreted by macrophages in response

to inflammation, infection, and cancer, was shown to stimulate tupe I col
lagenase transcription in human AF2 fibroblasts [65]. Tumor growth factor
beta was shown to decrease type I collagenase activity, but to increase TIMP
and type IV collagenase synthesis in quiescent human fibroblasts [66].
Transcription from the stromelysin promoter is induced by IL-1 and is
repressed by dexamethasone [67,68].
In cultured SV-40 transformed fibroblasts, the expression of metallo

proteinase genes was shown to be upregulated by phorbol esters, cAMP,
growth factors, IL-1, calcium ionophores, agents remodeling the actin cyto
skeleton, and agents causing transformation. The metalloproteinase genes
were downregulated by glucocorticoids and retinoids. TIMP was regulated
independently. Phorbol ester and IL-1 upregulated TIMP, as it did the
metalloproteinases. However, retinoids, transformation agents, and cyto
skeletal regulators downregulated TIMP gene expression [69].
Upregulation of the type I collagenase gene by the oncogene products of

v-src, c-Ha-ras, activated c-Ha-ras, and v-mos, as well as phorbol esters, was
shown to require c-fos gene expression in murine NIH 3T3 cells [70]. The
importance of c-Fos in stimulation of stromelysin by PDGF but not EGF was
reported by Kerr et al. [71].
Edwards et at. [72] showed that the exposure of quiescent MRC-5 human

fibroblasts to epidermal growth factor, basic fibroblast growth factor, or
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embryonal-carcinoma-derived growth factor resulted in an increase in the
mRNA for type I collagenase, stromelysin, and TIMP. The exposure of the
cells to these growth factors in the presence of tumor growth factor-beta
resulted in the inhibition of the collagenase mRNA induction, but, in
contrast, caused the synergistic increase in TIMP mRNA. The result shows
that TGF~ has a selective effect on metalloproteinase and TIMP gene
expressions in MRC-5 fibroblasts.

9. Surface metalloproteinase activity

Kramer et al. [73] reported that murine B16 melanoma cells required tumor
cell contact with extracellular matrix in order to solubilize the matrix.
components in an in vitro assay. The location in the plasma membrane of
metalloproteinase activities able to degrade collagens and fibronectin, and
correlated with metastatic potential, has been reported [74-78]. It is
suggested that these cell surface metalloproteinases have a role in tumor cell
migrations. However, these enzymes must be purified, and more specific data
on the characterization of their activities must be obtained before their
possible functions are known.

10. Conclusions

There exist a significant number of papers showing correlations between
metastatic ability and increases in metalloproteinase activity, especially type
IV collagenolytic activity. In addition, a positive correlation exists between
plasminogen activator activity and metastatic potential. Metastatic tumor
cells may thus secrete high amounts of both procollagenase and prourokinase.
The activated urokinase initiates an enzymatic cascade, resulting in the initial
activation by urokinase of plasminogen and the subsequent activation of
prometalloproteinases by plasmin. The activated metalloproteinases degrade
extracellular matrix proteins during tumor cell invasion. In addition, uro
kinase and plasmin may have important activities of their own in the degrada
tion of the extracellular matrix [79]. The action of recombinant TIMP in
inhibiting murine experimental metastasis supports the importance of metal
loproteinases in metastasis and further indicates a role for metalloproteinase
inhibitors in modulating metastasis [46]. A future capacity to either control
the activation of the metalloproteinases in the environment of tumor cells or
to increase the concentration of metalloproteinase inhibitors in situ may
result in an ability to control the metastatic process.
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8. Ganglioside antigens in tissue sections of skin,
naevi, and melanoma - Implications for treatment
of melanoma

Peter Hersey

1. Introduction

Ganliosides were first described by Ernst Klenk in 1936 as a class of
glycolipid-containing sialic acids that were found in brain tissue [1]. It is now
known that they are components of cells in most tissues and that they are syn
thesized by glycosyltransferases in the plasma membrane, Golgi apparatus,
and microsomes of cells [1,2]. They appear to serve as receptors for products
such as cholera and tetanus toxin [2], viruses [3,4], and hormones, such as
thyroid-stimulating hormone [2], serotonin [2], interleukin-2 (IL-2) [5], and
interferon [2]. They appear to have an important role in cell membranes in
either enhancing [6] or inhibiting signal transduction resulting from receptor
interactions with a variety of growth factors, such as epidermal growth factor,
fibroblast growth factor, and platelet-derived growth factors [6-8]. In some
tissues they appear to .be associated with activation of Ca2+ -dependent
protein kinases [9] and Ca2+ -flux across cell membranes [10].
Malignant melanoma is known to express a number of gangliosides that are
not detected in normal melanocytes. In this sense they can therefore be
regarded as tumor-associated neoantigens [11]. When compared to brain,
melanoma has much less of the complex ganliosides - GTl, GOl, and
GMI - and higher concentrations of the simpler gangliosides - GM3, GM2,
and G03, and to a lesser extent, G02 [11-13]. More recently gangliosides
with O-acetylated sialic acids [14] and N-glycolyl sialic acids [11] have been
identified in melanoma. The former appear specific to melanoma, whereas
the latter are also found in red blood cells from other species [15].
Monoclonal antibodies (MAbs) have been produced against a number of
gangliosides expressed on human melanoma cells, including those against
G03 [12,16], G02 [17,18], GM3 [19], and GM2 [20,21]. Interest in the
clinical use of these MAbs was stimulated by reports that the injection of
MAb against G03 or G02 into patients with melanoma induced remissions in
tumor growth [22-24]. Intralesional injections of human MAb against G02
were also reported to induce the regression of subcutaneous metastatic
melanoma [25].
These clinical responses following the injection of MAbs to gangliosides
were of particular interest, as the treatment of patients with (unconjugated)
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MAbs against other melanoma-associated antigens did not induce regression
of tumor growth [26-28]. These differences in clinical responses were not
accounted for by differences in antibody class or in the density of the antigen
on the melanoma cell surface [29]. Studies by ourselves [30,31] and others
[32] have suggested that one of the reasons for this may be the ability of
MAbs against certain gangliosides to potentiate or activate immune responses
due to their interaction with gangliosides on activated lymphocytes. These
findings, therefore, raised the possibility that their effects on tumor growth
may have been indirect and due to stimulation of immune responses of the
host against their function.
In addition to their interest as targets for the treatment with MAbs, several

studies have suggested that certain of the gangliosides may be immunogenic
in their hosts [33]. In particular, antibodies against GD2 were reported in
patients with melanoma [34,35], and the generation of such responses was
suggested to be associated with a good prognosis [36]. Portoukalian et al. [37]
also reported IgG antibody responses to a number of different gangliosides in
patients treated with vaccines containing a mixture of gangliosides and sug
gested this response was associated with a favorable prognosis.
In view of their potential as targets for MAbs or as vaccines, studies were

carried out to study the distribution of three of the major gangliosides in
melanoma and on lymphocytes in tissue sections of melanoma. The present
chapter describes the results of these studies and discusses some of the
functional effects that might be expected from the interaction of MAbs with
melanoma and lymphocytes in vivo.

2. Distribution of gangliosides GD3, GD2, and GM3 on melanocytes, naevi,
and melanoma

Analysis of tissue sections of melanoma with MAbs against GD3, GD2, and
GM3 were carried out using immunoperoxidase techniques. Studies were
carried out on normal skin, 19 naevi, 29 primaries, and 83 metastases [38].
The results of these studies can be summarized as follows.
The ganglioside GD3 appeared to be expressed on all melanocytic tissues
studied, including melanocytes, naevi, and primary and metastatic mela
noma. Expression of GD3 was not uniform in the tumors, and in most of the
sections GD3-negative tumor cells could be identified. This is shown by the
histograms in Figure 1.
GM3 was not identified on melanocytes, even though this ganglioside was
reported to be found in extracts of cultured melanocytes [18]. It was present
on cells in naevi, but was noticeably absent when naevus cells were located in
the epidermis, in compound or junctional naevi. As shown in Figure 1, GM3
was detected on 63% of primary and 75% of metastatic melanomas. The
expression of GM3 on cells in individual tumors was lower than that of GD3
and, as noted in naevi, GM3 was absent from tumor cells located in the
epidermis.
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Figure 1. Percentage of naevi or melanomas expressing the gangliosides GM3, G03, and G02.
The percentage of cells in sections from individual tumors that were positive for ganglioside
expression is shown along the abscissa and the percentage of tumors or naevi is shown along
the ordinate. Reproduced with kind permission of the editor from Tnt. J. Cancer 41:336-343,
1988.

GD3 was not detected on melanocytes or cells in naevi, except for
occasional areas of so-called neuroidal differentiation of naevus cells deep in
the dermis. As shown in Figure 1, GD2 was detected on a low percentage of
tumor cells in approximately 25% of primary melanomas and in approxi
mately 45% of metastases.

2.1. Interrelationship between GM3, GD3, and GD2 expression on melanoma

In view of the biosynthetic pathway described by Fishman and Brady [2], a
reciprocal relationship might be expected between the expression of GM3
and GD3, or GD3 and GD2. Regression analysis, as shown in Figure 2,
suggested instead that GM3 and GD3, and GD3 and GD2, tended to be

139



PRIMARY MELANOMA (291 METASTASES IIlI

0.... 100

~
100

~.!!
~~ :1

~ ... . ~·I .. ~c.: oo oo ¥ "~

! ./
60 60 .. ..
! .. ..
.:; 20 20 "
<;

~
0

~

~

20 .. oo 100 20 60 .. 100

Percent of Cell5fTumour E_preuing eM
1

0'""00 ; ... 100 .'~ , " '. ,
"go :...: .. oo :: ....

! .'
60 60 ..: "

&
g .. ..
~
~ 20 20 :..
<;
c 0

~
~

20 .. 60 oo 100 20 60 oo 100

Percent of Cells/Tumour b;pressing CO
2

.~ 100 100
~ ~.
go

oo oo It

I .,. ..
60 I .. 60 =-

l
_.
.-:..
','

~ 20 20 to
<; " ~. .'
~ $ A .:/ .., .' .:.
~

~

20 .. .. oo 100 20 .. .. oo 100

Percent 0' Cells/Tu~r E_pressing CO2

Figure 2. Relation between expression of G03, GM3, and G02 on primary and metastatic
melanoma. Regression equation for G03 vs. GM3 expression on primary melanomas was
G03 = 63.4 + 0.339 GM3 (t = 2.39) and on metastatic melanomas was G03 = 66.4 + 0.138
GM3 (t = 1.53 ns). Reproduced with kind permission of the editor from Int. J. Cancer 41:
336-343, 1988.

coexpressed on melanoma cells. There was no correlation between GM3 or
GD3 expression with that of GD2 expression. However, it is possible that
analysis in this way may give a false impression if there were mixed
populations of tumors, e.g., the data relating GM3 to GD2 expression could
be interpreted to suggest two populations were present - one in which GM3
and GD2 were negatively related and a second in which both GM3 and GD2
are coexpressed.
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Studies on primary melanoma and metastases from individual patients
shown in Table 1 provided some evidence for a reciprocal relationship
between G03 and G02, in that when metastatic lesions had an increase in
the percentage of cells expressing G02, there was a decrease in the per
centage of cells expressing G03 relative to that on primaries. Conversely,
when the primary tumor had cells expressing G02 but the metastasis did
not, there was an increase in the percentage of cells expressing G03 in fhe
metastasis.

2.2. GD2 and malignant potential

Several reports suggest that the expression of G02 on primary melanoma
was associated with metastatic potential [39), and in particular that its
expression was related to the vertical growth phase, rather than the radial
growth phase, of melanoma [11,18]. This could not be confirmed in our series
in that 4 of 13 in the vertical and 2 of 11 primary melanomas in the radial
growth phase expressed GD2 [38]. Moreover, although there was a higher
incidence of GD2 expression on metastases, over half of the latter had
no detectable GD2. This would imply that GD2 is not essential to the
metastatic process and the presence or absence of GD2 on primary melanoma
cannot be taken as a guide to its metastatic potential. To emphasize this
point we also found no correlation with thickness of the primary melanoma

Table J. Expression of gangliosides on primary and metastatic melanoma from individual
patients

Primary Metastases
Patient MAb % positive % positive

MA GM3 90 2
G03 95 25
G02 2 30

MP GM3 60 5
G03 70 25
G02 0 20

NC GM3 60 70
G03 60 10
G02 10 50

IN GM3 2 70
G03 50 60
G02 0 0

OS GM3 30 30
G03 50 95
G02 50 0

KR GM3 5 50
G03 90 90
G02 0 0

Values indicated are percentage of cells positive in each section.
Reproduced with kind permission of the editor from Int. J. Cancer 41:336-343, 1988.
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(if anything, there was an inverse correlation), which is accepted to be the
most reliable indicator of prognosis [38].
It was also analyzed whether particular patterns of ganglioside expression
may determine the site of metastases. There was no evidence from this
analysis that expression of G03, GM3, or G02 had any association with
metastases in lymph nodes (LNs) or subcutaneous sites.

2.3. Tissue-dependent changes in ganglioside expression

It was noted during these studies that the distribution of gangliosides ap
peared to be influenced by adjacent tissues, e.g., G03 was not expressed
on epithelial cells in normal skin but was expressed on epithelial cells in the
stratum spinosum above naevi and primary melanoma. Similarly, GM3 was
not expressed on naevus cells or melanoma cells when these were located in
the epidermis, even though it was expressed on cells in the same naevi or
melanoma in regions located in the dermis. G02 was expressed around
epithelial cells in the basal layer and to a lesser extent in the stratum
spinosum, especially near hair follicles in normal skin. This pattern of stain
ing was much more intense above naevi, but was absent in epithelium
adjacent to or above primary melanoma [38].
These tissue-dependent changes may suggest that chemical factors released
from naevus or melanoma cells act to regulate the glycosyl transferase
enzymes involved in the synthesis of G03 and G02, e.g., Rosenberg et al.
[40] reported that increased G03 synthesis in melanoma reflected an in
crease in G03 synthetase enzyme levels and not a deficiency of enzymes
further on in the synthetic chain [2]. The absence of GM3 expression in
cells from naevi and melanoma located in the epidermis is more difficult to
explain and suggests a negative regulatory influence by the keratinocytes or
consumption of GM3 for G03 synthesis.

2.4. Therapeutic implications

The results from these studies on tissue sections suggested that MAbs di
rected against G03 would interact with the highest proportion of melanoma
cells in the highest proportion of melanomas in patients. The specificity of
these antibodies also appeared high in that they reacted with very few nor
mal tissues. In skin reactivity was mainly against melanocytes, fibroblasts,
and reticular tissue around blood vessels, and some lymphocytes. In LNs
there was reactivity with reticular cells lining the framework and around
blood vessels [44]. MAbs against GM3 also had very little reactivity with
nonmelanoma tissues and did not react with any of the normal tissues in
skin or LNs. MAbs to G02 reacted with peripheral nerves, as well as
epithelial cells, in skin, as described above. They also showed marked
reactivity with lymphocytes in LNs, as described below. Although MAbs to
G03, and to a lesser extent GM3, reacted with a high percentage of tumors,
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the percentage of cells in each tumor that reacted with the MAbs was vari
able. At least half the tumors contained some G03-negative cells and 90% of
tumors contained GM3-negative cells. This would imply that residual foci of
cells would be left after treatment with the MAbs.
Another pertinent question is whether a combination of MAbs to G03

and GM3 would be more effective than either above. The regression analy
sis in Figure 2 suggested this may not be so, in that tumors tended to have
coordinate expression of both gangliosides. With few exceptions, cells posi
tive for GM3 were also positive for G03. Nevertheless, the use of both
MAbs may increase their damaging effect on an individual cell basis.
The same considerations apply to use of MAbs against G02 in that G02
negative tumor cells were apparent in practically all melanomas. Combina
tion of antibodies against G03 and G02 may, however, increase reactivity
with cells in individual tumors in that reciprocal expression of G02 and
G03 was apparent in areas of individual tumors.
In view of these findings on tissue sections, it is somewhat surprising that

treatment with MAbs to G03 and G02 have been as effective as reported.
These studies are summarized in Table 2. This is even more so when these
results are compared to the negative results from treatment with MAbs
against other antigens on melanoma cells that have an equal or wider dis
tribution on melanoma than that of the gangliosides [27 ,28].
We have suggested that one of the explanations for this may be acti
vation of T-cell responses of the host against the tumor by the MAbs, i.e.,
the effects of the MAbs on tumors is indirect via the immune response of
the host. We have previously reported that MAbs to G03 and G02 poten
tiated lymphocyte responses to a number of stimuli, including melanoma
antigens [30,31]. These studies also showed that blood lymphocytes ex
pressed G03 when they were activated [30,44]. To sustain the hypothesis
that the MAbs were able to interact with lymphocytes in vivo, it was
necessary to demonstrate that lymphocytes around melanomas expressed
gangliosides on their surface. The studies below summarize the evidence for
this.

3. Ganglioside expression on lymphocytes and melanoma in skin and
lymph nodes

This question was analyzed by immunoperoxidase methods on sections from
16 primary melanomas, 10 subcutaneous melanomas, and 22 lymph node
(LN) metastases [44]. As shown in Table 3, lymphocytes around the mar
gins of metastases in LNs and in lymphoid follicles next to the metastases
frequently expressed G02. Expression of G02 was not seen in normal LNs
and was infrequent on lymphocytes in the cortex of LNs away from the
site of metastases. Subset analysis by dual staining techniques and by the
examination of serial sections is summarized in Table 4. This revealed that
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Table 3. Percentage expression of G02 and G03 and other markers on lymphocytes in lymph
nodes containing metastatic melanoma

Expression in different anatomical locations (mean ± ISO)

Lymphocyte Margins of Tumor Adjacent Lymphoid
marker tumor (19)" infiltrate (18) cortex (17) follicles (IS) Overall (22)

Lymphocytes
x 1O~3/mm2 9.5 ± 2.8 0.27 ± 0.4 11.17 ± 1.3 7.4 ± 0.8 7.2 ± 0.9
G02 53 ± 27 32 ± 37 to ± 8 55 ± 38 9 ± 5
(14.18) [0.02I]b [0.05] [0.53] [0.001]
G03 (R24) 31 ± 28 II ± 26 12 ± 14 5 ± 10 13 ± 12
C04 (Leu3a) 47 ± IS 53 ± II 47 ± 14 16 ± 8 48 ± 13
C08 (OKT8) 27 ± 12 31 ± 12 20 ± 12 3 ± 3% 30 ± 16
C019 (H037) 26 ± 17 16 ± 14 33 ± 20 79 ± 5 21 ± 13

"Figures in parentheses indicate the number of cases with lymphoid infiltrate at these sites.
bp values from t tests for comparison of G02 versus G03 expression are shown in the brackets.
Reproduced with kind permission of the editor from Pathology 21:51-58, 1989.

Table 4. Percentage expression of gangliosides G03 and GO on subpopulations of lymphocytes
in lymph nodes

Lymphocyte Tumor Within Adjacent Lymphoid
subpopulations Margins" tumor cortex follicles

C04+ G02+ 44 ± 34 15 ± 29 lO±to 54 ± 35
(l7)b (15) (10) (10)

C04+ G03+ 24 ± 26 7 ± 14 14 ± 13 1±2
(10) (14) (13) (10)

C08+ G02+ 48 ± 39 9 ± 15 13±13
(17) (15) (10)

C08+ G03+ 32 ± 34 6 ± 12 14 ± II
(10) (14) (12)

COI9+ G02+ 13 ± 17 16 ± 32 16 ± 27 67 ± 34
(16) (12) (10) (10)

COI9+ G03+ 3±4 9 ± 29 13 ± 29 I ± 2
(9) (12) (11 ) (10)

"G02 expression on C04+ T-cells was significantly above that of G03 on C04+ T-cells by a t
test of the data (p < 0.05 by t test).
bFigures in brackets indicate the number of cases studied.
Reproduced with kind permission of the editor from Pathology 21:51-58, 1989.

the G02-positive lymphocytes around the margins of metastases were mainly
CD4+, but CD8+ T-cells also expressed GD2. In the germinal centers of
lymphoid follicles, G02 was expressed predominantly on C04+ T-cells, B
lymphocytes, and dendritic cells.
G03 expression on lymphocytes was difficult to assess around tumor
margins, because most of the metastases were strongly G03 positive. The
estimates shown in Tables 3 and 4 were made from T200 staining of sections
and careful examination under high magnification. G03 was expressed on
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lymphocytes in lymphoid follicles, but this was not as marked as GD2
expression. Dual staining and study of serial section showed that GD3 was
expressed equally on CD4+ and CD8+ T-cells around the tumor margins
and lymphoid follicles. GD3 was also expressed on CD4+ T-cells in the
cortex. This subset appeared to have a different distribution from the CD4+
GD2+ T-cells that were located in germinal centers and margins of the
metastases.
Expression of gangliosides on lymphocytes in and around primary mela
noma and metastases in skin differed from that seen in LNs in that GD2
expression was infrequent and was mainly associated with clusters of CD4+
T-cells at these sites. These studies are summarized in Tables 5 and 6. The
CD4+ T-cells did not react with MAbs to CD45R (2H4) but were Leu 8+,
which was reputed to identify a suppressor inducer subset in blood lympho
cytes [45]. As these CD4+ T-cells did not express GD2, these results did
not suggest any clear association of GD2 expression with suppressor func
tions of lymphocytes. The studies did not exclude, however, that CD4+

Table 5. Expression of gangliosides GD3 and GD2 on lymphocytes around primary and
subcutaneous metastatic melanoma

Number Lymphocyte GD2 GD3 CD4 CD8 CDI9
studied count x 1O-3/mm2 (14.18) (R24) (Leu3a) (OKT8) (HD37)

Primary 16 6.4 ± 3.2 <1% 9 ± 9c 54 ± lid 42 ± II 3.4 ± 5
melanoma (II )" (11) (16) (16) (7)

Subcutaneous 10 8.1 ± 2.1 15 ± 6h 26 ± 15 46 ± I 50 ± 3 4±3
metastases (5) (5) (6) (6) (4)

"Figures in brackets indicate the number of cases expressing the marker.
hThe percentage of lymphocytes in primary melanoma expressing GD2 was significantly less than
that around subcutaneous metastases by a t test of the data (p < 0.05).
c GD3 expression significantly greater than GD2 expression on lymphocytes below primary
melanoma (0.003) by t test.
dCD4 expression significantly reater than CD8 expression (p < 0.004) by t test.
Reproduced with kind permission of the editor from Pathology 21:51-58, 1989.

Table 6. Expression of gangliosides GD3 and GD2 on subpopulations of lymphocytes around
primary and subcutaneous metastatic melanoma

CD4+ GD2+ CD4+ GD3+ CD8+ GD2+ CD8+ GD3+ CDI9GD2

Primary <1% 7 ± 7b <1% 7±6 <1%
melanoma (II)" (14) (II) (14) (8)

Subcutaneous 16 ± 7 22 ± 20 1O± 5 22 ± 15 28 ± 43
metastases (5) (5) (5) (5) (5)

"Figures in brackets indicate the number of cases expressing the marker.
bCD4+ GD3+ ve lymphocytes significantly greater than CD4+ GD2+ ve lymphocytes in pri
mary melanoma (p < 0.001).
Reproduced with kind permission of the editor from Pathology 21:51-58, 1989.
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GD3+ T-cells may have such a role, and further studies are needed to
examine this. GM3 was not detected on lymphocytes.

3.1. Therapeutic implications ofCD3 and CD2 expression on lymphocytes

It is apparent from these results that lymphocytes expressing the gangliosides
GD3 and GD2 are strategically located near melanoma so that augmenta
tion of their function by MAbs may enhance their antitumor effects against
melanoma. It is also clear that if the MAbs did augment lymphocyte
function, the outcome may depend on the function of the lymphocytes ex
pressing the gangliosides. In LNs, GD2 appeared to be expressed on lympho
cyte subsets involved in antibody production (dendritic cells, CD4+ T-celIs,
and B-Iymphocytes) so that stimulation with MAb to GD2 may enhance
antibody production. If the CD4+ T-cells were inducers of suppression,
however, the opposite may occur. Similar considerations apply to the effect
of MAbs to GD3. In vitro the latter appeared to enhance the cytotoxic
activity of CTL [31], but whether the latter occurs in vivo is as yet unproven.

It might also be expected that metastases in skin would not respond as
well to treatment with MAbs to GD2, compared to those against GD3, as
there were very few lymphocytes in skin expressing GD2. The sites of clini
cal responses to treatment with MAbs to GD3 were mostly in skin, but a
response was also reported in lymph nodes and in lung [22,23]. Inflammatory
responses in the skin, particularly around metastases, were a prominent
feature in patients treated with these MAbs, which would be consistent
with stimulation of T-Iymphocytes at these sites by the MAbs. The sites of
responses of patients treated with MAbs to GD2 were not stated in the
published reports [24]. An interesting side effect noted during treatment
with the latter was pain in the extremities, which may reflect the expression
of GD2 noted on peripheral nerves.

3.2. Mechanism ofpotentiation of lymphocyte responses by MAbs to CD2
andCD3

The proliferative response of T-celIs to antigens is known to be dependent
on the production of IL-2 and receptors for IL-2 (IL-2R), and these two
factors were postulated to determine the magnitude of T-celI responses to
antigens [45,46]. Analysis of the effects of the MAbs on these two events
revealed, firstly, that the MAbs did not have significant effects on IL-2
receptor expression measured by MAbs to Tac. However, the MAbs ap
peared to increase the affinity of binding of radiolabeled IL-2 to the IL-2R
and increased internalization of the latter. Secondly, although the MAbs
potentiated phytohemagglutinin (PHA)-induced IL-2 production at high
concentrations of MAbs and of PHA, this did not appear to explain their
potentiation of the proliferative responses of lymphocytes, e.g., although
IL-2 production was minimal or absent from the CDS+ subset, the latter
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showed the highest degree of augmentation. Addition of IL-2 to PHA
stimulated cultures did not produce similar augmentation of mitogenic re
sponses to that produced by the MAb to G03 or G02. The augmented
and normal mitogenic responses were, however, dependent on IL-2, as
shown by their inhibition with MAbs against IL-2 [47]. These results
suggested that the effects of the MAbs on IL-2 production could be dis
tinguished from their effects on the proliferative responses of T-cel1s and
that the latter were associated with changes in affinity and internalization
of 125I_IL_2. Whether the latter is a direct cause of the increased pro
liferative response remains unknown. Studies were also carried out on bio
chemical changes in lymphocytes induced by MAbs to G03 and G02 to
determine if these would provide further understanding of the mechanism
of the augmented responses. Binding of MAbs to lymphocytes did not ap
pear to be associated with changes in intracel1ular Ca2+ levels, but effects
on cel1 division were associated with increased cyclic GMP levels in lympho
cytes. Increases in IL-2 production, on the other hand, appeared to be re
lated to activation of protein kinase C [48].

It is clear from these studies that, quite apart from their potential in the
treatment of patients with melanoma, MAbs to G03 and G02 may be use
ful probes to understand the role of these gangliosides in the activation of
lymphocytes. If our suggestion that the therapeutic effects of the MAbs are
mediated through their effects on lymphocytes is true, the understanding of
this role may have important practical applications in treatment.

4. Summary

The ganglioside G03 was distributed widely on melanocytes, naevi, and
practical1y al1 melanomas. Not al1 the cel1s in melanoma appeared to ex
press G03, so that treatment with MAbs to G03 could be expected to leave
foci of tumor cel1s resistant to the effects of the MAbs. GM3 had a similar
distribution of G03 on melanoma, but was expressed on a lower percent
age of cel1s in individual tumors. Expression of GM3 appeared to be
suppressed on melanoma and naevus cel1s in the epidermis. Addition of
MAbs to GM3 to those against G03 in the treatment of melanoma may
increase the lytic effect against cel1s coexpressing both gangliosides, but as
GM3 did not appear to be expressed on GM3 -ve cel1s, the percentage of
resistant cel1s may not be decreased. G02 was expressed on only approxi
mately 25% of primaries and less than 50% of metastases. In individual
tumors there was some evidence of reciprocal expression of G03 and G02,
so the combination of MAbs to G03 and G02 may decrease the percent
age of melanoma cel1s that are resistant to either MAb alone.
Both G03 and G02, but not GM3, was expressed on lymphocytes around
melanoma metastases in LNs and around melanomas in skin. G02 was
detected on a large percentage of lymphocytes around metastases in lymph
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nodes, but not in the skin, suggesting that the gangliosides G02 and G03
may be expressed on different subsets of T-Iymphocytes.
These findings, together with previous studies showing that the MAbs can
enhance lymphocyte responses to a variety of stimuli, provide support for
the hypothesis that the clinical effects of the MAbs may reflect activation
of host responses against the tumor. Further analysis of the role of gangli
osides in lymphocyte function is needed.
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9. Modulation of melanoma antigens by interferons

James L. Murray and Michael G. Rosenblum

1. Introduction

The interferons (IFNs) have been shown to have a number of pleiotropic
effects in biological systems, including inhibition of cell division, modulation
of differentiation, enhancement of phagocytosis, immune modulation, and
altered expression of cell surface antigens [1-5]. The latter effect, modulation
of antigen expression, has considerable interest for both basic scientists and
clinicians as a mechanism of enhancing the amount of histocompatibility
(HLA class I and class II) and tumor-associated antigens (TAA) on tumors,
thereby partially circumventing tumor heterogeneity.
Since the optimal use of monoclonal antibodies (Mabs) for diagnosis and

therapy is dependent to a great extent on their ability to bind to TAA,
biologicals such as IFN could conceivably be used to selectively increase Mab
uptake in tumors through cell surface upregulation of these antigens. Pre
vious studies, to be expanded below, have demonstrated the enhancement of
HLA class I and class II antigens on melanoma cell lines and fresh tumor
specimens by in-vitro incubation with immune or gamma interferon (IFNy),
and to a lesser extent, by alpha interferon (IFNa). Other investigators have
tested the effects of IFN on the regulation of melanoma-associated antigens
(MAA) with significant yet less consistent results.
The purpose of this chapter will be to review the current status of IFN

regulation of MAA and histocompatibility antigens. In this context, pertinent
data will be presented under the following subheadings: a) in-vitro effects of
IFN on expression of histocompatibility antigens, b) in-vitro effects of IFN on
MAA, c) preclinical and clinical studies of IFN and Mab, and d) a summary
and future directions.

2. In-vitro studies of IFN effects on melanoma antigens

2.1. In-vitro effects of IFN on HLA class I (A, B, C) and class 1/ (DR, DP
and DQ) antigens in melanoma
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Dolei et aI. [6] were among the first to demonstrate increased expression and
shedding of la-like (class II, HLADR) antigens, HLA-A, B, C antigens (class
I), and ~2 microglobulin in a variety of normal and malignant cell lines,
including two melanoma lines, MlO and M14, in the presence of human
~-type interferon. A significant increase in the expression and shedding of
these antigens occurred, which reached a peak after 48 hours of interferon
exposure. In contrast, human a-type interferon (IFNa) caused enhanced
expression and shedding of class I antigens and ~rmicroglobulinsbut had no
effect on Ia antigens. This work was confirmed and expanded by Liao et al.
[7), using partially pure human leukocyte interferon (Cantell). In this
instance, incubation of melanoma cell lines CaCL73-36 from a minimum of 16
hours to a maximum of 96 hours with leukocyte IFN caused a time-dependent
enhancement of ~2 microglobulin. The effect of IFN on antigen expression
was reversible and was independent of its effect on cell growth. A significant
increase in HLA-class I antigen synthesis, as measured by the incorporation
of [35Se] methionine, along with enhanced sensitivity of the activity of
leukocyte IFN of cells in the GO/G 1 phase of the cell cytle, was noted by
others [8]. Moreover, there was a greater correlation with enhanced HLA
synthesis and IFN's antiviral effect than with its antiproliferative action.
Additional studies by Giacomini et al. [9] examined the effect of recombi

nant human leukocyte IFN and fibroblast IFN on MHC antigen regulation
and shedding by melanoma cells. These investigators demonstrated that cell
surface HLA-A, B, C antigens were enhanced by three types of recombinant
leukocyte IFN species (IFNaA, aD, and aA/D), along with fibroblast IFN
(IFN~); however, shedding of the HLA-A, B, C complex occurred only with
leukocyte IFN. All three species were capable of enhancing gene products
in the HLA-D region, with effects on DC-1 being greater than DR. These
results differ from previous studies in which naturally produced IFN were
used [6,7] and may reflect differences in IFN purity and activity.
In contrast to the limited effects of leukocyte and/or fibroblast IFN on

HLADR expression, there are numerous studies in the literature demonstrat
ing significant enhancement of class II antigens by immune or gamma IFN
(IFNy) [10-19]. la antigens (HLADR) have been demonstrated on a pro
portion of cultured and uncultured melanoma cells [20), but not on melano
cytes [20]. However, la-negative melanoma cell lines, as well as melanocytes,
could be induced to express class II antigens by incubation with as little as 2
U/ml of recombinant IFNy [10]. Interestingly, la antigen induction by IFNy
was not specific for melanomas, but occurred on a variety of other tumors and
normal cell lines [14), as well as normal human melanocytes and nevus cells
[15]. Ziai et al. [12), studied the effect of recombinant IFNy on a melanoma
clone resistant to its antiproliferative effects and found that HLA class II
antigens were increased in both the resistant and the parental lines, whereas
modulation of HLA class I antigens and MAA was seen only in the parental
line. In essence, the data suggested that the modulation and expression of
class II antigens by IFNy occurred through mechanisms that were different
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from those responsible for modulation of either class I antigens or MAA.
Further studies in this area revealed a dose-dependent enhancement of DR
over DO and DP antigen [16-19]. In the majority of fresh biopsy samples,
long-term cell lines, and normal epidermal melanocytes the changes observed
were not dependent on the cell cycle, the level of IFNy receptors, or
differentiation. Hence these findings tended to support the more frequent
detection of HLA-DR over HLA-DO and -DP antigens in melanoma lesions.
These data might have relevance with respect to variations in tumor anti
genicity and the effect of IFNy on modulation of this parameter.

2.2. In-vitro effects of IFN on MAA expression

In contrast to numerous studies of the effects of IFN on class I and class II
antigen expression, studies concerning IFN's effect on the modulation of
MAA are less frequent and less convincing. Discrepancies noted in the
literature, however, may relate to differences in the purity and type of IFN
used, along with differences in cell lines and assay systems used. Houghton
et al. [10], found no change in MAA induction by IFNy, IFNa, or IFN~
as determined by a series of murine Mabs, M-l through M-34, that are
reactive with differentiation antigens on human melanomas and normal
melanocytes. Other investigators have shown either no change or a decrease
in the expression of a high Mr proteoglycan MAA found on the surface of
over 90% of melanoma cell lines and fresh biopsy samples [21,22] when
incubated with all three IFNs, although enhanced shedding of the antigen was
observed [9]. Herlyn et al. [15] demonstrated increased shedding of both an
intracytoplasmic 80-kD Mr MAA, as well as the GDz ganglioside MAA,
when melanoma cells were incubated in vitro with IFNy. No changes occurred
in the surface expression of other MAA (proteoglycan, NGF receptor,
P84Kd, p97Kd, P120Kd, p200Kd, and 80Kd).
Matsui et al. [23] used a novel approach to develop a Mab that recognized

an antigen susceptible to immune modulation by IFNy. In this case,
hybridomas were constructed using spleen cells from mice immunized with
IFNy-treated melanoma cells and cloned, and supernatants were screened for
their reactivity with IFNy-treated melanoma cells. Two Mabs, CL203 and
CL207, were selected that recognized a 96-kD MAA that was specifically
enhanced by IFNy in a time-dependent and concentration-dependent man
ner. The antigen was not modulated by either IFNa or IFN~. The antigen
was also detected in carcinoma cell lines, but at a much lower level than on
melanoma cells.
Another novel MAA sensitive to regulation by IFNy has been described by

Carrel et al. [13]. The antigen, as defined by a Mab designated as Me 14-DI2,
was found on the surface of melanomas and other cell lines of neuroectoder
mal origin, such as gliomas, neuroblastomas [13], and some Iymphoblastoid
cell lines [24]. The antigen has been characterized as a two-chain glycoprotein
of Mr 33 kD and 38 kD, respectively (gp 33-38) [24]. The gene coding for this
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antigen has been cloned and transfected into mouse Ltk cells [25]. Incubation
of transfectants with IFNy identified two mRNAs of 3.2 kb and 2.2 kb in
primary and secondary L-cell transfectants, as well as in human melanoma
cell lines expressing the antigen. The enhancement of antigen by IFNy was
retained in the transfectants and could be detected at the level of protein and
in mRNA expression.

In contrast to the presence of several MAA which have been shown to be
regulated by IFNy, fewer MAA sensitive to the effects of IFNa or IFN~ have
been identified to date. Liao et al. [7] were the first to demonstrate the
enhancement of MAAs by leukocyte IFN, as detected by polyclonal monkey
antisera. This induction of MAA was detected as early as 16 hours and was
maximal at 96 hours after IFN exposure. Other investigators have shown that
recombinant leukocyte and fibroblast IFN were also capable of increasing the
surface expression and shedding of several intracytoplasmic antigens of 115
kD and 100 kD, respectively [9].
Murray et al. [22] studied the in-vitro effects of recombinant IFNa and

IFNy on the modulation of the transferrin-like glycoprotein P97, as well as the
high molecular weight (240 kD) proteoglycan. P97, a 97 kD Mr surface
antigen, is found on over 80% of melanoma cell lines and fresh human
melanomas, and has minimal cross-reactivity with endothelial cells and fetal
tissues [26]. The 240 kD Mr antigen is found on over 90% of melanoma cell
lines and fresh biopsy specimens [21]. Melanoma cell line HS294t [27] was
incubated with either 50,500, or 1000 Vlml IFNa, IFNy, or a combination of
the two for 4, 24, 48, and 72 hours at 37°C in flat-bottomed microtiter plates
(30-50,000 cells/well). Following incubation, media was removed and Mabs
96.5 or ZME018, reactive with P97 or proteoglycan antigen, respecitvely,
were added at an optimal concentration of 1 I!g/ml. After 1 hour incubation
at 37°C, plates were again washed and a saturating amount of 125I-labeled
goat anti-mouse IgG (specific activity 10 I!Ci/l!g was added. Following three
additional washes, cells were lysed with detergent, total counts were ab
sorbed using cotton swabs, and the total counts per minute per 105 cells was
determined by gamma counting. As shown in Table 1, preincubation of cells
with either 500 U Iml of IFNa or IFNy for 48 hours significantly enhanced
binding of Mab 96.5 over cells preincubated in media alone. Higher or lower
concentrations of IFN for shorter or longer time periods did not have a
significantly greater effect. In contrast, surface expression of the 240 kD
antigen was not modulated by either IFN, similar to what has been reported
previously [9]. IFN also enhanced HLADR expression slightly and did not
affect binding of an irrelevant Mab, OKT3 (Table 1). No effects of IFNa or
IFNy were observed using a breast carcinoma cell line, MCF-7.
The effects of a combination of each IFN on P97 antigen expression was

also studied. Addition of 250 Vlml IFNa to 250 Vlml IFNy did not signifi
cantly enhance antigen expression to a significantly greater extent than 500
Vlml of each respective IFN alone, indicating that the two IFNs were not
synergistic and in some cases were less than additive. As demonstrated pre-
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viously [28], synergistic inhibition of proliferation by a combination of each
IFN occurred, indicating that IFN's effects on antigen modulation were disas
sociated from its effects on cell growth.
In summary, the majority of in-vitro studies have demonstrated variable

effects of IFNs on melanoma surface antigen modulation depending on
several parameters including the antigen, the concentration of IFN, the
length of incubation, the assay procedure(s), and melanoma cell lines used.
Hence, direct comparisons of findings from different investigators are difficult
and are fraught with errors in interpretation.

3. Preclinical and clinical studies ofMabs and IFN

Several studies have demonstrated an enhancement of tumor targeting of
Mabs in vivo in nude mice given IFNa or IFNy [29,30]. The Mabs used were
those recognizing breast cancer (B6) or HLAOR antigen (Tal-lB5); IFNa
was injected into mice receiving B6 Mab and IFNy into mice receiving TAL
IB5. In both studies, improved tumor localization was antigen specific, since
isotype-matched irrelevant Mabs did not accumulate within tumors of either
control or recombinant IFN-treated mice.
There is little data regarding the effect of IFN in vivo on Mab targeting in

mice bearing melanoma xenografts. Murray et aI., as a follow-up to data
showing a 40-70% enhancement of P97 on melanoma cells treated with
recombinant IFNa in vitro [22], performed a study of 96.5 localization in
athymic mice bearing established subcutaneous tumors comprised of HS294t
human melanoma cells [31]. Tumor-bearing mice were given single daily
intramuscular injections of either normal saline or IFNa (subspecies A) at
concentrations of 5 x 103,30 X 103, or 250 x 103 U for a total of 10 days. On
day 7, mice received 5 Ilg of either IIIIn-labeled Mab 96.5 or the irrelevant
subclass-matched 1IIln-labeled Mabs TIOI and ZCE025 (an anti-T-cell Mab
and anti-CEA Mab, respectively). Animals were sacrificed 72 hours later, and
the percent injected dose per gram (% lO/g) in tumors and normal organs
was determined. Mabs T101 and ZCE025 did not localize specifically to
melanoma tissues, as demonstrated by tissue to blood ratios of 0.5 compared
to a tissue to blood ratio of 5 for the specific antibody 96.5. As shown in Table
2, there was a significant (p < .001) increase of 96.5 in tumors of IFNa
treated mice compared to saline-treated controls. Targeting of control Mabs
was not significantly enhanced by IFNa. An interesting finding of this study
was that IFNa treatment also increased the %IO/g 96.5 in normal tissues,
chiefly blood, heart, lung, and kidney. Analysis of homogenized tissue speci
mens for antigen revealed the presence of P97 in these tissues, especially in
IFN-treated mice. These data were compatible with either IFNa causing
enhanced tumor shedding of antigen with localization in tissues, or the
enhanced expression of an antigen that cross-reacts with 96.5 in normal
tissues. It is known that P97 is similar in structure to transferrin [32] and is
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Table 2. Tumor uptake of IIIIn-96.5 vs. control MABs in control vs rIFNuA treated mice

rIFNuA (U/day x 10 days)
NS

IIIIn_MAB (control) 5000 30,000 250,000

96.5 12.0 ± 1.8" 30.8 ± 5.5" 36.0 ± 4.7" 29.4 ± 10.5
nOI 4.3 ± 0.9 N.D.C 4.7 ± 1.2 3.8 ± 0.62

(control)

ZCE025 6.9 ± 0.9 N.D.C 15.0 ± 4 N.D. c

"Data represent mean ± SEM % inj. dose/g of MAB. In from 5-12 mice/GPo
"p < .001 vS. NS control mice.
CN.D. = not done.

found to a limited extent on endothelial celIs [33]. Additional studies are
needed to determine the relevance of these findings.
Matsui et at. [34] performed an interesting study in which an immunocon

jugate of CL207 (recognizing the IFNy-regulated 96 kD MAA) and
daunomycin displayed a selective in-vitro cytotoxic effect against melanoma
celIs expressing the antigen. IFNy caused a synergistic enhancement of
selective immunoconjugate cytotoxicity. Furhermore, in mice bearing BM
314 colon carcinoma celIs (CL202 reacts with both melanomas and carci
nomas), tumor growth was significantly inhibited in animals receiving IFNy
plus conjugate versus animals treated with conjugate alone, IFNy alone,
CL207 alone, or a mixture of daunomycin and CL207. These studies, coupled
with the data presented above, suggest a possible role for the use of com
binations of IFN and Mabs in the diagnosis and therapy of cancer in humans.

3.1. A pilot clinical trial ofa combination ofleukocyte fFN and Mab 96.5
in humans

To determine whether IFN could influence the pharmacokinetics as well as
the biodistribution of anti melanoma Mab in humans, we performed a pilot
clinical trial in which melanoma patients (n = 5) were selected to receive
partially purified leukocyte IFN (HUIFNa-Cantell), followed by an infusion
of I\lIn-labeled murine antimelanoma antibody, 96.5 [35]. The antibody
chosen was based on our earlier preclinial results in vitro, which demon
strated an enhancement of surface antigen P97 by both recombinant IFNa
and IFNy [22]. Results in the above patients were compared to five patients
who received IIIIn-96.5 alone as part of a larger phase III radioimaging study
(controls). Although patients were not randomized, the distribution of
patient characteristics, including mean age, sex, previous treatment, and
histories, was similar in both groups. Patients were also matched with respect
to the mean diameter of soft tissue lesions (i.e., lymph nodes, skin), as
measured in centimeters. Controls had a greater number of documented
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lymph node and visceral metastases (n = 23) than HuIFNa-treated patients
(n = 6).
Prior to study, all patients gave written informed consent, as required by

the Surveillance Committee at University of Texas M.D. Anderson Cancer
Center. Computerized axial tomography scans of brian, abdomen, and pelvis,
along with other routine radiographs, were performed to completely docu
ment metastatic disease. Five patients were begun on HuIFNa, 3 x 106 U
daily by intramuscular injection. HulFNa treatment was continued as long
as disease stabilization or a response to therapy was evident.
Twenty-four hours after receiving the first injection of HuIFNa, patients

were given 1mg of II lIn-labeled 96.5, along with 19 mg of unlabeled 96.5 in
100 ml of normal saline as a I-hour infusion. The dose selected had been
demonstrated to give optimal imaging in a previous phase I trial [36].
Seventy-two hours following Mab infusion (i.e., day 4 of HulFNa treatment),
gamma scans were performed using a GE model 400 gamma camera
(Milwaukee, WI), and images were stored in an on-line computer (Digital
Gamma II, DEC, Maynard, MA). Patients not receiving HulFNa were given
Mab alone and imaged in the same fashion. Scans were initially interpreted by
a single nuclear medicine physician without full knowledge of disease sites.
To determine the relative uptakes of 1l1ln-Iabeled 96.5 in tumor with

respect to background, regions of interest (ROls) were drawn on the digital
images taken at 72 hours postinjection over the bones (lumbar spine),
kidneys, spleen, and the largest soft tissue lesion. Lesions were restrospec
tively matched for size and site between HulFNa-treated patients and con
trols. These were compared to ROls over the liver and heart using average
counts per pixel. When image collection was different from the standard 5
minutes, equalization was achieved first. Counts were also corrected to a
standard grid format of 64 x 64. If any visceral organ contained tumor, these
were avoided in drawing ROls.
The plasma half-life of IIlln-labeled 96.5 was determined by analyzing

counts per minute from heparinized 5 ml blood samples collected during III In
Mab infusion, at the end of infusion (time 0), and at 1,5, 10, 30, 60, 70, 120,
180, 1320, and 2760 minutes after infusion. An aliquot (0.5 ml) of the IIIIn
labeled Mab solution was also obtained to serve as a standard and isotope
decay control. Blood samples were centrifuged and duplicate 100-ld aliquots
of plasma were added to 13 x 100 mm disposable glass test tubes. Radio
activity was assessed using a Packard scintillation gamma counter (model
5360).
The results of this study were as follows. First, although the number of

patients in this study was small, there was a significant difference in the
number and percentage of metastases imaged in the HuIFNa group compared
to the controls (HuIFNa: 21 of 27 (78%); controls: 23 of 42 (55%), P = .05,
chi square). The increase in imaging was due to a significantly greater
detection of lung lesions; detection of skin and soft tissue lesions, visceral
lesions, and lymph nodes was not significantly different between the two
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groups (68% vs. 67% in the HuIFNa group vs. controls, respectively).
ROI scans for representative patients who received 96.5 antibody without
prior IFN treatment (Figure 1A) or after IFN are shown (Figure lB). With
IFN treatment, there was a greater distribution of the label to tumor and to
peripheral tissues.

Figure 1. ROJ scan of anterior chest performed at 72 hours on a patient who received Mab 96.5
alone (IA) and on a patient who received HuJFNu followed by 96.5 (18). From Rosenblum
(l9R8) et al. J. Natl. Cancer Inst. 80: 160, with publisher's permission.
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Figure 2 shows the mean plasma concentration of [III In] from the five
patients who received antibody 96.5 alone compared to the group receiving
96.5 and HuIFNa. With the same dose of both antibody and pUIn] label, the
HuIFNa-treated group displayed a 50% decrease in the concentration of
radiolabel in plasma compared to controls early after the end of infusion
(time 0). However, the rate of clearance of radiolabel from plasma appeared
to be slower for the HuIFNa-treated group than for controls. As indicated
in Figure 1, the HuIFNa-treated group demonstrated a substantial increase
in t ll2 (from 19.8 ± 3.2 hours to 39.7 ± 3.3 hours) compared to controls. In
addition, the decrease in concentration of the radiolabel in the blood pool
observed in Figure 1 was reflected in a concomitant increase in the apparent
volume of distribution of the HuIFNa-treated group compared to that of
controls.
In light of the above findings, a comparison was made between the relative

amount of radioactivity in tumor sites versus blood pool and other organ sites,
including liver, spleen, kidneys, and bone. ROIs were selected on 72-hour
scans and the counts per minute per pixel was determined for a representative
soft-tissue lesion and for each of the above organs. Soft-tissue lesions of
similar size and location on the body surface were selected in order to
minimize differences due to depth and gamma camera scanning angle. A ratio
of counts per minute per pixel in tumor versus heart (blood pool), as well as
other organs versus heart, was calculated for each patient. As shown in Figure
3, there was a significant increase in the mean ± SEM tumor/blood ratio in
the IFN-treated group (1.98 ± 0.68) compared to that found in the control
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Figure 2. T II2 of 96.5 in controls and HulFNa-treated patients. The calculated line was
monophasic in both instances. Solie lines represent the best-fit, least squares regression line
through these poinls. Values shown are means for five patients per group ± SEM. From
Rosenblum et al. (1988) J. Natl. Cancer Inst. 80:]60, with publisher's permission.
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kidney (K) relative to heart (H) or blood pool. • = significant at p < .05.

group (0.63 ± 0.06). However, in liver, spleen, bone, and kidney, there were
no significant differences in antibody content between controls and the IFN
treated group. Tumors in the HuIFNa group had a higher average radio
activity expressed as counts per pixel (438.4 ± 101.8) than tumor in the
control group (276.6 ± 48: p = .06). Relative counts per pixel in blood pool
and in other organs were comparable between groups. When the relative
counts per minute were expressed as a ratio to counts per minute in liver,
there was a statistically significant increase in the amount of radiolabel
distributed to the tumor in the IFN-treated group (data not shown).
Although this represents the first clinical study to demonstrate significant

alterations in anti-melanoma Mab pharmacokinetics and biodistribution by
alpha interferon species, the data should be interpreted with caution. First,
because biopsies could not be obtained in the patients and an irrelevant
subclass-matched Mab was not given, one cannot conclude that the enhanced
localization of III-labeled 96.5 was specific or was due to enhanced antigen
expression on the tumor. However, it is of interest that the prolonged
clearance of Mab in the IFN group, coupled with an increase in the volume of
distribution (Figures 1 and 2), parallels our findings in nude mice with respect
to increased 96.5 in tissues [31]. In an earlier study, circulating P97 was
measured in 1 of 20 patients receiving III In-labeled 96.5 alone [37], hence it is
theoretically possible that enhanced antigen shedding and/or upregulation in
normal tissues by IFN is occurring. The existence of a saturable P97 antigen
pool in normal human tissues has been demonstrated by the ability of 'cold' or
unlabeled 6.5 given concomitantly or prior to 1 mg III In-labeled Mab to
block liver uptake of labeled 96.5 and to enhance tumor uptake of the same
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[38]. Despite evidence favoring antigen-mediated uptake, further trials are
needed using a control nonspecific Mab as well as biopsies, both pre- and
post-IFN treatment, to confirm these results.

4. Summary and future directions

The above studies have shown that human IFN, both alpha and gamma
species, were capable of enhancing antigen expression and/or shedding, as
detected by a variety of Mabs specific for histocompatibility and melanoma
associated antigens. The degree of modulation was variable and appeared to
be dependent on the antigen studied, the concentration of IFN, the time of
incubation, the cell lines used, and the assay systems employed. It was
nevertheless encouraging to see that in-vitro results could be preliminarily
confirmed in-vivo in nude mice, as well as in humans. However, we should
continue to use caution in interpreting the results of in-vivo studies suggesting
an enhancement of tumor targeting secondary to antigen upregulation alone,
since Mab uptake in tumors is due to a host of variables, including tumor
blood flow, permeability, and antibody charge [39,40].
Although the in-vitro results are interesting, future studies should concen

trate on whether modulation of a particular antigen has any functional of
biological significance. In terms of regulation of class I and class II histocom
patibility antigens, the IFNs may serve as important modulators of tumor
immunogenicity with respect to antigen-specific cellular and tumoral immun
ity in vivo. In addition, the three types of IFN have been shown to signifi
cantly enhance the expression of an intracellular adhesion molecule on
metastatic and nonmetastatic melanoma cell lines, the former to a greater
extent that the latter [41]. These findings may have particular relevance with
respect to IFN influencing the degree of metastatic potential of tumors and
inhibition by Mabs against these antigens.
Additional in-vitro and in-vivo studies should examine the potential for

various combinations of cytokines and/or differentiating agents in synergisti
cally enhancing relevant antigens. With the advent of clinical trials using
combinations of Mabs and cytokines (i.e., IL-2, IFN), it is important to
understand the effects of these molecules at the tumor cell, as well as the
cytotoxic effector cell level. For example, downregulation of a particular
antigen by IFN might influence an effector cell's ability to mediate antibody
dependent cell-mediated cytotoxicity due to a lack of sufficient antibody at
the tumor site.
Additional studies examining the role of IFN with respect to antigen

regulation at the molecular level need to be pursued. The inducement of
relevant antigens on antigen-negative variants via gene amplification remains
an exciting area of research [25] and could have significant therapeutic and
immunologic consequences.
Lastly, with respect to the clinical relevance to these findings, more studies
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should be designed to address whether antigen modulation can have a suf
ficient influence on Mab distribution in patients. Presurgical studies in which
relevant and irrelevant Mabs are given and biopsies are taken to determine
the amount of respective Mab bound to tumors in patients treated with
interferon versus those not receiving IFN need to be performed to prove this
hypothesis. These trials are difficult to design and contain ethical consider
ations, particularly in the instance in which the same patient would serve as
his or her own control (i.e., have two biopsies performed, one pre- and one
post-IFN and Mab treatment). For antibodies that mediate effector functions,
as well as bind to antigens that are modulated by IFN, the overall effect of
their combination needs to be considered. Despite these complexities, studies
performed to data that suggest a role for the IFNs in antigen modulation are
encouraging and might serve as one of several methods of enhancing Mab
delivery to the tumor site, as well as serve as a focal point for understanding
the complex genetic mechanisms underlying tumor antigen regulation in
humans.
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IL-6and,46

bFGF, see Basic fibroblast growth factor
Bladder carcinomas, 51
Breast cancer, 46, 126, 158

c-abl oncogene, 4
cAMP, see Cyclic adenosine monophosphate
cDNA
bFGF, see Basic fibroblast growth factor
cDNA

in collagenase, 119-120
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IL-6 and, 45
IL-8 and, 47
metalloproteinases and, 123
PDGF and, 51,54
Engelbreth-Holm-Swarm tumor, 121
ENKAF, see Epidermal-cell-derived natural
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in-vitro selected variants in, 110-111
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procedures used in, 106-110



Extracellular matrix (ECM), 77,91
for growth factors, 22-23
for metalloproteinases, 121-126, 128

FGF, see Fibroblast growth factor
Fibroblast growth factor (FGF), 43, 54, see

also specific types
in cytogenic analysis, 6
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metastatic melanoma and, 52, 80
experimental,114
subtypes of, 30, 31,54
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gangliosides and, 142
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metalloproteinases and, 123, 124,
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TPA and, 68
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melanoma, 138-143, 148
expression of on lymphocytes, 142,

143-149
GOI,137
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G03, seeG03 gangliosides
GM1, 89,137
GM2,137
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metastatic melanoma and, 138, 141-142,
143-149

experimental, 106, 107, 111-112,
114-115

G-CSF, see Granulocyte-colony stimulating
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IFN and, 155
malignant potential and, 141-142
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Glial cells, 51,52
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Glycoproteins, 120,121,156
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Granulocyte-colony stimulating factor

(G-CSF), 43, 48, 57
Granulocyte/macrophage-colony stimulating

factor (GM-CSF), 23, 43, 53, 57
similarity to IL-3, 48, 49
Granulocytes, 42, 47,48,49
Growth factors, 19-34,41,43,77, see also

specific types
cultured melanocytes and, 87, 88-92
in cytogenic analysis, 6
description of types of, 48-53
gangliosides and, 137
hematopoietic, 48-49, 50, 57
metalloproteinases and, 127-128
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19-34, seeMelanocytes; specific
growth factors

TPA as substitute for, 75-76
tumor, see Tumor growth factors

Hematopoietic growth factors, 48-49, 50,
57, see also specific types

Hepatocytes, 32, 33,47
Hepatomas, 51
Histocompatibility antigens, 153-156, 164
HLA class I and II, 153-156, 164
HLA-OR class II, 110, 154, 156, 158
25-Hydroxyvitamin 0, (25(OH)0,), 91
Hypothalmic gland hormones, 44

IBMX, see Isobutylmethyl xanthine
ICAM-I, see Intercellular adhesion
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IFN, see Interferon
IGF, see Insulinlike growth factor
IgG, see Immunoglobulin
IL, see Interleukin
Immunoglobulin (lgG), 112, 115, 138, 156
Insulin
cultured melanocytes and, 88, 89,91,92
metastatic melanoma and, 67
Insulinlike growth factor (IGF), 22, 67, 88
Intercellular adhesion molecule-I

(ICAM-I), 44, 55
Interferon-alpha (IFNa), 42, 56, 57
antigen modulation by, 153, 154, ISS, 156,
158,159, 164

Interferon-beta (IFN~), 42,154, ISS, 156
Interferon-gamma (IFNy), 46, 56, 57
antigen modulation by, 153, 154, ISS, 156,

158,159,164
ICAM-I and, 55
IL-I and, 44
IL-8 and, 47
Interferon-gamma (IFNy) inducible protein,

47
Interferon (IFN), 42, 56, see also specific

types
antigen modulation by, 153-165
MAb studies of, 153, 155-156, 158-164,

165
in vitro studies of, 153-158
gangliosides and, 137
IL-6 and, 45
melanocyte regulation and, 33
Interleukin-I alpha (IL-a), 43, 44, 53
Interleukin-I beta (IL-~), 43, 44, 53, 54
Interleukin-l (IL-I), 42, 43-45, 54, 55, 57,

see also specific types
IL-2 and, 54
IL-6 and, 45, 46
IL-8 and, 47
inhibitors of, 55
melanocyte regulation and, 19,31,32
metalloproteinases and, 127
PDGFand,51
TGFand,50
Interleukin-2 (IL-2), 43, 56-57
gangliosides and, 137, 147-148
IL-l and, 44
IL-6 and, 46, 55
MAbs and, 164
melanocyte regulation and, 19,31
Interleukin-2 (IL-2) receptors, 44,147
Interleukin-3 (IL-3), 19,43,48-49,50,53,

57
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Interleukin-5 (IL-5), 43
Interleukin-6 (IL-6), 42, 43, 53, 54, 55, 56, 57
description of, 45-47
IL-I and, 44
IL-2 and, 54
Interleukin-7 (IL-7), 43
Interleukin-8 (IL-8), 43, 47-48, 53, 54
IPIO, see IFNy-inducible protein
Irradiation, myelosuppression induced by,

56
Isobutylmethyl xanthine (IBMX), 6, 20

Kaposi's sarcoma growth factor, 30, 31
Keratinocyte growth factor (KGF), 30, 32
Keratinocytes, 78
bFGFand,75
cytokines and, 42, see also specific types,
this section

effects of on vitamin D, 91
EGFand,50
FGFand,52
gangliosides and, 142
GM-CSF and, 49
growth factors and, 22, 23, 24, 28, 32, 33,

see also specific types, this section
IL-I and, 43, 44,55
IL-3 and, 48
IL-6 and, 45, 46
metalloproteinases and, 123, 126
PDGFand,51
regulation of cultured melanocytes by, 85,
87,91,93,95-98

TGFand,50
K-FGF/hst, see Kaposi's sarcoma growth

factor
KGF, see Keratinocyte growth factor
k-ras oncogene,S

LAK cells, see Lymphokine-activated killer
cells

Laminin, 121-122, 124
Langerhans cells, 49, 91, 95
Leukemia, 3-4
Leukocytes, 55
IFN and, 154, 156, 159-164
Lipoma, 4
Lipopolysaccharide (LPS), 44, 45, 47,48,53
LPS, see Lipopolysaccharide
Lung cancer, 4, 80, see also Lung metastases
Lung metastases
in experimental model, 106, 112, liS



metalloproteinases and, 122
Lymph node (LN) metastases
in experimental model, 112, 115
gangliosides and, 142, 143-149
Lymphoblastoids, 46, 155
Lymphocytes, 42
gangliosidesand, 142,143-149
IL-I and, 43, 44, 54
IL-2 and, 56
Lymphokine-activated killer (LAK) cells,

56-57

MAA, see Melanoma-associated antigens
Macrophage-colony stimulating factor

(M-CSF), 19,43,48
Macrophages,42
experimental metastases and, 115
GM-CSF and, 49
IFN and, 56
IL-1 and, 44
IL-6 and, 45
IL-8 and, 48
PDGFand,51
Matrix metalloproteinase (MMP), 119, see

also specific types
M-CSF, see Macrophage-colony stimulating

factor
MDNCF,see Monocyte-derived neutrophil

chemotactic factor
Megakaryocytes, 48, 49
Melanin, 27, 28, 44, 85, see also

Pigmentation
Melanocytes, 67, 68
bFGF eDNA and, 27-29
bFGF in, 19-22,53,78,81
cytogenetic analysis of, 3, 5, 6-7, 9-10
FGFin,30, 31,32, 33,34, 52
ganglioside distribution on, 138-143, 148
growth factors in, 29-34, 43, 87, see also
specific types, this section

IFN and, 154
IL-l and,44
regulation of in culture, see Cultured
melanocytes

TPA and, 70, 81
Melanocyte stimulating hormone (MSH),

44,89
Melanoma-associated antigens (MAA)
experimental metastases and, 112-113
IFN modulation of, 153, 155-158, 164
Melanoma growth stimulatory activity

(MGSA), 32,47-48,50,54
Melanosomes, 27,85,86,92

Melanotransferrin, 94, 110
Melanotropin,31
mel oncogene, 67
Metalloproteinases, 119-128
ECM for, 121-126, 128
influence of exogenous factors on,

127-128
inhibitors of, 124-125
malignant/normal cell cooperation and,
126-127

PA and, 125-126, 128
structure of, 119-120
substrate specificity of, 120-121
Metastatic melanoma, 41
bFGF and, 20, 54, 67, 81
cytogenic analysis of, 6, 7, 9,12
cytokines and, 53, see also specific types,
this section

experimental model of, see Experimental
metastates

FGF and, 52, 80
gangliosides and, see under Gangliosides
growth factors and, 22, 29, 33, see also
specific types, this section

ICAM-I and, 55
IFN and, 56,164
IL-2 and, 57
phorbol esters and, 67-81, see also under
Phorbol esters

role of metalloproteinases in, 119-128, see
also Metalloproteinases

MGSA, see Melanoma growth stimulatory
activity

MMP, see Matrix metalloproteinase
Monoclonal antibodies (MAbs), 22, 57, 94,

137-138, see also Antigens
experimental metastases and, 105, 106,

107,111-112,114,115
IFN and, 153, 155-156, 158-164, 165
lymphocyte responses and, 146, 147-148
Monocyte-derived neutrophil chemotactic

factor (MDNCF), 47
Monocytes, 57
experimental metastases and, 115
G-CSF and, 48
GM-CSF and, 49
IFN and, 56
IL-l and, 43, 44
IL-3 and, 48
IL-8 and, 47
mRNA
bFGF, 22, 24, 52
collagenase, 128
experimental metastases and, 114
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GM-CSF,49
IL-I, 44, 45
IL-3, 48, 49
IL-6,46
IL-8 and, 48
in MAA antigens, 156
in melanocytes, 21, 28
in melanoma cells, 22
MGSA,47
ornithine decarboxylase, 79
PDGF,51
PKC,80
stromelysin, 123, 128
TIMP, 125, 128
MSH, seeMelanocyte stimulating hormone
myc oncogene, 28
Myeloma cells, 45, 46
Myelosuppression, 56

Natural killer (NK) cells, 41,46,55,56, 106
Neomycin, 28,29
Nerve growth factor (NGF), 31
Nerve growth factor (NGF) receptors, 94,

95,114,155
neu oncogene, 19,28
Neuroblastomas, 155
Neuroblasts,52
Neutrophils, 43, 44, 48, 49,57
Nevi
cytogenic analysis of, 3-13, see a/so
Cytogenic analysis

dysplastic, see Dysplastic nevi
ganglioside distribution on, 138-143, 148
growth factors and, 24
NGF, see Nerve growth factor
NK cells, see Natural killer cells
Nonuveal melanoma, cytogenic analysis of,

5-6

OAG, see sn-l-0ctanoyl-2-acetyl glycerol
sn-I-Octanoyl-2-acetyl glycerol (OAG), 70,

71
Ocular melanoma, 5
I ,25(OHhD" see 1,25-Dihydroxyvitamin D,
25(OH)D" see 25-Hydroxyvitamin D, 
Oncogenes, 67-68, see also specific genes
cytogenic analysis of, 4-5
growth factors and, 19,23,27-29,33,51,
52

metalloproteinases and, 123, 127
Osteoblasts, 50, 52
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Osteosarcoma, 52
Ovarian cancer, 4

PA, see Plasminogen activator
Papaillomas, 123
PDBu, see Phorbol12,13 dibutyrate
PDGF, see Platelet-derived growth factor
Pertussis toxin, 89
PHA, see Phytohemagglutinin
Pheochromocytoma cells, 46, 52
Phorbol-12-13-dibutyrate (PDBu), 70, 71,

80,89,92
Phorbol esters, see a/so specific types
cultured melanocytes and, 89, 95
metalloproteinases and, 124, 127
metastatic melanoma and, 67-81
effect of on gene transcription, 76-77
growth effects of, 68-71
kinetics of inhibitor activity of, 74-75
PhorboI12-myristate-l3-acetate (PMA), 46,

47,49,87
Phytohemagglutinin (PHA), 147, 148
Pigmentation, 27,52, see a/so Melanin
in cultured melanocytes, 85,86,87,91-92,
93,95,96

Pituitary hormones, 31,44, see a/so specific
types

Pituitary sarcomas, 52
PKC, see Protein kinase C
Plasminogen activator (PA)
FGF and, 52, 54
inhibitors of, 44
metalloproteinases and, 125-126, 128
PDGFand,54
Plasminogen-like growth factor (PLGF), 32
Platelet-derived growth factor (PDGF), 43,

50-51,53,54
experimental metastases and, 114
gangliosides and, 137
IL-6 and, 45
melanocyte regulation and, 19,23,31,32
subtypes of, 23, 50, 51
PLGF, see Plasminogen-like growth factor
PMA, see Phorbol 12-myristate-l3-acetate
Polyoma virus, 68
Polyps, adenomatous, 4
Primary melanoma, 22, 24, 41,53,57
cytogenetic analysis of, 7,9
gangliosides and, 138, 141,142,143-148
metalloproteinases and, 119, 123
Procollagenase, 119-120, 121,128
type 1,120,126
type IV, 119-120, 125, 126



Prostaglandins, 44, 91
Prostromelysin, 120, 126
Protein kinase C (PKC), 87
bFGF and, 88
gangliosides and, 148
subtypes of, 77,80
TPA and, 68, 70-71,74,75,76-77,78-80,
89

Protein kinase M, 79
Protein kinases, 137, see also specific types
Proteoglycans, 106,121,155,156
Proteolytic enzymes, 105, 107, 112
Protooncogenes, 46,50
Psoriasis, 46, 47
Pump-I, 120, 121, 124

ras oncogene, 28, 30, 67-68, 123
Recombinant retroviruses, 27
Remission
gangliosides and, 137
IFN and, 56
IL-2 and, 57
Retinoblastoma, 4, 5, 33, 34
Retinoids, 127
Rhabdomyosarcoma, 52
RNA, 77, see also specific types
rRNA,13

Simian sarcoma virus, 23, 50
sis oncogene, 51
Skin, ganglioside expression in, 143-148, 149
Solid tumors, cytogenetic analysis of, 3-4
Staurosporine, 74-75, 79
Stomach tumors, 30
Stromelysin, 119, 120, 121, 123-124, 127,

128
Subcutaneous melanoma, gangliosides and,

143-148
Synovial sarcoma, 4

TAA, see Tumor-associated antigens
T-cells,43
gangliosidesand, 143, 145, 146-147, 148,

149
GM-CSF and, 49
IFN and, 56
IL-1 and, 44
IL-3 and, 48
IL-6 and, 46
IL-8 and, 47
PDGFand,51

Tetanus toxin, 89, 137
12-0-Tetradecanoyl-phorbol-13-acetate

(TPA) , 24
cultured melanocytes and, 89, 91,92-93,

95
in cytogenic analysis, 6
metastatic melanoma and, 67, 68, 70-77,
78-81, 114
effect on cell cycle, 71-74, 79-80
as growth factor substitute, 75-76
mechanism of action of, 78-80
normal melanocytes and, 20

TGF, see Transforming growth factor
Thymidine, 54, 68, 70, 75, 79
Thymocytes, 43, 44, 55
Thyroid hormones, 19,137, see also specific

types
TIMP, see Tissue inhibitor of

metalloproteinase
Tissue inhibitor of metalloproteinase

(TIMP), 124-125, 127, 128
Tissue plasminogen activator, 125-126
TNF, see Tumor necrosis factor
TPA, see 12-0-Tetradecanoyl-phorbol-13

acetate
Transferrin, 89, 158
Transforming growth factor-alpha (TGFu),

53,54,56
cultured melanocytes and, 88
experimental metastases and, 114
melanocyte regulation and, 19,31,32,33
similarity to EGF, 49-50
Transforming growth factor-beta (TGFP),

51,53,54
cultured melanocytes and, 88
melanocyte regulation and, 19,31,32,33
subtypes of, 50
Transforming growth factor (TGF) , 43,

49-50, see also specific types
Tumor-associated antigens (TAA), 107,115,

137, 153
Tumor growth factors, 49-53, 127, 128, see

also specific types
Tumor necrosis factor-alpha (TNFu), 47,55,

56, 127
Tumor necrosis factor-beta (TNFP), 55
Tumor necrosis factor (TNF) , 33, 42, 54, see

also specific types
Tumor promotors, 28, 53
IL-1 and, 44
IL-3 and, 49
IL-6 and, 45
TPA analogs as, 70
Tumor suppressor gene, 11,33,68
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Tumor suppressors, 28, 34
tu oncogene, 33
Tyrosinase, 27, 85, 86, 87, 89, 91
Tyrosine kinases, 23, 32, 33, 34, see also

specific types

Ultraviolet (UV) light, 85, 87
bFGF and, 52, 54
IL-I and, 55
IL-6 and, 46
u-PA, see Urokinase plasminogen activator
Urokinase plasminogen activator (u-PA),
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22, 125-126, 128
Uveal melanoma, cytogenic analysis of, 5
UV light, see Ultraviolet light

Vaccines, ganglioside-containing, 138
v-erb oncogene, 19
Viruses, 45, 137, see also specific types
v-mas oncogene, 127
v-myc oncogene, 123
v-sis oncogene, 23
v-src inducible protein, 47
v-src oncogene, 127
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