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Abstract. Four tumour suppressor genes (Chkl, Chk2,
Apafl and Rbl) in nine human malignant melanoma cell
lines were screened for a loss of gene expression, point
mutations and small deletions/insertions by cDNA-based
DGGE/SCCP analysis. In two cell lines alterations of the
investigated genes could be demonstrated. This result
confirms our assumption of the participation of dysfunctional
p53 inducer/effector genes in human melanoma aetiology.
Furthermore, it points towards the probable principal role of
diverse alternative p53-pathway disruption mechanisms in
this highly therapy-resistant malignancy without affecting
p53 itself. To our knowledge, this is the first CHK1/CHK?2
mutation screening in human melanoma.

Introduction

The DNA damage checkpoint pathways link the detection of
DNA damage to the inhibition of cell cycle progression and
subsequent DNA repair. Consequently they also support the
maintenance of general genomic stability. The protein
kinases Chkl and Chk2 as well as the cardinal tumour
suppressor gene (TSG) p53, in alliance with its important
effector Rb1, are central players in this checkpoint activation.
When DNA is damaged beyond repair, the initiation of a
permanent cell cycle blockade (cellular senescence) or even
the total elimination of the respective cell by programmed
cell death (apoptosis) is executed via the activation of the
p53 effector Apafl. Chkl and Chk2 form the core module of
the DNA-damage-response network, into which signals from
sensory components of the pathway flow and from which the
activation of the effector components emanates.

The Chkl protein is activated by its phosphorylation at
Ser-345 and Ser-317 by the protein kinases ATM and ATR
in response to various types of DNA damage, which can be
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induced by IR, UVR, ROS or diverse chemical mutagens (1-4).
Activated Chkl in turn phosphorylates the phosphatase
CDC25A at Ser-123, which then leads to the inactivation of
CDC25A through ubiquitin-dependent degradation (5).
Consequently, CDC25A can not dephosphorylate and thereby
activate CDK1 and CDK2. In the end, the non-activated
CDK2 and CDK1 proteins cause S/G2 phase arrest (6).

Chk?2 also functions as an S/T kinase. Like Chk1, Chk2 is
activated by its phosphorylation in response to various DNA
damaging agents (7-9). This phosphorylation is primarily
mediated in vitro and in vivo by ATM at threonine 68 of
Chk2 (10-12). However, ATR also phosphorylates this site
and regulates the response of Chk2 to UV light. Although
Chk2 is structurally distinct from Chkl, both enzymes
display a partial overlapping substrate specificity (13). Like
Chkl1, activated Chk2 phosphorylates Ser-123 of CDC25A,
which then also leads to S/G2 phase arrest. However, in
contrast to Chkl1, the cardinal role of Chk2 is the initiation of
DNA damage-induced cell cycle arrest at the G1/S check-
point or apoptosis via the direct activation of p53 (14).
Activated Chk2 can directly phosphorylate p53 on Ser-20
in vitro (15,16). This phosphorylation prevents the binding of
p53 to the ubiquitin ligase MDM2 and thereby avoids its
degradation (17). Genetic evidence for the essential functional
relevance of Chk?2 at the p53 signal transduction pathway is
further provided by the identification of Chk2 germ line
mutations in a subset of Li-Fraumeni syndrome cancer-prone
families that lack p53 alterations (18).

Apafl is critical for the induction of p53-dependent
apoptosis and acts as a classical tumour suppressor (19).
Soengas et al (20) showed by in vivo and in vitro experiments,
that metastatic melanomas frequently lose functional Apafl
due to promoter hypermethylation. Because of the resultant
absolute inability to execute the typical apoptotic program in
response to p53 activation, the demonstrated loss of the Apafl
function also conferred striking chemoresistant properties to
all of the respective tumour cells.

The cardinal TSG Rbl controls the crucial G1/S cell
cycle transition checkpoint. In its phosphorylated form Rbl
initiates the passage through the cell cycle via E2F release.
The E2F release is indirectly influenced by p53 via p21¢™!
activation, since activated p21¢™! inhibits CDK 4/6 cyclin D
complex-mediated Rb1 phosphorylation. Thus Rbl can be
regarded as an important p53 effector. The functional disrup-
tion of the Rb1 locus, due to defined genetic alterations (e.g.
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nonsense mutations) has been found in 4 of 22 (18%) investi-
gated human malignant melanoma (HMM) cell lines, as
described in a previous study (21).

However, it is worth mentioning here, that besides the
activated p21¢™!, activated p16™*4 which is encoded by the
CDKN2A gene locus, also inhibits the CDK 4/6 cyclin D
complex-mediated Rbl phosphorylation/E2F release.
CDKN2A encodes for an additional protein (p144RF) by
using an alternative first exon (18) in alliance with the shared
but frame-shifted exon 2. The p142RF protein also displays an
important function in cell cycle control. It has the ability to
inactivate the oncoprotein Mdm?2 and thereby prevents
preliminary p53 degradation. Consequently, the inactivation
of the entire CDKN2A gene locus abolishes the correct
function of both the p53 as well as the Rb1 pathway (22,23).

Most cancer therapies substantially rely on apoptosis
induction within the particular tumour. Furthermore, it can be
stated as a general rule, that most human tumours which
exhibit a prominent resistance against radiation- and
chemotherapy frequently harbour a mutated p53 gene. This
fact can be explained by the pronounced apoptosis resistance
of p53-deficient cancer cells due to their lack of Apafl
induction capacity. Almost all HMMs exhibit an unusually
pronounced resistance against radiation- and chemotherapy
as well. However, in spite of their evident therapy resistance,
p53 mutations in HMM can only very rarely be demonstrated.
For example, in one particular study (24), only one of 119
primary human melanomas (0.8%) and two of 92 metastases
(2.2%) displayed mutations in the p53 gene. However, because
it is conceivable that certain alternative p53-pathway disruption
mechanisms could be substantially involved in apoptosis-
resistant melanomas, we screened nine HMM cell lines for
gene expression loss and mutations in three apoptosis-
associated TSGs, which are localised upstream (Chk1, Chk?2)
and downstream (Apafl) the pivotal p53 gene. In addition,
we screened Rbl as the fundamental regulator of the G1/S
cell cycle transition checkpoint.

A novel cDNA-based mutation screening strategy
allowed the necessary fast but concurrently highly reliable
and comprehensive analysis of the four relatively large genes
(Chkl, 476 codons; Chk2, 543 codons; Rb1l, 928 codons;
and Apafl, 1237 codons). Moreover, the new technique
simultaneously enabled the characterization of point muta-
tions and smaller deletions/insertions in alliance with the
detection of gene expression loss (explainable either by
methylation events or extended genomic deletions).

Materials and methods

HMM cell lines. Nine HMM cell lines obtained from two
different sources were used in this study: Mel-HO, Fo-1,
Mel-K1.2, MRI-H-121B, MRI-H-221, SK-Mel5, SK-Mel28,
(tumour bank, DKFZ, Heidelberg, Germany) as well as WM
1650 and GRM (a gift from Professor Dorothy Bennett,
Department of Basic Medical Sciences, St. George's Hospital
Medical School, London, UK).

Cell culture. Eight HMM cell lines were grown in RPMI-
1640 medium (Sigma), supplemented with 10% FCS
(Biochrom) and 0.5% penicillin/streptomycin (10, 000 U/ml,
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Sigma), according to the recommendations of the providers,
and incubated under a humified atmosphere with 5% CO, at
37°C. The cell line WM 1650 was incubated with 10% CO,
plus an additional 200 nM tetradecanoyl phorbol acetate and
200 pM cholera toxin (Sigma) under otherwise identical
conditions. The cells were grown in 75 cm? culture flasks
(TPP), supplemented with new medium 3x per week and
passaged according to their requirements. For RNA isolation,
the cells were washed with PBS (PromoCell) at 70%
confluency and harvested with 0.1% trypsin (Sigma) in PBS.

RNA isolation and cDNA synthesis. Total cellular RNA was
isolated by using the RNeasy mini kit, (Qiagen), following
the guidelines of the manufacturer, and finally stored at -80°C
until further use. RNA derived from the blood of a healthy
person was isolated with the ENZA® Blood RNA kit (Peqlab)
and used as the wild-type control. The RNA quality was
determined on a formaldehyde agarose gel and its quantity
was determined by measuring the absorbance at 260 nm by
using a spectrophotometer (GeneQuant RNA/DNA Calculator,
Pharmacia).

cDNA synthesis from total cellular RNA was carried out
by using the 1st strand cDNA synthesis kit for RT-PCR
(AMYV) by Roche according to the guidelines of the manu-
facturer (10 min at 25°C; 60 min at 42°C; 10 min at 95°C;
cDNA storage at -20°C until further use).

cDNA-based SSCP/DGGE analysis. Specific primer pairs,
which generated overlapping sequences, covering the entire
open reading frame (ORF) of the tumour suppressor genes
Chkl, Chk2, Apafl and RB1 were designed by using the
cDNA sequences available on Public Medline (http://
www.ncbi.nlm.nih.gov) and the OLIGO software (Hitachi).
All PCR reactions were accomplished on the Mastercycler
Gradient (Eppendorf) and the generated PCR products were
quality-controlled by agarose gel electrophoresis. The primers
were purchased from MWG-Biotech. In a first approach,
their locations were chosen in order to amplify a few long
PCR products. These were then used in a second (semi-)
nested PCR as a template to create short overlapping frag-
ments, which were optimised in regard to their suitability for
subsequent combined SSCP/DGGE analysis (German patent
no. 19825314, dated 22.04.2004, Dr Thilo Papp). The novel
screening strategy is described in detail by Kumar et al (25).
All positive screening results were confirmed by the repetition
of the whole screening protocol from the beginning using
new cDNA. For available detailed computerized information
about the primers and PCR conditions for the analysis of
Chk1 (2 pre-amplifications, 8 re-amplifications), Chk2 (2 pre-
amplifications, 8 re-amplifications), Apafl (5 pre-amplifi-
cations, 13 re-amplifications) and Rb1 (4 pre-amplifications,
17 re-amplifications), please contact the corresponding
author.

Results

In two of the nine investigated cell lines (22%) alterations of
the investigated genes could be demonstrated. In the cell line
GRM, a loss of wild-type gene expression was detected in
three (Chk2, Apafl and Rbl) of the four investigated genes
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Figure 1. SSCP analysis of the Chkl gene fragment 1.1. The lower arrow indicates the aberrantly migrating SSCP double band in the MRI-H-221 cell line,
which was later shown to harbour a 13-bp deletion by subsequent upstream and downstream sequencing (Fig. 2).

(data not shown). i) In Chk2 one of the two gene fragments
(pre-amplification fragment 2, comprising of 933 bp) could
not be amplified by cDNA-based PCR. ii) In the Apafl gene
four of the five cDNA-based pre-amplifications (fragments
1, 2, 3, and 4, comprising of 971, 1132, 983 and 936 bp,
respectively) produced no results. iii) In Rb1 two of the
four gene fragments (pre-amplification fragments 1 and 2,
comprising of 976 and 989 bp, respectively) could not be
amplified by cDNA-based PCR.

The specific PCR fragment losses were further confirmed
by supplementary multiplex PCR using new cDNA as the
template. For this purpose, the primers for the relevant re-
amplification fragments were used together directly with a
primer pair for a housekeeping gene fragment (GADPH) in a
co-amplification strategy.

As a whole, our data undoubtedly point to totally non-
functional Chk2, Apafl and Rbl genes, probably due to the
extended partial mRNA deletions of the one allele in alliance
with the whole gene deletions or the promoter methylation-
mediated expression loss of the other one. Consequently, in
the GRM cell line, both the Rb1 as well as the p53 pathway
are substantially damaged.

In the cell line MRI-H-221 a mutation of the Chkl gene
was demonstrated. The mutation was detected by SSCP
screening due to an aberrant double band, which represents
the mutated re-amplification fragment 1.1 (Fig. 1).

The sequencing of fragment 1.1 in both directions and
subsequent sequence data analysis revealed a 13-bp deletion

(the loss of bases 53 to 65 of the coding sequence) in alliance
with the wild-type allele (demonstrable in both sequencing
directions due to the abrupt manifestation of overlapping
curves at a definite sequencing position - base pair position
53 at the codon strand and base pair position 65 at the anti-
codon strand) (Fig. 2). The 13-bp deletion (gtgcc tatgg aga),
which apart from amino acid sequence information loss also
caused a reading frame shift, affected the second base of
codon 18 (as a result GGT -Gly- changed to GAG -Glu-, etc).
In addition, a first stop codon (TGA) was generated at codon
23 of the deleted and frame-shifted allele (the same thing
occured at codons 26, 33, 36, etc). On the whole, the 13-bp
deletion resulted in an absolutely non-functional Chk1 allele
in the cell line MRI-H-221.

In principle, the functional loss of a TSG allele causes
only limited effects on a specific tumour. However, within an
assumed potential tumour cell subpopulation, the demonstrated
Chk1 mutation in MRI-H-221 would have a tremendous
impact, despite the still detectable wild-type allele.

Discussion

Despite the limited sample numbers, our preliminary results
confirm the hypothesis of the participation of dysfunctional
p53 inducer/effecter genes in HMM aetiology (functional
loss of Chk2, Apafl and Rb1 in GRM; functional loss of Chk1
in an assumed subpopulation of MRI-H-221). More indirectly,
the data also point to a possible key role of diverse alternative
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sequencing of MRI-H-221 at the codon strand of Chk1 fragment 1.1
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Figure 2. Sequencing of the Chkl gene fragment 1.1 of MRI-H-221 in both directions revealed a 13-bp deletion in alliance with the wild-type allele. The 13-bp
deletion caused a loss of the coding sequence bases 53 to 65 and a reading frame shift. As a result GGT -Gly- at codon position 18 is changed to GAG -Glu-,
etc. Furthermore, a first newly generated stop codon (TGA) arose at codon position 23 of the mutated allele (not visible here).

p53-pathway disruption mechanisms in the particular fraction
of highly therapy-resistant tumours, which evidently do not
display a direct functional loss of the pivotal p53 gene itself.
Nonetheless, the analysis of larger numbers of cell lines,
primary tumours, and metastases is urgently needed in the
future, in order to achieve more defined conclusions about
the actual relevance of such genetic alterations in HMM
aetiology. Therefore, further checkpoint pathway-associated
genes (e.g. ATM and ATR, as directly associated upstream
genes) are potential candidates for mutational screening in
forthcoming studies.

Concerning the coincident functional loss of the p53 and
Rb1 pathways, our findings in GRM are supported by the
results of two more recent studies. Daniotti er al (26) and
Yang et al (27) investigated 39 and 36 HMM cell lines for
mutations in pl6™K4 p14ARF 53 (exons 4-10) and CDK4
(exon 2), respectively. The mutational screening of Rbl was
not accomplished in either of these investigations. Overall,
mutations were found in 53 (70.7%) of the 75 analysed cell
lines, which simultaneously compromise the p53 as well as
the Rbl pathway. Thereby, the homozygous deletion of all
three critical CDKN2A exons (exons 18, la and 2) represented
the most common mutational mechanism (n=22, 41.5% of

the dual pathway-compromised cell lines), followed by point
mutations or frame shift mutations at CDKN2A exon 2 (n=7,
13.2%), concomitant deletions of CDKN2A exon la and
exon 2 (n=7, 13.2%) and other mutational combinations at
the CDKN2A locus (n=6, 11.3%). Because in all these cases
(overall, n=42, 79.2%) no p53 mutations were detectable,
these findings impressively underline the general significance
of alternative p53-inactivating mechanisms in HMM aetiology.
In contrast, CDKN?2 alterations in alliance with p53
mutations and concomitant mutations in p53 and CDK4,
were only found in seven and four dual pathway-mutated
HMM cell lines, respectively (overall, n=11, 20.8%). p53
mutations were detected in 6 of the investigated cell lines
exclusively, and in a further 14 CMMs, no gene mutations
could be demonstrated at CDKN2A, CDK4, or pS3. However,
in this context it should be considered that an Rbl analysis
was not included in either study and that a CDKN2A locus
inactivation can also be caused by epigenetic or post-
translational mechanisms (actually 5 of the 14 CMMs with
absent gene mutations were additionally analysed for p16/NK4
protein expression loss by Western blotting; all of them
exhibited strongly diminished p16™K4 expression, ranging
from 0, 7, 8, 14, up to 52% maximum). Moreover, p53 inducer
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and effector genes such as ATM, ATR, Chkl, Chk2 or
Apafl, which, according to our results, clearly represent
potential alternative mutational targets, were not investigated.

In this context, another aspect evolves by comparing the
mutational spectra of human melanocytic naevi and HMM.
Although human naevi, as a focal aggregation of non-dendritic
melanocytes, have been suggested to be replicative senescent
cell clones (28), they are also unambiguously considered as
potential pre-malignant lesions. Several studies have strongly
indicated an aetiological connection between melanocytic
naevi and cutaneous melanomas. As a whole, the develop-
ment of approximately one-third of all cutaneous melanomas
occurs within the setting of a pre-existing melanocytic
naevus (29-31). With regard to the coincident activation of
specific oncogenes in spatially linked melanocytic lesions,
Demunter et al (32) demonstrated identical N-ras mutations
in congenital or dysplastic melanocytic naevi (CMN, DMN)
and their adjacent melanomas. Such findings strongly support
the notion that certain naevi actually constitute melanoma
precursors. In one particular study, a genome-wide mutation
detection strategy revealed alterations in the BRAF gene in a
high proportion of melanoma cell lines and primary tumours
(33). Subsequent studies later demonstrated remarkably high
frequencies of particularly BRAF but also N-ras mutations in
both cutaneous malignant melanomas and melanocytic naevi
(34-42). Because BRAF and N-ras mutations are roughly
equivalent regarding their capacity in the constitutive MAPK
pathway activation, they were generally found with mutual
exclusion in all of the concurrently investigated melanocytic
lesions. The previously reported N-ras-based clonal
relationship between cutaneous naevi and adjacent
melanomas were further confirmed in a study by Yazdi et al
(43). In 13 of the 14 cases (93%), they detected the BRAF
V600E hot spot mutation either in the naevus and its
corresponding melanoma, or both lesions harboured wild-
type alleles.

However, the most striking genetically based difference
between benign melanocytic lesions and malignant melanomas
is the additional involvement of alterations in p16™NK4a,
pl144RF CDK4 or p53 in the malignancies. In a former study,
by analysing 18 CMN and 18 DMN lesions, we could not
demonstrate a single alteration in either one of these genes
(44). In agreement with our results, Kumar et al (41) found
no pl6™K4 mutations in 27 investigated commonly acquired
melanocytic naevi. In contrast, 34 of the 35 melanoma lesions
with N-ras or BRAF mutations, characterized by Daniotti ef al
(26), simultaneously harboured additional single or even
variably combined mutations at p16™K4 (n=32), p14ARF
(n=24), p53 (n=10) and CDK4 (n=1). Sasaki et al (45) also
reported the homozygous deletion of p16™K4/P14ARF and the
BRAF V600E hot spot mutation as concomitant alterations in
two of six (33%) investigated melanoma cell lines. The
investigation of CDK4 and p53 was not performed in their
study.

In view of the data mentioned above, it is conceivable
that particularly a parallel mutational screening of melono-
cytic naevi, their spatially linked melanomas and associated
metastases, will provide detailed insights into the distinct
order of the numerous successive mutational steps, which, in
variable combinations, are necessary for the initial formation
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and the continued progression of HMM. Consequently, in
forthcoming studies, fast and reliable cDNA-based microarray
gene expression profiling techniques, including all known
HMM-associated genes should be accomplished in solitary
HMM but particularly in spatially associated melanocytic
naevi/HMM samples (by laying emphasis on the different
lesion subgroups). Short-term cell lines of the different
melanocytic lesions would also permit the subsequent
simultaneous distribution of relevant samples in adequate
quantities to different highly specialised laboratories, in order
to assess the extent of the specific genetic alterations in the
respective lesions.
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