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Summary
Melanoma cell lines and normal human melanocytes were assayed for p53-dependent G1
checkpoint response to ionizing radiation-induced DNA damage. Sixty six percent of melanoma
cell lines displayed a defective G1 checkpoint. Checkpoint function was correlated with sensitivity
to ionizing radiation with checkpoint-defective lines being radio-resistant. Microarray analysis
identified 316 probes whose expression was correlated with G1 checkpoint function in melanoma
lines (P≤0.007) including p53 transactivation targets CDKN1A, DDB2 and RRM2B. The 316
probe list predicted G1 checkpoint function of the melanoma lines with 86% accuracy using a
binary analysis and 91% accuracy using a continuous analysis. When applied to microarray data
from primary melanomas, the 316 probe list was prognostic of four year distant metastases-free
survival. Thus, p53 function, radio-sensitivity and metastatic spread may be estimated in
melanomas from a signature of gene expression.
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INTRODUCTION
The tumor suppressor gene TP53 encodes a homo-tetrameric transcription factor (Meek and
Anderson, 2009) that regulates cell division, apoptosis and motility (Huarte et al., 2010;
Muller et al., 2011). p53 transactivation of target genes is enhanced by phosphorylation by
DNA damage checkpoint kinases (DNA-PK, ATM, ATR, CHK2), and by acetylation by
p300 (Meek and Anderson, 2009). DNA damage also stimulates p53 protein translation
(Ofir-Rosenfeld et al., 2008). p53 function is inhibited by ubiquitin-mediated proteosomal
degradation (Dornan et al., 2004; Lu et al., 2008; Wang et al., 2010; Zhang et al., 2009). p53
transactivates many genes to arrest cell division, including the cyclin-dependent kinase
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inhibitor p21Waf1 as a primary effector (Abbas and Dutta, 2009; Berns et al., 2004).
Inactivation of p53 signaling by any of several mechanisms including mutation or deletion
of TP53, inactivation of ATM, amplification of MDM2, expression of viral oncoproteins, or
alteration in cofactors or down-stream effectors is associated with enhanced growth and
genomic instability (Chen et al., 2009; Lane and Levine, 2010; Levine, 2011; Simpson et al.,
2005). Mutation/inactivation of TP53/p53 is a poor prognostic sign in cancer as it is
associated with reduced survival and increased tumor relapse (Bild et al., 2009; Murakami et
al., 2000). A recent analysis of a genetically engineered mouse model of melanoma
concluded that wildtype p53 suppresses the progression of nevi to invasive melanoma
(Terzian et al., 2010). This paper is concerned with developing a method to predict p53
protein function in melanoma by using a signature of gene expression.

Although large frequencies of melanoma cell lines and primary and metastatic melanomas
(80–90%) displayed high levels of p53 protein (Stretch et al., 1991; Weiss et al., 1993),
mutations in TP53 are uncommon in melanomas (10–25%), suggesting that stabilization of
p53 protein may occur in melanoma without gene mutation (Daniotti et al., 2004).
Consequently, genetic analysis of TP53 mutations may not provide an accurate assessment
of p53 function in melanoma cells. p53 plays a key role in the G1 checkpoint response to
ionizing radiation(IR)-induced DNA damage (Kastan et al., 1991; Kastan et al., 1992)
transactivating numerous genes that participate as effectors of the cellular DNA damage
response (Amundson et al., 2008; Zhou et al., 2007). IR is used to treat melanoma (Sloan et
al., 2009) and alteration in p53 function has been associated with radioresistance in
melanoma cell lines (Satyamoorthy et al., 2000). Although the induction of key p53-
responsive transcripts provided an index of p53 signaling function, it was found that the
basal level of expression of 175 transcripts provided a better predictor of clonogenic survival
after IR than a different set of 25 IR-responsive transcripts (Amundson et al., 2008). In a
prior analysis of melanoma cell lines, defective p53-dependent G1 checkpoint function was
associated with an altered pattern of gene expression (Kaufmann et al., 2008). Under basal
growth conditions checkpoint-defective lines displayed reduced expression of p53
transactivation targets CDKN1A, DDB2 and MDM2 and increased expression of cell cycle
genes such as CDC7, cyclin B1, CDK1 and geminin. Here this analysis was extended to
include a total of thirty five melanoma cell lines, applying new methods of bioinformatic
analysis of gene expression to identify a signature of defective p53 function. The signature
could distinguish radio-resistant melanoma cell lines and poor prognosis melanomas.

RESULTS
G1 checkpoint function in NHM and melanoma cell lines

NHMs responded to IR with an effective G1 checkpoint response, manifested as a
significant reduction in the fraction of cells in the first half of S phase at 8 h after treatment
with IR relative to the sham-treated control (Kaufmann et al., 2008). Thus, we report G1
checkpoint function as the fraction of G1 cells that evaded IR-induced arrest of entry to S.
Inactivation of p53 by expression of a dominant-negative allele (TP53-H179Q) or HPV16
E6 oncoprotein ablated the IR-induced G1 arrest in the NHM2 melanocyte culture
(Kaufmann et al., 2008).

To determine whether IR-induced G1 arrest was p53-dependent in melanoma cell lines, the
checkpoint-effective SK-Mel173 melanoma line was transduced with the dominant-negative
TP53 allele (H179Q) to inactivate p53 signaling (Simpson et al., 2005) (Figure 1A).
Expression of p53-H179Q in SK-Mel173 reduced the basal level of expression of p21Waf1,
an effector of p53-dependent G1 checkpoint response (Dulic et al., 1994), and blocked the
induction of p21Waf1 by IR. While the parental line responded to IR with 82% reduction in
the fraction of cells in the first half of S, melanoma cells expressing the dominant-negative
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TP53 allele displayed only a 23% IR-induced reduction in early S cells (Figure 1B). A
similar degree of reversal of IR-induced G1 arrest was observed in two other melanoma cell
lines after expression of p53-H179Q (not shown). Our previous analysis demonstrated
melanoma lines with defective G1 checkpoint function failed to induce p21Waf1 after
treatment with IR while checkpoint-effective lines and NHM did induce p21Waf1
(Kaufmann et al., 2008). Thus, the radiation-induced G1 arrest was p53-dependent in
melanomas as well as melanocytes.

In NHMs an average of 46% of G1 cells evaded the checkpoint and entered S phase in the
first 8 h after irradiation with 1.5 Gy IR (n=8, sd=9%) (Figure 1C). Melanoma cell lines as a
class displayed a significant defect in G1 checkpoint function. When the entire set of thirty
five lines was analyzed and compared to the set of eight NHMs, the inhibition of G1 to S
progression after IR was significantly attenuated in melanoma cell lines (P<0.01).
Melanoma cell lines that were newly analyzed displayed the same range of variation in G1
checkpoint function as melanoma lines that were analyzed previously. When compared on a
line-by-line basis, 23 of 35 lines (66%) were determined to express a significant defect in
G1 checkpoint function (P<0.05, one sided Student’s t-test with correction for multiple
comparisons). Some melanoma lines (e.g., WM1158, A375, SK-Mel173) displayed effective
G1 checkpoint function with less than 30% of cells evading G1 arrest. Other lines (e.g., SK-
Mel119, SK-Mel239) displayed full ablation of G1 checkpoint response with over 95% of
G1 cells evading G1 arrest. The cutoff for effective versus defective G1 checkpoint function
by empirical determination was 64% evasion of the checkpoint. Melanoma cell lines with
less than 64% evasion of G1 arrest were not significantly different from the NHMs, while
melanoma lines with greater than 64% evasion of G1 arrest were significantly different. The
empirically determined cutoff for identification of G1 checkpoint-defective melanoma cell
lines was equivalent to two standard deviations above the NHM mean (Figure 1C).

The p53-dependent DNA damage response can not only induce G1 arrest but also apoptosis.
Under the conditions of the flow cytometric assay for G1 arrest, apoptotic cells with sub-
diploid DNA content were not evident so a colony formation assay was used to quantify
radiation-induced cell death. Radio-sensitivity was determined as the D0 value for IR-
induced inactivation of clonal expansion (Sambade et al., 2011). The Spearman Correlation
test detected a significant correlation between G1 checkpoint function and radio-sensitivity
(R2=0.37, P=0.0002) (Figure 1C, insert). Melanoma cell lines with effective p53-dependent
G1 checkpoint response to IR were radio-sensitive while lines with defective G1 checkpoint
function were radio-resistant (see Supplement for listing of D0 values).

Signatures of defective G1 checkpoint function
Each of the melanoma lines that were evaluated for DNA damage G1 checkpoint function
was also analyzed for gene expression using the 44,000 element Agilent printed
oligonucleotide microarray. RNA was isolated from undamaged cells in logarithmic phase
growth and mRNA expression levels were determined relative to a pooled universal
reference (log2 ratio). Quantitative trait analysis (QTA) was performed using the Spearman
Correlation test to identify probes whose expression was correlated with G1 checkpoint
function. Because some genes are represented by more than one probe on the array, the
number of genes that was correlated with G1 checkpoint function was less than the number
of probes. Probe lists were derived with P-value cutoffs varying between 0.01 and 0.001
(Table 1). A P-value cutoff of 0.001 or less identified 31 probes while a P-value cutoff of
0.01 identified 441 probes. The probe lists that were obtained at each P-value cutoff were
then utilized in a Least Absolute Shrinkage and Selection Operator (LASSO) array tool
(Witten and Tibshirani, 2009; Zhao and Simon, 2010) using leave-one-out cross-validation
(Table 1). This method returned a predicted value for G1 checkpoint function for each of the
melanoma cell lines. The greater the correlation between the observed and predicted values
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for the G1 checkpoint, the greater the accuracy of the method for identifying G1 checkpoint-
effective and -defective melanoma cell lines. The optimal P- value cutoff for predictive
accuracy of G1 checkpoint function was 0.007. At this P-value cutoff 316 probes were
identified that passed the test (Table 1, the probe list with gene annotations is given in the
Supplement). When the observed values for G1 checkpoint function were compared to the
values that were predicted by LASSO a high correlation was observed (R2=0.63). Using
64% evasion of G1 arrest as the cutoff for effective versus defective G1 checkpoint function,
the LASSO tool predicted G1 checkpoint function in the melanoma lines with 91% accuracy
(32 of 35 with correct classification) (Table 1, Figure 2A). Unsupervised hierarchical cluster
analysis of the melanoma cell lines using the 316 probe list also separated the G1
checkpoint-effective and -defective lines, with 86% accuracy (Figure 2B). Of the nineteen
melanoma lines that were deemed to have high radio-resistance (Sambade et al., 2011),
sixteen (84%) were clustered in the G1 checkpoint-defective clade (Chi2, P<0.025).

The predictive 316 probe list that was obtained by QTA was compared to a probe list of the
same size that was obtained by using a Bayesian statistical test. The Bayesian tool generated
probe lists based not on the P-value of the correlation of gene expression with G1
checkpoint function, but rather the false discovery rate (FDR). The top 316 probes on the
Bayesian list had FDR’s of 0.14 or less. When subjected to LASSO, the Bayesian 316 probe
list predicted G1 checkpoint function with 86% accuracy. Hierarchical clustering using the
Bayesian list predicted defective G1 checkpoint function with 80% accuracy (results not
shown). Thus, two different statistical tools, when applied to the melanoma cell line
microarray dataset, returned similar sets of genes with comparable accuracies for prediction
of G1 checkpoint function.

A total of 139 probes were common to the QTA and Bayesian 316 probe lists; these probes
were correlated with G1 checkpoint function with low P-value (<0.007) and low FDR
(<0.14). The common gene set was found to predict G1 checkpoint function with 83%
accuracy using LASSO and 86% accuracy using hierarchical clustering (results not shown,
the common probe list is given in the Supplement).

G1 checkpoint function is correlated with expression of CDKN1A and p21Waf1 but not
CDKN2A and p53

Several p53-regulated transcripts (CDKN1A, DDB2, RRM2B, TRIAP1 and DRAM) were
present on the QTA G1 checkpoint probe list and all of these transcripts were negatively
correlated with evasion of the G1 checkpoint. Expression of these transcripts diminished as
the percent of cells evading the G1 checkpoint increased. CDKN1A expression in the
melanoma lines relative to G1 checkpoint function is shown in Figure 3A. The coefficient of
correlation between expression of CDKN1A and the fraction of cells evading the G1
checkpoint was −0.54 (P = 0.001, Spearman Correlation Test). All melanoma lines with
effective G1 checkpoint function displayed comparatively high expression of CDKN1A
(>0.2 log2 ratio). Of the 23 lines with a significant defect in G1 checkpoint function, 9
displayed expression of CDKN1A at or above the level seen in the checkpoint-effective
lines. Thus, when used as a marker of G1 checkpoint function, expression of CDKN1A
alone misclassified 9/35 melanoma lines for an accuracy of 74%.

Western immunoblot was done on twenty one melanoma lines to determine the correlation
between expression of CDKN1A mRNA and the protein expressed from this gene,
p21Waf1. A representative portion of the analysis is shown in Figure 3B. The NHM16 strain
expressed p21Waf1 during basal growth conditions and also expressed a smaller immuno-
reactive species that may correspond to a C-terminal truncation of p21Waf1 that can be
induced in normal skin fibroblasts by a high fluence of UVC (30 J/m2) (Poon and Hunter,
1998). Melanoma cell lines displayed variable expression of full length p21Waf1 (Figure
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3B) that was well-correlated with mRNA expression (Spearman correlation coefficient =
0.75, P < 0.0001) (Figure 3C). Two of the twenty one melanoma lines that were examined
displayed only the increased mobility protein (e.g., SK-Mel28, Figure 3B). This protein
species is commonly observed in transformed cell lines (Poon and Hunter, 1998). The
melanoma lines with minimal native protein, including the two with the faster mobility
protein, had low CDKN1A mRNA expression (Figure 3C). Some melanoma lines with
severe defects in G1 checkpoint function expressed p21Waf1 at or above levels seen in
checkpoint-effective melanoma lines and NHMs (Figure 3D). For example, SK-Mel23 with
a defective G1 checkpoint (Figure 1) expressed p21Waf1 at the same level as A375 with an
effective G1 checkpoint. In spite of the examples in which expression of p21Waf1 was not
correlated with G1 checkpoint function, the overall coefficient of correlation between G1
checkpoint function and expression of full length p21Waf1 was −0.63 (P=0.002).
Expression of p21Waf1 appeared to have about the same accuracy for prediction of G1
checkpoint function (~80%) as expression of CDKN1A.

p53 is regulated by MDM2 and MDM2 is regulated by p14ARF, one of the protein products
of the CDKN2A melanoma suppressor gene locus. Melanomas and melanoma cell lines
often display deletion of the CDKN2A gene locus and reduced expression of p16INK4A
(Kaufmann et al., 2008), the other protein product of the locus. Seventeen of the melanoma
lines in this analysis (49%) displayed severely reduced expression of transcript from the
locus (Supplement). Of the 23 melanoma lines with defective G1 checkpoint function, 9
(39%) displayed severely reduced expression of CDKN2A. Of the 12 melanoma lines with
effective G1 checkpoint function, 8 (67%) displayed severely reduced CDKN2A mRNA.
These percentages were not significantly different (P > 0.1, Chi-square). Thus, reduced
expression of CDKN2A was not associated with defects in G1 checkpoint function.

Melanomas have been tested for expression of p53 protein with as many as 85% reported to
express high levels of p53 relative to that seen in quiescent nevi (Stretch et al., 1991). The
primary melanocyte culture and melanoma cell lines that were tested for expression of
p21Waf1 also were tested for expression of p53 (Figure 4). Melanoma cell lines with
defective G1 checkpoint function had highly variable levels of p53 protein ranging from 2-
times the NHM16 value (SK-Mel119) to 209-times the NHM16 value (Mel505). Similarly,
melanoma lines with effective G1 checkpoint function expressed p53 at levels ranging
between 1.5- and 55-fold the levels seen in NHM16. Consequently, p53 protein expression
was not correlated with G1 checkpoint function in the melanoma cell lines (correlation
coefficient = 0.04, P=0.9) (Figure 4B).

Transactivation of CDKN1A requires numerous post-translational modifications of p53.
One of these modifications, methylation of lysine 372, is produced by SETD7 in response to
DNA damage (Ivanov et al., 2007). SETD7 mRNA expression was identified by QTA to
correlate with G1 checkpoint function (P=0.002, Supplement); reduced expression of
SETD7 was associated with reduced G1 checkpoint function.

Pathway analysis of the 316 probe list identified two major categories of over-represented
genes, p53 signaling and protein translation. Fourteen ribosomal protein genes were on the
list and all were negatively correlated with checkpoint evasion. By comparing melanoma
lines to normal melanocytes it was evident that these ribosomal genes were over-expressed
in G1 checkpoint-effective melanoma cell lines (results not shown, the full microarray
dataset is deposited in Gene Expression Omnibus). In contrast, ribosomal genes were
expressed at levels seen in normal melanocytes in G1 checkpoint-defective melanoma cell
lines.
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The predictive 316 probe list and cancer prognosis
To validate the biological significance of the 316 probe G1 checkpoint signature, an
independent sample of melanomas was analyzed. Gene expression was determined for fifty
eight primary melanomas for which four year distant metastasis-free survival rates were
known (Winnepenninckx et al., 2006). Cy3 and Cy5 pixel intensity values were obtained
from an online source (http://www.ebi.ac.uk/arrayexpress/experiments/E-TABM-1) and
loaded into BRB array tools to compute Cy3/Cy5 ratios. A total of 6307 probes passed
filtration. Unsupervised hierarchical analysis of the 6307 probe set reproduced the original
published result showing that there was significant (P=0.02) separation of the incidence of
distant metastasis between the two clades (Figure 6A). A survival risk prediction (SRP) tool
was applied which used the first two principal components in the microarray data set to
stratify samples into high-risk and low-risk groups. SRP with the entire 6307 probe set did
not distinguish primary melanomas with or without metastatic spread (Figure 6A).
Significance analysis of microarray (SAM) was applied to identify genes whose expression
was correlated significantly (FDR<5%) with metastasis-free survival. SAM returned 101
probes that were correlated with development of distant metastases. The SAM probe list
segregated the melanoma samples into two clades with significant differences in metastasis
(Figure 6B, P=0.0002)) and when the SRP tool was applied to this 101 probe list, a
statistically significant separation of low and high risk groups was obtained (P<0.0001). A
254 probe set was originally reported in Winnepenninckx et al. to distinguish primary
melanomas with and without metastatic spread. A total of 62 probes from this set were
present in the 6307 probe set. These 62 probes also segregated the melanoma samples into
clades with significant (P=0.003) differences in development of distant metastases (Figure
6C) but with these 62 probes the separation of low risk and high risk groups by the SRP tool
failed to achieve statistical significance (P=0.07).

The 6307 probe set contained 43 probes that overlapped with the 316 probe G1 checkpoint
signature. These 43 probes were used with LASSO to predict G1 checkpoint function in the
melanoma cell lines, yielding a high correlation with values that were predicted using the
316 probe set (R2=0.61, P<0.0001, Supplement). Thus, the 43 probe set could serve as a
surrogate for the predictive 316 probe signature. Hierarchical clustering of the primary
melanoma samples using these 43 probes also produced two clades with significant
(P=0.008) differences in distant metastasis (Figure 6D). Using the 43 probe list the SRP tool
generated two groups with significantly different frequencies of metastatic spread
(P=0.001). Thus a signature of G1 checkpoint function appeared to be prognostic for
development of distant metastases in melanoma patients.

DISCUSSION
DNA damage checkpoints suppress carcinogenesis by slowing clonal expansion and
enhancing genetic stability (Kaufmann and Kaufman, 1993). Thus, defects in checkpoint
function enhance growth and genetic instability to accelerate malignant progression (Negrini
et al., 2010). DNA damage checkpoints also influence the responses of cancer cells to radio-
and chemo-therapies (Schwartz et al., 2000; Shao et al., 1997). The quantitative assay of IR-
induced G1 arrest indicated that p53 signaling was defective in a large fraction (66%) of
melanoma cell lines. Although mutational inactivation of p53 is seen in a minority of
melanomas (Daniotti et al., 2004; Weiss et al., 1993), inactivation of the p53 signaling
network occurred in a majority of the melanoma cell lines.

The p53-dependent G1 checkpoint response to IR-induced DNA damage was predicted in
melanoma cell lines by analysis of basal levels of gene expression. A large number of
probes were correlated with G1 checkpoint function and the 316 probe list was found to
correctly classify 86–91% of the melanoma lines using two different tools (hierarchical
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cluster and LASSO). The probe list also appeared to provide prognostic information for
primary melanomas. These results suggest that it may be possible to predict p53-dependent
G1 checkpoint function, radiosensitivity and propensity for metastatic spread with
reasonable accuracy by analysis of gene expression in primary melanomas. Given the size of
primary melanomas, methods that are suited for small samples such as quantitative reverse
transcription polymerase chain reaction will be needed to quantify mRNAs in the predictive
probe set. p53 signaling function may be useful to clinicians for decisions about post-
surgery adjuvant radio- and chemo-therapy. It is notable that in addition to its roles to arrest
cell division, induce apoptosis and suppress genomic instability, p53 also retards cell
migration and suppresses invasion (Muller et al., 2011). Knowledge of the functionality of
the p53 signaling pathway may provide an indication to use drugs that target p53-defective
cancers. For example, p53-defective cancer cells are sensitive to inhibitors of PLK-1
(Degenhardt et al., 2010) and Chk1 (Ma et al., 2011). Alternatively, p53 function may be
restored by using nutlin-3 to inhibit MDM2-p53 interaction ((Ji et al., 2012)

Defective G1 checkpoint function in melanoma lines was in part attributed to reduced
expression of CDKN1A mRNA and p21Waf1 protein. p21Waf1 is the p53-regulated cyclin-
dependent kinase inhibitor that enforces IR-induced G1 arrest (Dulic et al., 1994). p21Waf1
has been tested as a biomarker of malignant progression in melanoma. In two studies high
expression of p21Waf1 was associated with poor prognosis (Alonso et al., 2004; Poyraz et
al., 2004); high expression of p21 Waf1 was associated with good prognosis in a third recent
study (Gould Rothberg et al., 2009). However, when analyzed in quartiles, survival in this
study varied with p21Waf1 expression in a “U”-shaped curve. The hazard ratio was higher
for the lowest and highest quartiles than for the two middle quartiles (Gould Rothberg et al.,
2009). Given the results presented here indicating that expression of p21Waf1 is correlated
with effective p53-dependent G1 checkpoint function, the results indicate either that
effective p53 signaling enhances malignant progression or over-expression of p21Waf1 in a
subset of melanomas reflects a further loss of growth control. We favor the latter
interpretation. It is conceivable that primary melanomas with over-expression of p21Waf1
have acquired additional genetic alterations that render the cancer cells resistant to growth
inhibition by the cyclin-dependent kinase inhibitor. The stability of p21Waf1 is regulated by
ubiquitin-mediated proteolysis (Abbas and Dutta, 2009) and AKT can phosphorylate
p21Waf1 to force cytoplasmic localization (Abukhdeir and Park, 2008) so mechanisms for
enhanced expression of p21Waf1 in poor-prognosis melanoma are apparent.

Our previous analysis of gene expression and G1 checkpoint function in melanoma cell lines
(Kaufmann et al., 2008) included NHMs in the G1 checkpoint-effective class. NHMs and
melanomas display substantial differences in gene expression, especially in known p53-
responsive transcripts (Yu et al., 2009). The G1 checkpoint-effective samples were reported
to have lower expression of cell proliferation-associated genes such as CDC7, cyclin B1 and
CDK1 than G1 checkpoint-defective samples. In the current analysis in which only
melanoma cell lines were used to identify genes that were correlated with G1 checkpoint
function, proliferation genes were not evident. Thus, melanoma lines with effective and
defective p53-dependent G1 checkpoint function expressed proliferation genes at similar
levels.

In addition to the reduced expression of five p53 target genes in G1 checkpoint-defective
melanoma lines (CDKN1A, DDB2, RRM2, TRIAP1, DRAM), checkpoint-defective lines
displayed reduced expression of fourteen ribosomal protein genes relative to checkpoint-
effective melanoma lines. Pathway analysis indicated that ribosomal genes were
significantly over-represented in the 316 G1 checkpoint-correlated probe list. There is
growing evidence that p53 function is responsive to changes in ribosomal proteins
(Deisenroth and Zhang, 2010). This is attributed to interactions between certain ribosomal
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proteins and MDM2, the ubiquitin ligase that regulates p53 protein expression. Depletion of
individual ribosomal protein subunits can activate p53 and induce G1 arrest. Of the fourteen
ribosomal genes that were correlated with G1 checkpoint, only one, RPS3, has been reported
to influence p53 function (Yadavilli et al., 2009). Inspection of mRNA expression revealed
that the correlation with G1 checkpoint function was due to the over-expression of the
ribosomal genes in the checkpoint-effective lines. The checkpoint-defective lines expressed
these mRNA’s at levels similar to those seen in NHMs. Thus, transformation of melanocytes
with effective p53 signaling was associated with enhanced expression of a large set of
ribosomal protein genes.

G1 checkpoint function was not associated with the major subtypes of melanoma as
determined by oncogene mutation status. B-Raf mutations tend to predominate in
melanomas in sunlight-damaged skin. N-Ras mutations, while evident on sunlight-damaged
skin, predominate in congenital nevi and melanomas (Blokx et al., 2010; Carr and Mackie,
1994; Papp et al., 1999). Mutations in N-Ras and B-Raf were equally distributed between
G1 checkpoint-effective and -defective lines indicating that the G1 checkpoint-defective
phenotype was not related to the Ras or Raf oncogene mutation that initiates
melanomagenesis. However, melanomas with wildtype B-Raf and N-Ras, which we have
designated the “epithelial” subtype (Shields et al., 2007), did appear to be more common
among the G1 checkpoint-defective lines. While 56% of N-Ras mutant melanoma lines and
65% of B-Raf mutant lines displayed a significant defect in G1 checkpoint function, five of
five (100%) of the wildtype lines were defective for the G1 checkpoint. More epithelial
subtype melanomas must be examined to determine if this apparent predilection to
inactivation of p53 signaling is an element of the subtype.

We previously reported that the epithelial subtype melanoma cell lines with defective G1
checkpoint function all displayed reduced expression of MITF and MITF-regulated
transcripts (Shields et al., 2007). Based on this characteristic these lines are in the “invasive”
melanoma subtype (Hoek et al., 2006). The “invasive” and “proliferative” subtypes of
melanoma (Hoek et al., 2006) that may represent reversible elements of the epithelial-
mesenchymal transition (Hanahan and Weinberg, 2011; Hoek and Goding, 2010) were
evident in the melanoma cell line hierarchical cluster (results not shown). However, among
melanoma cell lines with mutations in N-Ras and B-Raf, expression of MITF was not
correlated with G1 checkpoint function, with 11 of 16 MITF-high lines (69%) and 7 of 14
MITF-low lines (50%) being checkpoint-defective (P>0.2).

A limitation of this analysis is the reliance upon established melanoma cell lines for
quantitative assessment of p53-dependent G1 checkpoint function. Melanoma cell lines
differ from primary melanomas in the frequency of homozygous deletion of the CDKN2A
tumor suppressor gene (Walker et al., 1998), but they resemble primary melanomas for
expression of proliferative and invasive subtypes (Hoek et al., 2006) and for the distributions
and frequencies of DNA copy number variants (Lin et al., 2008; Stark and Hayward, 2007).
The inactivation of G1 checkpoint function seen in the melanoma cell lines was not an
inevitable consequence of in vitro cell culture as melanoma lines with effective G1
checkpoint function were identified and all NHMs displayed effective G1 checkpoint
function. The melanoma cell lines had not acquired mutations in TP53 as the frequency of
mutations in TP53 exons was 18% (William Jeck and Norman Sharpless, personal
communication), a value similar to that observed in primary melanoma. Ectopic expression
of telomerase can extend NHM proliferative lifespan in vitro and high passage telomerase-
expressing melanocytes retain effective G1 checkpoint function (unpublished). Although
DNA damage response capacity as measured in the melanoma cell lines is presumed to
resemble what was present in melanoma cells when harvested from patient tumors, this
presumption requires empirical confirmation using primary and secondary explant cultures.
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Analysis of melanocyte transformation by mutant B-Raf and N-Ras oncogenes suggests that
both pRB and p53 may suppress transformation. The mutant oncogenes produce a
phenotype of oncogene-induced senescence (OIS) when expressed in NHM
(Bandyopadhyay et al., 2007; Cheung et al., 2008; Gray-Schopfer et al., 2006; Haferkamp et
al., 2009a; Haferkamp et al., 2009b; Leikam et al., 2008; Michaloglou et al., 2005;
Wajapeyee et al., 2008; Yu et al., 2009; Zhuang et al., 2008). In NHM that were transduced
with mutant N-Ras, inactivation of pRB delayed expression of senescence and inactivation
of both RB and p53 prevented OIS (Haferkamp et al., 2009b). Expression of mutant B-Raf
with a dominant-negative p53, a p16INK4A-resistant CDK4 and telomerase generated
growth-factor-independent melanocytes (Garraway et al., 2005). Expression of mutant N-
Ras with telomerase, mutant p53 and mutant CDK4 produced transformed melanocytes that
grew as invasive melanoma in human skin xenografts (Chudnovsky et al., 2005). CDK4
inactivates pRB and pRB may be required during OIS to induce a closed chromatin state that
represses expression of genes that are required for cell proliferation (Cheung et al., 2008).
High level expression of mutant B-Raf arrests the growth of melanocytes but lower level
expression of mutant B-Raf enhances melanocyte proliferation (Cheung et al., 2008; Yu et
al., 2009). Growth of mutant B-Raf-expressing melanocytes was further enhanced by
depletion of p53 using shRNA thereby generating a transformed melanocyte line that grew
slowly in immuno-compromised mice and displayed deletion of the pRB gene locus (Yu et
al., 2009). Bypass of the pRB-dependent OIS barrier may permit melanocytes to proliferate
until a p53-dependent replicative senescence checkpoint is activated. Normal melanocytes
express very low levels of telomerase, as do neval melanocytes (Miracco et al., 2000), and
so proliferative clones of oncogene-transformed melanocytes may arrest growth behind a
p53-dependent DNA damage response that is triggered when telomeres have eroded to a
deprotected state (Simpson et al., 2005; Soo et al., 2011). Thus, p53 serves to arrest the
division of oncogene-transformed melanocytes that were not collected behind the pRB
barrier. A recent analysis also demonstrated that the p53 signaling pathway is dysfunctional
in a majority of melanomas (Yu et al., 2009).

In summary, analysis of gene expression was used to predict p53-dependent G1 checkpoint
function in melanoma cell lines with 86–91% accuracy. This method may provide a means
to assess p53 signaling capacity in primary cancer specimens prior to selection of post-
surgery adjuvant radio- or chemo-therapy.

METHODS
Cell culture

NHMs and melanoma cell lines were grown and assayed for G1 checkpoint function as
previously described (Kaufmann et al., 2008). NHM cultures that were not tested previously
were obtained from Clonetech, Inc. A list of the melanoma cell lines, their sources, and
growth media are given in the Supplement. Cells were routinely assayed for mycoplasma
contamination using commercial kits (Geneprobe, Gene-Probe and PlasmoTest™,
Invivogen). Contaminated cultures were cleansed with ciprofloxacin and/or a commercial
antibiotic mixture (Plasmocin, Invivogen). Results are reported only for mycoplasma-
negative cell cultures. G1 checkpoint function was quantified by flow cytometric
determination of incorporation of 5’-bromo-deoxyuridine (BrdU) into DNA 6–8 h after
irradiation with 1.5 Gy IR using in the current analysis a RS2000 Biological Irradiator (Rad-
Source) or in the previous analysis a Gammacell 40 (Atomic Energy of Canada) cesium
irradiator. The two sources were calibrated to produce equivalent G1 and G2 checkpoint
responses at equivalent IR doses. The fraction of cells in the first half of S phase in IR-
treated cultures was expressed as a percentage of the same fraction scored in sham-treated
controls. Western immunoblot analysis to quantify expression of p21Waf1 and p53 was
done as previously described (Kaufmann et al., 2008). The melanoma cell lines were
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previously characterized for sensitivity to IR (Sambade et al., 2011). D0 values (D0 = dose
required to reduce the initial surviving fraction to 0.37) were determined by nonlinear
regression analysis using GraphPad Prism 5.0.

Biostatistics
G1 checkpoint function was compared among individual melanoma cell lines and a group of
seven NHMs, based on a linear mixed-effects model to account for the potential correlation
of multiple measurements (median of 3 and with inter-quartile range of 1 to 6) per cell line.
A one-sided t-test used the predicted empirical Bayesian estimate for each cell line from the
output of the linear mixed-effects model to identify melanoma cell lines with significantly
reduced IR-induced G1 arrest in comparison to the group of NHMs. P values were adjusted
for multiple comparisons using the method of Benjamini and Hochberg to control for the
false discovery rate (Benjamini and Hochberg, 1995).

Bioinformatics
Analysis of gene expression using 4X44K printed oligonucleotide microarrays (Agilent
catalog# G4112F) was performed as previously described (Kaufmann et al., 2008). mRNA
expression in NHM and melanoma cell lines was expressed relative to a universal human
mRNA standard (Stratagene catalog#74000). Analysis of microarray data was done using
BRB array tools software (Simon et al., 2007). The quantitative trait analysis (QTA) tool
used the Spearman Correlation Coefficient to identify genes whose expression was
correlated with G1 checkpoint function in melanoma cell lines. The Least Absolute
Shrinkage and Selection Operator (LASSO) tool was used with leave-one-out cross
validation to predict G1 checkpoint function from gene expression signatures. The survival
risk prediction (SRP) tool used the first two principal components to stratify melanoma
samples (Winnepenninckx et al., 2006) into low risk and high risk groups for prediction of
outcome. Hierarchical clustering was also used to predict G1 checkpoint-effective and -
defective melanoma cell lines. A Bayesian method for selection of significant genes was
applied as previously described (Kaufmann et al., 2008).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Significance

Successful therapy for metastatic cancer often depends upon p53-dependent apoptosis so
it is important to determine p53 function in primary lesions. While mutations in p53 are
uncommon in melanoma, abnormalities in p53 function are common. A method is
described for estimating p53 signaling function in melanomas from a signature of gene
expression. The signature was prognostic for development of distant metastases in
melanoma patients. Expression profiling of primary melanomas should be clinically
useful.
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Figure 1.
G1 checkpoint function in NHM strains and melanoma cell lines. Actively proliferating
NHM and melanoma cell lines were treated with 1.5 Gy IR or sham-treated, then 6 h later
incubated with BrdU for 2 h. Two-channel flow cytometry was used to determine DNA
content and incorporation of BrdU in cell nuclei (Kaufmann et al., 2008). The fraction of
cells with 2–3 N DNA content that incorporated BrdU (first half of S phase) was quantified.
The p53-dependent G1 checkpoint response to IR-induced DNA damage arrested
progression of G1 cells into S phase, producing an emptying of the S compartment. A.
Western immunoblot analysis of phospho-ATM, p53 and p21Waf1 in SK-Mel173 cells
before and after transduction of p53-H179Q (Simpson et al., 2005) was done as previously
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described (Kaufmann et al., 2008). Samples were harvested 6 h after sham-treatment or
treatment with IR. Actin was included as a protein- loading control. B. Flow cytometric
analysis of G1 checkpoint function in SK-Mel173 melanoma cells. The indicated fraction of
cells in the first half of S is enclosed by the rhombus. Expression of the dominant-negative
p53 allele (p53H179Q) reversed the IR-induced emptying of S. C. The ratio of the fractions
of cells in the first half of S phase in IR-treated and sham-treated cultures (IR/Sham ratio)
was determined as an index of G1 checkpoint function. Results shown as black columns are
from the current analysis (mean + sd, N=2–5). Results shown as gray columns were reported
previously (Kaufmann et al., 2008). The mean IR/Sham ratio in the eight NHM strains was
0.46 (sd = 0.9). Melanoma cell lines with ratio’s > 0.64 were defective for G1 checkpoint
function (P < 0.05). Melanoma cell line annotations are given in the Supplement. The insert
shows the correlation between the G1 arrest ratio (IR/sham) and radiosensitivity (D0).
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Figure 2.
G1 checkpoint probe list predicts G1 checkpoint function. A. The 316 probe list that was
generated by QTA with P = 0.007 was subjected to LASSO with leave-one-out cross
validation. LASSO returned an equation for prediction of G1 checkpoint function as: ∑icixi
+ 0.884 where ci and xi are the coefficient and expression for the i-th transcript, respectively.
Values of G1 checkpoint function that were predicted by LASSO were plotted against the
observed values. The cutoff value for effective versus defective G1 checkpoint function was
0.64. LASSO correctly classified G1 checkpoint function for 91% of the melanoma cell
lines. B. Unsupervised hierarchical cluster of 35 melanoma cell lines using the 316 probes
that were correlated with G1 checkpoint function (P = 0.007). Gene expression in melanoma
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cell lines was visualized using the method of Eisen et al. (Eisen et al., 1998), which
organizes lines and transcripts according to similarity. Transcripts that were expressed at
greater levels than the group median are shown in red and transcripts that were expressed at
lesser levels than the group median are shown in green. The intensity of color is proportional
to the separation from the median. The two major clades (branches) in the melanoma cell
line dendogram largely represented checkpoint-defective and checkpoint-effective classes.
There were five lines that were misclassified for a correct classification rate of 86%.
Melanoma lines with mutations in B-Raf and N-Ras were represented in both classes.
Melanoma lines with wildtype B-Raf and N-Ras were restricted to the checkpoint-defective
class.
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Figure 3.
Correlation of G1 checkpoint function with expression of CDKN1A and p21Waf1. A.
Expression of CDKN1A mRNA in melanoma cell lines was determined by microarray
analysis. The CDKN1A probe was represented ten times on the printed arrays and the
average log2 ratio (mRNA in sample divided by mRNA in reference) was determined. The
coefficient of correlation between expression of CDKN1A and the fraction of cells evading
the G1 checkpoint was −0.54 (P = 0.001, Spearman Correlation Test). B. Expression of
p21Waf1 in NHMs and melanoma cell lines was determined by western immunoblot
analysis (Kaufmann et al., 2008). Equal amounts of cell lysate protein were separated by gel
electrophoresis and after transfer to nylon membranes incubated with anti-p21Waf1
antibody. Immunoblots were scanned and pixel intensities of expression of p21Waf1 were
normalized to expression of gamma-tubulin which served as an internal loading control.
p21Waf1 expression in melanoma cell lines was expressed relative to the NHM16 culture.
The immunoblot image was cropped to remove non-essential lanes. C. The coefficient of
correlation between p21Waf1 expression and CDNK1A expression was 0.75 (P<0.0001). D.
G1 checkpoint function in melanoma cell lines is shown as a function of expression of
p21Waf1 protein (Spearman correlation coefficient = −0.63, P=0.002).
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Figure 4.
Expression of p53 is not correlated with G1 checkpoint function. A. p53 protein expression
was determined by western immunoblot. Pixel intensities of p53 expression were
normalized to expression of gamma-tubulin which served as a loading control. Normalized
p53 expression in melanoma cell lines was expressed relative to the NHM16 culture. The
immunoblot image was cropped to remove non-essential lanes. B. G1 checkpoint function in
melanoma cell lines (fraction evading G1 arrest) was expressed relative to levels of
expression of p53 protein (normalized pixel intensities). The Spearman correlation
coefficient was 0.04, P=0.9).
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Figure 5.
Analysis of melanoma using G1 checkpoint probe list. Global gene expression profiles of 58
primary melanomas (Winnepenninckx et al., 2006) were analyzed for prediction of four year
distant metastasis-free survival. Samples with distant metastasis are indicated by a plus sign.
A. Hierarchical cluster analysis and survival risk prediction of 58 primary melanomas using
6307 probe list. B. Cluster analysis and risk prediction with the 101 probe SAM list. C.
Cluster analysis and risk prediction with the 62 probes from a 254 probe list that was
prognostic for development of distant metastasis (Winnepenninckx et al., 2006). D. Cluster
analysis and risk prediction with the 43 probes from the 316 probe G1 checkpoint signature.
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