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Abstract

Background—Alterations in pathways including BRAF, CDKN2A, and TERT contribute to the
development of melanoma, but the sequence in which the genetic alterations occur and their
prognostic significance remain unclear. To clarify the role of these pathways, we analyzed a
primary melanoma and its metastasis.

Methods—Immunohistochemistry for BRAF-V600E, Sanger sequencing of BRAF and the TERT
promoter, fluorescence in-situ hybridization, and telomere analyses were performed on a primary
melanoma and its asynchronous cerebellar metastasis. Using the log-rank test and Cox-
proportional model, the cancer genome atlas (TCGA) cohort of melanomas was analyzed for the
effect of BRAF mutation and CDKNZ2A loss on survival.

Results—The primary melanoma expressed mutant BRAF-VV600E and possessed a homozygous
deletion of CDKN2A. In addition to these early defects, the metastatic lesion also possessed
evidence of aneuploidy and an activating mutation of the TERT promoter. In the TCGA melanoma
cohort, there was a non-significant trend towards poor prognosis in early stage cutaneous
melanoma patients with concomitant BRAF mutation and CDKN2A loss.

Conclusion—BRAF mutation and CDKN2A loss occurred early and TERT promoter mutation
later in a case of lethal metastatic melanoma. The effects of these pathways on survival warrant
further investigation in early stage cutaneous melanoma patients.
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Introduction

The early recognition of clinically significant cutaneous melanoma remains a clinical and
pathological challenge. A more thorough understanding of the genetic changes driving
melanoma and their order of occurrence could improve both its diagnosis and treatment.
Activating mutations in BRAF occur in approximately one-half of malignant melanomas and
less frequently in benign and atypical Spitzoid tumors (2—-28%). A subset of Spitzoid
melanocytic tumors, those with loss of BAP1 expression, more commonly have activating
BRAF mutations (1-3). Studies of cutaneous melanomas and nevi have demonstrated that
activating mutations in BRAF occur as one of the earliest events in melanoma development;
however, they are not sufficient for full transformation (4, 5).

A germinal melanoma with initiating oncogenic mutations, like an activating BRAF
mutation, must acquire additional mutations prior to becoming fully transformed. Mutation
of tumor suppressors, including CDKN2A, PTEN, TP53 and BAP1, frequently represent
potent secondary genetic changes that promote further tumorigenesis (6). Loss, mutation, or
methylation of the CDKN2A locus occurs in most melanomas. Specifically, germline
mutations in CDKN2A remain the most widely recognized cause of inherited melanoma
susceptibility (7), and loss of the 9p21 locus, containing the CDKNZ2A allele, has been
associated with poor prognosis in both cutaneous melanoma and atypical Spitz tumors (8—
10).

The attrition of DNA from telomeres, the nucleoprotein complex that protects chromosome
ends, and subsequent activation of DNA damage checkpoints function as tumor suppressor
mechanism for many cell types including melanoma. Thus, the aberrant activation of
telomerase is another molecular alteration frequently found during the development of
melanoma. TERT amplification has been identified as a frequent finding in acral lentiginous
melanomas (11). More recently, activating mutations in the core promoter of TERT, the
catalytic subunit of telomerase, have been found in ~40-70% of melanomas and are
independently associated with poor prognosis (12-14). Here, we describe the molecular
analysis of a primary melanoma and its asynchronous cerebellar metastasis, which occurred
7 years later. We also analyze the effect of these molecular changes on survival using the
TCGA melanoma cohort.

Materials and Methods

Melanoma FISH

Formalin-fixed, paraffin-embedded tissues were cut at 5 um and mounted on positively-
charged glass slides. The selection of tissue and the target areas on the hematoxylin and
eosin (H and E)-stained slide was performed by a pathologist. Using the H and E slide as a
reference, target areas were etched with a diamond-tipped etcher on the back of the
unstained slide to be assayed. Pretreatment, hybridization and post-washes were performed
according to the microwave method in the DAKO Histology FISH Accessory kit guide.
DNA probes (Cytocell, Ltd.) for RREB1 (6p25), cMYC (8q24), CDKN2A (p16) (9p21) and
CCND1 (11g13) were combined and hybridized to the appropriate target areas. 25
interphase nuclei were examined and the numbers of signals per nuclei were enumerated.
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The FISH signal cut-offs were derived from internal validations and the results were
expressed as number of signals per nucleus.

Immunohistochemistry

VE1 staining was completed as previously described (15). Primary antibody incubation
(anti-BRAF-V600E clone VEL, diluted 1:20, Spring Bioscience, Pleasanton, CA) was
performed for 50 minutes at room temperature. Secondary antibody incubation with anti-
mouse horseradish peroxidase-conjugated polymer (PowerVision Poly-HRP anti- Rabbit
1gG reference # PV6119, Novocastra / Leica) was performed for 45 minutes at 25C. BAP1
staining was conducted using the Benchmark XT automated stainer (Ventana) as previously
described (16). Sections were incubated with BAP1 primary antibody (Santa Cruz,
sc-28383, 1:50). Appropriate positive and negative controls were utilized for each run of
immunostains.

TERT promoter PCR

PCR for the TERT promoter was performed as previously described (17). Briefly, tissue
samples (4um slide sections) were deparaffinized with xylene (Sigma) and DNA was
extracted (QlAamp DNA FFPE Tissue Kit). PCR was performed in a total volume of 25 pl
with 50ng of DNA using the AccuPrime GC rich kit using (Life Technologies) and the
following primers: Forward 5-CAGCGCTGCCTGAAACTC and Reverse 5’-
GTCCTGCCCCTTCACCTT. Reactions were denatured at 95 °C for 180 s, followed by 35
cycles with denaturation at 95 °C for 30 s, annealing at 62 °C for 25 s, and extension at 72
°C for 30 s. The amplification product was agarose gel purified (NucleoSpin Gel and PCR
Clean-up) and sent for bidirectional sequencing using the amplification primers (GeneWiz).

Telomere dysfunction induced foci (TIF) assay

Melanoma tissue sections were processed for TIF analysis by fluorescence in situ
hybridization (FISH) as described previously (18). Tissue sections were hybridized with a
FITC-conjugated telomere sequence (TTAGGG)3-specific peptide nucleic acid (PNA) probe
(PNA Bio, Thousand Oaks, CA) in formamide followed by incubation with a polyclonal
anti-53BP1 antibody (1:500) (Novus Bio, Littleton, CO) and then with Alexaflour 568
conjugated goat anti Rabbit (1:500) (Invitrogen). Images were captured with a Deltavision
microscope at 100x and then deconvoluted using Autoquant X3. TIFs were quantified using
Imaris software.

Survival analysis

The survival analysis was carried out using the TCGA dataset on skin cutaneous melanoma
(SKCM, https://confluence.broadinstitute.org/display/GDAC/Home). This dataset included
204 patients with 108 deaths during the study. We utilized the clinical information (time of
diagnosis, time of death, tumor stage, gender, age), data on somatic mutations in BRAF
(\V600E or K601E) and copy number changes. To assess deletion of CDKN2A we analyzed
the copy number changes of the focal deletion 9p21.3. Deletion was defined to be present if
the Log2 of copy N change was lower than -0.415 (corresponding to a ratio of 0.75 copy N
between tumor and normal). The survival time and the vital status during the study were
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used to obtain Kaplan-Meier curves and the log-rank test was used to determine the
difference between the survival distributions of two groups of samples. The Cox-
proportional model was used to determine the effect of single parameters on survival and the
corresponding HR and Wald test p-value are reported. We analyzed the survival distribution
among stage |, stage 11, stage Ill, early stage (stage I/11), late stage (stage I11/1V), and all
stage cutaneous melanoma (6 groups total). The limited sample size precluded a subgroup
analysis of stage IV patients. Among these groups, we studied the effect of CDKN2A
deletion among the patients concomitantly bearing (or not bearing) a BRAF mutation using a
significance of a=0.0083 after employing the Bonferroni correction for multiple
comparisons.

Results

Case Report

On December 24, 2005, a 19 year-old white female with no family history of melanoma was
diagnosed with a 1.6mm melanoma on her left antecubital fossa (anterior elbow). The
patient promptly had the lesion excised with clear margins and a concurrent negative
sentinel lymph node biopsy. At the time of diagnosis, the patient had Stage Ib (T2aNOMO)
disease. The patient had 7 years of unremarkable followup. However, in December 2012,
she began experiencing neurological symptoms including neck paresthesia, headaches, and
nausea that ultimately prompted her to seek medical attention. A computed tomography scan
revealed a ~3.0cm mass in the posterior fossa, which was excised, and a diagnosis of
metastatic melanoma was rendered. Soon after the excision of the initial metastasis, the
patient developed widespread metastatic brain lesions including leptomeningeal
involvement. Despite whole brain irradiation, the patient ultimately succumbed to metastatic
disease in 2013.

Histopathologic findings
With consent from the patient’s family, the remaining tissue from the patient’s original
biopsy was requested. The histopathology sections of the original lesion biopsied in 2005
show an atypical epithelioid neoplasm invading into the dermis with asymmetry, a
disorganized growth pattern, and several mitotic figures consistent with a diagnosis of
nodular melanoma (Figure 1A). Some areas of the primary melanoma showed Spitzoid
features including epithelial hyperplasia and nests of large epitheliod cells with abundant
cytoplasm (Figure 1B). The sections of the metastatic posterior cranial fossa lesion showed
brain tissue with large areas of involvement by a pleomorphic and epithelioid large cell
malignant neoplasm (Figure 1C, D). Tumor cells were negative for low molecular weight
cytokeratin (CAMS5.2) and focally positive for MART-1 and HMB-45 consistent with the
diagnosis of metastatic melanoma.

Immunohistochemistry

Postmortem immunohistochemistry of the primary lesion with a BRAF-V600E mutation
specific antibody (VEL1) revealed diffuse cytoplasmic staining of melanocytic nests and

single epithelioid melanocytes (Figure 2A). The widespread and uniform staining of the
melanocytes of the primary lesion suggests that the BRAF-VV600E mutation was an early
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event in the development of the melanoma. After the initial diagnosis of metastatic
melanoma, the metastatic lesion was also sent for VEL staining. Similar to the primary
lesion, the cytoplasm of the malignant cells stained strongly and diffusely, consistent with an
underlying BRAF-V600E mutation (Figure 2B). Sanger sequencing confirmed the presence
of a mutation (c.1799T>A, p.600V>E) in the metastasis. The concordance of the BRAF
mutation of the primary and metastatic lesion is consistent with that of another recent study
(19). Given early reports of significant tissue toxicity with concurrent use of B-RAF
inhibitors and radiation therapy (20), treatment with B-RAF inhibition had been scheduled
upon the completion of radiation therapy.

BAP1 is a recently identified tumor suppressor implicated in the development of uveal
melanoma and melanocytic tumors (21). A subset of atypical Spitz tumors characterized by
BRAF mutations and loss of BAP1 expression has been described (3). Because some
discrete regions of the primary lesion had Spitzoid features, we sought to determine the
mutational status of BAP1 using immunohistochemistry (21, 22). Both the primary
melanoma and the metastatic lesion demonstrated strong nuclear staining by the BAP1
antibody throughout the lesions (data not shown), suggesting that homozygous loss or
truncating mutations of BAP1 were absent in both lesions and did not contribute to the
pathogenesis of this tumor.

Fluorescence in situ Hybridization Studies

A 4-probe FISH test targeting 6p25 (RREBL), 9p21 (CDKN2A), 11q13 (CCNDL1), and 8924
(MYC) was used to assess both lesions (23). The primary lesion showed homozygous loss of
the CDKN2A locus (Figure 3A). In the primary lesion, 76% of cells showed homozygous
loss of 9p21 with an average of 0.32 signals per cell (Figure 3B). The other loci had normal
copy numbers with an average of approximately 2 signals per cell. In the metastatic lesion,
in addition to homozygous loss of 9p21, more than 50% of the cells showed greater than 2
copies of 6p25, 1113, and 8924 with an average of 3.12, 3.68, and 2.52 signals,
respectively, per cell (Figure 3C, D). The amplification of these loci demonstrates the
presence of aneuploidy in the metastatic lesion.

TERT promoter and telomere analysis

The mutational status of the TERT promoter was assessed in both lesions. Highly recurrent
mutations of nucleotide 1,295,228 and 1,295,250 on chromosome 5 generate binding sites
for ETS transcription factors in sporadic melanomas (12). While both sites were wild type in
the primary melanoma, the metastatic melanoma demonstrated a C228T mutation by Sanger
sequencing (Figure 4A). Due to the limitations of tissue availability and Sanger sequencing,
we cannot definitively exclude the presence of the TERT promoter mutations in a small
proportion of the cells of the primary lesion. To further assess the possible role of telomeres
in the development of the tumor, both lesions were analyzed for telomere dysfunction-
induced foci (TIF) (24). The TIF assay identifies telomere-specific sites of DNA damage by
co-localizing them with telomeres. DNA damage foci were localized with 53BP1 (red label)
and telomeres were labeled with a telomere specific (TTAGGG) FITC (green) labeled
peptide nucleic acid (PNA)-probe. Consistent with a study from melanoma cell lines (25),
abundant DNA damage foci were noted in both the original melanoma and the metastatic
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lesion (data not shown). Co-localization of DNA damage foci and telomeres revealed more
cells with =4 telomere dysfunction induced foci (TIFs) per cell in the primary melanoma
compared to the metastatic brain lesion (Figure 4B, C). This was true in spite of the fact that
the metastatic melanoma cells had dramatically larger nuclei and increased numbers of
telomere foci.

Survival analyses

Because of the aggressive nature of this patient’s tumor, albeit delayed, we examined the
mutations identified in the primary tumor to determine whether they might predict an
aggressive clinical course. Loss of CDKN2A has been associated with poor prognosis in
cutaneous melanoma (8-10, 26). While BRAF mutations predict poor prognosis in patients
with metastatic disease, the effects of BRAF mutations on early stage disease is not clear
(27). Using TCGA survival cohorts, we have analyzed CDKN2A deletion and BRAF
mutation in relationship to age, stage and gender. Consistent with the literature (28), there
was an association between younger age and BRAF mutations. The median age of patients
carrying a BRAF mutation was 47 years compared to 58 years for those without mutations
(Wilcoxon test p=2.98e-06).

We next investigated the effects of BRAF and CDKN2A on survival. In contrast to existing
data suggesting that BRAF mutation was associated with worse disease-free survival (29),
we found that the presence of BRAF mutation correlated with better survival without
reaching significance (HR=0.73, p=0.11, N=204). Existing studies suggest that CDKN2A
locus loss predicts poor survival (21-23), but it is not clear how this effect relates to other
genetic events such as an activating BRAF mutation and to the tumor stage. In our dataset,
CDKNZ2A locus deletion alone did not predict a worse prognosis, even though it trended in
this direction (HR=1.25, p=0.26, N=231). Among stage | cutaneous melanoma patients
bearing BRAF mutations, the concomitant loss of CDKN2A did not significantly predict poor
survival but also trended in this direction (HR=7.02, p=0.026, N=18). Similarly, in early
stage cutaneous melanoma (stages | and I1), the concomitant presence of BRAF mutation
and loss of CDKN2A trended towards poor survival without reaching significance
(HR=3.32, p=0.032, N=46) (Figure 5). CDKN2A deletion plus BRAF mutation did not
predict poor survival among stage 111 and 1V patients where it actually trended towards
better survival (HR=0.60, p=0.31, N=32). Thus, in the TCGA dataset, the loss of CDKN2A
did not significantly affect survival regardless of BRAF mutation status.

Discussion

BRAF and CDKNZ2A are the most frequently mutated oncogene and tumor suppressor,
respectively, in cutaneous melanoma. We found that this patient’s stage | melanoma
harbored a mutation in BRAF and a loss of CDKN2A. By immunohistochemistry and FISH,
respectively, these events were present in a majority of the melanocytes of the primary
lesion, suggesting that those changes occurred early during this cancer’s evolution.
Homozygous loss of CDKN2A loss has been validated as an important diagnostic marker in
melanoma. However, using copy number variation data from the TCGA, we found that the
loss of CDKN2A did not predict poor prognosis in cutaneous melanoma. The differences
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between our study and others may be explained by the different methods used to detect loss
of the CDKN2A locus, different disease cohorts, and the relatively small sample size in this
study. We do note that the loss of CDKN2A did trend towards poor prognosis, especially in
the presence of an activating BRAF mutation.

A number of recent studies suggested that gene expression profiles of early stage cutaneous
melanoma may be able to predict which patients are at higher risk of aggressive clinical
disease. While many of these emerging diagnostics appear promising, they frequently use
techniques that are not widely available in clinical pathology laboratories. In contrast, BRAF
mutation status and CDKN2A allele status are routinely assessed in pathology laboratories.
Thus, determining the precise effects of activating BRAF mutations and CDKN2A loss on
survival may reveal important prognostic factors in early stage cutaneous melanoma.

While the role of BRAF as an oncogenic driver and CDKN2A as a tumor suppressor are
indisputable, the contribution of telomeres to the development of melanoma appears to be
more nuanced. Because TERT promoter mutations are found more frequently in sun-exposed
sites and show mutations that could be consistent with UV-induced cytidine-to-thymidine
transitions (13, 14), it has been suggested that these mutations might occur early in the
development of cutaneous melanoma. As the primary melanoma occurred on sun-exposed
skin, it is somewhat surprising that a UV-induced TERT promoter was not detected in the
primary lesion. However, as C228T mutations are also frequently found in UV-protected
internal malignancies (14), it is possible that the melanoma acquired its TERT promoter
mutation after metastasizing. Alternatively, the C228T mutant cells could have been present
as a small subset of the primary lesion, which was not detected by Sanger sequencing, but
then became the dominant cell type by the time the melanoma was metastatic. In either case,
because both a BRAF mutation and loss of CDKN2A were present in the majority of the
primary lesion by immunohistochemistry and FISH, respectively, it is likely that these
changes preceded any TERT promoter activating mutation.

In addition to the identification of recurrent mutations in the TERT promoter in sporadic
melanomas, recent studies have identified mutations in the POT1 telomere binding protein
in families with inherited cutaneous melanoma (30, 31). These mutations in POT1 appear to
be loss-of-function mutants that impair telomere capping, which are also associated with
increased telomere length. Separate epidemiologic studies have suggested that increased
telomere length might be a risk factor for the development of nevi and melanoma (32, 33).
There remain several possible explanations for the contribution of telomeres to the
development of melanoma. Increased telomere length may promote melanoma formation by
delaying telomere-driven senescence in melanoma precursor lesions, such as ‘dysplastic’
nevi. Increased telomere length may itself drive telomere genomic instability by promoting
chromosome mis-segregation and aneuploidy through effects on mitosis (34-36). Finally,
heterogeneous or increased telomere length might simply be a marker of telomere uncapping
(37), which would be the primary driver of genomic instability and aneuploidy (38, 39).
Both experimental and patient tissue-based studies will be critical to resolve this important
issue in the pathogenesis of melanoma.
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Aneuploidy has been implicated in the pathogenesis of a variety of malignancies (40).
Although aneuploidy has been recognized as a feature of melanocytic neoplasms, there is
limited evidence on its role in pathogenesis of melanoma (41-45). It has been reported that
increased levels of aneuploidy correlate with tumor stage and predict poor survival in
melanoma (46) as well as most solid tumors. The degree of aneuploidy correlates with the
degree of focal aneuploidy (copy number changes of arm regions). Analysis of the recurrent
patterns of copy number changes indicates that these frequent events represent potent drivers
selected during tumorigenesis (47, 48). Through the analysis of large genomic datasets, it
will be important to determine how the different copy number changes interact with each
other and with other genetic events to influence tumor behavior and clinical outcome.

Telomere dysfunction has been implicated as a major source of aneuploidy in tumors.
Although telomere shortening is initially a tumor-suppressor mechanism (49-51), most
advanced tumors reactivate telomerase. In the early stages of tumorigenesis, telomere
dysfunction, which usually occurs in the absences of telomerase (52), in combination with
other genetic changes drives genomic instability, aneuploidization, and the development of
cancerous cellular clones. Late in tumor development, the reactivation of telomerase re-
establishes telomere protection and promotes the growth of the aneuploid tumor. The
genomic characterization of this tumor is consistent with this model of tumor formation that
allows us to provide a speculative model on its evolution. Unchecked cell division driven by
BRAF and the loss of cell cycle checkpoints (CDKN2A) coupled with the absence of TERT
expression ultimately caused the primary lesion to experience telomere attrition and damage.
Despite the presence of persistent DNA damage signals due to critically shortened telomeres
(TIFs) in the primary lesion, the cancerous cells ultimately bypassed cell cycle arrest and
became increasingly aneuploid. Subsequently, the upregulation of telomerase expression
through mutations of the TERT promoter then stabilized the telomeres of the metastatic
lesion resulting in less DNA damage at telomeres in the metastatic lesion. In this model, the
C228T TERT promoter mutation was acquired after aneuploidization to stabilize the genome
of the metastatic melanoma. While it not clear whether aneuploidy and the TERT mutation
contributed to the brain metastasis, both events provided those cells with a growth advantage
by the time the lesion became metastatic.
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Figure 1.
Histology of primary and metastatic melanoma. (A) The primary cutaneous lesion is an

asymmetric cellular tumor filling the dermis with lack of maturation at the base of the
lesion. (B) The primary lesion also shows epithelial hyperplasia and some nests comprised
of large and epithelioid cells with abundant cytoplasm (arrowheads). Inset highlights a nest
of epitheliod melanocytes. (C) The metastatic cerebellar lesion shows a densely cellular
neoplasm with zones of necrosis and hemorrhage. (D) There is marked pleomorphism at
higher magnification. Arrows indicates an aberrant mitotic figure. Scale bar=200um.
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Primary Melanoma Metastasis

Figure 2.
BRAF immunohistochemistry. (A) Melanoma biopsy shows diffuse cytoplasmic staining by

the BRAF-V600E specific antibody (VE1) supporting the presence of underlying BRAF-
V600E mutation. Inset shows individual B-Raf-mutant melanocytes invading the dermis.
(B) Cerebellar lesion shows strong BRAF-V600E reactivity by the infiltrating tumor cells.
Scale bar=200um.
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RREB1

CCND1
B FISH Signals D FISH Signals
flrobe >1 0 Ave fcbe >1 0 Ave
9p21 (CDKN2A) 6 19 0.32 9p21 (CDKN2A) 6 19 0.32
<2 >2 Ave <2 >2 Ave
6p25 (RREB1) 22 3 1.96 6p25 (RREB1) 8 17 3.12
8924 (cMyc) 21 4 2 8g24 (cMyc) 12 13 2.52
11913 (CCND1) 21 4 1.96 11913 (CCND1) 4 21 3.68
Figure 3.

FISH analysis of tumors. (A) Representative image of 4 probe analysis of primary
melanoma shows homozygous loss of CDKN2A. (B) Table summarizing the scoring of
signal number from 25 cells. Average (Ave) indicates the mean number of foci per nuclei.
(C) FISH from metastatic melanoma shows homozygous loss of CDKN2A but increased
signals from all remaining probes suggested genomic instability and possible aneuploidy.
(D) Table summarizing the scoring of the brain lesion.
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Figure4.
TERT promoter and telomere analysis. (A) Sanger sequencing of the TERT promoter

sequencing of the primary melanoma reveals a wild type promoter. The metastatic cerebellar
lesion carried a C228T mutation in the TERT promoter. (B) Representative nuclei stained for
TIF foci using 53BP1 to identify sites of DNA damage (red) and TTAGGG FISH to identify
telomeres. Yellow signals indicate co-localization. Dashed lines outline the cell nucleus.
Scale bar=2um. (C) Quantitation of the percentage of cells with =4 TIFs per nucleus.
Greater than 100 cells were scored for each replicate.
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Figureb.
Kaplan-Meier survival curve demonstrates that early stage (Stage I and 1) cutaneous

melanoma patients with BRAF mutation and CDKN2A loss do not have a significantly worse
prognosis compared to those without CDKN2A loss. Wald test: p = 0.032.
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