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Abstract
A majority of malignant melanomas harbor an oncogenic mutation in either BRAF or NRAS. If
BRAF and NRAS transform melanoma cells by a similar mechanism, then additional genetic
aberrations would be similar (or random). Alternatively, distinct mutation-associated changes
would suggest the existence of unique cooperating requirements for each mutation group. We first
analyzed a panel of 52 melanoma cell lines (n= 35, 11, 6 for BRAF*, NRAS*, and BRAF/
NRASwt/wt respectively) by array-based comparative genomic hybridization for unique alterations
that associate with each mutation subgroup. Subsequently, those DNA copy number changes that
correlated with a mutation subgroup were used to predict the mutation status of an independent
panel of 43 tumors (n=17, 13, 13 for BRAF*, NRAS*, and BRAF/NRASwt/wt respectively). BRAF
mutant tumors were classified with a high rate of success (74.4%, P = 0.002), while NRAS mutants
were not significantly distinguished from wild types (26/43, P = 0.12). Copy number gains of
7q32.1-36.3, 5p15.31, 8q21.11 and 8q24.11 were most strongly associated with BRAF* tumors
and cell lines, as were losses of 11q24.2-24.3. BRAF* melanomas appear to be associated with a
specific profile of DNA copy number aberrations that is distinct from those found in NRAS* and
BRAFNRASwt/wt tumors. These findings suggest that while both BRAF and NRAS appear to
function along the same signal transduction pathway, each may have different requirements for
cooperating oncogenic events. The genetic loci that make up this profile may harbor therapeutic
targets specific for tumors with BRAF mutations.
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INTRODUCTION
Melanoma, a neural-crest derived cancer, has few effective therapies that curtail its
progression upon metastasis. The pathology of these heterogeneous cancers are often
broadly defined by whether they are sun-induced or not and by their location (e.g. sun
exposed skin vs. mucosal) (reviewed in Chudnovsky et al., 2005). Current research efforts
have focused on genetic and genomic alterations associated with these pathological
groupings (reviewed in Kabbarah and Chin 2005). The most common oncogenic event in
melanoma is the activation of the MAPK pathway, normally caused by mutations of the
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BRAF or NRAS genes (Davies et al., 2002). This has been shown to increase tumor
proliferation and survival (Hoeflich et al., 2006) as well as facilitate the transition to a
malignancy in the stage IV vertical growth phase (Hingorani et al., 2003). The NRAS locus,
although less frequently mutated in primary melanomas (Poynter et al., 2006), has been
similarly shown to suppress apoptosis in knockdown experiments (Eskandarpour et al.,
2005).

Early accounts of BRAF mutations in melanomas estimated their occurrence in
approximately 50% of all metastatic tumors, and this frequency may be even higher in
benign nevi (Poynter et al., 2006; Uribe et al., 2003) and in certain melanoma subtypes
(Poynter et al., 2006). For example, non-sun induced and mucosal melanomas appear to
have a lower mutation rate of BRAF than those originating in regions of intermittent sun
exposure on the dermis (Maldonado et al., 2003) where mutated KIT may be a dominant
oncogene (Curtin et al., 2006). Mutations of NRAS are considerably less common, and
estimates of the frequency vary between ~6% (Poynter et al., 2006) and ~25% of primary
sporadic melanomas (Omholt et al., 2003). Their differential occurrence in histological
subtypes of melanoma is not as clear.

DNA copy number instability has been coupled with the deregulation of several key
oncogenic pathways. For example, specific alterations appear to associate with somatic
transformation of the RB pathway in breast cancers (Fridlyand et al., 2006). Further,
particular sets of copy number alterations have been shown to be directly related to distinct
expression profiles associated with breast cancer clinical subtypes (Bergamaschi et al.,
2006). At the transcript level, Pavey et al., (2004) successfully classified sporadic malignant
melanoma cell lines based upon activating BRAF mutations. Though not yet described in
melanomas, unique NRAS* expression profiles have been noted in thyroid papillary
carcinomas (Giordano et al., 2005) as well as acute myeloid leukemias (Neben et al., 2005).
Previously studies of DNA copy number alterations in melanoma have indirectly
demonstrated unique gains and losses associated with sporadic cases (where mutations of
BRAF are most prevalent) when compared to those subject to chronic sun damage and non-
dermal tumors (Curtin et al., 2005). Further, melanoma-derived cell lines broadly cluster by
alterations associated with BRAF/NRAS mutations (Jonsson et al., 2007; Lin et al., 2008).
However the relationship to BRAF and/or NRAS mutations in these subgroups has not been
investigated in primary tumors.

If BRAF mutations are an early event in oncogenesis of melanoma, then tumors harboring a
mutant BRAF would subsequently develop additional non-random cancer promoting
alterations which may include cooperating alterations. For example, this could include
alterations that result in the upregulation of AKT3, a condition which promotes tumor
progression in BRAF* melanomas (Cheung et al., 2008). If BRAF and NRAS mutations are
similar in their transforming mechanism, then they should be associated with either the same
specific aberrations or a similar random aberration profile (i.e. a copy number phenotype).
To test these hypotheses we surveyed a set of melanoma cell lines and tumors for both
BRAF and NRAS sequence mutations and genome-wide DNA copy number alterations using
array comparative genomic hybridization (aCGH). The direct comparison between the
mutation-specific profiles of cell lines and tumors both validates a putative profile as well as
defines regions where cell lines may contain in vitro derived genetic aberrations.

MATERIALS AND METHODS
Melanomas

A panel of 52 unique melanoma cell lines were obtained from the lab of Mehnard Herlyn
(Wistar Institute, University of Pennsylvania) and were grown in conditions similar to those
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described in Ji et al., (2007) (cell line details can be seen in Supplemental Table S1) .
Briefly, lines were cultured in 5% CO2 atmosphere, at 37°C and in DMEM medium
supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin. All reagents for
cell culture were purchased from Invitrogen (Carlsbad, CA, USA). Melanoma tumors were
obtained from the University of Pennsylvania, the Karolinska Institute and Fox Chase
Cancer Center under the approval of the Institutional Review Board (details in
Supplementary Table S2). Only specimens containing at least 50% tumor cells (as evaluated
by light microscopy) were included in the final panel. Genomic DNA was isolated from
frozen tumor or cultured cells by overnight digestion, phenol-chloroform extraction and
ethanol precipitation.

Mutation Detection
Using similar methods to those described in Davies et al., (2002), exons 11 and 15 of the
BRAF locus and exon 2 of NRAS were screened for mutations. This involved direct
sequencing of genomic DNA from PCR products using an ABI 3100 DNA Sequencer
(Applied Biosystems, Foster City, CA, USA). Ultimately, every cell line and tumor was
classified as being BRAF*, NRAS* or wild type for both loci.

Array CGH
Melanomas were assayed on a 1-Mb resolution BAC clone-based CGH array designed
specifically for cancer analysis (Greshock et al., 2004). One μg of tumor and reference DNA
(pooled lymphocyte-derived DNA from 10 individuals) were labeled with Cy3 or Cy5
flourescent dyes respectively (Amersham, Piscataway, NJ) using the BioPrime random-
primed labeling kit (Invitrogen, Carlsbad, CA). In parallel experiments, melanoma DNA and
reference DNA were labeled with the opposite dye (“dye swap”) in order to account for
difference in dye incorporation. Labeled tumor and reference DNA were then combined and
precipitated with human Cot-1 DNA to reduce non-specific binding. DNA was then
resuspended and hybridized to the array for 72 h at 37°C on a rotating platform. Images
were scanned with an Axon 4500 microarray scanner (Axon Instuments, Union City, CA)
and analyzed with the accompanying GenePix software. Data for a subset of the samples has
been previously published (Zhang et al., 2006).

Data Analysis
All BAC clones were mapped to human genome build 34 (July 2003) using data provided by
the UCSC genome browser site (http://genome.ucsc.edu) or by manual alignment. For each
probe on every assay, a log2 copy number ratio was measured from raw data derived from
the scanned image by dividing the test channel image intensity by that of the reference
channel. Ratios of duplicate clones were averaged for all assays. As a means of quality
control, only clones with at least 80% foreground pixel intensity two standard deviations
greater than the mean background intensity were considered for analyses. Subsequently,
every assay was normalized under the assumption that median copy number was diploid
resulting in the median log2 ratio being zero. Data from each dye-swap were combined and
evaluated by circular binary segmentation (CBS) to estimate copy number breakpoints
(Olshen et al., 2004). Global copy number assignments for each sample were made by
dividing the genome into 1 Mb intervals whose copy number status was determined by its
associated CBS score. For subsequent chi-squared analysis, the copy number status of each
region was categorized using ratio thresholds derived from previous studies of microarray
signal response (Greshock et al., 2007a). These were ± 0.25 for gains (< ~5 copies) and
monosomies, and > 0.55 for, high level gains (> ~5 copies) and < -0.8 for homozygous
deletions. Estimates of genome-wide aberration rates were made by simply calculating the
proportion of segments gained or lost in a specific sample.
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Statistical Analysis
In order to identify specific DNA alterations that could distinguish between genotypes
(BRAF*, NRAS*, or BRAF/NRAS wt/wt), a chi-squared test was applied to the occurrence of
regional copy number changes under the null hypothesis that copy number alterations occur
at equal frequencies between mutation groups. Genomic regions of 1 Mb served as units for
comparison while copy number gains and losses were calculated separately under the null
hypothesis that aberrations would occur at equal frequency between mutation groups. The
ability to distinguish one mutation group from another was measured by constructing
support vector machine models. A series of one-vs-one (OVO) models were constructed
using methods previously described (Brown et al., 2000) and trained with aCGH data from
cell line models in order to compare mutation groups. All models were constructed using a
linear kernel. The γ parameter and cost c were optimized through leave-one-out cross-
validation using the cell line data, where those yielding the highest level of success were
used. Genomic regions available for inclusion in the model were those occurring on
chromosomes shown to have at least a subset of regions that were significantly different
between mutation groups by the chi-squared test described above. The optimal regions of
alteration were then used to classify all tumors.

RESULTS
General Mutation

All the mutations at the BRAF locus were V600E. The overall frequency of this mutation in
this sample set was 54.7% (52/95), though its occurrence was higher in cell lines (35/52;
67.3%) than in tumors (17/43; 39.5%) (P = 0.006). As expected, NRAS mutations were seen
at lower frequencies than BRAF mutations (24/95; 25.4%), and were observed at
approximately equal frequencies between cell lines (11/52; 21.2%) and tumors (13/43;
30.2%) (P = 0.22). No tissue or cell line was co-mutated for both BRAF and NRAS.

Genome-Wide CGH
Cell lines demonstrated uniformly higher rates of genome-wide chromosomal gain and loss
than did tumors samples (t-test; P = 0.0004 and P = 0.0248 respectively) (Fig. 1A.).
Although there was no difference in genome-wide aberration rates between mutation groups,
instability of several individual chromosomes emerged as being associated with the
occurrence of a mutation (Table 1). Most notably, copy number gains of chromosome 7
were seen at higher rates in BRAF* tumors and cell lines (Fig. 2B; P = 0.0199 and P =
0.0172 for tumors and cell lines respectively), while losses of chromosome 4 were
associated with NRAS mutants. A survey across the genome for sub-chromosomal copy
number alterations in melanoma tumors and cell lines demonstrated distinct patterns of
alterations that are associated with BRAF and NRAS mutation groups (Fig. 2). When
considering only tumor samples, mutations of the BRAF locus were most closely associated
with the presence of copy number gains of the regions surrounding this gene, including
7q32.1-36.3 (Fig. 1C). In tumors, the regions surrounding BRAF demonstrated copy number
gains in 12/17 BRAF* (71%), while only 4/26 wild types (15%) (P = 0.0004; Fisher's exact
test) (Fig. 2A). Similarly, in cell lines, rates of BRAF locus gain were higher in BRAF*
(23/35; 66%) than wild types (3/17; 18%) (P = 0.0012; Fisher's exact test). Other copy
number alterations associated with BRAF mutations are gains of 5p15.31 and 5p13.2 as well
as the frequent chromosomal losses of 11q24.2-24.3 and 17q12-21.2 (top regions
differentiating mutation groups can be seen in Table 2). Expectedly, the absence of a
7q32.1-36.3 gain was associated with NRAS* tumors and BRAF/NRAS wt/wt tissues.
Additionally, gains of 5p15.31 and 5p13.2 as well as losses of 22p13 occurred more
frequently in NRAS* tissues when compared to BRAF/NRAS wt/wt. Similarly, 5p15.31 gains
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more readily distinguished BRAF* from NRAS* tumors, as did losses of 16q21.1. Losses of
11q24.2-25 occurred more frequently in NRAS* when compared to BRAF* tumors.

SVM modeling
A simple cell line-derived copy number alteration prediction model employing support
vector machines (SVMs) for BRAF mutation status prediction was internally cross –
validated in cell lines with a success rate of 86% using a leave-one-out scheme. The
consensus cell line-based model (loci noted in Table 2), classified 75% of tumors correctly.
Only two BRAF* tumors (n = 17) were misclassified as wild types, while 17/26 BRAFwt

tumors were classified correctly, indicating a high sensitivity but reduced specificity. Based
upon 1000 permutations, where mutations classes were randomly assigned, this model
performed better than expected by chance given the permutated data (95% CI: 19.3-72.6%;
P < 0.05). A similar model, constructed to predict NRAS* cell lines from wild types,
successfully distinguished 21/30 NRAS wild types, though only correctly identified 6/13
NRAS mutants (P = 0.12).

High Level Amplifications
Although the occurrence of amplifications estimated to be > 5 copies were relatively rare
compared to all copy number gains, several recurring regions of amplification appeared to
be common to both tumors and cell lines. The most common high level amplification seen in
the tumor population was that of 7q33 (~136-7 Mb), which was observed in 6/43 samples
(Table 3). Similarly, 8/52 cell lines showed amplification of this region. This was in close
proximity to the BRAF locus, though only in two case did it encompass the gene (all genes
mapping to this and other regions appear in Table 3). Considering both tumors and cell lines,
there was a significant tendency for this amplification to occur in BRAF* samples. Other
recurring high level amplifications occurred on 1p and 20q. Recurring homozygous losses
were noted on 10p14 and 16q24.3 in both tumor and cell line groups. Additionally,
homozygous losses of CDKN2A were noted in 21% (11/52) of cell lines but only observed
in 2.3% (1/43) primary tumors.

DISCUSSION
Both BRAF and NRAS function on the same growth factor receptor tyrosine kinase pathway,
and activating mutations of either causes melanomas to have an active mitogen-activated
protein kinase (MAPK) cascade when compared to BRAF/NRASwt/wt cells (Shields et al.,
2007). Moreover, this ongogenic convergence is supported by the ability of MEK inhibition
to cause tumor regressions in either BRAF or RAS induced cancers (Ji et al., 2007). If
somatic mutations of BRAF and NRAS transform melanoma cells via similar mechanisms,
then the manifestation of cooperating aberrations, such as copy number aberrations, may be
expected to be similar. These results indicate that BRAF* melanomas harbor a distinct set of
DNA copy number alterations from those found in NRAS* and BRAF/NRASwt/wt tumors.
This result suggests that while both BRAF and NRAS function along the same signaling
pathway, the cooperating events required or the resultant copy number profile phenotype are
distinct for different mutation groups.

This hypothesis is predicated on the observation that cell lines tend to be faithful genetic
models of their parent histology both in terms of genome-wide copy number aberrations
(Greshock et al., 2007b) and specific mutations (Jones et al., 2008). Previous studies of
melanoma suggest this would be the case. Similar patterns of gain at 7q, and 20q as well as
losses of 9p and 10q were characterized in both cell line models (Ji et al., 2007; Jonsson et
al., 2007) and primary tumors (Curtin et al., 2005). Concordantly, these regions appeared as
marquee alterations in both tumors and cell lines in this study. Focal amplifications also
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appear similar between this and previous studies. For example, the amplification of the
metastatic melanoma candidate oncogene NEDD9 (6p24.2) (Kim et al., 2006) was seen in
12% (5/43) of tumors. Recurring E2F1 amplifications, thought to promote cell proliferation
in melanomas (Roberts 2006), was observed in both cell lines and tumors (3/52; 6% and
5/43; 12%, respectively).

We were able to identify a DNA copy number profile that is associated with activating
BRAF mutations in melanoma cell lines and tumors, where a simple copy number alteration
model derived from cell line data reliably predicted the BRAF mutation status of 75% of
primary tumors. This is not surprising as BRAF mutations have also been found in benign
nevi, suggesting that additional cooperating events may be necessary for full transformation
(Pollock et al., 2003). Two outstanding predictive features of BRAF* tumors are general
instability of chromosome 7 and the specific copy number gains of 7q32.1-36.3 (the region
encompassing the BRAF locus). This region also harbored the only high level copy number
amplification (~> 5 copies) that was connected with a mutation group, an observation
concordant with previous chromosomal CGH studies (Tanami et al., 2004). Also, Curtin et
al., (2005) noted that sporadic melanomas of the skin (a subgroup with high rates of BRAF
mutations) are subject to instability on 7q, though this specific association with BRAF*
tumors had been previously undocumented. These data are reminiscent of previous
observations that activating mutations of epidermal growth factor receptor (EGFR) in lung
cancer often occur within subchromosomal amplicons, (Bell et al., 2005). Transcript
abundance for genes mapping to 7q are concordant with the increased copy number
alterations seen in BRAF* tumors where 15/18 differentially expressed transcripts (P < 0.05)
on 7q were upregulated in BRAF* cell lines [data from Pavey et al., (2004)]. Although this
observation is consistent with fluorescence in situ hybridization studies noting differential
allelic imbalance and distinct amplification of mutant alleles in the region adjacent to the
BRAF locus in BRAF* tumors (Willmore-Payne et al., 2006), its functional relevance
remains unclear.

Although there was less consistency in DNA copy number alterations that were associated
with NRAS mutations, losses of chromosome 4 and gains of chromosome 12 appeared
strongly associated in both cell lines and tumors. Specific losses of 5p15.31 and 5p13.2 as
well as losses of 22p13 also associate with NRAS mutations; however, we were unable to
build a cell line-based predictive model for NRAS mutations that effectively characterized
tumors. Under the hypothesis that associated DNA copy number changes are non-random
(i.e. they have functional implications), there may be several reasons for this result: (a) the
oncogenic insult conferred by NRAS* is sufficient on its own (such that additional
aberrations would be random); (b) NRAS* can cooperate with a multitude of different
genetic aberrations where this tumor sample size being underpowered to detect such a
profile (i.e., Type II error); (c) more common cooperating genetic lesions are point
mutations that would be missed by copy number analyses and (d) NRAS* occur as late in the
oncogenic cascade on a background of different genetic predispositions (this explanation,
however, would be contrary to numerous preclinical models whereby Ras* is sufficient for
transformation). Finally, these results are consistent with the observation by Lin et al.,
(2008) that NRAS* cell lines inconsistently clustered based on key copy number alterations.
Considering the clinical and pathological variation seen in melanomas, it is not surprising
that they represent a genetically heterogeneous group of cancers. Recent data have
contributed to much better understanding of the molecular classification of these tumors
(Fecher et al., 2007).

In both cross validation and tumor prediction, a proportion of BRAF wild type melanomas
appeared to present a DNA copy number profile similar to that of mutant tumors. This
observation has several possible implications. First, this could infer that these associated
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alterations could be cooperating with other yet undescribed activators of RAF/MEK/ERK
signaling. Secondly, this could also imply that some of the alterations compose of a copy
number phenotype manifested in BRAF* melanomas that could be recapitulated in a subset
of BRAF wild type melanomas. This may prove to be the case as the functional relevance of
most DNA alterations associating with BRAF* and NRAS* tumors remains unclear. As a
potential analogy, patterns of aneuploidy have been extensively associated with TP53*
tumors (summarized in Tomasini et al., (2008), a condition that may manifest itself
differently uniquely in different histologies.

This study suggests that BRAF* melanomas appear to have a more well-defined oncogenetic
profile than NRAS* tumors. The more homogenous series of genetic aberrations that
correlate with BRAF* melanomas may have several therapeutic implications. First, this may
provide insight into specific therapeutic targets that may be relevant only in the context of an
activated BRAF. For example, recently described synthetic lethality of oncrasin-1 treatment
with those cells harboring KRAS mutations suggests cooperating loci that may be required
for mutant tumor survival (Guo et al., 2008). Secondly, as a novel class of compounds
targeting the RAF/MEK/ERK signaling pathway have proven preferentially effective for
inhibiting proliferation in BRAF* cells, a more complete understanding of the genetic
alterations that co-occur with mutations of BRAF* tumors could identify therapies that may
prove synergistic with inhibitors of this pathway. This class of compounds includes those
targeting Raf kinases directly, such as sorafenib and AZ628 (McDermott et al., 2007) as
well as inhibitors targeting mitogen-activated protein kinases such as PD184352/CI-1040
(Solit et al., 2006). In this study, the cooccurring amplification of the de novo methylation
regulator DNMT3B (20q11.21) in BRAF* tumors suggest synergy between existing cancer
therapies such as 5-aza-2′-deoxycytidine and those targeting RAF/MEK/ERK signaling.
Finally, in the context of melanoma, associated DNA amplifications may provide novel
targets for preventing BRAF* nevi from progression.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Copy number instability as measured by the proportion of each sample subject to DNA copy
number gains in BRAF* tumors compared to NRAS* and BRAF/NRAS wt/wt (A) Total
aberrations across the entire genome are higher in cell lines when compared to primary
tumors (t-test; P = 0.0004), (B) Aberrations on chromosome 7 are more common in BRAF*
tissues when compared to all BRAF wt tissues (P = 0.0199 and P = 0.0172 for tumors and
cell lines respectively) (C) Specific gains of 7q32.1-36.3, represented in each sample as the
green regions along the vertical ideogram of chromosome 7, strongly associate with BRAF*
tissues.
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Figure 2.
Genomic frequency plot depicting the copy number alteration frequency of aberrations for
(A) BRAF*, (B) NRAS* and (C) BRAF/NRAS wt/wt cell lines and tumors. Cell lines, gains
(plotted in green) and losses (red) generally had higher alteration frequencies than did
primary tumors (dark needles). (D) A chi-squared statistic for tumors (blue) and cell lines
(yellow; overlap plotted in dark shade) identifies regions differentiating mutation groups.
Those P-values above the ideogram represent regions of gain, while those below represent
regions of loss. The regions that demonstrate the best concordance between cell lines and
tumors include gains of 7q32.1-36.3 (shaded green) and gain of 5p15.33-31 (shaded red).
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TABLE 2

Subchromosomal Loci that Best Differentiate BRAF*, NRAS* and BRAF/NRASwt/wt Melanomas as Measured
by Chi-Squared Analysis.

Region Association

BRAF* vs. WT

7q32.1-36.3 Gain, BRAF*

5p15.31 Gain, BRAF*

5p13.2 Gain, BRAF*

8q21.11 Gain, WT

8q24.11 Gain, WT

11q24.2-24.3 Loss, BRAF*

17q12-21.2 Loss, BRAF*

NRAS* vs. WT

4p16.1-15.2 Loss, WT

5p15.31 Gain, WT; Loss NRAS*

5p13.2 Gain, WT; Loss NRAS*

7q31.11-36.3 Gain, WT

17q.12 Loss, WT

22p13 Loss, NRAS*

BRAF* vs. NRAS*

5p15.31 Gain, BRAF*

7q32.1-35 Gain, BRAF*

11q24.2-25 Loss, NRAS*

16q21.1-qter Loss BRAF*

Many regions differentiating BRAF* tumors from BRAF/NRASwt/wt also distinguish BRAF* from NRAS* tissues.
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