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Abstract

Purpose—An improved understanding of the molecular pathogenesis of brain metastases, one of 

the most common and devastating complications of advanced melanoma, may identify and 

prioritize rational therapeutic approaches for this disease. In particular, the identification of 

molecular differences between brain and extracranial metastases would support the need for the 

development of organ-specific therapeutic approaches.

Experimental Design—Hotspot mutations, copy number variations (CNV), global mRNA 

expression patterns, and quantitative analysis of protein expression and activation by reverse phase 

protein array (RPPA) analysis were evaluated in pairs of melanoma brain metastases and 

extracranial metastases from patients who had undergone surgical resection for both types of 

tumors.
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Results—The status of 154 previously reported hotspot mutations, including driver mutations in 

BRAF and NRAS, were concordant in all evaluable patient-matched pairs of tumors. Overall 

patterns of CNV, mRNA expression, and protein expression were largely similar between the 

paired samples for individual patients. However, brain metastases demonstrated increased 

expression of several activation-specific protein markers in the PI3K/AKT pathway compared to 

the extracranial metastases.

Conclusions—These results add to the understanding of the molecular characteristics of 

melanoma brain metastases and support the rationale for additional testing of the PI3K/AKT 

pathway as a therapeutic target in these highly aggressive tumors.
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Introduction

Melanoma is the most aggressive form of skin cancer. In contrast to most other tumor types, 

the annual incidence of melanoma continues to rise, suggesting that it will be an increasingly 

important public health issue in the future (1, 2). One of the most common and devastating 

complications of melanoma is the development of metastases to the central nervous system 

(CNS). Lung cancer, breast cancer, and melanoma are the three most common sources of 

brain metastases (3). As melanoma is much less prevalent than lung or breast cancer, this 

reflects the heightened propensity of melanoma to metastasize to the brain-the highest 

among common malignancies. Up to 75% of stage IV melanoma patients will develop brain 

metastasis(es) during the course of their disease (4). The brain is often the first, and 

sometimes the only, site of disease progression in patients treated with systemic therapies 

(5). While multiple therapeutic modalities are used in patients with brain metastases, the 

median survival for these patients is ~4 months from diagnosis, and >50% of melanoma-

related deaths are caused by brain metastases (6-10). Ipilimumab and dabrafenib are two 

new therapies approved by the US Food and Drug Administration for treating metastatic 

melanoma, but they showed only modest activities in patients with brain metastases, with 

median progression-free survivals (PFS) reported to be 1.4 and ~4 months, respectively(11, 

12).

The treatment of patients with metastatic melanoma is evolving rapidly due to an improved 

understanding of the molecular underpinnings and heterogeneity of this disease. While there 

is a critical need for more effective treatments for melanoma patients with brain metastases, 

at this time there is very little information available about the molecular characteristics of 

these tumors. Broad molecular profiling studies in other tumors, such as breast cancer, have 

shown that tumors that metastasize to the brain can have distinct molecular features from 

tumors that metastasize to other sites (13). Other studies have demonstrated that brain 

metastases and extracranial metastases within individual patients can show marked 

molecular differences, including those in targetable pathways (e.g., EGFR in lung cancer 

(14-16)). In melanoma, previous studies examining individual proteins (e.g., P-STAT3, 

SOCS1) or pathways (e.g., PI3K/AKT) have identified significant differences in their 
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expression in brain and extracranial metastases, albeit in specimens from different patients 

(17-19). More recently, an immunohistochemical study of nine patients for MAPK and 

PI3K/AKT pathway activation markers demonstrated that P-AKT expression can be higher 

in brain metastases compared to extracranial metastases from the same patient (20). A 

broader transcriptional analysis of patient-matched brain and extracranial melanoma 

metastases also recently identified genes with differential levels of expression between brain 

and extracranial metastases, although this analysis failed to identify any significantly 

enriched pathways (21).

Together these previous studies support the rationale for broader profiling of brain 

metastases in order to improve our understanding of the molecular features of these tumors 

and to support development of rational therapeutic approaches. Here we report the results of 

high-throughput molecular analyses of matched pairs of melanoma brain and extracranial 

metastases from patients who underwent surgery for both types of tumors over the course of 

their disease as part of their standard clinical care. The assessable tissues were analyzed for 

known recurrent DNA hotspot mutations, DNA copy number variations (CNV), whole 

genome mRNA expression patterns, and the activation and expression of protein signaling 

networks. Analysis of the results from these different platforms supports that while patient-

matched brain and extracranial metastases overall are quite similar, significant differences 

are observed in targetable pathways in brain metastases. In particular, our broad molecular 

analysis and early functional studies add to previous data supporting a critical role for 

activation of the PI3K/AKT pathway in these tumors.

Materials and Methods

Clinical Samples

Under a protocol approved by the Institutional Review Board of The University of Texas 

MD Anderson Cancer Center, tumors resected from melanoma patients between 1992 and 

2010 were obtained from the MD Anderson Cancer Center Central Nervous System Tissue 

Bank and the Melanoma Informatics, Tissue Resource, and Procurement Core facility 

(MelCore). Samples were either formalin-fixed and paraffin-embedded (FFPE) tissue blocks 

(stored at room temperature) or optimal cutting temperature (OCT)-embedded frozen blocks 

(stored at −80°C) (Supplementary Table S1 and S2). CNV and gene expression data from 

these samples are available at Gene Expression Omnibus (GEO) database (accession number 

GSE50496).

Sample Processing

For each tumor sample used for analyte (DNA, RNA or protein) extraction, a hematoxylin 

and eosin (H&E)-stained slide was prepared and reviewed by a pathologist (AJL, KA). 

Regions containing 70% or more viable tumor cells were identified. To isolate tumor tissue, 

the marked H&E slide was used to guide macrodissection of the matched tissue block. 

Extraction of DNA (QIAamp DNA FFPE Tissue kit, Qiagen), RNA (22), and protein (23) 

from the dissected tumor samples was performed as previously described.
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Mutation Detection

Genomic DNA samples extracted from FFPE tissues were genotyped using Sequenom mass 

array for the presence of any of more than 154 previously reported somatic hotspot 

mutations (Supplementary Table S3) by the MD Anderson Characterized Cell Line Core 

facility as previously described (24).

Copy Number Determination

Molecular inversion probes arrays (Affymetrix) (25) were used to identify genome-wide 

CNV in DNA extracted from FFPE tumor samples. DNA from normal tissues of the same 

patients was used as controls. Quality scores were calculated for each sample and samples 

with poor data quality were removed from further analysis. CNVs were then segmented 

using the SNP (single nucleotide polymorphism)-FASST2 (Fast Adaptive States 

Segmentation Technique) algorithm in Nexus 7.0 (Biodiscovery). For segmentation, the 

threshold (log2 scale) for a single copy gain/loss was set at +/− 0.3, and a high copy gain or 

a homozygous loss at +/− 1.2. Two-tailed Fisher’s exact test was used to compare CNV 

frequency between brain and extracranial metastases.

Gene Expression Profiling

Total RNA was extracted from frozen tumors and subjected to whole-genome gene 

expression profiling using HumanHT12 v4 beadchip arrays (Illumina). RNA amplification 

(TotalPrep RNA Amplification Kit, Life Technologies), array hybridization, and data 

acquisition were performed at the University of Texas Health Science Center at Houston 

Microarray Core laboratory. Gene expression data were quantile-normalized and analyzed 

using BRB-ArrayTools (26). P-values for gene expression differences between brain and 

extracranial metastases were determined using a random variance model (27).

Reverse Phase Protein Array

Protein lysates extracted from frozen tumors were analyzed by RPPA at the MD Anderson 

Functional Proteomics Core facility as previously described (22). A detailed description of 

the RPPA method and data normalization is available at the core facility’s web page1 and 

antibodies used for RPPA are listed in Supplementary Table S4. Heatmaps were generated 

using Cluster and Tree View (28). P-values for protein expression differences between 

groups were determined in BRB-ArrayTools using a random variance model.

Immunohistochemical Staining

FFPE tissue blocks were cut into 5-μm sections, which were stained with BRAF_V600E 

(1:50, Spring Bioscience E1929), RB_pS807_S811 (1:50, Cell Signaling Technology 8516), 

and GSK3α/β_pS21/S9 (1:50, Cell Signaling Technology 9331) antibodies. Stained slides 

were reviewed by a pathologist (AJL, MTT, or VP) to determine the percentage of 

positively stained cells among all tumor cells and the average intensity of staining. The 

intensity of staining for each slide was assigned a score of 0 to 3 (0=negative, 1=low, 
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2=intermediate, and 3=strong). Slides with insufficient viable tumor tissues were excluded 

from analyses.

Results

Hotspot Mutation Analysis

Sufficient DNA was available from matching resected brain and extracranial metastases 

from 16 patients to undergo Sequenom mass-array analysis for a panel of 154 recurrent 

hotspot mutations previously reported in cancer (Supplementary Tables S2 and S3). For two 

samples with low-confidence BRAF V600E calls, the presence of mutant BRAF V600E 

protein was validated by immunohistochemical (IHC) assay. Sequenom and BRAF V600E 

IHC analyses of the brain metastases detected BRAF V600 mutations in seven (44%) and 

NRAS Q61 mutations in three (19%) patients. CTNNB1 S45 mutations were found in two 

brain metastases (13%), one of which contained a concurrent NRAS Q61 mutation (Table 

1). Brain metastases and matched extracranial metastases were 100% concordant for BRAF 
mutation status among the 16 pairs. For NRAS, a Q61H mutation call for one sample 

(extracranial metastasis of patient 17) was indeterminate because the mutation was detected 

in only one of the two technical replicates; all other paired samples were concordant. 

CTNNB1 S45 mutations were 100% concordant among the 16 pairs of matched metastases. 

These results suggest identical patterns of the recurrent hotspot oncogenic mutations tested 

in melanoma brain and extracranial metastases in individual patients.

Copy Number Variation Landscape

CNVs were identified in matched tumors using molecular inversion probe (MIP) arrays. 

After quality control analysis, CNV profiles were obtained from 10 pairs of matched brain 

and extracranial metastases. Frequent (>35%) gains of large chromosomal regions in 1q, 6p, 

7p, 7q, 8q, and 17q and losses in 6q, 8p, 9p, 9q, 10p, and 10q were observed in the brain 

metastases compared to normal germline DNA (Fig. 1A). The same CNVs were detected at 

similar frequencies in the matched extracranial metastases (Fig. 1A). Of note, CNVs in these 

regions have previously been reported in melanoma (29, 30). To compare CNV profiles 

between individual pairs of tumors, unsupervised hierarchical clustering was performed 

using the copy number (CN) data for the 20 matching samples. In the resulting dendrogram, 

the 10 brain metastases did not cluster together, indicating no broad similarity in CNV 

profiles among brain metastases (Fig. 1B). While five of 10 (50%) brain metastases 

clustered with the respective matched extracranial metastases (patients 03, 04, 05, 09, and 

13), CNV profiles were substantially different between matched tumors in some patients 

(e.g., patients 12 and 15).

We then compared the frequencies of CNVs between matched brain (N=10) and extracranial 

(N=10) metastases to identify genes with significant CN differences. Forty-one genes on 

chromosomes 13 and 15 were found with significant CN difference (P<0.05) between brain 

and extracranial metastases (Supplementary Table S5). However, in an independent cohort 

of 20 unmatched melanoma metastases, none of the 41 genes were significantly different in 

CN between brain (N=10) and extracranial (N=10) metastases.
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CNVs were analyzed for oncogenes and tumor suppressors previously reported to be 

affected by focal amplifications (BRAF, CDK4, CCND1, AKT3, MDM2, MDM4, KIT, 

MITF, TBX2, MYC, and TERT) or deletions (CDKN2A and PTEN) in melanoma (29, 

31-33) in the matched cohort of 10 brain and 10 extracranial metastases (Supplementary 

Table S6 and Fig. 1C). The results showed that CNV frequencies in these 13 genes were 

similar between matched brain and extracranial metastases (Fig. 1C), although CNVs 

between matched samples were often discordant in some genes (e.g., MITF, Supplementary 

Table S6).

Gene Expression Profiling

Whole-genome mRNA gene expression profiling was performed on mRNA from frozen 

tissue samples for 27 brain metastases and 25 extracranial metastases, including six pairs of 

matched samples. All patient-matched samples (N=12, Supplementary Table S2) clustered 

with each other in hierarchical clustering of gene expression data (Fig. 2A and 

Supplementary Fig. S1), suggesting highly concordant gene expression patterns overall 

between matching brain and extracranial metastases from individual patients.

Melanoma-related genes analyzed for CNVs (Fig. 1C) were analyzed for significant 

differences in mRNA expression levels between the patient-matched pairs of brain and 

extracranial metastases (Fig. 2B). This analysis identified no significant (P<0.05) differences 

in the expression of BRAF, CDK4, CCND1, AKT3, MDM2, MDM4, KIT, MITF, MYC, 

TERT, or PTEN between the paired samples. TBX2 showed a trend for increased expression 

in brain metastases (P=0.10, median ratio brain/extracranial=1.4), while CDKN2A 
expression was significantly lower in brain metastases (P=0.009, median ratio brain/

extracranial=0.8). Although CN analysis identified fewer PTEN copies in the brain 

metastases of two patients (03 and 10) (Supplementary Table S6), patient 03 was the only 

patient with available gene expression data. In this patient PTEN expression in the 

extracranial metastasis was much higher than in the brain metastasis (Supplementary Fig. 

S2).

Paired t-testing of matched brain and extracranial metastases identified 86 genes with 

significant differences in expression (P<0.01 and fold change of mean expression >1.5, 

Supplementary Table S7). There was no overlap between the 86 genes and the 41 genes that 

demonstrated at least one-copy change between matched brain and extracranial metastases 

(Supplementary Table S5). Analysis of the 86 genes in the unmatched brain (N=21) and 

extracranial (N=19) metastases showed that three genes also demonstrated significant 

(P<0.05) differences in expression in this independent cohort of patients: SGK3, SGSM2 
and ELOVL2. All three genes were overexpressed in the brain metastases in both the 

matched (Fig. 2C) and unmatched (Fig. 2D) sample sets. The significant differences in the 

matched samples were confirmed by quantitative RT-PCR (Supplementary Fig. S3).

Protein Expression Profiling by Reverse Phase Protein Array

Reverse-phase protein array analysis (RPPA) was performed on protein lysates extracted 

from frozen tumor tissue to quantitatively measure the expression levels of total- and 

phospho-proteins (Supplementary Table S4). After quality control analysis, expression data 
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for 152 proteins were available for nine brain and 20 extracranial metastases, which 

included seven matched pairs of samples. Unsupervised hierarchical clustering of the data 

for all 152 proteins for the full cohort of samples (N=29) found that six of the seven brain 

metastases clustered with matching extracranial metastasis from the same patient (Fig. 3A). 

Thus, overall similar patterns of protein expression were seen in paired samples from 

individual patients.

Paired t-testing of the seven pairs of matched tumors identified two proteins with 

significantly different expression between brain and extracranial metastases (P<0.05 and 

fold change >1.5), both of which were overexpressed in the brain metastases: AKT_pS473 

(P=0.0078, average fold change =2.0) and RB_pS807_S811 (P=0.0011, average fold change 

=1.8). AKT_pS473 expression was more than two-fold higher in the brain metastasis in five 

of seven paired samples (Fig. 3B), and RB_pS807_S811 was higher in the brain metastasis 

in all seven pairs (Supplementary Fig. S4). Three other activation-specific markers in the 

PI3K/AKT pathway also showed evidence of increased expression in matched brain 

metastases: GSK3β_pS9 (P=0.03, average fold change =1.4), GSK3α/β_pS21/S9 (P=0.16, 

average fold change =1.3), and PRAS40_ pT246 (P=0.18, average fold change =1.1). In 

contrast, PTEN protein levels were largely equivalent between matched brain and 

extracranial metastases (Fig. 3C). Notably, in patient 03 the brain metastasis demonstrated 

copy loss of PTEN and reduced PTEN mRNA compared to the extracranial metastasis, but 

the PTEN protein expression was similar between the matched tumors.

In the unsupervised clustering analysis of all proteins assessed by RPPA, AKT_pT308, 

AKT_pS473, GSK3β _pS9, GSK3α/β_pS21/S9, and PRAS40_pT246 were tightly clustered 

(“PI3K/AKT pathway” in Fig. 3A), and thus likely together represent the PI3K/AKT 

pathway activation signature. Unsupervised clustering of the full cohort of 29 samples by 

the expression of these five phospho proteins showed that eight of the nine brain metastases 

(89%) exhibited increased activation of the PI3K/AKT pathway, which was significantly 

more frequent than was observed in the extracranial metastases (six of 20, 30%, P=0.0052 

by Fisher’s exact test) (Fig. 3D).

Immunohistochemistry

Immunohistochemistry (IHC) assay was used to evaluate key findings from the high-

throughput analyses in a larger set of matched tumors, and to confirm that detected 

differences were observed in tumor cells. PTEN expression by IHC was scored as Absent 

(<10% of cells with staining equivalent to internal positive controls, Supplementary Fig. S5) 

or Present (≥10%) based on a previous analysis that showed that complete loss of PTEN 

correlated with increased expression of P-AKT (34). Overall, PTEN IHC was performed on 

20 pairs of matched brain and extracranial metastases. The results showed that 5% of 

patients had brain metastasis-only PTEN loss, while 10% of patients had extracranial 

metastasis-only PTEN loss (Fig. 4A).

As a previous report had already evaluated P-AKT IHC in matched brain and extracranial 

metastases (20), and RPPA analysis demonstrated that two different antibodies detected 

significantly increased phosphorylation of the AKT-substrate GSK3 in brain metastases, the 

expression of GSK3α/β_pS21/S9 was evaluated by IHC. Analysis of the intensity of 
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GSK3α/β_pS21/S9 staining in 26 pairs of samples confirmed higher expression in 

melanoma brain metastases than in the matching extracranial metastases (P<0.05 by paired 

t-test, Supplementary Fig. S6). GSK3α/β_pS21/S9 expression was higher in the brain 

metastasis in 69.2% of paired samples, with 19.2% exhibiting >4-fold increase (Fig. 4B). As 

an example of marked increase in GSK3α/β_pS21/S9 in brain metastasis, images of the 

brain and extracranial metastases from patient 57 are shown in Fig. 4C.

IHC for RB_pS807_S811 was performed in 25 pairs of matched brain and extracranial 

metastases. In most samples, only a small percentage of tumor cells were positive for 

RB_pS807_S811 staining, as in EM_02 (Supplementary Fig. S7A), but a higher percentage 

of RB_pS807_S811-positive cells were also found in some samples, such as BM_02 

(Supplementary Fig. S7A). While there was a slight increase in percentage of cells 

positively stained for RB_pS807_S811 in the brain metastases, overall there was no 

significant difference in the IHC staining of tumor cells in the extended cohort of matched 

brain and extracranial metastases (P=0.50 in paired t-test; Supplementary Fig. S7B and 

S7C).

Discussion

More effective therapies for patients with brain metastases must be developed to improve 

long-term treatment outcomes and survival in patients with metastatic melanoma. In order to 

improve our understanding of the molecular basis of these tumors, and to develop rational 

therapeutic approaches for them, we have systematically characterized patient-matched 

melanoma brain and extracranial metastases for recurrent oncogenic mutations, CNVs, 

patterns of gene expression, and protein expression and activation. Our results show that 

despite the overall similarity of the patient-matched brain and extracranial metastases, brain 

metastases demonstrate specific molecular differences in the PI3K/AKT pathway. These 

findings add to the growing literature supporting the presence of brain metastasis-specific 

molecular aberrations in cancer. In addition, they suggest that inhibition of the PI3K/AKT 

pathway may be a rational therapeutic strategy for patients with melanoma brain metastases.

MAPK pathway inhibitors (i.e., vemurafenib, dabrafenib, trametinib) have demonstrated 

remarkable clinical activity in patients with metastatic melanoma and have recently gained 

regulatory approval (35). However, multiple lines of evidence support that the PI3K/AKT 

pathway may also be an important therapeutic target in this disease, particularly as a 

combinatorial strategy (36). PTEN loss of function has been detected in 10-30% of 

melanomas, most frequently in tumors with concurrent activating BRAF mutations. 

Activating mutations in AKT1 and AKT3 have been identified as rare events (1-2%) in 

melanoma, and to date have all been found in tumors with concurrent BRAF mutations. 

Results from whole-exome sequencing confirmed the frequent loss of PTEN function 

through mutation or copy loss in treatment-naïve melanomas, particularly in tumors with 

activating BRAF mutations (32, 37). Whole exome sequencing also identified RICTOR 
(rapamycin-insensitive companion of mTOR) copy number gain in BRAF/NRAS-wild-type 

melanomas, suggesting that these tumors may have elevated PI3K/AKT/mTOR (mammalian 

target of rapamycin) signaling (37). Whole exome sequencing of tumors collected after 

progression on selective BRAF inhibitors also identified somatic alterations predicted to 
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activate the PI3K/AKT pathway that were not detected in pre-treatment samples from the 

same patients in 22% of the samples, thus also implicating the pathway in acquired 

resistance (38). Activation of the PI3K/AKT pathway via compensatory signaling through 

receptor tyrosine kinases (RTKs) has also been observed to correlate with de novo and 

acquired resistance in BRAF-mutant cell lines and clinical samples treated with BRAF or 

MEK inhibitors (28, 39, 40). Notably, upregulation of RTK signaling can be mediated by 

epigenetic or tumor microenvironment-driven mechanisms (41, 42). The finding that 

PI3K/AKT activation mediates BRAF inhibitor resistance further supports the rationale for 

clinical testing of combined inhibition of both MAPK and PI3K/AKT pathways in 

melanoma.

Previously we identified significantly higher expression of multiple activation-specific 

markers in the PI3K/AKT pathway in the brain metastases (N=10) than in the liver (N=5) or 

lung (N=5) metastases in a pilot study using RPPA(17). The lack of paired metastases in that 

study made it unclear whether this result was brain metastasis specific, or reflected a 

generalized phenotype of patients who develop brain metastases. Studies are ongoing to 

assess the power of PI3K/AKT pathway activation to predict risk of brain metastasis 

development, and the results of our current study do not preclude a positive correlation. 

However, the proteomic analysis of the cohort of matching brain and extracranial metastases 

from patients with both tumor types included in the study presented here supports that 

activation of the PI3K/AKT pathway is particularly enriched in brain metastases. This 

finding is consistent with a recent report by Niessner et al. in which IHC for AKT_pT308 

found higher expression in the brain metastases in eight of nine patients with matched brain 

and extracranial metastases (20). Our study provides both an independent validation of that 

finding, and additional supporting evidence through the assessment of other pathway 

activation markers, along with confirmatory IHC for GSK3α/β _pS21/S9.

The mechanism causing increased PI3K/AKT activation in patient-matched melanoma brain 

metastases remains unclear at this time. We did not observe brain metastasis-only mutations 

or copy number gain of PIK3CA or AKT in any of the matched samples. Two of the 10 

(20%) paired samples did show fewer copies in the PTEN region in the brain metastases. 

However, neither RPPA nor IHC analysis identified overall decreased PTEN protein 

expression in brain metastases comparing to matched extracranial metastases. While it did 

not include analysis of CNV or mRNA, the IHC-based analysis by Niessner et al. detected 

brain metastasis-only PTEN loss in three of nine patients, consistent with the finding that 

differential PTEN loss is present in only a subset of patients with evidence of increased P-

AKT (20). As our study did not include whole-exome analysis of mutational events, we 

cannot exclude the possibility that other mutations or CNVs could be present in the brain 

metastases that result in increased PI3K/AKT pathway activation. Such analyses will be 

performed in the future. However, an alternative hypothesis is that the activation of the 

PI3K/AKT pathway could be due, at least in part, to interactions between the tumor cells 

and the tumor microenvironment in the brain. Previously published preclinical experiments 

showed that the brain TME may induce significant changes in gene expression in melanoma 

cells (43). In addition, astrocyte-conditioned media strongly increased P-AKT and 

invasiveness in melanoma cells, while fibroblast-conditioned media had minimal effect in a 

separate study (20). These results support that the observed increased activation of 
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PI3K/AKT in brain metastases could be induced by extrinsic factors in the brain 

microenvironment instead of by intrinsic factors in the tumor cells.

The observed activation of the PI3K/AKT pathway in brain metastases suggests this 

pathway as a therapeutic target. In a pilot study, we observed that treatment with the PI3K 

inhibitor BKM120 improve the survival of mice bearing intracranial tumors of the BRAF 
mutant, PTEN-intact human melanoma cell line A375 in a dose-dependent manner 

(Supplementary Fig. S8A). Combined treatment with BKM120 and the BRAF inhibitor 

LGX818 also improved survival compared to treatment with LGX818 alone (Supplementary 

Fig. S8B). However, Western blotting of untreated tumors showed that the levels of 

AKT_pS473 were not increased in A375 brain metastases as compared to subcutaneous 

tumors, in contrast to the consistent increase observed in patients (Supplementary Fig. S9). 

Thus, although the observed effects are promising, additional melanoma cell lines and 

metastatic sites are currently being evaluated to determine if models can be identified that 

recapitulate the differences observed in patients for further therapeutic testing.

In conclusion, our study represents to our knowledge the first concurrent profiling of DNA 

hotspot mutations, DNA copy number variations, mRNA expression patterns, and protein 

network activation in clinical samples of patient-matched brain and extracranial metastases 

of any tumor type. This analysis has found overall similarity in the majority of molecular 

features of matching melanoma brain and extracranial metastases. However, the results 

provide additional evidence that increased PI3K/AKT pathway activation is a feature of 

brain metastases. These results add to our understanding of the status of the PI3K/AKT 

pathway in melanoma and support the rationale for further testing of this pathway as a 

therapeutic target in this disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Translational Relevance

While a number of personalized targeted therapies have demonstrated impressive clinical 

activity, the development of more effective treatments for brain metastases remains a 

critical challenge. This is particularly true for melanoma, which has a very high rate of 

brain metastasis. Previous studies have demonstrated that brain metastases can harbor 

significant molecular differences versus primary tumors. This study represents one of the 

first multi-modality molecular comparisons of patient-matched brain metastases and 

extracranial metastases. The high concordance of oncogenic driver mutations is 

consistent with the clinical activity that has been observed in brain metastases with 

oncogene-selective targeted therapies (i.e. BRAF inhibitors). However, the discovery of 

increased activation of the PI3K/AKT pathway in melanoma brain metastases supports 

the rationale for further evaluation of this pathway as a therapeutic target. The results 

also support further investigation of metastatic site-specific molecular features.
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Fig. 1. 
Copy number variation (CNV) profiling of brain metastases and extracranial metastases. (A) 

CNV histograms of 10 brain metastases (BM) and the matched 10 extracranial metastases 

(EM). Frequencies of CN gains (blue, pointing up) and CN losses (red, pointing down) were 

plotted to their genomic locations. (B) Results of unsupervised hierarchical clustering 

analysis of CNVs in the matched 10 BM and 10 EM. Genome-wide CN gains (light 

blue=one copy gain, dark blue=high copy gain) and losses (light red=one copy loss, dark 

red=homozygous copy loss) in each sample are plotted next to the dendrogram. BM are in 

orange and EM are in black; matched samples are connected by arced lines. Solid lines: 

matched samples clustering together; dotted lines: matched samples clustering apart. (C) 

CNV frequencies of 13 genes in matched 10 BM (orange) and 10 EM (black). Genes are 

sorted by the mean CNV frequency in BM and EM, with high on top and low on bottom.
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Fig. 2. 
Gene expression profiling of brain and extracranial metastases. (A) Hierarchical clustering 

of log2 expression values of 8050 probes in 27 brain metastases (BM, orange) and 25 

extracranial metastases (EM, black). Probes that showed less than 1.5-fold change from the 

median in more than 80% of the samples were excluded. Matched tumors are connected 

with arcs. (B) Differences in expression of 13 genes between paired BM and EM. Fold 

changes of gene expression from EM to BM were converted into log2 ratios. Log2 ratios in 

six pairs of samples were plotted as dots for each gene, means and standard deviations were 

plotted as horizontal bars. (C) Expression of SGK3, SGSM2 and ELOVL2 in matched BM 

and EM of six patients. Each column represents the expression value of one sample. (D) 

Expression of SGK3, SGSM2 and ELOVL2 in unmatched BM (N=21) and EM (N=19). 

Each dot represents the expression value of one sample.
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Fig. 3. 
Protein expression profiling of brain and extracranial metastases. (A) Unsupervised 

hierarchical clustering of RPPA data from 152 proteins in nine brain metastases (BM, 

orange) and 20 extracranial metastases (EM, black). Matched tumors are connected by arced 

lines. The cyan box highlights five phospho proteins of the PI3K/AKT pathway that 

clustered together. (B) Log2 expression levels of AKT_pS473 in seven pairs of matched 

metastases. Each column represents log2 expression value in one tumor. (C) Log2 

expression levels of PTEN in seven pairs of matched tumors. (D) Unsupervised hierarchical 

clustering of 29 unmatched tumors using expression data of five phospho proteins 

highlighted in (A), which are activation markers of the PI3K/AKT pathway. The magenta 

box highlights a cluster of tumors with high PI3K/AKT pathway activity.
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Fig. 4. 
Immunohistochemistry (IHC) of PI3K/AKT pathway proteins in matched melanoma 

metastases. (A) PTEN IHC results in 20 pairs of brain metastases (BM) and matched 

extracranial metastases (EM) were categorized and the incidences displayed. (B) Log2 ratio 

of GSK3α/β_pS21/S9 percentage-adjusted intensity between BM and EM in each of the 26 

patients. Patients were sorted from high to low percentage-adjusted intensity. (C) Images of 

GSK3α/β_pS21/S9 IHC in the BM and EM of patient 57. BM_57 was photographed at a 

lower magnification than EM_57 to show the negative stroma.
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Table 1

Mutations in 16 pairs of matched metastases

Patient Brain metastases Extracranial metastases

02 BRAF V600E BRAF V600E

03 None None

04 BRAF V600E BRAF V600E

05 BRAF V600K BRAF V600K

06 NRAS Q61K NRAS Q61K

07 BRAF V600E BRAF V600E

08 NRAS Q61K,
CTNNB1 S45F

NRAS Q61K
CTNNB1 S45F

09 None None

10 CTNNB1 S45P CTNNB1 S45P

11 BRAF V600E BRAF V600E

12 BRAF V600E BRAF V600E

13 None None

14 None None

15 BRAF V600E BRAF V600E

16 None None

17 NRAS Q61H NRAS Q61H*

*
One of the two replicate assays called NRAS Q61H.
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