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Cross-platform comparison of independent datasets identifies 
an immune signature associated with improved survival in 
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ABSTRACT

Platform and study differences in prognostic signatures from metastatic 
melanoma (MM) gene expression reports often hinder consensus arrival. We 
performed survival/outcome-based pairwise comparisons of three independent MM 
gene expression profiles using the threshold-free algorithm rank-rank hypergeometric 
overlap analysis (RRHO). We found statistically significant overlap for genes 
overexpressed in favorable outcome (FO) groups, but no overlap for poor outcome 
(PO) groups. This “favorable outcome signature” (FOS) of 228 genes coinciding on 
all three overlapping gene lists showed immune function predominated in FO MM. 
Surprisingly, specific cell signature-enrichment analysis showed B cell-associated 
genes enriched in FO MM, along with T cell-associated genes. Higher levels of B and T 
cells (p<0.05) and their relative proximity (p<0.05) were detected in FO-to-PO tumor 
comparisons from an independent MM patients cohort. Finally, expression of FOS in 
two independent Stage III MM tumor datasets correctly predicted clinical outcome 
in 12/14 and 44/70 patients using a weighted gene voting classifier (area under the 
curve values 0.96 and 0.75, respectively). This RRHO-based, cross-study analysis 
emphasizes the RRHO approach power, confirms T cells relevance for prolonged 
MM survival, supports a favorable role for B cells in anti-melanoma immunity, and 
suggests B cells potential as means of intervention in melanoma treatment.

INTRODUCTION

Melanoma incidence has been increasing for the last 
30 years, making it among the fastest growing cancers 
worldwide [1]. One of its most dangerous features is a 
high inherent metastatic potential: primary melanomas 
have up to 1000-times the inherent metastatic potential 
compared to most other cancers [2]. Before the age 
of checkpoint blockade, metastatic melanoma (MM) 
conferred poor median survival rates (<1yr), although 
some patients survive for many years after their diagnosis 
of metastatic disease [3]. These MM outcome differences 
can be due to a combination of diverse biological factors 

involving the tumor and its relationship to the host, 
including cells of the immune system [4]. The target for 
most of the current MM therapeutic approaches advised 
by the National Comprehensive Cancer Network (NCCN) 
Guidelines is innate and/or adaptive components of the 
immune system [5–8]. With the most effective therapy 
achieving only a response rate of 50% [5], there is still 
room for improvement [9].

Different gene expression microarray platforms 
have proliferated since the first array of cDNA fragments 
appeared in mid-90’s [10]. Although the comparison of 
independent high-throughput gene-expression experiments 
has proven to be useful to generate hypotheses from 
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Figure 1: RRHO comparisons of three independent MM gene expression profile datasets identify a “favorable outcome 
signature” (FOS). A. Three complete gene expression profiles were devised by grouping patients from three datasets (“Set A”, “Set 
B” and “Set C”, see Materials and Methods) into favorable outcome (FO) and poor outcome (PO) groups, ordering genes according 
to the magnitude and direction of change between survival groups, and compared pairwise using the threshold-free RRHO algorithm. 
RRHO analysis showed statistically significant overlap between the genes with increased expression in the FO class (see Results). Venn 
diagrams below RRHO heatmaps represent each pair of datasets compared (with set diameters proportional to correspondent microarray 
platform sizes) and the corresponding number of overlapping genes. RRHO map signal scale of log10-transformed hypergeometric p-value 
is shown on the right of each heatmap. B. Venn diagram showing the number of overlapping genes in the FO class in the patient datasets 
being compared using RRHO analysis. C. Summary of the subcellular locations and D. functions of the proteins encoded by FOS genes. 
Supplementary Table S1 contains the full list of 228 overlapping genes common to the three RRHO analyses.
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Figure 2: Immune-related biological processes and pathways are enriched in “favorable outcome signature”. A. Most 
highly enriched Gene Ontology (GO) terms according to Gene Ontology Consortium and REVIGO algorithms (see Materials and Methods). 
GO terms are represented by tiles, grouped and colored according to semantic similarities to other GO terms. Tile areas are proportional to 
-log10  p-value for each term. B. 2-D heatmap view of top-30 canonical pathways and their genes identified by Ingenuity Pathway Analysis. 
Pathways are ranked by multiple hypothesis corrected p-values. Associations between FOS genes and each pathway are indicated with red; 
immune-related pathways are in red.
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enrichment scores) to define the cell types represented in 
the list of overlapping genes (see Materials and Methods). 
Figure 3A shows the top-10 cell types displaying the 
highest number of genes/probes with high enrichment 
score (>700). Along with genes from other well-known 
anti-tumor immunity mediators including T cells, B cell-
associated genes were enriched in melanoma biopsies 
from FO patients, suggesting B cells are enriched in FO 
MM. This was confirmed by immunolabeling of tumor 
sections from an independent set of MM (Figure 3B). 
Initial blinded semi-quantitative assessment of labeling 
by an experienced pathologist (JMS) suggested a trend 
for increased CD20 labeling on MM from FO patients. 
Scanning and software-assisted quantification of the 
labeling indicated higher levels of CD20+ cells on FO 
patients (p<0.05), supporting a favorable role for B 
cells in anti-melanoma immunity (Figure 3D). Similar 
to CD20, levels of the pan T cell marker (CD3) were 
increased significantly in FO MM (Figure 3C and 3E). 
Interestingly, Spearman’s rank correlation indicated a 
positive correlation between CD20 and CD3 levels in MM 
(Figure 3F; r2=0.5602; p<0.0001).

These findings suggest cooperation between B and T 
cells in the host response to MM. To identify relationships 
among B cells and T cells we used the Search Tool for 
the Retrieval of Interacting Genes/Proteins - STRING 
(to predict interactions), [13] and the GEP (to predict 
the cell type best represented by each node). Figure 4A 
illustrates integrative information from STRING and GEP 
for the FOS genes, including 15 interactions between 
“B cells” and “T cells” genes (red dashed edges). We 
hypothesized that B and T cells would be co-localized to a 
greater extent in FO versus PO tumors. Figure 4B shows 
a composite example of false-colored consecutive MM 
sections stained for CD20 (red) and CD3 (green), with 
areas of close proximity in yellow. Fractions of CD20-
labeled cells in close proximity to CD3-labeled cells 
(expressed as CD20yellow/CD20red) were higher in FO MM 
than in PO MM (p<0.05, Figure 4C). Using combined 
bioinformatics approaches and in situ immunochemical 
labeling we find the potential for B and T cell interactions 
in tumors from FO MM patients.

Finally, we wanted to evaluate if the expression 
profile of FOS could predict outcome in MM samples. 
Toward this effort, a weighted-gene voting (WGV) 
outcome classifier based on the FOS was built and used 
to classify stage III MM samples from two independent 
datasets (Set D and Set E, see Materials and Methods). 
Outcome was correctly predicted in 12/14 (85.7%) 
patients from Set D (Figure 5A) and in 46/70 (65.7%) 
patients from Set E (Figure 5B). In receiver-operating 
characteristic (ROC) plot, the area under the curve (AUC) 
values calculated for the performance of WGV were 0.96 
for Set D and 0.75 for Set E, indicating FOS has potential 
for outcome prediction (Figure 5C). Moreover, Kaplan-
Meier curves of Set E patients for survival proportions 

based on the WGV showed that patients scored in the 
poor outcome (negative) class had significantly reduced 
survival after tumor resection (p=0.0019, log-rank test) 
compared to those in favorable outcome (positive) class 
(Figure 5D).

DISCUSSION

The advent of the “omics” era in the new 
millennium has brought hope to manage cancer patients 
using prognostic strategies. However, prognostic 
signatures derived from gene expression studies in 
metastatic melanoma (MM) vary from study to study, 
with no unifying signature across them [17–19]. In the 
present study we used RRHO, a threshold-free algorithm, 
to perform pairwise comparisons of three independent 
MM gene expression profiles. We identified a favorable 
outcome signature (FOS), a set of genes consistently 
associated with favorable outcome (FO) MM. Multiple 
bioinformatics analyses of FOS showed enrichment in 
immune-related processes and pathways, and inferred the 
cell types associated with FO MM. Furthermore, increased 
presence of the primary cell types associated with FO 
MM was confirmed in situ for the pan T cell marker CD3 
and the B cell marker CD20, consistent with the work of 
others for a role of T cells [20], as well as B cells [21] in 
favorable outcomes. Lastly, this FOS correctly predicted 
patient outcomes in up to 85% of samples from two 
independent MM patient datasets.

An association between immune genes expression and 
improved survival in MM patients has been suggested by 
previous reports using gene expression microarrays [22, 23]. 
However, inter-study comparisons for prognosis prediction 
using standard cutoff criteria (e.g. fold-change > 1.5, p-value 
< 0.05) found no or only a limited number of genes (at best 
eight) [18, 19], making it difficult to design a predictive 
test. In the present study, RRHO detected overlap of 228 
genes (FOS) in all three pairwise comparisons conducted, 
demonstrating its power as a hypothesis-generating tool. 
In addition, the fact that no common pathways were found 
in poor outcome (PO) MM highlights the fact that while 
improved survival or outcome depends on a unifying theme-
-immunity--there is no unifying theme for poor survival. 
Recent hypotheses postulate a role for the amount of 
mutations (mutational load) in melanoma progression [24], 
although the nature of the datasets used in our study did 
not allow us to assess this contribution to survival. Further 
analysis of tumor vs. germline whole exome or whole 
exome sequencing data is warranted to investigate this idea.

The role of immunity in cancer aligns with the studies 
of William Coley on therapeutic consequences of streptococci 
bacteria on sarcomas [25]; with the concept of “cancer 
immunosurveillance” proposed by Burnet and Thomas 
[26]; and with the current era of successful immune-based 
therapies. Indeed, the role of T cells has been exhaustively 
examined in anti-melanoma responses [27] leading to the 


