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Summary

Ulceration of primary melanomas is associated with poor prognosis yet is reported to predict
benefit from adjuvant interferon.

To better understand the biological processes involved, clinico-pathological factors associated
with ulceration were determined in 1804 patients. From this cohort, 348 primary tumor blocks
were sampled to generate gene expression data using a 502-gene cancer panel and 195 blocks
were used for immunohistochemistry to detect macrophage infiltration and vessel density. Gene
expression results were validated using a whole genome array in two independent sample sets.
Ulceration of primary melanomas was associated with more proliferative tumors, tumor vessel
invasion and increased microvessel density. Infiltration of tumors with greater number of
macrophages and gene expression pathways associated with wound healing and up-regulation of
pro-inflammatory cytokines suggest that ulceration is associated with tumor related inflammation.
The relative benefit from interferon reported in patients with ulcerated tumors may reflect
modification of signalling pathways involved in inflammation.
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Introduction

Ulceration of a primary melanoma is defined as absence of intact epidermis, including
stratum corneum and basement membrane, with reactive changes in the skin (Spatz et al.,
2003). It predicts poor survival, and is integral to the American Joint Committee on Cancer
(AJCC) staging guidelines (Balch et al., 2009). Somewhat paradoxically, primary tumor
ulceration has been reported to be associated with greater benefit in terms of longer relapse-
free survival (RFS), distant metastasis-free survival (DMFS) and overall survival (OS)
following treatment with adjuvant interferon-a (IFN) (Eggermont et al., 2012b ). There are
currently no other confirmed predictive biomarkers for IFN therapy, therefore the
association between ulceration and IFN benefit warrants further investigation (Eggermont et
al., 2012a).

The biological explanation for ulceration and its impact on prognosis and IFN response is
not yet known (Spatz et al., 2010b, Gogas et al., 2009) but there are broad hypotheses.
Ulceration may simply result from increased proliferative activity and hypoxia during tumor
expansion and the poor prognosis may purely be associated with the more proliferative
phenotype. Mitotic rate, tumor thickness and ulceration are however independent
histological prognostic markers in stage I/l melanoma, suggesting that a distinct biological
process in addition to cell proliferation is occurring, which contributes to poorer prognosis
(Balch et al., 2009, Gogas et al., 2009, Spatz et al., 2010b, Thompson et al., 2011, Balch et
al., 1978).

The presence of ulceration may indicate differences in the way that tumor cells interact with
the local tumor environment (Spatz et al., 2010b, Spatz et al., 2010a, Gogas et al., 2009). For
example loss of adhesion to Keratinocytes and associated control mechanisms (McGary et
al., 2002, Haass et al., 2005, Spatz et al., 2010a) increases melanoma cell invasiveness, and
loss of adhesion within the epidermis is clearly seen in ulcerated tumors.

Finally it has been hypothesised that the presence of ulceration may be associated with
tumor related inflammation (Melnikova and Bar-Eli, 2009, Mantovani et al., 2008) and
suppression of adaptive immunity (Spatz et al., 2010b, Gogas et al., 2009). Lower numbers
of mature dendritic cell densities were reported in sentinel nodes containing micro-
metastatic tumor deposits in association with an ulcerated primary tumor (Elliott et al.,
2007). Gene expression studies have suggested that this reduction in adaptive immunity
might result from tumor related inflammation as the gene encoding the pro-inflammatory
cytokine interleukin-6 (IL6), reported to play a major role in tumor related inflammation
(Mantovani et al., 2008), was differentially expressed in ulcerated tumors (Winnepenninckx
et al., 2006).

We have previously reported that microvessel density and macrophage infiltration are
increased in ulcerated primary melanomas (Storr et al., 2012). In the present study, we
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report the primary tumor and patient characteristics associated with tumor ulceration in
participants in epidemiological studies. We generated tumor gene expression profiles for
502 cancer-related genes from a subset of the primary tumors using the lllumina, cDNA-
mediated, annealing, selection, extension and ligation (DASL) cancer gene platform
allowing identification of genes and biological pathways activated or suppressed in ulcerated
tumors. We replicated our gene expression findings in two independent sample sets in which
gene expression profiles were generated at whole genome level using the Illumina Whole
Genome (WG) DASL platform. This integrated investigation of features associated with
ulceration has identified factors independently associated with ulceration in multivariate
analyses and revealed insight into biological processes related to the influence of ulceration
on prognosis and putatively also to treatment response.

Patient and tumor samples in the test data set

Figure 1 illustrates the patient and sample sets used in this study. Ulceration status data
relating to primary melanoma were available for a total of 1804 patients recruited to the
Cohort (n=1319) and SNB studies (n=485). Of these patients, 368 (20%) had centrally
reviewed primary tumor histopathological data. Gene expression data were available for 348
individual primary tumors from this patient group (156 from the Cohort study and 192 from
the SNB study), 339 (97%) of which had been centrally reviewed. This represents the gene
expression test set.

The first validation dataset (Leeds replication) consisted of an independent set of 209
primary tumors selected from within the Cohort Study. Ulceration status was available for
124 of these samples. The second validation data set (Lund replication) consisted of 223
primary melanomas (Harbst et al., 2012) of which ulceration status was available for 163
melanomas.

Out of the 218 tumor blocks received for the SNB study, 202 had sufficient tumor to allow
IHC staining. Of these blocks, 130 (64%) had also been cored for gene expression. One
hundred and ninety-five tumors had ulceration status recorded for use in the analyses
described. Characteristics of the sample sets are described in Supplementary Table 1.

Analyses of clinico-pathological factors and ulceration

Table 1 shows results of univariate and multivariate analyses from the Cohort and SNB
studies combined. The multivariate model is based on 892 patients for whom data for all
variables assessed were available. In univariate analysis, greater Breslow thickness and
mitotic rate were associated with ulceration (p<0.001). Additional prognostic tumor factors
associated with ulceration were presence of vascular invasion (p<0.001), perineural
infiltration (p=0.003) and microsatellites (p<0.001). Forty-one percent of ulcerated tumors
were nodular compared with 18% of non-ulcerated tumors (p<0.001). Furthermore, a higher
proportion of ulcerated tumors were located at sun-protected sites compared with non-
ulcerated tumors (defined as those arising in sites such as genital, subungual or acral skin)
(p<0.001). Patients with ulcerated tumors were more likely to be older (p<0.0001) and male
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(p=0.001). In view of the prognostic influence of ulceration, it is unsurprising that patients
with ulcerated tumors were more likely to have a positive sentinel node biopsy (p<0.001)
and were more likely to relapse and die (p<0.001). The majority of these factors were also
associated with ulceration when assessed singly in the smaller histopathologically centrally
reviewed dataset (indicated by an asterisk in Table 1).

Factors found to be associated with an ulcerated tumor in univariate analysis were analysed
using multiple logistic regression to identify features independently associated with
ulceration. Perineural infiltration was omitted from the model because of insufficient
numbers of observations. Greater Breslow thickness and tumors arising in sun-protected
sites (OR 4.55 (95% CI 1.98-10.48) p<0.001, compared with tumors on the trunk) were
independently associated with ulceration status. Mitotic rate was also independently
associated with ulceration status when a test for trend was performed across the groups (OR
1.40 (95% CI 1.04-1.90), p=0.03 data not shown). In the smaller histopathologically
centrally reviewed dataset, none of the factors were independently associated with ulceration
status in multivariate analysis despite similar odds ratios. This is possibly indicative of the
small sample size.

Associations between IHC status and ulceration

Table 2 shows results of univariate and multivariate analyses. The multivariate model is
based on 169 tumors where data for all variables assessed were available. In multivariate
analysis the presence of lymphatic invasion (OR 3.59, 95% CI 1.64-7.87, p=0.001), greater
microvessel density (OR 2.59, 95% CI 1.16-5.80, p=0.02) and macrophage count (OR 2.42,
95% CI 1.07-5.50, p=0.03) remained independently associated with ulceration status.

Gene expression profiles associated with tumor ulceration

In the test data set analysis, 56 genes were differentially expressed in ulcerated tumors (34
downregulated and 22 upregulated) at a false discovery rate (FDR) <0.05. Table 3 shows the
top 22 of this gene list, all with FDR<0.01. Approximately half of the genes in Table 3 were
confirmed in the Leeds replication set with FDR<0.10. Of note, the replication dataset had a
smaller size (124 samples compared to 348 in the test dataset) but the WG array generated
data on many more genes, therefore imposing a higher multiple testing correction penalty.
The Lund replication dataset reiterated 13 of the top 22 genes initially identified while data
were not available for the other 9, as these probes did not pass quality control screens (Table
3). Overall, of the 22 top genes with FDR<0.01 in the test data set analysis, 7 were
replicated in both Leeds and Lund replication datasets while another 9 genes were replicated
in one of these datasets.

When analyses in the test dataset were adjusted for Breslow thickness, a similar list of genes
was generated to that presented in Table 3, however many of these genes were not
significantly differentially expressed following adjustment for multiple testing.

A number of genes involved in cell adhesion (Desmoplakin, Integrin beta 4 and Cadherin 1)
were down regulated in ulcerated tumors. Significantly, the changes in all three were
replicated in all datasets. Fibroblast Growth Factor 7 (FGF7), otherwise known as

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jewell et al.

Page 5

Keratinocyte Growth Factor, was up-regulated in ulcerated tumors (although this was not
replicated throughout the datasets), whilst in contrast Fibroblast Growth Factor Receptors 2
and 3 (FGFR2 and FGFR3) were down-regulated (replicated). The pro-inflammatory
cytokine genes Interleukin-6 (IL6) and Interleukin 8 (IL8) were over-expressed in ulcerated
tumors (both replicated). Other proinflammatory cytokine genes, such as Interleukin-1a and
Interleukin-1p, were also over-expressed in ulcerated tumors in the test dataset (fold change
ulcerated/non-ulcerated tumors 1.32 (FDR=0.17) and 1.74 (FDR=0.012), respectively),
although only IL1J remained significant after multiple-testing correction.

Pathway analysis of the test dataset and Leeds replication dataset was performed using
DAVID software to identify enriched pathways. Genes included in this analysis were those
that demonstrated differential expression in ulcerated and non-ulcerated tumors at FDR level
0.05 in each dataset. The gene list generated without adjustment for Breslow thickness was
used to maximise the number of significantly differentially expressed genes in ulcerated
tumors for pathway analysis. Table 4 presents the GO terms and KEGG pathways
significantly enriched in terms of genes up regulated or down regulated in ulcerated tumors
in the test dataset analysis and in the Leeds replication data set. The key pathways associated
with ulceration were regulation of cell proliferation and the cell cycle, the extracellular
region and plasma membrane (including genes such as the metalloproteinases, fibroblast
growth factors and pro-inflammatory cytokines), cell adhesion and response to wound
healing, cytokine-cytokine receptor interaction, hematopoietic cell lineage and ECM-
receptor interaction. Further details of the genes involved in each pathway are included in
Supplementary Table 2.

Hierarchical cluster analysis of the gene expression test dataset identified two clusters
(Supplementary Figure 1). Cluster 1 (labelled as “ulcerated cluster”) contained a greater
proportion of ulcerated tumors than cluster 2 (labelled as “non-ulcerated cluster”) with
proportions of respectively 45% and 16%. The gene expression patterns of non-ulcerated
tumors in cluster 1 had differential expression of genes involved in wound healing when
compared with the non-ulcerated tumors of cluster 2 (Supplementary Table 3). In addition,
non-ulcerated tumors in the ulcerated cluster had greater Breslow thickness (p=0.003), were
older (p=4.2x107°) and were more likely to have tumour-infiltrating lymphocytes (p=0.05).
They also had higher mitotic rate, had greater levels of vascular invasion, more
microsatellites and were more likely to be in males although these factors were not
significant (Supplementary Table 4). Non-ulcerated tumors in the ulcerated cluster also had
a poorer overall survival (Supplementary Figure 2). Furthermore, non-ulcerated tumors in
the ulcerated cluster were more likely to have high macrophage counts compared with non-
ulcerated tumors in the non-ulcerated cluster (78.3% versus 38.0% respectively, p=0.0005,
Supplementary Table 4). These results indicate that there is a subgroup of non-ulcerated
tumors with clinico-pathological and gene expression characteristics akin to ulcerated
tumors.

Discussion

Tumor ulceration is a marker of poor prognosis for melanoma patients even after metastasis
to regional nodes (Balch et al., 2009) and is reported to have a predictive influence on
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benefit from IFN therapy (Eggermont et al., 2012b). It is therefore important to understand
the biology of this phenomenon.

This study has shown that a number of poor prognostic tumor characteristics were associated
with the presence of ulceration. Ulcerated tumors were more likely to arise in sun-protected
sites (such as acral or subungual melanomas) and in older and male patients. The increased
proportion of ulcerated tumors in males is not explained but it is of note that Naugler et al.
suggested that pro-inflammatory cytokine IL6 production by macrophages is down regulated
in response to oestrogens (Naugler et al., 2007). Factors remaining independently associated
with ulceration in multivariate analysis were Breslow thickness, mitotic rate and tumor site.
Significantly, Breslow thickness and mitotic rate are two primary tumor features that
contribute to current AJCC staging in stage | and Il disease (Balch et al., 2009). Therefore, it
is unsurprising that these prognostic tumor features, representing an aggressive, proliferative
phenotype are associated with ulceration and contribute to the effect of ulceration on
prognosis. These associations have been previously identified in large sample sets (Balch et
al., 2001, Thompson et al., 2011). The gene expression data generated in the study
correspondingly showed that the Gene Ontology (GO) pathways associated with ulceration
included those associated with cell proliferation and the cell cycle.

Tumors of sun-protected sites, such as acral, subungual and mucosal tumors were
independently more likely to be ulcerated which is consistent with previous reports (Phan et
al., 2007, Tan et al., 2007). This work demonstrates that the association with site is
independent of Breslow thickness and mitotic rate, suggesting that aggressiveness of the
tumor or delay in diagnosis, which have been suggested as contributing factors to the poorer
prognosis of acral tumors, does not fully explain the association with ulceration (Durbec et
al., 2012, Stalkup et al., 2002). The histopathological description of ulceration defines
changes that are active (Spatz et al., 2003). The definition requires more than simply loss of
the epidermis, which could occur as a result of trauma. The site association does not exclude
the possibility that trauma plays some part in the evolution of ulceration, but the data
suggest that ulceration may be associated with the inherent biology of melanomas arising in
sun-protected sites.

Analysis of IHC data identified independent associations between ulceration and the
presence of lymphatic invasion, greater microvessel density and macrophage infiltration in
these primary melanomas. The presence of lymphovascular invasion and greater microvessel
density in primary tumors has been associated with poorer prognosis (Rose et al., 2011, Xu
etal., 2012, Straume et al., 1999, Depasquale and Thompson, 2005, Kashani-Sabet et al.,
2002). These associations are therefore likely to contribute to increased propensity to
metastasis associated with ulcerated tumors. It has been suggested that there is a common
biological process causing lymphovascular invasion and ulceration in melanomas, which
may be related to hypoxia (Rose et al., 2011). Tumor cell death may result from anoxia, but
the hypoxia in surrounding zones is thought to drive angiogenesis promoting tumor
progression (Pouyssegur et al., 2006, Bedogni and Powell, 2009). Our data support the
theory that ulceration is associated with angiogenesis since greater microvessel density was
also independently associated with tumor ulceration in this study as has been previously
described (Straume et al., 1999, Depasquale and Thompson, 2005).
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We report here gene expression patterns associated with primary tumor ulceration. A
strength of our study is that we were able to validate the biological pathways associated with
ulceration in two independent data sets using a whole genome array. Recently Rakosy et al.
have reported a smaller study of 36 cryopreserved tumors utilising the Affymetrix U133
Plus 2.0 array (Rakosy et al., 2013). Ten genes associated with ulceration and identified by
Rakosy et al. were replicated in both the test and validation datasets of the current study
(including: FGFR2, FGFR3, HLF, DSP, EGFR, CEBPA, PTGSL, KCNK6) and 137
replicated in at least one. As Rakosy et al. used a relatively small sample set of tumors, their
data are more variable and their estimates of fold change are more extreme than ours but the
findings remain well correlated (correlation between fold changes in test data and Rakosy et
al. study 0.76, correlation for Leeds replication data 0.67).Although many small studies of
gene expression in melanoma have reported different findings, this work suggests that
profiling larger tumor samples using platforms developed for formalin-fixed paraffin wax-
embedded tumors generates reproducible data.

Our data suggest that ulceration may be driven by tumor related inflammation. Macrophage
count was independently associated with ulceration status. Although macrophage subtype
could not be confirmed using the limited immunohistochemistry performed, we postulate
that the increased numbers of cells described here are M2 macrophages usually found in
association with tissue remodelling and hypoxic environments, such as in tumors (Biswas
and Mantovani, 2010, Mantovani et al., 2002, Movahedi et al., 2010 ). M2 macrophages
release proangiogenic growth factors, support tumor growth, improve attachment of
melanoma cells to extracellular matrix, suppress anti-tumor T-cell dependent adaptive
immune responses and modify inflammatory responses, leading to chronic inflammation
(Schmidt and Carmeliet, 2010, Fantin et al., 2010, Biswas and Mantovani, 2010, Mantovani
et al., 2008). The association between inflammatory processes and cancer has been well
documented (Mantovani et al., 2008). Evidence exists that both higher microvessel density
and macrophage count in melanoma tumors are associated with poorer prognosis (Biswas
and Mantovani, 2010, Erdag et al., 2012, Kashani-Sabet et al., 2002); therefore the presence
of these factors may contribute to prognostic significance of ulceration. Suppression of
adaptive immune responses by M2 macrophages may also contribute to why ulcerated
tumors are more amenable to the effects of exogenous IFN therapy. Our gene expression
data support this hypothesis. Genes corresponding to the “response to wounding” pathway
were over represented in ulcerated tumors, which included the pro-inflammatory cytokines
IL 1B, IL6 and IL8. Interrogation of the IHC characteristics of non-ulcerated tumors which
clustered with ulcerated tumors on gene expression analysis did show that a proportion of
primary tumors have similar characteristics and in particular more macrophages. We would
argue with this supports the suggestion that inflammation is driving the presence of
ulceration rather than the reverse.

We considered if there was evidence of a particular “Interferon signature” in ulcerated
tumors. Over-expression of STAT5B was seen in ulcerated tumors in our data set (test set
fold change 1.08, FDR 0.04). This gene encodes one of the two highly related STAT5
proteins and is a component of a number of pathways identified as having altered gene
expression in ulcerated tumors (Supplementary Table 2). Evidence exists in melanoma cell
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lines that STATS activation antagonizes the effects of STAT1 (Wellbrock et al., 2005)
which is part of the Jak-STAT signalling pathway by which IFN predominantly exerts it's
anti-proliferative, immune, cytotoxic and anti-angiogenic effects (Pestka et al., 2004,
Bracarda et al., 2010). STATS5 protein expression has been shown to be greater in IFN
resistant melanoma cell lines and ectopic expression of STAT5 can reduce in vitro IFN
sensitivity (Wellbrock et al., 2005). This contrasts with our demonstration of increased
STATSB expression in ulcerated tumors, which are reported to be relatively IFN-sensitive.
Furthermore, STAT1 was not differentially expressed, but there was down regulation of
factors downstream of STAT1, such as PIM1 (test set, fold change 0.88, FDR=0.10), MYC
(test set, fold change 0.95, FDR=0.06) and CCND3 (or cyclin D3, test set, fold change 0.92,
FDR=0.08). These findings indicate that Jak-STAT signalling may be especially suppressed
in ulcerated melanoma and it may therefore be that interferon is more effective in patients
with these tumors because of this, but a potential mechanism is not clear.

Cluster analysis has identified non-ulcerated tumors with similar clinico-pathological
features to ulcerated tumors and similar expression of genes in the wound-healing pathway.
Specifically, these non-ulcerated tumors have over-expression of the pro-inflammatory
genes IL1B, IL6 and over-expression of STAT5B. This raises the possibility that these tumors
may have similar biological properties to ulcerated tumors, particularly being associated
with worse prognosis and perhaps improved responses to IFN therapy. Use of gene
expression profiles as a predictive tool to identify IFN sensitive tumors that are not ulcerated
would clearly be useful clinically. We have been unable to investigate this further as we
have limited data regarding response to IFN therapy, however analysis of tumors from
patients recruited to large trials of IFN therapy (Eggermont et al., 2005, Eggermont et al.,
2011) would provide this opportunity and should be pursued. An inflammatory gene
expression signature and presence of macrophage infiltration may have prognostic
significance and be involved in the aetiology of ulceration.

In conclusion, we report clinico-pathological evidence that ulceration of melanoma
primaries is associated with more proliferative, mitotically active tumors with corresponding
perturbation of genes involved in these pathways. In ulcerated tumors there is histological
evidence of loss of cohesion between keratinocytes and we confirmed that the expression of
genes involved in cell adhesion was correspondingly perturbed. The infiltration of ulcerated
tumors with greater number of macrophages and gene expression pathways associated with
wound healing with up regulation of pro-inflammatory cytokines suggest that tumor related
inflammation is associated with ulceration and we postulate that the relative benefit from
interferon reported in patients with ulcerated tumors might reflect modification of signalling
pathways involved in inflammation. These data support the view expressed by others
(Melnikova and Bar-Eli, 2009, Dunn et al., 2012) that inflammation may play a significant
role in melanoma progression.
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Description of the data sets used for the clinico-pathological correlation with ulceration
study, the immunohistochemistry study, and the gene expression data sets (test and
Leeds replication set)

Samples and data from patients recruited to two previously described studies (the Leeds
Melanoma Cohort Study (Cohort study) (Newton-Bishop et al., 2009) and the Retrospective
Sentinel Node Biopsy Study (SNB study) (Mitra et al., 2010)) were combined and used for
this work in Leeds. UK national ethics committees (MREC and PIAG) approved these
studies. Tumor specimens from these studies were analysed immunohistochemically and
used to generate gene expression data in the test set. The Leeds replication data were
generated from an independent sample set of tumors from the Cohort study. Figure 1
illustrates the patient and sample sets used in the analyses described.

Histology data were derived from clinical histopathology reports. For a subset of tumors,
diagnostic H+E slides were reviewed centrally by dermatopathologists (Dr Andy Boon
(Cohort study) and Professor Martin Cook (SNB study)) to standardize reporting across the
specimens.

Gene expression assays

For gene expression analysis, tumor blocks from both studies were sampled horizontally
through the vertical growth phase using a TMA needle as previously described (Conway et
al., 2009). RNA was extracted and gene expression data were generated for 502 cancer-
related genes using the Illumina Human Cancer panel DASL assay as previously described
(Conway et al., 2009) and the data from the two groups were then merged to make the test
dataset (Jewell et al., 2010).

In the first validation dataset (Leeds replication), we generated whole genome gene
expression profiles using Illumina human HT12 v4 (~30,000 probes) from an independent
set of tumors from within the Cohort Study using the sampling technique previously
described (Conway et al., 2009).

Independent validation (Lund replication) was provided in a separate sample set of primary
melanoma tumors using the whole-genome DASL assay at Lund University (Harbst et al.,
2012).

Immunohistochemistry

Immunohistochemistry was performed upon consecutive tissue sections of the sampled
blocks originating from the SNB study as previously reported (Storr et al., 2012).
Expression of D2-40, CD34 and CD68 were assessed at the University of Nottingham to
measure microvessel density, macrophage count, lymphatic density and vascular invasion as
previously described (Storr et al., 2012). We were unable to assess subtypes of tumor-
associated macrophages because of limited tissue availability.
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Statistical analysis of clinico-pathological features and lymphovascular parameters

Pearson's Chi-squared (x2) tests or Fisher's exact tests were used for categorical variables
and Mann-Whitney U tests for continuous variables to identify associations between
ulceration status and clinico-pathological features in the Cohort and SNB studies combined,
and between ulceration and lymphovascular parameters in the subset of tumors with IHC
staining. Breslow thickness and mitotic rate were analysed as categorical variables based on
AJCC staging criteria (Balch et al., 2009) due to skewed frequency distributions. For IHC
data, vessel density and macrophage counts were categorised into high and low groups
around the median value.

To identify factors independently associated with ulceration status, multiple logistic
regression was performed using factors significantly associated with ulceration in univariate
analysis. A continuous variable for age at diagnosis was used in the multivariate model. To
maximise the number of observations assessed in each analysis, multiple logistic regression
was performed separately for clinico-pathological data and lymphovascular parameters.

For the subset of samples with haematoxylin and eosin (H+E) sections centrally reviewed by
pathologists, analyses to identify clinico-pathological associations with ulceration were
repeated to confirm results found in the pooled Cohort and SNB dataset. For all analyses a
significance level of 0.05 was used.

Statistical analysis of gene expression data

In the test dataset, gene profiles (502 genes) were normalised as described previously
(Conway et al., 2009, Jewell et al., 2010). In the Leeds replication dataset (whole genome),
the gene expression dataset was normalised using the robust spline method in the Lumi R
package. All normalised gene profiles were log2-transformed prior to statistical analysis.

Associations between gene expression and ulceration status were identified using linear
regression adjusting for the study type to which the patient was recruited in the test data set
and for a batch effect in the Leeds validation set. Analyses in the test set were further
adjusted by Breslow thickness.

The Lund replication data set was pre-processed as described previously (Harbst et al.,
2012) with each probe being median-centered. For each GeneSymbol the probe with the
highest variation was then selected. To detect significant differentially expressed genes,
Significance of Microarray (SAM) analysis was used (Tusher et al., 2001).

In all 3 gene expression datasets (test set, Leeds replication and Lund replication) the false
discovery rate was applied to correct for multiple-testing (permutation-based within SAM
software in Lund dataset and Benjamini-Hochberg method in Leeds datasets) (Benjamini
and Hochberg, 1995) and fold changes in mean expression between ulcerated and non-
ulcerated tumors were calculated using data that had not been log-transformed.

Pathway analysis of gene expression data

In the test dataset, pathway analysis was performed in DAVID (the database for annotation,
visualisation and integrated discovery) to test the enrichment of specific pathways among
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the differentially expressed genes using the list of 502 cancer genes as background (Dennis
et al., 2003). Significantly over- and under-expressed genes (FDR <0.10) were inputted into
DAVID and functional annotation analysis was performed to identify Gene Ontology (GO)
terms from three ontologies (Biological processes, Molecular Functions and Cellular
components) (Ashburner et al., 2000) and KEGG (Kyoto Encylopedia of Genes and
Genomes) (Kanehisa and Goto, 2000) pathways enriched in those genes.

This analysis was repeated in the Leeds validation dataset using the whole genome as
background. A slight modification of the Fisher exact test was used in DAVID to calculate
the significance of enrichment scores and Benjamini-Hochberg false discovery was used to
adjust for multiple testing.

Cluster analysis of gene expression data and statistical analysis of clinico-pathological
features of tumors in clusters

Hierarchical clustering of genes and tumours was conducted using the average linkage
method with uncentred correlation distance metric in CLUSTER 3.0 (de Hoon et al., 2004)
and graphical representation in Java Treeview (Saldanha, 2004). Clustering was based on 73
genes associated with ulceration status at FDR<0.10 and log2 transformed centre-normalised
expression values were used. After cluster analysis, non-ulcerated tumours from different
clusters identifiable on the dendrogram were compared using Fisher exact test for
categorical variables and Wilcoxon rank sum test for continuous variables.
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Significance

Primary melanoma tumor ulceration is associated with poor prognosis yet predicts
benefit from adjuvant interferon therapy. There are currently no other confirmed
predictive biomarkers for interferon therapy. This integrated study of clinico-pathological
factors and gene expression profiles reveals that ulcerated tumors are infiltrated with
greater numbers of macrophages and differentially express genes involved in wound
healing pathways associated with up-regulation of pro-inflammatory cytokines. This
suggests that tumor related inflammation is associated with ulceration. The relative
benefit from interferon reported in patients with ulcerated tumors may reflect
modification of signalling pathways involved in inflammation.
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Figure 1. Flow diagram illustrating the sample sets used for analyses described

Ulceration status data relating to primary melanoma was available for a total of 1804

patients recruited to the Cohort and SNB studies. Gene expression data were available for
348 individual primary tumors from this patient group. This represents the gene expression
test set. The first validation dataset (Leeds replication) consisted of an independent set of
124 primary tumors selected from within the Cohort Study. The second validation data set
(Lund replication) consisted of 163 primary melanomas. One hundred and ninety-five
tumors from the SNB study were used for IHC staining, 130 of these tumors were also cored
for gene expression studies in the test set.
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