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A biobanking turning-point in the use of formalin-fixed,
paraffin tumor blocks to unveil kinase signaling in

melanoma

Dear Editor,

Malignant melanoma (MM) is one of the most aggres-
sive human solid tumors, and it is associated with the
highest mortality of all skin cancers.! Aberrant patterns
of protein expression and posttranslational modifications
(PTMs) have been linked to MM pathogenesis,” which has
promoted large-scale proteomics studies. Our study estab-
lishes a novel proteomics strategy that provides validity
for formalin-fixed and paraffin-embedded (FFPE) tumors
as a novel source for phosphoprotein mapping in MM.
This constitutes an important future clinical resource for
discovering novel biomarkers and refining therapeutic
approaches for MM treatment.

Most of the MM proteomic analyses using patient sam-
ples to date have been conducted on fresh frozen tumors
(FFT). However, FFT specimens are difficult to preserve
with a limited number of samples in biobanks compared
to FFPE tissues.> Roughly 500 million FFPE cancer tis-
sues are stored in biobank archives linked to relevant clin-
ical information.* This represents a precious resource for
the elucidation of novel molecular mechanisms and new
biomarkers for MM, as well as a potential tool for person-
alized treatment monitoring. So far, a comparison between
the proteomics profiles of FFPE tumor blocks and FFT in
the context of MM has not been addressed. Only a few stud-
ies have focused on FFPE samples to explore the MM pro-
teome, but none of these has evaluated the preservation of
PTMs, such as phosphorylation.’ This is important since
alterations in the phosphorylation status of the tumor are
linked to the activation of oncogenic pathways.’

Here, we analyzed tumor samples derived from 11
patients diagnosed with MM. After surgical removal, all

Abbreviations: BRAF, serine/threonine-protein kinase B-raf; ERK,
extracellular signal-regulated kinase; FFPE, formalin-fixed and
paraftin-embedded; FFT, fresh frozen tumors; MEK, mitogen-activated
protein kinase; MM, malignant melanoma; MS, mass spectrometry;
PTMs, posttranslational modifications

tumors were cut into several pieces (n = 49). For nine
patients, tumor pieces were preserved in a paired fash-
ion, two as FFT and one as FFPE. Three tumor layers of
FFPE blocks were analyzed. For two of the patients, we
only had tissues preserved with one of the methods, FFT
or FFPE. In total, six primary tumors (n = 24 samples) and
five tumor metastases (n = 25 samples) were analyzed. The
histopathological characterization of the samples was per-
formed (Table S1). Critical parameters such as tumor con-
tent, percentage of stroma, degree of necrosis, and lym-
phocyte infiltration were also considered. Samples were
subjected to a streamlined proteomics-phosphoproteomics
and bioinformatics pipeline’ (Figure S1 and Supporting
File 1).

Global proteome analysis resulted in the identification
and quantitation of 7624 protein groups across all data sets
(Figures 1A-1D, Table S2). Figure 1A shows the total num-
ber of proteins identified per patient and preservation con-
ditions. FFT versus FFPE analysis displayed comparable
proteome coverages, with an overlap of ~99.8% and ~98.3%
for protein and peptide identifications, respectively (Fig-
ures 1A and 1B). A strong quantitative correlation between
the two conditions was also observed (Pearson correla-
tion, r = 0.97) (Figure 1C, Figure S2). The 2D functional
annotation enrichment analysis® unveils similar biological
pathways between primary tumors and metastases regard-
less of storage condition (Figure 1D). Primary tumors were
enriched in pathways linked to the epidermis development
and differentiation, and extracellular matrix organization.
In contrast, metastases displayed pathways related to cell
proliferation, RNA metabolism and transcription.

A total number of 12,657 phosphopeptides were identi-
fied across all datasets (Table S3). Despite the variations,
the overlap between the total number of phosphopep-
tides identified across FFPE and FFT conditions was 88.4%
(Figure 2A). The normalized phosphopeptide abundances
show a strong correlation (Pearson correlation, r = 0.89)
between FFPE and FFT samples (Figure 2B, Figure S2).
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FIGURE 1

FFPE proteome score (Primary vs. Metastasis)

Global proteome analysis of FFPE and FFT tumor samples. (A) Bar graphs showing the proteome coverage by patient and

condition, and its association with histological parameters. (B) Venn diagram comparing the overlap between FFPE and FFT samples at the
level of peptide identifications and showing the total number of peptides identified across all patients in each condition. (C) Scatter plot of the
correlation between the median values of the protein intensities of all identifications in FFT and FFPE samples, across all patients (Pearson
correlation, r = 0.97). (D) 2-D pathway annotation enrichment analysis performed with the protein fold changes between primary tumor and
metastasis. Blue and red colors represent up-and downregulated pathways in primary tumors, respectively, regardless of condition

More importantly, 2D enrichment annotation analysis® of
the phosphoproteome captured similar biological signa-
tures between primary and metastatic tumors, indepen-
dently of the sample preservation method (Figure 2C).
Primary tumors were characterized by the enrichment of
pathways related to epidermis development and apoptosis.
Metastases were enriched in processes linked to mitochon-
drial metabolism and microtubule transport.

Since alterations in protein phosphorylation most likely
reflect changes in kinase activity levels, we assess the
potential of FFPE samples to explore the MM kinome.
An integrative bioinformatics analysis was performed to
detect and predict the kinases present in the (phos-
pho) proteome datasets. Figure 3A shows the mapping of
roughly 70% of the human kinome.’ This represents the
first large-scale kinome analysis reported on MM using
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FIGURE 2 Phosphoproteome analysis of FFPE and FFT tumor samples. (A) Bar graph representing the phosphopeptide coverage by

patient and condition FFPE versus FFT. (B) Pearson correlation analysis between the FFPE and FFT samples based on median values of the
normalized phosphopeptide abundances (phosphopeptide intensity/total protein intensity) (r = 0.89). (C) Comparison between FFPE and
FFT conditions based on the enrichment analysis of biological pathways (BP) performed with the phosphopeptides fold changes (log2 ratios)
between primary tumor and metastasis (primary/metastasis). Blue and red colors represent BP up- and downregulated in primary tumors

(respectively), regardless of condition

FFPE samples, supporting the potential of this approach
as a tool to discover new pharmaceutical targets.

In the era of precision medicine, evaluating patient-
specific molecular profiles of tumors is critical to guide
medical decisions, especially to select appropriate phar-
macological strategies and to monitor drug resistance. To
evaluate the robustness of our analytical pipeline as a
tool to monitor patient-specific molecular events in FFPE
versus FFT samples, we investigated the phosphorylation
status of crucial oncogenic signaling in MM such as the
BRAF pathway (Figure 3B). Multiple BRAF phospho-sites
were unambiguously pinpointed (S365, S446, S729) as well

as phosphorylated ERK1 (Y204, T202) and ERK2 (T185,
Y187) (Figure 3B). Notably, we detect an increase in the
phosphorylation of ERK2 at Y187 in a patient with the
BRAFV600E mutation (St.IV) (patient 2), compared to a
patient (St.III/c.) without this genetic alteration (patient 5)
(Figure 3C). Y187 is required for full activation of ERK2
signaling, and the increase in ERK activity is a com-
mon resistance mechanism to long-term kinase inhibitor
therapy.'” This demonstrates that our approach allows sen-
sitive monitoring of the differential phosphorylation status
of cancer-related pathways of MM in FFPE samples (Fig-
ure 3D), which could add a new dimension to the tumor
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FIGURE 3 (A)Map of human kinome in malignant melanoma. Blue nodes represent kinases identified in the global proteome dataset.
Pink nodes symbolize kinases identified in the phosphoproteome analysis. Coral nodes indicate kinases predicted by phospho-site analysis.
(B) Analysis of BRAF signaling pathway. Assigned MS/MS spectrum corresponding to the phosphopeptide VADPDHDHTGFLTEy(187)VATR
of the ERK2 activation site. (C) Quantification of the phosphosite Y187 in a patient with BRAFV600E positive tumor metastasis compared to a
patient with WT-BRAF tumor metastasis for both FFPE and FFT samples. (D) The main cancer signaling pathways mapped by the global
proteome and phosphoproteome analysis. The boxes in yellow, orange, green, and blue show proteins experimentally determined.
Additionally, the boxes with the yellow circles and “P” display proteins that were found phosphorylated. The grey boxes represent proteins
belonging to the indicated biological pathway, but that were not identified in the study
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characterization and personalized treatment strategies.
Moreover, multiple relevant oncogenic-related pathways
were covered as well as their phosphorylation status (Fig-
ure 3D, Figure S3).

In conclusion, our results provide solid evidence of the
suitability of FFPE tissue for high-quality quantitative pro-
teomics analysis even at the PTM level. Our data encourage
the use of FFPE tumor blocks from biobank archives for
large-scale clinical phosphoproteomic studies to uncover
kinase signaling associated with MM as well as novel ther-
apeutic targets. The ability to quantify a large number of
proteins, together with their modification status in a sin-
gle analysis, is a valuable tool to compile protein profiles
to help in the molecular stratification of MM patients.
Incorporating proteomics strategies to screen FFPE tumor
blocks in routine clinical settings could help to customize
personalized treatment for MM patients.
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