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Pathophysiologies of cancer-associated syndromes such
as cachexia are poorly understood and no routine bio-
markers have been established, yet. Using shotgun pro-
teomics, known marker molecules including PMEL, CRP,
SAA, and CSPG4 were found deregulated in patients with
metastatic melanoma. Targeted analysis of 58 selected
proteins with multiple reaction monitoring was applied for
independent data verification. In three patients, two of
which suffered from cachexia, a tissue damage signature
was determined, consisting of nine proteins, PLTP, CD14,
TIMP1, S10A8, S10A9, GP1BA, PTPRJ, CD44, and C4A, as
well as increased levels of glycine and asparagine, and
decreased levels of polyunsaturated phosphatidylcholine
concentrations, as determined by targeted metabolomics.
Remarkably, these molecules are known to be involved in
key processes of cancer cachexia. Based on these re-
sults, we propose a model how metastatic melanoma
may lead to reprogramming of organ functions via for-
mation of platelet activating factors from long-chain
polyunsaturated phosphatidylcholines under oxidative
conditions and via systemic induction of intracellular
calcium mobilization. Calcium mobilization in platelets
was demonstrated to alter levels of several of these
marker molecules. Additionally, platelets from mela-
noma patients proved to be in a rather exhausted state,
and platelet-derived eicosanoids implicated in tumor
growth were found massively increased in blood from
three melanoma patients. Platelets were thus identified

as important source of serum protein and lipid altera-
tions in late stage melanoma patients. As a result, the
proposed model describes the crosstalk between lipol-
ysis of fat tissue and muscle wasting mediated by oxi-
dative stress, resulting in the metabolic deregulations
characteristic for cachexia. Molecular & Cellular Pro-
teomics 16: 10.1074/mcp.M116.063313, 86–99, 2017.

Serum is the most important diagnostic sample type be-
cause of its minimal invasive access, a relatively high stability
and its comprehensive representation of the physiological
state of an individual. The latest technological development of
mass spectrometric instruments, such as high resolution or-
bitrap instruments, improved substantially the quality and re-
liability of serum proteomics data (1). Shotgun proteomics
analysis using the orbitrap technology is mainly applied for
protein screening purposes (2). This method allows perform-
ing untargeted analyses, applicable for hypothesis-generating
clinical applications. Targeted proteomics using triple-qua-
drupole mass spectrometric instruments, represents a com-
plementary approach which is applied for protein quantifica-
tion, hypotheses verification and validation (3). Enormous
efforts have been invested in the last decades focusing on
serum biomarker discovery (4). However, mass spectrometry-
based proteomics analyses hardly managed to cope with
biological variation. As a consequence, almost no clinically
validated biomarker has emerged from these investigations
yet, and a lot of questions about pathophysiological mecha-
nisms remain unanswered.

Using mass spectrometry-based proteomics, we have pre-
viously investigated melanoma and neighboring stroma cells,
focusing on the identification of biomarkers associated with
intrinsic and extrinsic drug resistance (5). In the present arti-
cle, we followed the question how metastatic melanoma may
reprogram distant organ functions, and how these changes
may be depicted in serum signatures taken from patients
treated in a phase II trial on metastatic melanoma. Such
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studies are directed on uncovering tumor promoting commu-
nication-mediated loops, drug resistance and novel ap-
proaches for targeting for example cachexia associated syn-
dromes. The research questions emphasize the relevance of
blood - as circulating fluid - as promising target for studying
biomarkers characteristic for melanoma progression. Actu-
ally, in melanoma, PMEL is most widely used as melanoma
marker in serum samples (6). Chondroitin sulfate proteoglycan
4 and S100A8 and S100A9 have been reported to be upregu-
lated during melanoma progression (7).

In the present study an orbitrap shotgun screening experi-
ment was complemented with a newly established targeted
assay using multiple reaction monitoring. For data evaluation,
free software tools such as MaxQuant (8), Skyline (9) and
MSStats (10) were applied. Furthermore, a targeted metabo-
lomics and a shotgun lipidomics approach were applied. All
obtained results pointed to a systemic calcium deregulation
as most apparent characteristic in patients with metastatic
melanoma. A proposed novel pathomechanism on melano-
ma-associated reprogramming of distant organ functions, po-
tentially related to cachexia, was tested and confirmed by the
analysis of platelets isolated from healthy donors and patients
with metastatic melanoma.

EXPERIMENTAL PROCEDURES

Preparation of Serum Samples—Using VACUETTE® serum tubes
(Greiner Bio One, Germany), serum samples were routinely collected
from six patients with metastatic melanoma treated within a phase I/II
trial (ClinicalTrials.gov Identifier: NCT01614301) after giving written
informed consent. All serum samples were stored at �80 °C imme-
diately after collection. These serum samples were used for proteome
profiling, targeted proteomics and targeted metabolomics analyses.

Serum Depletion—Serum samples were depleted employing
Pierce™ Top 12 Abundant Protein Depletion Spin Columns (Thermo
Fisher Scientific). The depletion was performed according to the
protocol of the manufacturer, using 7 �l of serum per depletion. In the
following, 250 �l of depleted serum eluate containing not more than
25 �g total protein amount was used for digestion.

In-solution Digestion—In-solution digestion was performed using 3
kDa MW cut-off filters (Nanosep with Omega membrane, Pall Austria
Filter GmbH, Vienna, Austria) After washing with 50 mM ammonium
bicarbonate (Sigma Aldrich), proteins were reduced with 32 mM di-
thiothreitol (Gerbu Biotechnik GmbH, Heidelberg, Germany) for 30
min at 35 °C on a thermal shaker (1000 rpm) and alkylated with 54 mM

2-iodoacetamide solution (Sigma Aldrich) at 30 °C for 45 min. Both,
dithiothreitol and 2-iodoacetamide solutions were prepared with 8 M

guanidinium hydrochloride (Sigma Aldrich) solution in 50 nM ammo-
nium bicarbonate. Afterward, proteins were digested on the filter
using a Trypsin/Lys-C Mix (MS grade; Promega Corporation, Madi-
son, WI) with a total enzyme to protein ratio of 1:20. For clean-up of
resulting peptide samples C18 spin columns (Pierce™ C18 Spin
Columns, Thermo Fisher Scientific) were used and, after drying via
vacuum centrifugation, the samples were stored at �20 °C. Upon
LC-MS analysis the dried peptides were reconstituted in 5 �l of the
equimolar 10 fmol standard peptide mix and 40 �l of mobile phase A
(98% H2O, 2% acetonitrile (ACN)1, 0.1% formic acid (FA)) for shotgun

analysis, and for targeted analysis in 30 �l of the 10 fmol/�l standard
peptide mix solution containing 30% formic acid.

Shotgun LC-MS Analysis—Digested peptides were separated by
UltiMate 3000 RSLC nano System (Pre-column: Acclaim PepMap
100, C18 100 �m � 2 cm; Analytical column: Acclaim PepMap RSLC
C18 75 �m � 50 cm; Dionex, California). Per injection, 1 �l of the
sample was loaded on the precolumn with a flow rate of 10 �l/min.
For separation, peptides were eluted to the analytical column apply-
ing a gradient from 8 to 40% mobile phase B (80% ACN, 2% H2O,
0.1% FA) over 95 min and operating at a flow rate of 300 nL/min. Data
acquisition was conducted on a QExactive mass spectrometer
(Thermo Fischer Scientific) using a top 8 data dependent method
described previously (11). The full scan MS was acquired at a reso-
lution of 70,000, the MS2 scan at 17,500, both at m/z 200. HCD
fragmentation was applied at 30% normalized collision energy.

Peptide and Protein Identification—Protein identification was
achieved using the MaxQuant 1.5.2.8 software (8) employing the
Andromeda search engine (12) and searching against the UniProt
database for human proteins (version 102014 with 20,195 entries). For
statistical analysis, data obtained from both biological as well as
technical replicates were included and the Perseus statistical analysis
package was used (13). Search criteria included a maximum of two
missed cleavages with trypsin/Lys-C as proteases and a maximal
mass deviation of 5 ppm for peptide ions and of 20 ppm for fragment
ions. Additionally, a minimum of two peptide identifications per pro-
tein (including one unique) was requested and an FDR of less than
0.01 was applied at both peptide and protein level. Carbamidomethy-
lation of cysteines was set as fixed modification and methionine
oxidation as well as N-terminal protein acetylation as variable modi-
fications. The match-between-runs feature was used to ensure as
much identifications as possible. Over all samples, we were able to
identify 485 different proteins (supplemental Table S2). The mass
spectrometry-based proteomics data (including raw files, result files
and peak list files, peptide sequences, precursor charges, mass to
charge ratios, amino acid modifications, peptide identification scores,
protein accession numbers, number of distinct peptides assigned for
each identified protein, percent coverage of each identified protein in
each individual experiment and annotated MS2 spectra for each
peptide spectrum match) have been deposited to the Proteome-
Xchange Consortium (14) via the PRIDE partner repository and are
freely available with accession numbers PXD004624–26.

Protein Quantification of Shotgun LC-MS Data—A MS1-based la-
bel-free quantification approach and statistical analysis was applied
to quantify the identified proteins based on label-free quantification
(LFQ) values using Perseus (supplemental Table S2) (13). Known
contaminants were excluded from analysis. Proteins with a minimum

1 The abbreviations used are: ACN, acetonitrile; ANXA1, annexin
A1; C4A, Complement C4-A; CD14, monocyte differentiation antigen

CD14; CD44, CD44 antigen; CDH2, cadherin-2; CLU, clusterin; CRP,
C-reactive protein; CSPG4, chondroitin sulfate proteoglycan 4; CPS1,
carbamoyl-phosphate synthase; CV, coefficient of variation; FA, for-
mic acid; FDR, false discovery rate; LFQ, label-free quantification;
FTL, ferritin light chain; GP1BA, Platelet glycoprotein Ib alpha chain;
ICAM1, intercellular adhesion molecule 1; MET, hepatocyte growth
factor receptor; MRM, multiple reaction monitoring; PAF, platelet
activating factor; PAF-R, platelet activating factor receptor; PC, phos-
phatidylcholine; TFRC, transferrin receptor protein 1; PGE2, prosta-
glandin E2; PGF2a, prostaglandin F2 alpha; PKC, protein kinase C;
PMEL, proteins melanocyte protein; PRP, platelet rich plasma; PTLP,
phospholipid transfer protein; PTPRJ, receptor-type tyrosine-protein
phosphatase eta; S100A8, protein S100-A8; S100A9, protein S100-
A9; SAA1, serum amyloid-A1 protein; SERCA, sarcoplasmic/endo-
plasmic reticulum calcium ATPase; TIMP1, metalloproteinase inhibi-
tor 1; TL, tumor load; 12S-HETE, 12S-hydroxyeicosatetraenoic acid;
15S-HETE, 15S-hydroxyeicosatetraenoic acid.

Systemic Calcium Mobilization in Metastatic Melanoma

Molecular & Cellular Proteomics 16.1 87

http://www.mcponline.org/cgi/content/full/M116.063313/DC1
http://www.mcponline.org/cgi/content/full/M116.063313/DC1


fold change of two (p value � 0.05) of LFQ values between high TL
and low TL, high TL and control, or low TL and control samples were
taken into consideration for MRM assay development. Additionally,
nonsignificant but highly regulated (� 4-fold change) proteins and
proteins with high biological relevance were also included, finally
resulting in a panel of 96 candidate proteins.

LC-MRM Analysis—Targeted analysis was performed on an Agilent
6490 triple quadrupole mass spectrometer coupled with a nano-
Chip-LC Agilent Infinity Series HPLC1290 system, as described re-
cently (15). Solvent compositions were 97.8% H2O, 2% ACN and
0.2% FA for solvent A, and 97.8% ACN, 2% H2O and 0.2% FA for
solvent B.

MRM Assay Development—The selection of targeted peptides was
based on the same criteria as recently published (15). Briefly, only
prototypic peptides with a length of 8 to 25 amino acids and without
any methionine residue or missed cleavages were accepted. Addi-
tionally, peptide extracted ion chromatograms (XICs) on MS1 and
MS2 level were manually checked. At the MS1 level, this involved
selection of the right peak, considering coelution of all precursors.
Identification triggers over all samples and technical replicates had to
align within a certain time window. Peptides had to be identified only
once over the whole chromatographic run (multiple identifications
were only accepted for very broad peaks) and had to be identified in
at least two of the three different sample types (low TL, high TL,
control). Thereby, 940 transitions for 188 peptides (93 proteins) were
used for unscheduled MRM measurements, applying different dwell
times depending on the intensities achieved for peptide precursors in
shotgun MS: 100ms for those with the lowest intensities (�106), 50ms
for those with moderate intensities (106-107), and 20ms for those with
highest signal intensities (�107). One biological sample, each of the
low TL, high TL and control group, previously used for shotgun MS,
was injected multiple times for measuring the 940 selected transitions
in unscheduled MRM mode.

The peak picking for the scheduled MRM assay was done based
on the same criteria as recently published (15), which were: selection
of only co-eluting peaks with consistent peak shape for at least three
out of the five investigated product ions and a dot-product (dotp)
value of at least 0.8. Additionally, measured and calculated (based on
the Skyline SSRcalc 3.0) retention times had to match with a corre-
lation greater r � 0.9. Finally, three most intense and interference-
free transitions were selected per peptide for the scheduled MRM
method, resulting in 372 transitions for 126 peptides interfered from
88 proteins. The interference free properties of transitions corre-
sponding to peptides derived from proteins, which were found sig-
nificantly regulated in the targeted proteomics analysis (Fig. 2), are
shown in the supplemental Fig. S1. The unchanged peak area per-
centages over 90 injections indicate the interference-free character of
selected transitions. Although trem-like transcript 1 protein (TREML1)
fulfil the threshold criteria for significant regulation, it was excluded
from the panel of biomarker candidates because selected peptides
show strong variation of the transition peak area percentage (supple-
mental Fig. S1). In order to maintain a minimum dwell time of 20 ms,
an additional and final revision was performed, limiting the number of
peptides per protein to two, removing peptides with insufficient signal
intensities in all biological groups and removing proteins with low
biological significance (based on literature and shotgun data). In the
end, a final scheduled MRM method for 92 peptides (276 transitions)
derived from 58 target proteins and using a 3 min time window was
established (supplemental Table S3). Transitions of standard peptides
spiked in each samples were included in the final MRM method. All
clinical samples were measured as technical triplicates. Skyline soft-
ware (9) was used to implement this MRM method, allowing data
analysis and data preparation for statistical analysis.

Statistical Analysis of MRM Data—The statistical analysis of the
data was performed with MSStats (v. 2.3.5) (10) employing the linear
mixed effects model. The manual inspection regarding correct peak
selection, interferences, and integration boundaries of the data was
done with Skyline. All other steps were conducted in R using MSStats
package. Data pre-processing and quality control steps consisted on
log2 transformation and normalization to the four spiked standard
peptides. The missing peaks were replaced with NA value. Further-
more, in order to remove the very low abundant transitions and to
consider only the most informative features for further analysis, the
Feature Selection was set to TRUE by applying the default setting.
Both, for comparison of the abundances between sample groups and
for abundance calculation of each protein sample, missed values
were subjected to imputation using the average minimum intensity
across all runs. Additionally, p values were adjusted according to
Benjamini and Hochberg and a significant threshold of 0.05 was
applied. The statistical analysis was performed with expanded scope
of conclusions for biological replication.

Targeted Metabolomics Analysis—Targeted metabolomics was
performed using the AbsoluteIDQ p180 kit (Biocrates Life Sciences
AG, Innsbruck, Austria). The kit allows the identification and (semi-)
quantitation of metabolites including acylcarnitines, amino acids, and
biogenic amines, the sum of hexoses, sphingolipids, and glycero-
phospholipids by LC- and flow injection analysis (FIA)-MRM. The
samples were analyzed on an AB SCIEX QTrap 4000 mass spectrom-
eter using an Agilent 1200 RR HPLC system (Agilent, Santa Clara,
CA), which were operated with Analyst 1.6.2 (AB SCIEX, Redwood
City, CA). The chromatographic column was purchased from Bio-
crates. The serum samples and additional blanks, calibration stand-
ards and quality controls were prepared according to the user man-
ual. All amino acids and biogenic amines were derivatized with
phenylisothiocyanate. The experiments were validated with the sup-
plied software (MetIDQ, Version 5–4-8-DB100-Boron-2607, Bio-
crates Life Sciences, Innsbruck, Austria). Correlation coefficients of
the calibration curves of the amino acids and biogenic amines were
between 0.9636 (ADMA) and 0.9938 (Met-SO). The quality controls
(analyzed every 20th samples) revealed that leucine/isoleucine,
acylcarnitine-D0, total DMA, t4-hydroxyproline, spermine, SDMA,
histamine, Dopa and dopamine were not valid; these analytes were
thus excluded from data evaluation. Finally, 178 metabolites were
analyzed.

Platelets Isolation and Activation—Peripheral venous blood was
drawn from two healthy volunteers and three metastatic melanoma
patients with high tumor load, with their written consent and ethical
approval (ClinicalTrials.gov Identifier: NCT01614301). As the mela-
noma patients recruited for the first part of the study were not
available, other patients were chosen. Two blood collection tubes
containing 3.2% sodium citrate (Vacuette system; Greiner, Kremsm-
uenster, Austria) were used per donor. To avoid premature activation
of platelets, blood was collected into open tubes, letting the blood
drop freely into the tubes after discarding the first few drops. The
tubes were closed and gently inverted four times. Platelet rich plasma
(PRP) was obtained by centrifugation of blood samples for 20min at
100g, yielding 1 ml of PRP per tube. To obtain a purified platelet
suspension, PRP was further filtered through a Sepharose column.
Firstly, 10 ml of Sepharose 2B (Sigma, Germany) were mixed with 10
ml RPMI medium (RPMI medium 1640 with glutamine, Gibco, Paisley,
UK), containing no FCS, and filled in plastic columns plugged with
cotton wool. Then, 1 ml of PRP was applied on top of each column.
Elution was performed with RPMI medium, and, after discarding 2.5
ml, 1.5 ml platelet suspension was collected in a 15-ml tube. The two
platelet fractions of a same donor were pooled and kept for 1 h at
room temperature in a dark place, turning the tubes occasionally. Two
fractions each of 1 ml platelet suspension were used for controls and
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for platelet activation. Activation was performed for 15 min by adding
100 �l of 10 �M ionomycin (Sigma, Germany) dissolved in PBS to a
final concentration of 1 �M.

Protein Extraction of Whole Cell Lysates and Secretomes—Platelet
samples were centrifuged at 1500 � g for 10min. Afterward, pellets
were suspended in 100 �l sample buffer (7.5 M urea, 1.5 M thiourea,
4% CHAPS, 0.05% SDS, 100 mM dithiothreitol) and lysed by sonica-
tion with an ultrasonic homogenizer to obtain proteins from whole
platelet lysates. For lipidomics analysis (see below), internal lipid
standards (PGE2-d4 and PGF2a-d4, Cayman Europe) were added to
the platelet supernatants, each at an end-concentration of 100 nM.
Proteins were precipitated from these supernatants by adding 4 ml of
ice cold absolute ethanol (Merck, Darmstadt, Germany) and incu-
bated at �20 °C overnight. After centrifugation for 20min at 4750g
and 4 °C, proteins were dissolved in 100 �l sample buffer. Resulting
supernatant were used for lipidomics analysis.

Proteomics Analysis of Platelet Samples—The identical digestion
protocol used for serum samples was applied also to platelet super-
natants and lysates. The shotgun analysis was performed injecting 5
�l of digested sample, otherwise using the same instrumentation
equipment and settings as used for the analysis of serum samples.

Lipid Extraction—Ethanol from platelet supernatants was reduced
by vacuum centrifugation at 35 °C for 25 min to a volume of 1 ml.
Samples were then diluted 1:3 with LC-MS grade water (Merck Mil-
lipore, Germany), vortexed and ultra-sonicated in a water bath at
room temperature for 5 min. Lipids were extracted using solid phase
extraction columns (StrataX 30 mg/ml, Phenomenex, Torrance, CA)
as described recently (16). Columns were conditioned and equili-
brated with HPLC gradient methanol (MeOH) (VWR International,
Vienna, Austria) and water, respectively. After sample loading, the
columns were washed with 10% MeOH solution, and eicosanoids
were eluted into a glass vial with 1 ml of solution containing 49%
ACN, 49% MeOH and 2% FA. Eluents were evaporated by vacuum
centrifugation and samples were reconstituted in 200 �l mobile phase
A (30% ACN, 70% H2O, 0.02% FA). The same extraction protocol
was applied also to 200 �l of serum samples after overnight protein
precipitation with ice cold ethanol. To 8 ml of whole blood sample,
immediately after blood collection, 8 ml of ice cold methanol was
added und incubated over night at �20 °C. On the next day, addi-
tionally 8 ml dichloromethane (VWR International, Austria) were added
and vortexed. After centrifugation for 30 min at 1132 g, the methanol
phase was isolated and the volume was reduced to 2.5 ml by evap-
oration in a vacuum centrifuge. Afterward, samples were diluted to 50
ml with LC-MS grade water, vortexed and ultra-sonicated. Again, lipid
extraction using solid phase extraction was performed as described
above.

Lipidomics LC-MS Analysis—Samples were pipetted into 200 �l
glass inserts. All eluents were degassed prior to usage. Using Infinity
1290 UHPLC (Agilent Technologies Austria GmbH, Vienna, Austria), a
40 min gradient flow method was established using a Kinetex™ 2.1
mm � 15 cm, 2.6 �m, C18, 100 Å reversed phase column (Phenome-
nex); the flow rate was set to 250 �l/min and a gradient was applied
(0–2 min: 5% mobile phase B (90% ACN, 10%, MeOH, 0.02% FA),
2–28 min: 5–85% mobile phase B, 28–35 min: 95% mobile phase B
and finally re-equilibration with 5% mobile phase B). The injection
needle was washed extensively after each injection with ACN: MeOH:
2-Propanol: H2O, 25% each). Columns oven was set to 45 °C and
auto sampler was set to 4 °C. All samples (20 �l injected) were
analyzed in technical duplicates. Mass spectrometric detection was
performed with a Q-Exactive Orbitrap mass spectrometer (Thermo
Fisher Scientific) using the HESI-source to achieve negative ion mode
ionization. MS scans were performed with an m/z range from 250 to
750 and a resolution of 35 000 (at m/z � 300). A lock mass was set;
drift was � 5ppm over all experiments. MS/MS scans of the six most

abundant ions were achieved through HCD fragmentation at 30%
normalized collision energy and analyzed in the orbitrap at a resolu-
tion of 17,500 (at m/z � 300). Raw files generated by the Q-Exactive
Orbitrap were analyzed and scored manually using Thermo Xcalibur
2.2 Sp1.48 (Qual browser). Libraries from Lipid Maps depository were
used and implemented as references.

Experimental Design and Statistical Rationale—For the screening
study with shotgun proteomics, serum samples of six melanoma
patients and three control samples collected from heathy donors
were analyzed. The shotgun analysis was performed in technical
duplicates for all samples. Based on obtained abundance values for
selected marker proteins, melanoma patients were grouped into pa-
tient with high tumor load (high TL) and patients with low tumor load
(low TL). In the next step, MRM analysis was applied to serum
samples collected from these melanoma patients. Five serum sam-
ples collected within four months from each patient, thus in total 15
serum samples per patient group were analyzed. The criteria applied
for the development of label-free MRM analyses are described in the
above section of MRM method development. Additionally, the ana-
lytic parameters of MRM analysis were evaluated including sample
preparation steps and LC-MS measurement (supplemental Fig. S3).
All MRM measurements were performed in technical triplicates. In
order to assess potential metabolomics alteration, targeted metabo-
lomics analysis using a validated kit was applied to the three serum
samples per sample group, high TL and low TL melanoma patients as
well as control serum samples. The shotgun analysis of lipids was
performed to assess the PAF abundance in serum samples of six
melanoma patients included in the study and grouped in patients with
high TL and low TL. The lipidomics shotgun analysis was performed
in technical duplicates for all samples. Platelets isolated form two
healthy donors were treated with ionomycin and compared with cor-
responding untreated platelets for confirmation of calcium dependent
release of biomarker candidates. The exhausted state of platelets
freshly isolated from three melanoma patients were assessed by their
comparison with platelets isolated from three healthy donors. Shot-
gun proteomics was applied to lysates and supernatants of isolated
platelets. Moreover, shotgun analysis of eicosanoids was performed
with the supernatant of platelets. In order to overcome potential
sampling issues regarding platelets activation potentially influencing
the obtained results, whole blood of two healthy donors and three
metastatic melanoma patients with high TL were analyzed as well.
Results of shotgun analysis of eicosanoids supported the hypothesis
of exhausted state of platelets and their contribution on tumor me-
tastasis. The LC-MS analysis of eicosanoids was performed in tech-
nical duplicates for all samples measured in this study. Student t-tests
were applied to assess the significance of obtained differences in
abundance values.

RESULTS

Serum Proteome Profiling of Patients with Metastatic Mel-
anoma—Based on an ongoing study performed at the Univer-
sity Hospital of Regensburg evaluating novel therapeutic op-
tions for patients with metastatic melanoma (ClinicalTrials.gov
Identifier: NCT01614301) (17), we analyzed serum samples
from six study participants. Assessment of these patients
according to clinical evaluation is provided in supplemental
Table S1. Comparative analysis with respect to healthy do-
nors revealed statistically significant proteome alterations be-
tween the six patients and normal volunteers (Fig. 1A). Al-
though standard serum proteins such as vitamin D-binding
protein (GC), clusterin (CLU) and fibronectin (FN1) were de-
tected at similar levels, typical inflammation marker molecules
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FIG. 1. Regulation of proteins in serum from melanoma patients. Differences of LFQ values (logarithmic scale base two) of proteins
determined in serum samples from melanoma patients versus controls (A), as well as from melanoma patients with high tumor load (high TL)
or low tumor load (low TL) (B), with corresponding p values (logarithmic scale base 10), are represented as volcano plots. The area above the
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such as C-reactive protein (CRP), serum amyloid-A1 protein
(SAA1) and SAA2, as well as the melanoma marker proteins
melanocyte protein PMEL (PMEL) were significantly upregu-
lated (Fig. 1A, supplemental Table S2). Several other pro-
teins such as the liver-specific enzymes hydroxymethylglu-
taryl-CoA synthase (HMGCS2) and carbamoyl-phosphate
synthase (CPS1) were found significantly downregulated
(Fig. 1A).

In a second step, proteins were classified according to the
most relevant source of origin in order to facilitate data inter-
pretation. Thus, three important sources of the affected pro-
teins were distinguished: liver, melanoma cells and platelets.

Assuming that high levels of the melanoma-cell derived
proteins PMEL, chondroitin sulfate proteoglycan 4 (CSPG4)
and cadherin-2 (CDH2) are indicative for increased tumor load
(TL), we distinguished three patients with high levels of these
serum proteins indicating high TL (Fig. 1B). Interestingly, two
of the three patients suffered from cachexia (weight loss,
muscle wasting and fatigue) at study inclusion. Independent
clinical assessment of the patients mainly based on the pres-
entation of metastases perfectly matched the discrimination
based on the proteome analysis data.

Reprogramming of Distant Organ Functions May be Asso-
ciated with Changes in Liver Function Plus Deregulation of
Iron and Calcium Homoeostasis—In order to investigate pro-
teome alterations potentially associated with the extent of TL
according to the defined serum parameters, we compared
serum analysis data from three patients with high and three
patients with low TL according to the defined serum param-
eters (Fig. 1B and 1C). Several proteins were found at signif-
icantly different levels in the two patient groups. An increase
in Golgi membrane protein 1 (GOLM1) and insulin-like growth
factor-binding protein 1 (IGFBP1) is typically associated with
altered liver function (18, 19). Increased levels of the tumor-
promoting molecules transferrin receptor protein 1 (TFRC)
and ferritin light chain (FTL) indicate aberrant iron metabolism.
Deregulation of the proto-oncogene hepatocyte growth factor
receptor (MET) as well as FTL are known to contribute to
metastasis (20, 21). Targeted proteomics analyses confirmed
upregulation of FTL in the high TL group (Fig. 1D). According
to our data, the group with high TL was not necessarily
associated with increased CRP indicative for tumor-associ-

ated inflammation (Fig. 1D). Downregulation of the anti-in-
flammatory molecule annexin A1 (ANXA1) as presently ob-
served (Fig. 1B) has also been associated with advanced
cancer stages (22). Intracellular calcium actually regulates
ANXA1 secretion (23). Decreased levels of ANXA1 may thus
indicate calcium release. Interestingly, free serum calcium
levels were found significantly increased in melanoma pa-
tients with high versus low TL (Fig. 1E).

Targeted Analysis Characterizes Molecular Tissue Damage
Signature—The shotgun data indicated that the abundance of
several serum proteins not derived from tumor cells were
altered in the patients with high TL, pointing to tumor-asso-
ciated reprogramming of functions in other organs. Although
shotgun analysis is best-suited for exploring unknown sam-
ples, the variance of quantitative determinations is not opti-
mal. However, the high-resolution orbitrap MS-data can be
used to set up an independent multiple reaction monitoring
assay (15) best suited for independent data validation (3).
Thus, a targeted proteomics method including 276 transitions
for 58 selected proteins was developed and evaluated (sup-
plemental Fig. S1, supplemental Table S3). Here, the median
coefficient of variation (CV) was determined to be 6.1% (sup-
plemental Fig. S2A) and the coefficient of determination was
typically better than 0.99 (supplemental Fig. S2B). Sample
preparation included depletion of the 12 most abundant se-
rum proteins to enrich low-abundant proteins (Materials and
Methods). The depletion efficiency was determined for nine
proteins and varied between 42 and 99% (supplemental Fig.
S2C). In average, the median CV of the entire assay including
depletion, digestion and variations of LC-MS measurements
was less than 20% (supplemental Fig. S2D). To avoid random
effects caused by sampling or other individual variations,
serum samples were taken from five different time points from
each patient. This resulted in fifteen independent serum sam-
ples, digested separately and analyzed in technical dupli-
cates, each from high TL and low TL melanoma patients. The
targeted analysis revealed nine proteins significantly regu-
lated between the two groups. (Fig. 2; supplemental Table S4
and S5).

In order to allow a comparison of quantification data ob-
tained from MRM and shotgun analyses, normalized total
peak areas for proteins obtained by MRM were plotted

two black lines encompasses at least 2-fold significantly regulated proteins with a global FDR�0.05 as determined by a permutation-based
method. C, Profile plots showing LFQ values (logarithmic scale base two) obtained from each individual measurement. Values for non-regulated
proteins (green), proteins upregulated upon escalation of melanoma (dark red), proteins which were downregulated in melanoma versus control
serum samples (blue), and one protein (ANXA1) which was upregulated in low TL, but downregulated in high TL (light red) are highlighted.
Patients annotated as mel_4a to mel_6b showed increased levels of melanoma marker molecules D, Results from targeted analyses showing
that CRP levels were similar in serum samples from patients with high TL or low TL, but elevated in patients with metastatic melanoma in
comparison to controls. Progressive FTL increase associated with high TL melanoma was also determined with targeted analysis; TAN, log2

of normalized total peak area for a selected peptide. E, Calcium levels, as determined in clinics, were higher in serum samples from patients
with high TL in comparison to low TL melanoma. Boxplots represent data collected in a four month period of time and consist of 15 samples
per group. F, Correlation of quantification data obtained fom MRM and shotgun analyses. TAN, log2 of the normalized total peak area for
proteins obtained by MRM; LFQ intensity, log2 of the label-free quantification value obtained by shotgun analysis; r, Pearson correlation
coefficient.
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against respective LFQ quantification values obtained by
shotgun analysis of the same sample. Pearson correlation
coefficients were determined and proved good correlation
between MRM and shotgun data (Fig. 1F).

Among the nine proteins, S100-A8 (S100A8) and S100-A9
(S100A9) proteins were found downregulated in high TL mel-
anoma. These proteins form heterodimers binding two cal-
cium ions and are well-known calcium sensors (24). Platelet
glycoprotein Ib alpha chain (GP1BA) and receptor-type tyro-
sine-protein phosphatase eta (PTPRJ) are platelet membrane
proteins known to be released upon platelets activation (25,
26). Increased serum levels of monocyte differentiation anti-
gen CD14, intercellular adhesion molecule 1 (ICAM) and
phospholipid transfer protein (PTLP) have been correlated
with high endotoxin load (27–29). ICAM1 and CD136 were
also found almost 2-fold upregulated, with p values just miss-
ing the significance threshold of 0.05 (supplemental Fig. S3;
supplemental Table S4 and S5). CD44 antigen is also a trans-
membrane receptor protein and elevated levels of its soluble
form in circulating fluids are known to promote tumor metas-
tasis (30). Complement C4-A (C4A), secreted by macro-
phages, is part of the innate immune system. Intriguingly, the
regulation of six of these proteins (S100A8, S100A9, GP1BA,
PTPRJ, CD44, and C4A) is linked to intracellular calcium
mobilization. The occurrence of cell stress-associated mem-
brane protein shedding is evidenced by the increased serum
levels of CD14, CD44, ICAM1, MET, CDH2, TFRC, GP1BA,

and PTPRJ. Together with increased metalloproteinase inhib-
itor 1 (TIMP1) and FTL as well as decreased ANXA1 these
proteome alterations may be considered as molecular tissue
damage signature determined in blood serum samples.

Metabolomics Analyses of Serum Samples Revealed Down-
regulation of Selected Amino Acids and PCs—In addition to
the proteomics analyses, we also applied a targeted metabo-
lomics approach to the serum samples. After protein precip-
itation, the soluble fraction containing the metabolites was
derivatized with phenylisothiocyanate. The p180 kit returned
178 validated metabolites for data evaluation. The increased
concentration of several amino acids such as glycine and
asparagine in high TL melanoma, most plausibly caused by
increased proteolytic activity, is in accordance with descrip-
tions of processes occurring in tumor escalation (31). All 39
acylcarnitines were found upregulated likewise, pointing to
extensive lipolysis, which is typical for the wasting syndrome
cachexia (31). Additionally, the targeted metabolomics analy-
sis revealed significant decreased concentrations of several
long-chain and highly unsaturated phosphatidylcholines (PC)
(Fig. 3), which has been related to dysfunction of lipid synthe-
sis in liver, as well as to altered properties of cell membranes
(32, 33). Under oxidative conditions, typically developing
upon tumor progression, PCs may be converted into platelet
activating factor (PAF) and other platelet activating factor
receptor (PAF-R) agonists (34, 35). Actually, increased abun-
dance of PAF in samples from patients with high TL were

FIG. 2. Results of targeted proteom-
ics analyses. The MRM analysis re-
vealed nine proteins which were signifi-
cantly up- or downregulated in serum
samples from patients with with high TL
or low TL. For statistical analysis, the
MSStats software was used and the sig-
nificance threshold was set to a fold
change higher than 1.5 with a p value
lower than 0.05. Sample quantification
data from MSStats are represented as
log2 intensities.
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demonstrated by a mass spectrometry-based serum analysis
(Fig. 3).

Systemic Intracellular Calcium Mobilization May be Respon-
sible for Disease Escalation—Activation of PAF-R by binding
of PAF or other PAF-R agonists induces intracellular calcium
mobilization (36). Considering the above-described altera-
tions of several calcium-regulated proteins, the implication of
calcium mobilization in the group of melanoma patients with
damage signature becomes evident. Thus, we here propose a
model implicating intracellular calcium mobilization in mani-
fest or probably impending melanoma-associated cachexia.
(Fig. 4). The fact that PAF-R is expressed in many tissues and
cells (37, 38), together with the increased abundance of PAF
in the blood of patients with melanoma damage signature,
suggests that PAF-R activation may occur in a systemic fash-
ion. In order to test this model, we investigated whether
calcium mobilization was capable of inducing proteome alter-
ations compatible with the presently described serum pro-
teome alterations. For this purpose, platelets appeared to be
a good choice as they can be easily stimulated in vitro by
inducing calcium mobilization (39).

Proteome Alterations Induced by Calcium Mobilization in
Platelets Correlate with Serum Proteome Alterations—Plate-
lets were isolated from two healthy donors and treated in vitro
with the calcium ionophore ionomycin. Shotgun proteomics
analysis of the resulting platelet supernatants showed that
S100 proteins were significantly downregulated, whereas the
platelet receptor proteins GP1BA and PTPRJ were upregu-
lated (Fig. 5A). This was consistent with the MRM data ob-
tained with serum samples (Fig. 2). Additionally, the analysis
of whole platelet lysates revealed that sarcoplasmic/endo-
plasmic reticulum calcium ATPases (SERCA) pumps sarco-
plasmic/endoplasmic reticulum calcium ATPase 2 (ATP2A2),
sarcoplasmic/endoplasmic reticulum calcium ATPase 3
(ATP2A3) and calcium-transporting ATPase type 2C member
1 (ATP2C1) were significantly upregulated in platelets upon

ionomycin treatment (Fig. 5A). These pumps translocate cal-
cium from the cytosol back to the sarcoplasmic reticulum
lumen, a process which is coupled to the hydrolysis of ATP
(40). Increased activity of SERCA pumps potentially required
to control otherwise critical levels of intracellular calcium is
clearly associated with high energy consumption (40, 41). As
one of the typical symptoms of cachexia is actually energy
wasting, such biochemical activity may be related to this
clinical feature (31, 42).

Platelets Derived from Melanoma Patients Display an Ex-
hausted State—The present data indicated that platelet acti-
vation may be involved in the pathogenesis of melanoma.
Thus, we investigated whether platelets from a newly chosen
set of metastatic melanoma patients with high TL (n � 3) were
distinguishable from those of healthy donors. Shotgun pro-
teomics analyses revealed that two healthy donors showed
similar regulation patterns of platelet proteins (Fig. 5A),
whereas several proteins were regulated differentially in
platelets from melanoma patients. Fig. 5B shows proteins
upregulated in platelets derived from patients with meta-
static melanoma relative to healthy controls. Interestingly,
myeloperoxidase (MPO) was described to induce priming of
platelets, however without leading to platelet aggregation (43).
Circulating neutrophil elastase (ELANE) has been described to
be released from platelets upon hypercoagulable conditions
(44). Carboxypeptidase N subunit 2 (CPN2) is able to act on
stromal cell-derived factor 1, reducing its activity as a pre-B-
cell growth factor and chemoattractant (45). Serglycin (SRGN)
was on the contrary downregulated in platelets from mela-
noma patients relative to controls (Fig. 5B). This protein is
involved in regulating the half-life of cytokines and apoptosis
induction (46); the downregulation of this protein may thus
also contribute to pathophysiological processes resulting in
tumor escalation. Other proteins such as platelet endothelial
cell adhesion molecule (PECAM1) and platelet glycoprotein 4
(CD36) were detected with similar levels in all platelets, dem-

FIG. 3. Metabolomics analysis. A, The concentrations of glycine (Gly), aspartic acid (Asp) and selected phospohatidylcholine acyl alkyl (PC
ae) derivatives determined with targeted analysis in samples from healthy donors as well as from melanoma patients are represented. B, The
abundance of platelet activating factor (PAF) obtained by shotgun analysis was found increased in high TL melanoma patients; NAUC;
normalized area under the curve.
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onstrating that differential regulation was only affecting a few
selected proteins.

Platelets are also important producers of eicosanoids,
which play an essential role in physiological as well as patho-
physiological processes including tumor progression (47).
Therefore we also analyzed 12S-hydroxyeicosatetraenoic
acid (12S-HETE) and 15S-HETE formation by platelets from
healthy donors upon ionomycin treatment (Fig. 6A).

Finally, we investigated whether ionomycin might have dif-
ferent effects when applied to platelets of healthy donors or
those of patients with metastatic melanoma. Indeed, activa-
tion-induced protein secretion was much higher in platelets
isolated from healthy donors than in those isolated from pa-
tients. This trend was observed for all selected protein bio-

marker candidates as well as the two HETEs (Fig. 5C). As-
suming that platelets may lose secretion capacity in the in
vitro assay when some activation had already occurred in vivo
before the blood donation, the present observations suggest
that platelets from melanoma patients were already some-
what exhausted. Such exhausted state of platelets was al-
ready suggested by Mannucci et al. in case of malignant
melanoma (48).

Increased Blood Levels of 12S-HETEand 15-HETE in Mel-
anoma Patients May be Caused by Systemic Stimulation of
Platelets Because of Calcium Mobilization—A melanoma-as-
sociated exhausted state of platelets would suggest that mol-
ecules released upon platelet stimulation should be present in
increased concentrations in the blood of patients. This is of

FIG. 4. Proposed mechanism for cachexia
development. A, From long-chain highly unsat-
urated phosphatidylcholines acyl alkyl metabo-
lites (PC ae) sourcing from adipose tissue platelet
activating factor (PAF) and platelet activating fac-
tor-receptor (PAF-R) agonists are produced un-
der oxidative conditions. These molecules induce
calcium release from ESR in patients with high TL
upon binding to PAF-R (two of three with ca-
chexia). To transfer calcium back into the ESR
and maintain cytosolic calcium concentrations
tolerable, cells may upregulate SERCA pumps,
which is an energy consuming process. At in-
creased calcium concentration, S100 proteins
may form insoluble complexes which can explain
the reduced levels of these proteins. C4A levels
are increased as protection mechanism of the
cells as response to the elevated levels of cal-
cium concentration. Additionally, membrane pro-
tein-receptors are released and calcium depend-
ent signaling pathways may be activated as a
consequence of the sustained calcium influx in
the cytosol. Disruption of ESR-mitochondria bi-
directional communication may also be induced
by incorporation of PC ae into membranes. B,
The combination of the three processes lipolysis,
oxidation and intracellular calcium mobilization
may be a critical combination resulting in mela-
noma damage signature and probably in ca-
chexia establishment. Phosphatidylcholines
sourcing from lipolysis of adipose tissues can be
converted into PAF and PAF-R agonists upon
oxidation which induce intracellular calcium mo-
bilization by activating the PAF-R. Subsequently,
systemic intracellular calcium mobilization may
eventually result in cachexia.
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FIG. 5. Shotgun analysis of platelets at protein and eicosanoid levels. A, Results for selected proteins included in the mechanistic model
of cachexia development, obtained from analysis of untreated and ionomycin-treated platelets isolated from two healthy donors, are shown.
Each protein is represented with one or two peptides; TAN, normalized total peak area for a selected peptide. B, Results for selected proteins
obtained from the analysis of whole lysates of platelets obtained from healthy donors and melanoma patients. P1 and P2 refer to independent
peptides of the same protein. C, The fold change in abundance of proteins and eicosanoids secreted from treated versus untreated platelets
are shown. Platelets were isolated from three healthy donors as well as from three melanoma patients. The isolated platelets were treated with
ionomycin for 15 min.
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great relevance, as both proteins and lipids released from
activated platelets may have strong tumor-promoting capa-
bilities (47, 49). Indeed, 12S-HETE and 15S-HETE were found
strongly increased in whole blood of melanoma patients when
compared with whole blood of healthy donors (Fig. 6B). Our
findings indicate that increased blood levels of 12S-HETE and
15S-HETE in patients with metastatic melanoma may be
caused by platelet activation because of systemic calcium
mobilization. Both, 15S-HETE and 12S-HETE are known to
increase protein kinase C (PKC) activity which plays an im-
portant role for tumor promotion; 12S-HETE has been dem-
onstrated to regulate PKC-alpha in melanoma cells (50). As a
consequence, we are going to further investigate HETEs as
potential biomarkers for patients with metastatic melanoma to
monitor the on-set of the damage signature, presumably re-
lated to cachexia and systemic tumor-promoting features.

DISCUSSION

Cancer treatment mainly relies on the removal of cancer
cells by surgery and/or pharmacological interventions de-
signed to eradicate cancer cells in the advanced stage of
tumor disease. Amazing results have been obtained with
modern targeted therapies in metastatic melanoma, demon-
strating complete remission with combined B-raf and MEK
inhibition, anti-PD1 and/or CTLA4 antibodies. Complete re-
missions may be now translated into long-term improved
overall survival (51). By putting the tumor disease in a holistic
communicative context, thereby considering tumor mediated
functional changes at distant organ sites (52), we may better
meet the diagnostic and therapeutic requirements of late
stage tumor diseases with their typical syndromes, B-symp-
toms (weight loss and night sweats), or cachexia and fatigue
(53).

The current study was designed to investigate melanoma-
induced functional changes at distant organ sites in patients

with metastatic melanoma (17). Proteome profiling from blood
serum samples was the method of choice for the screening of
any kind of melanoma-associated reprogramming of organ
functions at distant sites.

As expected, known clinical markers for melanoma such as
PMEL, CSPG4 and CDH2 were readily identified in patients
with metastatic melanoma by mass spectrometry, as well as
inflammation markers such as CRP, SAA1 and SAA2 (Fig. 1).
Statistical analysis of the shotgun data allowed us to evaluate
485 different proteins (supplemental Table S2). Patients with
high TL had a functional impairment of the liver as well as
deregulation of iron and calcium homeostasis (Fig. 1B). In
order to improve the accuracy of serum protein determina-
tions by mass spectrometry, we developed a targeted method
based on multiple reaction monitoring. The present strategy
of combining high-resolution mass spectrometry-based
screening with targeted quantitative analysis of selected can-
didate proteins proved to be very successful, and was based,
among others, on the good correlation between quantification
data obtained from shotgun and MRM experiments (Fig. 1F).
Evaluation of the MRM data set, including five independent
time points for each melanoma patient, strongly indicated that
systemic calcium mobilization might be a common reason for
most of the observed proteome alterations in the subgroup of
melanoma patients with high TL. The identification of a large
number of membrane proteins in serum, most probably de-
rived from ectodomain shedding of those proteins (54), indi-
cated that these molecules may represent a molecular signa-
ture for tissue damage. Ongoing clinical studies performed by
us will demonstrate the potential use of such a signature for
improving diagnosis, melanoma systemic therapy and ther-
apy monitoring.

Actually, the biomedical implications of the observed pro-
teome alterations are simply stunning: Calcium mobilization
turned out to be the common triggering event for the release

FIG. 6. Eicosanoid analysis in plate-
lets and whole blood samples. A, Re-
sults for 12S-HETE and 15S-HETE,
obtained from analysis of untreated
and ionomycin-treated platelets isolated
from two healthy donors, are shown
NAUC; normalized area under the curve.
B, The shotgun analysis of eicosanoids
was applied to 8 ml blood collected from
melanoma patients and healthy donors.
The results obtained for 12S-HETE and
15S-HETE are represented; AUC, area
under the curve of MS1 peak.
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of most marker molecules found in the presently described
tissue damage signature. TIMP, CD14, CD44, and ICAM1 (Fig.
2, supplemental Fig. S3) have already been identified by us in
the secretome of mesenchymal cells in the context of tumor-
associated inflammation (55). CD44 shedding has directly
been linked to calcium mobilization and contributes to metas-
tasis (56). The interrelation between inflammation, calcium,
reactive oxygen species and specific stress signatures like
endoplasmic reticulum stress is well established (57). GP1BA
(Fig. 2) is also known to be released from platelets upon
calcium mobilization and associated with reactive oxygen
species (58). The present metabolomics study demonstrated
significant downregulation of several long-chain and highly
unsaturated phosphatidylcholines (PCs) which are precursor
molecules for the formation of PAF in inflammatory cells (59).
The contribution of PAF and PAF receptors for melanoma
progression and chemotherapy resistance has already been
suggested (60).

All these results prompted us to investigate the status of
platelets in melanoma patients as potential surrogate markers
for systemic calcium mobilization (Fig. 5). Indeed, platelets
derived from melanoma patients showed dramatic differences
when compared with platelets of healthy individuals (Fig. 5).
Platelets have been implicated with metastasis for decades
(49). However, to the best of our knowledge this is the first
study analyzing and comparing platelets isolated from mela-
noma patients and platelets from healthy donors as well as
the corresponding serum samples. The present data suggest
that indeed major proteome and lipidome alterations evi-
denced in the blood of melanoma patients are related to
tumor-associated altered platelet functions (Figs. 5, 6). The
identified molecules may not only serve as disease markers,
but are evidently eminent contributors to disease progres-
sion. To give examples, GP1BA and 12S-HETE are known
as powerful tumor promoters (47, 61). Most importantly, the
altered platelet functions may be considered as surrogate
markers for manifest systemic reprogramming of distant
organ sites in metastatic melanoma, mainly resulting from
calcium mobilization.

Existing literature strongly supports the notion that the de-
scribed damage signature directly results in melanoma-asso-
ciated cachexia, still a dreadful and essentially incurable dis-
ease state. It remains to be studied whether other tumor types
may express similar signatures in the metastatic tumor stage.

Lipolysis associated with oxidative stress is capable of
producing PAF which may affect all PAF-R positive cells,
causing calcium mobilization. PAF-R are mainly expressed by
mesenchymal cells, which may explain the implication of ad-
ipose, muscle, liver, and heart tissue, as well as gut barrier
and brain dysfunctions in cachexia, supporting our proposed
model (31, 32, 62–64). Also, the described crosstalk between
wasting of fat tissue and skeletal muscle is compatible with
the proposed mechanism (65–67).

Several important conclusions may be drawn from the pres-
ent study. First, here we present analytical methods and tools
to determine marker molecules building a potential tissue
damage signature directly in blood serum. Second, the inter-
pretation of the present data suggests a comprehensive
model for a tumor-associated damage signature related to
melanoma-mediated cachexia. Third, understanding the ori-
gin and effects of powerful tumor promoters provides us with
means to establish novel therapeutic options for both cancer
in general as well as cancer-associated cachexia (52, 66).
Evidently, many anti-cancer strategies already exist. Under-
standing how metastatic tumors may reprogram distant organ
sites, as demonstrated for metastatic melanoma via calcium
mobilization with lipid processing and oxidative stress con-
ditions (Fig. 4), gives the opportunity for developing more
comprehensive diagnostic instruments and therapy strate-
gies (52) aimed at improving quality of life and overall sur-
vival. To sum up, the present application of a combined
proteomics, metabolomics and lipidomics approach clearly
connected widespread fragment knowledge of melanoma
biology (53), helping us to build a simple, clear and com-
prehensive model for systemic tumor-promoting activities.
Currently, we are establishing clinical studies with appro-
priate statistical power for the evaluation of the here pre-
sented model. Both, improved diagnosis and improved
therapeutic options will hopefully be supported by the pres-
ent new insights.
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