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Abstract

Although the emergence of proteomics as an independent branch of science is fairly recent, within
a short period of time it has contributed substantially in various disciplines. The tool of mass
spectrometry has become indispensable in the analysis of complex biological samples. Clinical
applications of proteomics include detection of predictive and diagnostic markers, understanding
mechanism of action of drugs as well as resistance mechanisms against them and assessment of
therapeutic efficacy and toxicity of drugs in patients. Here, we have summarized the major
contributions of proteomics towards the study of melanoma, which is a deadly variety of skin
cancer with a high mortality rate.
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Proteomics encompasses large-scale analyses involving the structure or function of proteins.
The contribution of proteomics in various fields of science is well-acknowledged. Since the
amount, type and activity of proteins synthesized inside a cell is constantly governed by
external stimuli, proteomic analyses can provide vital cellular information at any point of
time. Here, we have summarized the major findings in melanoma in the past five years that
can be attributed to proteomics.

Melanoma is a deadly disease that accounts for a majority (~ 75%) of skin-cancer related
deaths. The incidence of melanoma has almost doubled since 1973, and it keeps increasing
every year. The advanced stage of the disease is associated with poor prognosis and very low
survival rate; stage IV melanoma typically has a 5 year survival rate of approximately 15—
20%. Despite of the increasing incidence of melanoma cases, the survival rate of melanoma
patients has improved over the years due to improved diagnosis, and availability of better
treatment options. The field of proteomics has contributed significantly in the development
of effective diagnostic and prognostic tools available to clinicians currently.
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A major role played by proteomics in melanoma has been identification of potential
biomarkers for diagnostic purposes. Efficient, sensitive and specific biomarkers are key to
early diagnosis and initiation of effective treatment and tremendous progress in the field of
proteomics in the past few years have resulted in the discovery of several putative
biomarkers through comprehensive proteomic analysis of cell lines, tissues and serum [1].
Proteomics is an alternative tool for biomarker discovery compared to genomics, since it
does not call for constant access to fresh tissue unlike genomic profiling [2]. Although it is
possible to perform quantitative gene profiling using formalin-fixed-paraffin-embedded
(FFPE) tissues, but the RNA derived from such archived tissues are often degraded and
fragmented which sometimes results in “FFPE bias” [3]. Recent work by Kawahara et al.
[4], showed the potential use of discovery-based proteomics data obtained from the secretion
of melanoma cell lines along with other human cell lines. They used a MS-based approach
followed by clustering techniques and bioinformatics to determine proteins that were
differentially expressed in the melanoma cell lines (A2058 and SK-MEL-28) compared to
noncancerous cell lines (HaCaT and HEK293). The differentially identified proteins were
later validated by other approaches like immunoblotting and tissue microarrays. Using this
approach they were able to identify 271 potential biomarkers for melanoma.

Over the years, proteomics has emerged as a vital tool for the identification of active
molecular pathways and unveiling mechanisms of pathogenesis as well as drug action and
resistance. Byrum et al. [5] used quantitative proteomics on formalin-fixed paraffin-
embedded human melanoma tissues to identify molecular pathways that were aberrant in
melanoma. They were able to identify 171 proteins that were differentially expressed in the
three types of tissues - benign nevi, primary melanoma, and metastatic melanoma, many of
which constitute molecular pathways associated with apoptosis, tumor cell proliferation and
cell motility. These provided mechanistic insights into pathogenesis associated with
advanced melanoma. In 2014, Rebecca et al. [6] used liquid chromatography-multiple
reaction monitoring mass spectrometry (LC-MRM) to study the molecular mechanisms of
responses of melanoma cells to MEK and HSP90 inhibitors. Another study used quantitative
protein profiling by tandem mass spectrometry for comprehensive proteomic analysis of
responders and non-responders to Dacarbazine (DTIC) or temozolomide (TMZ)
chemotherapy [7]. In this study, the group was able to detect SI00A13 as the protein
responsible for resistance to chemotherapy in the non-responders. Singh et al. [8] utilized a
gel free quantitative proteomics approach to identify targets of the histone deacetylase
SIRT1, which is upregulated in melanoma. Upon treatment with a SIRT1 inhibitor, they
identified 1091 proteins of which 20 were differentially expressed in the treatment group,
including the BUB family proteins (BUB3, BUB1 and BUBR1). Using proteomics
approaches, they were able to conclude that BUB family proteins are downstream targets of
SIRT1. Cholewa et al. [9] used label-free comparative proteomics analysis with nano-LC-
MS/MS technology to determine the cause of failure of Polo-like kinase 1 (Plk1) inhibitors
as cancer therapeutics. When they performed a large-scale comprehensive analysis of
proteins in BRAF mutant melanoma cells treated with a Plk1-specific inhibitor, they
detected down-regulation of several proteins including metabolic proteins and multiple
proteosomal subunits and up-regulation of proteins like hnRNPC all of which provided
mechanistic insights into the function of PIk-1 in cancer. In 2015, Lai et al. [10] used a
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temporal quantitative proteomics approach, iTRAQ 2D-LC-MS/MS, to reveal insight into
the mechanism of cytotoxicity of the drug panduratin A (PA) in A375 melanoma cells. They
found that proteins associated with mitochondrial oxidative phosphorylation, ER stress
pathway, and apoptosis were down-regulated in cells treated with PA indicating prolonged
ER stress as the primary cause of apoptosis. Hence, it can be concluded that the tool of
proteomics coupled with the recent advancements in the field of bioinformatics have proved
to be tremendously useful in understanding the complexities of drug action and resistance,
which contributes significantly to designing effective treatment regimens.

Often more than one proteomic approach is used to solve a particular problem. In 2013,
Gholami et al. [11] investigated protein and kinase expression in the model system NCI-60
cell line using a combination of three proteomic approaches - proteomic profiling, kinomic
profiling and deep proteomics. Overall, 10,350 proteins (including 375 protein kinases and a
core cancer proteome of 5,578 proteins) were quantified across all nine tissue types
(including melanoma cell lines). Bioinformatic evaluation identified hundreds of potential
biomarkers along with potential protein markers for drug sensitivity and resistance. Another
such study utilizing more than one proteomic approaches was performed recently by
Paulitschke et al. [12] who used shotgun analysis, pressure cycling technology, and selected
reaction monitoring to investigate the mechanism of resistance against BRAF inhibitors in
melanoma patients. Using these techniques they showed that BRAFi resistance is caused
chiefly by epithelial-mesenchymal transformation that occurs when melanoma cells turn
invasive as a result of treatment using BRAFi. Some of the major contributions of
proteomics in the field of melanoma are summarized in Table 1.

Although complex analyses involved in large-scale proteomics poses challenges, the tool of
proteomics has proved to be indispensable in various fields of cancer including melanoma
for identification of novel and effective diagnostic and prognostic markers. Furthermore, the
growing field of proteomics is increasingly being used for effective drug design, in addition
to understanding drug action and mechanism of resistance. It can be expected that with the
recent progress in proteomics, it will soon be possible to customize medications
personalized for each individual to guarantee maximum effectiveness with least toxicity.

Acknowledgments

This was supported by the National Institutes of Health (R0O1GM106024, R33CA173264, UL1TR000039,
P20GM103625, S100D018445 and P20GM103429).

References

1. Bougnoux AC, Solassol J. The contribution of proteomics to the identification of biomarkers for
cutaneous malignant melanoma. Clin Biochem. 2013; 46:518-523. [PubMed: 23262402]

2. Sabel MS, Liu Y, Lubman DM. Proteomics in melanoma biomarker discovery: great potential, many
obstacles. Int J Proteomics. 2011; 2011:181890. [PubMed: 22084682]

3. Abdueva D, Wing M, Schaub B, Triche T, Davicioni E. Quantitative expression profiling in
formalin-fixed paraffin-embedded samples by affymetrix microarrays. J Mol Diagn. 2010; 12:409—
417. [PubMed: 20522636]

4. Kawahara R, Meirelles GV, Heberle H, Domingues RR, Granato DC, et al. Integrative analysis to
select cancer candidate biomarkers to targeted validation. Oncotarget. 2015; 6:43635-43652.
[PubMed: 26540631]

J Proteomics Bioinform. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sengupta and Tackett

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 4

. Byrum SD, Larson SK, Avaritt NL, Moreland LE, Mackintosh SG, et al. Quantitative Proteomics

Identifies Activation of Hallmark Pathways of Cancer in Patient Melanoma. J Proteomics
Bioinform. 2013; 6:43-50. [PubMed: 23976835]

. Rebecca VW, Wood E, Fedorenko IV, Paraiso KH, Haarberg HE, et al. Evaluating melanoma drug

response and therapeutic escape with quantitative proteomics. Mol Cell Proteomics. 2014; 13:1844—
1854. [PubMed: 24760959]

. Azimi A, Pernemalm M, Frostvik Stolt M, Hansson J, Lehti6 J, et al. Proteomics analysis of

melanoma metastases: association between S100A13 expression and chemotherapy resistance. Br J
Cancer. 2014; 110:2489-2495. [PubMed: 24722184]

. Singh CK, George J, Nihal M, Sabat G, Kumar R, et al. Novel downstream molecular targets of

SIRT1 in melanoma: a quantitative proteomics approach. Oncotarget. 2014; 5:1987-1999.
[PubMed: 24743044]

. Cholewa BD, Pellitteri-Hahn MC, Scarlett CO, Ahmad N. Large-scale label-free comparative

proteomics analysis of polo-like kinase 1 inhibition via the small-molecule inhibitor Bl 6727

(Volasertib) in BRAF(V600E) mutant melanoma cells. J Proteome Res. 2014; 13:5041-5050.

[PubMed: 24884503]

. Lai SL, Wong PF, Lim TK, Lin Q, Mustafa MR. Cytotoxic mechanisms of panduratin A on A375
melanoma cells: A quantitative and temporal proteomics analysis. Proteomics. 2015; 15:1608—
1621. [PubMed: 25594392]

Gholami AM, Hahne H, Wu Z, Auer FJ, Meng C, et al. Global proteome analysis of the NCI-60
cell line panel. Cell Rep. 2013; 4:609-620. [PubMed: 23933261]

Paulitschke V, Eichhoff O, Cheng PF, Levesque MP, Holler C. Proteomics approaches to
understanding mitogen-activated protein kinase inhibitor resistance in melanoma. Curr Opin
Oncol. 2016; 28:172-179. [PubMed: 26742019]

Chen J, Wei D, Zhuang H, Qiao Y, Tang B, et al. Proteomic screening of anaerobically regulated
promoters from Salmonella and its antitumor applications. Mol Cell Proteomics. 2011; 10 M111
009399.

Xiao D, Ohlendorf J, Chen Y, Taylor DD, Rai SN, et al. Identifying mRNA, microRNA and protein
profiles of melanoma exosomes. PL0S One. 2012; 7:e46874. [PubMed: 23056502]

Hashimoto N, Hamamura K, Kotani N, Furukawa K, Kaneko K, et al. Proteomic analysis of
ganglioside-associated membrane molecules: substantial basis for molecular clustering.
Proteomics. 2012; 12:3154-3163. [PubMed: 22936677]

Hughes C, Radan L, Chang WY, Stanford WL, Betts DH, et al. Mass spectrometry-based
proteomic analysis of the matrix microenvironment in pluripotent stem cell culture. Mol Cell
Proteomics. 2012; 11:1924-1936. [PubMed: 23023296]

Ye X, Chan KC, Prieto DA, Luke BT, Johann DJ Jr, et al. Trypsin-mediated 180,160 labeling for
biomarker discovery. Methods Mol Biol. 2013; 1002:133-149. [PubMed: 23625401]

Steunou AL, Ducoux-Petit M, Lazar |, Monsarrat B, Erard M, et al. Identification of the hypoxia-
inducible factor 2a nuclear interactome in melanoma cells reveals master proteins involved in
melanoma development. Mol Cell Proteomics. 2013; 12:736-748. [PubMed: 23275444]
Paulitschke V, Haudek-Prinz V, Griss J, Berger W, Mohr T, et al. Functional classification of
cellular proteome profiles support the identification of drug resistance signatures in melanoma
cells. J Proteome Res. 2013; 12:3264-3276. [PubMed: 23713901]

Myers JE, Tuytten R, Thomas G, Laroy W, Kas K, et al. Integrated proteomics pipeline yields
novel biomarkers for predicting preeclampsia. Hypertension. 2013; 61:1281-1288. [PubMed:
23547239]

Li HH, Su JH, Chiu CC, Lin JJ, Yang ZY, et al. Proteomic investigation of the sinulariolide-treated
melanoma cells A375: effects on the cell apoptosis through mitochondrial-related pathway and
activation of caspase cascade. Mar Drugs. 2013; 11:2625-2642. [PubMed: 23880933]

James RG, Bosch KA, Kulikauskas RM, Yang PT, Robin NC, et al. Protein kinase PKN1 represses
Whnt/B-catenin signaling in human melanoma cells. J Biol Chem. 2013; 288:34658-34670.
[PubMed: 24114839]

J Proteomics Bioinform. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sengupta and Tackett

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 5

. Tang YQ, Jaganath 1B, Manikam R, Sekaran SD. Inhibition of MAPKs, Myc/Max, NFxB, and
hypoxia pathways by Phyllanthus prevents proliferation, metastasis and angiogenesis in human
melanoma (MeWo) cancer cell line. Int J Med Sci. 2014; 11:564-577. [PubMed: 24782645]

Xiao 'Y, Guo L, Wang Y. A targeted quantitative proteomics strategy for global kinome profiling of
cancer cells and tissues. Mol Cell Proteomics. 2014; 13:1065-1075. [PubMed: 24520089]

Kotobuki Y, Yang L, Serada S, Tanemura A, Yang F, et al. Periostin accelerates human malignant
melanoma progression by modifying the melanoma microenvironment. Pigment Cell Melanoma
Res. 2014; 27:630-639. [PubMed: 24674392]

Qendro V, Lundgren DH, Rezaul K, Mahony F, Ferrell N, et al. Large-scale proteomic
characterization of melanoma expressed proteins reveals nestin and vimentin as biomarkers that
can potentially distinguish melanoma subtypes. J Proteome Res. 2014; 13:5031-5040. [PubMed:
25322343]

Smit MA, Maddalo G, Greig K, Raaijmakers LM, Possik PA, et al. ROCK1 is a potential
combinatorial drug target for BRAF mutant melanoma. Mol Syst Biol. 2014; 10:772. [PubMed:
25538140]

Liu C, Lin JJ, Yang ZY, Tsai CC, Hsu JL, et al. Proteomic study reveals a co-occurrence of gallic
acid-induced apoptosis and glycolysis in B16F10 melanoma cells. J Agric Food Chem. 2014;
62:11672-11680. [PubMed: 25397718]

Strickler AG, Vasquez JG, Yates N, Ho J. Potential diagnostic significance of HSP90, ACS/TMS,
and L-plastin in the identification of melanoma. Melanoma Res. 2014; 24:535-544. [PubMed:
25191796]

Kraya AA, Piao S, Xu X, Zhang G, Herlyn M, et al. Identification of secreted proteins that reflect
autophagy dynamics within tumor cells. Autophagy. 2015; 11:60-74. [PubMed: 25484078]

Welinder C, Pawtowski K, Sugihara Y, Yakovleva M, Jonsson G, et al. A protein deep sequencing
evaluation of metastatic melanoma tissues. PLoS One. 2015; 10:e0123661. [PubMed: 25874936]

Yu Y, Prassas I, Dimitromanolakis A, Diamandis EP. Novel Biological Substrates of Human
Kallikrein 7 Identified through Degradomics. J Biol Chem. 2015; 290:17762-17775. [PubMed:
26032414]

Raaijmakers LM, Giansanti P, Possik PA. PhosphoPath: Visualization of Phosphosite-centric
Dynamics in Temporal Molecular Networks. J Proteome Res. 2015; 14:4332-4341. [PubMed:
26317507]

Hao S, Luo C, Abukiwan A, Wang G, He J, et al. miR-137 inhibits proliferation of melanoma cells
by targeting PAK2. Exp Dermatol. 2015; 24:947-952. [PubMed: 26186482]

Makowski MM, Willems E, Fang J, Choi J, Zhang T, et al. An interaction proteomics survey of
transcription factor binding at recurrent TERT promoter mutations. Proteomics. 2016; 16:417-426.
[PubMed: 26553150]

Sengupta D, Byrum SD, Avaritt NL, Davis L, Shields B, et al. Quantitative Histone Mass
Spectrometry ldentifies Elevated Histone H3 Lysine 27 (Lys27) Trimethylation in Melanoma. Mol
Cell Proteomics. 2016; 15:765-775. [PubMed: 26621846]

J Proteomics Bioinform. Author manuscript; available in PMC 2016 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sengupta and Tackett

Table 1

Major contributions of proteomics in melanoma.

Page 6

Author Year | Proteomicstechnique used Major finding
Chen etal. [13] 2011 | 2D gel electrophoresis and matrix-assisted laser Hypoxia-inducible promoter - adhE promoter was
desorption ionization-time-of-flight/time-of-flight screened from the anaerobically regulated proteins
(MALDI/TOF) of Salmonella
Xiao etal. [14] 2012 | Differential proteomics using 2-D DIGE (two- Identified exosomal proteins that were
dimensional difference in gel electrophoresis) differentially expressed in metastatic melanoma
followed my mass spectrometry compared to melanocytes
Hashimoto et al. [15] 2012 | Sucrose density gradient ultracentrifugation of Triton | EMARS reaction could be used to identify
X-100 extracts or enzyme-mediated activation of ganglioside-interacting membrane proteins
radical sources (EMARS) reaction followed by mass
spectrometry
Hughes et al. [16] 2012 | SILAC MS-based proteomics screen Analysis of extracellular matrix revealed over 80
extracellular proteins that stimulated pluripotent
stem cells
Yeetal. [17] 2013 | Quantitative shotgun proteomics Differential (18)O/(16)O stable isotopic labeling
was used to identify hypoxia-induced protein
markers in malignant melanoma
Steunou et al. [18] 2013 | Affinity purification followed by mass spectrometry Identified proteins interacting with hypoxia-
and label-free quantification inducible factor 2a (HIF2a) that contributed to
melanoma progression
Paulitschke et al. [19] | 2013 [ Mass spectrometry-based proteome profiling of Lysosomal, survival and cell adherence related
cisplatinresistant vs. sensitive cells proteins of cisplatin resistant cells were higher
compared to sensitive cells.
Myers et al. [20] 2013 | Targeted mass spectrometry based on an SRM novel biomarker predictor for preeclampsia
peptide quantification method identified
Lietal. [21] 2013 | Comparative proteomic analysis using Two- Proteins associated with mitochondrial dysfunction
dimensional gel electrophoresis and apoptosis were differentially expressed in
A375 melanoma cells treated with sinulariolide.
James et al. [22] 2013 | Phosphoproteomics and mass spectrometry Protein kinase N1 forms complex with WNT3A
receptor and block Wnt/B-catenin signaling
Byrum et al. [7] 2013 | Comparative proteomics analysis using nanoflow Analysis of 61 FFPE human tissues including
LC-MS/MS benign nevi, primary melanoma, and metastatic
melanoma identified 171 significantly varying
proteins associated with proliferation, motility, and
apoptosis.
Tang et al. [23] 2014 | Proteomic profiling performed by MS/MS Anti-cancer effect of Phylllanthus is due to
inhibition of MAPK/ERK, hypoxia, Myc/Max and
NFxB pathways
Xiao et al. [24] 2014 | multiple-reaction monitoring (MRM) used to profile | Cancer progression is associated with major
kinase expression in melanoma cell lines kinome reprogramming
Kotobuki et al. [29] 2014 | Isobaric tags for relative and absolute quantitation Over-expression of extracellular matrix protein,
(iTRAQ) periostin (POSTN), in metastatic melanoma
compared to normal skin
Qendro et al. [25] 2014 | Tandem mass spectrometry Identification of nestin and vimentin as potential
biomarkers
Smitetal. [27] 2014 | (phospho)proteomic ROCK1 inhibitor sensitizes melanoma cells to
BRAF inhibitors
Liuetal. [28] 2014 | 2-DE based comparative proteomics Gallic acid induced apoptosis is coupled with
glycolysis in B16F10
Strickler et al. [29] 2014 | Tandem mass spectrometry Identified proteins associated with pathogenesis,
for potential diagnostic purpose
Kraya et al. [30] 2015 | Comparative quantitative proteomics using secretome | Candidate autophagy biomarkers were identified
of 3 D cell culture
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Author Year | Proteomicstechnique used Major finding
Welinder et al. [3] 2015 | Deep mining proteomics A metastatic melanoma protein sequence database
was built having 5000 unique proteins that can be
potential biomarkers
Yu et al. [32] 2015 | Targeted quantitative proteomics (Selected reaction Identified novel endogenous substrates of Human
monitoring) Kallikrein 7 (serine protease)
Raaijmakers et al. [33] | 2015 [ Comparative quantitative proteomics on cell lines PhosphoPath — an app designed for visualization
derived from patients and analysis of phosphoproteome data
Hao et al. [34] (34) 2015 | S in vivo/vitro labelling analysis for dynamic Proliferation inhibited by miR-137 in melanoma
proteomics (SiLAD) cells by reduced p21- activated kinase 2 (PAK2)
expression rate
Makowski et al. [39] 2016 | Proteome-wide survey of transcription factors ELF1 binds to somatic mutations of oncogenic
TERT promoter
Sengupta et al. [36] 2016 | Label-free precursor ion intensity approach for EZH2 promotes H3K27me3-mediated silencing of
bottom-up analysis of histone PTMs RUNX3 and E-cadherin tumor suppressors in
melanoma
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