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A B S T R A C T

Oncoproteomics is the systematic study of cancer samples using omics technologies to detect changes implicated
in tumorigenesis. Recent progress in oncoproteomics is already opening new avenues for the identification of
novel biomarkers for early clinical stage cancer detection, targeted molecular therapies, disease monitoring, and
drug development. Such information will lead to new understandings of cancer biology and impact dramatically
on the future care of cancer patients.

In this review, we will summarize the advantages and limitations of the key technologies used in (onco)
proteogenomics, (the Omics Pipeline), explain how they can assist us in understanding the biology behind the
overarching “Hallmarks of Cancer”, discuss how they can advance the development of precision/personalised
medicine and the future directions in the field.

1. Introduction

Collectively, cancers are the 2nd leading cause of mortality world-
wide, but may soon overtake cardiovascular diseases resulting in es-
calating economic and public health costs to society [1]. Despite the
availability of a number of approved diagnostic tests for a range of
different organ-of-origin cancer types (e.g. imaging techniques (X-Ray,
CT, PET) or molecular markers such as carcinoembryonic antigen (CEA)
for colorectal cancer and prostate-specific antigen (PSA) for prostate

cancer), many patients are often diagnosed late, well after the onset of
clinical symptoms and with accompanying life-threatening implications
[2,3]. If cancer has already metastasised to vital organs, the prognosis is
generally poor. Therefore, there is a critical need to explore molecular
and cellular micro-environmental events that drive pre-cancer and
cancer progression, in order to allow earlier detection at a time when
the disease is treatable with curative intent, and importantly, to assist in
the customization of therapeutic interventions driven by the concept of
personalised/precision medicine [4–6].
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It is well established that cancer is a genetic disease that is triggered
by the acquisition of somatic DNA lesions with aberrations in the
human genome structure and other defects in DNA maintenance and
repair. Several strategies and organisations have been developed to
detect the aberrant changes in the genome that result in the onset of
cancer [7,8]. For instance, The Seven Bridges Cancer Genomics Cloud
(CGC; www.cancergenomicscloud.org) was funded as a pilot project by
the USA's National Cancer Institute (NCI) to explore novel approaches
to facilitate access to massive cancer genomic datasets alongside tools
and computational resources to analyse the data [9].

With rapidly evolving next-generation sequencing technologies, the
complexities of genomic landscapes of human cancers are progressively
being uncovered. This has informed novel approaches for oncology
clinical practice, such as assisting in diagnosis, prognosis, and treatment
decisions. Large-scale cancer genome sequencing studies have opened
the way for an understanding of cancer heterogeneity. However, gen-
otypic information cannot accurately explain how heterogeneous gen-
otypic variants are regulated and drive diverse phenotypic con-
sequences - that is, how the information flows from genomes to
functional proteomes in cancer [9–12]. The problem is so acute that
although improved therapies are emerging (e.g. antibody therapy),
drug resistance and selectivity are significant problems and require
further investigation.

Proteins are the functional macromolecules of all cells, interacting
with other macromolecules in complex networks controlling signal
transduction and biological function. Many proteins are dynamically
up- or -down-regulated in cancer biology, making tumour tissue a
complex “orchestra” of proteins involved in driving tumour initiation,
progression, response/resistance to treatment and recurrence [10].
Whilst the cancer proteome is initially encoded by the relatively static
genome, the proteome has considerably higher diversity because of
alternative splicing, single amino acid polymorphisms, post-transla-
tional modifications and many characteristics of proteins, including
their structure, function, expression and disease-related changes, that
are difficult to correlate with particular genomic-based alterations [8].
Proteogenomic and other multi-omics approaches are being developed
to address this issue. However, sensitive and specific high-throughput
methods to probe deeper into the cancer proteome are needed to fa-
cilitate an understanding of changes in disease-related signalling
pathways, and the identification of associated protein isoforms and
post-translational modifications [13].

Oncoproteomics, unravelled by a vast array of various omic tech-
nologies (namely the Omics Pipeline, Fig. 1), can be defined as the
study of proteins and their interactions during cancer development and
progression. It allows protein identification and quantification in
complex biological systems and systematically reveals proteomic
changes implicated in tumorigenesis, including protein abundance,
protein post-translational modifications (PTMs), protein (and other
molecular) complexes, biochemical pathway interactions, drug suit-
ability and drug resistance [14]. Oncoproteomics is considered a pro-
mising approach for the identification of novel biomarkers for early
clinical stage cancer detection, targeted molecular therapies and dis-
ease monitoring [15,16]. However, although proteomic approaches
have already been widely applied to identify proteins associated with
various cancers phenotypes, only a handful of biomarkers are currently
FDA-approved (e.g. CA-125 [17], CA19–9 [18], CEA [19]), PSA [20],
OVA1 panel [21]). Surprisingly, none of these is routinely used for early
cancer stage clinical diagnosis. Several factors contribute to this dismal
progress. A significant reason is that human blood, the most commonly
used clinical/biological sample, is a complex mixture of proteins with a
substantial dynamic concentration range (~1013 log10 in concentra-
tion). In terms of concentration, human blood plasma is dominated by
several liver-derived “housekeeping proteins” that are particularly
sensitive to environmental, physiological and disease conditions,
making identification of novel low abundance biomarkers a significant
challenge.

Additionally, tumour heterogeneity, study design, sample quality,
sample collection and selection, the sensitivity and specificity of the
chosen proteomic platform, bioinformatic evaluation and reliance on
single biomarkers must also be taken into account as confounding
factors [22,23]. Consequently, improved cancer treatment remains a
long and winding road that needs to be carefully navigated, with a focus
on what clinical questions and unmet clinical needs must be addressed.
Oncoproteomics, coupled with other multi-omics technologies (Fig. 1)
may address these issues.

In this review, we summarize the advantages and limitations of key
technologies used in (onco)proteogenomics, explain how they can assist
us in understanding the biology behind the overarching “Hallmarks of
Cancer” proposed by Hanahan and Weinberg [24,25], illustrate their
potential from selected recent studies, and discuss how they assist in the
overall development of precision/personalised medicine. Finally, we
contemplate perspectives and future directions in the field.

2. Oncoproteomics

New and continually improving technologies are being developed
for systematically studying protein abundance, structure, function,
post-translational modifications, turnover, and interaction with other
proteins/ligands. These include quantitative proteomic methods, high-
resolution, high-speed, high-throughput, high-sensitivity mass spectro-
metry (MS), more robust and specific antibody-based techniques, the
use of protein chips, and advanced bioinformatics for data handling and
interpretation (Fig. 2). These rapidly evolving technologies hold pro-
mise for achieving higher analytical capabilities, greater sensitivity and
specificity, more robust and higher throughput sample processing, and
greater confidence in the data generated [16,26]. Oncoproteomics ty-
pically combines both discovery and translational phases, where sui-
table biomarkers, biomarkers panels or target proteins identified in the
discovery phase can be validated and developed into clinical assays.
Typically increasing sample numbers are required as one progresses
down the “omics” pipeline [27].

2.1. Samples for oncoproteomics

A wide range of sample types has been used at the discovery phase
to provide physicians with actionable information leading to the evi-
dence-based selection of potential biomarkers for early detection, op-
timal therapy (predictive biomarkers) and improved and more precise
prognosis of disease progression (prognostic biomarkers). Samples in-
clude animal models, cancer cell lines, tumour tissues, exosomes and
different bodily fluids (Table 1). For clinical analysis, specimens ob-
tained using minimally invasive techniques (e.g. blood, urine or feces),
or those gathered during an essential clinical investigation (e.g. biop-
sies) are ideal.

2.1.1. Tissue
Histology, one of the oldest biomedical sciences, has developed

significantly since its first use over 200 years ago [28]. To decipher the
specific molecular content of a given tissue, immunohistochemistry
(IHC) techniques combined with classical microscopy were developed.
Following the development of antigen retrieval (AR) procedures to
‘unlock’ the methylene bridges between proteins, both formalin fixed,
and paraffin embedded (FFPE) tissues have been extensively applied for
IHC studies. Recently, advances in mass spectrometry (MS) and im-
proved separation systems have led to increased uptake of proteomics,
enabling the rapid identification of large numbers of proteins (the
proteome) with high confidence in a given tissue [29,30].

Tissue is the most relevant biological material for gathering insight
into disease mechanisms. It contains a high concentration of potential
disease markers compared with other biological samples, as markers
concentrations can diminish with increased distance from the site of
origin and dilution in the matrix [31,32]. The analysis of tissue proteins
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is increasingly used for novel biomarker identification, therapeutic drug
target discovery, and investigation of molecular mechanisms of disease
[33]. For example, using tissue-based proteomics, Meding et al. re-
vealed FXYD3, S100A11, and GSTM3 as novel prognostic markers
predicting regional lymph node metastasis in colon cancer patients
[34].

Although tissue proteome aids in the understanding of molecular
mechanisms of human disease, some realities restrict their use in clin-
ical research. One is that many tissue proteins have structural or
housekeeping functions. These may provide limited physiological or
disease-related information and mask the detection of less abundant
tissue proteoforms. Several depletion strategies have been applied to

Fig. 1. From Oncoproteomics to Precision Medicine: The Omics Pipeline.
Patient samples will be analysed using genomic, transcriptomic and proteomic approaches (The Omics Pipeline). This in-depth analysis will help us understand the
biology underlying the Hallmarks of Cancer [23]. These data will be aligned with the relevant medical records, and the resulting Big Data analysed using techniques
such as AI and Machine Learning to support the central dogma of personalised medicine: The Right Drug at the Right Dose at the Right Time for the Right Patient.

Fig. 2. The oncoproteomic toolbox.
Various sample types can be used for oncoproteomic studies, depending on the assay requirements, protein abundance, and sample heterogeneity. Key technologies
used include gel-based approaches, MS-based approaches, and protein arrays. Proteomic profiling can be obtained using mass spectrometry strategies, followed by
bioinformatics and statistical analysis of datasets. These data can then be translated into clinical practice to support personalised/precision medicine.
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remove large and highly-abundant species (e.g. immunoaffinity deple-
tion, centrifugal ultrafiltration). For example, Alvarez et al. used an
integrated capillary LC-ESI-QTOF-MS approach, which showed poten-
tial in the study of tissue biology, for the exploration of the low MW
and/or lower abundance tissue proteome [32]. Secondly, fresh frozen
tissue, regarded as the optimum source for such studies, is not always
available. The use of tissues embedded in optimal cutting temperature
compound (OCT) or formalin-fixed and paraffin-embedded (FFPE) is
hampered by the extraction of the proteins as well as artificial mod-
ifications induced by the fixation process [31] and the fact that OCT
contains high concentrations of polymers that interfere with MS. Re-
cently, investigators from Johns Hopkins University reported a method
named Chemical Immobilization of Proteins for Peptide Extraction
(CIPPE) to eliminate interferences from tissues and OCT embedding
[30]. This protocol is highly efficient in the removal of polymers and
contaminants. CIPPE has been used for extracting peptides for both
iTRAQ-labelled and 2D liquid chromatography-tandem mass spectro-
metry shotgun proteomics studies [30].

2.1.2. Blood
Blood (serum or plasma) samples are widely used to investigate

various physiological or pathological states since the collection is
minimally invasive and routinely used in the clinic [2]. In cancer,
changes in the blood proteome may result from cancer-specific or
cancer-related host organ changes in biological pathways, often leading
to metabolic or immunological alterations [15]. Indications of cancer
status in the blood come from various cellular components, such as
circulating tumour cells, exosomes, cell-free DNA/RNA, proteins, pep-
tides, lipids, and metabolites. Among these, proteins detectable in
serum or plasma are most commonly used to screen and monitor cancer
(e.g. prostate-specific antigen (PSA) for prostate cancer). Furthermore,
proteins can also be used to monitor response to therapy and recurrence
(e.g. antigens CA125 for ovarian cancer [17], CA19–9 for pancreatic
cancer [18] and carcinoembryonic antigen (CEA) for advanced color-
ectal and ovarian cancer [19]).

However, there are still several challenges using blood (serum or
plasma) in proteomics. Firstly, compared with other abundant proteins
in the blood, the identification of low abundance biomarkers can be
challenging. Blood samples can contain over 10,000 different proteins
with concentrations varying over twelve orders of magnitude [35].
Secondly, the process of oncogenesis is often accompanied by in-
flammation and various acute phase reactions in the liver, which can
stimulate cells to produce specific proteins such as hormones, cyto-
kines, or other molecular sensors, masking the measurement of cancer-

specific protein biomarkers. Thirdly, the circulatory system is dynamic,
rendering the blood proteome sensitive to many types of environmental
change (e.g. temperature, starvation, food intake, circadian rhythm,
sleep).

2.1.3. Feces
Feces are among the most accessible of biological samples that can

be used for biomarker discovery, containing proteins and peptides de-
rived from leakage, secretion or exfoliation of diseased tissues [36].
Feces come into direct contact with both the human gastrointestinal
(GI) tract and the gut microbiome, making feces a prominent source to
search for biomarkers for all types of GI tract disease [37]. Importantly,
biomarkers are present at higher relative concentrations in feces than in
blood [33]. Feces collection is non-invasive, does not require the un-
pleasant bowel preparation needed for a colonoscopy, can be under-
taken at home and is not sample limiting. However, there is reticence
by a significant proportion of individuals offered stool screening
(e.g.FOBT/FIT) to participate, with test uptake as low as 40% in most
countries. Education is urgently needed, as diseases like colorectal
cancer (CRC) are curable by surgical resection if detected at an early
clinical stage.

Feces have been successfully used to monitor gastrointestinal tract
pathologies, including CRC [38,39]. For instance, Ang et al. [38] in a
pilot study demonstrated the potential of fecal proteomics to identify
potential CRC biomarkers using orthogonal multi-dimensional fractio-
nation (1-D SDS-PAGE, RP-HPLC, size exclusion chromatography).
They generated a library containing 108 CRC-associated fecal proteins
(CCAP) with associated peptide and MS/MS data used for multiplexed
SRM analysis. In a recent study [39], Bosch et al., using 315 stool
samples from 12 patients with CRC and 10 people without colorectal
neoplasia (control samples) and a second series of 81 patients with CRC,
40 with advanced adenomas, and 43 with non-advanced adenomas, as
well as 129 control samples, identified novel protein biomarkers in
stool that outperform, or complement, hemoglobin in detecting CRC
and advanced adenomas.

Another rapidly emerging field is the analysis of the fecal micro-
biome. It is realised that changes in the microbiome are associated with
several diseases, including cancer [40,41]. Indeed, it has recently been
reported that different microbiota composition was associated with
patients' clinicopathological features in CRC, including metastasis
[42,43]. It has been noted that for cancer biomarker analysis, CCAP
needs to be discriminated from dietary related proteins and bacterial
proteins derived from the intestinal microbiome [44,45], although
practically this does not appear to be a problem [36].

Table 1
Advantages and limitations of commonly used samples in proteomic research.

Sample types Advantages Limitations Reference

Tissue ➢ Highest concentration of potential disease biomarkers
➢ Widely used in the discovery of novel cancer biomarkers.

➢ Interference of disease-unrelated abundant proteins.
➢ Hampered by the extraction of proteins and artificial

modifications induced by the fixation process.

[28–34]

Blood ➢ Minimally invasive collection.
➢ Low cost.
➢ Readily accessible.
➢ Extensive application in clinical disease diagnosis.

➢ Interference of disease-unrelated abundant proteins.
➢ Sensitive to environmental changes.
➢ Often accompanied by other physiological process (e.g.

inflammation and acute phase reaction).

[2,15,35]

Feces ➢ Non-invasive collection. ➢ Easily influenced by dietary day-to-day variations. [36–45]
Animal models ➢ Providing in vivo complex environments. ➢ Not naturally endowed with specific features relevant to

human diseases.
➢ Long time to construct.

[46–48]

Human xenograft models ➢ Allowing direct evaluation of the biological behavior of
human tumour proliferation and metastasis in vivo.

➢ Limited availability of fresh tumour tissues.
➢ Occasionally low survival of the transplanted tissue.
➢ Tumours derived from cell lines do not completely

recapitulate normal tumour architecture.

[49]

Cell lines ➢ Easy to work with.
➢ Reduced complexity of cellular proteome.

➢ Lack of tumour microenvironment. [44,51]

Other biofluids (urine and
proximal fluids)

➢ Non-invasive collection.
➢ Unlimited sample volume.

➢ Results need to be normalized for volume. [23,56–59]
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2.1.4. Animal models
Experimentation and observation of animal biology can aid under-

standing of human biology, health, and disease [46]. In vivo environ-
ments to understand human disease has relied on the use of animal
models, traditionally mice, rats, and rabbits. More recently, animal
species with pathology more closely related to the human situation
have been used including dogs, pigs, primates [47] and zebrafish [48]
that have a similar genetic structure to humans. Recombinant proteins
can be used to modulate such systems. Mouse xenografts, in which a
patient's tumour tissues are implanted into an immunodeficient or hu-
manised mice (Patient-Derived Xenografts (PDX)) have also been used
extensively in oncoproteomics [49]. The use of CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats) technologies enables
animal models of human disease to be manipulated by genome editing
[50].

2.1.5. Cell lines
Similar to tumour tissue, tumour cell lines are widely used in cancer

research. Cell lines derived from tumours offer several advantages over
clinical samples for biomarker identification. They are homogeneous
cell populations, which can be quickly grown and can be manipulated
by altering gene expression. Furthermore, it is easier to obtain sub-
cellular fractions (e.g. plasma membrane, nucleus, secretome, exo-
somes) from cell cultures. Additionally, the complexity of the cellular
proteome is reduced, simplifying the detection of the low-molecular-
weight (MW) species and identification of novel biomarkers [44,51].
For instance, to investigate cellular downstream pathways altered by
MUT deficiency, Costanzo et al. used small-interfering RNA to knock-
down MUT protein expression in a neuroblastoma cell line (SH-SY5Y).
Using label-free quantitative proteomics, they found deregulation in the
levels of mitochondrial proteins, such as electron transfer flavoprotein
subunit alpha and 2-oxoglutarate carrier, crucially involved in the mi-
tochondrial oxidoreductive homeostasis balance [52]. However, there
are downsides to using cell lines. The major problem is that cell lines
often show instability after multiple passaging, plus they lack the ap-
propriate tumour microenvironment [51]. A recent multi-omics study
looking at HeLa (cervical cancer) cell lines across laboratories (14 stock
HeLa samples from 13 international laboratories) showed significant
heterogeneity [53]. Such variability could have significant implications
on the reproducibility and interpretation of data generated using
human cultured cell lines as indicated by a recent study where cell-
based variability was found to be a contributing factor to assay dis-
cordance in four next-generation sequencing (NGS) assays [54]. More
recently, the use of 3D culture techniques has shown promise. For ex-
ample, 3D endometrial cancer spheroids were obtained by co-culturing
endometrial stromal cells with cancerous epithelial cells. The spheroids
developed using this approach were phenotypically similar to in vivo
endometrial cancer tissue. Proteomic analysis of the co-cultured
spheroids revealed 591 common proteins and canonical pathways as-
sociated with endometrial biology [55].

2.1.6. Urine
Urine has proved a viable alternative biological sample, especially

for biomarker and metabolomics studies. The collection is non-invasive,
and the sample volume is not limiting. However, results need to be
normalized for volume, typically using creatinine concentration as a
standard. Urinary proteome profiling has recently been reported to
predict lung cancer from other pathologies using a panel of 5 protein
biomarkers [56]. In another study, the urinary glycopeptidome of 238
healthy controls and 969 patients with five different cancer types:
bladder, prostate and pancreatic cancer, cholangiocarcinoma, and renal
cell carcinoma was analysed. Three O-glycopeptides and five N-glyco-
peptides showed significant differences in their concentration in the
different cancer types, compared to healthy controls [57].

2.1.7. Proximal fluids
Proteomic analysis of proximal fluids (e.g. ductal fluids (pancreatic

or biliary cancer), bronchoalveolar lavage (lung cancer), nipple aspirate
(breast cancer) seminal prostatic fluid (prostate cancer) or saliva (head
and neck cancer)) have been reported [58]. Whereas the concentration
of tumour-derived proteins is typically deficient in blood, their abun-
dance could be significantly increased at, or close to, the tissue source.
However, obtaining such biosamples may be more invasive than a
routine blood collection [23,59].

2.2. Separation techniques

Due to the complex nature of most biological samples, some form of
upfront separation is typically required to maximise the depth of pro-
teome coverage. Multiple (multidimensional) orthogonal separation
techniques are frequently used in discovery phase experiments [60].

2.2.1. Gel-based approaches
1D-PAGE, 2D-PAGE, and 2D-DIGE (see [61–63] for comprehensive

reviews) have been used extensively for differential proteomic analysis
of a range of biological samples to investigate the molecular basis of
cancer pathogenesis and to identify potential new biomarkers or ther-
apeutic targets. The resolution allows thousands of proteins to be se-
parated simultaneously [64]. In an example of this approach, Kirana
and colleagues used the combination of laser microdissection, 2D DIGE
with saturation labelling and MALDI TOF/TOF to identify protein
biomarkers for predicting CRC spread. They compared stage II CRC
patients whose tumours did not metastasise from those whose tumours
metastasised to the liver [65]. Based on orthogonal in cellular and in
vitro functional proteomic approaches, their data showed the im-
portance of the uPAR·αvβ6 interaction in CRC [66]. They went on to
show that epithelial and stromal cell urokinase plasminogen activator
receptor expression differentially correlated with survival in rectal
cancer stage B and C patients using epitope-specific anti-uPAR mono-
clonal antibodies and IHC [67].

Peptide isoelectric focusing in the first dimension on immobilised
pH gradients (peptide IPG-IEF), using SCX or SDS-PAGE to separate
peptides or proteins before LC-MS/MS analysis, is advantageous as
peptide pIs have been shown to be an accurate primary filtering cri-
terion to reduce false positive or negative identifications [68]. The
application of peptide IPG-IEF revealed that greater coverage of the
membrane proteome could be achieved using IPG strips with various
pH ranges [69].

2.2.2. Micropreparative HPLC
While 2D-PAGE-based approaches have proved useful in proteomics

studies, there are limitations with these techniques, including an in-
sufficient resolution for large proteomes, incompatibility with hydro-
phobic proteins and the time-consuming process required to “pick” and
perform in-gel digestion of hundreds of spots for MS identification.
Multidimensional micropreparative high-performance liquid chroma-
tography (HPLC) techniques have been developed as an alternative to
gel-based approaches and are compatible with the recovery of low-level
sample components [60]. High purification factors are obtained by
using chromatographic supports with different functional properties
(e.g. charge, hydrophobicity, size, affinity).

Sample preparation needs to be optimised for various factors, in-
cluding sample matrix, sample complexity, and the goal of the research
[70]. Techniques such as depletion [71] and ultradepletion [72] as well
as enrichment techniques (e.g. antibodies, ligand dyes, metal binding,
lectins) have been successfully used to mine deeper into the proteome
[60].

2.2.3. High-throughput sample preparation
As the field moves towards the development of clinical assays, there

is a requirement for the development of high-throughput sample
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processing compatible with downstream MS/MS analysis. Such
methods should be simple and ideally capable of automation.

2.3. Mass spectrometry (MS) -based approaches

The potential of oncoproteomics has primarily been realised by the
development of matrix-assisted laser desorption/ionisation (MALDI)
and electrospray ionisation (ESI) MS for which Tanaka [73] and Fenn
[74], respectively, shared the Nobel Prize for Chemistry in 2002. (For
comprehensive reviews of these technologies see [75–77]).

Three major strategies have been used for identification purposes. In
bottom-up, or shotgun, proteomics, proteins are enzymatically cleaved
to generate peptide fragments (typically using trypsin) before MS/MS
analysis. In middle-up proteomics, larger peptide fragments (ideally in
the 3–15 kDa mass range) are generated by chemical reactions (e.g.
CNBr) or proteases (e.g. pepsin) that are specific for less frequent re-
sidues, or through restricted enzymatic hydrolysis (e.g. outer mem-
brane protease T (OmpT)). In top-down protocols, proteolysis is
omitted, and intact proteins are detected and fragmented in the MS gas
phase. Top-down is particularly attractive for the analysis of PTMs [78],
or small proteins that do not yield appropriate proteotypic peptides
using other approaches.

2.3.1. MALDI imaging
Another technique that is now maturing is that of MALDI imaging.

In this technology, thin tissue slices (either frozen or formalin fixed) are
mounted on a MALDI target plate that can be moved in an XY or-
ientation. Matrix is applied and a laser rasterised over the tissue surface
with MS of molecules present (e.g. proteins, peptides, lipids, small
molecules, or glycans) recorded as intensity maps. These can be com-
pared with corresponding H&E or IHC images. As an example, MALDI-
MS Imaging, LC-MS/MS and immunohistochemistry were used to
screen fresh-frozen and formalin-fixed samples from a patient with head
and neck cancer to localise the tumour edges [77]. Another recent study
on medullary thyroid carcinomas [79] showed MALDI-MSI could detect
the classic immunohistochemical markers used for diagnosis (e.g. cal-
citonin, thyroglobulin) with good sensitivity and specificity. Ad-
ditionally, the combination of MALDI-MSI and nLC-ESI-MS/MS analysis
allowed further potential markers to be identified and their spatial lo-
calisation visualised within tumour regions.

2.4. Quantitative MS

Accurate quantitation is essential for measuring differential disease
related to proteomes in oncoproteomics. Several approaches have been
developed, as discussed below.

2.4.1. Stable isotope-based methods
The use of stable isotopes allows measurement of peptides or pro-

teins utilising the specific increase in mass in individual samples by
incorporating mass tags with stable isotopes, enabling simultaneous
analysis and peptide quantification for multiple specimens with direct
comparison across samples [80].

Isotope-coded affinity tag reagents (ICATs) paved the way for the
development of stable isotope-based quantitative techniques. ICATs are
biotinylated iodoacetamide derivatives that react with the sulfhydryl
groups of cysteine side chains in denatured peptides or proteins. After
tryptic digestion, the labelled peptides are purified by affinity pur-
ification using avidin-agarose beads [80,81]. Although widely applied,
there are still some weaknesses in the ICAT technology, including
complex and time-consuming data analysis, extensive sample fractio-
nation, nonspecific binding to the streptavidin affinity matrix and many
subsequent reactions at the same site [8,82].

2.4.2. Chemical labeling
Chemical labelling with isobaric tandem mass tags is an alternative

method of quantitative analysis, allowing a comparison of multiple
states in a single experiment. Two isobaric tag families are commer-
cially available: Isobaric tags for relative and absolute quantification
(iTRAQ) and tandem mass tags (TMT). iTRAQ, first described by Ross
et al. [83] in 1999, and widely used in the biomarker discovery field,
allows up to eight individual samples to be measured simultaneously.
Kuan-lin Huang et al. used iTRAQ for quantitative proteomic profiling
of 24 breast cancer patient-derived xenografts (PDX). Integrated pro-
teogenomic analysis indicated a positive correlation between the tran-
scriptomics and proteomics data. The proteogenomic analysis also re-
vealed several receptor tyrosine kinase targets. Drug treatment studies
targeting HER2 and components of the PI3K pathway supported the
proteogenomic predictions from seven of the xenograft models. Such
strategies could enable improved prediction of the efficacy of me-
chanism-based breast cancer therapeutics [84].

The major distinction between iTRAQ and TMT is that the labels
differ in structure and mass [26,85]. In chemical labelling, tagging is
achieved by using chemical moieties or tags which are identical in
mass, so that all derivatised peptides are isobaric, chromatographically
identical and yield a single peak in the primary mass spectrum for both
samples (e.g.normal and cancer samples). The relative abundances of
the isobaric-tagged peptides are revealed when the moieties fragment
during MS/MS to release reporter ions with different masses. Using
iodoTMT labelling, Yuan Liu et al. [86] found that lactate dehy-
drogenase A (LDHA) preferably locates to the nucleus in HPV16-posi-
tive cervical tumours, uncovering a non-canonical enzymic activity of
nuclear LDHA which epigenetically controls cellular redox balance and
cell proliferation, facilitating HPV-induced cervical cancer develop-
ment. However, the high experimental cost and inconvenient handling
for large samples sizes has limited the application of TMT and iTRAQ,
especially for the quantitation of modified peptides. To address this,
some promising isobaric strategies with high stability and low cost are
currently under development, such as 10-plex isobaric tags (IBT) [87]
and isobaric peptide termini labelling (IPTL) [88].

Unlike postharvest-methods (e.g. ICAT, iTRAQ, and TMT), stable
isotope labelling using amino acids in cell culture (SILAC) incorporates
the isotopic label into the protein when the tissue/cells are still meta-
bolically active. The first comprehensive, quantitative proteomic ana-
lysis of tissues from whole animals was described by Krüger et al., who
extended the SILAC approach in vivo by feeding mice with a 13C6-lysine
diet. This enabled complete labelling of proteins in all tissues and al-
lowed quantitative protein analysis from whole organs down to sub-
cellular compartments and specific peptides [89]. Yu-Lin Chen and
colleagues identified the underlying mechanisms of lymph node me-
tastasis in oral squamous cell carcinoma (OSCC) using a combination of
SILAC and LC-MS/MS [90].

A significant shortcoming of metabolic labelling is the requirement
for samples to be undergoing active protein synthesis, making it im-
possible to utilise the original technology for many clinical specimens.
To overcome this drawback, super-SILAC has been developed. Here, a
mixture of SILAC-labelled cells is used as a spike-in standard to analyse
human tumour tissues [91]. Super-SILAC and TMT labelling strategies
have recently been used to interrogate proteomic heterogeneity in
metastatic lung adenocarcinoma. Using a longitudinal, prospective set
of tumour tissues from a metastatic lung adenocarcinoma patient,
proteomic and phosphoproteomic data was generated. Targeted MRM
assays revealed two novel variant somatic peptides (CDK12-G879 V and
FASN-R1439Q) expressed in lung and lymph node metastatic sites, re-
spectively which may influence the overall prognosis and treatment
response of the patient. [92]

2.4.3. Label-free quantitative MS
Although isotope-labelling strategies are precise and accurate, the

labelling procedures are complicated and expensive. Furthermore, iso-
tope-based quantification is limited by sample number and is not
compatible with all experimental designs [93]. By contrast, label-free
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quantification (LFQ) approaches are more generally applicable, making
them ideally suited for non-targeted discovery proteomics applications
[94,95]. Data-dependent acquisition (DDA) or data-independent ac-
quisition (DIA) methods can be used. Although label-free strategies are
theoretically scalable to any number of samples, analysis is currently
restricted by instrumental capabilities. However, approaches are being
developed to improve label-free quantification [91].

2.4.4. SRM/MRM/PRM-based quantitative MS
Targeted approaches, such as Selected Reaction Monitoring (SRM),

Multiple Reaction Monitoring (MRM) or Parallel Reaction Monitoring
(PRM), are currently gaining popularity, due to their high sensitivity,
high specificity, and multiplex potential. They are particularly useful
for the validation of biomarker panels, where antibody-based technol-
ogies would be too expensive and time-consuming to generate.

During the process of SRM/MRM, several targeted proteotypic
peptides and their corresponding transition ions are selected from data
generated in the discovery phase. MRM can be applied to multiple
peptide fragments, making it capable of detecting multiple isoforms and
post-translationally modified species in a single test run [93,96,97].

Sensitivity can be further enhanced by the use of immune-SRM. In
this case, enrichment is achieved by the use of antibodies or aptamers.
Several companies are now offering these capture methods commer-
cially. It should be noted that the requirements of antibody or assay
specificity are less stringent than in ELISA, as specificity is achieved by
MS phase of the methodology.

2.4.5. Sequential Window Acquisition of all Theoretical Mass Spectra
(SWATH)

SWATH is based on the cyclical acquisition of precursor ions with
fixed isolation windows that cover the entire m/z range. SWATH is an
emerging DIA platform capable of label-free quantification with higher
accuracy and precision, and capable of comprehensive detection and
quantitation of virtually every component in a sample [93,98]. SWATH
data consists of highly multiplexed fragment ion maps recorded over a
user-defined mass precursor mass range across the complete chroma-
tographic separation. Importantly SWATH has been shown to have
excellent inter- and intra-lab variation [99].

SWATH typically relies on spectral reference libraries for peptide
identification. Quality and coverage of these libraries are vital for op-
timum analysis. Recently, three fractionation strategies to increase local
library size (protein SDS-PAGE fractionation, peptide high-pH RP-HPLC
fractionation, and MS-acquisition gas phase fractionation) were com-
pared to standard library building using replicate DDA injection. Data
was evaluated in terms of the number of extracted peptides and pro-
teins, the match quality of peptides and the extraction reproducibility
of transitions. The results showed that SWATH quantitative results and
interpretations are affected by the fractionation method used [100].

Additionally, SWATH analysis revealed sophisticated metabolic re-
programming in hepatocellular carcinoma tissues during development
and progression [101]. In another study [102], SWATH was used to
classify breast cancer subtypes with varying degrees of heterogeneity
using 96 tissue samples representing five breast cancer subtypes ac-
cording to conventional classification. Significantly, proteomics ana-
lysis revealed varying degrees of heterogeneity within the conventional
subtypes, with triple negative tumours being the most heterogeneous.
This data demonstrates how large-scale protein-level measurements
using next-generation proteomics can assist improved patient stratifi-
cation for precision medicine.

Bioinformatics plays a crucial role in DIA analysis, especially for
peptide-spectra matching (PSM). Programs such as proBAMsuite, a
bioinformatics framework for proteomics and proteogenomics research,
allow users to browse cancer proteomics datasets. PSMs can be re-
annotated using user-specified gene annotation schemes and assembled
for both protein and gene identifications [103]. Another example is
iSwathX that allows users to combine multiple libraries to interrogate

DIA datasets [104]. Bioinformatics will also help confirm the existence
of missing proteins (proteins which currently do not have high-strin-
gency evidence (e.g. mass spectrometry) [105] or in dealing with bio-
logical and technical heterogeneity in data and statistical feature se-
lection (SFS) [106].

3. Other technologies

Several other technologies supporting oncoproteomics warrant
mention.

3.1. Protein arrays

Protein arrays (synonymous with protein microarrays or protein
biochips) offer a solution to the high-throughput study of protein in-
teraction networks or immune reactivity [107]. They have also proved
to be a suitable tool for antigen and autoantibody profiling in complex
samples across many diseases [108]. High-throughput protein micro-
arrays offer a direct approach for simultaneously screening thousands
of antigens in an unbiased manner using minimal (μl) amounts of
sample.

Three types of protein arrays have been reported: analytical protein
microarrays, functional protein microarrays (or target protein arrays)
and reverse phase protein microarrays. In analytical microarrays, an-
tibodies are immobilised on the surface, and retained proteins are de-
tected in a sandwich-type assay. In functional arrays, purified proteins,
typically recombinant materials, are immobilised on the array surface
while in reverse phase arrays complex samples, such as tissue lysates,
are immobilised and probed with antibodies against the target protein
of interest. These antibodies are typically detected using chemilumi-
nescence, fluorescence or colourimetric readouts. Parallel monitoring of
the expression of a particular protein in hundreds to thousands of
samples is possible [109].

Aptamer arrays have also been developed. Recently they have been
validated for serum profiling to predict clinical outcome of stage IIA
colon cancer patients [110]. SomaLogic, a US-based company, is cur-
rently developing a range of aptamer chips for cancer diagnosis.

3.2. Microfluidic devices

Typically a microfluidic device comprises a set of micro-scale
channels etched into a surface (e.g. glass, silicon or polymers) for ma-
nipulating/processing small samples. These can be reactions with re-
quired reactants, especially for disease diagnostics or even cell culture
with a controllable microenvironment. They allowa precise examina-
tion of chemical and biological processes. A range of proteomics-com-
patible microfluidic devices have been developed (see review by Pedde
et al. [111]). A particular focus has been on the isolation of exosomes
where immunoaffinity, membrane-based filtration, trapping on nano-
wires, acoustic nanofiltration, and deterministic lateral displacement
(DLD) sorting have been utilised [112]. In one recent application of this
technology, self-assembled herringbone nanopatterns were used to
isolate exosomes from ovarian cancer patients and identify potential
protein biomarkers for early detection and monitoring of the disease
[113].

3.3. 3D printing

A typical workflow for the analysis of biological fluids in clinical
laboratory frequently requires extraction of the targets from the sample,
reduction of the sample volume, and separation on a liquid chromato-
graph with mass spectrometry detection, which is time-consuming and
often incurs significant delays in turnaround times (TATs) [114,115].
Due to the critical need for accurate, precise and rapid diagnostics,
improved point-of-care testing (POCT) devices have been developed to
enable individual patient self-monitoring, especially using three-
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dimensional (3D) printing [116], facilitating telemedicine.
3D printing, a fabrication process allowing the translation of 3D

computer designs into physical models through the additive patterning
of various material, is regarded as a revolutionary, industry-compatible
approach, which helps iterative design-build-test cycles of multiple
components, from microfluidic chips to smartphone interfaces, that are
geared towards point-of-care applications [117–119]. Recent advance-
ments in 3D printing technologies have enabled the rapid and cheap
fabrication of large numbers of highly complex microfluidic devices
that can be integrated into various stages of proteomics protocols. In
one example, a 3D printed cartridge was designed for targeted MS de-
tection of plasma proteins. It utilised an integrated antibody enrichment
column combined with a built-in substrate for protein ionisation and a
spray tip for coupling to the MS [120].

3.4. Cryo-electron microscopy (cryo-EM)

In cryogenic electron microscopy (cryo-EM) samples are cooled to
cryogenic temperatures and embedded in an environment of vitreous
water and analysed using transmission electron microscopy (TEM). This
method preserves the biological samples at near-native state. This
technology has been described as the “revolution of the century”, and
was recognised by the award of the Nobel Prize for Physics to Professors
Dubochet, Frank and Henderson in 2017. Structural resolution at better
than 3 Å has been reported [121].

It is now realised that the combination of cryo-EM with cross-
linking coupled mass spectrometry (CX-MS) allows more in-depth in-
terrogation of protein structures, giving a higher level of detail than
either technology in their own right [122]. This results in highly refined
3D structure of protein assemblies at high resolution. Importantly, CX-
MS cross-links regions in a protein that are not covalently bound, al-
lowing visualisation of these interactions that are not seen in EM,
providing further evidence for MS-based interactomic studies.

4. The big data problem

Mass spectrometry is heavily data-intensive as terabytes of quali-
tative and quantitative data can be generated from a single sample in a
single experiment. This, combined with the availability of more accu-
rate and detailed patient meta-data from samples (e.g. clinical in-
formation, treatment, staging) as we move towards precision/perso-
nalised medicine, a push to increase sample numbers to match genomic
datasets together with the added complexity of multi-omic datasets
[123], makes data analysis challenging. Here again, bioinformatic tools
play an essential role in analysing, integrating, and understanding such
proteomic data [124,125]. However, ultimately, one of our biggest
challenges may be how to deal with this flood of information (the Big
Data Problem). Three main challenges can be identified. Firstly, there is
the statistical challenge of not only extracting useful data [126] but also
applying various statistical methodologies to comprehend the data
[127]. Secondly, and perhaps more importantly, it is crucial to put the
data in a biological context to explain known, expected, or unusual
biological phenomena. Finally, it is essential to be able to correlate this
data with similar datasets available publicly or with published data
often obtained using diverse instrumentation and methodology [128].

Oncoproteomic experiments usually result in the generation of data
sets that contain protein identifications and quantifications layered
with multiple variables including, but not limited to, patient demo-
graphic data, stage of cancer, treatment regimen, etc. After standard
univariate or multivariate statistical analysis, differentially expressed
proteins are displayed using a variety of conventional visualisation
techniques (ROC curves, box plots, heat maps, volcano plots, etc.). The
use of bespoke and novel statistical analysis techniques (including
machine learning and AI clustering methodologies (e.g. Self-Organizing
Maps (SOM), random forest, support vector machines (SVM) [16],
Markov clustering) have only recently started to be used as the data sets

become more substantial and more reliable [129]. These techniques
allow a more in-depth interrogation of proteomics data to generate
novel hypotheses. However, these are often blinded studies devoid of
biological context.

Additionally, while novel analysis methods such as topological
scoring of protein interaction networks [130] and hierarchical clus-
tering [131] have been performed on various datasets, they are not yet
routinely used in oncoproteomics. Data usually needs to be validated
using some form of orthogonal technique to verify quantitative and
qualitative information such as in vitro/in vivo studies, Western blot-
ting, drug or peptide inhibition. Meta-analysis usually combines gene
ontology analysis to understand expression data and often other, more
sophisticated data analysis software tools such as Ingenuity pathway
analysis. Using such approaches, VEGFR2 was shown to promote tu-
morigenesis in gastric cancer [132] and uncover molecular signatures
of breast cancer cell proliferation [133]. Complementary software such
as Ingenuity [134], Cytoscape [135] or String [136], KEGG [137] can
be used to gain insight into molecular pathways of differentially ex-
pressed proteins to give further context. However, this pipeline has
received some criticism for lack of stringency, often low sample num-
bers, lack of concrete and repeatable biological validation, and the
scarcity of validated biomarkers that are sensitive and specific enough
to discriminate cancer from other disorders or ailments.

5. Hallmarks of cancer: putting oncoproteogenomics data into
context

In 2000, Hanahan and Weinberg published their seminal Hallmarks
of Cancer review, which essentially devised a framework to understand
the basic biologies of cancer [24]. This framework was revised in
2011(almost a decade later) [23] and provided a comprehensive un-
derstanding of the complex biological mechanistic landscape of cancer
and the multiple effects these can exert. In their latest publication [23],
seven biological activities were defined as being acquired during the
multistep development of all human tumours. These comprise (1) Se-
lective growth and proliferative advantage, (2) Altered stress response
favouring overall survival, (3)Vascularization, (4) Invasion/metastasis,
(5) Metabolic rewiring, (6) Generation of a compatible microenviron-
ment, and (7) Immune modulation.

Although based primarily on genomic data [25], this framework has
proven invaluable in understanding the mechanisms behind cancer
development. To date, only a handful of oncoproteomics studies have
utilised the breadth of the Hallmarks of Cancer framework to infer
biological correlations. Examples include Gomig et al. [138] who pre-
dicted the physiological effects of breast cancer cells using quantitative
label-free mass spectrometry on contralateral and adjacent breast tis-
sues to reveal differentially expressed proteins and their predicted im-
pact on pathways and cellular functions in breast cancer whilst others
have inferred specific biological pathways that can potentially lead to
therapeutic interventions [139].

Recently, several new databases have been developed to help ex-
tract meaning from large quantitative datasets like those generated
through most proteomics and proteogenomics studies. The Cancer
Hallmarks Analytics Tool (CHAT) [140] allows users to mine literature
and index the various hallmarks associated with differentially-ex-
pressed proteins in their particular dataset. However, these are cur-
rently gene-based tools, and it is vital that more specific proteomics-
based biological frameworks are developed, ideally at the peptide level,
in addition to superimposing data on patient heterogeneity.

6. Drug development

The ‘OMICs’ revolution brings the ability to generate, analyse and
decipher large amounts of qualitative and quantitative proteomics data
and integrate this with data from other related disciplines. This has
brought with it multiple opportunities, ranging from diagnostics and
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prognostics to rational drug design and targeting. In the context of
precision medicine, these all can significantly improve disease out-
comes for cancer patients.

Since over 60% of the drugs currently in clinical use target cell
surface proteins [141], membrane proteomics will play a prominent
role in designing and implementing novel targeted cancer therapies.
Drug development has befitted from oncoproteomics. Firstly, it aids the
rational design of the drugs themselves. Secondly, it has enabled the
discovery of novel drug targets that may prove to be more efficient than
those already approved. Thirdly, it can monitor the clinical effects of
drugs including efficacy, off-target effects and the development of drug
resistance. Finally, it can enable the selection of a suitable drug or drug
combinations for use in a personalised medicine contex. A recent re-
view by Frantzi et al. [142] elaborates the different facets of drug de-
velopment in cancer and other disorders. They make the significant
conclusion that proteomics will play an important role in all elements of
the drug discovery to therapy spectrum.

The emergence of humanised antibodies against a range of protein
targets has been one of the most significant advances in cancer treat-
ment in recent decades. Drugs such as trastuzumab and imatinib [143]
for the treatment of breast cancer and bevacizumab for the treatment of
a range of solid tumours [144] have become standard therapies.
However, their efficacy can be problematic due to the heterogeneous
nature of tumours [145] coupled with factors such as genomic back-
ground, modifying genes, drug turnover, and environmental differ-
ences, requiring a more personalised, targeted approach [146]. Ad-
ditionally, frequent drug administration can result in toxicity or drug
resistance.

Currently, many targeted studies address the mutational status of
tumours [147] and drugs are often designed to target particular fusions
or mutations. Oncoproteomics affords the significant potential for de-
veloping the next generation of targeted therapies, be they humanised
antibodies, proteins, peptides/RNA or small molecules. A deeper un-
derstanding of the biological effects resulting from targeted therapies
[148] or simply understanding the complex biology and hallmarks of
cancer [149] is a mainstay of oncoproteomics. Several potential pro-
tein-based biomarkers [96] for diagnosis and prognosis have been re-
ported, as well as identification of novel therapeutic targets [66,150].

7. Precision/personalised/P4 medicine: beyond genomics

Precision or personalised or P4 [151] medicine represents a shift
from the current “one size fits all” model of disease treatment to a si-
tuation where the right drug at the right dose for the right patient at the
right time becomes the new paradigm. There has been much debate
over the terms “precision” and “personalised”, where concerns were
raised that the word “personalised” could be misinterpreted to suggest
treatments and preventions are being developed uniquely for in-
dividuals. Although this could be the case (e.g. patient-specific ther-
apeutic cancer vaccines), precision medicine has a clear focus on
identifying approaches that are effective for patient groups based on
genetic, proteomic, metabolomic, lipidomic, microbiome, environ-
mental and lifestyle factors. Pharmacogenomics, a subset of the preci-
sion medicine approach, has emerged in which a comprehensive in-
tegrative omics strategy combining proteomics, transcriptomics,
genomics, and bioinformatics is used to “fingerprint” patients and help
characterise their responses to particular drugs [152].

Developments in oncoproteomics will help fuel the transition to-
wards precision medicine. However, while transition medicine is al-
ready in practice and gaining momentum [153], unfortunately, there is
currently a widespread misunderstanding (among both the general
public, governmental and funding bodies) that precision medicine is
solely genetics-based [154,155]. Precision medicine should be a team
sport where all areas of human biology (e.g., genomics, transcriptomics,
proteomics, metabolomics, lipidomics, microbiomics) must be com-
bined to generate a complete picture and to fight complex non-

Mendelian gene diseases, like cancer. Genomics per se informs us about
the genetic makeup of a human being, but not whether particular genes
are actually expressed (transcriptome), in what amount and whether
they are functional (proteome). In particular, genomics does not inform
us regarding mechanisms like alternative splicing, single amino acid
polymorphisms arising from non-synonymous single-nucleotide poly-
morphisms or posttranslational modifications such as methylation,
phosphorylation, glycosylation, ubiquitination, nitrosylation, acetyla-
tion, lipidation and proteolysis. The genome is essentially static while
the proteome is dynamic, complex, and far larger, with estimates sug-
gesting it comprises as many as 1 million distinct proteoforms.

Importantly proteomics reveals the total protein (proteome) content
of any cell or tissue at a specific instance in time in either a health or
disease context. Proteins are the functional molecules of cells/tissues as
they control the complex biological pathways (interactomes) required
for health, and whose dysregulation frequently leads to disease. While
human pathologies are encoded both by the genome and environment,
they are all produced by measurable changes in the human proteome,
and most drug targets are proteins.

To date, cancer has led the field in the introduction of precision
medicine. As described above, recent technological advances have as-
sisted this. Several key publications have shown the potential of pro-
teomics, combined with other omics platforms, in supporting precision
medicine. Lee Hood (Institute for Systems Biology, Seattle, USA) laun-
ched the Pioneer 100 Persons Wellness Project in 2014. This project
included whole-genome sequencing, more than 100 clinical tests (using
blood, saliva, urine, and stool), metabolomics, proteomics and analysis
of the patient's microbiomes at three-time points with daily activity
tracking (sleep patterns, pulse, physical activity) [156]. Associations
were divided into data communities, which identified biomarkers in
context within biological networks. It was extended to the recruitment
of 100,000 patients using the services of a commercial entity (Arivale,
Seattle, USA). The use of longitudinal data is a key advantage of the
precision medicine approach where the individual becomes his baseline
rather than the current situation where a supposedly “normal range” is
used. We have noted in our studies that the patient data is often far
tighter than that of the so-called healthy controls.

In what will almost certainly prove to be a landmark publication,
Mike Snyder (Stanford University), one of the first scientists to sequence
his own genome (affectionately known as the Snyderome), used a
combination of genomic, transcriptomic, proteomic, metabolomic, and
autoantibody profiles to monitor himself over a 14months period
(Integrative Personal Omics Profile, iPOP). This was combined with the
use of a number of wearable sensors and detailed medical history. This
revealed a susceptibility to several potential health issues including
coronary artery disease, basal-cell carcinoma, hypertriglyceridemia and
Type 2 Diabetes (which occurred during the study) [157]. This single
study generated over 30 terabytes of data, indicating the data-intensive
nature of such studies (Big Data). This approach has now been extended
to the hPOP (human Personal Omics Profile) study, run in collaboration
with the Human Proteome Organization (HUPO). In this Human Pro-
teome Project-endorsed initiative, study volunteers at annual interna-
tional HUPO Congresses, which alternate regionally, are consented and
provide blood, urine, and fecal samples at the Congress using strict
standard operating procedures (SOPs). These samples will be used for a
comprehensive study incorporating whole genome sequencing, tran-
scriptomics, proteomics (including fecal proteomics to measure the
microbiome), and metabolomics. Again this study will provide long-
itudinal data from delegates who regularly attend these meeting as well
as enabling ethnicity studies due to the different rotating Congress lo-
cations (Central (Europe), Western (Americas) and Eastern (Asia-
Oceania)) [155].

The need for multidisciplinary (e.g. chemists, biochemists, physi-
cists, mathematicians, pathologists, clinicians, computer programmers,
information technologists, engineers, instrument manufacturers), often
multinational, teams to address P4/PM was proposed by Hood [158].
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To assist such studies, several organisations and initiatives have arisen.
HUPO was established in 2001 to represent and promote proteomics
through international cooperation and collaboration to foster the de-
velopment of new technologies, techniques, education, and training.
Their goal is to generate the map of the protein-based molecular ar-
chitecture of the human body using currently available and emerging
technologies, which will become a resource to help elucidate the bio-
logical and molecular function and advance diagnosis and treatment of
diseases. This was based on three fundamental pillars: Mass Spectro-
metry, Antibodies, and Knowledgebase (bioinformatics). Data is typi-
cally generated using both Chromosome (C-HPP) and Biology and
Disease (BD-HPP) approach. In 2018 Pathology was added as a fourth
pillar, recognising the translational nature of many of the projects and
the need for active interaction with the pathology and clinical com-
munities.

A number of initiatives have stemmed from the US National Cancer
Institute (NCI). The Early Detection Research Network (EDRN brings
several institutions working primarily in the biomarker space to help
accelerate the translation of biomarker information into clinical appli-
cations and to evaluate new ways of identifying early-stage cancer and
cancer risk. The Clinical Proteomic Tumour Analysis Consortium
(CPTAC), launched in 2011, is a US effort to accelerate the under-
standing of the molecular basis of cancer through the application of
large-scale proteome and genome analysis. Projects have included in-
tegrated proteogenomic analysis of colorectal, breast and ovarian
cancer which have revealed valuable new insights into these cancer
types, including identification of proteomic-centric subtypes, prior-
itisation of driver mutations by correlative analysis of copy number
alterations and protein abundance, and understanding the role of
posttranslational modifications in cancer-related pathways [159].
Arising from this, as part of the Obama Cancer Moonshot Task Force,
the Applied Proteogenomics Organizational Learning and Outcomes
(APOLLO) initiative was established in 2016 to bridge oncology re-
search and care effectively. This was achieved by partnering with the
nation's two largest health systems, the Department of Defence and
Veterans Administration, to analyse DNA, RNA, and protein expression
profiles of 8000 annotated human tissue specimens from a wide variety
of organ sites.

The International Cancer Proteogenome Consortium (ICPC) was
established as part of the Cancer Moonshot to develop a collaborative
forum to study common cancers in different populations to enhance
precision oncology and share the data collected with scientists and
physicians worldwide. This currently comprises 12 countries and 31
distinct institutions of which 11 were already members of the CPTAC
effort. In Australia, as part of this initiative, ProCan was established in
Sydney for “industrial scale proteomics” with the goal of generating
10,000 cancer proteomes a year from fresh frozen or formalin fixed
paraffin embedded material using Accelerated Barocycler Lysis and
Extraction (ABLE) technology for sample processing and multiple
SWATH MS instruments for high throughput analysis [160].

8. Towards the clinic

Although the first biomarker panel to be discovered by proteomics
(OVA1), using SELDI (surface-enhanced laser desorption/ionisation
time-of-flight mass spectrometry) technology [161], was clinically ap-
proved in 2009, since then remarkably few potential biomarkers iden-
tified by proteomics have made it to the clinic. Despite the large
number of putative biomarkers reported, target verification and vali-
dation are still a significant hurdle for the clinical translation of onco-
protein data [162]. Several factors contribute to this. These include the
time lapse for appropriate robust, high throughput, sensitive and spe-
cific, multiplexed MS assays to be developed, inappropriate sample size,
poorly designed trials, overfitting of data, lack of funding, regulatory
hurdles and reimbursement issues. Additionally, most studies have fo-
cussed on blood-based measurements where improved methodologies

need to be developed (e.g. ultradepletion [163]), improved fractiona-
tion) to overcome the extremely high protein dynamic range in plasma
that renders it difficult to measure low-level components.

One hurdle that is well recognised by the pathology community, but
perhaps less so by the proteomics fraternity, is that of clinical utility.
Key questions include (1) What is the clinical management problem and
desired outcome (2) Can the proposed biomarker, or biomarker panel
contribute to the solution (3) Is there an existing clinical solution (4) Is
the proposed biomarker solution feasible in practice? [164]. These
concepts should be visited earlier rather than later in the biomarker
development pathway, again highlighting the need for clinicians and
pathologists as part of the multidisciplinary teams.

Despite these caveats, several proposed biomarkers are heading
towards the clinic. This has been facilitated by the development of
MRM/immunoMRM/SWATH technology, coupled with robotic sample
handling, enabling high throughput, multiplexed validation and re-
sources. These resources include The Human SRM Atlas [165], the JPT
Human Proteome Peptide Catalog (which comprises more than 400,000
light and heavy proteotypic peptides covering 19,840 proteins pre-
dicted by the human genome and confirmed by more than 10,000,000
validated MS spectra available from the ProteomicsDB database)
(http://www.jpt.com), and The Human Protein Atlas [166].

One multiplexed cancer-related MRM/SRM assay has now entered
the clinic. Xpresys Lung (Integrated Diagnostics, Seattle) is a blood-
based test in which eleven proteins are assayed to determine the ma-
lignant potential of lung nodules. This was based on proteomics study
[167] in which a systems biology strategy had been used to identify 371
protein candidates, and MRM assays developed for each. Interestingly,
pathway analysis identified several transcriptional regulators (NF2L2,
AHR, MYC, and FOS) associated with lung cancer, lung inflammation,
and oxidative stress networks.

Several recent proteomics publications have targeted pancreatic
cancer, which has the worst survival rate of all the 22 common cancers,
and where biomarkers for early detection are urgently required
[168,169]. Many of these studies have presented orthogonal validation
to support their findings. Thus, Hu et al. [170] followed up on a pre-
vious proteomics study that had revealed that calcium-activated
chloride channel regulator 1 (CLCA1) was a potential tumour sup-
pressor in pancreatic cancer, with expression inversely correlated with
patient survival. CLCA1 expression was then evaluated using tissue
microarrays and IHC in a separate cohort of 140 patients with pan-
creatic ductal adenocarcinoma showing low CLCA1 expression was an
independent predictive factor of poor disease-free survival. In another
study on intraductal pancreatic mucinous neoplasms (IPMN) [171],
MALDI imaging was used in combination with nanoLC-ESI-MS/MS.
Differentially expressed proteins were validated in an independent
IPMN cohort by IHC on surgical specimens using tissue-microarrays and
endoscopic ultrasound fine-needle aspirates.

In a study addressing CRC, another of the top 4 deadliest cancers, a
combination of laser capture microdissection (LCM), iTRAQ labelling
and 2D LC-MS/MS was used to compare stromal proteomes in different
stages of CRC to assess the effect of the tumour microenvironment.
Differentially expressed proteins were subjected to cluster and pathway
analyses. The differential expression of Tenascin-C and S100A9 were
validated using IHC. It was found that expression levels of S100A9 and
Tenascin-C correlated with tumour stage and metastatic potential.
Additionally, Tenascin-C was found to be highly expressed in metastatic
lymph nodes. Taken together, these data clearly show that the “valley
of death” between discovery and translation is being overcome, and
rapid advances are now being made in progressing proteogenomic data
towards the clinic as an adjunct to precision medicine.

9. Future perspectives

Significant technological advancements have been made in pro-
teomics, especially oncoproteomics, over the past decade, single cell
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analysis is becoming a reality, and our understanding of the complex
biology underlying the hallmarks of cancer and disease heterogeneity is
rapidly expanding. However, we are still only seeing “the tip of the
iceberg” in terms of clinical application and precision medicine (Fig. 3).
Although several potential biomarkers and biomarker panels have been
and will continue to be, identified, the approval of these more widely in
the clinical setting has been slow. The use of techniques such as SRM
and SWATH now enables rapid validation in a multiplexed manner with
appropriate sample numbers. Improved validation methodology will
result in a drastic increase in the number of approved assays entering
the clinic. Interactomics will continue to play an important role, espe-
cially in further understanding cancer biology and identifying novel
biomarkers and drug targets. MS and bioinformatics, coupled with
techniques like CyroEM, will populate this vital area. A meta-analysis of
large cancer data sets and data-driven in silico studies [172] will further
increase our understanding of cancer biology, while predictive model-
ling of drug treatment [173] will facilitate individualised prediction of
patient responses to treatment. This will facilitate drug development,
which will in turn support personalised medicine, addressing both
health and disease. Undoubtedly a significant hurdle will be that of the
Big Data, arising from not only the large body of oncoproteogenomic
data, that will be generated, but also large heterogeneous datasets from
other resources such as electronic health records and data obtained
from smartphone applications and personal monitoring devices (Fig. 1),
the so called “Health Avatar” [174]. The use of increasingly powerful
supercomputers coupled with artificial intelligence and machine
learning methods will be fundamental to overcoming this problem
[175] and will identify trends and associations that are not obvious in
smaller data sets (Fig. 3). New methods specifically for optimising data
collection, storage, cleaning, processing, and interpretation will con-
tinue to be developed [176]. The need for multidisciplinary teams has
been recognised. This will lead to a heightened need for collaborative

networks sharing both their data and expertise, with the uptake of
standardised SOPs and methodologies. Bodies such as CPTAC and
HUPO will be essential to oversee this and ensure international agree-
ment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cca.2019.06.006.
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