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Abstract Proteogenomics, or the integration of proteo-
mics with genomics and transcriptomics, is emerging as the
next step towards a unified understanding of cellular
functions. Looking globally and simultaneously at gene
structure, RNA expression, protein synthesis and post-
translational modifications have become technically feasi-
ble and offer a new perspective to molecular processes.
Recent publications have highlighted the value of prote-
ogenomics in oncology for defining the molecular
signature of human tumors, and translation to other areas of
biomedicine and life sciences is anticipated. This mini-
review will discuss recent developments, challenges and
perspectives in proteogenomics.
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Introduction

The completion of genome projects, for human and other
species, has not only provided a considerable amount of
information on DNA and gene structure, but it has also
opened the way for the global investigation of gene
expression. Building on that foundation, transcriptomics
has progressively evolved from the simple analysis of
individual transcript levels using microarrays to the
simultaneous sequencing of all RNAs expressed in a living
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entity. As a consequence, the integration of genomics with
transcriptomics, also termed functional genomics, has led
to a better understanding of the relationship between
genotypes and phenotypes, thus significantly impacting the
fields of biology and medicine. For instance, genomic and
transcriptomic profiles have been established for several
pathologies including cancer, and this is starting to impact
clinical practice for disease diagnosis, prognosis as well as
prediction of risk. However, it has also been realized that
the gene and transcript levels could not be regarded as the
ultimate window for understanding gene functions and
associated phenotypes, as proteins are the functional
effectors of gene function. Thus, the necessity of a better
integration of functional genomics with analysis at the
protein level, proteomics, has progressively emerged. Here,
we will discuss the latest developments in integrating the
omics, proteogenomics, and the new opportunities it opens
in cellular and molecular life sciences.

Proteomics: a step closer to function

It is now clearly established that the abundance of an indi-
vidual protein cannot be predicted in confidence by the level
of the corresponding mRNA. Initial studies in bacteria and
yeast [1] have suggested a reasonable correlation of about
~50 % between mRNA and protein levels, but studies in
multicellular eukaryotes have revealed a much lower cor-
relation. In humans, global transcriptomic and proteomic
analyses have shown that only 30 % of changes in protein
levels can be explained by corresponding variations in
mRNA [2]. This discrepancy emphasizes the importance of
post-transcriptional regulations. Variable translation effi-
ciency of mRNA and regulation by siRNA account at least
partially for the difference between mRNA and protein
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levels, but the degradation and dynamic turnover of proteins
are also involved. Ranging from a few minutes to several
days, the half-life of proteins is controlled by various
pathways such as, but not limited to, the ubiquitin and
proteasome pathway [3]. Furthermore, the presence or
absence of post-translational modifications, such as phos-
phorylation, glycosylation or ubiquitinylation, has a strong
impact on protein stability, adding a further level of com-
plexity. Together, the composition and dynamics of the
proteome is not deducible from functional genomics data,
and as a consequence proteomics is an indispensable and
complementary approach to genomics and transcriptomics.

It is interesting to note that the existence of amino acids
and the structure of proteins were established at the
beginning of the twentieth century, long before the struc-
ture of DNA/RNA was elucidated. However, the genome
of many species has already been sequenced but we are still
waiting for the definition of their entire proteomes. A first
draft of the human proteome has just been delineated [4]
but we are still far from a complete description, and the
main source of complexity appears to be the organ and
tissue compartmentalization of proteins. There are about
200 cell types in the human body, which are organized in
tissues and organs, thus creating a variety of proteomes.
Therefore, defining the proteomes of human and of other
species is going to be challenging and will require a great
deal of international effort and coordination.

From a methodological standpoint, proteomic analysis
of a living entity is made possible because its genome has
been sequenced and is accessible for online interrogation
[5]. After proteolytic digestion of a protein extract, the
resulting protein fragments are analyzed in mass spec-
trometry and the peptide sequences obtained are used to
interrogate genomic databases for identifying proteins.
Mining genomics databases and looking for sequence
homology that match with mass spectrometry data is the
essence of any modern proteomic analysis. Mass spec-
trometry has progressively become more sensitive and high
throughput for protein identification, as illustrated with
shotgun proteomics [6], and is also the central tool for
protein quantification and comparative analyses, as well as
determination of post-translational modifications. It should
be emphasized here that bioinformatics is essential to
proteomics, just as it is to genomics and transcriptomics
[7], and that it is also the cornerstone for integrating data
obtained from the different omics.

The emergence of proteogenomics
Two essential facts differentiate genomic and transcriptomic

from proteomic approaches. First, proteins cannot be
amplified: there is no PCR for proteins and therefore as much
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protein necessary for identification and quantification has to
be purified prior to analysis. Second, at this stage, there are no
protein arrays that work efficiently for large-scale analysis.
Not only are antibodies not available against all proteins, but
also post-translational modifications can alter antibody rec-
ognition and affinity. Overall, the methodological
approaches used in transcriptomics and proteomics are
fundamentally different in principle and as a consequence
the integration of these omics has remained a challenge. In
this regard, the situation in humans is indicative of the dif-
ficulties and challenges. With about 20,000 genes and 10°
proteins bearing more than 200 types of post-translational
modifications, the molecular complexity clearly increases
from the genome to the proteome and integrating these
complementary levels of complexity requires a proportional
increase in fractionation and enrichment techniques [8], as
well as in computing and bioinformatics [7].

The concept of proteogenomics (Fig. 1) is that the three
levels, DNA and epigenetic regulations, RNA expression,
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Fig. 1 Concept and methods in proteogenomics. An integrated
approach including analyses at the DNA (genomics), RNA (transcri-
ptomics) and protein (proteomics) levels is called proteogenomics and
allows assembling the molecular puzzle driving cellular functions. On
one hand, genomic and transcriptomic data are used to obtain a
customized database of theoretical proteins. On the other hand,
proteomic data open a protein window into gene expression data. This
reciprocal improvement requires handling of information obtained
from the different technologies commonly used in genomics (WGS
whole genome sequencing, exome sequencing), transcriptomics
(microarrays; EST expressed sequence tag; RNA sequencing) and
proteomics (shotgun LC-MS/MS Liquid chromatography tandem
mass spectrometry). The analysis of metabolites (metabolomics) and
corresponding technologies (LC-MS liquid chromatography—mass
spectrometry, MS/MS tandem mass spectrometry) is the next omics to
be integrated. Of note, the methodological proximity between
proteomics and metabolomics, both based on the use of mass
spectrometry, should facilitate future integration
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protein and their post-translational modifications are
simultaneously investigated and integrated. Although this
is intellectually seducing, until recently it had not been
practically implemented. This situation has rapidly chan-
ged over the last 2 years and based on methodological
convergence and progress in bioinformatics, robust
approaches in proteogenomics have been successfully
developed [9]. The essential step in proteogenomics is the
creation of a customized protein sequence database,
derived from genomic data, which can then be utilized to
study the model of interest. Because whole genome or
exome sequencing and RNA sequencing are now feasible
at an accessible cost, it is possible to delineate the entire set
of theoretical protein sequences present in particular
structures (such as cells or tissues) to be studied. Following
this, it is possible to identify proteins using shotgun LC-
MS/MS against this customized protein sequence database,
instead of using publically available generic databases. As
a result, this process delivers increased confidence in pro-
tein identification/quantification on one hand, and on the
other hand it provides a protein-level validation of gene
expression. The overall benefit is a holistic view of the
molecular landscape from genes to proteins and a refine-
ment of both protein and gene models. Technical
challenges inherent to genomics and proteomics (sensitiv-
ity, reproducibility, accuracy) remain relevant in a
proteogenomics investigation. In particular, precision and
accuracy in both gene and protein sequencing is probably
the most crucial issue at this stage, as the existence of
errors in annotation can be misleading to subsequent
functional and clinical investigations. Although caution has
to be applied to avoid potential errors to be amplified
during the crossover of genomics and proteomics data,
primarily occurring during the constitution of the custom-
ized sequence database, proteogenomics ultimately
provides a powerful means to correct mistakes in both gene
and protein sequences.

Proteogenomics breakthrough in oncology

The emergence of proteogenomics is best illustrated with
cancer research where major advances have been made.
Cancer progression is driven by genomic alterations and
instability that result in a series of genomic changes
including mutations, methylation, copy number aberrations
or translocation [10]. Until recently, most efforts to define
molecular changes associated with oncogenesis have been
driven by deep genome sequencing under the leadership of
the International Cancer Genome Consortium [11] and The
Cancer Genome Atlas (TCGA) project [12]. However, as
those projects were progressively advanced, it became
clear that linking cancer genotypes to phenotypes would

also require the definition of cancer proteotypes. In the
same time, progress in high-throughput proteomics (shot-
gun proteomics) has made proteomics a reliable and large-
scale approach with capabilities matching those of
genomics for the analysis of tumor and blood samples. In
this context, the National Cancer Institute (NCI) launched
the Clinical Proteomic Tumor Analysis Consortium
(CPTAC) [13] in 2011 to accelerate the understanding of
the molecular basis of cancer through the application of
robust, quantitative, proteomic technologies and workflows
[14]. The overarching goal of CPTAC is to improve the
ability to diagnose, treat and prevent cancer by defining a
proteomic signature to major human cancers.

Significant progress in CPTAC program has recently
been illustrated with a major publication [15] describing a
proteogenomic characterization of human colon and rectal
cancers. This study has identified 5 proteomic subtypes in
the TCGA colorectal cancer cohort. Interestingly, chromo-
some 20q amplicon was associated with the largest global
changes at both mRNA and protein levels and proteomic
data indicated potential 20q candidate biomarkers and
therapeutic targets in colorectal cancer. The results also
highlighted that messenger RNA transcript abundance did
not reliably predict protein abundance differences between
tumors. It is worth noting that tumor classifications estab-
lished so far are entirely based on genomic and
transcriptomic analyses. For instance, in breast cancer, four
main classes of tumors (luminal A, luminal B, HER2, triple
negative/basal like) have been defined based on gene
expression profile and this classification is regularly updated
by the addition of subclasses [16] to better match clinical
data, particularly in terms of treatment response. The dem-
onstration of a low correlation between mRNA and protein
abundance in colorectal cancer [15] raises the limitations of
current molecular classifications solely based on gene
expression, and it is clear that a refinement at the proteomic
level is necessary. Overall, these developments show that
proteogenomics has the ability to deliver an additional
dimension to the understanding of tumor molecular biology
[17] and this could lead to improved diagnostic and thera-
peutic strategies. In particular, it should be emphasized that
traditional genomic and proteomic studies typically use a
reference database to model the general population, there-
fore masking patient specific variation. Perhaps, the most
significant potential of proteogenomics for making the leap
from the bench to the clinic is to provide a means for per-
sonalized analysis, via the constitution of an individual
patient-based customized gene/protein sequence database.
This clearly represents a significant milestone towards
individualized cancer medicine.

In a broader perspective, these recent achievements in
cancer proteogenomics are paving the way for similar
investigations in other diseases as well as in other fields of
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biology. Proteogenomics has already been implemented in
microbiology [18, 19], plant biology [20, 21] and environ-
mental sciences [22, 23]. These investigations have led to
the discovery and revision of genes and proteins involved in
basic physiological processes, but also they have helped to
remove questionable gene annotation assignments and to
confirm the presence of post-translational modifications.
Interestingly, some of the issues facing these disciplines,
and in particular microbial and plant population heteroge-
neity, are common with cancer biology. The molecular
heterogeneity of tumors and cancer patient population is a
limitation to the efficacy of the management of the disease
in terms of prediction of risk, diagnosis and treatment.
Therefore, the application of proteogenomics across areas
of life sciences will presumably result in mutual improve-
ment and should foster its widespread use.

Future directions and conclusion

Although proteogenomics is the latest development in
omics, with anticipated practical outcomes in biology and
medicine, it is still in infancy stage and future develop-
ments are needed before it can become widely used. First,
further bioinformatics integration is required to fully
exploit the entire spectra of information obtained in
genomic, transcriptomic and proteomic investigations.
Second, proteogenomics outputs will have to be made
accessible to the research community. At the present stage,
this is not really the case and more databases, informatics
interfaces and dedicated software will have to be devel-
oped. Third, it already appears that proteogenomics will
not be the ultimate stage of molecular integration from
genotypes to phenotypes, as we are already witnessing the
birth of the next omics: metabolomics [24]. Defining the
metabolites produced by all enzymatic activities will be the
next level for a better comprehension of living organisms
and this will also have to be integrated with proteoge-
nomics. Thus, more integrative challenges are ahead and
the future of biology and medicine is probably taking shape
in these efforts.
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