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Since the first draft of the human genome sequence was published, several
attempts have been made to map the human proteome, the functional
representation of the genome. One such initiative is the Human Protein Atlas
project, which recently released a tissue-based map of the human proteome. The
Human Protein Atlas is based on the combination of transcriptomics and
antibody-based proteomics for mapping the human proteome down to the single
cell level. The comprehensive publicly available database contains more than
13 million unique immunohistochemistry images and provides an excellent
resource for exploration and investigation of future drug targets and disease
biomarkers.

All living cells consist of proteins, the
functional representation of the genome
responsible for a multitude of essential
functions needed to maintain life and
make us who we are. To be able to
understand the cellular interactions
under normal and pathological condi-
tions, and translate biological findings
into clinical applications, in-depth
knowledge of the molecular repertoire in
the normal human body is crucial. Since
the human genome sequence became
available, several attempts have been
made to create a map of the human
proteome.

Two comprehensive drafts of the
human proteome include the Human
Proteome Map [1] and the proteomics
database [2], based on mass spectrometry
efforts. Another recent initiative is the
tissue-based map of the human proteome,
generated by the Human Protein Atlas
project. Uhlen et al. [3] used antibody-
based profiling for analysis of protein
expression in a tissue context, presented in
an interactive website [4] containing pro-
tein data for at least one major isoform of
85% of the translated human genome.
Each of the >20,000 analyzed antibodies
has been used for immunohistochemistry

on tissue microarrays containing samples
from 44 different normal organs and tis-
sues, as well as the 20 most common can-
cer types. The analysis is combined with
RNA-seq of 32 different tissues and
organs, and data from 44 cell lines at both
the RNA and protein level. The public
database contains more than 13 million
immunohistochemically stained images
available for free in a virtual microscope,
which offers a unique possibility for
researchers to determine the exact distri-
bution of the protein expression in situ.

While mass spectrometry provides the
standard for quantifying a certain set of
proteins in a sample, immunohistochem-
istry has the advantage of adding spatial
resolution and information on expres-
sion pattern in certain cells or subcellu-
lar structures. As human tissues are
heterogeneous mixtures of different cell
types, the opportunity to analyze the
protein expression in a single cell resolu-
tion, with intact cell structure and tissue
morphology, offers further understand-
ing of the underlying biology and func-
tion of the protein.

In the Human Protein Atlas, the
expression of all genes has been catego-
rized based on expression level and tissue
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distribution, and is presented on numerous comprehensive
knowledge pages summarizing the proteomes and transcriptome
of each organ. A striking observation is that almost half of the
proteins were shown to be expressed in all analyzed tissues, and
these ‘housekeeping’ proteins are considered to be responsible
for maintaining the basic functions for life. The housekeeping
proteome includes 9000 genes encoding for example, ribosomal
proteins, enzymes and mitochondrial proteins. An interesting
group of proteins are proteins that were shown to be elevated in
a certain tissue or group of tissues, compared with all other ana-
lyzed tissues. It can be anticipated that these tissue-elevated genes
play important roles in the organ physiology. The tissue-elevated
proteins are displayed in easily accessible and clickable lists, pro-
viding the basis for further studies aimed at understanding the
molecular repertoire of tissues and organs in healthy and diseased
states [5,6]. Exploration of the expression patterns of these pro-
teins at the single cell level could identify targets relevant for
immunohistochemical studies in clinical cohorts. These proteins
may have important implications for medicine and aid in identi-
fying and stratifying high-risk individuals, guiding treatment
modalities, as well as contributing to further understanding of
underlying disease mechanisms. Tissue-elevated proteins could
also be searched for and analyzed in serum, for example, using
affinity proteomics on suspension bead arrays, as they represent
an interesting group of proteins that may be suitable for serum-
based diagnostic tests. In a recent study by Haggmark et al. [7]

focusing on plasma profiling in samples from amyotrophic lat-
eral sclerosis, two out of the three proteins shown to be associ-
ated with the disease were tissue-elevated. Serum-based analysis
can also be used to discover autoantigens for identification of
potential autoimmune targets [8].

Uhle�n et al. presents various subproteomes corresponding to
particular functional groups of genes. Similar to the organ pro-
teomes, clickable lists with genes belonging to different subpro-
teomes are easily accessible on the website, allowing for
screening and in-depth studies of proteins with a certain func-
tion. One such group of proteins is the druggable proteome.
Most pharmaceutical drugs target proteins, and the US FDA
has currently approved drugs targeting 620 human proteins.
Interestingly, a large fraction (30%) of these proteins was
shown to be expressed in all tissues and organs. A majority of
the FDA-approved drug targets are secreted or membrane-
bound proteins, and based on prediction methods, the Human
Protein Atlas displays a separate chapter with the estimated
complete set of the human secretome and membrane proteome.
These approximately 3000 secreted proteins and 5500 mem-
brane-bound proteins constitute important lists of genes for
both functional and pharmaceutical studies. Another relevant
group of proteins is the cancer proteome, listing 525 genes
implicated in tumorigenesis, based on different genetic altera-
tions. For many of these genes, visualization of the protein
expression using immunohistochemistry adds important infor-
mation as to differential expression between different forms of
cancer or individual tumors within the same cancer type, as
well as differences in protein expression between tumors and

the corresponding normal tissue. Other subproteomes include
the regulatory proteome, focusing on 1510 known transcription
factors; and the isoform proteome, discussing, for example,
splice variants and post-translational modifications.

The broad spectrum of tissues analyzed in the Human Pro-
tein Atlas allows for searches of proteins expressed in certain
tissues or groups of tissues [9], to generate gene lists with poten-
tial biomarker candidates that can be analyzed further on
extended material. This strategy is applicable not only for can-
cer research but also for projects in numerous other areas, such
as in the field of diabetes, in the quest for suitable candidates
for imaging of beta cells [10]. The extensive amount of protein
expression data in the Human Protein Atlas is available for
download, and constitutes an important resource for cross-
referencing of genes identified by other methods [11,12]. More-
over, the high-resolution images provided in the Human
Protein Atlas may be further studied with image analysis [13], a
technology likely to become increasingly important to comple-
ment the manual scoring performed by a pathologist, to pro-
duce a less subjective immunohistochemistry assessment.

The analysis of proteins in a tissue context using immuno-
histochemistry offers a more direct understanding of the pro-
tein function than genomes, and the method itself is easily
transferable to the clinical utility. Immunohistochemistry is a
widespread method used in most diagnostic laboratories, and
has emerged as a validation tool in biomarker discovery. How-
ever, despite the vast number of potential prognostic and diag-
nostic markers being described in literature, it is surprising that
few are put to practical use [14,15]. Translating a potential prote-
omic biomarkers to candidates used in the clinic is challenging,
and on the road from discovery to approval, there are several
pitfalls. This may in part be explained by inappropriate study
design or lack of well-characterized, specific antibodies suitable
for immunohistochemistry. Another explanation may be lim-
ited knowledge of the nature of the protein in a broader con-
text, taking into consideration how the protein expression is
distributed in a large set of different tissues and organs. The
affinity-purified polyclonal antibodies used in the Human Pro-
tein Atlas have undergone several quality steps during produc-
tion, and the immunohistochemical staining pattern of both
tissues and cell lines has been critically evaluated in comparison
with RNA expression data and previously published gene/
protein characterization data from other sources. Only antibod-
ies that passed the strict validation criteria were included in the
publically available portal. For the approved antibodies, a com-
bination of several different criteria was applied to assess the
quality and give each antibody either a supportive or uncertain
score. More than 5000 genes were analyzed using two or more
antibodies recognizing different epitopes of the same target,
adding a higher level of reliability in cases where the two anti-
bodies showed a similar staining pattern. In the case of well
characterized and differentially expressed genes, the large spec-
trum of tissues analyzed in the Human Protein Atlas in combi-
nation with RNA-seq data offers both positive and negative
controls for immunohistochemistry quality control and
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optimization. Many proteins are, however, largely uncharacter-
ized with only limited characterization data available, and as
the specificity of the staining is context dependent, all primary
data is provided on the Human Protein Atlas portal, making it
possible for users of the database to do an individual judgment
of the antibody reliability.

The Human Protein Atlas focuses on the major isoforms of
each protein, and has thus limitations in generating informa-
tion on post-translational modifications, which play a key role
in the regulation of biological processes and signaling pathways.
For a full understanding of the functional repertoire of a cer-
tain protein or group of proteins, the information retrieved on
the Human Protein Atlas should be complemented with other
methods, such as proximity ligation assay [16] or mass spectrom-
etry [17]. The tissue-based immunohistochemistry data may also
be combined with imaging mass spectrometry [18], which in
addition to the benefit of generating a quantitative measure-
ment, also allows for multiplexing.

In summary, the Human Protein Atlas portal generated by
Uhlen et al. represents an invaluable resource to gain biological
insight on human proteins. The protein expression data are
likely to become useful for numerous spin-off projects in basic
and clinical research, and will also have a large impact on the
pharmaceutical industry.
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