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ABSTRACT

An attractive path forward in proteomics is to experimentally annotate the human protein-
complement of the genome in a gene-centric manner. Using antibodies, it might be possible to
design protein-specific probes for a representative protein from every protein-coding gene and to
subsequently use the antibodies for systematical analysis of cellular distribution and subcellular
localization of proteins in normal and disease tissues. A new version 4.0 of the Human Protein
Atlas (www.proteinatlas.org) has been developed in a gene-centric manner with the inclusion of all
human genes and splice variants predicted from genome efforts together with a visualization of
each protein with characteristics such as predicted membrane regions, signal peptide and protein
domains and new plots showing the uniqueness (sequence similarity) of every fraction of each
protein towards all other human proteins. The new version is based on tissue profiles generated
from 6122 antibodies with more than 5 million immunohistochemistry-based images covering 5067
human genes, corresponding to approximately 25% of the human genome. Version 4.0 includes a
putative list of members in various protein classes, both functional classes, such as kinases,
transcription factors, G-protein coupled receptors etc, and project-related classes, such as candidate
genes for cancer or cardiovascular diseases. The exact antigen sequence for the internally generated
antibodies is also released together with a visualization of the application-specific validation
performed for each antibody, including a protein array assay, Western blot analysis,
immunohistochemistry and, for a large fraction, immunofluorescent-based confocal microscopy.
New search functionalities have been added to allow complex queries regarding protein expression
profiles, protein classes and chromosome location. The new version of the protein atlas thus is a

resource for many areas of biomedical research, including protein science and biomarker discovery.
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One of the largest challenges in the post-genome era is to explore and understand the instructions
embedded in the human genome. The sequencing of the human genome has revealed approximately
20,500 protein encoding genes (1) and it is now possible to envision a gene-centric proteomics
approach to map the protein-based molecular architecture of the human body (2). The generation of
“probes” in the form of protein-specific antibodies (3) allows for studies of the corresponding
proteins and protein isoforms using a wide range of assays, including analysis of tissue- and cell

protein profiles.

The major repository for protein information is the Universal Protein Resource (UniProt) (4), a
collaborative effort between the Swiss Institute of Bioinformatics, the European Bioinformatics
Institute and the Protein Information Resource. An alternative portal was recently described, the
Human Proteinpedia (5), in which researchers themselves can submit annotated protein data from a
large number of technology platforms, such as mass spectrometry, Western blots and
immunohistochemistry, with accompanying experimental evidence. In the current version of
UniProtKB (release 14), there are 20,069 reviewed human protein entries. Only approximately half
(11,371) of these entries have evidence at the protein level. This emphasizes the need for protein-
specific antibodies to extend the number of verified proteins, with the aim to create a complete list

of all human proteins forming a basis for protein-related research in human biology and medicine.

Here, we report on a new version 4.0 of the publicly available Human Protein Atlas
(www.proteinatlas.org) with new features and a new structure based on a gene-centric and genome-
complete view of the protein-complement of the human genome. The protein atlas portal is the
results of a large-scale effort to create a resource for human protein expression profiles in normal
tissues, cancer cells and cell lines, with validated antibodies as reagents. The results show a path

forward to create a comprehensive resource covering all human proteins.

The progress of the Human Protein Atlas

The first version (1.0) of the Human Protein Atlas portal was released in August 2005 and
contained 275 internally generated antibodies and 443 external antibodies obtained from various
commercial antibody vendors (Table 1). The antibodies were used to stain tissue microarrays (6)
(TMAs) with a comprehensive set of normal and cancer tissues (7). For each antibody, 576 high-
resolution images representing different tissues and individuals were generated and subsequently
annotated and curated by certified pathologists (8). Tissue profiles corresponding to 650 human
genes were released as part of version 1.0 and more than 400,000 high-resolution images were

available through the database portal. A year later, the next version of the atlas was released, more
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than doubling the number of antibodies to 1514 corresponding to 1344 genes (Table 1). In addition,
59 human cells and cell lines were stained in duplicates for each antibody and the 118 images were
analyzed using automated image analysis software (TMAX) (9). The number of IHC images
available in this release was approximately 1 million. The third version of the atlas was released in
2007 and again the number of antibodies and genes doubled as compared to the previous version
(Table 1). Altogether 1774 “in-house” generated monospecific antibodies and 1241 external
antibodies were analyzed in this manner generating more than 2 million annotated images, all
publicly available on the Human Protein Atlas portal. A new search function was released allowing
relatively complex queries involving tissue profiles in normal and cancer tissues (10). Some of the
antibodies were also used for analysis of subcellular localization of the target protein in three
human cell lines using fluorescence microscopy (11). All confocal images were generated with
three additional probes to stain the nucleus, the endoplasmatic reticulum (ER) and the cytoskeleton
and images were generated to allow visualization of these four probes simultaneously or separately.
The new version 4.0 of the protein atlas again doubles the content of antibodies to 6122 (Table 1)
with more than 5 million images and with the majority (63%) of the antibodies obtained through the
internal effort. Altogether, 5067 genes have been analyzed, corresponding to approximately 25% of

all the predicted protein-coding genes of the human genome (1).

A gene-centric protein atlas

The first three versions of the protein atlas were “antibody-centric” with a database structure based
on the results from each antibody. The new version 4.0 has been changed to a “gene-centric”
structure in which all genes predicted by Ensembl (12) are included as part of the database.
Altogether the 21,528 predicted protein-coding genes of the Ensembl release 50.36 is contained in
the database at present, slightly higher than the 20,500 genes predicted by Clamp et al (1). A search
in the portal will result in a list of protein-coding genes and this is illustrated in Figure 1, in which a
partial list of the all the genes on chromosome X is displayed. The column with Antibody Id shows
if an antibody has been used to generate tissue profiles, as is the case for most of the genes shown
here. However, the protein product of the first gene (ATP1B4) and two other genes further down
(ATXN3L and AVPR2) do not yet have approved antibodies and consequently there are no tissue
profiles in the database at present as shown by the lack of an Antibody Id and no data in the
Validation column. Other genes have several antibodies to the same protein target as exemplified by
the second gene (ATP2B3) which has both an internally generated antibody (HPA) and an external
commercial antibody (CAB) and the last gene (BCAP51), which has three antibodies directed
towards its protein product, one internally generated (HPA) and two external antibodies (CAB), in

this case from two different antibody vendors. Consequently three different antibodies from three
4
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different origins are available to this gene product and this allows for comparative studies and better

validation of the staining results.

Validation of internally generated antibodies

The specificity of the internally generated antibodies was validated by protein microarrays (8, 13) in
which 384 human recombinant protein fragments were spotted on a microarray and the antibody
specificity was determined using a fluorescent-based analysis. The antibodies were further validated
by Western blotting using tissue extracts from liver and tonsil, pooled human plasma depleted of
IgG and albumin, and cell extracts from two human cell lines (8). In addition, an
immunohistochemistry (IHC) validation was performed using a tissue microarray containing 13
normal tissue types, 4 tumor types and 8 cell lines, in duplicate or triplicate, altogether 42
microarray cores. The results of the Western blots and the immunohistochemistry were annotated
based on known literature and bioinformatics data (presence of signal peptide, transmembrane

regions or other localization signals).

The results of the validation of more than 9000 internally generated antibodies are shown in Table
2. Approximately half (49%) of the antibodies fail due to a staining pattern that is not consistent
with literature or bioinformatics data. Antibodies with supportive validation constituted 22% of the
reagents and out of these 7% were paired antibodies with similar staining pattern, consistent with
experimental and/or bioinformatics data (score 1). 29% of the antibodies were categorized as
uncertain with no literature data available or with staining pattern only partly consistent with earlier
experimental data and/or bioinformatics. The results show that approximately half (51%) of the
internally generated antibodies are scored 1 to 4 and these are subsequently made public through the

Human Protein Atlas.

It is noteworthy that the validation of the antibodies (immunohistochemistry and Western blotting)
depends on subjective decisions based on a comparison of experimental results with information
obtained via bioinformatics prediction methods and literature, which in many cases are
inconclusive. As an example, the lack of developmental tissues in the microarray setup excludes the
validation of antibodies to protein targets that are only expressed during developmental stages. It is
therefore reassuring that for a majority of the cases where two separate antibodies have been
generated to the same protein target, the immunohistochemistry analysis gave identical or similar
staining patterns in the cell tissue microarray. Observed discordant IHC patterns can be explained
by the presence of protein isoforms, such as splice variants or post-translationally modified

proteins, but cross-reactivity to other proteins cannot be excluded. The availability of validation
5
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data on a public database thus facilitates input from the scientific community regarding the possible
cross-reactivity and specificity of each antibody (14). In this context, we have decided to make the
supporting validation results available with the supporting images available for review (Figure 1).
Our aim is to encourage open access to the validation results to facilitate international efforts to

compare antibodies generated by different programs.

Validation of external antibodies

A call for antibodies towards human proteins was sent to a large number of commercial vendors.
5436 external antibodies from 51 different antibody providers were obtained and subsequently
validated. Out of these, 1410 monoclonal antibodies and 1316 polyclonal antibodies were approved
by a standardized validation using Western blotting and IHC on tissue microarrays as described
above. The success rates stratified by the different providers (Figure 2) showed large differences,
ranging from 0% to 100% of the antibodies, with an average success rate of 49%. It is important to
point out that many of these antibodies have not been approved by the antibody providers for
immunohistochemistry, which might explain the low success rate in our hands. In addition, some of
the antibodies might give supportive data if a more specialized assay were designed for each
antibody making sure that the target protein is present in the assay. Anyhow the results enforce the
need for publicly available validation results for antibodies, since half of the commercially available

antibodies did not pass our quality assurance.

Information about the antigen

We have earlier argued (13) that a long-term objective for a human antibody initiative could be to
generate two independent antibodies towards all non-redundant proteins, allowing the results and
validation of one antibody to be used to validate the other. The objective to generate paired
antibodies with non-overlapping epitopes, opens up the need to gain precise knowledge about the
binding region of each antibody either by epitope mapping of each antibody, such as the use of
overlapping synthetic peptides or if a synthetic peptide or a recombinant fragment has been used, to
gain access to the sequence used to generate the antibody. All the internally generated antibodies
have been produced via a protocol for polyclonal (monospecific) antibodies immunized and
affinity-purified using a recombinant Protein Epitope Signature Tag (PrEST) as antigen (15). With
the new version of the Human Protein Atlas (4.0), all antigen sequences for the internally generated
antibodies (62% of all the antibodies) are disclosed as part of the antibody information page to
facilitate such development and to aid in international efforts to generate paired antibodies. The

position of the antigen in the target protein is given in a new protein view (16) (Figure 3), together

6
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with a visualization of the various characteristics of a particular protein, such as plots showing the
sequence identity of different fractions of the protein to other proteins (17, 18), predicted

transmembrane regions (19), predicted signal peptide (20), InterPro regions (21) etc.

Protein classes

The new version of the atlas portal also includes the possibility to stratify the proteome according to
various protein classes. This can be done in three different ways; (i) functional classes, such as
kinases, transcription factors or GPCRs, (ii) list of interesting proteins, such as plasma proteins,
candidate markers of cardiovascular disease or candidate cancer markers and/or (iii) chromosomal
location of the corresponding gene. Some examples of protein classes included in the protein atlas
are shown in Table 3 with information about the number of genes in each class. The table also
shows the fraction of proteins with tissue profiles (validated antibodies) for each protein class
ranging from 26% for the transcription factors to 65% for the candidate markers for cardiovascular

disease and cancers (Table 3).

Advanced searches

The search function described by Bjorling et al (10) has been extended to allow complex queries,
including combined searches based on protein classes, chromosomal location and/or tissue profiles.
It is also possible to include searches based on the expression in the cell lines, in addition to tissue
profiles in the normal and/or cancer tissues. In Figure 4, two examples of combined searches are
presented to illustrate the new search function. The first example (Fig. 4A) is aimed to identify
protein from a certain protein class encoded from a particular chromosome and expressed in a
defined cell type. A search was made for transcription factors located on the human chromosome X
with high expression in ovary stromal cells and four proteins fit these criteria. The first protein is
the ETS domain-containing protein Elk-1, a transcription factor part of the ternary complex factor
(TCF) subfamily. This protein is the nuclear target for the ras-raf-MAPK signaling cascade and the
atlas summary shows strong expression in ovary and placenta, but also in parts of the brain
(cerebellum). The second protein is the methyl-CpG-binding protein 2 (MeCP2), which is a nuclear
protein that binds to methylated DNA. This protein can suppress transcription by binding to CpG-
containing promoters and the protein is essential for embryonic development. The gene is subject to
X-chromosome inactivation and is the major cause of female mental retardation. The tissue
profiling summary shows high expression in almost all tissues, with an expected nuclear
localization confirmed by the confocal images. The third protein is the multifunctional transcription

factor YY2 (Yin and yang 2), suggested to antagonize YY1 (also known as delta transcription
7
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factor NF-E1) which shows high sequence similarity to YY2. The protein YY1 is a ubiquitously
distributed transcription factor belonging to the GLI-Kruppel class of zinc finger proteins and it is
involved in repressing and activating a diverse number of promoters. The tissue profiles of the atlas
show an expected nuclear localization and expression in most cells, except the brain. Finally, the
query found Zink finger protein 75, also known as the Zink finger protein 82. The function of this
protein is unknown. The tissue profile summary shows expression in all cells. Again the
immunohistochemistry shows a nuclear staining and this is supported by the confocal microscopy

images showing staining of nuclei in all three cell lines.

The second query is aimed to identify proteins over-expressed in cancer as compared to its normal
cellular counterpart. Based on the list of candidate cancer proteins identified by Polanski et al (22),
a search was made to investigate if any proteins on this list was expressed at high levels in at least
six out of 12 colorectal cancer patients, while the expression in normal glandular cells in the colon
is low (Fig. 4B). Again four proteins fit these criteria. The first protein is the serine/threonine-
protein kinase 12 (Aurora-B), also known as Aurora-related kinase 2. The Aurora kinases associate
with microtubules during chromosome movement and segregation and this protein localizes to
microtubules near kinetochores, specifically to the specialized microtubules called K-fiber. The
tissue profiles of the Human Protein Atlas shows strong expression in six out of 12 colon cancers
and the expression is, as expected, in the nuclei. The protein is also expressed highly in a subset of
lung cancer and cervical cancer patients. The second protein is the G2/mitotic-specific cyclin-B1.
This protein is a regulatory protein involved in mitosis and the gene product complexes with p34
(cdc2) to form the maturation-promoting factor (MPF). The tissue profiles show low expression in
the normal colon (and the GI-tract), while six out of 12 colon cancer patients express this protein
abundantly. The protein is expressed highly in a few breast cancers and malignant lymphomas. The
third protein is the macrophage migration inhibitory factor (MIF), also known as the glycosylation-
inhibiting factor (GIF), which is a lymphokine involved in cell-mediated immunity,
immunoregulation, and inflammation. It plays a role in the regulation of macrophage function in
host defense through the suppression of anti-inflammatory effects of glucocorticoids. This protein is
expressed in low amounts in normal colon and the Gl-tract, while six colon cancer patients show
high expression. Finally, the search identified the human transcription factor SOX-9. This protein
recognizes the sequence CCTTGAG along with other members of the HMG-box class DNA-
binding proteins. It acts during chondrocyte differentiation and regulates transcription of the anti-
Muellerian hormone (AMH) gene. Deficiencies result in the skeletal malformation syndrome
campomelic dysplasia. The tissue profiles show a distinct nuclear staining, which is confirmed by

the analysis using confocal microscopy. Eight out of 12 colon cancers express high amounts of this
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protein, in contrast to the normal GI-tract. Sox-9 is also highly expressed in other cancers, in

particular skin cancer.

Concluding remarks

Here, we describe a first attempt to experimentally annotate the human protein-complement of the
genome in a gene-centric manner. A new version 4.0 of the Human Protein Atlas
(www.proteinatlas.org) has been developed with the inclusion of all human genes and splice
variants from the Ensembl (12) database. The new version is based on tissue profiles generated
from 6122 antibodies with more than 5 million immunohistochemistry-based images covering 5067

human genes.

An important objective of a gene-centric antibody-based proteomics project is to generate paired
antibodies with non-overlapping epitopes (8). In this context, an attractive path forward might be to
use the results from the antibody pairs with separate and distinct epitopes to subtract staining that is
only observed using one antibody. In this manner, the staining observed for both antibodies can be
scored as specific, although caution has to be made not to exclude true differences between the
antibodies, due to the presence of splice variants or protein modifications. A non-redundant set of
the human proteome corresponds to approximately 21,000 proteins (1) and the objective of an
initial human antibody-based proteome project would then according to this strategy be to generate
42,000 validated affinity reagents directed to two non-overlapping epitopes of each human protein.
Ideally, the binder-pairs should consist of different types of affinity reagents, such as monoclonal
antibodies (23), in vitro selected antibody fragments (24, 25), affibodies (26) or aptamers (27). If
one of the affinity reagents could be generated by the strategy used here involving the generation of
affinity-purified mono-specific antibodies, the other affinity reagent should thus be generated with
an alternative technology platform, preferably generating a renewable resource of reagents available
to the scientific community. This emphasizes the need for international efforts to coordinate such

antibody-based efforts, as previously discussed by Haab et al (28) and Taussig et al (29).

The antibody-based proteomics strategy described opens up the possibility to perform antibody-
based functional studies of the complete proteome, with an almost endless set of analyses to
investigate the corresponding proteins. Such studies should be complemented with alternative
proteomics techniques, such as GFP-tagging, interaction-analysis and high-resolution mass
spectrometry analysis, to further validated the results from protein probe-based assays. Such studies

could include detailed analysis of protein isoforms and global spatial and temporal protein profiles
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in both normal and disease tissues with the objective to create a gene-centric human proteome map

as a basis for biomedical and biological research.
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TABLES

Table 1. The progress of the Human Protein Atlas.

Version Year  No of No of No of Total New features
genes external internal abs no of
abs abs

1.0 2005 650 443 275 718 Protein profiles for 48 normal tissues (THC)
Protein profiles for 20 cancer types (IHC)

2.0 2006 1344 759 755 1514  Protein profiles for 59 cell lines and cells (IHC)

3.0 2007 2600 1241 1774 3015  Subcellular localization in three cell lines (IF)
Validation results (Western blot/protein array)
Search function (tissues and cancers)

4.0 2008 5067 2252 3870 6122  Gene-centric structure with all predicted genes

Advanced searches (protein classes and cells)
Visualization of antigen
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Table 2. Validation of 9358 internally generated antibodies.

Validation Validation Criteria Number of Fraction
score category antibodies (%)
1. High Supportive  Two independent antibodies with 687 7

similar staining pattern consistent with
experimental and/or bioinformatics data

2. Medium Supportive  Staining pattern consistent with 1414 15
experimental and/or bioinformatics data

3. Low Uncertain Staining pattern partly consistent with 1853 20
experimental and/or bioinformatics data

4. Very low  Uncertain  No literature or bioinformatics data 861 9
available
5. Failed Failed Staining pattern not consistent with 4543 49

experimental and/or bioinformatics data

Molecular & Cellular Proteomics

&
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Table 3. Protein classes.

Protein class Predicted  Tissue Fraction Source

genes profiles (%)
Kinases 503 273 54 UniProt (4)
Transporters 472 162 34 TCDB (30)
Transcription factors 1492 391 26 DBD (31)
Enzymes 2492 980 39 ENZYME (32)
G-protein coupled receptors® 392 119 30 UniProt (4)
Plasma proteins 687 384 56 Plasma Proteome Inst. (33)
Candidate markers of 166 108 65 Plasma Proteome Inst. (34)
cardiovascular disease
Candidate cancer biomarkers 1067 668 63 Plasma Proteome Inst. (22)
Chromosome 22 504 176 35 Ensembl (12)
Chromosome X 884 321 36 Ensembl (12)

The number of genes in each protein class is given by “Predicted genes” (as determined by Ensembl
version 50.36 (12)). “Tissue profiles” gives the number of genes for each class analyzed by
antibodies, while “Fraction” shows the percent of analyzed proteins. “Source” is the source from
which the original gene or protein identifiers for each class have been retrieved.

* Excluding olfactory and gustatory receptors
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FIGURE LEGENDS

Figure 1. Gene list resulting from a search on chromosome X in the Human Protein Atlas. 884
protein-coding genes for chromosome X are reported, out of which nine examples of gene entries
are displayed here. Gene name, a short description of the gene and the chromosomal localization of
the gene are given, together with links to external databases containing information about this gene.
Abbreviations of protein classes to which the gene belongs are displayed under “Class” and link to
a protein class page. If the atlas contains expression profiles for proteins encoded by the gene, the
antibody id is shown and will link to the expression profile and antibody information pages. The
results for different assays (protein array, Western blotting, immunohistochemistry and
immunofluorescence) are color-coded (green = supportive, yellow = uncertain, red = non-

supportive).

Figure 2. Success rates in validation of antibodies from external providers. 5399 antibodies
from external providers were validated by the standardized approach using Western blotting and
tissue microarrays. The figure displays the fraction of approved antibodies (grouped by monoclonal
or polyclonal antibodies) per external provider (2374 monoclonal antibodies and 3025 polyclonal
antibodies from 29 antibody providers). Only external providers that supplied at least five

monoclonal/polyclonal antibodies are represented in the figure.

Figure 3. Protein information in the Human Protein Atlas. The Gene/Protein info page for a
gene displays gene and protein information from different external sources as well as from in-house
generated data. The protein view displayed here visualizes protein features such as sequence
identity of different fractions of the protein to other human proteins, predicted transmembrane
regions, predicted signal peptide, regions common to all splice variants of the gene or exclusive to
this particular splice variant, low-complexity regions and protein domains. The position of the
antigen HPA003906 used for generation of the antibody is shown in the upper right corner of the

protein view.

Figure 4. Lists of genes resulting from advanced searches. The new advanced search allows for
complex queries involving expression profiles, protein classes and chromosomal localization of
genes. A. A search for genes coding for transcription factors on chromosome X with strong staining
in ovarian stromal cells results in a list of four candidate genes. B. A search for high levels of
expression of candidate cancer biomarkers in colorectal cancer, with low levels in normal colon,

results in a list of four candidate genes.
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FIGURES

Figure 1.
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Gene name
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(¥ K-ATPase subuntt beta-m).
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Antibody ID

Validation
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Plasma membrane
calcium-transporting ATPase 3
(EC 3.63.8) (PMCAZ) (Plasma
membrane calcium pump
isoform 3) (Plasma membrane
calcium ATPase izoform 3).
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Vacuolar ATP synthase
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Renin receptor precursor
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Copper-transporting ATPaze 1
(EC 3.6.3.4) (Copper pump 1)
(Menkes disease-associated
protein).
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Transcriptional regulator ATRX
(EC 361 .-) (ATP-dependent
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helicase i) (X-linked nuclear
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Putative ataxin-3-Fke protein
(EC 3.4 22 -) (Machado-Joseph
digease protein 1-ke).
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Vasopressin V2 receptor
(Renal-type arginine
vasopressin receptor)
{Antidiuretic hormone receptor)
(AVPR ¥2).
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B-cell receptor-associated
protein 31 (BCR-associated
protein Bap31) (p28 Bap31)
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Figure 3.

Protein data - 2 matching of 2 transcripts

Protein EnsEMBL IC: EMSPO0OODD3IS59152
Tranzcript EnzEMBL I ENSTO0O000370133
Transcript dizplay name:. BCAPI1-002

IImigriait 10 P51572 (Target identity: 100%; Guery identity: 100°%)
PrE=T identity: 100%
Mumber of amino acids. 246
flolecular weight: 28 kDa
Protein class: H/A
Signal peptice: Yes
Tranzmembranes regions; Yes
HPADO 220 ..
H=ID 10 - 1 mE ] 1
H=IDO &0 100
S0
[N
THMHMM —
P | e—
LZ-reg. — I ] I |
IF- reg. | — ————
P r'D te -I n L] L] L] L] L] L] L] L] L] L] L]
1 26 1 i) 101 126 151 17& 201 226
TM-descriptions: Inside Outside HsID 10: 100% S0%
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Figure 4.
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