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Abstract

The 2022 Metrics of the Human Proteome from the HUPO Human Proteome Project (HPP)
illustrates that protein expression has now been credibly detected (neXtProt PE1 level) for 18,407
(93.2%) of the 19,750 predicted proteins coded in the human genome, a net gain of 50 since
2021 from datasets generated around the world and reanalyzed by the HPP. Conversely, the
number of neXtProt PE2, PE3, and PE4 missing proteins has been reduced by 78 from 1421

to 1343. This represents continuing experimental progress on the proteome parts list across all
the chromosomes, as well as significant reclassifications. Meanwhile, applying proteomics in a
vast array of biological and clinical studies continues to yield significant findings and growing
integration with other omics platforms. We present highlights from the Chromosome-Centric
HPP, Biology and Disease-driven HPP, and HPP Resource Pillars, compare features of mass
spectrometry and Olink and Somalogic platforms, note the emergence of translation products from
ribosome profiling of small open reading frames, and discuss the launch of the initial HPP Grand
Challenge Project, “A Function for Each Protein”.
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PROGRESS ON THE HUMAN PROTEOME PARTS LIST

Since 2010, the Human Proteome Project (HPP)1, the flagship initiative of the global
Human Proteome Organization (HUPO)?, has pursued two goals: (1) to credibly identify

J Proteome Res. Author manuscript; available in PMC 2023 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Omenn et al.

Page 3

the protein “parts list”, primarily but not entirely by mass spectrometry, and (2) to make
proteomics an integral part of multi-omics studies of human health and disease3-°. Through
international collaboration, data sharing, standardized reanalysis of datasets, and guidelines
for quality assurance, the HPP consortium has stimulated progress in building and utilizing
proteomics knowledge globally. The HPP is organized into 25 teams by chromosome and
mitochondria, 19 teams by biological and disease categories, and four resource pillars for
antibody-based protein localization, mass spectrometry, knowledgebases, and pathology.
This work is supported by advances in developing data formats and standards by the

HUPO Proteomics Standards Initiative (HUPO-PSI)8 and the concomitant growth of PRIDE,
PeptideAtlas, and other data repositories.

The human proteome database neXtProt curates and documents the proteins identified or
predicted in a chromosome-specific manner for ease of organization’. Table 1 shows the
annual progress in identifying proteins with credible protein-level evidence (PE1) from
13,975 proteins in 2012-02 to 18,407 PE1 proteins in the neXtProt release of 2022-02. The
total represents 93.2% of the 19,750 PE1,2,3,4 predicted proteins from protein-coding genes.
These proteins constitute the main gene-based translation products, but the total number

of protein species, including sequence variants, splice variants, and post-translationally
modified proteoforms, is a substantial multiple of that figure. Table 1 further documents the
reduction of PE2,3,4 “missing proteins”, classified based on detectable levels of transcripts
in human specimens (PE2), homologous protein expression in other species (PE3), or gene
models predicted to be translated (PE4), from 5511 in 2012-02 to 1343 in 2022-02, a
reduction of 78 in the past year, and now representing just 6.8% of the PE1,2,3,4 total of
19,750 predicted human proteins. Figure 1 shows the very complex dynamics of changes in
the past year.

For MS-based PE1 decisions, neXtProt incorporates peptide identifications from
PeptideAtlas® 2 and MassIVE1? and applies guidelines for protein validation (at least two
uniquely-mapping, non-nested peptides of 9 or more amino acids covering at least 18

amino acids) based on the HPP Mass Spectrometry Data Interpretation Guidelines v3.011,
Of the 1343 PE2,3,4 missing proteins, 310 have some MS data which are insufficient to
meet the Guidelines. Of the 18,407 PE1 proteins, 17,539 are based on mass spectrometry
evidence (Figure 2). Of the MS-based PE1 proteins, 17,174 resulted from PeptideAtlas
reanalysis of raw data from published datasets, and 17,033 resulted from similar reanalysis
by MassIVE and submitted to neXtProt; 16,668 proteins met the guideline requirements

in both PeptideAtlas and MassIVE; 506 proteins met the guidelines only in PeptideAtlas,
whereas 365 only met the guidelines in MassIVE. Peptide evidence must meet the guidelines
either in PeptideAtlas or MassIVE (or both); partial evidence from the two sources cannot be
combined to create sufficient proofll,

Of the 868 non-MS-based PEL1 proteins, 47 are primarily based on protein sequencing by
N-terminal sequencing by Edman degradation, 18 on 3D structures of natural proteins (not
recombinant) in the Protein Data Bank, 453 on protein-protein interactions, 31 on antibody
studies, 87 on PTMs and proteolytic processing, 69 on genetic mutations, and 163 from
biochemical studies. Many are supported by multiple types of studies, as shown in Figure 3;
some have MS data insufficient to meet the HPP MS Data Interpretation Guidelines v3.0.
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The quality criteria for protein-protein interaction annotations in neXtProt have been
changed so that only interactions shown by two independent sources of evidence are
considered Gold level. As a result, 112 entries that had been promoted during 2020/2021 to
PE1 based on previous Gold protein-protein interactions were demoted between 2021 and
2022, reducing the net gain in PE1 to 50 entries.

A complementary depiction of the progress since the application of the HPP MS Data
Interpretation Guidelines v2.112 in 2016 is shown in Figure 4. As documented in Table 1,
there continues to be remarkable progress on credibly identifying PE2,3,4 missing proteins,
thereby increasing PE1 numbers while simultaneously reducing PE2,3,4 numbers (now only
6.8% of the total PE1,2,3,4 proteins.

Simple linear extrapolation based on the historical progress since 2016 shows annual
increments of ~300 MS-based PE1 proteins and ~280 total PE1 proteins per year. If the
pace were to continue, this would yield ~18,700 PE1 proteins in 2023, 19,000 PE1 in 2024,
and 19,250 in 2025. However, there are multiple reasons why progress would likely slow

in coming years due to certain classes of proteins likely to remain difficult to detect; these
include negligible transcription for up to 800 predicted PE2,3,4 proteins (based on HPA,
GTEx, FANTOMS5)13; membrane-embedded proteins not well solubilized; expression only
in understudied tissues or cell types; and proteins lacking two tryptic digestion sites 9-40 aa
apart (though these proteins may be detected with alternative proteases, missed cleavages, or
terminal peptides).

Finally, Figure 5 shows the contributions of the 8 top new data sets in PeptideAtlas that
generated 160 of the increment of 255 canonical proteins in 2022 (Table 1).

Supplementary Table 2 lists the eleven major datasets that contributed 10+ MPs each, a total
of 551, to the big increase of PE1 entries in MassIVE, many confirming canonical PE1
entries in PeptideAtlas.

HIGHLIGHTS FROM THE CHROMOSOME-CENTRIC HPP (C-HPP)

The C-HPP is organized as 25 teams by chromosome and mitochondria and are
geographically dispersed. Table 2 shows the current status of identified and predicted
proteins by chromosome. For all but 5 highlighted chromosomes, between 92 and 98%
of predicted proteins have been confidently detected; only 2—-8% are classified as missing
proteins. In contrast, 20% of chr Y, 17% of chr 11, and 11% of the predicted proteins
encoded on chromosomes 7, 14, and 21 still lack credible detection. Among the credibly
identified PE1 proteins, between 3% (chromosome Y) and 11% (chromosome X) lack
functional annotation (UPEL). The total of uPE1 proteins lacking functional annotation
(direct or by homology) is down from 1260 in 2017 to 1191 in 2022.

Like most scientific activities, those of the C-HPP teams were curtailed by the COVID-19
pandemic; with widespread vaccination, laboratories and meetings have reopened. A
highlight was the first in-person and hybrid workshop of the C-HPP, held in Faro, Portugal,
as a satellite of the Proteo Villamoura combined Portuguese, Spanish, and French Proteomic
Societies on May 13, 2022. More than 75 attendees contributed to a White Paper on
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implementing the HPP Grand Challenge Project (see later section). Speakers included Gong
Zhang on the hidden human proteome: the protein-coding “non-coding” RNAs; Xuejuan
Gao on uPE1 protein functionalization of ZSWIMI and FAM210B; Wanting Liu on protein
function prediction; Marina Gay on top-down proteomics applied to the HPP; and Lydie
Lane with an update to the neXtProt release 2022-02.

Many C-HPP labs turned their attention to Covid-19 biology and assays during the
pandemic. A notable example from the Chromosome 6 team utilized the N-TAILS (Terminal
Amine Isotope Labeling of Substrates) approach to generate an atlas of 101 human host

cell substrates of the SARS-CoV-2 3-chymotrypsin-like protease, 3CL pro23, a remarkable
landscape of human proteins that are inactivated or co-opted for viral replication and
transmission by precise proteolytic cleavage. A new intracellular sensor of viruses was
discovered in the hand-off from the viral receptor, ACE2, to galectin-8, targeting the virus
for destruction in the lysosomal pathway, which 3CLpro inactivated.

Meanwhile, the Chromosome 14 team initiated a search for missing proteins in several cell
lines derived from induced pluripotent stem cells, identifying several MPs by MS in naive
and trophoblastic stem cells that met the HPP Data Interpretation Guidelines v3.0%4.

We warmly acknowledge the retirement of Young-Ki Paik who, with Sam Hanash,
coordinated and pioneered the launch of HUPO in 2000-2002 when many scientists did

not know what proteomics was. When he was President of HUPO, Young-Ki played a key
role in developing the C-HPP with investigators in individual countries taking ownership of
characterizing the protein-coding genes on a selected chromosome. This concept facilitated
a global initiative with funding of individual projects, clear country leadership, and a strong
sense of local achievements. Over 20 years Young-Ki guided the C-HPP, hosted semi-annual
workshops, brought in new teams and leadership, and nurtured the continuing growth of the
C-HPP with humility.

HIGHLIGHTS FROM THE B/D-HPP

The Biology and Disease-driven Human Proteome Project (B/D-HPP) focuses on
determining the biological functions of human proteins to apply disease-related proteins

to developing preventive and therapeutic interventions. The B/D-HPP branch comprises
international teams of scientists in 19 areas of biological and clinical relevance (see
https://hupo.org/B/D-HPP). The teams develop and disseminate state-of-the-art proteomics
methods and software to the broader scientific community and implement proteomics
discovery in multidisciplinary biological and clinical studies. Increasingly, the B/D-

HPP teams are collaborating across the various initiatives. Here we highlight recent
accomplishments of several B/D-HPP teams.

Cardiovascular

This very active initiative investigates many heart diseases cutting-edge proteomics and
other omics technologies to map the dynamic cardiac and vascular proteomes, elucidate
disease mechanisms, identify candidate therapeutic targets, and provide clinically useful
diagnoses and risk predictions. There is emphasis on single-cell and proteoform resolution.
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The Van Eyk group shared their insights on how proteomics helped elucidate hallmark
proteins associated with COVID-19 infections with respect to both short- and long-term
diagnosis and prognosis??. They utilized phosphoproteomics to investigate the effects

of cardiosphere-derived cell treatments in hyperphosphorylated heart failure, especially
HFpEF26. The Gundry group developed a method for preparing isolated cardiomyocytes
and whole cardiac tissue homogenates for bottom-up proteomic analyses?’; they applied
glycomics to characterize sickle cell disease and hPSC-derived cardiomyocytes?8. The Lau
group utilized multi-omics to compare skeletal muscle and cardiac muscle in young and
aged mice, revealing new details of how aging reshapes gene expression at the transcript and
protein levels??. Members of the CV team worked closely with the PediOME, Rheumatic
Disorders, EyeOme, and Liver Initiatives to generate popular proteins lists. Lam further
developed the PUBPULAR website (https://heart.shinyapps.io/PubPular/) to integrate data
on intensively investigated proteins.

The ultimate goal here is to map the proteome of all types of human cancers to reveal
tumor biology and drive improved diagnostics, treatments, and management of cancers.
The members collaborate closely with the Pathology Pillar to source clinical samples

with full medical history in order to identify cancer-specific proteins, proteoforms, or
protein networks through data deposition, sharing, and analysis. Large-scale clinical cancer
proteogenomics studies published in 2021 include pancreatic ductal adenocarcinoma3, lung
squamous cell carcinomal4, glioblastoma3!, and head and neck squamous cell carcinoma32.
Guo published a review on high-throughput proteomics and Al for cancer biomarker
discovery33. Jimenez published a phosphoproteomics study of AML focused on response
to FIt3 inhibitors3# and bench-marked a protocol that enabled (phospho)proteomics on

the same sample3®. Further analyses were performed on the DIA-MS-based pan-cancer
atlas of 1200+ cancers representing 22 cancer types (The Cancer Proteome Atlas,
www.cancerproteome.org) led by the Jimenez and Guo laboratories. They plan to expand
to a larger Cancer HPP community effort.

Glycoproteomics

The Human Glycoproteomics Initiative (HGI) (@HumanGlycoprot) aims to increase
understanding of the functional significance of the extensive post-translational modification
of proteins by glycans. This requires well-integrated analytical and informatics tools to
more easily enable the determination of site-, protein-, cell- and tissue-specific glycoform
structural heterogeneity in complex biological systems. The HGI is a project/study-centric
initiative. The modus operandiis to carefully assemble experts and field-leaders to complete
discrete studies of particular glycoproteomic analytical methods and software of interest

to the community that increasingly is becoming interested in the role of glycosylation

in diseases. The first HGI large community study, which compared glycoinformatics
solutions for intact glycopeptide analysis from LC-MS/MS data, a recognized bottleneck

in the field38, was completed in 2021 with 55 participants (many HUPO members) across
22 teams from 11 different countries. The work was published in Nature Methods3®

and presented at international meetings by Thaysen-Andersen (HUPO 2021, Australian
Glycoscience Symposium), Kolarich (Queensland MS Symposium, Lorne Proteomics), and
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Packer (Microscale Separations and Bioanalysis, B/D HPP Webinar), and at the Dagstuhl
Seminar on Computational Proteomics in order to directly help the community create the
toolboxes required to address unexplored glycobiology-focused fundamental and applied
research questions in human health and disease.

Human Immuno-Peptidome

The Human Immuno-Peptidome Project (HiPP) with Chair Michal Bassani-Sternberg and
over 200 members, was very busy in 2021. The long-term aims of HiPP are to map the entire
repertoire of peptides presented by HLA molecules using mass spectrometry technologies,
and make its robust analysis accessible to immunologists, clinical investigators, and other
researchers. Members of this team published three definitive articles on the peptidome

of SARS-COV-2 in Cell, Cell Reports, and Nature Immunology?’-3? plus other landmark
immunology publications identifying specific immuno-epitopes in Natfure Communications,
Journal of Clinical Investigation, and Frontiers in Immunology and Immunity#%-43.

Pillars of the HUPO-HIPP program are method and technology development,
standardization, effective data sharing, and education. They have organized a biennial
HUPO-HIPP summer school to expand the immunopeptidomics community; organized
quarterly virtual webinars/panels to share and discuss the latest advances in
immunopeptidome research and technology development; designed multi-laboratory studies
to benchmark protocols and MS technologies; and established partnerships with MS
developers to improve detection and analysis of immunopeptidomes. To promote the
visibility of HUPO-HIPP, the members include their affiliation in publications, conferences,
and workshops, a good practice for everyone significantly involved in the HPP. They are
working on establishing partnerships with appropriate journal editors and funding agencies
to enforce sharing of immunopeptidomic data.

Food and Nutrition

With the growing understanding that there is a link between the health of humans, other
animals within our ecosystem, and the broader environment, there is great interest in using
proteomics to characterize dietary proteins and proteome alterations linked to nutritional
issues, food safety, and food security. A collaborative manuscript from members of the Food
and Nutrition (FAN) team, led by Paola Roncada, offered an overview of advanced methods
available for studying food allergenic proteins, which include cross-linking combined

with mass spectrometry and thermal proximity profiling among the mass spectrometry-
based approaches?4. The FAN team is linked to other consortia of scientists that aim

to promote the use of omics technologies within dietary and nutrition studies, such as

the FoodOmicsGR_RI consortium?#®. With a goal to understand plant survival and crop
losses connected to high-temperature stress, the group of Subhra Chakraborty found a

role for 2-Cys peroxiredoxin in wheat thermotolerance*8. Characterizing the human gut
microbiota is another important focus of the FAN, exemplified by the Figeys group’s report
of an optimized experimental and bioinformatics workflow for defining lysine acylations in
microbial species within the human gut4’.
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Rheumatic and Autoimmune Diseases

The overarching goal of the Rheumatic and Autoimmune Diseases (RAD) team is to
discover and characterize human proteins that can be used in the prognosis or therapy

of rheumatologic disorders, including age-related pathologies, inflammatory diseases, and
systemic autoimmune diseases. This large collaborative effort among proteomics groups,
basic research scientists, and clinicians last year completed the Applied Public-Private
Research enabling OsteoArthritis Clinical Headway (APPROACH) project#8: 49, Connected
to this effort, the Blanco and Nilsson labs monitored protein biomarkers to identify
predictors of radiographic knee osteoarthritis®®. The Blanco group further implemented
targeted mass spectrometry or imaging mass spectrometry, in collaboration with either the
Ruiz-Romero or Heeren group, to uncover signature lipidomic profiles within the synovial
fluid or membranes of individuals with osteoarthritis®1: 52. These findings and protocols
established for characterizing proteins as biomarkers for patient stratification and therapeutic
management were disseminated by RAD team members at the European Congress of
Rheumatology, the Congress on Osteoarthritis, and through organized symposia.

Infectious Disease

Dedicated to understanding the biology and pathogenesis of infection with microbes,
including human viruses and bacteria, members of the infectious disease (ID) team have
advanced MS-based methods for the detection of pathogenic proteins, virus-host protein
interactions, and infection-induced alterations in protein abundance or posttranslational
modifications®3-55. A targeted mass spectrometry assay, TRUSTED, was developed by
the Cristea group for the specific detection of viral proteins from the three Herpesviridae
subfamilies, demonstrating its use for monitoring the effects of clinical therapeutic agents
and anti- or pro-viral factors®®. Targeted mass spectrometry also defined the impact

of diverse human viruses on membrane contact site proteins that link organelles in
dynamic functional networks, leading to the discovery of a previously unrecognized
mitochondria-ER encapsulation structure that aids virus production®’. The group of Nita-
Lazar integrated metabolomics with secretome analyses, establishing a link between
bacterial lipopolysaccharide (LPS) tolerance, immunometabolism, and secretome changes
in macrophages®®. Searching for pathogen-specific tuning of innate immune responses,
they further characterized LPS structures from different bacterial pathogens and the
resulting inflammatory actions and protein secretion®®. The group of Concha Gil determined
proteome alterations in Candida albicans in response to stress, finding a role for

Prn1 in oxidative stress and possible targets for future antifungal drugs®, as well as
characterizing released extracellular vesicles containing virulence-related proteins®. The
Malmstrom group used quantitative and structural mass spectrometry to demonstrate that
Streptococcus pyogenes, a human-specific Gram-positive bacterium, establishes serotype-
specific interactions with human plasma proteins as a likely means to inhibit immune
responses during mucosal and systemic infections®2. Integrating information from protein
microarray data, the LaBaer group identified a set of common autoantibodies present

in healthy individuals, without gender preference, thereby providing critical information
for determining possible false positives within reported disease-related biomarkers®3. In
response to the ongoing pandemic, the ID team joined members of other B/D-HPP teams
(noted above) to elucidate the biology and pathology of SARS-CoV-2 infection. The
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Srivastava, Schmidt, and Volker groups, among others, established robust mass spectrometry
methods for detection of SARS-CoV-2 proteins, defining protein-metabolite signature
profiles and crosstalk that may predict clinical outcomes and characterize vaccine-induced
complications4-66, The LaBaer group joined the SARS-CoV-2 Serological Sciences
Network (SeroNet)®7,

Lastly, to continue the dissemination of results and newly developed methodologies

of interest during the pandemic-imposed virtual setting in 2021, the B/D-HPP held a
well-received webinar, entitled “SARS-CoV-2 through the lens of proteomics”, in which
members from different B/D-HPP teams presented their research contributions in response
to the COVID-19 pandemic from the specific scientific lens of their individual teams
(https://www.hupo.org/Webinars-and-Virtual-Presentations).

HIGHLIGHTS FROM THE KNOWLEDGEBASE RESOURCE PILLAR

UniProtKB/Swiss-Prot curators continue to focus on improving both the sequence quality
and annotation content of the human proteome. This work includes the re-curation of
sequences that have been shown to be incorrectly represented, the removal of entries for
proteins which are now believed not to be expressed, such as putative products of what are
now regarded as pseudogenes, and the creation of records describing the products of newly
identified protein-coding genes. New isoforms are added when verified by experimental data
or removed when shown to be experimental artifacts or the result of erroneous gene model
predictions. About 93% of UniProtKB/Swiss-Prot canonical sequences are now identical

to their corresponding Ensembl protein sequences translated from the reference human
genome; work is ongoing to understand the differences between entries, including reference
sequences, for the remaining 7%. Efforts are also focused on ensuring consistency with

the Matched Annotation from NCBI and EMBL-EBI (MANE)88. MANE is a collaboration
between EMBL-EBI and NCBI to converge on human gene and transcript annotation and
to jointly define a high-value set of transcripts and corresponding proteins. Functional
information is continually being added to UniProtKB/Swiss-Prot entries by expert curators
reading and evaluating the scientific literature and, in parallel, annotating the same proteins
in the Gene Ontology annotation project8? and adding to the protein interaction data in

the IMEXx databases’?. In both cases, this represents computationally accessible information
which is then imported back into the appropriate UniProt entries. Large-scale datasets,
including peptides identified by MS, are increasingly imported into UniProt, visualized on
the website, and available for downloading via the API.

neXtProt automatically carries forward curation decisions by UniProtKB/Swiss-Prot, which
includes certain anomalies, such as 15 MP entries with sequences 100% identical to non-
MS-PEL1 entries, 31 entries 100% identical to other MPs, 17 entries for highly-similar
USP17-like peptides (chr 4 and chr 8), 13 entries for putative nuclear-encoded peptides

of 24-28 aa very similar to a peptide from the mitochondrial genome, 85 entries for

T cell receptors or immunoglobulin regions, and numerous IncRNAs, including 17 with
LINCXXX as the gene name. These are candidates for exclusion from the MP target list (the
denominator for the HPP parts list), which will be discussed in the coming year.
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Potential Polypeptides Translated from Ribo-seq Open Reading Frame (ORF) Sequences

A strategy for standardized annotation of Ribo-seq ORFs led by Jonathan Mudge (EMBL-
EBI), with participation of the HPP, was announced in a July 2022 article in NMature
Biotechnology’*. The group’s aim is to find a “home” like GENCODE for these data on
upstream UORFs or small SmORFs that will stimulate a broad range of studies about their
potential functions. PeptideAtlas will perform a reanalysis of public human datasets with its
process based on the Trans-Proteomic Pipeline’? 73 to search for translation evidence for
the 7264 ORFs, some as short as 16 aa in length, with substantial evidence of ribosome
translation activity based on Ribo-seq experiments. The intent is not to annotate them in the
same manner as the current set of canonical human proteins — and thus very substantially
increase the number of human proteins — if there is no compelling evidence that they have
functions, but rather to annotate them in a manner that allows them to be identified and
studied as a separate class. We note from Figure 1 above, that UniProtKB/Swiss-Prot has
recently incorporated three new uORFs, which were added to neXtProt during 2021, based
on literature evidence of potential function.

This focus on short polypeptides raises the question not whether peptides can be biologically
active (which is well known) but whether the community should distinguish polypeptides
shorter than some threshold length as separate from “proteins”, and what quality assurance
guidelines should be applied if not the HPP Guidelines v3.0. The 2005 Human Plasma
Proteome Project papers included one on the “low MW proteome” or “peptidome”’4 with
MW <15 kDa. neXtProt and UniProtKB do not make a distinction between proteins and
peptides based on a minimum size limit.

HIGHLIGHTS FROM THE ANTIBODY PILLAR/HUMAN PROTEIN ATLAS

The HPP Antibody Resource Pillar, based on the Human Protein Atlas (HPA) project,
focuses on mapping the human proteome using spatial proteomics and antibody-based
imaging. In version 21.1 of the HPA (release date 31 May 2022), a significant update

of the structure and content of the database was introduced, dividing the data into ten

main sections, each focusing on particular aspects of the human proteome and genome.
HPA v21 builds upon the Ensembl version 103 genome release for annotation of all protein-
coding genes and introduces a new normalization scheme for all datasets. The Single Cell
Type section’®, introduced in v20 (released 19 November 2020), was expanded to include
single-cell transcriptomics data from 25 tissue types, providing a body-wide overview of
expression in human single-cell types. The dataset constitutes an excellent resource for
comparing antibody-based proteomics data using immunohistochemistry to study expression
in single-cell types across platforms. This also facilitates more stringent antibody validation,
one of the main objectives of the Antibody Resource Pillar.

A complementary section of the HPA, added in v21, is the Tissue Cell Type section.

In this novel section, deconvolution and integrated network analysis of publicly available
bulk RNA-seq data were used to predict cell type expression specificity for all human
protein-coding genes. This allows for determining which genes are enriched in each cell type
within tissues and detailed studies of core cell types expressed across several tissues, such

as endothelial cells. The Brain section, extensively updated in 2021, focuses on expression
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profiles in different brain regions; internally generated RNA-seq data from >1300 human
brain samples, including 200 regions, areas, and nuclei, were added. The Subcellular section
provides insights into the spatiotemporal subcellular distribution of proteins; an in-depth
analysis of cell cycle-dependent genes’® has been expanded in v21 to include 129 additional
genes with cell cycle-dependent transcripts.

The Blood protein section’’, which presents estimated concentrations of proteins detected
in human blood plasma, also had major updates; 850 additional proteins now have plasma
concentrations based on mass spectrometry data from the PeptideAtlas Build 2021-01. The
data for longitudinal plasma expression levels were updated and are now based on the Olink
Explore platform for an additional 708 proteins. The human Secretome was updated, with

a new category of Immunoglobulin genes added. Altogether, the total number of predicted
secreted proteins is now 2739, of which the number of proteins annotated as secreted in the
blood is 784. Yet another recent section addresses Adipose tissues’8.

In addition to the updates to the HPA database, the HPA workflow and antibodies have
been utilized for several major research studies, including several projects linked to the
COVID-19 pandemics’®-82 and efforts for advanced imaging. One example is 3D imaging
of sympathetic innervations, leading to further understanding of nonalcoholic fatty liver
disease83. Future objectives of the Antibody Resource Pillar include a continuous close
collaboration with the HPA project and other groups of the HPP to study and identify
missing proteins using antibody-based proteomics. Possible efforts include integrated
projects utilizing various methods for mMRNA and protein detection in the same samples
and multiplexed imaging, which will allow for determining protein expression patterns in
rare cell types not distinguishable by the human eye.

HIGHLIGHTS FROM THE PATHOLOGY RESOURCE PILLAR

The Pathology Pillar (PP) was launched at the HUPO World Congress in Orlando, USA,
in 2018 to recognize the important role that pathology must play in the translation and
delivery of proteomics-driven biomarker discovery and next generation diagnostics and
theranostics®*. This Pillar aims at coordinating the identification of key unmet needs

in clinical medicine, stimulating guidelines and standards for the development of fit-for-
purpose validated clinical assays, promoting awareness of best practices, and coordinating
access to bioresources of clinical samples with their associated data. One of the most
significant contributions of proteomics will be the improvement of human health®.

An important example is the Clinical Proteomic Tumor Analysis Consortium (CPTAC)
coordinated by the NCI, noted above. CPTAC working groups have elucidated unique and
powerful proteogenomics landscapes for a total of 14 common and less common cancers
(e.g., pancreas3?, lungl4, acute myeloid leukemia®®, glioblastoma3!, head and neck32 87),
A new round characterizing 10 additional tumor types will start in late 2022 (including
hepatocellular, biliary, and gastric cancers). In the current CPTAC approach, only untreated
primary cancers are being analyzed. Better understanding the metastatic processes and the
outcomes of targeted chemo- and immune-therapies on the proteomic evolution of cancers
will require large-scale, longitudinal studies.
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Other interesting PP-related publications include the role of redox signaling pathways in
cancers®, drug resistance8® %0, and the emerging role of tumor cell plasticity in modifying
therapeutic responses®L. Martens et a/ developed a molecular pathway model of malignant
pleural mesothelioma (MPM), a visual, interactive overview of interactions and connections
between proteins and molecular pathways known to be related to MPM92. Extracellular
vesicles, small membrane-enclosed particles released by cells and able to traffic information
between them, are seeing increasing application, e.g., proteomic alterations in extracellular
vesicles from activating mutations in PIK3CA, one of the most frequently mutated genes in
human cancers?3. At the technical level, a surfactant-assisted one-pot sample preparation for
label-free single-cell proteomics improves detection sensitivity for single-cell proteomics®
to address intra-tumoral heterogeneity. There were also reviews on proteomics, personalized
medicine, and cancers®: 9, and roles of separation sciences in proteomics®: 9,

The identification of significant medical needs and specific diseases or applications

for which proteomics will make a difference over conventional DNA- and RNA-based
molecular diagnostics is an important goal of the Pathology Pillar (Figure 6). Over the past
year, several studies have shown new protein markers for risk prediction of cancers®’: 9,
This is particularly significant for early-stage cancers, such as colorectal adenocarcinoma,
because there currently exist no robust predictive markers to direct additional adjuvant
therapy to high-risk patients after curative-intent surgery, while protecting low-risk patients
from harmful, debilitating, and costly overtreatment. A human melanoma proteome atlas
focused on in-depth histopathology coupled to proteomic characterization defines the
molecular pathology of melanomas®®. A pan-cancer proteomic map of 949 human cell lines
across 28 tissue types (https://celimodelpassports.sanger.ac.uk) revealed principles of protein
regulation with important implications for future clinical studies.

Meanwhile, proteomics has also made significant contributions to understanding SARS-
CoV-2 and COVID-19, including “long COVID”, with persistent cough, fatigue, muscle and
joint pain, memory loss, brain fog, or depression. Several papers show a striking relationship
to human autoimmunity190-103: an analysis of human lung cells showed that a large number
of COVID-dysregulated proteins during acute infection are known human autoantigens194,

Finally, the HPP Pathology mission is to enhance education and outreach for physicians
and healthcare providers worldwide, raise awareness about proteomics, provide education
through meetings and tutorials, and increasingly bring international pathology and
laboratory medicine societies into close collaborative contact with HUPO and HPP. A pilot
proteomics education program for pathologists and clinicians has been established with
The Royal College of Pathologists of Australasia and the Biobanks and Complex Data
Management MSc Program at the Université Cote d’Azur (Nice, France). We aim to extend
these initiatives to other Pathology and Clinical Diagnosis groups around the world.

COMPLEMENTARY OMICS TECHNOLOGIES FOR BLOOD PROTEIN
DETECTION

The continued development of affinity-based assays for protein identification in blood
has accelerated the adoption of these technologies for high-throughput plasma and serum
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proteomics. A recent review of these non-mass spectrometry-based blood proteomic
technologies describes the advantages and disadvantages of each and highlights the need for
quantitative assessment and comparison of each technology to validate each approach19°.
These plate-based affinity assays can take the form of small arrays of protein targets
marketed by a number of companies, to large, ordered arrays with considerable depth in
coverage of unique proteins in blood samples. Most prominent of these targeted assay
developments are the Proximity Extension Assays (PEA by Olink) constructed as paired
antibodies with either quantitative polymerase chain reaction (qPCR)196-108 or sequencing
as a readout199, or the large library of modified slow off-rate DNA aptamers (SomaScan

by SomaLogic)110- 111, Currently, Olink provides 2940 (3K system) unique assays and
SomalLogic provides 6377 (7K system) targeted assays to human plasma proteins. Between
these plate-based affinity platforms, there is quite a high overlap in protein targets, with
2033 unique proteins detectable across both targeted affinity platforms. However, compared
with current mass spectrometry-based approaches to analyze blood proteins, there are only
1484 unique proteins detected by all three technologies based on the 2021 Human Plasma
PeptideAtlas. Combining all three platforms, >8000 proteins can be targeted for potential
detection of plasma proteins, as recently reviewed in the 2021 HUPO Human Proteome
Project paper, “Advances and utility of the human plasma proteome”.

As interest in plate-based affinity assays towards blood proteins has increased markedly over
the last few years, several studies have compared the different targeted assay approaches

and the correlations in their readout. Because each of these large-scale plate-based targeted
assays reports only relative quantitative values, there is considerable difficulty in correlating
responses between the assays due to the different approaches to target protein-binding
molecules, binding epitopes of each protein assayed, and detection modalities12-121, The
correlations varied widely from being very closely correlated (r=0.99) for very few assays
between the large-scale platform readouts to very low correlated (r=0.02) for a majority

of the assays, and to even heavily negatively correlated (r=—0.48). The explanation for the
difficulty in correlating findings across platforms stems from the differences in the protein
detection and quantitative readout of each platform causing differences in signal conversion;
confounding each protein detection are the differing binding site epitopes on each target
protein. These differences greatly complicate clinical chemistry applications, where accurate
identification and quantitation are needed. For example, Baird and Hoofnagle reported that
aptamer-based approaches fail to detect major structural proteins (Apo-Al) in high-density
lipoproteins (HDL) associated with HDL cholesterol, a stark contrast to validated clinical
immunoassays to Apo-Al in HDL cholesterol determination!22, Other examples include the
failure to associate retinol binding protein-4, a protein secreted by adipocytes and increased
in insulin-resistant states in diabetes patients, again in contrast to other studies23,

As with any new technology, much work is needed to convince researchers and clinical
pathologists of the specificity and accuracy of measurements made by the novel technology.
Somalogic has assessed the specificity of their aptamer-based affinity reagents through

a project conducted by researchers at Novartis124. A library of 4783 SOMAmers was
multiplexed in sets of 8 and used for enrichment of target proteins from cell lysates, cell
culture conditioned media, human plasma, and human serum, with a subset also screened

in urine. Mass spectrometry analyses were performed (736 by DDA and 104 by MRM)
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alongside 779 SOMAmer reagents binding their endogenous targets. The raw DDA data
were deposited to the HUPO Proteomics Standards Initiative ProteomeXchange Consortium
via PRIDE"* 125 with five dataset identifiers PXD008819-PXD008823. The raw MRM
data were deposited to ProteomeXchange via the PeptideAtlas PASSEL repository with the
dataset identifier PASS01145126, Although this dataset is the first to provide some evidence
of specificity, the experimental design does not allow an investigation of the specificity of
each SOMAmer because they were grouped as a collective target recovery experiment with
additional contaminants detected, making it impossible to assign targets and contaminants
identified to a specific SOMAmer. While accuracy of quantitation with each reagent remains
to be investigated, this dataset provides the first evidence toward characterizing the core
reagents of one of these novel technologies.

High-throughput analyses utilizing standardized 96-well plate-based targeted proteomics
measurements serve the purpose of rapidly quantifying differences of analytes detected
within and across experiments. Comparison of results within a technology is both feasible
and expansive as shown by the development of analysis consortia such as SCALLOP by
Anders Malarstigt27-129, Within SCALLOP, researchers with Olink data wishing to compare
results across different cohorts can apply for membership, with the obligation to make

their own data available to the consortia, increasing the total pool of searchable results.
Currently, SCALLOP has over 70,000 sample results available to members and continues to
add members. Another large consortium is the Human Pharma Proteomics Project (HPPP), a
collaboration between the UK Biobank (UKB) and 13 biopharmaceutical companies, headed
by Chris Whelan of Biogen, which has recently completed the initial characterization of
54,306 plasma proteomic profiles from UK Biobank participants. Using the Olink 1.5K
panel (1463 unique proteins) as a first phase analysis and including protein quantitative

trait loci (pQTL) mapping, they identified 10,248 primary genetic associations, of which
85% are newly discovered!30. The data identified independent secondary associations

in 92% of cis and 29% of trans loci, expanding the catalogue of genetic instruments

for downstream analyses. This study has provided an updated characterization of the

genetic architecture of the plasma proteome, leveraging population-scale proteomics to
provide novel extensive insights into trans pQTLs across multiple biological domains. This
large study with a singular technology identified numerous pharmacological actionable
results such as identifying genetic influences on ligand-receptor interactions, pathway
perturbations, and novel drug targets, illustrated by the genetic proxied effect of PCSK9
levels on lipid concentrations and cardio- and cerebro-vascular diseases. These data will

be enhanced by additional efforts of the HPPP to extend the Olink analysis to the Olink

3K panel as well as performing various pilot scale mass spectrometry-based analyses on a
smaller cohort of ~2,000 of the same UKB subjects. Adding to the public plasma proteome
knowledgebase as an open-access proteomics resource will help enable the elucidation of
biological mechanisms underlying genetic discoveries and accelerate the development of
novel biomarkers and therapeutics.

To correlate quantitative responses between platforms, mass spectrometry has been
compared to quantitative readouts with Olink assays in a few systematic studies. Price,

et al., described high correlation for some proteins when comparing targeted Olink and
selected reaction monitoring assays (SRM-MS) for C-reactive protein, but for other targets
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the quantitative correlation was lower!31, Ruffieux, et al,, reported two sample cohorts
analyzed by SomaScan, detecting 1096 proteins in both cohorts, and MS-based assays using
immunodepleted and 6-plex isobaric labeling,132 detecting 133 proteins in both cohorts133,
In the common set of 72 proteins detected by both methods, they found agreement between
some of the reported protein levels (e.g., SHBG, CAH1, CXCL7) and another 25 proteins
with concordant effects associated with pQTL (e.g., CFB, CO7, FETUA).

As highlighted in the above technologies, mass spectrometry-based approaches do not
escape the difficulty in correlating quantitative readouts. The vast majority of protein
detection and quantitation in mass spectrometry is derived from bottom-up approaches
where proteins are enzymically cleaved to short peptides, identified, and quantitated in

the mass spectrometer, and then finally aggregated to a protein level quantitative value.
Given there are estimated to be ~100 different proteoforms per gene product!33 the
averaging of peptide signals discounts the contributions of post-translational modifications
and could hamper the discovery of important biological differences34. The effort to
define proteoforms for every human protein13® is a worthwhile initiative that complements
the effort by the Human Proteome Grand Challenges Project to define function(s) for
every human protein. Consequently, until we understand the context of each protein
identified, the quantitative values of each protein afforded by any technology need to

be validated by orthogonal approaches to account for the biological diversity. With ever-
increasing technology development, we need to utilize each technology for its strengths and
complement them with cross-platform capabilities to arrive at conclusions that explain the
biological differences represented.

THE HPP GRAND CHALLENGE PROJECT: “A FUNCTION FOR EVERY

PROTEIN”

The Human Proteome Organization, through the HPP, has developed over the past 20 years
a framework to generate and disseminate focused biological knowledge to better understand
various human biology and disease. Based on the milestone of >90% of predicted human
proteins credibly detected by 202035, the vast high-quality human proteome databases, and
the C-HPP neXt_CP50 initiativel36 to functionally annotate the then 1260 unannotated PE1
proteins (UPE1) in neXtProt, the HPP has developed a framework to integrate forces and
resources from its various initiatives and pillars, and collectively contribute to a large-scale
“Grand Challenge Project” important to human health and well-being. The mandate came
from a critical review in 2020 by the HPP Scientific Advisory Board chaired by Ruedi
Aebersold and an open community discussion. During the 2020 HUPO virtual annual
meeting, the HPP Executive Committee led by Robert Moritz announced the HPP Grand
Challenge Project framework and subsequently posted a White Paper on the HPP website
(www.hupo.org). The goal is to advance our understanding of complex biological processes
in an open community framework where individuals and groups can propose various
fundable work plans to contribute towards the aims of the Project. The first of these is

the HPP Grand Challenge Project “A Function for Every Protein”.
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The Project will enable interrogation of the often-multiple functions of any protein through
profiling and modeling of proteomic changes after the expression or deletion of a particular
protein in a cell. In essence, the functions of a protein are revealed by perturbing the protein
in question within the molecular networks of the cell. The Project includes the following

aspects:

Quantitative status of proteins (expression level, isoforms, PTMs, localization,
interactions) in the context of networks and interactomes that can be perturbed
by variation amongst individuals, specific binding interactions, and protein
complex formation, influencing their functional relevance. Computational
predictions?2:93 may provide Gene Ontology clues for experimental design.
Measurements of proteins can be based on MS, antibodies, and any

other technologies with rigorous technical quality control. These molecular
measurements could be performed in cell line models, or in cells or

tissue specimens from animal models or patients with specific diseases such
as infectious diseases, cancers, cardiovascular and metabolic diseases, and
neurodegenerative disorders. Analyses might be conducted at the single cell
level. Both bottom up and top-down approaches could be adopted.

Illumination of the functional basis of a disease by building off the principles

of disease manifestation from a genomic viewpoint and applying proteomics
knowledge to define protein interactions and their roles. Clinical proteomics
studies can be rich sources of data for this Project. In the disease-centric design
of clinical cohorts, various subtypes of clinical phenotypes arising from patient
heterogeneity are conceptually equivalent to biological perturbation experiments.

Measurements of the initiation and progression of a disease through a
pathology-focused view, including spatial and temporal measurements, disease
stratification, aberration of disease-related protein networks after intervention,
and identification of novel therapeutic targets through affiliated resources such
as the Human Protein Atlas antibody resource headed by Mathias Uhlén
(SciLifeLab, Stockholm) and the Target2035 small molecule binder resource
headed by Cheryl Arrowsmith and Aled Edwards (U. Toronto). Both address
the entire human proteome. In 2011 Edwards had estimated that 90% of the
literature is focused on 10% of the proteins37.

Generation of databases and informational resources to collect, organize, and
disseminate the contextual network states after perturbation of the specific
proteins. Following the experience of the HPP, we will generate guidelines

and metrics for the credible annotation of function(s) of specific proteins in
network and cell//tissue/organ context. An open, user-friendly knowledge base
with effective visualization tools will be critical to sharing the information

with the broader public and with complementary initiatives, such as the
PharmaProteomics Project with the UK Biobank®, the Understudied Proteins
Initiative with the Wellcome Trust%, and the r-HuB Proteomic Navigator of the
Human Body in China.
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The HPP Grand Challenge Project “A Function for Every Protein” was presented to

the proteomics public at the HUPO 2021 virtual Congress, the 2022 Lorne Australian
Proteomics Symposium, and other national and international meetings by members of the
HPP EC. A task force has been announced within the HPP Executive Committee to provide
comments and perspective on emerging proposals. This task force does not aim to evaluate
or rank grant applications but will advise and provide collective support to project leaders
on their objectives, milestones, and deliverables and fit with other components of the HPP
Grand Project. The first countries to express significant interest in developing programs
towards this focus are France, through the current HPP Chair, Charles Pineau, and China
through the efforts of Tiannan Guo and Fuchu He.

Specifically, Pineau presented the project at several universities and to the French National
Alliance for Life Sciences and Health (Aviesan) and the French National Research Agency
(ANR). These groups together constitute the main stakeholders of life and health sciences

in France. It was agreed that French research teams could apply for funding in connection
with the HPP during the next annual call for proposals in October 2022. A similar nationally
focused presentation strategy is being organized with the German Research Foundation
(Deutsche Forschungsgemeinschaft; DFG) and will be extended to other European countries
by their scientists.

In China, Guo proposed the Westlake Pilot Project in Hangzhou; an initial 50 representative
proteins were selected based on their relevance to breast cancers for functional analysis in
HEK293T human embryonic kidney cells. Most of these proteins have known functions

to build a training model, while some proteins with unclear function(s) are to be

investigated by interrogating the proteome perturbation for each protein using CRISPR-Cas9
experiments. This pilot will set up a workflow for data quality control, storage, analysis,

and visualization, with extensive communication among HPP members and be the initial
contribution from China.

The HPP Grand Challenges Projects will serve as a coordination point to reach out and
connect such initiatives to complete the ambitious goals of decoding the function of every
human protein and realizing the aims of precision medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2021 release
Total: 20379

—— 18357 PE1

5*

1421 MP
19

601 PE5 #=
8

2 PE1,8 PE5 and 16 MP deleted
2 PE1 merged to 2 PE1 entries
3 MP merged into 3 PE1 and 1 MP entries

*075112 (PE1) is missing from the release.
This issue will be fixed in our next data release.

Figure 1.

Page 30

2022 release new

Total: 20359

Gx*
18407PE1 |

**incl.

PTEN upstream open reading frame MP31 [PubMed: 33406399]
ZNF689 upstream open reading frame protein [PubMed: 33468658]
HR upstream open reading frame protein [PubMed: 19122663]

Flow diagram of the changes in numbers of PE1, PE2, PE3, PE4 (and PE5) classes of
predicted proteins from 2021-02 to 2022-02. Blue solid arrows indicate increases to PE1,;
red arrows indicate demotions from PE1 or PE2,3,4 MPs, to PE5; black arrows show
increases to MPs. Dashed arrows indicate continuation in the same status. In the margins we
show examples of the 12 new entries to and 32 removals from neXtProt (see discussion later
about uORFs and smORFs). Note, PES5 represents a category of dubious or uncertain genes,
mostly pseudogenes, which we have excluded from the HPP metrics since 2013.
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m PE1, MS-validated

= PE1, validated with non-
MS criteria

= Missing (PE2+PE3+PE4)

Figure 2.
Pie chart depicting the 2022 status of proteins in the human proteome. PE1 proteins that

have MS validation are shown in blue. PE1 validated via means other than MS are shown in
orange. Missing proteins (PE2+PE3+PE4) are shown in gray.
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Single-evidence proteins by category

Curated non-HPP MS | 8
Edman sequencing ;4
Experimental function 43
Disease mutation 14
Antibody {819
Experimental PTM{ 8
3D structure §10
Mutagenesis {14
Curated interactions 84
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290
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Number of non-MS PE1 Proteins

Overlaps of evidence per protein
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Edman sequencing 1%/
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Disease mutation {4
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Experimental PTM

3D structure |
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Curated interactions
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Number of non-MS PE1 Proteins

500

Bar charts summarizing the 868 PE1 proteins that have MS evidence in neither PeptideAtlas
nor MassIVE meeting HPP Guidelines (designated non-MS PE1). A) Number of different
categories of evidence for these proteins, with 484 proteins having only a single type.

B) Distribution of the 484 proteins with only a single category of evidence across the

10 different categories. Protein-protein interactions (PPI) from IntAct far outweigh all
other categories. C) Distribution of all evidence categories (many proteins have multiple
categories of evidence). D) Similar to panel C but within each major type (depicted with
the outline of the appropriate color), each of the 10 categories is depicted by a narrow

bar, thereby showing the overlap between categories. Of the 551 proteins with “Gold
Binary PPI” evidence, 194 also have “Curated Interactions” (blue), and, of those, 62 have
“Mutagenesis” evidence as well (red). A complete listing of the individual proteins is

provided in

Supplementary Table 1.
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Year

Page 33

93.2%

868 1,343
2019 e
84.9%

G 1,860 2,949

0 5,000 10,000 15,000 20,000
Proteins
Figure 4.

This bar chart documents progress in reducing PE2,3,4 missing proteins (grey) and
increasing PE1 proteins (blue + orange). Within the PE1 proteins, there is a continuing

shift of non-MS PE1 proteins (orange) to MS-based PE1 proteins (blue). The bulge in 2021
for non-MS reflects the inclusion and then removal of 112 PPI-based entries, as noted above.
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S058 1 0 Satpathy ... Gillette (2021) CPTAC lung squamous cell carcinoma (LSCC) study

S046,S056 13  Gillette ... Carr (2020) CPTAC Lung adenocarcinoma (LUAD) study

PXD011967 1 4 Ubaida-Mohien ... Ferrucci (2019) Human skeletal muscle

PXD012308: Racle ... Gfeller (2019) 1 5 Human leukocyte antigen class Il immunopeptidome

PXD013649: Chong ... Bassani-Sternberg (2020) 418 Human leukocyte antigen bound peptides

PXD019909: Dyring-Andersen ... Mann (2020) 22  Healthy human skin

$025: Mun ... Hwang (2019) CPTAC early-onset gastric cancer study 33

PXD21482: Zhang ... Ren (2020) D283 MED cell line from peritoneal metastatic medulloblastoma 35

5 10 15 20 25 30 35
PeptideAtlas New MS-evidence Proteins

Figure 5.
Primary papers that generated ten or more new PE1 proteins in Protein Atlas-2022-01

and neXtProt-2022-02. These eight reports}4-22 include CPTAC proteogenomic studies

of gastric, lung adeno, and lung squamous carcinomas!4 1 21: proteins associated

with inflammation, proteolysis, and splicing in aging skeletal muscle8; hundreds of non-
canonical shared and tumor-specific HLA peptides from non-coding regions!8: 19: 10,701
proteins identified across 4 layers and 9 cell types in skin20; and 12 missing proteins from a
medulloblastoma cell line confirmed with synthetic peptides in PRM, enhanced to 35 MPs
upon review by PeptideAtlas22.
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pT3 pNO cMO (Stage I1A)
Microsatellite stable
KRAS/NRAS/BRAF WT

pT3 pNO cMO (Stage I1A)
Microsatellite stable
KRAS/NRAS/BRAF WT

CRC MSS

Page 35

\ Pancreatic

No evidence of disease after 5 years

Liver metastases after 6 months
Died of disease after 12 months

D\
ik
-

Figure 6.
Personalized outcome risk prediction of colon cancers is a specific example of high value

“clinical need” with possible proteomics solutions. (a) Two patients with colon cancers
appear — to the best of today’s diagnostic capabilities — identical by demographics, histo-
morphology, stage, and genomics, yet have vastly different survival outcomes (patient on left
cured by surgery vs. patient on right died of progressive disease). (b) Proteomics analyses
may reveal subtypes of previously indistinguishable cancers (as in CPTAC). The patients
from (a) fall into two different proteomic subtypes of microsatellite stable (MSS) colon
cancer (green and orange clusters, see arrows), illustrating that proteomics “sees” more than
traditional molecular diagnostics. For comparison, clusters of other cancer types (pancreatic
adenocarcinoma and neuroendocrine tumor, microsatellite unstable (MSI) colon cancer,
metastatic colon cancer) and benign parenchyma (colon, pancreas, liver) are shown.
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Table 1.

Numbers of Proteins by neXtProt Protein Existence Evidence Levels from 2012-02 to 2022-02 Showing
Progress in Identifying PE2,3,4 Missing Proteins to Become PE1 Proteins and PeptideAtlas Canonical

Proteins by Mass Spectrometry abe

PE Level 2012-02 | 2013-09 | 2014-10 | 2016-01 | 2017-01 | 2018-01 | 2019-01 | 2020-01 | 2021-02 | 2022-02
1: Evidence at 13,975 15,646 16,491 16,518 17,008 17,470 17,694 17,874 18,357 18,407
protein level
2: Evidence at 5205 3570 2647 2290 1939 1660 1548 1596 1265 1135
transcript level
3: Inferred from 218 187 214 565 563 452 510 253 147 195
homology
4: Predicted 88 87 87 94 7 74 71 50 9 13
MP = PE2 + PE3 + 5511 3844 2948 2949 2579 2186 2129 1899 1421 1343
PE4
Human 12,509 13,377 14,928 14,569 15,173 15,798 16,293 16,655 16,702 16,957
PeptideAtlas

canonical proteins

TPELPEL+2+3+4 = 18,407/19,750 = 93.2%
bPE 2+3+4 = 1343 “missing proteins” as of 2022-02.

DMore stringent HPP Guidelines were imposed in 2016 and enhanced in 2019 11,12
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Table 2.

Chromosome-by-Chromosome Status of Predicted Proteins in neXtProt 2022-02, showing Missing Proteins
(MP) and Unannotated Proteins (UPE1). Note: The total from neXtProt (18,407) differs from the sum of all
PE1 proteins (18,413), which includes six whose genes are duplicated on a second chromosome.

chr PE1 PE2 | PE3 | PE4 | PE1-PE4 MP uPEl | %MP/PE1-4 | %UuPE1/PE1

1 1864 120 33 2 2019 155 145 7.68 7.78

2 1231 43 3 0 1277 46 74 3.60 6.01

3 1011 44 0 1060 49 57 4.62 5.64

4 706 29 12 0 747 41 47 5.49 6.66

5 834 27 2 0 863 29 53 3.36 6.35

6 940 53 4 1 998 58 58 5.81 6.17

7 867 100 5 3 975 108 48 11.08 5.54

8 626 32 5 0 663 37 36 5.58 5.75

9 705 50 8 2 765 60 65 7.84 9.22

10 686 40 0 1 727 41 43 5.64 6.27

11 1074 149 68 0 1291 217 70 16.81 6.52

12 962 42 0 1011 49 39 4.85 4.05

13 311 9 2 0 322 11 26 3.42 8.36

14 642 60 17 2 721 79 37 10.96 5.76

15 537 37 0 0 574 37 35 6.45 6.52

16 773 41 1 1 816 43 45 5.27 5.82

17 1085 57 3 0 1145 60 62 5.24 571

18 257 7 0 0 264 7 12 2.65 4.67

19 1327 67 10 1 1405 78 73 5.55 5.50

20 512 21 1 0 534 22 37 4.12 7.23

21 199 21 4 0 224 25 11 11.16 5.53

22 452 25 4 0 481 29 32 6.03 7.08

762 51 1 0 814 52 85 6.39 11.15

32 8 0 0 40 8 1 20.00 3.13

MT 15 0 0 0 15 0 0 0.00 0.00
unknown 3 2 0 0 5 2 0
All 18407 | 1135 | 195 13 19756 | 1343 1191
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