
Recent Advances in the Chromosome-Centric Human Proteome
Project: Missing Proteins in the Spot Light
■ INTRODUCTION
The HUPO Human Proteome Project (HPP) was launched in
September 2011 with dual aims: (1) to identify and characterize
at least one protein product from each of the approximately
20 000 predicted protein-coding genes as well as many isoforms
of those proteins and (2) to develop reagents, methods, and
databases that would facilitate the incorporation of proteomics in
biological studies throughout the life sciences community and
put proteins and proteoforms in the context of biological
networks and pathways in health and disease (Legrain et al.1). A
leading component of the HPP is the Chromosome-centric HPP
(C-HPP), led by Young-Ki Paik of Korea, Bill Hancock of the
USA, Gyorgy Marko-Varga of Sweden, and now Lydie Lane of
Switzerland, with chromosome-based teams distributed through-
out the world (see cover). This September issue of JPR (and
manuscripts in the October issue to follow) constitutes the third
annual C-HPP special issue since 2013, with about 40 articles
each year. Complementary components are the Biology/
Disease-HPP and the Mass Spectrometry, Antibody, and
Knowledgebase resource pillars. The HPP has had a major
impact on the field through collaborative research, through the
development of the ProteomeXchange in conjunction with
PRIDE and PASSEL to capture and make available all data sets
(Vizcaino et al.2), and through standardized generation of
reanalyzed peptide data and protein matches from those
experimental data sets, led by Peptide Atlas (Deutsch et al.3)
and GPMDB (Fenyo and Beavis4). The PeptideAtlas results are
then incorporated into the neXtProt curation of evidence of
protein existence, combining mass spectrometry and multiple
other types of protein data (Lane et al.;5 Deutsch et al.;3 Omenn
et al.6). Such reanalysis was particularly informative for the large-
scale experimental data sets of Kim et al.7 and Wilhelm et al.8),
including reanalysis by Savitski et al.9

Over the course of the past 3 years the number of highly
confident protein identifications in neXtProt (protein existence
level PE1) has grown dramatically from 13 664 in December
2012 to 15 646 in September 2013 to 16 491 in October 2014,
which served as the baseline for the studies and new data
reported in this special issue. Conversely, that means that there
were, as of late 2014, 2948 “missing proteins” from genes
classified having protein existence level PE 2, 3, or 4 as well as 616
uncertain or dubious proteins at PE 5 in the UniProt/SwissProt/
neXtProt scheme (Omenn et al.6).
The C-HPP was planned and funded with a 10-year

perspective. During the first half of Phase I (2012-09 to 2018-
09) (Paik et al.10), the consortium has made meaningful progress
in establishing teams for each of the 24 chromosomes plus
mitochondria, building working relationships through 12
scientific workshops, adopting standard metrics, and publishing
these three special issues of JPR, with many interesting findings
and methodological advances. This year the emphasis has been
on finding credible evidence of additional “missing proteins”
(Horvatovich et al.11) among the 2948 lacking any or sufficient

protein-level evidence as curated by neXtProt 2014-09-19, down
from >6000 2 years earlier (Marko-Varga et al.12). There has
emerged a complementary interest in the reasons why many
predicted proteins have not yet been detected or, indeed, may
not be detectable by current sample preparation and mass
spectrometry methods. We have lately realized how even
excellent mass spectra and peptides confirmed with synthetic
peptides and multiple reaction monitoring may be challenging to
match to the missing proteins due to alternative explanations.
These include additional reference genomes, sequence variants,
and post-translational modifications that match the m/z ratios of
the features of the reference protein or explain novel peptides
attributed to translation from a lncRNA sequence (Deutsch et
al.;3 Nesvizhskii13). We must be alert to such alternative
explanations when a protein never before observed in the same
types of specimens is identified, generally with automated search
engines. The acceptance of one-hit wonders, long excluded,
especially with a single spectrum, reflects overconfidence in the
methods and requires additional data and scrutiny of the spectral
features and alternative matches.
All manuscripts submitted for review for the special issues are

required to make available the experimental data sets via
ProteomeXchange. ProteomeXchange has grown from 114 MS/
MS data submissions at PRIDE in 2012 to 1089 data sets in July
2015. Meanwhile, the Human Protein Atlas continues its rapid
growth using immunohistochemistry and immunofluorescence
and RNA-seq on a broad array of tissues (Uhlen et al.14).

■ HIGHLIGHTS
We have organized this brief overview of the 30 articles in the
September 2015 C-HPP special issue under four major topics:
(i) Genome complexity, proteogenomics, integrated analysis of

transcriptomics and proteomics and functional studies of splice
variant proteins: Modulation of neuronal differentiation by the Y
chromosome male-specific region gene DDX3Y (Vakilian et
al.15); functional networks of highest-connected splice isoforms
in a genome-wide analysis of 6157 multi-isoform genes,
illustrated with ABCC3, RBMB34, and ERBB2 (Li et al.16);
splice variants of Y chromosome-coded lysine-specific demethy-
lase 5D in prostate cancer cells (Jangravi et al.17); analysis of
pathways and protein−protein interactions for the 66 Y
chromosome-coded proteins (Rengaraj et al.18); functions of
noncanonical splice isoforms specific to HER2+/ER−/PR−
breast cancers such as highly expressed DMXL2 isoform 3
(Menon et al.19); and integrative analysis of transcriptome and
proteome of a B-cell lymphoma, with 82% overlap in proteins
identified by the two omics approaches (Diez et al.20) are
explored. Tay et al.21 utilized their PGNexus pipeline to integrate
genomic and proteomic data from mesenchymal stem cells on
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exons and splice junctions to identify protein isoforms. Querying
the TranscriptCoder-derived or Ensembl databases, they
identified ∼450 protein isoforms and their proteotypic peptides,
including candidate hMSC-specific isoforms for DPYSL2 and
FXR1 (Tay et al.21). Woo et al.22 from the TCGA Clinical
Proteomic Tumor Analysis Consortium (CPTAC) applied
proteogenomics to identify multiple mutational or structural
variants and gene fusions, including those in immune system
genes, through customized mining of RNA-seq data. The
Chromosome 12 Consortium from India and South Asia has
focused on differentially expressed transcripts and proteins in
gliomas and their coexpression, coregulation, and colocalization
on chromosome 12. Overexpression of genes maps onto
amplicon regions; colocalization suggests common determinants
of coexpression and coregulation; close proximity to functionally
related genes may help predict their functions; and integration of
gene−protein sets with ontologies of medical terms can reveal
the disease network (Jayaram et al.23).
(ii) Choice of little-studied biological or clinical specimens to

identif y and characterize tissue-specif ic or tissue-enriched low-
abundance missing proteins, guided by evidence of transcript
expression (PE level 2): Eckhard et al.24 applied the N-
terminomics approach with TAILS and shotgun proteomics to
identify enriched stable proteolytic cleavage proteoforms in the
human dental pulp proteome; this paper provides a striking
example of the importance of stringent standards for validation of
initial findings (see case study, below). Testis has been predicted
from transcript (PE2) data to be by far the richest organ for
tissue-specific expression (Uhlen et al.;14 Djureinovic et al.25).
Zhang et al.26 used two different SDS-PAGE separation systems
on three individual unpooled testis specimens and found 166
protein groups listed in neXtProt as missing proteins (138 with
transcript expression) with 1% protein FDR and stringent review
of the spectra. They noted that 364 genes have 50 times higher
abundance in testis than in 26 other tissues, according to HPA,
including 28 cancer-testis antigens. Ahmadi Rastegar et al.27

investigated testicular tissue from men with azoospermia to
generate isoform-level gene expression profiles of Y chromosome
genes and their X chromosome paralogues, with a focus on 14
AZF family genes. A Franco-Swiss team (Jumeau et al.28)
analyzed the proteome of ejaculated spermatozoa; initial screens
identified 89 matches for missing proteins, of which ten were
identified as coded on chromosome 2 and two were identified as
coded on chromosome 14, including some inferred to be
involved in ciliation and flagellar mechanics; two (C2orf57 and
TEX37) were validated by immunohistochemistry of testis tissue
samples. A separate Franco-Swiss effort on chromosomes 2 and
14 using a diverse array of specimens, not including testis or
semen, reported 52 PE2-4 missing proteins and 6 PE5 uncertain
protein candidates, of which 13 (8 on chromosome 2, 5 on
chromosome 14) were validated with FDR and similarity scores
for reference versus endogenous peptides in LC−SRM assays
(Carapito et al.29). There was no overlap between the two
groups’ final lists. Another special set of proteins is the family of
34 beta-defensins, inducible antimicrobial proteins, of which only
three had detectable expression, with high levels for DEFB 1
(Chr 8) and low levels for DEFB 112 (Chr 6) and DEFB126
(Chr 20) (Fan et al.30). DNase I hypersensitivity, transcription
factor binding, and histone and CpG modifications in ENCODE
data were characterized to explain rare expression of the beta-
defensins and other proteins in the same chromosome region. A
clever method for activating unexpressed genes and transcripts is
epigenetic manipulation of fully differentiated adult human cells

in culture through interference with histone acetylation or
methylation (Yang et al.31); 29 missing or uncertain proteins
predicted to be involved in development or spermatogenesis
were identified with Mascot and 13 with MaxQuant. This
approach might be useful for GPCRs and olfactory receptor
genes.
(iii) Development of improved analytical techniques and related

experimental methods to solubilize, capture, and characterize
proteins that are dif f icult to measure, especially membrane proteins:
Horvatovich et al.11 summarized a wide variety of C-HPP
approaches for the quest to identify missing proteins. For
example, a consortium of chromosome teams 5, 10, 16, and 19
utilized the in vitro transcription/translation system of LaBaer to
develop LC−SRM assays for 18 missing proteins (Horvato-
vich32). High-pH reversed-phase StageTip fractionation and
MRM−MS were used to analyze nonsmall cell lung cancers and
cell lines (Kitata33). Differentially expressed membrane proteins,
such as DSG3, CD109, and CD14, from the 11q13 amplicon
prominently associated with head, neck, and breast cancers were
functionally validated in vitro (Hoover34). Su et al.35 developed
systematic enrichment strategies to identify missing proteins that
fell into four classes: (1) low-molecular-weight (LMW) proteins,
(2)membrane proteins, (3) proteins that contained various post-
translational modifications (PTMs), and (4) nucleic-acid-
associated proteins. Of the 8845 proteins identified in seven
data sets, 79 proteins were classified as missing proteins, of which
30 missing and 6 uncertain proteins were confirmed. A Chinese
consortium (Chen36) prepared a workflow for enriching
detergent-insoluble cytoplasmic proteins (DIPs) from three
human lung and three human hepatoma cell lines via differential
centrifugation. A total of 23 missing proteins were identified by
MS, of which 18 had translation evidence from nascent RNC
complexes. Cytoplasmic DIPs were not an enrichment of
transmembrane proteins, were chromosome-, cell type-, and
tissue-specific, and were biologically and physical−chemically
different from the soluble proteome.
(iv) Upgrading bioinformatics knowledge base and related

informatics tools to enable credible identif ication and validation of
new protein observations: A regular feature of the annual special
issue of the C-HPP is the paper on HPPMetrics, with 16 491 PE
level 1 neXtProt and 14 928 canonical PeptideAtlas entries as
well as an extensive discussion about quality assurance and
guidelines for evaluating claims of missing proteins or novel
proteins (Omenn et al.6). Deutsch et al.3 present the latest 2015-
03 build of PeptideAtlas, showing the increments during 2014
from TCGA, Kim et al.7 and Wilhelm et al.8 data sets, and
refinements of PeptideAtlas, including the addition of Atlas-
Prophet, new categories for peptide-to-protein matches, and a
higher bar for protein matches, requiring two proteotypic
peptides of nine or more amino acids and search of the reference
proteomes for more likely matches from the available peptides.
These two papers provide a thorough examination of the

challenges of claiming, confirming, and validating peptide
findings and protein matches. We recommend that all
investigators scrutinize the discussion sections of these papers
and apply the guidelines to their own data sets and other publicly
available data sets. Such quality assurance will be subjected to
open discussion at the HUPO 2015 Congress in Vancouver.
Claims of novel translated products from pseudogenes or long
noncoding RNAs require at least as great scrutiny as missing
proteins from genes with transcripts or homologies (PE 2,3,4),
including use of class-specific FDRs (Omenn et al.;6

Nesvizhskii13). These papers also guide investigators to use of

Journal of Proteome Research Editorial

DOI: 10.1021/acs.jproteome.5b00785
J. Proteome Res. 2015, 14, 3409−3414

3410

D
ow

nl
oa

de
d 

by
 P

LA
N

ET
 S

Y
ST

EM
S 

G
RO

U
P 

on
 S

ep
te

m
be

r 4
, 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
): 

Se
pt

em
be

r 4
, 2

01
5 

| d
oi

: 1
0.

10
21

/a
cs

.jp
ro

te
om

e.
5b

00
78

5

http://dx.doi.org/10.1021/acs.jproteome.5b00785


the valuable data in neXtProt, PeptideAtlas, GPMDB, and
Human Protein Atlas.
GenomewidePDB 2.0 by Jeong37 describes new features that

integrate transcriptomic information (e.g., alternatively spliced
transcripts), annotated peptide information, and an advanced
search interface, which can find proteins of interest when
applying a targeted proteomics strategy. GenomewidePDB2.0,
may also enhance the exchange of information among the
proteome community. The authors have a thorough discussion
of the missing proteins challenge; for example, 92 of the 2948
missing proteins lack any uniquely mappable tryptic peptide,
suggesting that a different protease or a top-down analysis may be
needed. CAPER3.0 is the latest version of the analyticaI resource,
now a cloud-based platform, for data sets from the Chinese C-
HPP chromosomes 1, 8, and 20 Consortium (Yang38); data-
intensive applications are demonstrated for identifying novel
peptides, single amino acid variants (SAVs) from known
missense mutations, sample-specific SAVs, and exon-skipping
events. PPLine is a Python-based proteogenomic pipeline from
the Russian consortium (Krasnov39) providing automated
discovery of single-amino-acid polymorphisms, indels, and
alternatively spliced variants from raw transcriptome and
exome sequence data (using both Illumina HiSeq and SOLiD
for HepG2 cells and liver tissue), single-nucleotide poly-
morphism annotation and filtration, and the prediction of
proteotypic peptides.
dasHPPboard facilitates the analysis of a variety of

proteogenomic data sets from the Spanish Chromosome 16
researchers (Tabas-Madrid40). MI-PVT is a new web-based
Proteome Visualization Tool for displays by chromosome or by
protein family (Panwar41). Finally, I-TASSER and COFACTOR
algorithms, well-established tools in structural biology for
predicting protein folding and protein functions, were applied
to the list of 616 PE5 uncertain/dubious predicted proteins to
evaluate their prospects for conformational folding and potential
functions (Dong et al.42).

■ A CASE STUDY OF CLOSE EXAMINATION OF
INITIAL FINDINGS OF MISSING PROTEINS

As noted above, an attractive approach to finding missing
proteins is to combine the use of orthogonal methods of peptide
and protein identification with a selection of understudied
tissues. The experience of one of us (C.M.O.) is illustrative of the
difficulties of validatingmissing protein findings. TheOverall Lab
employed a N-terminomics approach, Terminal Amino Isotopic
Labeling of Substrates (TAILS), to enrich and identify protein N-
terminal peptides. Such information is intrinsically valuable for
the HPP effort as knowledge of the actual protein termini
captures a basic characteristic of every protein. However, in
addition to mature protein N terminal peptide identification,
previous TAILS analyses had repeatedly made the surprising
observation that >50% of proteins in a tissue sample displayed
various proteoforms having truncated termini, both N and C-
terminal. This number increased to over 60 and 70% in
erythrocytes and human dental pulp, as reported by Eckhard et
al.24 Thus, precision proteolysis had generated one or more neo-
termini per protein in vivo, therefore generating a variety of
proteolytic proteoforms of each protein. Recognizing this
observation as a potential new route to increasing proteome
coverage, Eckhard et al.24 reasoned that identification of protein
semitryptic peptides may render some regions of a protein
amendable for proteomic identification by overcoming unfavor-
able peptide fragmentation or ionization properties. Thus,

semitryptic internal peptides may be more readily identified
compared with their spanning tryptic peptides.
Human dental pulp, the tissue residing inside teeth that reacts

to dental caries and thermal or pH extremes with pain
(toothache), also lays down the organic protein matrix of
mineralized dentine. Thus, dentine-specific proteins that direct
mineralization ought to be found and may be proteins not found
elsewhere. Many such specific proteins had been known from
published biochemical studies, such as dentin sialophosphopro-
tein, but not found proteomically simply because pulp and
dentine had been subject to so few proteomics analyses by
modern techniques. We identified 4332 proteins at a protein
FDR <0.7% with 9079 protein N termini identified in dental
pulp, so the prospect for finding a trove of missing proteins
seemed high. Indeed, 174 missing proteins were identified by the
community-accepted criteria for high confidence protein
identification (multiple PSMs identified by multiple search
engines at <1% FDR, with further analysis by the ISB
PeptideProphet, iProphet, and ProteinProphet), yet when
manual inspection of each PSM (1159) was performed and
peptides were excluded in the case of isobaric Leu/Ile
ambiguities and if fewer than 7 amino acid residues in length,
the number dwindled all the way to 17 from the previous 174.
Moreover, we now recognize that these still only represent
candidate missing proteins, because synthetic peptide SRMs
have yet to be analyzed to match with the these peptides. Finding
missing proteins is hard! We appreciate the guidance of the
reviewers and editors, and we support the guidelines of the C-
HPP.
Several other papers in this issue also present details of the

application of more stringent guidelines to the confirmation or
validation of missing protein claims (Carapito et al.;29 Jumeau et
al.;28 and Yang et al.31).

■ SETTING OUT THE FUTURE DIRECTION OF THE
C-HPP/ADDRESSING KEY PROBLEMS

(1) What is suf f icient evidence of publishing claims of detection of
MPs? From the claims of 904 discovered MPs in the manuscripts
submitted for this special issue, we realized that we need more
stringent guidelines for our investigators and for the journals.
These findings might be considered candidate missing proteins.
There is no ambiguity that spectra for claims of detection of
missing proteins must be scrutinized for the presence of ion
ladder features and the absence of anomalies; that more than one
search engine should be used, but the results must agree between
the search engines; and that reliance on a single proteotypic
peptide, especially with a single spectrum, is highly risky, which
led PeptideAtlas to raise the bar to two or more distinct peptides
of nine ormore amino acids and neXtProt to raise its bar to either
two proteotypic peptides of seven or more amino acids or one of
nine amino acids. When similar specimens in good studies have
never found the newly identified protein match, it behooves us to
check for a match to an abundant protein with a single amino acid
substitution or an isobaric post-translational modification. See
Deutsch et al.3 for examples. The same applies in spades for
peptides that appear to represent translation products from
lncRNAs or from pseudogenes. We recommend assay with SRM
or SWATH using high-quality synthetic peptides and compar-
ison with spectral libraries and databases (Schubert et al.43).
However, it is essential to recognize that these steps enhance
confidence in the identification of the peptide but cannot validate
the match to the protein.
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(2) How best can we improve methodological approaches, select
optimal biological samples, and recommend stringent informatics
protocols for the characterization of challenging protein families, such
as the olfactory receptors? Protein families, especially those with
highly homologous sequences, generate challenges for peptide-
to-protein matches when the available peptides generate
indistinguishable matches to two or more proteins. See Deutsch
et al.3 for the classification of protein matches.
Olfactory receptor proteins are a particular dilemma. Many

investigators are attracted to their study because they are G-
protein coupled receptors (GPCRs) and may have a variety of
sensory functions, not limited to smell and taste, especially in
nonhuman animals. There are about 900 genes and pseudogenes
for olfactory receptors. As documented by Omenn et al.,6

PeptideAtlas has reevaluated its olfactory receptor entries and
has eliminated the two remaining entries as of 2014 (Deutsch et
al.3). GPMDB has reduced its very long list of entries to six with
high-quality entries then recognized that even these may match
better to other proteins. Ezkurdia et al.44 examined the spectra
made available by Kim et al.7 for 108 reported olfactory receptor
proteins and by Wilhelm et al.8 for 200 reported olfactory
receptor proteins and concluded not one passed muster for
quality spectra or valid protein match. For several years, C-HPP
teams have been searching for surgical collaborators to obtain
good tissue specimens from olfactory epithelium in the upper
nasal passages or olfactory cortex in the brain. Even then,
expression of these genes, if active, may be clonal and at low levels
because only a few OR transcripts have been reported and
confirmed.
(3) The initial focus of characterizing the missing proteins can now

be expanded to the study of protein variants. Recognizing the huge
space of protein proteoforms, the community needs to agree on a
viable set of next targets, such as the as alternative splice variants
(ASVs) of disease-important proteins.
The HPP and C-HPP have articulated from the beginning that

the characterization of protein products from protein-coding
genes should include deep analyses for sequence variants, splice
variants, and post-translational modifications. Glycan and
glycoprotein analysis have been a major feature of the HUPO
initiatives from the beginning. PeptideAtlas has now created a
Phospho-PeptideAtlas. Many of the articles in this special issue
address the detection and functional characterization of splice
variants. We are certain that these directions will become even
more prominent in the coming years. They represent additional
technical and biological complexity.
(4) Technology and methodology will continue to advance. We

look forward to the development of integrated bioinformatics
tools as well as experimental methods and to crossover analyses
of mass spectrometry and antibody-profiling. A major outcome
from the B/D-HPP has been the identification of proteotypic
peptides for essentially all known and predicted protein
sequences, the preparation of synthetic peptides, and the
generation of algorithms for SRM/MRM−MS transitions and
SWATH analyses. The utilization of these resources has been
limited to date except in expert hands. Facilitating the use of
proteomics platforms and data for integrated omics studies
widely in the life sciences and biomedical community remains a
major challenge. We shall encourage greater interaction between
the C-HPP, B/D-HPP, and Resource Pillars of the HPP.
(5) As we begin a new phase of the long-term C-HPP program,

how can we enhance the capabilities and deliverables of the C-HPP
teams? One approach emerging naturally among the teams and
the leadership is the formation of clusters of teams with

overlapping interests and the welcoming of additional inves-
tigators with fresh ideas and new methods. Because major data
sets cover the entire proteome, it is natural to share the data, to
collectively identify new kinds of organs or tissues to analyze, and
to compare the methods, databases, and browsers developed in
isolation. Many teams may be interested in organizing studies of
families of proteins often occurring in clusters on several
chromosomes, of amplicons, which are quintessential cis-
regulated chromosomal features, and alternative splicing, a key
evolutionary development in multicellular organisms with
multiexonic genes to generate greater protein diversity. It is
likely that isoforms will be much more specific as diagnostic
biomarkers or molecular therapeutic targets than are the protein
and transcript mixtures from individual genes.
To establish cross-chromosome analysis and collaboration

networks within the consortium, we should make greater efforts
to restructure certain C-HPP teams according to the target
disease (e.g., cancers, reproductive, neurodegenerative, or
metabolic disease), sharing common resources (e.g., In Vitro
Transcription & Translation/IVTT, bioinformatics pillars,
biobanks, antibody reagents), method development (e.g.,
membrane protein, OR, computational programs, bioinformatics
tools), biological insight into gene activity for regulation of
protein production (e.g., lncRNAs, pseudogenes, nsSNPs), and
tissues (e.g., brain, liver, heart). These steps would naturally lead
to stronger collaborations with the B/D-HPP groups.

■ CONCLUSIONS

This third C-HPP special issue further demonstrates the
important role of HUPO in the evolution of the complex goal
of defining the human proteome. The C-HPP initiative has
successfully promoted global collaborations in pursuing the full
protein parts list based on known protein coding genes, has
required the deposition of proteomics data sets and provided
standardized reanalyses of those data sets, has integrated
transcriptomic and proteomic information, has emphasized the
importance of amplicons in protein expression, and has
promoted novel analytical approaches and informatics tools.
Much has been achieved over the past few years. We look forward
to the next phase of better understanding the complexity of
human biology enabled when the draft proteomes become the
functional proteome map.
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