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ABSTRACT: As part of the chromosome-centric human proteome
project (C-HPP) initiative, we report our progress on the annotation
of chromosome 22. Chromosome 22, spanning 51 million base pairs,
was the first chromosome to be sequenced. Gene dosage alterations
on this chromosome have been shown to be associated with a number
of congenital anomalies. In addition, several rare but aggressive tumors
have been associated with this chromosome. A number of important
gene families including immunoglobulin lambda locus, Crystallin beta
family, and APOBEC gene family are located on this chromosome.
On the basis of proteomic profiling of 30 histologically normal tissues
and cells using high-resolution mass spectrometry, we show protein
evidence of 367 genes on chromosome 22. Importantly, this includes 47 proteins, which are currently annotated as “missing”
proteins. We also confirmed the translation start sites of 120 chromosome 22-encoded proteins. Employing a comprehensive
proteogenomics analysis pipeline, we provide evidence of novel coding regions on this chromosome which include upstream ORFs
and novel exons in addition to correcting existing gene structures. We describe tissue-wise expression of the proteins and the
distribution of gene families on this chromosome. These data have been deposited to ProteomeXchange with the identifier
PXD000561.
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■ INTRODUCTION
With the near completion of the human genome project, there
has been a continued effort to characterize the function of
proteins involved in cellular processes. The chromosome-centric
human proteome project (C-HPP) initiative led by the Human

Proteome Organization (HUPO) attempts to map and annotate
all of the estimated 20 300 human protein coding genes across
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each chromosome.1 The major goal of the C-HPP is to identify
and functionally characterize at least one protein product
encoded by each gene with a major emphasis on identifying
20% of the proteome that currently lacks proteomic evidence.2

Several groups have adopted a chromosome and are employing
mass spectrometry to identify and characterize the proteome
encoded.3−5 In addition to mass spectrometry-based analysis,
several other strategies including antibody-based detection are
being employed.6

To enable characterization of the entire proteome, several
challenges need to be overcome. A majority of the proteins that
currently lack evidence are likely to have tissue/cell-restricted
expression, may be expressed at certain stages of development, or
are present in very low abundance. It is becoming more apparent
that at least some of the current annotations of the human
genome are erroneous, for example, incorrectly annotated transla-
tion start sites and missed exons. The global C-HPP initiative of
allocating individual chromosomes to teams around the world to
identify proteins encoded by genes across all chromosomes will
help address these issues. The knowledge base and the technical
resources that would be generated will lead the community
to apply these findings to a broad array of biomedical problems.
In this regard, our team has focused on the annotation of
chromosome 22.
Chromosome 22 was the first human chromosome to be fully

sequenced,7 and it is the second smallest human autosome,
spanning about 51million base pairs. It accounts for∼1.8% of the
genomic DNA.8 NCBI annotation release 104 lists a total of
884 genes, of which 442 are annotated as protein coding genes.
A number of different genetic alterations associated with various
diseases and genetic abnormalities on chromosome 22 have been
reported. These include some of the well-known as well as rare
disorders such as cat eye syndrome, which is caused by extra
copies of the proximal region of chromosome 22q,9 DiGeorge
syndrome,10 velocardiofacial syndrome (VCFS),11 and 22q13.3
deletion syndrome12 among others. In addition, chromosome 22
is also reported in the formation of the Philadelphia chromosome
by reciprocal translocation between chromosome 9 and 22,
generating the BCR-ABL oncogene which is found in 95% of
chronic myeloid leukemia patients and 25−30% of acute
lymphoblastic leukemia patients.13

In our previous study, we carried out deep proteomic profiling
of 30 different histologically normal tissues and hematopoietic
cells, thereby generating a draft map of the human proteome.14

Here, we describe a detailed annotation of the chromosome
22-encoded proteome. Upon mapping our proteomics data to
chromosome 22, we identified protein products encoded by
367 genes, including 47 which have been reported to be missing
based on C-HPP criteria.2 We also confirm the translation start
site for 120 proteins. Tissue-wise expression of several disease-
related genes and gene families that are clustered on this
chromosome is reported. Finally, employing our proteogenom-
ics strategy, we provide translation evidence for several novel
coding regions such as upstream ORFs and novel exons in
addition to correction of existing gene structures.

■ MATERIALS AND METHODS

Sample Preparation and Fractionation

Histologically normal human organs, fetal tissues, and
hematopoietic cells were procured after obtaining institutional
ethical clearance. The tissues/cells were lysed in lysis buffer
containing 4% SDS, 100 mM DTT, and 100 mM Tris pH 7.5,

and were homogenized, sonicated, heated for 10−15 min
at 75 °C, cooled, and centrifuged at 2000 rpm for 10 min. The
protein concentration of the cleared lysate was estimated using
BCA assay, and equal amounts from each of the donors was
pooled for further fractionation.
Proteins from SDS lysates were separated on SDS-PAGE, and

in-gel digestion was carried out as described earlier.15 Briefly, the
protein bands were destained, reduced, alkylated, and subjected
to in-gel digestion using trypsin. The peptides were extracted,
vacuum-dried, and stored at −80 °C until further analysis.
Four hundred micrograms of proteins from each sample was

subjected to in-solution trypsin digestion following reduction
and alkylation with DTT and IAA, respectively. The peptide
digests were then desalted using Sep-Pak C18 columns (Waters
Corporation, Milford, MA) and lyophilized. The lyophilized
samples were reconstituted in bRPLC solvent A (10 mMTEABC,
pH 8.5) and loaded on an XBridge C18, 5 μm 250 × 4.6 mm
column (Waters, Milford, MA). The peptide digest was resolved
using a gradient of 0 to 100% solvent B (10 mM TEABC in
acetonitrile, pH 8.5) in 50 min. The total fractionation time was
60 min. Ninety-six fractions were collected which were then
concatenated to 24 fractions, vacuum-dried, and stored at
−80 until further LC-MS/MS analysis.

LC-MS/MS Analysis

Peptide samples from in-gel digestion and bRPLC fractionation
were analyzed on LTQ-Orbitrap Velos and LTQ-Orbitrap Elite
mass spectrometers (Thermo Electron, Bremen, Germany)
interfaced with an Easy-nLC II nanoflow liquid chromatography
system (Thermo Scientific, Odense, Southern Denmark). The
peptide digests were reconstituted in 0.1% formic acid and
loaded onto a trap column (75 μm × 2 cm) packed in-house
with Magic C18 AQ (Michrom Bioresources, Inc., Auburn, CA)
at a flow rate of 5 μL/min with solvent A. Peptides were resolved
on an analytical column (75 μm × 10 cm) at a flow rate of
350 nL/min using a linear gradient of 7−30% solvent B (0.1%
formic acid in 95% acetonitrile) over 60 min. Data-dependent
acquisition with full scans in the 350−1800 m/z range were
carried out using an Orbitrap mass analyzer at a mass resolution
of 60 000 in Velos and 120 000 in Elite at 400 m/z, respectively.
Twenty of the most intense precursor ions from a survey scan
were selected for MS/MS and were fragmented using higher-
energy collision dissociation (HCD) with 35% normalized
collision energy and detected at a mass resolution of 15 000 and
30 000 at 400 m/z in Velos and Elite, respectively. Dynamic
exclusion was set for 30 s with a 10 ppm mass window.

Proteomic Data Analysis

Mass spectrometry data obtained from all LC-MS/MS analysis
were searched against Human RefSeq50 database (containing
33 833 entries along with common contaminants) using Sequest
and Mascot (version 2.2) search algorithms through Proteome
Discoverer 1.3 (Thermo Scientific, Bremen, Germany). Enzyme
specificity was set as trypsin with maximum of two missed
cleavages allowed. The minimum peptide length was specified
as six amino acids. Carbamidomethylation of cysteine was
specified as fixed modification and oxidation of methionine,
acetylation of protein N-termini and cyclization of N-terminal
glutamine were included as variable modifications. The peptide
and fragment mass tolerance was set to 10 ppm and 0.05 Da
for fragment ions. The data were also searched against a
decoy database, and the results were used to estimate q values
using the Percolator algorithm16 within Proteome Discoverer.
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Peptides were considered identified at a q value <0.01 and used
for further analysis.

Identification of Novel Peptides Using Alternative
Databases Searches

To enable identification of novel peptides and correction of
existing gene annotations in the human genome, five alternative
databases were used. These databases were generated using
in-house python scripts for proteogenomic analysis. The
databases used were (1) six-frame translated genome database,
(2) three-frame translated RefSeq mRNA sequences fromNCBI,
(3) three-frame translated pseudogene database with sequences
derived from sequences fromNCBI and Gerstein’s pseudogenes,
(4) three-frame translated non coding RNAs from NONCODE,
and (5) N-terminal UTR database of RefSeq mRNA sequences
from NCBI. A decoy database was created for each database by
reversing the sequences from a target database. Peptide identifi-
cation was carried out using X!Tandem. The following param-
eters were common to all searches: (1) precursor mass error set
at 10 ppm, (2) fragment mass error set at 0.05 Da, (3) carbam-
idomethylation of cysteine defined as a fixed modification,
(4) oxidation of methionine defined as a variable modification,
and (5) only tryptic peptides with up to two missed cleavages
were considered. The sequences of common contaminants
including trypsin used as protease were appended to the
database. Unmatched MS/MS spectra peaklist files were
extracted from the protein database search result and searched
against these databases using the X!Tandem search engine
installed locally.
All the databases were created in-house using python scripts.

For the six-frame translated genome database, the human
reference genome assembly hg19 was downloaded from NCBI
and translated in six reading frames, and peptide sequences
greater than six amino acids were retained in the database.
The mRNA sequences were downloaded from NCBI RefSeq
(RefSeq version 56 containing 33 580 sequences) and translated
in three reading frames. Custom pseudogene database from
NCBI (11 160 sequences) and Gerstein’s pseudogene database
(16 881 sequences from http://pseudogene.org/, version 68) as
well as noncoding RNA sequences from NONCODE (91 687
sequences, version 3) were translated in three reading frames.
Peptide sequences identified from each of the alternate

database searches were filtered, and only those passing 1% FDR
score threshold at the peptide level were considered. Unique
lists of genome search specific peptides (GSSPs), pseudogene
specific peptides, and transcriptome search specific peptides were
generated by comparing the peptides with the protein database.
Peptides mapping to multiple regions in the genome and with
isoleucine/leucine ambiguity were not considered for further
analysis. The final list of the peptides was thenmanually validated
to verify the confidence of spectral assignment.

Gene Ontology Analysis

Molecular functions and primary localization information for all
the proteins were obtained from Human Protein Reference
Database, HPRD (http://www.hprd.org), containing manually
curated protein annotations along with protein−protein
interactions related to human proteins.17

Quantitation Based on Spectral Counts

Normalized spectral counts were calculated by summing spectral
counts from all the peptides mapping to a given gene per
experiment (i.e., SDS-PAGE or bRPLC). Total acquired tandem
MS were then used to normalize between experiments, and the

resulting spectral counts per gene were averaged across multiple
experiments (e.g., bRPLC and SDS-PAGE fractionation) per
sample (e.g., esophagus). Final numbers per gene were used for
plotting the heat map.

■ RESULTS AND DISCUSSION

Proteomic Evidence for Genes on Chromosome 22

As part of our deep proteomic profiling of 30 different
histologically normal human tissues and cell types using high-
resolution mass spectrometry, we specifically looked for proteins
that are encoded by genes on chromosome 22. Of the 442 RefSeq
gene entries, our data provides translation evidence for protein
products of 367 genes. Twenty proteins have >90% sequence
coverage and 52% of the proteins have sequence coverage >50%
(Figure 1a). The distribution of identified proteins based on their
subcellular localization and molecular function reveals proteins
to be predominantly localized in the cytoplasm followed by the
nucleus and the plasma membrane (Figure 1b). In addition to
providing translation evidence for many of the chromosome
22-encoded proteins, we also confirmed the start sites of
120 proteins.
Figure 1c depicts the relative expression of chromosome

22-encoded proteins identified in this study based on normalized
spectral counts. Several proteins identified in our study show
tissue restricted expression. For example, proteins encoded by
GNAZ, PDXP, PI4KA, SBF1, SYNGR1, and PRODH showed
higher expression in adult frontal cortex compared to other
tissues, whereas those encoded by PARVG, EP300, THOC5,
PARVB, and ADRBK2 showed consistently high expression in
the hematopoietic cells compared to fetal and adult tissues.
Parvins are actin-binding proteins that form multiprotein com-
plexes with integrin-linked kinases that link integrins to the actin
cytoskeleton. γ-Parvin has been reported to be expressed
specifically in hematopoietic cells of both myeloid and lymphoid
origin and is in agreement with our findings.18 β-Parvin, another
member of the parvin family, shows high expression in platelets
compared to all other tissues. Interestingly, we identified proteins
encoded by ACR,HORMAD2, TSSK2, and TMEM191B, among
others, that showed relatively higher expression in adult ovary
and testis compared to other tissues sampled in our study.
When we compared our data with neXtProt entries, we found

317 of 356 proteins categorized as PE1 entries present in our
data set. We also compared our data with 337 genes from
PeptideAtlas and 339 genes from GPMDB.2 We found 63 genes
unique to our data set as compared to PeptideAtlas and 56 genes
as compared to GPMDB. This was made possible by the
deep proteome coverage obtained by combining diverse human
samples, different fractionation strategies, and high-resolution
mass spectrometers.

“Missing” Proteins Identified in Chromosome 22

To enable identification of “missing proteins”, we compared
our list of proteins encoded by chromosome 22 with the list of
“missing proteins” derived from proteins that do not have any
proteomic evidence in neXtProt, PeptideAtlas, or GPMDB.19

Based on the current metrics2, 108 proteins are reported to be
missing or lacking proteomic evidence from chromosome 22.
Of these, 21 are currently categorized as PE5 entries. Comparing
our list of identified proteins with neXtProt database resulted
in the identification of 47 missing proteins, which include 5 of
21 proteins designated as uncertain/dubious (Supplementary
Table S1).
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On the basis of our analysis, we observed several proteins that
showed tissue-restricted expression, whereas only a few showed
ubiquitous expression (Figure 2). Proteins encoded by ATP5L2,
DDTL, TSPO, and POTEH show ubiquitous expression
across all tissues with certain tissues showing higher expres-
sion than in others. For example, translocator protein (TSPO),
a mitochondrial membrane protein involved in various physio-
logical functions, including immunologic responses,20 showed
high expression in monocytes followed by other hematopoietic

cells. In the case of tissue-restricted expression, CECR6, one
of the dosage-sensitive genes responsible for cat eye syndrome
(CES)21 was identified from our study specifically in the brain
with higher expression in adult frontal cortex compared to
fetal brain. Three RIMBP3 genesRIMBP3, RIMBP3B, and
RIMBP3Care located on chromosome 22, and each of these
is a single exon gene sharing 99% identity at nucleotide level.22

All RIMBP3 genes contain a central SH3 domain, followed by
two FN3 domains and two C-terminal SH3 domains. RNASeq

Figure 1. (a) Sequence coverage of proteins encoded by chromosome 22. (b) Distribution of identified chromosome-22-encoded proteins based on
subcellular localization. (c) Tissue-wise distribution of protein coding genes encoded by chromosome 22. Distribution of proteins identified from
30 histologically normal tissues and cell lines based on their spectral abundance. The color schema is based on the spectral counts: red blocks represent
proteins with relatively higher expression, orange depicts moderate expression, and yellow represents relatively low expression. Proteins not detected in
a given tissue are represented in gray.
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data from Illumina BodyMap shows transcript expression in
several tissues, with the highest expression in testis. We identified
gene-specific peptides only for RIMBP3, with relatively high
expression in testis, consistent with the transcriptome data.
Another protein, RIBC2 (RIB43A domain with coiled-coils 2)
also known as C22orf11, is expressed only in fetal tissues and has
the highest expression in fetal heart. RIBC2 is located on the
q13.31 locus and consists of two-coiled coil domains. The
biological role of this protein has not been determined but
it seems to play a role in early developmental stages. In addition,
proteins encoded by solute carrier family members located on
this chromosome, such as SLC5A4 (adult kidney), SLC35E4,
SLC2A11 (high expression in fetal brain), SLC16A8 (adult
retina), and SLC7A4 (adult testis), have been identified with

tissue-restricted expression pattern. Thus, sampling specific
tissue/cell types has enabled us to identify majority of themissing
proteins that had been missed earlier.

Gene Families on Chromosome 22

Several gene families have been reported to be clustered on
chromosome 22. Gene families on the same chromosome are
presumed to have arisen by tandem gene duplication. Figure 3a
depicts some of the gene families on this chromosome. The
immunoglobulin λ locus, which encodes the light chain of anti-
bodies, is one such gene family clustered on chromosome 22.23

In addition to the lambda locus, there are other immunoglobulin-
related genes on this chromosome such as immunoglobulin
λ-like (IGLL) family and immunoglobulin k variable-region

Figure 2. Tissue-wise expression of “missing proteins” identified by proteomic study. Distribution of “missing” proteins identified in this study from
30 histologically normal tissues and cell lines based on their spectral abundance. The color schema is based on the spectral counts: red blocks represent
proteins with relatively higher expression, orange depicts moderate expression, and yellow represents relatively low expression. Proteins not detected in
a given tissue are represented in gray.
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pseudogenes. Apart from the immunoglobulin genes, gene
families that encode glutathione S-transferases,24 Ret-finger-like
proteins,25 APOL family,26 and β-crystallins27,28 are present on
this chromosome. The γ-glutamyl transferase genes represent a
family that is likely to have been duplicated in tandem along with
other gene families such as the BCR-like genes that span the
22q11 region. Together these genes form the LCR22 (low-
copy repeat 22) repeats. The APOBEC gene family, which is
involved in deaminating cytosine to uracil, has 7 of 10 members
clustered on chromosome 22.29 These genes are involved in
RNA/DNA editing and exhibit diverse physiological func-
tions.30,31 APOBEC1, the first member to be discovered, is
involved in deaminating apolipoprotein B RNA, thereby creating
a premature stop codon and producing a shorter protein.32,33

Tissue-wise distribution of the APOBEC proteins reveals a
relatively higher abundance in hematopoietic cells compared to
adult and fetal tissues (Figure 3b). Interestingly, our analysis
shows APOBEC3H to be restricted in its expression to adult liver
tissue. This gene is known to possess antiretroviral activity and
inhibits retrovirus replication and retrotransposon mobility by
deamination.34

Cancer-Associated Genes on Chromosome 22

Chromosome 22 is also known to have strong association
with cancers and is extensively rearranged in several tumors,
including chronic myeloid leukemia, astrocytic tumors,35 and
neurofibromatosis type 2a.36 Table 1 lists several known cancer-
associated genes located on this chromosome, including
some of the prominent genes such as BCR (Philadelphia

Figure 3. (a) Selected examples of gene families on chromosome 22. The gene families are shown in boxes with information pertaining to band
annotation. Within parentheses, the details of the gene family are provided in the following order: number of genes of a family adjacent to each other/
total number of members on the chromosome/total family members in the genome. (b) Panel shows tissue-wise distribution of APOBEC gene family
on chromosome 22. 7 of 10 APOBEC gene family members are clustered on chromosome 22.
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chromosome − translocation), CRKL (chronic myeloid
leukemia), PDGFB (glioma), and genes associated with some
rare tumors, including SMARCB1 (rhabdoid tumor), MN1
(meningioma), EWSR1 (Ewing’s sarcoma), and NF2 (schwan-
noma tumors). A complete list of cancer-associated genes on
chromosome 22 has been generated using the method described
by Liu et al.37 On the basis of the information related to
oncogenes integrated from several websites (Sanger, Waldman,
and GeneCards, see legends Table 1), we have identified
24 genes on chromosome 22. Nineteen of the 24 cancer-
associated genes are present in regions which are transcription-
ally active with gene density above the average on chromosome
22 (i.e., 51.6 genes/Mb). Only five genes occur in a region with
<45 genes per Mb.
NF2, a gene responsible for neurofibromatosis type 2, encodes

a cytoskeletal associating protein, Merlin. Merlin is similar to
the ERM (Ezrin−Radixin−Moesin) family of proteins and has
been implicated in the regulation of a number of signaling
pathways, including Rac1,38 Ras/MAPK,39 mTOR,40 and Hippo
pathways.41 NF2 has been reported to be a negative regulator
of Rac signaling.38 Several studies have reported NF2 as a tumor
suppressor protein.42,43 Deletion and mutations in theNF2 gene
have been shown to cause autosomal dominant predisposition
to tumors in the nervous system and skin.43 In addition, several

mutations and breakpoints are reported in the NF2 gene locus
located in the 22q12 region of chromosome 22. This gene
locus lies in one of the transcriptionally active regions on the
chromosome and consists of genes such as LIF and NEFH in
addition to several cancer-associated genes, including EWSR1,
which contains the Ewing’s sarcoma translocation breakpoint,
and other known tumor suppressor genes, GAS2L1 and
RASL10A.44 Figure 4 illustrates some of these important genes
clustered around NF2 as well as the diversity of protein isoforms
of these genes in terms of the number of alternative splice
variants (ASVs, red circle) and single nucleotide variants (SNVs,
purple circle) resulting from the transcription of missense
SNPs. Genes with a significant number of variants in the region
include NF2 with 11 ASVs and 90 SNVs, ASCC2 (10, 26),
MTMR3 (6, 36), and TBC1D10A (6, 17). RFPL1, RASL10A,
UQCR10, ZMAT5, and HORMAD2 are currently categorized as
“missing proteins”with no evidence at the proteome level. In our
proteomics data, we observed HORMAD2 to be expressed
ubiquitously with relatively high expression in adult testis and
RFPL1 with restricted expression in fetal heart. This warrants
further studies to be performed to functionally characterize these
proteins as they may have an impact on the phenotype and could
likely contribute to disease progression in NF2 deleted/mutated
tumors.

Table 1. List of Cancer-Associated Genes on Chromosome 22

cancer gene list for chromosome 22

position oncogene
Sanger(S)/Waldman(W)/

cancer index(C)a
top Novoseek cancer

associationb
GeneCards

Novoseek-logPc
adjacent cancer-related genes

scored
gene

densitye

22q11.21 BID C tumors 52.3 4 90
CLTCL1 S n/a n/a 12 100
COMT C breast cancer 49.4 17 100
CRKL W,C chronic myeloid leukemia 77.7 0 98
SEPT5 S leukemia 0 21 100

22qll.23 BCRf S,W,C chronic myeloid leukemia 91.4 6 130
GSTT1 C bladder cancer 56.9 16 251
MIF C tumors 44.9 16 251
MMP11 C breast carcinoma 64.3 21 251
SMARCB1 S,C rhabdoid tumor 97 16 251

22ql2.1 CHEK2 S,C breast cancer 54.6 13 52
MN1 S,C meningioma 68.3 12 21

22ql2.2 EWSR1 S,C Ewing’s sarcoma 96.3 13 52
LIF C leukemia 94.9 8 70
NF2f S,W,C schwannoma tumors 89.9 13 52
PATZ1 S colon carcinoma 35.6 0

22ql2.3 MYH9 S leukemia 17.9 6 44
TIMP3 W tumors 57.7 1 23

22ql3.1 MKL1 S acute megakaryoblastic
leukemia

78.3 5 36

PDGFBf S,W,C glioma* 50.4 10 84
22ql3.2 BIK C breast cancer 14.3 3 40

CYP2D6 W,C breast cancer 26.4 6 110
EP300 S leukemia 60.5 5 68

22ql3.33 TYMP W tumors 71.4 3 72
aWebsites that list oncogene information are http://www.sanger.ac.uk/genetics/CGP/Census/, http://waldman.ucsf.edu/GENES/
completechroms.html, and http://www.cancerindex.org/geneweb/genes_d.htm. bTop cancer association from GeneCards Novoseek disease
relationship table, http://www.genecards.org/. c-logP of top cancer association (b) from GeneCards Novoseek disease relationship table, http://
www.genecards.org/. dInformation derived from neXtProt and GeneCards. As a way to assess degree of cancer association, we have calculated a
score as follows: the adjacent 10 genes on either side of the oncogene (from neXtProt) are scored as oncogene designation +5 points, direct
literature association with cancer +3 points, present in cancer data sets +1 point. eThe gene density was derived from GeneCards: http://genecards.
weizmann.ac.il/geneloc-bin/gene_densities.pl. All values represent the regions with a gene density above the average on chromosome 22 (i.e.,
51.6 genes/Mb), except for numbers indicated in bold. fRecognized as driver oncogene. Italic text indicates known gene mutation associated with
cancer. Bold text and * indicates cancer gene target with therapy from My Cancer Genome, http://www.mycancergenome.org/.
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Proteogenomic Analysis

Evidence for the protein-coding potential of the genome has
been largely dependent on gene prediction algorithms and some-
times on the presence of corresponding transcripts or orthologous
genes. Currently, about 50% of human transcripts are classified
as noncoding. In recent years, mass spectrometry-derived data
has been employed to refine/redefine the genome annotation
of various organisms.45−48 Employing a proteogenomics strategy
established previously by our group, we discovered several
potential novel coding regions on chromosome 22. From our
large scale proteome analysis, following the protein database
search, unmatched spectra were extracted and searched using
reference genome translated into six reading frames, RefSeq
transcript sequences translated in three reading frames, and
custom databases of annotated pseudogenes and conceptually
translated proteinN-termini databases.Our analysis resulted in the
identification of 10 novel events on chromosome 22 including
identification of upstream ORFs, evidence for translation of
noncoding RNA correction/refinement of gene structure. The
summary of the analysis is provided in Table 2. The details of all
the proteogenomic annotation on chromosome 22 is provided in
Supplementary Table S2.
It is estimated that 41−49% of all known human RefSeq

transcripts with annotated 5′ UTR contain at least one upstream

ORF.49−51 Studies have shown that uAUG codons and associ-
ated upstream ORFs in the 5′-UTR region play an important
role in translational control of mRNAs. From our analysis,
we identified two cases of uORFs. MIEF1 is a mitochondrial
membrane protein that regulates mitochondrial membrane
dynamics.52,53 Overexpression of MIEF1 was shown to cause
extensive mitochondrial fission, recruitment of DRP1 to
mitochondria membrane, and formation of long mitochondrial
tubules. Conversely, MIEF1 knockdown resulted in mitochon-
drial fission and fragmentation. A targeted database search
against three-frame translated transcript database resulted in the
identification of a peptide “YTDRDFYFASIR” in the 5′ UTR
region of MIEF1 (Figure 5a). The translated ORF is 70 amino
acids in length and is conserved in rabbit and giant panda.

Table 2. Summary of Novel Findings Identified through
Proteogenomics

category no. of cases

novel coding region (upstream ORF) 2
novel coding exons 2
translation evidence for noncoding RNA 1
translation evidence for pseudogene 1
novel N-termini 3

Figure 4. Genes around NF2. Ten genes adjacent to NF2 have been considered for the analysis. Genes in filled boxes (blue shade) have evidence of
PTMs, whereas genes in unfilled boxes have no known PTMs. Red circles within the boxes indicate number of alternative splice variants in Ensembl/
neXtProt. Purple circles denote number of proteins in neXtProt.
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Further studies have to be carried out to delineate the role of the
uORF in MIEF1 function.
Based on our proteogenomics analysis, we identified two

cases of N-terminal extension of proteins including extension
of tyrosylprotein sulfotransferase (TPST2) (Figure 5b) and Ran
GTPase activating protein 1 (RANGAP1) both with orthologous
evidence in primates. We also provide evidence for noncoding
RNA, FAM230B (Figure 5c) and translation of intronic region
of smoothelin (SMTN), which encodes a structural protein that
is found exclusively in contractile smooth muscle cells. It is
known to associate with stress fibers and constitutes part of the
cytoskeleton. This gene is localized to chromosome 22q12.3
(Figure 5d). The representative MS/MS spectra of the peptides
identified are provided in Supplementary Figure 1.

■ CONCLUSIONS

High-resolution mass spectrometry has enabled us to carry
out deep proteome profiling resulting in the high confidence
identification of the proteome. Additionally, we have also been
able to identify 47 proteins that were previously reported to
be missing. Future studies have to be aimed at identifying
proteins that are still missed using the targeted approach and
sampling of tissues and cells. In addition, generation of MRM
assays for proteins encoded by chromosome 22 becomes

imperative as the disease-associated role of genes on this
chromosome is evident. Proteogenomics has enabled redefining
the genome annotation in several organisms, and we have
demonstrated its ability to identify several novel events that have
previously not been reported. The future efforts of C-HPP should
enable characterization of these novel events in addition to focusing
on the proteome that currently lacks proteomic evidence.
Furthermore, a concerted effort is required to map the different
post-translational modifications and subproteomes and to identify
protein interaction networks of genes encoded by chromosome 22.
Data Availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository54 with
the data set identifier PXD000561.

■ ASSOCIATED CONTENT
*S Supporting Information

Representative MS/MS spectra of peptides identified by
proteogenomics analysis, a list of proteins designated “missing
proteins” identified by our study, and a summary of novel protein
features on chromosome 22 identified through proteogenomic
analysis. This material is available free of charge via the Internet at
http://pubs.acs.org.

Figure 5. (a) Identification of novel upstream ORF in the 5′ untranslated region of mitochondrial elongation factor 1 (MIEF1). The figure represents
peptide sequence “YTDRDFYFASIR” mapping to 5′UTR of MIEF1 (SMCR7L). In silico translation of the 5′UTR region revealed the presence of a
novel ORF of 70 amino acids. Sequence alignment shows conservation of the novel ORF with other mammals. The alignment of the peptide sequence
identified in our study has been highlighted in the panel depicting sequence alignment with rabbit and panda. (b) N-terminal extension of tyrosylprotein
sulfotransferase (TPST2). The figure represents peptide sequences “ALPADSLGTQAQGELEPR” and “CEPGGLPANLSLKPQK”mapping to 5′UTR
of TPST2 just upstream of the currently annotated translation start site. The peptide sequences are translated in the same frame as the existing protein.
Sequence alignment with other primate species reveals existence of an alternate translation start site 210 bp upstream of the currently annotated start
site. (c) Evidence of translation on noncoding RNA (FAM230B) The figure represents peptide sequence “EDAAQGIANEAADK” mapping to
noncoding RNA FAM230B. GENSCAN, a gene prediction algorithm, predicts an ORF in this region. (d) Identification of novel coding exon in the
intron of smoothelin (SMTN). We identified “VAVTQAAEVAVATVEPVAR” mapping to the intronic region of SMTN between exon 9 and 10.
Our finding is also supported by several ESTs (subset listed in the figure) as well as GENSCAN prediction.
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