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In Brief

This study proposed a new and
effective strategy for the improved
discovery and identification of
novel SEPs, including the
construction of databases
maximally collecting all putative
small ORFs from human and
mouse IncRNA transcripts in
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Highlights

e Complementary enrichment strategies combined with membrane filtration and C8 SPE.

e A combined database with the comprehensive putative SEPs and canonical proteins used.

e Seven hundred sixty-two novel SEPs identified from human cell lines, mouse cell lines, and mouse tissues.
¢ Nineteen SEPs have been validated by fusion expression or synthetic peptides.
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Deeply Mining a Universe of Peptides Encoded
by Long Noncoding RNAs

Qing Zhang'**, Erzhong Wu>*"*, Yiheng Tang”*-*®, Tanxi Cai'***, Lili Zhang®"°, )
Jifeng Wang'?, Yajing Hao”*, Bao Zhang®>, Yue Zhou'**, Xiaojing Guo'*?, Jianjun Luo®*",

2,3,5,*

Runsheng Chen”**°", and Fuquan Yang'*"

Many small ORFs embedded in long noncoding RNA
(IncRNA) transcripts have been shown to encode biologi-
cally functional polypeptides (small ORF-encoded poly-
peptides [SEPs]) in different organisms. Despite some
novel SEPs have been found, the identification is still
hampered by their poor predictability, diminutive size, and
low relative abundance. Here, we take advantage of
NONCODE, a repository containing the most complete
collection and annotation of IncRNA transcripts from
different species, to build a novel database that attempts
to maximize a collection of SEPs from human and mouse
IncRNA transcripts. In order to further improve SEP dis-
covery, we implemented two effective and complementary
polypeptide enrichment strategies using 30-kDa molecu-
lar weight cutoff filter and C8 solid-phase extraction col-
umn. These combined strategies enabled us to discover
353 SEPs from eight human cell lines and 409 SEPs from
three mouse cell lines and eight mouse tissues. Impor-
tantly, 19 of them were then verified through in vitro
expression, immunoblotting, parallel reaction monitoring,
and synthetic peptides. Subsequent bioinformatics anal-
ysis revealed that some of the physical and chemical
properties of these novel SEPs, including amino acid
composition and codon usage, are different from those
commonly found in canonical proteins. Intriguingly, nearly
65% of the identified SEPs were found to be initiated with
non-AUG start codons. The 762 novel SEPs probably
represent the largest number of SEPs detected by MS
reported to date. These novel SEPs might not only provide
new clues for the annotation of noncoding elements in the
genome but also serve as a valuable resource for func-
tional study.

Long noncoding RNAs (IncRNAs), a family of noncoding
RNAs that are greater than 200 nucleotides in length and lack
long or conserved ORFs, were formerly regarded as “junk
RNAs.” Recently, however, a growing amount of evidence has
demonstrated that many short or small ORFs (smORFs)

embedded in IncRNA transcripts are able to encode functional
polypeptides (smORFs-encoded polypeptides [SEPs]). These
SEPs contain less than 100 amino acids in eukaryotes (50
amino acids in prokaryotes) and play vital regulatory roles in
diverse physiological processes, including cancer growth (1),
mucosal immunity (2), and fatty acid p-oxidation (3). These
findings have subverted our understanding of IncRNAs and
expanded our knowledge of the coding potential of the
genome. Moreover, the development of genomics and bioin-
formatics, in particular the advent of high-throughput
sequencing technology, accelerated the discovery of thou-
sands of additional IncRNA transcripts with smORFs.
Considering such large numbers of IncRNAs and smORFs, it
is expected that SEPs may represent a large albeit neglected
portion of nonannotated peptides involved in diverse physio-
logical process. Therefore, large-scale discovery and func-
tional characterization of unknown SEPs might provide new
clues for the annotation and functional analysis of noncoding
elements in the genome and their effects on biological
evolution.

A variety of different methodologies, such as smORF pre-
dictions by computational sequence analysis, deep
sequencing-based ribosome profiling, and MS-based prote-
omics, have been developed for the identification and char-
acterization of SEPs across different biological samples.
However, each of these strategies presents caveats. First of
all, while bioinformatics analysis of IncRNA transcript se-
quences is a typical first step to predict the existence of
smORFs, achieving high prediction sensitivity and specificity
remains a significant challenge (4, 5). Furthermore, despite the
power of deep sequencing-based ribosome profiling for the
identification of the region of active translation in IncRNA
transcripts, it nevertheless only provides indirect evidence of
translation (6-8). Finally, while MS-based proteomics directly
identifies SEPs by detecting the peptides generated from
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smORFs embedded in IncRNA transcripts (9-11), the number
of SEPs identified by MS from different biological samples is
still small (12).

The relatively low number of SEPs detected by MS is largely
attributed to the fact that this type of detection is still analyt-
ically challenging. First of all, because of the actual low con-
centration and small size of SEPs, an accurate, consistent,
and comprehensive measurement can be quite challenging
and significantly affected by sample preparation. Even though
multiple methods are available to enrich SEPs from different
biological samples by fractionating or removing highly abun-
dant and large proteins to reduce sample complexity, the
various physical and chemical properties of different SEPs are
often overlooked by different methods, which may negatively
bias their discovery. Second, the identification of SEPs using
MS is achieved by matching them against the theoretical
spectra of all candidate peptides present in a reference protein
sequence database. Crucially, this implies that the strategy
behind the generation of a reference database can dramati-
cally impact the identification of novel SEPs. For example, the
most straightforward approach is six-frame translation of the
entire genome. Unfortunately, such a dataset is difficult to use
because of its extremely large size and the abundant presence
of unknown protein sequences. While it is possible to, alter-
natively, create a smaller database by utilizing RNA transcripts
from RNA-Seq or Ribo-Seq data, this strategy only captures
actively translated RNA transcripts and mainly relies on
sequencing depth.

In the present study, we address the challenges presented
previously by developing an effective SEP enrichment work-
flow through the integration of two complementary enrichment
methods based on 30-kDa MWCO filter and C8 solid-phase
extraction (SPE) column. This approach allowed us to build
a robust SEP database containing all putative smORFs from
IncRNA transcripts deposited in the NONCODE database, a
strategy that significantly improves the discovery of SEPs
from different cell lines and tissues. We subsequently
employed multiple technologies to experimentally validate the
existence of these SEPs.

EXPERIMENTAL PROCEDURES
Cell Lines and Cell Cultures

Human Hela, human embryonic kidney 293T (HEK293T), 22Rv1,
Du145, LNCap, PC3, and A375 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) (Gibco) supplemented with 10%
(v/v) fetal bovine serum (Gibco) and 1% (v/v) penicillin/streptomycin
(Gibco). Human U251 cells were cultured in DMEM/Nutrient Mixture
F-12 (Gibco) supplemented with 10% (v/v) fetal bovine serum and 1%
(v/v) penicillin/streptomycin. Mouse 4T1 cells were cultured in
RPMI1640 (Gibco) supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin/streptomycin. Mouse embryonic fibroblast
(MEF) and mouse embryonic stem cell (MESC) D3 cells were obtained
from the stem cell core facility at the Shanghai Institute of Biochem-

China). mESCs were grown in MEFs treated with mitomycin C. mESCs
were cultured in DMEM supplemented with 15% (v/v) fetal bovine
serum and 1% (v/v) penicillin/streptomycin, plus 2 Mm L-glutamine,
0.1 mM 2-mercaptoethanol, 0.1 mM nonessential amino acids, and
103 units/ml mouse leukemia inhibitory factor.

Animals and Tissue Collection

Twelve-week-old male and female mice (C57BL/6J) were obtained
from the Animal Core Facility at the Institute of Biophysics, Chinese
Academy of Sciences. All animal protocols were approved by the
Animal Care and Use Committee of the Institute of Biophysics, Chi-
nese Academy of Sciences.

Protein Extraction and SEP Enrichment

For total cell protein extraction, ~1 x 10° cells were resuspended
with 100 pl extraction buffer (8 M urea/100 mM NH4HCO3) containing
Protease Inhibitor Cocktail Tablets (Roche), followed by sonication for
24 bursts with a 50% duty cycle (Scientz-1ID), and then the superna-
tant was carefully collected after centrifugation at 20,000g at 4 °C for
20 min.

For whole tissue protein extraction, ~20 mg tissues were cut into
small pieces and homogenized with 500 pl extraction buffer (8 M urea/
100 mM NH4HCO3) containing Protease Inhibitor Cocktail Tablets.
The lysate was sonicated for 24 bursts with a 50% duty cycle, and the
remaining debris was removed by centrifugation at 20,0009 for 20 min
at 4 °C.

SEP enrichment from cell samples was performed with 30-kDa
MWCO filters by resuspending ~1 x 107 cells in 500 pl ice-cold wa-
ter containing Protease Inhibitor Cocktail Tablets. After three bursts of
sonication with a 50% duty cycle, the mixture was heated at 95 °C for
5 min and then cooled down on ice for a few more minutes. Subse-
quently, 0.1 N ice-cold HCI was added to the sample to a final con-
centration of 10 mM and incubated on ice for 10 min. After
centrifugation at 20,000g for 20 min at 4 °C in a bench-top centrifuge,
the supernatant was filtered through a 30-kDa MWCO filter (Millipore),
and the flow through was collected and evaporated to dryness by
vacuum centrifugation at 4 °C. The pellet was then dissolved in 50 pl
8 M urea/100 mM NH4HCOs3.

We performed SEP enrichment from tissue with 30-kDa MWCO
filters by cutting ~200 mg frozen tissue into small pieces and then
homogenizing in 500 pl ice-cold water containing Protease Inhibitor
Cocktail Tablets. The subsequent steps were the same as described
previously for SEP enrichment from cells.

In order to perform SEP extraction and enrichment from cell sam-
ples using C8 SPE columns, we used acidic lysis buffer containing
detergent and C8 SPE columns. We slightly modified the C8 SPE
method following previously described protocols (13, 14). Specifically,
~1 x 107 cells were lysed in 1 ml lysis buffer (50 mM HCI, 0.1%
B-mercaptoethanol, and 0.05% Triton X-100) containing Protease
Inhibitor Cocktail Tablets for 30 min at room temperature. After
centrifugation at 20,000g for 20 min at 4 °C, the supernatant was
collected. Subsequently, Bond Elute C8 silica cartridges (Agilent
Technologies) were prepared with one-column volume of methanol
and two-column volumes of triethylammonium formate buffer (pH 3.0)
before the lysate was applied. Enriched SEPs were eluted, in turn,
with 400 pl of 25%, 50%, and 75% acetonitrile (ACN) in triethy-
lammonium formate buffer. The eluted fractions were then combined
and concentrated to less than 100 pl at 4 °C by vacuum concentrator.
Finally, enriched SEPs were precipitated with chloroform/methanol to
remove residual detergent, and the precipitate was dissolved in 50 pl
8 M urea/100 mM NH4HCOs.

For SEP enrichment from tissue samples using C8 SPE column,
~200 mg of frozen tissue was initially cut into small pieces and ho-
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B-mercaptoethanol, and 0.05% Triton X-100) containing Protease In-
hibitor Cocktail Tablets. The subsequent steps were the same as
described previously for SEP extraction from cell samples.

Tricine Gel Analysis of Enriched SEP Samples

An aliquot of 20 pg proteins was dissolved with loading buffer
(50 mmol/L Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 0.1% bromo-
phenol blue, and 1% p-mercaptoethanol). After denaturation for 5 min
at 95 °C, the protein samples were loaded onto homemade 10% tri-
cine SDS-PAGE gels (15) and ran at 120 V for 80 min. The gel was
stained with One-Step Blue Protein Gel Stain (BIOTIUM) and then
washed with distilled water.

Protein Reduction, Alkylation, and Tryptic Digestion

Proteins/SEPs were reduced with 10 mM dithiothreitol (37 °C, 1 h),
alkylated with 20 mM iodoacetamide (at room temperature, in the
dark, for 45 min), after which they were digested overnight with trypsin
(Promega) at a ratio of 1:50 (enzyme/protein, w/w) at 37 °C in less than
2 M urea/100 mM NH4HCOs. Formic acid (FA) was added to the
digested samples with 0.1% final concentration to stop the reaction.
The tryptic peptide sample was then desalted using Pierce C18 Tips
(Thermo Fisher Scientific) with 0.1% FA. The peptides were eluted
with 50 pl of 20% ACN/0.1% FA, 50 pl of 40% ACN/0.1% FA, and
50 pl of 60% ACN/0.1% FA. The eluted peptide solutions were
combined and evaporated to dryness by vacuum concentrator.

LC-MS/MS Analysis

Digested peptides were analyzed by LC-tandem MS (LC-MS/MS)
by combining an Easy-nLC1000 (Thermo Fisher Scientific) with a Q
Exactive Mass Spectrometer (Thermo Fisher Scientific). A
100 pm x 2 cm trap column packed with Reprosil-Pur C18 5 pm
particles (Dr Maisch GmbH) and a 75 pm x 25 cm analytical column
packed with Reprosil-Pur C18 3 pm particles (Dr Maisch GmbH) were
used to separate the peptides with mobile phase A (0.1% FA in water)
and mobile phase B (0.1% FA in ACN) at a 78 min gradient: 5 to 8% B
in 8 min, 8 to 22% B in 50 min, 22 to 32% B in 12 min, 32 t0 95% B in
1 min, and then kept B at 95% for 7 min. The flow rate was set as
300 nl/min.

The Q Exactive Mass Spectrometer was operated in a data-
dependent acquisition mode with a spray voltage of 2 kV and a
heated capillary temperature of 320 °C. MS1 data were collected at a
high resolution of 70,000 (m/z 200) with a mass range of 300 to
1600 m/z, a target value of 3e6 and a maximum injection time of
60 ms. For each full MS scan, the 20 most abundant precursor ions
were selected for MS2 with an isolation window of 2 m/z and the
higher energy collision dissociation with normalized collision energy of
27. MS2 spectrums were collected at a resolution of 17,500 (m/z 200).
The target value was 5e4 with a maximum fill time of 80 ms and a
dynamic exclusion time of 40 s.

Construction of Putative SEP Database

We downloaded IncRNA transcripts for human (NONCODE V4) and
mouse (NONCODE 2016) from the NONCODE database (http://www.
noncode.org/). The ORFfinder and six-frame translation were
employed to ensure we could detect all possible smORFs, which were
then considered putative SEPs. We built SEP databases for human
and mouse by collecting all putative SEPs with a length of 5 to 100
amino acids.

Identification of Annotated Proteins and SEPs

The LC-MS/MS raw data were analyzed with Thermo Scientific
Proteome Discoverer (version 1.4) using the SEQUEST HT search
engine. Four different protein databases were used in this study. The

details of these databases are as follows: (1) Homo sapiens canonical
protein database, downloaded from the Uniprot Web site on February
2, 2018 and consisting of 93,637 entries; (2) Mus musculus canonical
protein database, downloaded from the Uniprot Web site on February
2, 2018 and consisting of 61,314 entries; (3) in-house putative human
SEP database, including 3,969,981 entries; and (4) in-house putative
mouse SEP database, including 8,710,195 entries.

For identification of candidate novel peptides from the digests, data
were searched against the merged database of corresponding spe-
cies described previously, which included canonical protein database
and in-house putative SEP database. The search space included all
fully tryptic and semitryptic peptides. Other common searching pa-
rameters were set as follows: peptides with a maximum of two missed
cleavages were considered; the mass tolerance of precursor and
product ions was set as 10 ppm and 0.02 Da, respectively; Carba-
midomethylation on cysteine was considered as static modification;
Oxidation on methionine was selected as dynamic modification; For
protein identification, we set a significance threshold of p < 0.05 (with
95% confidence) and a false discovery rate <1%, which was esti-
mated using a target-decoy search strategy.

For data derived from nondigested samples, no enzyme was cho-
sen. For identification of canonical proteins, data were searched
against the Uniprot protein database of corresponding species. Other
common searching parameters were set as mentioned previously.

Validation of Novel SEPs with Nonsynthetic Peptide-Based
Parallel Reaction Monitoring

All parallel reaction monitoring (PRM) experiments were performed
on the same LC-MS/MS system as aforementioned. In this study, 21
SEPs were randomly selected from 196 SEPs identified in HEK293T
cells for PRM analyses. The theoretically predicted and identified
tryptic peptides in the selected endogenous SEPs were chosen for
PRM analyses with a semitargeted data acquisition approach in order
to verify the identified SEPs. Briefly, using high-resolution data-
dependent scanning, an extensive MS1 fragmentation inclusion list of
the theoretically predicted and identified tryptic peptides in the
selected endogenous SEPs was generated to confirm the identified
peptides and discover novel peptides in the selected endogenous
SEPs. The peptides, which are identical to annotated proteins or
nonunique in the putative SEP database, were excluded from the list.
A total of 53 peptide targets (corresponding to 21 SEPs) were
generated in the inclusion list.

Validation of Novel SEPs with Synthetic Standard Peptides

To further validate the identification of novel SEPs, 15 standard
peptides from 14 SEPs were synthesized by GenScript Biotech Cor-
poration and analyzed on the same LC-MS/MS instruments as
mentioned previously.

Plasmid Constructs

In order to generate fusion protein constructs for the SEP ORF and
enhanced GFP (EGFP), we amplified SEP ORF sequences without the
endogenous 5 UTR using RT-PCR and cloned them into a
pPEGFPmut-N1 vector in which the GFP start codon (ATGGTG) was
mutated to ATTGTT (pEGFPmut). A list of the primers used in this
study is available in supplemental Table S1.

Cell Transfection

HEK293T cells were transfected with the plasmid constructs using
Lipofectamine TM 2000 (Invitrogen; 11668-019) according to manu-
facturers' instructions.
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RT-PCR

Total RNA was extracted from cells using the Trizol Total RNA
Isolation Reagent (Invitrogen). RNA levels of GFP, GFPmut, and SEP
ORF-EGFPmut were detected by RT-PCR. A list containing all the
primers used in this study is available in supplemental Table S2.

Western Blotting

Western blotting was performed according to standard protocols.
The primary antibodies used in this study were obtained as follows:
anti-GFP (ABclonal Technology; AE012), anti-p-tubulin (Yeasen Tech;
30303ES50), anti-NONHSAT130014+unORF+2+peptide9, and anti-
NONHSAT077882+1+orf4 were customized and raised by Gene-
Script Biotech Corporation.

Immunofluorescence Staining

HEK293T cells were transfected with SEP ORF-EGFPmut, EGFPwt,
and EGFPmut vectors for 24 h, and GFP fluorescence was directly
visualized and recorded. HEK293T cells were plated on glass cover-
slips and then fixed with 4% paraformaldehyde, permeabilized with
0.5% Triton X-100, incubated with anti-NONHSAT077882+1+orf4
antibodies and, subsequently, incubated with Goat Anti-Rabbit IgG
H&L (Alexa Fluor 488). Cellular nuclei were stained with 4',6-
diamidino-2-phenylindole.

Experimental Design and Statistical Rationale

To test the two different SEP enrichment methods implemented, we
performed and analyzed three technical replicates per method using
the same cell or tissue samples. Data were analyzed by a two-tailed
unpaired Student's t test (unless otherwise indicated), and p < 0.05
was chosen as the statistical limit of significance. We chose a notation
of *, ™, and ** for p < 0.05, p < 0.01, and p < 0.001, respectively.
Unless otherwise indicated, all the data in the figures were repre-
sented as arithmetic means + the standard deviations from at least
three independent experiments.

RESULTS

Design Rationale and Optimized MS-Based Workflow for
Improved SEP Discovery

As discussed previously, the inherent low abundance and
small sizes of SEPs contribute to their poor detectability,
whereby it is critical to carefully consider sample preparation
and build putative SEP reference databases from MS-based
analysis in order to improve SEP discovery from different
biological samples.

MS-based database searching is the key step for MS-
based SEP identification. In order to build a SEP database
that could maximally cover all the putative SEPs in human
and mouse, we scanned IncRNA transcripts deposited in the
NONCODE database (http://www.noncode.org/), an inter-
active repository that currently represents the most complete
collection and annotation of noncoding RNAs, especially
IncRNAs. Specifically, IncRNA transcripts were scanned by
ORFfinder and six-frame translation mode to make it
possible to obtain all possible smORFs, which were then
assumed to represent putative SEPs (Fig. 1A). This resulted
in 3,969,981 and 8,710,195 polypeptides in the newly con-
structed human and mouse putative SEP databases,

respectively. To verify the quality of these two databases, we
chose recently reported functional SEPs, including myor-
egulin (16), myomixer (17), minion (18), SPAR (19), HOXB-
AS3 (1), NoBody (20), and LINC-PINT (21) and BLAST-ed
them against our newly assembled database. All these
SEPs could be found within our putative SEP database,
which attests the high quality, accuracy, and comprehen-
siveness of our database.

The isolation and enrichment of SEPs from biological
samples is another critical step for their characterization.
Accordingly, various methodologies have been applied for
this purpose, including 30-kDa MWCO filter, C8 SPE, and
organic solvent-based or inorganic salt-based precipitation.
Among these, the 30-kDa MWCO filter and C8 SPE are
commonly used albeit based on different principles. In the
case of 30-kDa MWCO filter, SEPs are separated and
enriched based on their molecular size and/or weight. On the
contrary, selective adsorption and selective elution are uti-
lized to enrich, separate, and purify SEPs using C8 SPE.
Therefore, we hypothesized these may represent two com-
plimentary strategies for SEP enrichment, and that their
combined use could significantly improve SEP discovery.
We tested our hypothesis by enriching SEPs from equal
amounts of HEK293T cell lysates using both 30-kDa MWCO
filter and C8 SPE and then performing SDS-PAGE and LC-
MS/MS analysis based on our in-house database (Fig. 1, B
and C).

Tricine SDS-PAGE showed that both 30-kDa MWCO filter
and C8 SPE are very effective in enriching for proteins/
peptides in the molecular weight range between 5 and 15
kDa (Fig. 2A). LC-MS/MS data further confirmed these re-
sults by showing that 12.6% and 13.2% of the total identi-
fied annotated proteins in the 30-kDa MWCO filter and C8
SPE approaches, respectively, were low molecular weight
proteins/peptides (<100 aa), in comparison to only 7.1% in
total lysates without enrichment (Fig. 2C). Importantly, an
average of 30 and 29 candidate SEPs were identified from
the 30-kDa MWCO filter and C8 SPE, respectively, which are
both significantly higher than the 21 candidates identified
using total lysates without enrichment (Fig. 2D). Interestingly,
and as expected, given the complimentary nature of the two
approaches, there are only a few overlaps between SEP
candidates identified with 30-kDa MWCO filter and C8 SPE
(Fig. 2F), despite the observed comparable enrichment effi-
ciency. Similar results showing low overlap between the two
methods were obtained in mouse kidney lysate, HelLa, and
MEF cell lysate (supplemental Fig. S1, A and C-E). This is
likely the result of differences in enrichment efficiency ac-
cording to SEP hydrophobicity between the two methods,
since protein hydrophobicity analysis showed that hydro-
phobic SEPs accounted for 18.2% and 32.7% of the total
SEPs identified in HEK293T cells enriched with 30-kDa
MWCO filter and C8 SPE, respectively (supplemental
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six-frame translation to find all possible ORFs and then assumed to represent putative SEPs. All SEPs with a length of 5 to 100 amino acids were
collected into the human and mouse putative SEPs database. B, enrichment of IncRNA-encoded SEPs based on the combination of 30-kDa
MWCO filter and C8 SPE column. C, MS-based identification of IncRNA-encoded SEPs. IncRNA, long noncoding RNA; MWCO, molecular
weight cutoff; SEP, small ORF-encoded polypeptide; SPE, solid-phase extraction.

Fig. S1B). In fact, the grand average of hydropathicity value
(22) of all SEPs identified in C8 SPE was —0.26, compared
with only —0.52 for those detected using the 30-kDa MWCO
filter (Fig. 2E). Moreover, the grand average of hydropathicity
values obtained for SEPs uniquely identified by each method
were —-0.24 and -0.56 for C8 SPE and 30-kDa MWCO filter,
respectively. Among the possible explanations for these
differences are the low extraction efficiency of hydrophobic
proteins in the 30-kDa MWCO filter because of the lack of
detergent in the solvent, and the fact that hydrophilic

proteins tend to be lost in the processes of C8 SEP, such as
methanol/chloroform precipitation (23).

For the MS-based analysis, we employed trypsin-based
digestion for the identification of SEPs, since most of puta-
tive SEPs deposited in our newly generated in-house data-
base were longer than 25 amino acids, in accordance with
previous studies showing that only 27% of SEPs identified in
human cell lines or tissues are less than 25 amino acids long
(10). Moreover, our results also demonstrate that a higher
number of SEPs can be detected in HeLa samples treated
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values of the total SEPs identified in the fractions enriched by 30-kDa MWCO membrane and C8 SPE column from HEK293T cells. F, Venn
diagram of the total SEPs identified in the fractions enriched by 30-kDa membrane and C8 SPE column from HEK293T cells. (Values in pa-
rentheses show the average GRAVY values of SEPs in each region). GRAVY, grand average of hydropathicity; HEK293T, human embryonic
kidney 293T; IncRNA, long noncoding RNA; MWCO, molecular weight cutoff; SEP, small ORF-encoded polypeptide; SPE, solid-phase

extraction.

with tryptic digestion compared with those with no digestion
(Fig. 2B).

Comprehensive SEP Discovery from Multiple Cell Lines
and Tissues

In order to allow for a diverse and comprehensive detec-
tion of novel SEPs, the optimized MS-based workflow was
applied to eight human cell lines, three mouse cell lines, and
eight mouse tissues. In addition, and to ensure high-
confidence SEP identification, MS-detected SEPs were
strictly filtered through manual sequence and spectrum
checking (9, 24). The peptides satisfying any of the following
filtering criteria were removed from the list: (1) peptide se-
quences identical to annotated proteins in the UniProt
database (treating isoleuvine and leucine as equivalent); (2)
peptides with less than eight amino acids in length; (3)

spectra containing less than four continuous b- or y-ions and
many impure peaks with high intensity; and (4) spectra
containing less than 40% b- and y-ions coverage. After
filtering, the remaining peptides were considered as novel
SEP-derived peptides. This resulted in the confident identi-
fication of 353 SEPs from eight human cell lines and 409
SEPs from three mouse cell lines and eight mouse tissues
(Table 1), which should represent, to the best of our knowl-
edge, the largest number of SEPs identified by MS reported
to date.

Specifically, we identified 373 novel peptides derived from
353 human SEPs, with 131 (35.1%) being detected at least
twice from eight human cell lines. Similarly, we discovered
425 novel peptides derived from 409 mouse SEPs, with 103
(24.2%) being detected twice or more across cell lines and
tissues. In addition, we have also been able to identify the
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TABLE 1
The number of IncRNA-encoded SEPs discovered in different cell lines
and tissues from human and mouse

Samples ‘ Nu.nf\ber of  Total identified

identified SEPs SEPs

Human cell lines 293T 249 353
HelLa 126
22Rv1 46
Du145 30
LNCap 44
PC3 24
A375 33
U251 19

Mouse cell lines MEF 75 409
mESC 47
4T 60
Mouse tissues  Kidney 213
Liver 85
Heart 36
Brain 46
Cerebellum 64
Testicle 14
Lung 6
Spleen 9

previously reported functional peptide NoBody. Additional
information regarding the 762 identified SEPs, including SEP
sequences, unique peptide sequences, and genomic loca-
tion, can be found in supplemental Tables S3 and S4.
Representative mass spectra of several identified IncRNA-
SEP peptides are listed in supplemental Figure S2. The
raw data files, including search result files, are available at
ProteomeXchange with the identifier PXD019486.

Importantly, we have identified a handful of SEPs that are
found in most human cell lines used in our study, even though
many SEPs are cell line specific (Fig. 3A). A total of 26 of the
353 (7.4%) identified human SEPs were present in at least
three different human cell lines, with similar results found in
mouse cell lines (Fig. 3B). These results suggest that SEPs are
widely present in different cell lines and tissues in different
species. Moreover, it is worth considering the fact that bio-
logical and technical replicates might significantly increase
the number of SEPs discovered. Hence, we performed LC-
MS/MS analysis on 18 technical replicates of SEPs extracted
from mouse kidney samples in order to test how many
technical replicates are necessary to achieve a relative satu-
ration level for SEP identification from a biological sample.
Our results show that an average of 23 SEPs was detected
per run with a range between 18 and 34 SEPs in each sample
(supplemental Fig. S3), which brings the total number of novel
SEPs detected from the mouse kidney to 169. Similar results
were found for the HEK293T cell line, in which 196 SEPs were
identified in total across the different biological and technical
replicates. These findings are consistent with previous studies
(10) and support the idea that IncRNA-SEP detection is
variable.

Computational and Experimental Validation of the Novel
MS-Detected SEPs

To confirm the reliability of our data, several bioinformatics
and experimental approaches were implemented to validate
our findings. Computing-based methods included prediction
of cellular location and expression analysis for SEP-coding
IncRNA transcripts. Experimental-based methods included
expression of IncRNAs, identification of additional tryptic
peptides based on a PRM strategy, and synthesis of peptide
standards. First, cellular location is an important factor to
understand the functional roles of IncRNAs. For SEP-coding
IncRNAs, we expected that they tend to reside in the cyto-
plasm rather than the nucleus to enable ribosomal translation.
We tested this hypothesis by collecting and analyzing the
IncRNA transcripts corresponding to the identified SEPs using
LncLocator, a subcellular localization predictor for INcRNAs
based on a stacked ensemble classifier (25). As expected, we
found that more than 80% of SEP-coding IncRNAs are pre-
dicted to locate in the cytoplasm, whereas less than 13% are
predicted to locate in the nucleus (Fig. 4A). Similar results
were observed when analyzing mouse SEPs (supplemental
Fig. S4A). Our observations are different from those found in
a previous study (26), which detected that 17% of IncRNAs
are enriched in the nucleus, 4% in the cytoplasm, whereas
15% of mRNAs are enriched in the nucleus, 26% in the
cytoplasm, it suggested that these SEP-coding INcRNAs are
highly likely to bind to ribosomes for active translation.

Second, the levels of protein-coding RNA transcripts
generally reflect the levels of expression of their correspond-
ing proteins (27). This directly affects MS-based SEP detec-
tion, as higher levels of SEP-coding IncCRNA expression may
make it easier for the corresponding SEPs to be detected. To
investigate this, we retrieved the levels of expression of the
196 SEP-coding IncRNAs identified and the whole cell mnRNAs
in HEK293T cells from an RNA-Seq dataset (Gene Expression
Omnibus: GSE122633). Interestingly, we observed that the
average levels of expression of the identified 196 SEP-coding
IncRNAs were significantly higher than those of the whole cell
expressed mRNAs in HEK293T cells (Fig. 4B). In addition, we
found similar results when analyzing mouse kidney SEPs
(supplemental Fig. S4B). While these results are not in
agreement with previous studies showing that the levels of
expression of INcRNAs are comparable to those of mRNAs,
the higher levels of expression found here could partially
explain why these SEPs can be readily detected in our study.

Third, considering that most SEPs were only detected with
a single peptide, likely because of the relatively low abun-
dance of SEPs in cells, we implemented a PRM strategy
based on the predicted or identified tryptic peptides and the
data-independent acquisition MS method in order to present
additional evidence to support our detection claims. Specif-
ically, we performed LC-PRM-MS analysis on 32 of the 196
identified SEPs in HEK293T cells and identified eight
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We next attempted to provide direct evidence of SEP

most of the human cell lines and cloned the corresponding
expression by detecting endogenous SEPs from HEK293T
cells. We raised polyclonal antibodies specifically against

genes into pEGFPmut-N1 plasmids (supplemental Fig. S6).
fusion coding sequences were successfully identified by RT-

PCR 24 h after being transfected into HEK293T cells from

EGFPwt-

MS/MS and compared the MS/MS  EGFPmut
observed substantial expression of GFP or SEP ORF-GFP

fusion proteins (Fig. 4D), whereas no expression of GFP was
found in cells transfected with the EGFPmt plasmid, in which

the start codon ATGGTG of GFP was mutated to ATTGTT to

eliminate translation
confirmed by Western blotting analysis using an anti-GFP

The RNA transcripts corresponding to these four SEP-GFP
antibody (Fig. 4E and supplemental Fig. S7).
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Fic. 3. Distribution of representative IncRNA-encoded SEPs. In different human cell lines (A) and mouse tissues (B). Nearly 20% of the

identified human IncRNA-encoded SEPs were present in more than two different human cell lines, similar to results found in mouse tissues.

IncRNA, long noncoding RNA; SEP, small ORF-encoded polypeptide.

additional peptides for eight SEPs (supplemental Table S5),

increasing SEP sequence coverage.

Fourth, to further increase the reliability of SEPs identified in
this study, we selected 15 peptides from 14 SEPs identified in

HEK2932T cell lines more than twice to synthesize as peptide

standards. We then analyzed the mixture of 15 synthetic

peptide standards by LC

spectra of both synthetic and identified SEP peptides. Our

results show that 15 previously identified peptides from 14
SEPs were successfully matched with the synthetic peptides

(supplemental Fig. S5). The raw data files, including search

result files, are available in ProteomeXchange with the iden-

tifier PXD019486.

In addition, we selected four human SEPs (defined here

as SEPO1,

NONHSAT077882+1+orf4,

peptide7, NONHSAT126926+unORF+2+peptide1, NONHSAT

130014+unORF+2+peptide9, respectively) that were found in
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Fic. 4. Computational and experimental validation of IncRNA-encoded SEPs. A, prediction of the subcellular localization of human SEP-
coding IncRNA transcripts. More than 80% of SEP-coding IncRNAs were predicted to locate in the cytoplasm, whereas less than 13% were
found in the nucleus. B, comparison of the expression levels of SEP-coding IncRNAs, whole cell nRNAs, and IncRNAs in HEK293T cells. C, RT-
PCR-based validation of the transcription of SEP-GFP fusion coding sequences. The RNA transcripts corresponding to EGFPwt-, EGFPmt-,
SEPO1-EGFPmt-, SEP02-EGFPmt-, SEP03-EGFPmt-, and SEP04-EGFPmt-constructs were subjected to RT-PCR analysis. D, detection of GFP
fluorescence for different GFP fusion constructs after transfection into HEK293T cells for 24 h. The scale bar represents 100 pm. E, Western blot
of the SEP-EGFP fusion proteins by anti-GFP antibody. About 2 pg of the total proteins from the cell lysates of HEK293T cells transfected with
EGFP-n1 and EGFPmt-n1 and 15 pg of that from HEK293T cells transfected with different SEP-GFP fusion constructs were subjected to gel
separation and detection by both GFP and B-tubulin antibodies. F, Western blot of the SEP04-EGFP fusion protein by the customized anti-
SEPO04 polyclonal antibody. G, Western blot of the SEPO1-EGFP fusion protein by customized anti-SEP01. H, Western blot of the endoge-
nous SEPO04 in different human cell lines. /, immune fluorescence of SEPO1 in HEK293T cells using anti-SEP01 polyclonal antibody. The scale
bar represents 10 pm. HEK293T, human embryonic kidney 293T; IncRNA, long noncoding RNA; SEP, small ORF-encoded polypeptide.

the SEPO1 and SEPO04 using their specific peptides that
contained antigen epitopes. Immunoblotting results showed
clear and specific bands in SEP04-EGFPmut-transfected

endogenous SEP04 also exhibited the predicted relative
molecular weight in multiple human cell lysates (Fig. 4H),
suggesting it exists in full length and stable forms in vivo.

and SEPO01-EGFPmut-transfected cells at their respective We verified the existence of endogenous SEPO1
expected molecular weights (Fig. 4, F and G), suggesting polypeptides in HEK293T cells by immunofluorescence
high specificity of these two antibodies. Importantly, (Fig. 4/).
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Taken together, our analysis validated the existence of
multiple SEPs through different strategies including MS,
expression of INcRNAs, and antibody evidence.

Characterization of Total Discovered SEPs

In order to obtain a clear picture and draw deeper insights
into the properties of the identified SEPs, we characterized
them from multiple aspects, including type, codon usage,
length distribution, amino acid composition, and protein
stability.

LncRNAs were mainly categorized into four subclasses
based on their genomic location and context: long intergenic
noncoding RNAs (lincRNAs), antisense, exonic, and sense
nonexonic (28). Interestingly, it has been found that lincRNAs
are transcriptionally activated in a similar fashion to mRNAs,
as they are more conserved than introns and antisense
transcripts. This observation is consistent with our results,
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which showed that lincRNA-encoded SEPs accounted for
48.6% of the total identified human SEPs, whereas antisense,
exonic, and sense nonexonic INncRNAs accounted for 17.71%,
18.57%, and 15.12%, respectively (Fig. 5A). Similarly,
lincRNA-encoded SEPs accounted for 53.38% of the total
identified mouse SEPs, compared with 12.68%, 5.39%, and
28.54% for antisense, exonic, and sense nonexonic INcRNA,
respectively (supplemental Fig. S8A).

Codon usage bias is an important evolutionary feature in a
genome and provides important information for studying gene
function and gene expression. The codon usage bias of the
identified SEPs was analyzed by predicting the start and stop
codons, as previously reported (14). Briefly, any in-frame ATG
or near cognate codon in a Kozak sequence was predicted to
be a start codon. In all other cases, SEPs were predicted to
have an unknown start codon. Of the 357 identified human
SEPs, 23.54% and 12.31% were initiated with AUG or a near
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Fic. 5. Characterization of the identified SEPs and their corresponding IncRNAs. A, classification of human SEP-coding IncRNAs based
on their location on the genome with respect to protein-coding genes. B, usage of start codon in human SEPs. Nearly 77% of the identified
IncRNA-SEPs were found to be initiated with non-AUG start codons. AUG, smORF initiates with AUG; NC, near cognate start codon, containing
only one nucleotide different from AUG; unknown, smORF not initiated with AUG and not an NC. C, length distribution of human SEPs. D, the
amino acid usage of canonical proteins and identified human SEPs. The human SEPs identified in this study tend to utilize more positively
charged amino acids (such as K) and less negatively charged amino acids (such as D and E), while using a similar amount of uncharged amino
acids, as observed in canonical proteins. E, stability of the identified human SEPs. The instability index was calculated by ProtParam and used to
characterize the protein stability of human SEPs. There is only a minor deviation between the instability index distributions of the identified SEPs
and canonical proteins. INcRNA, long noncoding RNA; SEP, small ORF-encoded polypeptide.
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cognate codon, respectively, whereas the majority (64%) had
an unknown start codon (Fig. 5B). Similarly, 28.44% and
11.1% of the 409 identified mouse SEPs started with AUG or a
near cognate codon, respectively, with 60% exhibiting an
unknown start codon (supplemental Fig. S8B). By contrast,
almost all canonical proteins were initiated with an AUG start
codon, in accordance with previous reports (10). The fact that
a majority of SEPs is initiated with an unknown start codon
makes their novel detection less likely.

We determined the length of SEPs with a known start codon
by the predicted ORF length. In contrast, for SEPs with an
unknown start codon, length was defined as the interval be-
tween two contiguous stop codons. As such, a majority of the
identified human (Fig. 5C) and mouse (supplemental Fig. S8C)
SEPs were predicted to have a length between 26 and 50 aa,
with the shortest one being only nine amino acids long.
Importantly, considering that nearly 75% of SEPs were
predicted to be larger than 25 amino acids in length, enzyme-
based digestion seems to be a good choice for discovering
SEPs using the MS-based approach.

Although it is not yet possible to fully explain protein function
from its amino acid sequence, it is nevertheless feasible to
establish correlations between protein structure and function
by studying the properties of the amino acids that compose it
(29). Our amino acid composition analysis revealed that both
identified human and mouse SEPs tend to utilize more positively
charged amino acids (e.g., K) and less negatively charged
amino acids (e.g., D and E) than canonical proteins, while using
a similar amount of uncharged amino acids (Fig. 5D and
supplemental Fig. S8D), an observation in line with previous
studies (30, 31). Furthermore, it has been proposed that pro-
teins containing more positively charged amino acids and a
hydrophobic region were commonly found across the cell
membrane and organelles (6, 32-34). This opens the possibility
for SEPs to act as transmembrane peptides. It is also possible
that SEPs containing a higher proportion of positively charged
amino acids may play a role in binding to negatively charged
DNA or RNA (35-37). Finally, the higher proportion of K and
R amino acids in SEPs suggests that trypsin digestion might
not be the best choice for SEP discovery, since it can generate
very small peptides that are not suitable for MS detection.
Instead, a combination of multiple proteases would likely
improve SEP discovery and sequence coverage.

Finally, we calculated instability indexes using ExPASy
ProtParam (38, 39) and found only minor differences between
the distributions of the identified SEPs and canonical proteins
(Fig. 5E and supplemental Fig. S8E), which is in accordance
with previous results (40). This suggests that SEPs might be
as stable as canonical proteins.

DISCUSSION

Technological advances over the past few years have led to
the discovery of numerous biologically relevant SEPs from
different species. While it is expected that many more are yet

to be discovered, SEP detection is technically challenging
because of their relatively low abundance and small size. In
the current study, we implemented a comprehensive strategy
for SEP discovery and characterization from multiple human
and mouse cell lines and mouse tissues through an optimized
MS-based workflow by combining two effective and com-
plementary polypeptide enrichment methods with the de novo
construction of a high-quality SEP database. Our strategy
enabled the discovery of 762 novel SEPs from different human
and murine cell lines and tissues, which, to our knowledge,
represent the largest number of MS-detected SEPs ever to be
reported.

The improved SEP discovery rate reported here can be
attributed to several reasons. First, our in-house SEP reference
database collects a maximum number of putative smORFs from
IncRNA transcripts deposited in the NONCODE database by
combining the six-frame translation mode with ORFfinder. Even
though the strategy employed in building the database may
result in an elevated false discovery rate, it allowed us to
investigate a higher number of SEPs across cell lines and tis-
sues and to subsequently validate this identification with strin-
gent criteria. Furthermore, the combination of two effective and
complementary polypeptide enrichment strategies, 30-kDa
MWCO filter and C8 SPE, helps circumventing SEP detection
biases of different approaches and thus greatly improves SEP
discovery. Moreover, the implementation of trypsin-based
digestion and multiple biological and technical replicates
further improved MS-based SEP identification.

Importantly, the increased number of discovered SEPs
allowed us to gain deeper insights into their physical and
chemical properties, some of which might partially explain why
previous studies have failed to identify them. For example, the
identified SEPs were derived from IncRNA transcripts with a
higher average level of expression than mRNA, which means
the translation efficiency of SEPs might be lower than mRNA,
and therefore reducing the sensitivity of SEP identification. In
fact, more than 60% of the identified SEPs from both human or
mouse are initiated by unknown start codons (i.e., non-AUG),
which typically have reduced efficiency when compared with
AUG codons (41, 42). Moreover, non-AUG initiation may itself
make it less likely for SEPs to be discovered and included in a
reference database for downstream MS-based identification.
Furthermore, SEPs are commonly shorter in amino acid length
and enriched with more basic residues, which are typical fea-
tures of known coding genes lacking MS evidence (43).
Together, these observations suggest that the SEPs identified
in this study might just represent the tip of the iceberg, and that
many more low abundance SEPs remain undiscovered.

Importantly, nearly 20% of identified human SEPs were
present in more than two different human cell lines. Experi-
mental evidence acquired from in vitro translation, MS,
immunoblotting, and bioinformatics also confirmed the exis-
tence of 19 novel SEPs in HEK293T cells. Moreover, these
newly discovered SEPs are predicted to be as stable as

SASBMB

Mol Cell Proteomics (2021) 20 100109 11



Mining of Peptides Encoded by IncRNAs

canonical proteins and in their full-length form in human cell
lines, as demonstrated by Western blotting. These results
strongly suggest that the identified SEPs do not result from
random noise but instead are of biological significance,
despite individual SEPs still lacking a complete functional
characterization.

In summary, we demonstrate that an optimized MS-based
workflow allows for comprehensive discovery of hundreds of
novel SEPs from different human and mouse cell lines and
tissues, which can not only provide new clues for the anno-
tation of noncoding elements in the genome but might also
serve as a valuable resource for the functional characterization
of individual SEPs.
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