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smORFs are small open reading frames of less than 100 codons. Recent low throughput
experiments showed a lot of smORF-encoded peptides (SEPs) played crucial rule
in processes such as regulation of transcription or translation, transportation through
membranes and the antimicrobial activity. In order to gather more functional SEPs, it is
necessary to have access to genome-wide prediction tools to give profound directions
for low throughput experiments. In this study, we put forward a functional smORF-
encoded peptides predictor (FSPP) which tended to predict authentic SEPs and their
functions in a high throughput method. FSPP used the overlap of detected SEPs
from Ribo-seq and mass spectrometry as target objects. With the expression data on
transcription and translation levels, FSPP built two co-expression networks. Combing
co-location relations, FSPP constructed a compound network and then annotated SEPs
with functions of adjacent nodes. Tested on 38 sequenced samples of 5 human cell
lines, FSPP successfully predicted 856 out of 960 annotated proteins. Interestingly,
FSPP also highlighted 568 functional SEPs from these samples. After comparison, the
roles predicted by FSPP were consistent with known functions. These results suggest
that FSPP is a reliable tool for the identification of functional small peptides. FSPP source
code can be acquired at https://www.bioinfo.org/FSPP.

Keywords: smORF, SEP, Ribo-seq, MS, function

INTRODUCTION

There has been an arbitrary cut-offs in metazoans that genes are totally divided into protein-coding
(messenger RNA referred to as mRNA) and non-coding sequences (Doerks et al., 2002; Kapranov
et al., 2002; Bertone et al., 2004; Carninci et al., 2005). mRNA sequences carry open reading
frames (ORF) which can be translated into polypeptides composed of more than 100 codons
(Niehrs and Pollet, 1999). Then polypeptides will fold into distinct structural units (domains) and
acquire specific functions. On the other hand, non-coding RNAs cannot be translated into proteins
but are involved in many cellular processes (Wadler and Vanderpool, 2007; Dinger et al., 2008;
Ender et al., 2008).

A more complete understanding of the molecular complexity of genes has been recently
demonstrated (Ruiz-Orera et al., 2014). The emerging ribosome profiling technology uncovered
thousands of smORFs with the length smaller than 100 codons (Basrai et al., 1997) are
being translated (Bazzini et al., 2014; Smith et al., 2014). While the advanced technologies
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provided additional evidence of smORF-encoded peptides (SEPs)
which used to be considered useless and were deemed non-
coding because they lack propensity to form known protein
domains. Recently, CRISPR–Cas-based gene editing tools have
elucidated the targeted manipulation of individual SEPs and
herald a promising new era for SEPs functions (Couso and
Patraquim, 2017). The results demonstrated that SEPs encoded
by smORFs were fulfilling key physiological functions (Anderson
et al., 2015; Nelson et al., 2016).

smORF-encoded peptides function through multiple sorts
of mechanisms. First, these small peptides, especially those
encoded by upstream ORFs (uORFs), are closely related with
the translation of canonical mRNAs. The generations of SEPs
interfere with the translation of their associated downstream
proteins by regulating the passage of ribosomal subunits on
a 5′ leader sequence (Andrews and Rothnagel, 2014). Second,
SEPs cannot support the typical, multi-domain structure of
canonical proteins but instead accommodate only one or, at most,
two simple protein domains. The dominant-negative feature
specifically fits the small size of SEPs. SEPs interfere with the
function of canonical transcription factors, either by sequestering
them into unproductive dimers or by competing with them for
binding to DNA (Couso and Patraquim, 2017). Third, SEPs
have an increased frequency of some positively charged amino
acids, thereby producing an overall positive charge bias. This
positive charge feature similarly favors their interactions with
the negatively charged mitochondria and supplies the SEPs with
the property to act as the positively charged cell-penetrating
peptides by crossing cellular membranes and organelles. Forth,
the cationic amino acid of SEPs exhibit similar mode of
action as antimicrobial peptides. Antimicrobial peptides are
characterized by heir propensity to form αTMHs and are also
referred to as amphipathic peptides (Fan et al., 2016). This
amphipathic property confers solubility and the ability to bind
to and integrate into microbial membranes (Wenzel et al.,
2014).

Overall, SEPs have an active role in various biological
processes independently or by binding to canonical proteins
or other cellular factors. Problems have occurred during the
study of functional SEPs with regards to poor experimental
and bioinformatics limitations. Some of the greatest challenging
research in this field would be to overcome these limitations
and to increase the pool of experimental conditions of SEPs.
CRISPR/Cas9 technology has emerged as the most popular tool
for genome engineering. This system enables editing of individual
SEPs and has the potential to study the function with efficiency
(Liu et al., 2017; Zhang et al., 2017). However, CRISPR system
is a low DNA input method and relies on studying the roles of
individual SEPs. There is an urgent need to develop genome-
wide techniques to direct the low-throughout experiments. Some
studies such as SmProt (Hao et al., 2017) used InterProScant
(Jones et al., 2014) to predict the function through the protein
domains identifier. As mentioned above, SEPs cannot support the
typical, multi-domain structure of canonical proteins but instead
accommodate only one or, at most, two simple protein domains.
So this domains identifier approach is fundamentally not proper
for SEP function prediction.

In this study, we realized a novel tool named functional
smORF-encoded peptides predictor (FSPP) which relies on
network to widely predict functional SEPs. We suppose that SEPs’
regulations on other targets can be detected through the co-
expression network. In this way, we predict the SEP function with
the help of the targets. Network-based function prediction has
been proposed for predicting protein function in early 2001 when
Hishigaki annotated the protein with protein-protein interaction
network (Hishigaki et al., 2001). Besides, ncFANs is the first
web server that relies on calculating coding and non-coding
gene expression networks to predict lncRNA functions (Liao
et al., 2011). Lnc-GFP was developed to predict non-coding
RNA functions based on integrated gene expression and protein
interaction data (Guo et al., 2013). In this paper, FSPP made use
of the newly developed ribo-seq, mass spectrometry and RNA-
seq technology to explore the functions of the new focus, small
peptides. Compared with similar tools, FSPP is more suitable for
SEPs due to two features. Firstly, it combines several advanced
methods to acquire the most authentic SEPs. Secondly, it realizes
a more specific approach for the prediction of small peptides
functions.

MATERIALS AND METHODS

Platform
As mentioned above, the mechanism of action of SEPs is to
regulate the translation of other proteins or to interfere with
transcription factors during the transcription process. Thus there
is an inference that SEPs expression abundances should be
closely correlated with those of target proteins and RNAs. So
the functions of SEPs might be determined by the annotation
of targets through the analysis of polypeptides and transcripts
expression. Taking advantage of SEPs sample specific expression
profile, FSPP built a relation network and functionally annotated
SEPs by its neighbors in the network. The pipeline of functional
SEPs prediction is shown in Figure 1.

Identification of Authentic SEPs
FSPP designed a pipeline that used three kinds of data to
provide predictions of functional SEPs. Due to the spatial and
temporal expression features, some annotated SEPs may not be
completely identified in the specific sequenced samples. Thus,
to systematically study functional SEPs, it is first necessary to
establish which sets of SEPs are authentic.

The identification of SEPs remains a great challenge owing
to its small size and low abundance, leading to difficulties
during the isolation and enrichment of peptides (Andrews
and Rothnagel, 2014). Ribo-seq is a method used to globally
investigate protein synthesis by deep sequencing RNA fragments
protected by engaged translating ribosomes. Since its first
description, Ribo-seq has been used to investigate small peptides
(Calviello et al., 2016). However, several studies proposed
that the mere presence of Ribo-seq reads in regions of
the transcriptome did not imply the presence of actively
elongating ribosomes (Guttman et al., 2013; Ingolia et al.,
2014). Fortunately, the mass spectrometry provided a very
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FIGURE 1 | Pipeline of FSPP. Ribo-seq, RNA-seq and mass spectrometry data are input into FSPP. This tool integrates RiboTaper, Peppy etc. to analyze the three
kinds of input and gets the fundamental and expression information of translated products. FSPP uses the overlap results of MS and Ribo-seq as the authentic
target SEPs. Co-expression relevance and co-location information are used to build up the relation networks. FSPP selects the sub-networks which are significantly
related with the target SEPs and annotate the SEPs’ functions with the help of the known neighbors. FSPP, functional smORF-encoded peptides predictor; MS,
mass spectrometry; SEPs, smORF-encoded peptides.

different technology to detect translated products. Notably,
each of the two methods has its own false-positive SEPs and
their combination offers the possibility to identify the proper
expressed SEPs. FSPP has integrated RiboTaper (Calviello et al.,
2016) to process Ribo-seq and resulted in the translation
production sets including SEPs and other proteins longer than
100. On another hand, Peppy (Risk et al., 2013) was used to
match the MS spectra to the reference genome and obtained
the best genomic location for each spectrum. At last, FSPP
intersected the two results from Ribo-seq and mass spectrometry,
and the overlap was considered as authentic SEPs set of the
experiments.

With RNA-seq methods, FSPP acquired three kinds of
information for the translated products: basic information,

translation expression and transcription expression. The basic
information includes products length, location in genome,
transcript ID in Ensembl, peptide sequence and etc. FSPP
uses ribosome density to measure the translation expression.
Although the density varies across a transcript due to the different
speed at different positions within a reading frame, independent
lines of evidence suggest that the average occupancy across an
entire gene corrects the consequences of this local variation
(Ingolia et al., 2011). RSEM (Li and Dewey, 2011) is used to
calculate the expression of proteins and SEPs at the transcription
and translation level. The measurement of the proportion is TPM
(transcripts per million) unit. The approach assumes that three or
more samples of interest must be designed to enhance the quality
of expression profiles.
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Prediction of SEPs’ Functions
As mentioned above, SEPs regulate other proteins during
the two-step process of transcription and translation. Thus,
SEPs expression should be closely related with those of target
proteins and RNAs. In theory, the regulation targets can
be acquired from the expression matrixes. FSPP constructed
two expression matrixes. The first matrix is to identify SEPs
functions in the translation process based on the SEP translation
profile and the other proteins translation expression. The
second is combined with SEP translation expression and the
other proteins transcription profile to explore SEP regulation
role in the transcription process. The statistically significant
correlations are depicted from the matrixes. Accordingly, the
chosen targets are labeled with the correlation coefficient
value.

Correlation network is constructed according to the
correlations among SEPs and larger proteins. Besides the
connections mined from the two matrixes, FSPP network also
includes the co-location relations between SEPs and proteins.
This kind of relationship are defined that SEPs and the targets
are from the same RNA. FSPP defines every related target
as vertexes and the relations as edges. Therefore, this is the
relation network in which FSPP carries out based-function
prediction.

Based on the relation in the network, FSPP uses two
different methods to predict functional peptides: module-based
method and hub-based method. In the module-based method,
FSPP performs the Markov clustering algorithm with default
parameters to identify modules in the relation network. Based
on the hypothesis the related items in a module often represent
relevant functional units (e.g., molecular complexes or pathways),
SEPs are then assigned functions that enriched among the
coding genes in the same module. The second method consists
of selecting the hubs by a user-defined cut-off for the node
degree, and the functions that are enriched among its immediate
coding gene neighbors will be assigned to the SEP. In the
current version of FSPP, the functional annotations include
Gene Ontology (Ashburner et al., 2000) biological process (BP)
description and the statistical significance of the functional
enrichment.

RESULTS

To test FSPP, we downloaded 38 human ribosome profiling data
sets (RNA-seq) covering 5 cell lines from GEO database. The
38 sets included two HCT116 cell-line samples, five HEK293
cell-line samples, fifteen HEK293T cell-line samples, seven Hela
cell-line samples and nine BJ cell-line samples (Supplementary
Table 1). Similarly, the corresponding RNA-seq data sets were
also downloaded. The respective MS data were obtained from
EMBL-EBI PRIDE Archive (Vizcaino et al., 2016) and smPort
(Hao et al., 2017).

Network Statistics
In the step of identification, 83677 ORFs under translation were
found from the Ribo-seq and RNA-seq data, 18268 of which were

from short ORFs. In particular, 2663 of these smORF peptides
overlapped with the results of MS data analysis (Supplementary
Table 2).

The next step was to analyze 2663 SEPs expression profiles
of 38 Ribo-seq samples in combination with the other 81915
protein transcription profiles, and this is presented as the
first expression matrix. A Pearson’s correlation coefficient,
r, measures the strength of the linear relationship between
every two rows. 28261 significantly related pairs (network_r)
passed through the filter criterion with an absolute pcc
value larger than 0.97 and a p-value less than 0.01. In
addition, 2663 SEPs translation expression data were mixed
with 81915 protein translation profiles in 38 RNA-seq samples
and formed the second expression matrix. After the filter
step, 28267 significantly co-expressed items were selected.
Combined with the 28261 items in the translation matrix,
30332 outstanding related nodes generated altogether a co-
expression network. As for co-location relations, 3349 of SEPs
have been found their pairs in the same RNAs. In total,
32752 nodes constructed the annotation network of FSPP. The
node intersections among the three networks are illustrated in
Figure 2A.

Evaluation Using Known Proteins
To value FSPP results, 1% (320) of the annotated proteins
was randomly selected from the 32752 network nodes. This
step was repeated three times and listed as test set1, test set2
and test set3. All the GO annotations of these 960 proteins
were eliminated and their functions were reproduced. At last,
annotated proteins detected for the three sets are respectively 281,
287, and 288 (Figure 2B). All in all, 856 functional proteins were
predicted by FSPP. The detectable rate of these 960 items was 89%
(Supplementary Tables 3–5).

This evaluation was tested in three networks; RNA co-
expression network (network_r), translation co-expression
network (network_t) and co-location network (network_n).
These networks represent three relations: RNA transcription
regulation targets, translation regulation targets and co-location
relation. As shown in Figure 2A, the number of RNA network_r
nodes is consistent with that of network_t and are far more than
network_n. It implied that much more functions can be found
through the expression correlation than location relation. There
are 25406 nodes overlap between network_r and network_t
which is expected. At the same time 2420 nodes specially belong
to network_n. It means the co-location relation is necessary in
the network.

We define network_rt is the combination of network_r
and network_t. Network_rtn is the total prediction network
including network_r network_t and network_n. As shown in
Figures 2B,C, the number of detected proteins in network_rt
was significantly higher than those from network_r. In the
other hand, proteins in network_rtn were slightly more than
those of network_rt. For the total test data, 719 functional
proteins were annotated from network_r. 816 were detected
from network_rt. And 829 unique annotated proteins were from
network_rtn.
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Comparisons of Hub and Module
Methods
As mentioned above, FSPP adopted two methods, one based
on hub and the second on modules, to detect the annotation
sub-network of unknown peptides. After the optimization, the
detected hubs were defined and singly treated as it contains
one unknown SEP and at least five immediate neighbors with
gene ontology biological process annotations (Lluch-Senar et al.,
2015). At the same time, modules were chosen with an inflation
parameter value of 1.8 and at least 15 nodes with known function
in one module of MCL algorithm. Figure 3 illustrates that
peptides detected by hub methods were a little more than those
detected by module methods in three networks. In total, 568
functional SEPs were identified by FSPP.

Comparisons of Known Annotations
We compared the predicted functions with the reported SEPs’
functions. The results implied that FSPP is a reliable tool to
predict SEP function. The three examples described in Figure 2
illustrate it.

In 2006, Matthew S. Sachs etc. revealed that synthesis of
HER2 is controlled in part by an upstream open reading frame
present in the transcript. The uORF reduced translation of the
downstream protein in all systems and also affected downstream
start-site selection. FSPP successfully detected the functional
translation product from the uORF of HER2 (Figure 4B).
The functions were mainly focused on measuring the effects
on downstream translation regulation. HER2_uORF prediction
network is Figure 4A.

FIGURE 2 | (A) Statistics of nodes in three networks. Network_r: co-expression relations of RNA level; network_t: co-expression relations of translation level;
network_n: relations of neighbors. (B) Numbers of predicted peptides in three test sets from three networks. (C) Numbers of predicted peptides in the global test
data.

FIGURE 3 | Statistics of SEPs hub and module methods in three networks. (A) The count of hub nodes and module nodes in RNA co-expression network
(network_r). (B) The count of hub nodes and module nodes in RNA and translation products co-expression network (network_rt). (C) The count of hub nodes and
module nodes in co-expression and neighbor relation network (network_rtn). (D) Box plot of nodes distribution of hub and module methods in three networks.
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FIGURE 4 | The detailed sub-networks to give functions. (A) Sub network to predict HER2_uORF functions. (B) The 5′ leader regions of HER2 sequence annotated
by Sachs team (Spevak et al., 2006). FSPP-detected black bold sequence produced a 6-length functional peptide. (C) Sub-network to predict MKKS_uORF
functions. (D) Sub-network to predict IFRD1_uORF functions.

Hitoshi Endo etc. identified two SEPS encoded by uORFs of
MKKS transcript with alternative polyadenylation sites at the
5′-UTR (Akimoto et al., 2013). These two SEPs are translated
in vivo and imported onto the mitochondrial membrane. The
aim of the study was to elucidate the mitochondrial localization
of MKKS_uORFs and it was demonstrated that peptides encoded
by uORFs were functional in vivo. FSPP also identified two small
peptides with a length of 48 (ENST00000347364.3_182_326)
and 50 (ENST00000347364.3_391_541) respectively. The
peptides were translated by MKKS transcripts and the later
with predicted functions (Figure 4C). The functions of
SEP partly involve positive regulation of protein insertion
into mitochondrial membrane, regulation of mitochondrial
membrane potential, positive regulation of protein targeting
to membrane and etc. The other functions mainly include
negative regulation of transcription from RNA polymerase
II promoter, negative regulation of protein binding, negative
regulation of gene expression and etc. Notably, these results are
in concordance with the annotated small peptides MKKS_uORF
functions.

In 2010, Thomas Hamilton etc. discovered that a small
peptide from the upstream smORF could mediate stress-sensitive
regulation of IFRD1 mRNA decay in humans (Zhao et al.,
2010). From these downloaded 38 human samples, a 52-length

peptide was also found translated by an upstream region
of ENST00000489994 (IFRD1). Therefore, FSPP successfully
acquired significant GO annotations and two of the predicted
functions are related to the stress response. These results are
consistent with Professor Hamilton’s reports. In addition, two
functions are respectively negative regulation of protein complex
assembly and negative regulation of protein binding. It also
agrees with the existing findings (Figure 4D).

DISCUSSION

The integration of overlapped results of ribosome profile
sequencing (Ribo-seq) data and mass spectrometry data has
predicted high-quality of SEPs. Next, both of the larger
protein-coding and SEPs expression profiles were calculated in
the transcription and translation level. FSPP investigates the
significant correlations among the molecules and builds a relation
network. At last, SEPs functions are annotated by their neighbors
in the network.

FSPP takes advantage of SEPs expression features and provides
a method to predict SEPs with significant functions based
on the expression correlation network among the transcribed
and translation level. This tool aims to the regulation of
SEPs functions directly or through the interaction with other
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molecules. However, it appears that SEPs also play a role in the
traffic of molecules across membranes and in the antimicrobial
process independently. Thus, it requires the definition of new
features of FSPP such as charge bias and the establishment
of secondary structures to predict the transport function. On
the other hand, the SEP filtering criterion on the overlap of
ribosome and MS data is a little strict. As a result, there must
be SEPs escaping our prediction as the false negative items.
SEP expression is sensitive to the condition. So the expression
matrix is comparatively sparse. In the next version of FSPP, SEP
charge bias, secondary features, new identification standard and
correlation computing methods can be added to acquire more
functions.

All supplementary data files related to this article are
available online at https://www.bioinfo.org/FSPP/example. The
source code can also be downloaded from (Big Data Center
Members, 2018). The website is http://bigd.big.ac.cn/biocode/
tools/BT007071.

AUTHOR CONTRIBUTIONS

HL put forward the idea and realized the main part of
the project. LX helped with the computing algorithms. LZ
supplied sequencing materials and assisted with SEP expression

computing. JW and BW optimized the parameter of function
prediction. NS and YZ pushed the project and proposed the
verification of FSPP.

FUNDING

This work was supported by National Natural Science
Foundation of China (91740113, 31701149, 31401119, 31371320,
61472397, and 31501066) and CAS Pioneer Hundred Talents
Program (2017-074).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2018.00096/full#supplementary-material

TABLE S1 | Names of 38 samples and 5 cell lines.

TABLE S2 | 2663 peptides predicted.

TABLE S3 | Test set1.

TABLE S4 | Test set2.

TABLE S5 | Test set3.

REFERENCES
Akimoto, C., Sakashita, E., Kasashima, K., Kuroiwa, K., Tominaga, K.,

Hamamoto, T., et al. (2013). Translational repression of the McKusick–
Kaufman syndrome transcript by unique upstream open reading frames
encoding mitochondrial proteins with alternative polyadenylation sites.
Biochim. Biophys. Acta 1830, 2728–2738. doi: 10.1016/j.bbagen.2012.
12.010

Anderson, D. M., Anderson, K. M., Chang, C. L., Makarewich, C. A., Nelson,
B. R., McAnally, J. R., et al. (2015). A micropeptide encoded by a putative
long noncoding RNA regulates muscle performance. Cell 160, 595–606.
doi: 10.1016/j.cell.2015.01.009

Andrews, S. J., and Rothnagel, J. A. (2014). Emerging evidence for functional
peptides encoded by short open reading frames. Nat. Rev. Genet. 15, 193–204.
doi: 10.1038/nrg3520

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al.
(2000). Gene ontology: tool for the unification of biology. The gene ontology
consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556

Basrai, M. A., Hieter, P., and Boeke, J. D. (1997). Small open reading frames:
beautiful needles in the haystack. Genome Res. 7, 768–771. doi: 10.1101/gr.7.
8.768

Bazzini, A. A., Johnstone, T. G., Christiano, R., Mackowiak, S. D., Obermayer, B.,
Fleming, E. S., et al. (2014). Identification of small ORFs in vertebrates using
ribosome footprinting and evolutionary conservation. EMBO J. 33, 981–993.
doi: 10.1002/embj.201488411

Bertone, P., Stolc, V., Royce, T. E., Rozowsky, J. S., Urban, A. E., Zhu, X., et al.
(2004). Global identification of human transcribed sequences with genome
tiling arrays. Science 306, 2242–2246. doi: 10.1126/science.1103388

Big Data Center Members (2018). Database resources of the BIG data center in
2018. Nucleic Acids Res. 46, D14–D20.

Calviello, L., Mukherjee, N., Wyler, E., Zauber, H., Hirsekorn, A., Selbach, M., et al.
(2016). Detecting actively translated open reading frames in ribosome profiling
data. Nat. Methods 13, 165–170. doi: 10.1038/nmeth.3688

Carninci, P., Kasukawa, T., Katayama, S., Gough, J., Frith, M. C., Maeda, N., et al.
(2005). The transcriptional landscape of the mammalian genome. Science 309,
1559–1563. doi: 10.1126/science.1112014

Couso, J. P., and Patraquim, P. (2017). Classification and function of small open
reading frames. Nat. Rev. Mol. Cell Biol. 18, 575–589. doi: 10.1038/nrm.20
17.58

Dinger, M. E., Pang, K. C., Mercer, T. R., and Mattick, J. S. (2008). Differentiating
protein-coding and noncoding RNA: challenges and ambiguities. PLoS Comput.
Biol. 4:e1000176. doi: 10.1371/journal.pcbi.1000176

Doerks, T., Copley, R. R., Schultz, J., Ponting, C. P., and Bork, P. (2002).
Systematic identification of novel protein domain families associated
with nuclear functions. Genome Res. 12, 47–56. doi: 10.1101/gr.20
3201

Ender, C., Krek, A., Friedlander, M. R., Beitzinger, M., Weinmann, L., Chen, W.,
et al. (2008). A human snoRNA with microRNA-like functions. Mol. Cell 32,
519–528. doi: 10.1016/j.molcel.2008.10.017

Fan, L., Sun, J., Zhou, M., Zhou, J., Lao, X., Zheng, H., et al. (2016). DRAMP:
a comprehensive data repository of antimicrobial peptides. Sci. Rep. 6:24482.
doi: 10.1038/srep24482

Guo, X., Gao, L., Liao, Q., Xiao, H., Ma, X., Yang, X., et al. (2013). Long
non-coding RNAs function annotation: a global prediction method based
on bi-colored networks. Nucleic Acids Res. 41:e35. doi: 10.1093/nar/gk
s967

Guttman, M., Russell, P., Ingolia, N. T., Weissman, J. S., and Lander,
E. S. (2013). Ribosome profiling provides evidence that large noncoding
RNAs do not encode proteins. Cell 154, 240–251. doi: 10.1016/j.cell.2013.
06.009

Hao, Y., Zhang, L., Niu, Y., Cai, T., Luo, J., He, S., et al. (2017). SmProt: a database
of small proteins encoded by annotated coding and non-coding RNA loci. Brief.
Bioinform. doi: 10.1093/bib/bbx005 [Epub ahead of print].

Hishigaki, H., Nakai, K., Ono, T., Tanigami, A., and Takagi, T. (2001). Assessment
of prediction accuracy of protein function from protein–protein interaction
data. Yeast 18, 523–531. doi: 10.1002/yea.706

Ingolia, N. T., Brar, G. A., Stern-Ginossar, N., Harris, M. S., Talhouarne, G. J.,
Jackson, S. E., et al. (2014). Ribosome profiling reveals pervasive translation
outside of annotated protein-coding genes.Cell Rep. 8, 1365–1379. doi: 10.1016/
j.celrep.2014.07.045

Ingolia, N. T., Lareau, L. F., and Weissman, J. S. (2011). Ribosome profiling
of mouse embryonic stem cells reveals the complexity and dynamics

Frontiers in Genetics | www.frontiersin.org 7 April 2018 | Volume 9 | Article 96

https://www.bioinfo.org/FSPP/example
http://bigd.big.ac.cn/biocode/tools/BT007071
http://bigd.big.ac.cn/biocode/tools/BT007071
https://www.frontiersin.org/articles/10.3389/fgene.2018.00096/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2018.00096/full#supplementary-material
https://doi.org/10.1016/j.bbagen.2012.12.010
https://doi.org/10.1016/j.bbagen.2012.12.010
https://doi.org/10.1016/j.cell.2015.01.009
https://doi.org/10.1038/nrg3520
https://doi.org/10.1038/75556
https://doi.org/10.1101/gr.7.8.768
https://doi.org/10.1101/gr.7.8.768
https://doi.org/10.1002/embj.201488411
https://doi.org/10.1126/science.1103388
https://doi.org/10.1038/nmeth.3688
https://doi.org/10.1126/science.1112014
https://doi.org/10.1038/nrm.2017.58
https://doi.org/10.1038/nrm.2017.58
https://doi.org/10.1371/journal.pcbi.1000176
https://doi.org/10.1101/gr.203201
https://doi.org/10.1101/gr.203201
https://doi.org/10.1016/j.molcel.2008.10.017
https://doi.org/10.1038/srep24482
https://doi.org/10.1093/nar/gks967
https://doi.org/10.1093/nar/gks967
https://doi.org/10.1016/j.cell.2013.06.009
https://doi.org/10.1016/j.cell.2013.06.009
https://doi.org/10.1093/bib/bbx005
https://doi.org/10.1002/yea.706
https://doi.org/10.1016/j.celrep.2014.07.045
https://doi.org/10.1016/j.celrep.2014.07.045
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-09-00096 March 31, 2018 Time: 16:55 # 8

Li et al. FSPP: Functional smORF-Encoded Peptides Predictor

of mammalian proteomes. Cell 147, 789–802. doi: 10.1016/j.cell.2011.
10.002

Jones, P., Binns, D., Chang, H. Y., Fraser, M., Li, W., McAnulla, C., et al. (2014).
InterProScan 5: genome-scale protein function classification. Bioinformatics 30,
1236–1240. doi: 10.1093/bioinformatics/btu031

Kapranov, P., Cawley, S. E., Drenkow, J., Bekiranov, S., Strausberg,
R. L., Fodor, S. P., et al. (2002). Large-scale transcriptional activity in
chromosomes 21 and 22. Science 296, 916–919. doi: 10.1126/science.10
68597

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinformatics 12:323.
doi: 10.1186/1471-2105-12-323

Liao, Q., Xiao, H., Bu, D., Xie, C., Miao, R., Luo, H., et al. (2011). ncFANs: a web
server for functional annotation of long non-coding RNAs. Nucleic Acids Res.
39, W118–W124. doi: 10.1093/nar/gkr432

Liu, X., Xie, C., Si, H., and Yang, J. (2017). CRISPR/Cas9-mediated genome
editing in plants. Methods 12, 94–102. doi: 10.1016/j.ymeth.2017.0
3.009

Lluch-Senar, M., Delgado, J., Chen, W. H., Lloréns-Rico, V., O’Reilly, F. J., Wodke,
J. A., et al. (2015). Defining a minimal cell: essentiality of small ORFs and
ncRNAs in a genome-reduced bacterium. Mol. Syst. Biol. 11:780. doi: 10.15252/
msb.20145558

Nelson, B. R., Makarewich, C. A., Anderson, D. M., Winders, B. R., Troupes, C. D.,
Wu, F., et al. (2016). A peptide encoded by a transcript annotated as long
noncoding RNA enhances SERCA activity in muscle. Science 351, 271–275.
doi: 10.1126/science.aad4076

Niehrs, C., and Pollet, N. (1999). Synexpression groups in eukaryotes. Nature 402,
483–487. doi: 10.1038/990025

Risk, B. A., Spitzer, W. J., and Giddings, M. C. (2013). Peppy: proteogenomic
search software. J. Proteome Res. 12, 3019–3025. doi: 10.1021/pr40
0208w

Ruiz-Orera, J., Messeguer, X., Subirana, J. A., and Alba, M. M. (2014). Long non-
coding RNAs as a source of new peptides. eLife 3:e03523. doi: 10.7554/eLife.
03523

Smith, J. E., Alvarez-Dominguez, J. R., Kline, N., Huynh, N. J., Geisler, S., Hu, W.,
et al. (2014). Translation of small open reading frames within unannotated RNA

transcripts in Saccharomyces cerevisiae. Cell Rep. 7, 1858–1866. doi: 10.1016/j.
celrep.2014.05.023

Spevak, C. C., Park, E. H., Geballe, A. P., Pelletier, J., and Sachs, M. S. (2006). her-
2 upstream open reading frame effects on the use of downstream initiation
codons. Biochem. Biophys. Res. Commun. 350, 834–841. doi: 10.1016/j.bbrc.
2006.09.128

Vizcaino, J. A., Csordas, A., Del-Toro, N., Dianes, J. A., Griss, J., Lavidas, I., et al.
(2016). 2016 update of the PRIDE database and its related tools. Nucleic Acids
Res. 44, D447–D456. doi: 10.1093/nar/gkw880

Wadler, C. S., and Vanderpool, C. K. (2007). A dual function for a bacterial
small RNA: SgrS performs base pairing-dependent regulation and encodes
a functional polypeptide. Proc. Natl. Acad. Sci. U.S.A. 104, 20454–20459.
doi: 10.1073/pnas.0708102104

Wenzel, M., Chiriac, A. I., Otto, A., Zweytick, D., May, C., Schumacher, C., et al.
(2014). Small cationic antimicrobial peptides delocalize peripheral membrane
proteins. Proc. Natl. Acad. Sci. U.S.A. 111, E1409–E1418. doi: 10.1073/pnas.
1319900111

Zhang, K., Raboanatahiry, N., Zhu, B., and Li, M. (2017). Progress in genome
editing technology and its application in plants. Front. Plant Sci. 8:177.
doi: 10.3389/fpls.2017.00177

Zhao, C., Datta, S., Mandal, P., Xu, S., and Hamilton, T. (2010). Stress-
sensitive regulation of IFRD1 mRNA decay is mediated by an upstream
open reading frame. J. Biol. Chem. 285, 8552–8562. doi: 10.1074/jbc.M109.07
0920

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Li, Xiao, Zhang, Wu, Wei, Sun and Zhao. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Genetics | www.frontiersin.org 8 April 2018 | Volume 9 | Article 96

https://doi.org/10.1016/j.cell.2011.10.002
https://doi.org/10.1016/j.cell.2011.10.002
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1126/science.1068597
https://doi.org/10.1126/science.1068597
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1093/nar/gkr432
https://doi.org/10.1016/j.ymeth.2017.03.009
https://doi.org/10.1016/j.ymeth.2017.03.009
https://doi.org/10.15252/msb.20145558
https://doi.org/10.15252/msb.20145558
https://doi.org/10.1126/science.aad4076
https://doi.org/10.1038/990025
https://doi.org/10.1021/pr400208w
https://doi.org/10.1021/pr400208w
https://doi.org/10.7554/eLife.03523
https://doi.org/10.7554/eLife.03523
https://doi.org/10.1016/j.celrep.2014.05.023
https://doi.org/10.1016/j.celrep.2014.05.023
https://doi.org/10.1016/j.bbrc.2006.09.128
https://doi.org/10.1016/j.bbrc.2006.09.128
https://doi.org/10.1093/nar/gkw880
https://doi.org/10.1073/pnas.0708102104
https://doi.org/10.1073/pnas.1319900111
https://doi.org/10.1073/pnas.1319900111
https://doi.org/10.3389/fpls.2017.00177
https://doi.org/10.1074/jbc.M109.070920
https://doi.org/10.1074/jbc.M109.070920
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	FSPP: A Tool for Genome-Wide Prediction of smORF-Encoded Peptides and Their Functions
	Introduction
	Materials and Methods
	Platform
	Identification of Authentic SEPs
	Prediction of SEPs' Functions

	Results
	Network Statistics
	Evaluation Using Known Proteins
	Comparisons of Hub and Module Methods
	Comparisons of Known Annotations

	Discussion
	Author Contributions
	Funding
	Supplementary Material
	References


