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A B S T R A C T   

In the human genome, 98% of genes can be transcribed into non-coding RNAs (ncRNAs), among which lncRNAs 
and their encoded peptides play important roles in regulating various aspects of cellular processes and may serve 
as crucial factors in modulating the biological effects induced by ionizing radiation and microgravity. Unfor-
tunately, there are few reports in space radiation biology on lncRNA-encoded peptides below 10kD due to 
limitations in detection techniques. To fill this gap, we integrated a variety of methods based on genomics and 
peptidomics, and discovered 22 lncRNA-encoded small peptides that are sensitive to space radiation and 
microgravity, which have never been reported before. We concurrently validated the transmembrane helix, 
subcellular localization, and biological function of these small peptides using bioinformatics and molecular 
biology techniques. More importantly, we found that these small peptides function independently of the lncRNAs 
that encode them. Our findings have uncovered a previously unknown human proteome encoded by ’non-coding’ 
genes in response to space conditions and elucidated their involvement in biological processes, providing 
valuable strategies for individual protection mechanisms for astronauts who carry out deep space exploration 
missions in space radiation environments.   

1. Introduction 

The biomedical implications of space radiation pose a significant 
concern for astronauts engaged in deep space exploration missions. 
Hence, a thorough examination of the outer space environment, char-
acterized primarily by space radiation and microgravity, is imperative to 
assess its impact on human physiology [1]. It is well-documented that 
both space radiation and microgravity induce substantial alterations in 
the transcriptome of various human cell lines and mouse models [2]. 
However, in the human genome, merely 2% of genes can be transcribed 
into mRNAs and translated into proteins. The remaining 98% can be 

transcribed into non-coding RNAs (ncRNAs), mainly including long 
non-coding RNAs (lncRNAs), microRNAs, circular RNAs, etc. Fu et al. 
[3] have noted that the sensitivity of some lncRNAs to space radiation 
and microgravity, potentially resulting in alterations to lncRNA 
expression profiles. Recently, emerging evidence has highlighted the 
essential roles played by certain lncRNAs and their encoded small pep-
tides in regulating various biological processes and maintaining cellular 
homeostasis [4,5]. However, conventional methodologies encounter 
formidable challenges in detecting peptides with a molecular weight 
below 10 KD. Consequently, we take for granted that there are thou-
sands of lncRNA-encoded small peptides [6–9], many of which may be 
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an important factor in regulating the biological effects of ionizing ra-
diation and microgravity [10,11]. Hence, comprehending the biological 
impacts of space radiation environment holds paramount importance. 
Unfortunately, the documentation of small peptides encoded by 
lncRNAs in this context remains limited. 

Nevertheless, according to the records of ENCODE [12], the 35th 
edition of the Encyclopedia of DNA Elements, there are theoretically 16, 
899 lncRNAs within the human genome. It is unpractical to verify the 
coding potential of such a vast number of lncRNAs through biological 
experiments, several online prediction tools for identifying open reading 
frames (ORFs) and technical approaches for detecting small peptides 
have been successfully developed and applied [13–15]. However, it is 
worth noting that the majority of genomics-based prediction methods 
mentioned above exhibit a high rate of false positives. To enhance the 
likelihood of discovering and confirming small peptides, integration of 
proteomics-based liquid chromatography-mass spectrometry (LC-MS) 
with large-scale genomics-based ORF prediction methods is imperative. 
Previously, our research endeavors have centered on investigating 
space-sensitive lncRNAs and their coding peptides through biological 
experimental methods [16]. Nonetheless, due to the aforementioned 
limitations, there remains a pressing need to employ this approach to 
identify additional relevant lncRNAs and their corresponding coding 
peptides. Such efforts would significantly contribute to the collective 
understanding of space radiation and advance the work of other re-
searchers in this field. Regrettably, this method has yet to be employed 
in this field. 

Therefore, to address the aforementioned challenges, our study 
initially obtained the most up-to-date and comprehensive lncRNA 
RefSeq IDs through lncRNA microarray sequencing on human cell lines. 
Subsequently, we turned our attention on investigating the impact of 
radiation and microgravity on lncRNA-encoded peptides within cells. In 
particular, we selected specific human cell lines, whose corresponding 
organs are more sensitive to space environment [17], and utilized LC-MS 
proteomics to validate ORF Finder genomics predictions. Subsequent 
comparisons with the Swiss-Prot protein database [18] led to the iden-
tification of 22 novel short peptides in human that had not been previ-
ously reported. Finally, we conducted biological experiments and 
applied bioinformatics analyses to investigate the subcellular localiza-
tion, transmembrane helical structure, and biological function of these 
newfound lncRNA-encoded peptides affected by radiation and micro-
gravity. More importantly, our investigation encompassed the analysis 
of the lncRNAs responsible for encoding these novel peptides. We 
determined their functions by constructing competing endogenous RNA 
(ceRNA) networks and conducting gene co-expression analyses [19]. 
This comprehensive approach unveiled that newly discovered 
lncRNA-encoded peptides possess autonomous functions independent of 
their host lncRNAs. In sum, our study has uncovered previously unre-
ported lncRNA-encoded peptides that are responsive to the space envi-
ronment, elucidating their biological functions and thus filling a critical 
void in this field of space radiation-related lncRNAs and their encoded 
peptides. 

2. Methods and materials 

2.1. Cell culture, cell irradiation, microgravity simulation and DNA 
damage induction 

Variations in tissue and organ sensitivities to the space environment 
have been well-documented [17]. It is difficult to positively verify the 
conclusions of a single cell line. In order to improve the broad spectrum 
of this work and the credibility of the conclusions, we selected three 
human cell lines that are more sensitive to space radiation (HeLa, 293 T, 
and HL-60 from ATCC). These cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (VIVACELL, USA), supplemented with 10% fetal 
bovine serum (Sorfa, New Zealand), 1% penicillin sodium, and 100 
μg/mL streptomycin. The cells were incubated using an incubator 

(Thermo Fisher Scientific, Wilmington, DE, USA) at 37 ℃ with a 5% CO2 
atmosphere. HeLa cells (1 × 106) were seeded into T25 flasks with slight 
shaking movement to disperse the cell evenly onto the flasks. Then the 
flasks were placed in a cell incubator overnight to allow the cells to 
adhere. Two groups of HeLa cells were exposed to X-ray irradiation at 
doses of 2 Gy and 8 Gy, respectively, and collected after 2 h. The X-ray 
irradiation was performed using an RS-2000 X-ray Biological Irradiator 
(Rad Source Technologies, Suwanee, GA, USA) at a dose rate of 1.12 
Gy/min with an energy level of 160 kVp. A three-dimensional gyrometer 
(10 r/s, 24 h) was used to simulate microgravity for HL-60 cells. We 
treated 293 T cells with doxorubicin at a concentration of 1 μMol/L for 2 
h to simulate DNA damage and the repair state. 

2.2. Plasmid construction and transfection 

The gene sequences of NR_125851.1-ORF4, XR_430028.4-ORF3, 
NR_003277.1-ORF1, NR_034009.1-ORF13 and NR_003148.3-ORF3 
were constructed in pEGFP-C1 with BspEI/KpnI restriction enzyme and 
in pEGFP-N1 with XhoI/AgeI restriction enzyme (Sangon Biotech, 
Shanghai). The plasmids of co-transfected localization peptides are 
pcDNA3.1 (+) - mito mCherry COXVIIIA Signal Peptide/pcDNA3.1 (+) - 
mcherry Sec61β/ pcDNA3.1 (+) - mcherry Golgi (Sangon Biotech, 
Shanghai). All DNA constructs were produced using Escherichia coli 
DH5a (NCM Biotech, Suzhou) and extracted using E.Z.N.A.@ Plasmid 
Mini Kit l (Omega Bio-tek). For transient cell transfections, cells were 
plated into Confocal Petri dish to reach 40% confluency the following 
day and transfected with 1 µg plasmid DNA using Lipofectamine 3000 
(Invitrogen, USA). Finally, the cellular images were captured utilizing a 
laser scanning confocal microscope (Olympus, Tokyo, Japan). DAPI was 
excited at 405 nm, EGFP was excited at 488 nm, and the endoplasmic 
reticulum, Golgi, and mitochondrial were excited at 555 nm. 

2.3. Agilent LncRNA chip sequencing 

Total RNA was extracted from all cell lines used in this study with 
TRIzol total RNA isolation reagent (Life Technologies). The Agilent 
Human LncRNA Microarray 2018 version (4 *180k, Design ID: 085630) 
was used for chip sequencing and data analysis of HeLa cell samples. In 
the experimental part, total RNA was quantified using a NanoDrop ND- 
2000 (Thermo Scientific), and RNA integrity was assessed by an Agilent 
Bioanalyzer 2100 (Agilent Technologies). After passing the RNA quality 
inspection, the chip was hybridized and eluted. The original image was 
obtained by scanning. In the data analysis part, feature extraction soft-
ware (version 10.7.1.1, Agilent Technologies) was used to process the 
raw images to extract raw data. Then, quantile normalization and sub-
sequent processing were performed. The normalized data were filtered 
and at least one set of 100% of the probes marked "P" in each sample 
used for comparison was retained for further analysis. Finally, the 
RefSeq IDs of all lncRNAs were extracted from the normalized data table 
resulting in 137,270 unique lncRNAs. 

2.4. Peptide screening strategy based on genomics and peptidomics 

We initiated our research by acquiring the FASTA sequence data 
encompassing a vast repertoire of 137,270 long non-coding RNAs 
(lncRNAs) from the NCBI Reference Sequence Database. Subsequently, 
we employed ORF Finder tool within the Sequence Manipulation Suite 
to systematically identify potential protein-coding regions within these 
lncRNA sequences [13]. ORF Finder searches for open reading frames 
(ORFs) within the entered DNA sequence and returns both their range 
and protein translation. In our study, the search criteria were established 
as follows: 1) ORFs must initiate with ATG; 2) ORFs were searched in 
reading frames 1, 2, and 3 on both forward and reverse strands. This 
exhaustive analysis, conducted on each lncRNA in a stepwise manner, 
yielded an extensive compendium of 837,717 unique ORFs. 

Subsequently, we used the LC-MS method to detect the fingerprint 
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peptides expressed in five human cell lines, and finally retained 4371 
different peptides. Next, we intersected these 4371 fingerprint peptides 
determined to be expressed in human cell lines with the 837,717 
lncRNA-encoding ORFs previously found by the genomics-based ORF 
Finder to ensure that these fingerprint peptides are included in the 
sequence starting from ATG. Then, highly conserved lncRNA-encoded 
peptide sequences combined with genomics and peptidomics results 
were compared to human proteins in the Swiss-Prot Database, which is 
currently recognized as the most complete annotated and refined pro-
tein sequence library, using BLAST [18,20]. After conducting BLAST 
analysis, we found that some peptides did not exhibit 100% sequence 
coverage and matching rate under the Homo sapiens classification, we 
grouped these novel human peptides according to their LC-MS derived 
cell samples and uploaded them to Github (https://github. 
com/liwanshia/Novel-lncRNA-encoded-peptides). 

The specific LC-MS experimental method is: The tryptic peptides 
were dissolved in solvent A, directly loaded onto a home-made reversed- 
phase analytical column (25-cm length, 100 µm i.d.). The mobile phase 
consisted of solvent A (0.1% formic acid, 2% acetonitrile/in water) and 
solvent B (0.1% formic acid, 90% acetonitrile/in water). Peptides were 
separated with the following gradient: 0–62 min, 4%− 23% B; 62–82 
min, 23%− 35% B; 82–86 min, 35%− 80% B; 86–90 min, 80% B, and all 

at a constant flow rate of 500 nl/minon a EASY-nLC 1200 UPLC system 
(ThermoFisher Scientific). The separated peptides were analyzed in Q 
Exactive HF-X with a nano-electrospray ion source. The electrospray 
voltage applied was 2100 V. Precursors and fragments were analyzed at 
the Orbitrap detector. The full MS scan resolution was set to 120,000 for 
a scan range of 350–1800 m/z. The fragments were detected in the 
Orbitrap at a resolution of 15,000 and fixed first mass was set as – Up to 
10 most abundant precursors were then selected for further MS/MS 
analyses with 30.0 s dynamic exclusion. The HCD fragmentation was 
performed at a normalized collision energy (NCE) of 28%. Automatic 
gain control (AGC) target was set at 5e4, with an intensity threshold of 
2.5e5 ions/s and a maximum injection time of 40 ms. As a result, we 
opted to retain these novel Homo sapiens peptides encoded by lncRNA 
(RefSeq ID beginning with “XR” or “NR”). 

Furthermore, our investigation encompassed a rigorous regimen of 
statistical analysis, diligently applied to the cell samples corresponding 
to each lncRNA-encoded peptide, ensuring the robustness and compre-
hensiveness of our findings. 

2.5. Peptide transmembrane helix structure prediction 

We utilized a support vector machine (SVM)-based TM protein 

Fig. 1. Peptide and lncRNA screening methods and cell sample information. (A) Schematic diagram of screening strategies for lncRNAs and peptides. (B) Amino acid 
frequency of 22 distinct peptides. (C) Stacked bar graph of Hela cells in different treatment groups corresponding to the 16 lncRNA-encoded peptides, in which the 
serial number of each lncRNA-encoded peptide represents frequency ranking in five groups of cell samples. R1: Untreated HeLa cells; R2: 2 Gy X-rays; R3: 8 Gy X- 
rays; R4: DNA damage and repair group; and R5: microgravity group. 
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topology predictor to predict their transmembrane helix structures for 
the amino acid sequences of peptides [21]. Simultaneously, we gener-
ated a schematic diagram for each lncRNA-encoded peptide’s ORF to 
exhibit its length, transmembrane helix type, and orientation. 

2.6. Subcellular localization information and functional prediction of the 
novel lncRNA-encoded peptides 

In our quest to unravel the multifaceted facets of these newly- 
discovered lncRNA-encoded peptides, we employed an integrated 
feature-based function prediction server [14] to predict subcellular 
localization and functional information for each peptide. The FFPred 3 is 
intended for assigning Gene Ontology terms to human protein chains, 
when homology with characterized proteins can provide little aid. 
Function predictions are made by scanning the input sequences against 
an array of Support Vector Machines (SVM). Subsequently, In order to 
present the location information results in a standardized and inter-
pretable format, we undertook a normalization process for the scores 
obtained. This harmonization allowed us to succinctly convey the 
location prediction outcomes through the medium of a stacked bar 
graph, providing an accessible visual representation of these insights. 
We utilized the above method to obtain the function prediction result 
based on support vector machine, retained the Gene Ontology terms 
with SVM reliability as high and used them as the function prediction 
pathway result of each peptide itself [22]. These GO terms were sub-
sequently compiled into a set of the top ten descriptors for each peptide, 
and these findings were artfully visualized through the generation of 
bubble plots, effectively encapsulating the probability scores assigned to 
each term. Taking a broader perspective, we embarked on an in-depth 
analysis of the functional attributes shared among the 16 
lncRNA-encoded peptides. This entailed a systematic examination of the 
occurrence frequency of each GO term across this cohort. This scrutiny 
revealed 30 distinct terms that exhibited frequencies surpassing a 
threshold of 2, signifying their recurrent emergence across the 
lncRNA-encoded peptides. To culminate our comprehensive analysis, 
we proceeded to extract the genes intricately associated with these 30 
enriched GO terms. By subjecting this corpus of genes to intersection 
analysis, we discerned those genes that were commonly shared among 
multiple terms. This insightful analysis shed light on the interconnec-
tedness of these genes and their potential roles, offering valuable in-
sights into the biological functions orchestrated by these 
lncRNA-encoded peptides. 

2.7. Construction of the ceRNA networks of the 16 lncRNAs coding novel 
peptides 

We employed the miRcode database to predict the target site binding 
to analyze the relationship between lncRNAs and miRNAs [23]. The 
relationship between miRNAs and their target mRNAs was analyzed 
using two databases: the experimentally validated miRNA-target in-
teractions (MTIs) in the miRTarBase database [17], and the TargetScan 
database [18] which predicts biological target genes of miRNAs. Cyto-
scape software was utilized for visualizing ceRNA network location. 

2.8. Co-expression analysis of lncRNAs and protein-coding genes 

After randomly selecting 500 samples from the TCGA Pan-Cancer 
cohort, we used the cor.test function in R to calculate the Spearman 
correlation between each protein-coding gene and each lncRNA coding 
peptide in the cohort. For each lncRNA, we presented a scatterplot of its 
five most highly correlated expression pairs. 

3. Results 

3.1. Twenty-two novel lncRNA-encoded peptides were discovered by chip 
sequencing, large-scale ORF queries, and fingerprinting by LC-MS 

Fig. 1A presents a schematic representation of the comprehensive 
screening process employed for the discover of novel long non-coding 
RNA (lncRNA)-encoded peptides. Initially, we conducted sequencing 
and analysis of HeLa cell line using Agilent Human lncRNA Microarray 
2018 Edition, yielding RefSeq IDs for all identified human lncRNAs, 
resulting in the identification of 137,270 lncRNAs. Subsequently, the 
FASTA sequences for each lncRNA were obtained by querying their 
respective RefSeq IDs on the National Center for Biotechnology Infor-
mation (NCBI) database. To assess the protein-coding potential of each 
lncRNA, specific search criteria (see Materials and methods for details) 
were established, and ORF searches were conducted on all lncRNAs 
using the ORF Finder tool from the Sequence Manipulation Suite. This 
analysis led to the identification of 837,717 unique open reading frames 
(ORFs) from the 137,270 lncRNA sequences. However, it is important to 
note that determine the peptide-encoding potential of a given lncRNA 
based solely on ORF queries may not provide entirely reliable results. 
Therefore, we subjected all identified ORFs to screening using liquid 
chromatography-mass spectrometry (LC-MS)-based peptidomics. Spe-
cifically, We have selected three commonly used human cell lines that 
are more sensitive to space environment from different organizations 
based on existing reports [17], and exposed them to varying doses of 
X-ray irradiation, simulated microgravity environments, and DNA 
damage simulations to investigate the impact of lncRNA-encoded pep-
tides in space environment. LC-MS analysis was performed on R1 (un-
treated HeLa cells), R2 (HeLa cells exposed to 2 Gy X-rays), R3 (HeLa 
cells exposed to 8 Gy X-rays), R4 (293 T cell DNA damage and repair 
status induced by doxorubicin) and R5 (HL-60 cells subjected to simu-
lated microgravity). The results indicated that only 4371 peptides out of 
the initial pool of 837,717 ORFs were confirmed, underscoring the ne-
cessity of validating ORF predictions with mass spectrometry proteomic 
data. Representative mass spectra for each sample are provided in 
Supplementary Figure 1. Following this, batch BLAST analysis was 
conducted on the results, comparing them to known human proteins in 
the Swiss-Prot database. Ninety-five peptides were retained, each 
exhibiting sequence coverage and matching rate that were not 100%. 
We updated the matching scores of each peptide in Table S1. Subse-
quently, we correlated the lncRNA information corresponding to each 
lncRNA-encoded peptide, ultimately identifying 22 distinct 
lncRNA-encoded peptides. In summary, after a series of procedures 
involving chip sequencing, large-scale ORF queries, and LC-MS 
screening, we classified these 22 peptides as newly discovered 
lncRNA-encoded Homo sapiens peptides associated with the space 
environment. Interestingly, upon closer examination of the corre-
sponding lncRNAs for each peptide segment, we found that six of the 
shorter peptides were entirely encompassed by longer peptides in other 
segments. This means their sequences were entirely covered by the 
corresponding longer peptide. Additionally, these shorter and longer 
peptides appeared in the same lncRNA with identical ORFs. These re-
sults indicate that the abundance of lncRNA-encoded peptides we 
screened is high enough, proving the high confidence of the results. 
Consequently, in accordance with this criterion, each longer peptide 
corresponds precisely to one ORF and one lncRNA. The information for 
each peptide is presented in Table S1. The table and LC-MS results have 
been uploaded to GitHub (https://github.com/liwan-
shia/Novel-lncRNA-encoded-peptides). The sequences marked in red 
under the ORF column are those of lncRNA-encoded peptides. To 
facilitate clearer representation of this correspondence, we utilize the 
term ’lncRNA-p’ to denote lncRNA-encoded peptides in the figure. 
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Fig. 2. Membrane helix and subcellular localization of the 16 lncRNA-encoded peptides. (A) The schematic of each lncRNA-encoded peptide. The number shows the 
length of ORFs and the location of the transmembrane helix structure. Each number represents an amino acid. (B) Stacked bar graph of the subcellular localization 
prediction of each lncRNA-encoded peptide, where the Y-axis represents the location prediction scores. (C) Subcellular localization of peptides, nucleus, and 
endoplasmic reticulum by immunofluorescence. Blue represents the nucleus, green represents the peptide encoded by ORF, and red represents endoplasmic retic-
ulum. (D) Subcellular localization of peptides, nucleus, and mitochondrion by immunofluorescence. Blue represents the nucleus, green represents the peptide 
encoded by ORF, and red represents mitochondrion. (E) Subcellular localization of peptides, nucleus, and Golgi by immunofluorescence. Blue represents the nucleus, 
green represents the peptide encoded by ORF, and red represents Golgi. 
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3.2. Basic information on novel lncRNA-encoded peptides 

Obtaining basic information on novel peptides is the first task in our 
research. Therefore, we initially focused on identifying which stress 

stimuli each peptide exhibits sensitivity and presented the results 
through a stacked bar graph (Fig. 1C). We ranked these lncRNA-encoded 
peptides based on their occurrence frequency across samples. Notably, 
NR_134976.1-p was consistently present in all five samples, indicating a 

Fig. 3. Functional prediction of the 16 lncRNA-encoded peptides. (A) Bubble plots of each peptide’s predicted top ten terms in GO database, where the X-axis 
represents the probability score. (B) Stacked bar graph shows the 30 terms that the 16 peptides were involved in (frequency≥2). (C) Stacked bar graph shows the 
common genes and their frequency in the 30 terms presented in (B). 
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high level of conservation. The second and third positions were held by 
NR_003148.3-p and XR_001738734.2-p, respectively. Additionally, five 
lncRNA-encoded peptides were detected in two samples, while eight 
were unique to one sample. 

In the field of bioinformatics, information such as amino acid 
sequence and occurrence frequency of occurrence plays a role in pre-
dicting protein function [24]. Proteins are constructed of 20 kinds of 
natural amino acids through linear combinations, And these linear se-
quences encapsulate significant biological information, often considered 
capable of elucidating and representing vital cellular processes across 
various organisms. Consequently, amino acid sequence and occurrence 
frequencies are typically utilized as information sources, often in com-
bination with machine learning technology to predict protein function. 
In our study, we conducted an integration and calculation of amino acid 
frequencies for the 16 ORF-peptides, simultaneously, the amino acid 
frequencies of each individual peptide were calculated separately, as 
depicted in Fig. 1B and Table S1. In our previous screening strategy, all 
ORFs initiated ATG as the start codon, however, the methionine was not 
the most prevalent. Instead, the frequency of glycine (12.47%) was the 
highest, followed by serine (7.81%) and leucine (7.63%). Glycine, a 
significant components of endogenous redox proteins, plays a critical 
role in the synthesis of antioxidant proteins. This result may be attrib-
uted to cellular stress responses encountered under pressure conditions 
such as radiation and DNA damage. 

In Fig. 2A, each named rectangular structure represents an identified 
peptide, and we can clearly see their length, transmembrane helix region 
and direction. For instance, taking the lncRNA-encoded peptide 
NR_134976.1-p as an example, it exhibits an ORF length of 70 amino 
acids with a transmembrane helix positioned between amino acids 
52–68 and an inward-to-outward orientation. Information for each 
lncRNA-encoded peptide is presented in a similar format as described 
above. Remarkably, out of the 16 peptides studied, 10 possess a trans-
membrane region comprising both a transmembrane helix and pore- 
lining helix [21]. This finding suggests a high degree of stability in 
their protein secondary structure and implies crucial biological func-
tions associated with these peptides. 

3.3. Subcellular localization of the novel lncRNA-encoded peptides 

Proper positioning is crucial for the correct functioning of most 
proteins. Therefore, we employed the PSIPRED workbench to predict the 
subcellular localization of the novel peptides we discovered. Our anal-
ysis, based on normalized prediction scores, revealed that these 16 
lncRNA-encoded peptides exhibited distributed across various cellular 
compartments, including the cytosol, extracellular space, mitochondria, 
nucleus and peroxisome (Fig. 2B). To validate the accuracy of our pre-
dictions, we constructed the gene sequences of the micro peptides into 
two vectors, pEGFP-N1 and pEGFP-C1, respectively. These plasmids 
were co-transfected with endoplasmic reticulum, Golgi, and mitochon-
drial localization peptides into Hela cells. Then we observed the intra-
cellular localizations of these peptides. The results demonstrated 
consistency with our predictions (Fig. 2C-E). In summary, our findings 
indicate that these 16 peptides are distributed across a range of sub-
cellular structures, suggesting a potential diversity of biological func-
tions associated with them. 

3.4. Biological function prediction of the novel lncRNA-encoded peptides 

To validate our hypothesis, we proceeded to conduct functional 
predictions for each of the lncRNA-encoded peptide. The FFPred server 
utilizes machine learning methods to predict protein function from 
amino acid sequences in the protein feature space [14]. By inputting the 
amino acid sequence, the FFPred server can predict subcellular locali-
zation information and Gene Ontology (GO) terms highly correlated 
with the amino acid sequence through Support Vector Machines (SVM). 
We employed FFPred to perform the GO database pathway enrichment 

analysis for each peptide and displayed the top ten term probability 
scores (Fig. 3A), offering insights into potential biological functions 
associated with each peptide. As shown in the Fig. 3A, all pathway 
scores exceeded 0.7, with the majority surpassing 0.8, signifying the 
reliability of our predictions. Upon statistical analysis, we observed that 
certain GO terms appeared in the top ten terms for different peptides 
simultaneously. The term regulation of nitrogen compound metabolic 
process was the highest among them, ranking in the top ten in pathway 
enrichment analysis results of 11 lncRNA-encoded peptides. Addition-
ally, nucleic acid binding and regulation of metabolic processes were 
also enriched in 10 lncRNA-encoded peptides. Consequently, we sum-
marized and compared the thirty pathways that appeared in two or more 
peptides in Fig. 3B to identify significantly enriched peptides. Subse-
quently, we shifted our focus from the pathway level to the gene level. 
We extracted all the genes in the 30 terms in Fig. 3B to explore common 
biological functions of the lncRNA-encoded peptides and identify shared 
functional genes. In Fig. 3C, we presented eight genes that were shared 
by four or more terms and their corresponding relationships with terms. 
Among these genes, the KH-type splicing regulator protein (KHSRP) is a 
single-stranded nucleic acid binding protein that widely exists in the 
nucleus and cytoplasm. It mainly promotes degradation by binding with 
unstable mRNA and regulates the maturation of microRNA to achieve 
post-transcriptional regulation. KHSRP was first reported as an enhancer 
upstream of the c-myc oncogene promoter. Further research has shown 
that KHSRP not only participates in cell proliferation, cell differentia-
tion, the inflammatory response, natural immunity and lipid meta-
bolism, but also changes in its expression level and protein structure are 
closely related to the occurrence and development of tumors [25,26]. 
SLC8A1, a member of the solute carrier family, is mainly involved in 
active transport of calcium and sodium ions, indicating its potential role 
in regulating mitochondrial stress. Overall, based on our predictions of 
biological functions associated with these peptides, we found shared 
pathways and genes among all 16 peptides. Additionally, we analyzed 
each novel peptide individually to reveal their functional properties. 

3.5. Independence of the function of novel lncRNA encoded peptides 

The protein-coding function of lncRNAs has recently attracted 
increasing attention. In our research, we made a remarkable discovery 
find that each longer novel peptide corresponds to a specific lncRNA. 
This led us to hypothesize: Do the biological functions of peptides relate 
to their corresponding lncRNA functions? To investigate the hypothesis, 
we conducted a comprehensive analysis involving competing endoge-
nous RNA (ceRNA) network analysis and gene co-expression analysis on 
the 16 lncRNAs. Additionally, we explored their biological functions 
through enrichment analysis of protein-coding genes associated with 
their structure or expression. 

In 2011, Salmena et al. introduced the concept of competing 
endogenous RNAs (ceRNAs) [19], which describes the competitive in-
teractions among RNAs, including lncRNAs, for the common binding 
sites of target miRNAs, thereby altering the function of target miRNAs. 
We constructed comprehensive and independent ceRNA networks for 
lncRNAs (see Materials and methods for details). Using BioMart, we 
convert the RefSeq IDs of lncRNAs into Ensembl gene IDs to obtain the 
interactions between lncRNAs and miRNAs in the miRcode database 
[23,27]. Notably, we observed interactions for 10 out of the 16 lncRNAs 
under investigation. Moreover, during the gene format conversion pro-
cess, we made an unexpected discovery that lncRNA XR_001744673.2 
and lncRNA XR_002956425.1 share the same Ensembl gene ID, as do 
lncRNA NR_110578.1 and lncRNA XR_430028.4, which again demon-
strates the reliability of our mass spectrometry screening method. The 
miRNA target genes were obtained from both the miRTarBase database 
and TargetScan database based on the identified miRNAs [28,29]. 
Accordingly, 161 nodes and 194 edges were included in our lncRNA 
comprehensive ceRNA network (Supplementary Figure 2). We per-
formed GO pathway enrichment analysis for the 142 mRNAs in the 
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network, which revealed significant enrichment in 647 terms. This 
suggests that the common functions of these novel lncRNA-encoded 
peptides may be relatively concentrated. The top 20 terms are dis-
played in the bubble plot (Supplementary Figure 3). Likewise, we con-
structed ten ceRNA networks for the lncRNAs that can be converted to 
Ensembl gene IDs and performed pathway enrichment analysis on the 
mRNAs in them (Fig. 4A, B). Importantly, we calculated the Jaccard 
similarity index to determine the correlation between the pathway 
enrichment analysis results of peptides and their corresponding lncRNAs 

in the ceRNA network of mRNAs. The Jaccard similarity index is used to 
compare similarities and differences between finite sample sets. The 
higher the Jaccard similarity index, the greater the sample similarity. 
Interestingly, Table 1 indicates that all Jaccard similarity indexes are 
zero, signifying that each novel lncRNA-encoded peptide we found 
functions independently in biological processes rather than through its 
corresponding ceRNA network mechanism hypothesis. 

Gene co-expression analysis serves as a means to compare genes with 
unknown functions to those with known functions, including their 

Fig. 4. Construction of ceRNA network of the lncRNAs coding novel peptides. (A) The lncRNA-miRNA-mRNA competing endogenous RNA networks. The light green 
ellipses indicate mRNAs, light red V shapes represent lncRNAs, and blue diamonds represent miRNAs. The number on the top left of each network represents the 
serial number of lncRNAs. (B) Bubble plots of GO database pathway enrichment analysis of lncRNA-related mRNAs. 

Table 1 
The biological functions of the peptide encoded by the 16 lncRNAs and that of the mRNAs correlated with the lncRNAs.  

ID Number of GO terms 
predicted by peptides 

Number of GO terms 
analyzed by mRNA from ceRNA 

Jaccard 
similarity index 

1. NR_134976.1  101 65 0 
2. NR_003148.3  38 3 0 
3. XR_001738734.2  56 520 0 
4. XR_001744673.2  35 422 0 
5. XR_002956425.1  35 422 0 
6. NR_003277.1  44 / / 
7. XR_001751314.2  34 423 0 
8. XR_001748820.1  41 207 0 
9. NR_125851.1  61 / / 
10. XR_002957760.1  57 / / 
11. NR_110578.1  56 / / 
12. XR_430028.4  40 / / 
13. XR_948236.3  30 647 0 
14. NR_145973.1  91 10 0 
15. NR_033926.1  79 / / 
16. NR_034009.1  41 51 0  
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involvement in biological processes. This method specifically correlates 
gene expression profiles to determine the biological functions of novel 
lncRNA-encoded peptides at the gene expression level. Consequently, 
we randomly selected 500 case samples from the TCGA Pan-Cancer 
cohort, calculated the Spearman correlation between each protein- 
coding gene and lncRNA one by one, and we presented the top five 
genes with the highest correlation for each lncRNA in Fig. 5A. The ninth 
and tenth lncRNAs lacked corresponding Ensembl gene IDs during the 
gene conversion stage. Notably, the vast majority of correlations 
exceeded 0.6, indicating that our lncRNAs coding novel peptides are 
similar to protein-coding genes with known biological functions at the 

gene expression level. To determine the specific functions involved in 
these lncRNAs, we performed GO database pathway enrichment analysis 
on the mRNAs in Fig. 5A. The results indicated that the co-expression 
mRNAs of lncRNAs encoding these peptides were significantly 
enriched in RNA splicing and its related pathways (Fig. 5B), a crucial 
biological process in the gene expression of eukaryotic cells. Through 
RNA splicing, many functional mRNAs with coding information can be 
generated, which is essential for biological development and evolution 
[30]. Finally, we compared the results of the following three sets of 
functional enrichment analyses: 

Fig. 5. Gene co-expression and functional analysis of the lncRNAs coding novel peptides. (A) Correlations between the lncRNAs and protein-coding genes in the 
TCGA Pan-Cancer cohort. Only the top five genes were presented for each lncRNA. The coefficients were obtained by using Spearman correlation analysis. (B) Bubble 
Plot of GO database pathway enrichment analysis for all the protein-coding genes in (A). (C) Venn diagram of overlapping pathways in three functional enrichment 
analysis results. 
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1. The overall biological function prediction results of the 16 novel 
peptides, which include all pathways significantly enriched in the 
prediction results for each peptide, comprise a total of 190 terms.  

2. Results of functional enrichment analysis and grading of mRNAs in 
the comprehensive ceRNA network of the 16 lncRNAs coding novel 
peptides, with a total of 647 terms.  

3. In the lncRNA co-expression analysis, the highly correlated protein- 
coding genes were subjected to corresponding functional enrichment 
analysis, resulting in a total of 143 terms. 

The Venn diagram illustrated that there was no intersection among 
the three sets of pathway enrichment analysis results (Fig. 5C), partic-
ularly between the lncRNA-encoded peptide’s predicted pathway 
enrichment analysis results and the other two sets of lncRNA-derived 
results, which exhibited minimal overlap. Thus, we believe that the 
biological functions of the novel peptides may the biological functions of 
the novel peptides are determined by themselves, rather than being 
regulated by the ceRNA hypothesis or genes with high correlation in 
gene co-expression analysis. This clarifies their functions under the in-
fluence of space environment and demonstrates their independence in 
performing these functions, providing valuable insights for the study of 
lncRNA-encoded peptides in the context of space radiation and 
microgravity. 

4. Discussion and conclusions 

LncRNA was initially considered the "noise" of genome transcription, 
a byproduct of RNA polymerase II transcription, and does not have 
biological functions. However, many studies have shown that lncRNA 
plays a vital role in numerous life processes and has begun attracting 
widespread attention [31]. In addition, with the development of 
second-generation sequencing technology, many lncRNAs and their 
small regulatory open reading frames (ORFs), functional peptides, and 
possible non-functional proteins have been discovered. Finding these 
hidden resources will help us understand the biological mechanisms of 
the impact of space radiation on the human body. Therefore, we 
developed an integrated genomics and peptide omics method that suc-
cessfully predicted 22 novel lncRNA-encoded peptides from human 
sources. In addition, we determined the physical properties, subcellular 
localization, and unique biological functions of these peptides through 
bioinformatics analysis and biological experiments [32,33]. Notably, we 
have focused on common genes that may have similar functions to 
lncRNA-encoded peptides. The results showed that the KH-type splicing 
regulatory protein (KHSRP) appeared in five high-frequency words. It 
was reported that RBP (RNA binding protein) represented by KHSRP 
played a tumor-promoting role through post-translational modification. 
This space radiation-sensitive oncogene ranked first in our ranking, 
again proving the effectiveness of our screening method. 

In addition, in the study of lncRNA encoded peptides, ribosome 
profiling sequencing techniques have provided evidence that many 
small ORFs are translated outside annotated coding sequences. Many of 
these ORFs have been discovered thanks to the development of ribosome 
profiling, a technique to sequence ribosome-protected RNA fragments. 
Ribosome profiling can accurately predict whether lncRNA encodes 
peptides based on experiments. The extended conduct of this experience 
has produced a series of databases containing ribo-seq (based on 
experimental validation and omics prediction). Therefore, based on 
experiments and predictions, we verified the expression of the novel 
lncRNA-encoded peptides we screened in the ribosome profiling data-
base. The first method is the SmProt [34], in this database, the selected 
small proteins were identified from ribosome profiling data, literature, 
mass spectroscopy (MS), etc. The ribosome profiling data in this data-
base are all based on experimental validation. We extracted data in 
which the species is of human origin, the Start Codon is AUG, and the 
data source is the ribosome profiling database. Then, we searched the 
novel lncRNA-encoded peptide obtained by screening in the modified 

library and saved the search results in Table S2. In addition, we also 
observed the same conclusion through the prediction-based ribosome 
profiling database named GWIPS (Supplementary Figure 4) [35]. These 
results based on ribosome profiling are also strong evidence for the 
expression of 22 novel lncRNA-encoded peptides. 

Admittedly, there is still room for improvement in this research. For 
example, our simulation of the complex situation of space radiation 
needs to be more realistic [36]. Additionally, the function of 
lncRNA-encoded peptides has not been verified at the biological expe-
rience level, and research on each lncRNA-encoded peptide has yet to be 
in-depth. In general, their functions are highly consistent, but the 
functions of some lncRNA encoded peptides are specific and concen-
trated, such as XR_ 002957760.1-p, which focuses on the cell membrane 
and G-protein coupled receiver-related paths. It may be confirmed that 
under the effects of the space environment, there may be changes in the 
GPCR-related paths of the lncRNA-encoded peptide. Therefore, we will 
conduct similar studies on lncRNA-encoded peptides in subsequent 
work. 

In summary, we found 22 novel lncRNA-encoded peptides that are 
sensitive to the space environment by combining lncRNA chip 
sequencing, large-scale ORF screening and LC-MS, verified their trans-
membrane helix, subcellular localization and functional analysis 
through bioinformatics analysis and biological experiments. Our work 
has discovered the hidden human protein that is encoded by ’non-cod-
ing’ genes and influenced by the space environment. This study fills a 
gap in lncRNA-encoded peptides in space radiation biology and attri-
butes them to protect astronauts from the effects of space radiation and 
microgravity environments. 
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