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Abstract To explore the space biological effects from a systems biology perspective, a bioinformatics

analysis pipeline was developed based on Single-Sample Network (SSN) and was used to mine multi-
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omics molecular interaction patterns and key genes in multiple mouse tissues under spaceflight condi-
tions. First, we collected four spaceflight mouse datasets from the GeneLab platform, which included
transcriptome, DNA methylation, and proteome sequencing results from the adrenal gland, kidney, liver,
and quadriceps. For each sample, four SSNs (mRNA-SSN, meth-promoter-SSN, meth-body-SSN, protein-
SSN) were constructed. Next, the topological features of the nodes in each SSN were extracted, and a T-
test was performed to identify the molecules with altered interaction patterns across different omics lev-
els under spaceflight conditions. The results indicated that, although the overlap of molecules with al-
tered interaction patterns across different omics levels was limited, the biological processes and path-
ways they regulated exhibited similarities, which primarily included metabolic processes, DNA damage
response, cell cycle, oxidative stress, and circadian rhythms. Notably, the protein/amino acid metabolic
process and nucleic acid (DNA/RNA) metabolic process appeared in multiple tissues and showed high
significance. The key genes involved in multi-omics regulation were identified, including Park7, Tmed3,
Rbbp7, Hunk, Rad23a, Cd36, etc. Furthermore, we constructed co-interaction networks for the transcrip-
tome and DNA methylation, transcriptome and proteome, as well as for all three omics layers, and iden-
tified the Hub genes (such as Rbbp7, Egfr, Rpl4, Srms, Cabp4) from them. Functional analysis revealed
that several key/Hub genes were involved in regulating the aforementioned biological processes. To gain
further insight into the expression patterns of key/Hub genes, additional datasets from the same tissue in
the GeneLab database were analyzed using DESeq2. The results revealed that several genes were also
differentially expressed under spaceflight conditions in other datasets. The molecular interaction pat-
terns altered by spaceflight might be associated with the occurrence of various diseases (such as cancer,
neurological disorders, neurodegenerative diseases, cardiovascular diseases, and diabetes) and the reacti-

vation of viruses (such as Epstein-Barr virus, herpes simplex virus, and human cytomegalovirus).

Key words Space environment, Single-sample network, Molecular interaction pattern, Multi-omics
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1.1 SHFHENRE ST E
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(/N BRBEAE, CFE B LR, BB, LS 5 4
21 KB 7 () AT A A2 B H b v X B4 43 3
AT TG sk . WAL S A A el s Iy, 26
5 53 A FESEALREAR (27 A~ 25 [A] RAT +26 A b 1 X
HE) 41 D H AR (21 4438 8] ®AT+20 43t XF
M) 44 DA A (22 425 (8] ®AT +22 A Hb )
HE) REAS, AEAS I BRI SL I  1. Forp, Be ekt
AAEL, GC AR F T X FR 4L, SF AR K ZS 7] RAT4,

F1 ZAXEAK GeneLab HiEEMHERNE

Table 1 Number of samples in the GeneLab dataset used in this article
B G HY skl (GC/SF) AL (GC/SF) HEH 4l (GC/SF)
0SD-47 JFF 3/3 3/3 -
0SD-98 B AR 5/6 5/6 4/4
0SD-102 =1 6/6 6/6 6/6
0SD-103 JEe g Sk A 6/6 6/6 6/6
0SD-137 JiF 6/6 - 6/6

* www.nasa.gov /osdr/
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Fig. 4 Biological processes of differentially meth-interacted genes. (a) Biological processes of

DMIGs in promoters, (b) biological processes of DMIGs in gene bodies
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Pathways of differentially meth-interacted genes. (a) Pathways of DMIGs in promoters,

(b) pathways of DMIGs in gene bodies
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Table 2 Disease/virus-related KEGG pathways

i P HAR 2H
AT 1 BRI 2.21 x 10~* e Ll
[ aE 3.40 x 1077 =} sl
ey AR 3.61 x 1077 5 ek
WS R AEAAE 4.76 x 1076 1 ekl
ZRAT AL I TR AR 1.12 x 1073 (51 Lignedil
WAl R SR R 2.68 x 10~° 5 ek
AL 2.93 x 107° 1 ekl
ML 1A 4.23 x 1077 =} sl
T - BRI R 2.2 x 1077 JBE g Sk AL s dl
/ML 2R 3.85 x 107° JBEE kAL sl
IR 8.24 x 1078 Jie Sk AL sl
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PIRAT R R A 1.41 x 107 JBehy kWL sl
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BT K IR R 8.52 x 107° Je bk AL sl
PR 1L 1.03 x 107° JBe Pk AL ek
AT H 2.06 x 107° JBEE kAL Bl
IR 2.58 x 107° JBe sk sl
2B e 1.08 x 1074 JBEPg Sk AL ek
TS s 1.37 x 1074 JBEE kAL ekl
FH 7 g 1.52 x 1074 JBeru L sl
AR 3.15 x 10~* JBe Pk AL ek
Jhes i 3.56 x 10~* Je sk L ekl
A& AR 3.73 x 1074 Je bk AL sl
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N E 20 g v g 4.07 x 1074 JBEE kAL ekl
IR AR A IR 5.49 x 104 JBe DUk AL i
NFLk IR TR 7.28 x 104 JBe a3k L LS|
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Fig. 7 Intersection of DIGs and DMIGs in different tissues. (a)~(d) Venn diagrams of DIGs and DMIGs
in the promoters, (e¢)~(h) Venn diagrams of DIGs and DMIGs in the gene bodies.
(a)(e) Adrenal glands, (b)(f) Kidney, (c)(g) Liver, (d)(h) Quadriceps. (i) The pathways involving genes
in the intersection of DIGs and DMIGs in the promoters, (j) the pathways involving genes in the intersection
of DIGs and DMIGs in the gene bodies. Genes participating in the pathway were indicated in red font.

Only the names of overview pathways selected by ClueGO were annotated
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Fig. 8 Intersection of DIGs and DIPs in different tissues. (a) Adrenal glands, (b) kidney, (c) liver,
(d) quadriceps, (e) pathways of genes in the intersection of DIGs and DIPs

®3 XBERMRIZEER
Table 3 Expression of key genes

HH 14 P-value BiEsE
Rbbp7 =1 0.0228 0SD-163
Polr3e B 0.0081 0SD-163
Ctdspl =1 0.0164 0SD-163
Eif3 m =3 0.0008 0SD-163
Kank2 B 0.0444 0SD-163
Hunk =1 0.0458 0SD-253

Snrnp48 i3 0.0064 0OSD-168
Egfr JiF 0.0237 0SD-168
Egfr JiF 0.0072 0SD-173

Rad23a WL 0.0003 0SD-99
Asb3 WL 0.0003 0SD-99

Map3k9 il 0.0001 0SD-99

Park? WLA 0.0005 0SD-99
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g 3

FH e P-value g
Abhd17c LA 0.03597 0SD-99
Actal WA 0.0315 0SD-99
Psmd7 WLA 0.0357 0SD-99
Synel WA 0.0060 0SD-99
Vapa WA 0.0413 0SD-99
Psmd11 WLA 0.0033 0SD-99
Cnbp WA 4.80 x 1075 0SD-99
Ddt WA 0.0206 0SD-99
Dusp23 WL 1.29 x 107° 0SD-99
Mecr WA 3.43 x 107° 0SD-99
Enol WLPA 3.70 x 10~° 0SD-99
Ywhaz WL 1.25 x 1078 0SD-99
Usp22 WA 0.0422 0SD-101
Dmwd WLPA 0.0129 0SD-101
Cnbp WL 0.0236 0SD-101
Ywhaz LA 0.0014 0SD-101
Zc3h8 WA 0.0231 0SD-104
Tnni2 WLA 1.90 x 10713 0SD-104
Dmwd WA 2.03 x 10714 0SD-104
Park? WA 0.0041 0SD-104
Raplgdsl WL 0.0295 0OSD-104
Actal LA 0.0326 0SD-104
Psmd7 WA 9.03 x 1022 0SD-104
Psmd11 WLA 1.61 x 107° 0SD-104
Cnbp MLA 1.11 x 10~¢ OSD-104
Ddt WLPA 0.0002 0SD-104
Dusp23 WL 0.0017 0SD-104
Mecr LA 0.0216 0SD-104
Usp24 WLPA 1.85 x 1075 0SD-104
Enol WLA 3.01 x 107° 0SD-104
Ywhaz LA 0.0166 0SD-104
Usp22 NG| 0.0056 0SD-105
Larpl WL 0.0276 0SD-105
Map3k9 LA 0.0364 0SD-105
Synel NG| 0.0088 0SD-105
Cnbp WL 9.57 x 1076 0SD-105
Ddt LA 0.0011 0SD-105
Dusp23 NG| 0.0020 0SD-105

Enol NG| 5.66 x 107° 0SD-105
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A N P-value G/ S
Ywhaz iG] 9.27 x 107° 0SD-105
Actal WL 0.0063 0SD-401
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Cnbp iG] 0.0039 0SD-401
Ddt WL 0.0135 0SD-401
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Fig. 9

Co-interaction networks at the transcriptome and methylation levels in adrenal glands.

(a) mRNA-promoter co-interaction network of adrenal glands, (b) mRNA-body

co-interaction network of adrenal glands
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x4 HFREMPEUHEEENEZDE Hub EEF
Table 4 Hub genes in the co-interaction networks at the transcriptome and methylation levels

K BE e ESi]
Chd1l 370 = nY JAghT
Rbbp7 110 B 1R Jash T
Pparg 91 5 R JAsh¥
Kras 89 5 AR fash¥
Egfr 87 5 AR Jash¥
Smarcad 87 B LA JRsh T
Culda 99 =} AT
Nedds 87 =3 JashT
Rpl8 82 B JashF
Rbbp7 77 =1 JashF
Rpl4 7 51 JAEhT
Ranbp?2 82 i3 JashF
Prkdc 78 i JAshT
Srms 69 i3 JashF
Mcphl 66 iis Jash+
Crebbp 58 T JashF
Rpl10 58 i Jash¥
Tnf 156 JBe kAL JRshT
Cabp4 82 i PSIN JashF
Syf2 58 JEea Sk A Jashr
Ankrd10 51 i PSIN AT
Pik3rl 50 JBepa sk AL AT
Ywhaz 129 5 F FHIX
Ppp2ca 113 5 1 pR FH X
Egfr 113 5 R FEH X
Ywhah 102 B AR FEHIX
Myc 94 (= goY X
Ubb 107 =} FH X
Rpl4d 73 =1 X
Ppplca 65 =1 R X
Bazlb 59 5 FEFH X
Vep 52 5 R X
Srms 70 i3 FEH X
Top2b 30 i3 FEH X
Plk4 28 JiF FEA X
Mib2 24 JiF FER X
Ube2a 22 JiF X
Bgn 40 ek X
Ddit3 39 JEea Sk A FEA X
Ripk3 39 JBepa sk A FH X
Cabp4 38 Bera sk A FEH X
Nras 32 Jepa sk A FEH X
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Fig. 11  Co-interaction networks at the transcriptome and proteome levels. (a) Adrenal glands,
(b) kidney, (c) liver, (d) quadriceps, (e) the pathways of above four

co-interaction networks. The red nodes represent Hub genes
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Table 5 Expression of Hub genes

FHEH e P-value e
Rbbp7 53 0.0228 0SD-163
Rpl8 =1 0.0038 0SD-163
Ppplca =1 0.0045 0SD-163
Bazlb 53 0.0168 0SD-163
Jup =1 0.0357 0SD-163
Rpld =1 0.0400 0SD-163
Jup 53 0.0082 0SD-163
Ifit3 (=3 0.0172 0SD-163
Ears2 =1 0.0290 0SD-163
Cnnl 53 0.0017 0SD-163
Ranbp2 JiF 0.0177 0SD-168
Prkdc i3 3.14 x 107° 0OSD-168
Mcphl ¥ 0.0013 0SD-168
Rpl10 lifs 3.67 x 1076 0SD-168
Tomm22 i3 0.0029 0SD-168
Ddx17 ¥ 0.0031 0SD-168
Srms JiF 0.0132 0SD-168
Ranbp2 Jiis 0.0037 0SD-173
Mib2 ¥ 0.0393 0OSD-173
Ddx17 JiF 0.0115 0SD-173
Tagln i3 0.0125 0SD-242
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Co-interaction networks at the transcriptome, methylation and proteome levels. (a) Co-interaction

networks at the transcriptome, methylation (promoter) and proteome levels in the kidneys,

(b) co-interaction networks at the transcriptome, methylation (gene body) and proteome

levels in the kidneys, (c) pathways of network A, (d) pathways of network B
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Bioinformatics analysis workflow based on SSN and its main results. The light green circles represent

biological processes/pathways, the red squares represent diseases, the yellow squares represent viral infections,

and the dark green rounded squares represent the key/Hub genes involved in these processes
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