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RNA-seqg-based screening of autophagy-related genes during lung infection by
highly antibiotic-resistant and highly virulent Staphylococcus aureus
Zha Jinhong*?, Kuang Qi*2, Wu Chengxi?, Zhu Xiaoyu?, Su Duo?, Zhang Lili?, Lu Meng?,
Hu Lingfei?, Zhou Dongsheng?, Yang Wenhuil?
(*School of Basic Medical Sciences, Anhui Medical University, Hefei  230032; 2Academy of
Military Medical Sciences, Academy of Military Sciences, Beijing 100071)

Abstract Objective To identify autophagy-related genes involved in pulmonary infection
caused by the highly drug-resistant and virulent methicillin-resistant Staphylococcus aureus strain
USA300 (USA300), and to explore the underlying molecular mechanisms, thereby providing
potential targets for immunotherapy. Methods The GSE220943 dataset of a USA300-induced
pulmonary infection mouse model was obtained from the GEO database. Differentially expressed
genes (DEGs) were identified using the DESeq2 package. Autophagy-related genes (ARGS) were
retrieved from the MSigDB and Autophagy databases. Weighted gene co-expression network
analysis (WGCNA) was performed to construct gene co-expression modules. Genes overlapping
among DEGs, ARGs, and WGCNA modules were identified as autophagy-related DEGs. Gene
Ontology (GO) enrichment analysis was conducted using the clusterProfiler R package, while
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed
via the Metascape platform. Immune cell infiltration was analyzed using the ImmuCellAl-mouse
website. A protein—protein interaction (PPI) network was constructed using the STRING database,
and hub genes were identified through topological analysis in Cytoscape. ROC curves were
plotted via the website https://www.bioinformatics.com.cn. Finally, key gene expression was
validated in mouse lung tissues by real-time quantitative reverse transcription PCR (RT-gqPCR).
Results A total of 6 135, 4 075, 3 680, and 2 342 differentially expressed genes (DEGs) were
identified at 12, 24, 48, and 96 hours post-infection, respectively. By integrating DEGs,
autophagy-related genes (ARGs), and WGCNA modules, 19 autophagy-related DEGs were
identified. GO and KEGG enrichment analyses indicated that these genes were mainly involved in
CD4* T cell activation and regulation, innate immune responses, and autophagosome membrane
formation. Immune infiltration analysis revealed that innate immune cells such as neutrophils and
dendritic cells predominated during the early phase of infection, while yo T cells and M2
macrophages became more prominent in the later stages. PPI network analysis identified 12 hub
autophagy-related genes, among which three upregulated key genes (Eif2ak2, Ikbke, and Nfkbiz)
were further confirmed. The area under the ROC curve (AUC) for all three genes was 1.0.
RT-gPCR validation demonstrated significantly elevated expression of these three genes in lung
tissues at 24 hours post-infection (all P<0.05). Conclusion Eif2ak2, Ikbke, and Nfkbiz may be
involved in the pulmonary infection caused by USA300 by promoting autophagy and hold
promise as potential targets for immunotherapy.

Key words methicillin-resistant Staphylococcus aureus; mouse; pneumonia; autophagy; key

genes; immune infiltration; bioinformatics
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&M E H Bk (Staphylococcus aureus, SA) J& & FE 4 ER [ & 205 R # . 2019 4F, SA
FEARRFEZ) 110 TTNSET, BUERJE 33 R B Z R A 2 B, Hd T PIRGE R E T A\
Ht =y —W, PR SA (methicillin-resistant SA, MRSA), 3t H & 11 fl & 24
REPE, RERIZHE USA300 Btk (BUFEFR USA300), [RA&ZFIE 7 B ik B s
KIBAPUERMZY, FEO ™ EALX RGN %, BEER&EE, Hiowm it X8
I PRYGTT 77 R 1 AR Bk, R U] 7% EEAR 2B USA300 Fifi iR e S i 7 #E A
B2 — NS 5ARRARA . AU RS R e il A2, HAem £ 5
HAEH R IEE BEEERP, BRI, USA300 BT B WEHEA K AtgleL1™ /) iR i
RO i SRR G A TR v R B Y B v B BB R, IR R ) 1 3 W R G2 AT A e USA300 fili FS %
GG BB YT NG o SR1T, USA300 Jili il B A% vp B W ) 70 T AL g AN BRI . AN S vl
W AEYME B ET7%, X USA300 fili Rk g/ AR 5 B IEHEATAZ o0 Hr, ik USA300
I 8 Sk e R P B R AR DGR, AR ) USA300 filidfs B e 2 b | Wk i1 43 AL, oifsE
W) S IR T R AR A R
1 R 5T
1.1 thkt
111 A wk  ATCC BAA-1556 FHKJE - MRSA USA300 s, i Fifiid sk, 4G H
SEVEMRAINUIR R, Il AR S50 Z R AT
1.1.2 SL5EhY)  C57BL/6I MEME/NR 10 X, 6~8 il 14T & 18~22 g, Jo & i S A4 (SPF)
9, T E I DR CIERD EBARAIRA R, SLIsh APk 5 : SCXK (51) 2024-0001.
S0 Z WA IR T R B g B e A B AR sh ) ol SPRORIA R B, AE R E
(2242) °C. MBJE (55%+10%) KB, 4ERF 12 h Jl/12 h BEFHIERCIHE, 4T Elk
KA RIARAE SIS PR F 7K B H 35 . BT S0 7E S0 A #EAT 2220 7 d FR)3dE B PR A 5%
RIS T T SO L Y SER AR TR AT S S B SR R . T SR
Cl I 7 FH AW S B AR RAT IR T SER Sh B AME B i A, BRSO
IACUC-IME-2022-031.
1.1.3 EZRGIAGES BRI R (3EE BD AF], 5 237500); PBS Z&iil

(Z£E Gibco AF], T%5: C20012500BT); SI#HAbE K —Wm AR &R, 51975 L&



1; RNA PRERIAFGE (2 EYREARAR, $85: RNOOL); SEmf 5 & &l
M RAEFEE N (real-time fluorescent quantitative polymerase chain reaction, RT-gPCR) it
Al (s MER RO A IR A, 585 Q221): MMEIRGH IR (Ligk &L
WEAMRAT, B5: HZQ-F160); /)R BhWIEE A T 55 X AVE i N BR B Il % 3 B
(bR ERRMBHE A R A A, B5: MKC22524); QuantStudio 3 SR %¢ 458 # PCR X (3
Thermo Fisher Scientific A &), %5 A28567).

£ 1 3MFINCE

Tab.l Summary of primer sequences

Primer name Sequence (5'—3") Length (bp)
Eif2ak2 F: ATGCACGGAGTAGCCATTACG 21
R: TGACAATCCACCTTGTTTTCGT 22
Ikbke F: ACCACTAACTACCTGTGGCAT 21
R: CCTCCCCGGATTTCTTGTTTC 21
Nfkbiz F: GCTCCGACTCCTCCGATTTC 20
R: GAGTTCTTCACGCGAACACC 20
12 ik

1.2.1 USA300 fiti & 8 By i #% 5 Wi AH O JE PR 1) 7 ik M S R 3R 0k 25 G B8R
(https://iwww.ncbi.nlm.nih.gov/geo/) H1i%&HL RNA-seq ¥4 GSE220943. %%k H
USA300 itk (ATCC BAA-1556) Jifi itk /N SRR , 122 TS 3ol i < FS A Bt e K AR
FAEAE (1>10° CFU) USA300 #%, & IEH/NEEEAR (0 h) LUK USA300 fili it 12,
24, 48, 96 h JGH/NRFEA, AN S 4 DREA. A, YL 12, 24 h Rt
RAEMTBL. Horh, 24 h Ny EE RO0E OB e ] 5% 48, 96 h Je ARGEMRE I B . FIH
DESeq2 #ff (hieAs 1.6.3) #HATZEFRIE M, HEERGSS 12, 24, 48, 96 h 5XHAH (0
h), FF%HElogRatio>1 H.24 Benjamini-Hochberg 2 IEJ5 () P {6 (Rl FDR %5 P {E) /M
T 0.05 (IFEEME = 7 RKIEFEE (differentially expressed genes, DEGs): M Autophagy %1
PiZE Chttp://www.tanpaku.org/) i1 MSigDB Chttps://www.gsea-msigdb.org/gsea/msigdb/) %45
FE 3k 45 B WA % ( autophagy-related genes , ARGs ) . #| i £ £& W ¥

(https://cloud.oebiotech.com/) H13E K 3R A M 25 734t (weighted gene co-expression network



analysis, WGCNA) - g A HE (R A e 1k 1 2% 4290 L R R I FE R . RER &5 8
WGCNA ffi #% 9 & [H £ #t . DEGs DL K& ARGs , F| i £ £ W ¥f
(https://www.omicshare.com/tools/) H =3 J& & T H SR EU&- B PR A 1 3 [ BE [

1.2.2 HWEMERNEESH  FIA clusterProfiler R #F:4L (IRA 4.10.0) #EATEERA
& (gene ontology, GO) &4/ 4, P value<0.05 H.24 Benjamini-Hochberg #2 1Ej& (¥) P {8 (Rl
FDR #J5 P H) /NI 0.05 M2k HBONE N ZE R RIL R T R E HHEMKH . A M,
Metascape Chttps://metascape.org/) AT H#RHE D 5HRZ4H A F4+ (Kyoto Encyclopedia of
Genes and Genomes, KEGG) &£/, i/ R M (A 4.3.2) AT 8 0 R
A -

1.2.3 N L - I S /) FoOH W ImmuCellAl-mouse

sl

(https://guolab.wchscu.cn/ImmuCellAl-mouse/) SRt FEA Hh 4052 41 B A G FE R AL 1) & 4R 15
53, AT T A e e AR M AR AR A T R T 1

1.2.4 EWRAHREEREEFAHEAEA ML R ML String Chttps://string-db.org/)
P45 USA300 Jiti 58 it #2 i B W AH S HE R () & i AH EL/E F - (protein-protein interaction,
PPI) %4 it Spearman FAH AR 73 BT A7 FEAH LA Y 0 1 W AH SR FE 8 5 e e 4 g v i =
JE 22 TR (R AR SR

1.2.5 KEERNMTRES N KB PPI NI EE S, FIAH Cytoscape #ft (R
A 3.10.2) H1H) NetworkAnalyzer 158 HFNZS4, (K4 “Degree” {E1% 43 M 2 i 42 FE L iy
()3 R E Ay SR B IR o i T Tl e s AR B | 0 S 3 B v B8 (fragmeents perr kilobase of
transcript per million mapped reads, FPKM) 1A/ &I K AR XS FRIE Ko AR LR 9k
Chttps://www.bioinformatics.com.cn/) £zl 5 8 5 K 1) 528 # TAEHF1E (receiver operating
characteristic, ROC) HfiZk, TH&ihZ NHA (area under the curve, AUC).

1.2.6 KEIEFIE  ERERESHIRE, WIRH TS, WREL 6108
CFU/ML. FT /N4> 2 20 (O h X JRALRUER G 24 h JE 41D, ot BRZH /IS B8 3k /< 7 i i i
%457 50 pL PBS, BEYLZH /N Ul S e il 16 BUEE 50 pL USA300 (1108 CFUD, 4
PR R 77 5 O BT R SCER AT IR U RS 24 h J5 A Dy 36 UE DB B R (19 BeF 1 5, 2% 6F 1)
/N BRAE T B SORE S R R e . A RN BRUITZE 2N RNA A RNA PR S G 7 &
3. AR RT-gPCR RFI& UL TIiE4T RT-gPCR. GAPDH NN Z, 4l 3 MaEIfL, f4
IFIA) A 3 IKAEI A, SR 2725CT H 5 mRNA (AR R IE Ko

1.2.7 it 2pabsE AV MR Spearman FEAHICHS G, SSEEILIA M FRILELL FPKM



HFRIR, SR BRI Z 7 22 50 M LA [R) IR L I 1] s 2 [A) (1) 22 3¢, T ANOVA e 45 5L . 3%
PIFEE], E— BT Tukey's 2 5 HLBUR S0 Ao BT AH IR P 9 22 57 ;- RT-qPCR 54k 1 3 41 17) £
BER P BT FEA t 0560, P<0.05 NZEFAH SR Lo

2 &%

2.1 USA300 iR G 12 b B A SR AR AR O 1k USA300 fifi ik e
FErp  REA DS IE D, B 5B 1PAh 7 B4 GSE220943 fI 40 4 Hiodhs 55 42 o . 3 4343 #r Cprincipal
component analysis, PCA) W/r#RMEZ MR (B 1A). ZRFIRSITEREN, 7£
GSE220943 1, HIEH /N (0h) AL, BHeJm 12, 24, 48. 96 h 73l 6 135, 4075, 3
680. 2 342 1~ DEGs (}& 1B). M Autophagy F1 MSigDB #i# & J£ 3543 896 4~ ARGs. i
BERHUE LT 34 058 MR, BRI BRI AN BUL (hrifEZE<0.5) IR, mARIAR 3
915 MK . WGCNA 37, ZhaSiilRISgoxs 3 915 AMFED U H 10 A E I H (&
10), HrpREMEE (Grey) & ANRETJE BT MR LRI SE&, DRI HE R 78 J5 42 43 A
Ao Hodx 9 MRS &I ] s AR OCHE LI 1D K WGCNA Jif3 5 12, 24, 48.
96 h IEAHE M) 6 N IEPIBLL T & 3L K 5 DEGs. ARGs HUSHE S5, Sk i 19 A Wk ¢

R (K 1B,

B 1 USA300 i 2k 4y B WeAH S 2L Bl () i ik

Fig.1 Screening of autophagy-related genes in USA300 lung infection

A: PCA analysis of the GSE220943 dataset; B: Bar plot showed the number of DEGs at different



time points after infection compared to 0 h in the GSE220943 dataset; C: Hierarchical clustering
tree of genes in the GSE220943 dataset based on the 1-TOM matrix; D: Heatmap showed the
correlation between gene modules and sample time points in the GSE220943 dataset; E: Venn
diagram showed the overlapping genes among DEGs, ARGs, and WGCNA gene sets.

2.2 HWMHXREFEKERSMMTER 7 BRITIRE B B AT CHEKE USA300 fiti ik
Gerh yThRE, X LRI 19 MERBEAT TR L. GO BN ER, YR
(biological process, BP) Jifi, FEXE4ET CDA™ afT UMIMSIE R S KAk [ v 1E
A FEAAL S Ccellular component, CC) JiTHI, =41 HWE/AMARE . 57 I i 5 ) 7 2F %,
5 1R FIIRE (molecular function, MF) 5T, =TT 458454 . CARD 4514
&4 (B 2A). KEGG RS HINIE R, wFHRMIER UG DNA KRGEE . NOD

ARG SRS (& 2B).

B2 AEAHEEFEE GO (A) 5 KEGG (B) BAEAMT

Fig.2 GO (A) and KEGG (B) enrichment analysis of autophagy-related genes

2.3 GEBMEK PPI MHTEER N THRFT USA300 sk i 2 o 4 32 441 M 1y = e 6 ., s
ImmuCellAl-mouse [k fti 55 7 S B MU AEREA T 3s 1. 45 RE0R, £ 0 h I, &M
PRSI A 4nid 12 B 41 Cmemory B cell). CD4* T 4l (CD4* Tcell) &5+, e
JG 12 h, B T RGBSR AL, 40 1 B2 MR SOIRAAE (conventional dendritic



type 1 cell). EAAZ VR KA R4 (monocyte-derived dendritic cell). 2 Y22 skt 5 IR 4H i
(conventional dendritic type 2 cell). HAAZAA T 4l (natural killer T cell). HEki 4
(neutrophil) 14 % 0> B 41 (germinal center B cell); JE&UL)5 24 h, &HEMIRIL M5

12 h AL, {H M1 BYEWEZ0A (M1 macrophage) T&PEA BTN, Y45 48 h, SE R sl

KA IETE TR, 1 M2 B E RS (M2 macrophage) 3G PERIN: &Y 96 h, v T 40

1 Cyd T celD W& IEMIE EJH (B 3A). BEJE, I String Wiy 1 Fik 19 /4> B IgRAH S

FEAF) PPI 4%, S5 IE R, Eif2ak2. Fgr. Hck. Ikbke. Irgml. Irgm2. Nfkbid. Nfkbiz.

NIrp3.Pik3cg. Tmem173 I Tnfaip2 iX 12 ™% PR i) 2 FH - [A) A7 £ 78 CEAH HLAE HT (1 3B

BE— P IR R R IA 5 o R A R = B AR O E A R W, 10 DR S b ki g i . T4

B SOIR 20 A 5L IE A 2%, Pik3cg FEK U 5 M1 M2 BY E 0 i LA K 2B % oty B 40 (germinal

center B cell). FEHRPERIZNAL (basophil) FIEAHZ (K 3C).

K 3 GuERiE K& PPl 43 Hr



Fig.3 Immune infiltration and PPI analysis

A: Heatmap of 20 immune cell subtypes in immune infiltration analysis; B: PPI analysis results of
19 autophagy-related genes; C: Heatmap of the correlation between 12 interacting protein-coding
genes and 20 immune cell subtypes.
24 RBERPFHES M Cytoscape Fffxf Eidk 12 A7 AEIEAEAH LA A A 2 B ik
1745301, LA Degree fH bniE (£ 2) 241 PPI B, EREHRERIAT 3 MER (DURFRoH:
FERD 43 5 N EAZ R PR UG R 7 200 3 2 Ceukaryotic translation initiation factor 2 alpha kinase
2, Eif2ak2). NF-«B #i#i|[5-F ¢ (nuclear factor of kappa light polypeptide gene enhancer in B
cells inhibitor zeta, Nfkbiz) 1 NF-kB #]ifil| [5 T~ € # & inhibitor of kappaB kinase epsilon, Ikbke)

(I 4A). Eif2ak2. Ikbke FiI Nfkbiz =N PRI 75 B e AN Rl ) i B B AKF AR R 25 . B
RTENERER, R=FA LD RIAEIFESG %R (F=110.1, 241.4, 148.9,
¥ P<0.001). Tukey Z HEILE it —HFKW, 50 h AL, =FHMERG)E 12, 24, 48 H
96 h [IRIEK T EE Fi ($5 Pruey<0.001). (K 4B). ROC MiZk e R ER, 34K
SR AUC 1379 1 (&1 40).

R 2 #[H Degree &

Tab.2 Gene Degree values

Rank Gene symbol Degree value
1 Eif2ak2 8
2 Ikbke 6
3 Nfkbiz 6
4 Irgm2 4
5 Irgm1 4
6 For 4
7 Hck 4
8 Pik3cg 4
9 Nlrp3 2
10 Tmem173 2
11 Nfkbid 2

12 Tnfaip2 2




B 4 SceRE: g & PR
Fig.4 Screening and evaluation of key genes
A: PPI network of 12 interacting protein-coding genes; B: Bar plots showed the expression levels
of three key genes at different time points; C: ROC curves of three key genes; ***P<0.001 vs 0 h.
2.5 RT-gPCR BiEcfBEER O 740 Bk SCHEE PRI 7E USA300 fifi e /N B (¥4
&, I ERAE RN (0 h) ST 24 h Ja /DRI ZAREAS, il RT-qPCR Al 5% 82 2 K]
kX Fika . G5B, Eif2ak2. Ikbke I Nfkbiz &R 75K G 24 h & (A ik &3 T

Oh (t=7.307. 8.073. 4.558, P=0.0019. 0.0013. 0.0104) [FXLE (K 5).

B 5 SREBER K RT-gPCR RIELR (n=3)
Fig.5 RT-gPCR validation of key genes (n=3)
RT-gPCR was used to detect the relative expression levels of key genes in mouse lung tissues at 0
and 24 h post-infection; *P<0.05, **P<0.01 vs 0 h group.
3 Wik
AT FE N AR S R A A B2, S8 A5 B A i i, TR MIIGAIE 1 AL X ERAG MR IR e



{10 2 B % A S0 1 — e T 24 HL iR 55 /7 MRSA USA300 5 e i sl e st A5 v (1) 1 W G R
PRIT T USA300 il e Jusct #2 v W 237 WL, sl s 9 10 S e v o 7 B0 s 4 3 1 R

BT T 19 A FH WA R, X LR R % ARGs. DEGs Hil WGCNA 45 R I7E 4 .
GO E&EMTER, HWARXIERNS 5 WA 2 — R KR S IE R, R E 5
TEARRETE T e R e RN e R . B FCBIR B, EWRGHA FT LAZE SA 1S R R A= 4
f E W, JHETHILR AL ). RIS R BN, BN, B R e R S KRR
X SRR o4 R, [FIE, PP IS SR K 12 ANTEAETEEMT AR F ) 1 AR L R
HHFE 10 AN AR DG RE R 5 R A 52 TR DG X R IA p MERL A L 7E USA300 it i e 2
M 9 RE S S B o (A N 4R, T MR AR S LR ARG . R IR I, Mk A
ATRAZE RG] SA 5 IETE A i A s B LUK FE ST AR T, T H WSS T 4o B T 1k
100, i it [ e o i P L 200 4 PR A/ B B T B USA300 il I S s 7E 1R 97 SRS

B J » A FE AN 12 AN AR R HE R gt — 2B 0 3 AN REEEE IR, 437 Eif2ak2. Ikbke
A1 Nfkbizo 3% 3 MERF Y ROC Mk FHIAUSN 1, R EAIFEBATT LA 2K 5k
Ja/NRE RN R . 3E— P ) RT-gPCR 245 7R, Eif2ak2. Ikbke 1 Nfkbiz Ji [l ) AH X 21k
PR SR ROAE S L e W38 S 25 i W OISR, /NBEBRBE NS ST B WK ST, T
EIF2AK2 & & /NEEBU R FEVE I B S 2 —, EIF2AK2 2 [ DAMKISZ I R 1) 77 S =15 2
GRS, 65 AKT. INK fl NF-«B @12, Hri, NF-xB 765 SB0E 5 508 K N AH
K HER PR B O E L, T AR SR A £ HT i B /00, Bb4th, 1kB ¥ Cinhibitor of kappa
B kinase, IKK) E&YALUE NF-«B JEMRB PSR IRt g el [HR, IKK 249
AL I8 DU S i R AL P A NF-kB #0141 K11~ Cnuclear factor kappa B inhibitor, IkB)#4i# NF-xBII,
i NF-xB 3L A LA L 15 5 15 R 96 28 (130 BECNL Rl SQSTML 38 ik Sk itk e, x4
7NTE USA300 fiti sl Jerti i b, Eif2ak2 A1 Ikoke 35 (K] 4 i ) 25 19 AT A2 AR 3R A3 b ok 40
HWR B (T2 —, e (R A A 1 W Th R DO B SR R . S — L EATE
REiE I 4T IkB, 1 Nfkbiz fOZmfB e 1, B0E NF-xB SkiE— B2 ik 5 W85 500 .

25 LTIk, AHIF TR T USA300 fili 8k S 5 i k2 /N BRBSEAY, e 4531 1 3 AN7E USA300
it % et AR H A 1 AR S S [R] (Eiif2ak2. Ikbke FT Nfkbiz) o 3% IR T % F I 4E USA300
il e A LI AR, 9 USA300 fiti s I e S e VAT #0 s 4R 4L 1 B

ZE IR
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