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Abstract

BACKGROUND: The pathogenesis of rheumatoid arthritis has not yet been fully clarified, and recent studies have shown that mitophagy is associated with

rheumatoid arthritis, but the key mechanisms need to be explored in depth.

OBJECTIVE: To identify and validate the core interaction genes of mitophagy in rheumatoid arthritis using multiple machine learning algorithms and to analyze

its immunoregulatory process.

METHODS: The rheumatoid arthritis transcriptome expression dataset GSE15573 was retrieved from the GEO database as an independent training set, with
the GSE97779 and GSE55235 collections used as independent validation sets. The differentially expressed genes of rheumatoid arthritis were screened using
the training set, and “WGCNA” analysis was also performed. Then we downloaded the mitophagy-related genes from the “MitoCarta3.0” database, and
intersected them with the differentially expressed genes of rheumatoid arthritis and the genes in the “WGCNA” analysis module to obtain the rheumatoid
arthritis-mitophagy-related genes, and then analyzed the related genes for functional enrichment to clarify the cellular pathways. Feature genes were initially
identified using the “Random Forest” and “Lasso” algorithms. The overlapping genes from these two methods were further refined using the “GMM” algorithm
to identify the core interaction genes between rheumatoid arthritis and mitophagy. A predictive model was then developed and validated using an external
dataset. Finally, “CIBERSORT” was employed to analyze the proportions and interactions of immune cell subsets during immune infiltration, while “ssGSEA” was
used to examine the associations between the rheumatoid arthritis-mitophagy core interaction genes and immune cell subsets. “ssGSEA” was also utilized to

analyze the “GO” and “KEGG” biological pathways of the core interaction genes.

RESULTS AND CONCLUSION: (1) Totally 807 differentially expressed genes in rheumatoid arthritis were obtained by differential analysis, 1 208 genes were
selected from two feature modules by “WGCNA” analysis, 1 136 genes were sorted out from the MitoCarta 3.0 database, and 53 HUB genes were obtained
from the intersection of the three genes as rheumatoid arthritis-mitophagy related genes. (2) The results of functional enrichment analysis of related genes
showed that the cellular processes were mainly related to mitophagy, peroxisome metabolism, cellular senescence, and necroptosis. (3) The three machine
learning algorithms identified four rheumatoid arthritis-mitophagy core interaction genes (DNAJA3, C120rf65, AKR7A2, and PDHB). The area under the curve
of nomoscore was 0.989, and the area under the curve values of rheumatoid arthritis-mitophagy core interaction genes verified by the receiver operating
characteristic curve of external patient samples were all greater than 0.7. (5) Immunoregulatory analysis showed that the mitophagy process in rheumatoid
arthritis was closely associated with memory B cells, MO macrophages, activated memory CD4 T cells, and resting memory CD4 T cells. (6) The biological
pathway analysis revealed that the core interaction genes were strongly associated with 821 “GO” pathways (|cor| > 0.8, P < 0.001) and 48 “KEGG” pathways
(|cor| >0.8, P<0.001). The key biological processes identified were related to mitochondrial DNA metabolic process, mitochondrial DNA repair, mitochondrial
DNA replication, mitochondrial genome maintenance, positive regulation of mitochondrial depolarization, and positive regulation of mitochondrial outer
membrane permeabilization involved in apoptotic signaling pathway. To conclude, DNAJA3, C120rf65, AKR7A2, and PDHB are the core interaction genes of
the mitophagy process in rheumatoid arthritis, which play key roles in disease progression by participating in specific immune processes and have precise and

predictive effects on the diagnosis of rheumatoid arthritis.

Key words: mitophagy; rheumatoid arthritis; machine learning algorithm; weighted gene co-expression network analysis; predictive model; external validation;

immune cells; biological function
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1 ERFN55E Data and methods

1.1 &t “WGCNA” Z3#fr. “GO” & “KEGG” ThREH
Feortir. “RE” HLEs 21 5L, “LASSO” HLak: 15k,
“GMM” HL&sa ST BE L SRR SR 28 THEII AR 2 Ay 2 I
IAIE . AMBFEAKGAIE . “CIBERSORT” Y iRili . “ssGSEA”
GBI M. “ssGSEA” AEWIZEINEE T .

1.2 ) ASE SLIGT 2024 4R 5-7 A{ET R EZR
7 BI Jeg i e 125 e 576 B

1.3 ## M “GEO DataSets” AN FL¥HZE (https://www.
ncbi.nlm.nih.gov/) §ii 1% 58 XRS5 48 AH G R 41 i 2

12 4 2N “rheumatoid arthritis” , BARK R IEA DT

( “arthritis, rheumatoid” [MeSH Terms] OR rheumatoid
arthritis[All Fields]) AND “Homo sapiens” [porgn] AND
( “gse” [Filter] AND “Expression profiling by array” [Filter]),

FEIRTF 198 MHRE I, A E N m B R, o
P 5 2 R ST 2512 W 0 28R BN AH G I I £

i %6 3K £ Il 25 56 GSE15573 35 f, 3K 3 56 1iF 55 GSE97779
O Fr 5 GSES5235 i F (FR 1)

14 Fik
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FIRFEMEHAE 2R E B A ERRBVRE. K& MmIE—
H log, brEAALER, HIVEF A RE . PO B IRt — B

=1 | “GEO DataSets” #IEEEE

Table 1 | “GEO DataSets” dataset information

FoHgEE S BT FEA KA HEURIE Hdi A o
5 Fh or

IEH RAIRSRT %

1 GSE15573 GPL6102 15 18
2 GSE97779 GPL570 5 9
3 GSE55235 GPL96 10 10

AME MR AR AR ISRk
TR PR AR RA BIEE
TR PR ARRA IR

R« DU BRBAR RS IE . 4 T3k I 254 GSE15573
AT Z RN L. KA P E vk, &
A 2 75 A log FC 48X HE [P IME 5 A5 4 0HE bR i 22
AN, DT 2 1556 2080 3 A 1% LY log FC Cut Off [RI{H

2 log FC 6% {H KT L BRI E_H. 24 —log,, (P.Value) < 0.05 K,

JI 97 345 1 5 DRI Dy 2 IR 50 719 % 22 e RIS B[R, 4k T A
F “ggplot2” pRAEELA “pheatmap” pREAL 2 H) 28 XUIE
IR P22 e R IB FE PR ) L R 22 b I

1.4.2 “WGCNA” 7t AL PR 3L 3238 X 4% 73 #r (weighted
gene co-expression network analysis, WGCNA) & —F T
I HTEEDIAR SR ) RS A A7, FENH T AE
T it [B] P 22 DR ik B« 7 VR RE S IR AE R IR K B3R
B B — ORI R R A, s I X e R R 4 2
B 08 2 e H SR e R R BG,  SRAR I AE 1 A P s
BWEIRITHENR . N T S BEIE BE i (1 R DR A

{EF R 1) “WGCNA” Il “limma” £, B 5cZ=FdE s
FEA, SRIGX B REARDAT IR, Akmwly @ #h b B B 40 %
MTCHR B 2%, B2 AT B A R Rl G, U1
SR e — B, 55 K Pk S e g R [
HATHLUE, 3R1F “WGCNA” RfEHEA

1.4.3 KT R — Zokifk 3 WA G ik J. “GO”
Fl “KEGG” 4 HT M “MitoCarta3.0” % 4 J& (https://
www.broadinstitute.org/mitocarta/) B T &k A\ 2528 Fi 4 AH 3¢
FIEFEN IR T R R RILFE . “WGCNA”
FHIEFEE R “MitoCarta 3.0 K4 2 45 K U A 215 21 3 R
W ORT R — SRR B WRAH O HE DR, 480K 28 £ ik A% R
“VennDiagram” & $f1, 2 1| i Venn B, 4R J5 1 FH R &R
¥ “enrichplot” I “clusterProfiler” , KEEFR T 25 X
WO % — Zekifgk B WRAH B K3 AT “GO” F1 “KEGG”
Uit s o i AL

144 “RE” Hlasae ) HETRIEZOIE B IS H R AR
“randomForest” fl “ggplot2” 1, XFZRXEIRT K - 28
R W AH DG R Rk B AT “RF” BE AT, DAT
T BAT R E I REE I “RF Genes” RFfEFE [

1.45 “LASSO” ML#%% ) ki iz 02k R FIH R &
FHH “broom” FI “glmnet” 1, X&KL R - Lk
A W AH DG HE TR SRR E0 PR 3E 4T “LASSO” L o 2] ST
1, IR1FEERHEIER “LASSO Genes” .
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PEZER, FEHEAT Venn BEATRLAL .
1.4.7 TR T AL A R B AE BT KE T R - 2R
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1410 “ssGSEA” FAFEA — 4 i 4 i S H 1) 5 R AL 23 #7
KX FH “ssGSEA” (Single-sample Gene Set Enrichment Analysis)
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1.4.11 ZRRIBIRFTR - bk B WERZ O BAESE N - %k
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M, IREUZ o AR 5 PR G 2 240 Fi SV D) D I P B4 £
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R G R — SR B W A% O ELAE JE BRI 9 K
IOAE; @A A i 5 4N I ;. @0 BAE R
5 G 728 240 0 ST T ) 1) SR BB 1k e B % R I A O L E
VESE R 55 BRI AH G 1 LE VD22 ThRE 0 AT 46

1.6 “itF ot KA R(MUR: 4.4.0) AT EAR 54T
K GraphPad Prism ( fit4<: 10.3.0) F1 R ( fiA: 4.4.1) #&
PRiEATE . SCRSE R 3 Yk, DAARECAT ¢ A5k A7 26 8]
ZEF L, UL Spearman AHIGIHE A BT ST LA S s 4 AR
AW ) R B0 R ) G BRFREE, P < 0.05 A% RA BEN
B W ARGkl R R R YR T
FiRFE5F .

2 Z55 Results

21 ERBXT K EFRLARHirs i R R
£ “limma” F1 “affy” 43 # 28 KU 575 4 20 A IE H 4
R R e s L B, AR ~F 2 248 00 4t B AR AR 3R A5 1Y
log FC Cut Off } —log,,(P.Value) < 0.05, fiiikZ 3R &t
807 A, Horh BRI ARy 439 A, NI AR N
368 . K2 S AL HEAT Kl BRI R (B 1A), FEXE EE
ST 3 R rh 0K B e R & 30 A R R AT B T AL
( 1B).

22 “WGCNA” H#rss%  “WGCNA” wJ1E Ny — 4]
i e B BV BE DR B 5 K v, T8I R B AL S TR R
Pk — AL, RIS oA RAEAS B DR B M
SRIGIT T A FEAREZE, KI GSM389724 5 GSM389732 7
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BIFEABSHE, 2 “cutHeight” =45 I, VIBRESHFEA, il
i E R ER A K “scale free topology model fit” , 4k
MHETARE M (B 2A), Bi)E, EEAFARIEKFH
DR JEE DRI BB gl 20 8 H ok, ST R AN sh 2 By Db ik
WAL, HA AR RIS (B 2B). TR HURRAE 5
DR S5l PR A (IE 6 BEURI S RS % ) 2 [ R S
A ORGP R P AL B, K T 2 I ASE B 55 i PR 3R Y
ARG EAE (B 2C) , 255 R GEiAf1 BBk (r=20.66,

P=6x10"), ¥} 4 itk (r=+0.54, P=0.002) & X f %%, 1%
PR BEE LR, b S0 B & B 970 4,
RS B R 238 4N, EA 1 208 ANMBLHURFIESRE R S Il R
TR K.

23 RN KT K - LKAk R X AR LA “GO”

o “KEGG” 5#74 % M “MitoCarta 3.0” 35 FEh R %
NBLRRARHERIA RN, R 1136 MR, L
807 /MR T K 7 FARIBHE AL 1208 4> “WGCNA”

R AAE 5 DR NN S 28 R A 1 136 AN AIE 32 08 5L R A 48,

SRAF I RIR IR AT K — LR B W AH 5C HE RLE T 53 A (
3A). Xt FIASSHEFEH T “GO” FI “KEGG” MIfig & 447
M, “GO” EHENMHATHT 5 A A AT AL S B B R AW
ARSI AT AR . AT
e ATP & RECHE T A 0, ARy FEES
HALKARE A LR AR, LR R, PR EE
SEY LRARIFRAM DG, 4 FIife B8 S BT 1EiE
WETE. NADH it ZBg (V21 ) W ME. NADH Jii 06 ( B ) i
P, NADH it S B M . NAD(P)H it S5 (IR ) M % (&
3B). “KEGG” INAEE /s R 4 S 4t fed i,
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Table 2 | Receiver operating characteristic curve analysis for core
interaction genes in the external validation set
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AKR7A2
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0.779
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0.775
0.783
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0.777
0.615
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0.933
0.998
0.935
0.935

0.006
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0.007
0.005
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0.498
0.667
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0.632
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0.533
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IO TP 1) PR AH S A, 468 7 AN (R4 A v AH G H 2 4 R 1
TEERE, ki AT S 2 I A E TR (B 10A) Rk
Z 5oy AR B AT (B 10B). A i i # B R oR SRR
MEIEHT A A vOT 4. BN RIE R E & T IEF 4,
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Figure 1 | Differential gene volcano map and heat map of rheumatoid
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Figure 2 | Identification of module characteristic genes in rheumatoid arthritis using “WGCNA”
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3 | ETF “ssGSEA” WL EIEREEMEX “GO” £YEINEESTER
Table 3 | GO biological function analysis of core interaction genes based
on ssGSEA

=5 | mUBEEEESZNIFBEEXENZINEE ST
Table 5 | Biological function analysis of core interaction genes associated
with mitochondrial autophagy
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Table 4 | KEGG signaling pathway analysis of core interaction genes based
on ssGSEA
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