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Abstract Objective To investigate the molecular mechanisms related to angiogenesis during
the development and progression of diabetic retinopathy (DR). Methods Angiogenesis-related
genes were obtained from the Gencard website and intersected with differentially expressed genes
from DR datasets (GSE60436 and GSE94019). Functional enrichment and protein-protein
interaction (PPI) networks were then used to screen candidate genes and evaluate their diagnostic
value. Gene set enrichment analysis (GSEA) was used to explore potential pathways underlying
candidate genes, and immune infiltration analysis revealed associations between candidate genes
and immune cells. Cellular experiments were conducted to validate the role of fibronectin 1 (FN1)
in human retinal microvascular endothelial cells (HRMECSs) under high glucose (HG) conditions.
Results A total of 237 differentially expressed genes related to angiogenesis were identified,
enriched in pathways such as phosphoinositide 3-kinase/protein kinase B signaling pathway
(PI3K-Akt), tumor suppressor protein 53 (P53), tumor necrosis factor (TNF), and Janus kinase
(JAK)/signal transducer and activator of transcription signaling pathway (STAT). Among them,
collagen type | alpha 1 chain (COL1A1), COL1A2, FN1, tumor necrosis factor (TNF), and tumor
protein p53 (TP53) were key genes with high diagnostic value. GSEA indicated that these genes
were involved in multiple signaling pathways, including P53. CIBERSORTX analysis revealed
significant associations with the infiltration of multiple immune cells. HG treatment led to the
upregulation of FN1. In HG-induced HRMECs, compared with the si-NC control group, si-FN1
significantly reduced cell proliferation, migration, and tube formation, while P53 protein
expression was increased. Conclusion This study reveals the important role of FN1 in
angiogenesis in DR and suggests that it may be a potential diagnostic and therapeutic target.
Key words Diabetic retinopathy; Angiogenesis; FN1; P53 signaling pathway; Tube formation
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(vascular endothelial growth factor, VEGF) il LA & BE A VIBRARSE . WE7tARE, 1EN
VEGF FiffIThagsn 7, LF4EEREE A 1 (fibronectin 1, FNL) 7E75 B4 ML 4T 2 1145
TR RAREEAEH], RSt N - 1) U AL T HES 53 1 I A A . PN 3B 58 8 N JRUK
PEIT M R F5 GHE (primary open-angle glaucoma, POAG) HICEEIL, 54 JEMHME. A
PO LR A T IO R BT, B T L AR RAEHL b, FEESARSCESE BEAE 1 (age-related
macular degeneration, AMD) I i 7t I, FNL 7675 A B AT 2 40 i A0 B BE R )
Mfprh Rk B3E LR, HFEMMEE T A4S SRR — ST Z R S ER S AMIE
BRI IS UETTVE, WO I AR A R R, B 4T FNL /£ DR M8 AR e i) i 4
H.
1 B 5 75
1.1 M8k
1.1.1 HHRRKIR

AR FEC A 1 77 P 57 41 B Chuman retinal microvascular endothelial cells, HRMEC) K&
T ERAMBHER AR (585 : PAHX-C115) . 7E HRMEC 548574, F 37 °C.
5% CO: HFRAFAM T YERFRE IR
1.1.2 G

HRMEC 5E4:9:dE (5. CM-H130) W H B pC i g4 mRH A BR AR s %6 40 bl
[D-(+)-Glucose, %5 : HY-B0389]/ 4 3£ E MedChemExpress AR 511 /AF; CCK-8 4l
IR A (B85 mI095229) F TRIzol 7] (£%5: ml095476) W[ L ifgRamk L)
B A FR 2 7] ; Lipofectamine™ 3000 #% 447 ($7°5: L3000008) FH Thermo Fisher Scientific
(EED $#24E; JA4-MiE (FBS, #%5: 10099-141) W4 H 3 [H Gibco A ®]; PrimeScript™ RT

reagent Kit & SYBR® Premix Ex Taq™ II i H K% Takara A #]; Transwell /% (8 um fL4%,

s

5. 3422) WEHEE Corning A#; Matrigel JEFKE (H85: C0372-5 mL) , 4554y
o (85 : C0121-100 mL) , RIPA Zf#EM (F75: P0013B) , BCA & H & &M & (1t
5: P0010) , ECL fh2E&k ekt & (BeyoECL Plus, #%%5: P0018S) Al PVDF fiX (%
T FFP33) Bl H il = RAMHEARA IR A A FNL fitfk (52 5ifE, 155 15613-1-AP,
1:2000) , P53 Hiifk (%% imbE, T85: 10442-1-AP, 1:5000) , GAPDH #ifk (#Z% 7w
W&, 535: 10494-1-AP, 1 : 5000) PAf& HRP-frid il £Hif 19G (H+L) (£%5: SA00001-2,

1:5000) ERN=EEYHERGIRAT .



1.1.3 EEE

COB59%4H (M5 Heracell Vios 160i CR, 3% [E Thermo Scientific A #]) ; {58 & s

(#'5: IXplore™ IX85, HZA Olympus A &)) ; fiFhr{X (715 : Bio-Rad iMark 32 [E Microplate

Absorbance Reader A #]) ; SERf ¢t ®E PCR 14 (ABI 7500 Real-Time PCR System, 32
Applied Biosystems A &) ; Ik & RS (B45: Bio-Rad Mini-PROTEAN 3£ [F Tetra Cell
WHED 3 BB UG 250 (5 Gel Doc XR+ Gel Documentation System, 3% [& Bio-Rad A #]) .
1.2 75
1.2.1 DR BB ER T MERFEERE (differentially expressed genes, DEGs) HIXE

Mo *® Ik L2 & B oW B ( gene expression omnibus , GEO;
https://www.ncbi.nlm.nih.gov/geo/> T %L 2 4~5 DR MHCHEHREE, 43772 GSE60436 (6 1~ DR
FEA, 3/MIRFEAD A1 GSE94019 (9 4> DR FEA, 4 MXIEFEAD o M RIES URAS
4.3.2) [A“limma G PR EBEAT DEGs 3#r. Hor, GSE60436 Hi#fi SE Ik brit sy
[FC|=1.3, GSE94019 [{jffiikhruE N|FC|=1.5, H#H AL P<0.05, &5 F @it “ggplot” 1T
AL .
122 DR fiXEZEFWDIREESNMURFAR-EBARAMAELEM (protein-protein
interaction, PPI1) P4z

7£ Genecard P34 Chttps://www.genecards.org) 2% 1 5928 NIl & Hi A A e L,
TAHSRIEE 2 >1 BIFRHET 215 2 1 861 M HE[A o {8 F £ 28 T HXT 1861 AN A& i £ A %
S LA S GSE60436 Al GSE94019 A E i SIA Jk KA N i I8 2 R HEAT SR 0T o Bl
DAVID ##fi & (https://david.nciferf.gov/) X5 21 {28 S L PR i A7 50 A BE A 15 B PR 40 5 R4

45 (Kyoto encyclopedia of genes and genomes, KEGG) FIZEEA{A i (gene ontology, GO)

B}

EEMT. BEfG, 3T STRING %3 (https://string-db.org/)  Chighest confidence=0.900)
¥y PPI (4%, JE{#F Cytoscape #f4H (¢ CytoHubba #fif4 (Degree %y%) ka5 4
FEEFEI] . fe o xf 5 Mgk R 2 (A #EAT BORBRAH AL 04T, il R 55 B9 Iggeorrplot £
AL .
1.2.3 DR Rk R RAE R D) B4 €

N T B UER AL R 2 W U E R R E D) BE, {81 Sangerbox fE4k T &5 (JiR
4 3.0, http://sangerbox.com/) AT | 52k TAEHRHIE (receiver operating characteristic, ROC)
2R 43T, 15 ik 28 T A Carea under the curve, AUC) Fll 95% H {7 [X [ (confidence interval,

C , VLi¥Al GSE60436 il GSE94019 %dlifE ik FE [l (COL1AL. COL1A2. FN1. TNF.



TP53) HJiZIWiTERE. 7E GSE94019 #ilafhrl, &M fwifdi (K b AL RIEACFRREA > i 2 21
(Fr~ RFRIE4AD o 2T MSigDB ##i /% (https://www.gsea-msigdb.org/gsea/msigdb/) H [

KEGG R T R K4 5 40 H1 (gene set enrichment analysis, GSEA) , LLiH Jilfisids 5
23 B RIS Sl . e, HEAEBERSE T DR AR HEZ A s E R (1 R 157K 8
S FH A 2 I ot 45 SR AT T AL
1.2.4 DR HRIEEEE H B BIE T

¥ GSE94019 Hdli #kEA 4% % CIBERSORTX *F-4  (https://cibersortx.stanford.edu/) ,
DL LM22 SER AR NS, MR REA T 22 Fh e g (3R LAl o BB JE 1Al 5 AN i
BreE M SR LA (COLIAL. COL1A2. FN1. TNF. TP53) 54 4 ig i /K72 [H
Pearson #H M
1.2.5 ZHfusb AN G

FEEEFREE I 30 mmol/L % £j i 4b ¥ HRMEC 4Hfd 24 h, LAgES7 DR 4HIREA
RV, KA Lipofectamine™ 3000 #4445 (3% [E Thermo Fisher Scientific 2 ],
1%%5: L3000008) ¥ siRNA X H (si-NC)HEE#E [F] FN1 1) SiRNACsi-FN1, 1 [ i GenePharma
AT FYeE HRMEC 41, 48 h JEUaedn il T 5 S5
1.2.6 qRT-PCR

K H TRIzol 3RF 3R BN 5 RNA, F ] PrimeScript™ RT reagent Kit i %455y cDNA.
gRT-PCR 7t ABI 7500 Real-Time PCR System 17, {#H SYBR® Premix Ex Taq™ II 317
P14 . GAPDH E NN S, MIXRIAERH 222 EHH . 51751 LK 1.

1 51975

Tab.1 Primer sequences

Gene Forward primer (5°-3”) Reverse primer (5°-3”)
FN1 AAAGACCCCTTTCGTCACCC TCTTGTCCTACATTCGGCGG
GAPDH CTAGCTGGCCCGATTTCTCC ATGGAATTTGCCATGGGTGG

1.2.7 Western blot 325

KA RIPA ZARMERBURE S, R BCA W&l &AW . MR & AT
SDS-PAGE HiJk 77 1 o 4% 28 PVDF JI5 . [ J5 72 % T F 5%/Be IR Wk 3t P41 1 h, FFINA FNL.
P53 M1 GAPDH —#i, T 4 °CHFMF M EER . KHMA HRP FRICH L EHT% 19G — 9,
8 H ECL RIGRAEAT W0, 25475 5181 Bio-Rad R L R Gkl .



1.2.8 4B 5E L5

QAP 5 ) HRMEC 40 %70 T 96 fLER (2>1031/4L) , fE 0. 24, 48, 72. 96 h
0 20 AR G S v . BRI TE] AN 10 pL CCK-8 iR%7, 4k4E0E 2 h J5, T 450 nm K
LA B RS E OB (absorbance, A) {H
1.2.9 ML

B 531042 L 2R (200 pL, LI Transwell L%, =M 600 uL 7 10% FBS
B RAE AL 1. 37 °CEE 24 h Jo, WL AT 4N, WEEREE 15 min I 0.1%
g5 B Gt 30 min. BEALIEHN 5 MLEY, R EIFTHEOT A A AL
1.2.10 BT BSE 5

7F 96 FLAR FP TiEH Matrigel L) Jie, T 37 °CH¥E 30 min &Efictb. 4 2x10* b HE 5
HRMEC 4l g/t T-FL, 37 °CWFE 6 h J5ilf. RAGIE BB, IFH Imaged ¥t
ST B SO S K.
1.3 GiitEibs

Fra St 2/ EE 3, HARLAX £ K. A2 5 KA Student’s t A% (FZHLL
B sARER T ZE0H (one-way ANOVA)  (ZAHED , Hik4T Tukey FHG KL . Bl
43 M #E GraphPad Prism 9.0 #/4: (3% [H GraphPad Software) |58 it . ¥ 20#1% ] Pearson
FRRH. P<0.05 NEFHGITFE L.
2 558
2.1 DR HHREE K EE ST

M GSE60436 $i4F 45 H ik ) 2 550 4~ FIFSERIAT 2 007 AN FFHER (B 1A) 5 78
GSE94019 H#f £ Hh I ik 2 4 029 A>_ERILAIRT 2 502 4> AL (K 1B) . #FiX 4 DEGs
i AMCER D 4G, 33 237 NMESEFE (H 227 A L, 10 M FIRED (E
2) . GO EHEMERER, KRR FEFEAEYEFE (biological process, BP) , 7
T IhE(molecular function, MF) , ZHAIZ14> (cellular component, CC) 114k H L35 if &
A% (angiogenesis) « #E N Cinflammatory response) « ALK ZE 1454 (protein binding)
% (W 3A—3C) . 7E KEGG Ml , XEEFER 4T PISK-Akt. p53 & JAK-STAT %

ZifESE (K3D) .



B 1 DR HXREIRR P ERRAREANEE

Fig.1 Identification of differentially expressed genes in DR-related datasets
7F: A: Volcano plot of DEGs in the GSE60436 dataset; B: Volcano plot of DEGs in the GSE94019

dataset.

Bl 2 GSE60436. GSE94019 5 IfiL 8 35 A= A S FE IR i 6 5
Fig.2 Identification of GSE60436, GSE94019, and angiogenesis-related genes

7E: A:Venn diagram of upregulated genes; B: Venn diagram of downregulated genes.



B 3 H PRI 0 s 22 A LB BT AR A S 2 R B D RE B SR T
Fig.3 Functional enrichment analysis of angiogenesis-related genes in diabetic retinopathy

F: A: GO BP analysis indicated enrichment in angiogenesis, inflammatory response, cell
adhesion, and hypoxia response; B: GO CC analysis revealed enrichment in extracellular matrix,
basement membrane, and collagen-containing extracellular matrix; C: GO MF analysis showed
enrichment in protein binding, collagen binding, and integrin binding; D: KEGG pathway
enrichment indicated significant pathways including PI3K-Akt, p53, TNF, TGF-B, JAK-STAT, and
AGE-RAGE signaling pathways.
2.2 DR A I 35 A AR 59 i S B 2 R ) 9 e 1 s PR 2 i (L0 AT

STRING %4 FEF £ 1 DR 1 237 ANIAE Hr B AR SCIE DA (1 PPI 4%, 45 R B 162 4>
BN 2 MAFE R ARG R (B 4A) o ik—d@id CytoHubba fi 444, ik A
5 AN IMUE B A A OG ) B EE Rl (COL1AL, COL1A2. FN1. TNF. TP53) ([ 4B) . #X
PEHTRR, X 5 AREILAZ MR B ZER LMK R (K 3C) o NPl K 12
{8, M1 GSE60436 A1 GSE94019 P 7 £ 22l ROC £k . 45 SR o, /£ GSE60436



a4+, COL1A1. COL1A2. FN1. TNF Fl TP53 [ AUC &4 1.000 (& 5BA—5E) .
£ GSE94019 #i#E4rh, COL1Al. COL1A2. FN1. TNF F1 TP53 f#] AUC 43 %4 1.000.
0.889. 0.917. 0.806 A1 0.889, #t— LIGIE T IXLLEL[K7E DR Fh H A B & 2 ki E (B 5F

—51) .

Bl 4 PPI %8 R fix e B R AR SR 1 20



Fig.4 PPI network and correlation analysis of candidate genes
7E: A: PPI network of angiogenesis-related genes in DR, consisting of 162 nodes and 298 edges;
B: The Degree algorithm identified five candidate genes (COL1Al, COL1A2, FN1, TNF, and

TP53); C: Heat map showed the Pearson correlation between the five candidate genes.

&l 5 GSE60436 Fl GSE94019 ¥#E4EH 5 MNFE I ROC Hi L /47
Fig.5 ROC curve analysis of five genes in the GSE60436 and GSE94019 datasets

7F: A-E: ROC curves for COL1A1, COL1A2, FN1, TNF, and TP53 in the GSE60436 dataset; F-J:



ROC curves for COL1AL, COL1A2, FN1, TNF, and TP53 in the GSE94019 dataset.
2.3 GSEA 5B R BB

FET GSE94019 %dla ke, X 5 MitEE A 1 R RRIE 4 #E4T T GSEA 7#fro 45 REH,
COL1Al BE &4 T Toll #3244 (Toll like receptor, TLR) {5SiliK, ZHMEiM 21 Ccell
adhesion molecules, CAMs) 2538 % (& 6A) ; COL1A2 5H i g £t (glycerolipid metabolism,
GLM) EE5KHk (& 6B) ; FN1 B TAMAM. T & ECM 2 HAE &l (&
6C) ; TNF 5 JAK-STAT. NOD-like receptor & TLR {55 i@ % UIAHE (K 6D) ; 1y TP53
N'&E ST E TR & P53 5 i@kt (K 6E) o IXUUZh RHE/RIX 5 /N KePH ] geid it

Z%E5ERZE DR WAL KE.

& 6 T GSE94019 RN LR I GSEA

Fig.6 GSEA of candidate genes based on the GSE94019 dataset



7¥: A-E: GSEA plots showed the enriched KEGG pathways associated with COL1A1, COL1A2,
FN1, TNF, and TP53 expression in the GSE94019 dataset; The x-axis represents the rank of genes
in the ordered dataset, while the y-axis indicates the enrichment score (ES); The normalized
enrichment score (NES) and nominal P values are displayed in each panel. ES represents the
enrichment score, and NP represents the nominal P value.
2.4 5 MEFTAAMREELE DR FHRE
FEM ST 54 GSE60436 il GSE94019 H1, X &AM ik A A ik /K~ EAT B . 45 2R
TR, IXUEEPE GSE60436 £ £EH) DR B I B2 il (& 7TA—TE, P<0.05) .
£ GSE94019 %#i 4, COLLAL. COL1A2. FN1 il TP53 th7f DR fEA &L B il (K

7F—7H. 7J, P<0.05) , 1 TNF ZR Lg% E X (B 7D .

B 7 FERALM R ZE 5 Mg B R IE K SPIRIE
Fig.7 Validation of the expression levels of five candidate genes in diabetic retinopathy
7£: A-J: Boxplots showed the expression levels of COL1A1 (A, F), COL1A2 (B, G), FN1 (C, H),

TNF (D, 1), and TP53 (E, J) in DR samples and controls from the GSE60436 and GSE94019



datasets; “P < 0.05, “P < 0.01 vs Con group.
2.5 I EHAAIREER K B B T

ffi [} CIBERSORTx S 1Al 17 GSE94019 HdladereAcrh 22 Tt G e 4l IR I L 5] o 465
RN, SIS AIRLEA FIREA R o0 A 22 B (B 8A) o BT 5 AL HT AR A DG G
J:[H (COL1AL. COL1A2. FN1. TNF. TP53) 54 y%4ifeiz i /K Fi2k47 Pearson FHIEE 4>
Bro GEREH], REEEEPRE 2GR E E MK, Hrfh COL1AL. COL1A2 S53¢4ii, #I
UER CDA T 401, T T 40/ (T cell regulatory, Tregs) 2% 2 1EAH2E; FN1 Al TP53 53¢
ML, WIEHT CDA T 40M & 3 EAHDS; 1 TNF S5iE bR H 4R %45 (natural killer, NK) 4
Fi VEAGEL AR AN M 2 AEA DG . 45 AR RIX LR R T R S e A iRE 25 DR IR A K
e (18 8B) .

&l 8 GSE94019 HdE& It SRR 4
Fig.8 Immune infiltration analysis in the GSE94019 dataset
7E: A: Stacked barplot showed the fraction of 22 immune cell subsets in each sample, estimated

by CIBERSORTX using the LM22 signature matrix; The x-axis lists the GSM sample IDs, and the



y-axis indicates the proportion of each immune cell type; B: Heatmap of Pearson correlations
between the expression of five genes (COL1A1, COL1A2, FN1, TNF, TP53) and the infiltration

levels of the 22 immune cell types.

2.6 FN1 UTERIIH] B 8E Chigh glucose, HG) %S HRMEC 385

B LA YGRS MTIRE 5 MEBTESCHEE . L3622 7 RIEHHT. PPI & 455
Lo WiRRe i 2 f5, FNL B e m R 512 i [ . gRT-PCR A1 Western blot 45 5%
i, FN1 7 HG 40 HRMEC 4 2.2 L1 (] 9A-9C) . ¥ —2Dilid siRNA @ifik FN1
K, H mRNA FIE AACEFEII R N, 50E 7 4eR0% (B 9D-9F) . It4h, CCK-8 1

ME 7R, FNLJUEREZ 06 T =L PR j5 HRMEC 38 ERE ) (B 9G)

B 924 h ERERIET FN1 BY&XT HRMEC H5E I

Fig.9 The effects of FN1 knockdown on HRMEC proliferation under high glucose



stimulation
7E: A: Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of FN1 mRNA
expression levels; B-C: Western blot analysis of FN1 protein expression levels; D: gRT-PCR
analysis of FN1 knockdown efficiency in the DR cell model; E-F: Western blot analysis of FN1
knockdown efficiency in the DR cell model; G: After FN1 knockdown in the DR cell model,
CCK-8 assay was used to detect the proliferation of HRMECs at 0, 24, 48, 72, and 96 h in

Fkk

different treatment groups; "P < 0.05, P < 0.01, ™P < 0.001 vs NG group; P < 0.05, #P < 0.01
vs HG+si-NC group.
2.7 FN1 JLEBRHH] HG #-2H HRMEC M BB RH-BIE P53 {5 58K

Transwell SEEG 45 RN, FRELEEHEE T HRMEC 38, i FN1 JUER &350k 58 11X Ff
RBE (B 10A. 10B) o ERETERSLIR R — P uEsl, SbEs T 0 M AR i RE ) W G 0E, T
FNL i 25 ) 1 I ECE M K (B 10C—10E) . Western blot 45 5w, mifEAb
N P53 E KT T, MPiER FNL 5 P53 RIAH/KE (] 10F. 10G) . #7R~ FN1

Al RE AT % P53 5 Tl S5 DR S K.

N\

&l 10 FN1 @&t HRMEC B8 M8 A RA P53 RiAKIE M
Fig.10 The effects of FN1 Knockdown on HRMEC migration, angiogenesis, and P53
expression
7E: A-B: Transwell assays showed the migration of HRMECs under NG, HG, HG + si-NC, or HG
+ si-FN1 treatment. Migrated cells were stained with crystal violet and quantified X 200; C-E:
Tube formation assays on Matrigel, including representative images (C), the number of tubes

formed (D), and quantification of branch length (E)X 200; F-G: Representative Western blot



images of tumor suppressor protein p53 (P53) expression (F) and quantification normalized to

HhK

GAPDH (G); *P < 0.05, ™P < 0.01, ™"P < 0.001 vs NG group; *P < 0.05, #P < 0.01 vs HG +

si-NC group.

3 Wik

BEH DR R AEEERE, A0 R AL X 382 73 KR ML A BT, AT 5 ML )
AR, LR A RRE S DR B AR FERI R 2k e BEAE DG o AT 743 3] 5 DR AHSG (1 237
AN HTER CRE R o X B BE IR 5 1 4 /. PISK-Akt. P53, TNF. TGF-beta & JAK-STAT
S PR AR o

AT 5 AN KRR (COL1AL, COL1A2. FN1. TNF Al TP53) f£ DR FEAS
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