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Background: Icariin (ICA) is a major bioactive compound extracted from the traditional Chinese medicinal herb Epimedium,
demonstrated a broad spectrum of pharmacological properties. However, a comprehensive and up-to-date study exclusively focusing
on ICA direct binding proteins has not yet been conducted.

Methods: HuProt™ 20K human proteome microarray, the highest capacity human protein microarray, is suitable for the applications
of small molecule targeting proteins. Here, we constructed an atlas of the ICA-binding proteins directly via proteome microarray.
Results: We showed that a total of 246 proteins which directly interacted with ICA. Subsequent PPI network analysis organized these
proteins into 4 functionally distinct clusters, revealing that ICA interacts with proteins central to fundamental cellular processes,
including protein folding chaperone complexes, the ubiquitin-proteasome system, apoptotic and PI3K-Akt signaling pathways, and
nucleotide metabolism.

Conclusion: This study constructed an atlas of the ICA-binding proteins directly via microarray, which spans protein folding,
ubiquitin-proteasome, apoptosis and nucleotide metabolism, providing a theoretical basis for ICA treatment of diseases caused by
dysregulation of these core pathways.
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Introduction

Icariin (ICA) is a major bioactive compound extracted from the traditional Chinese medicinal herb Epimedium,
commonly known as Horny Goat Weed or Yin Yang Huo. It is a prenylated flavonol glycoside with the chemical formula
C33H400,5 and a molecular weight of 676.67 g/mol. Moreover, ICA can be metabolized by enzymes into glucuronide
conjugates of flavonoid aglycones and isoflavonoids.'* Several researches have broadly explored the diverse pharma-
cological effects of ICA to articulate its traditional medicinal applications. ICA exerted a broad spectrum of pharmaco-
logical properties, including anti-oxidant properties, anti-cancer properties, anti-inflammatory properties, anti-depressant,
and neuroprotective effects.>* However, a comprehensive and up-to-date study specifically focusing on ICA direct
binding proteins has not yet been conducted.

The HuProt™ 20K Human Proteome Microarray contains over 21,000 unique human proteins, covering approxi-
mately 81% of the classical human proteome. These proteins are derived from 16,793 genes, including 15,889 classical
human proteins described in the Human Protein Atlas. The proteins on the microarray exist in the correct three-
dimensional structure for specific binding of small molecules, enabling highly sensitive detection of small molecule
binding targets.>°

Here, we used the HuProt 20K human proteome microarray to identify the binding proteins of ICA by biotinylating
ICA, incubating it with the microarrays, and the binding capacity were detected with Cy5-conjugated streptavidin (Cy5-
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SA). In the end, we identified a total of 246 proteins that directly interacted with ICA. In addition, the above 246
candidate proteins were clustered using protein-protein interactions (PPI). Specifically, the top 4 ranked protein network
clusters, relationship between diseases were presented. This article provides a valuable resource for ICA-binding

proteins.

Materials and Methods

Reagents
AS (T2855, CAS 489-32-7) was purchased from TargetMol (USA). HuProt™ 20K human proteome microarray was
obtained from the Johns Hopkins Medical Institutions Protein Microarray Core (CDI Laboratories, Inc).

HuProt™ 20K Human Proteome Microarray

HuProt™ 20K human proteome microarray assay was conducted by Wayen Biotechnologies (Shanghai, China). ICA was
prepared as a 10 mM stock solution in DMSO and diluted in 1% PBS-T to a final working concentration of 10 pM for the
assay. The HuProt array was equilibrated from —80°C and then blocked with 5% BSA in PBS-T on a shaker at room
temperature, using an initial 5 min step followed by a 1.5 h incubation in the dark. After a brief wash, the array was
incubated with the ICA solution for 1 h under the same conditions. Unbound compound was removed by 3 washes with
PBS-T and 2 rinses with deionized water. For detection, the array was incubated with a 0.1% Cy5-Streptavidin solution
for 20 min, followed by an identical wash series, and then dried by centrifugation. Fluorescent signals were captured by
scanning at 635 nm using a GenePix 4000B scanner.>

Data Processing and Hit Identification

Raw fluorescence data were extracted from the scanned HuProt™ 20K microarray using GenePix™ Pro v6.0 software.
To normalize data across the array and identify significant binders, a Z-score was computed for each individual protein
spot. The Z-score for a given spot was defined as:

Z-score = (I - M) / SD. Where “I” represented the ratio of the median fluorescence signal value at the given point to
the median background signal value at all points, “M” was the median of all I values, and SD was the standard deviation
of all I values. A protein was considered a primary candidate hit only if both of its technical replicates surpassed a pre-
defined Z-score significance threshold (Z-score > 2.8). This refined list was defined as the set of high-confidence, specific
ICA-binding proteins for downstream bioinformatic analysis.’

Network Analysis

To explore functional associations among the 246 high-confidence binding proteins, a PPI network was generated using
the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, Version: 12.0) database, querying for Homo
sapiens with a high-confidence interaction score threshold > 0.70. The resulting network was imported into Cytoscape for
visualization and analysis. Highly interconnected functional modules were identified using the MCODE (Molecular
Complex Detection) plugin, and the top 4 ranked clusters by MCODE score were selected for subsequent pathway and
enrichment analysis.

Functional Enrichment Analysis

To decipher the biological roles and pathway associations of the identified protein clusters, Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed. The clusterProfiler
R package was utilized for both analyses. Enrichment significance was assessed based on the hypergeometric distribu-
tion, and p-values were adjusted via the Benjamini-Hochberg (FDR) method. Terms and pathways with an FDR < 0.05
were deemed statistically significant.
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Cellular Thermal Shift Assay (CETSA)

HEK293T cells were treated with ICA (10 uM) or vehicle control (DMSO) for 24 h. Cell lysates were divided into
aliquots and heated at the indicated temperatures (45, 50, 55, 60, 65, 70, 75, 80, 85 °C) for 3 min. After 3 min at room
temperature and cooling on ice, samples were centrifuged (12,000 rpm, 20 min, 4 °C). The resulting supernatants were
prepared with loading buffer for Western Blot analysis.

Statistical Analysis
Results were reported as mean + standard error of the mean (SEM). Differences among groups were compared by one-
way analysis of variance (ANOVA) using GraphPad Prism software. Statistical significance was defined as P < 0.05.

Results
Global Profiling of ICA-Binding Proteins Using HuProt™ 20K Proteome Microarray

To identify ICA-binding proteins, we probed a human proteome microarray with a biotinylated ICA molecule. Briefly, the
ICA-biotin conjugate (Biotin-ICA) was incubated with the human proteome microarray, and proteins with ICA-binding
capacity were identified by adding Cy5-SA. To avoid false-positive detections, we compared this sample with another in
which Biotin-ICA was omitted from the reaction and free biotin was included instead and identified as ICA-binding
candidate proteins those exhibiting greater signals in the former reaction. In the end, we identified a total of 246 proteins that
directly interacted with ICA. The protein name, ID and Z-score were listed in Table 1.

Table | The Pharmacological Targets of Icariin in HuProt™ 20K Human Proteome Microarray

ID Name Z_Score ID Name Z_Score ID Name Z_Score

JHU13502. ALDH9AI 11.473 JHUI18424.B16CI XAGE2 4611 JHU18245. CFAP36 3913

B14C26 BI3C22

JHU02438. GLOI 11.122 JHU17958. TTC9 4.609 JHU19743.B13C4 KLHL41 3913

BI7C30 Bl16C22

JHU22842.B16C7 NT5C2 9.529 JHU18027. SFMBT2 4.608 JHU12543. ANKHDI 3.901
BI5CI9 B12C28

JHU16249. ALDHYAI _frag 9.015 JHU18358. FLADI 4.600 JHU14082. ATIC 3.889

BIIC27 BI3C25 BI10C28

JHU18211.B14C5 PDEIB 8.838 JHU18003. MAGII 4.596 JHU03423.B13C5 NAT6 3.883
BI14C25

JHU14994. ZNF783 8.242 JHUI15363.B11C3 REEPS 4.556 JHU18291.B15C8 MAGEAI 3.866

BI3C26

JHU16363.B12C7 NCALD 7.249 JHU18270. GPHN 4.532 JHUI18517.B16ClI UBE2)I 3.846
BI6C17

JHU25146.B13C7 ALDHILI 6.427 JHU17424. GDPGPI 4.477 JHUI15519. LGALSL 3.839
BI3C20 BIOCI9

JHU09650.B13ClI KCTD9 6.350 JHUI15469.B11C8 UNC45A 4.459 JHU16132.B9CI5 PPP4R3A 3.838

JHU00057. NMEI 6.277 JHU09535. GABI 4.432 JHU14267. ACSBGI 3.824

BI3Clé BI5C26 BI2C14

JHUO00137. HK2 6.270 JHU17328.B14C7 ARMC9 4.386 JHUO08I161.89C22 ALDHILI 3.821

BI8C28

JHU00303. CAPN2 6.153 JHUO1407. ODCI 4.363 JHU15461.B9C17 STIPI 3814

BI5C25 BIICI8

JHU14828. ESD 5.973 JHU12632. ZNF573 4.334 JHU02626.B4C21 GSTOI 3.801

BI1C28 BI2C31

JHUOI 182.B2C2 GLOI 5929 JHU02105. UBE2DI 4.321 JHU27969.B20Cé6 CIB3 3.792
BI4Cl4

JHU18418. TCPI 5.822 JHU25696. UBE2QI 4317 JHU14684. PSMB6 3.777

B14C19 B18C24 BI1C27

JHU04353.B16CI GRHPR 5.809 JHU02091. RUVBLI 4.305 JHUI11012.B7C4 RAB9B 3.775
B14C23

(Continued)
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Table | (Continued).

ID Name Z_Score ID Name Z_Score ID Name Z_Score
JHU03973. GPDI 5.788 JHU09028. APPLI 4.237 JHU18245.B11C6 CFAP36 3.750
BIOCI5 BI5C21
JHU18174.B16C3 CPNE8 5739 JHU29555.B819C2 TPP2 4.236 JHU02340. FISI 3.743
BI4C17
JHU25034. ECHDCI 5.711 JHU09182.B7C2I PRDX4 4.233 JHU16889.B16CI NUDT 14 3.741
Bl4C21
JHU16452. ECE2 5.699 JHU18996.B16C2 CUTA 4.227 JHU00300.814C4 NMRK | 3.736
BI3C23
JHU15992. IDHI 5.583 JHU07225. EIF2BI 4217 JHU12753.B9C14 ESD 3.734
BIIC3I BI2CI10
JHU25034. ECHDCI 5.526 JHU03373.B16CI TMEM222 4213 JHU11960. NAMPT 3.729
B14CI13 BI0CI2
JHU29441. PDCD6IP 5.495 JHU14289.B11C9 CPNE6 4.161 JHU06221. SPG20 3.727
B20C31 BI15C22
JHUO02467.BICI7 PRDX3 5.492 JHU16580.B11Cé BDH2 4.132 JHU18664. CRYBBI 3.716
Bl6C24
JHU14853. MGEAS 5.456 JHU18718.B16CI SEC14L4 4.130 JHU15932.B9C4 RAPIGDSI 3714
B14Cl14
JHU00230.B18C7 HPCA 5.424 JHU02812.B1C29 GADDA45G 4.124 JHU16355. KCTD9 3.707
BI1C30
JHU02648.B16C3 NNMT 5414 JHU16009.B16C8 MAT2B 4.119 JHU18383. ME3 3.698
BI5CI9
JHU18327. SULT2AI 5.357 JHU16126. PRKAR2B 4.114 JHU18273. GSTTI 3.689
B13C22 BIICI2 BI4C17
JHU18696.B16CI MIOX 5.285 JHUI6186. GGA3 4.102 JHU18279. HSPA6 3.668
BI4Cl4 Bl16C22
JHU15386. KDMIA 5.107 JHU23283. HSP90ABI 4.068 JHU00175. IFT27 3.667
BI10C29 BI5CI8 BI3C3I
JHUO07158. CATIP 5.070 JHU18478. MOSPD2 4.054 JHU04008. RNPEP 3.659
Blé6C21 BI14C31 BI6Cl4
JHU13980. ACOT7 5.014 JHU18245. CFAP36 4.047 JHU17404. TXLNB 3.657
BI4CI15 BIICIO B14C30
JHU16130.B10C2 SH3DI19 5.009 JHU14681. PRMT5 4.016 JHU17713. FLNB 3.656
BI5SCI1 BI3CI3
JHU17961. USP7 4.928 JHU02829. LOC100132686 3.997 JHUI18315. SH3BPI 3.644
B14C29 BI4CI13 BI5C22
JHU13606. L3HYPDH 4917 JHU19422. PRBI 3.957 JHU00476. TTCI 3.643
BI1C30 B16C20 B14C20
JHU03387. FEMIB 4.861 JHU05400. GMPR 3.947 JHU19735. CLPI 3.641
BI6Cl6 BI6CI | BI3C27
JHU13606. L3HYPDH 4.829 JHU15339. CCDCl84 3.946 JHUI16431. IGKC 3.641
BIICIl6 BI3C30 B12C20
JHU14835.89C28 GSTM5 4.765 JHUI12713. THOPI 3.924 JHU25682.B18C6 SYCE2 3.638
BI5C21
JHU19708. CCT4 4.702 JHU14003. Cl90orf73 3.921 JHU18518.B16C7 UBQLN3 3.635
B14C24 BI3CI9
JHUO1316.B4C27 PRDX3 4.626 JHU03949. NAEI 3918 JHU07970. ANKRD49 3.624
BI3CI2 BI3Clé
JHU15865.B12C| ALOXE3 4.622 JHU08922. USP5 3917 JHU29844.820C7 HSPAI14 3.615
BI5SC31
JHUO04710. ADH5 3.613 JHU17312. PAK3 3.264 JHUO1883.B15C3 NUP62CL 3.080
BI2Cl4 Bl6C23
JHU18792. OPLAH 3.590 JHU06399.B16C7 PPP2RIB 3.263 JHU24542.B19Cé6 MTURN 3.070
BI5C3I
JHU25683.B18ClI NUDT7 3.577 JHUI6162. KIZ 3.258 JHU07360. PNMT 3.066
BIIC27 BI5CI5
JHU15920.B9C19 NAPB 3.576 JHUO03155. ELOB 3.252 JHUI3103. TFAP2E 3.061
BIIC23 BIOCI5
(Continued)
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Table 1 (Continued).

ID Name Z_Score ID Name Z_Score ID Name Z_Score

JHUI4561. IL36A 3.574 JHUI16376.B9C21 SPATA20 3.244 JHUI5569.B11Cé TMOD2 3.059

BIOCI3

JHU25302.B17C4 AKTI 3.574 JHU02083. PPIA 3.244 JHU25683.B18C5 NUDT7 3.058
B14C22

JHU16098.B9C23 IGKC 3.563 JHU30312. AIMIL 3228 JHU16583. SHCBPIL 3.041
BI8C30 BI2ClI |

JHU18215. PPAI 3.557 JHUO1672. HBZ 3.224 JHU30271. ACOTI12 3.040

B14Cl2 B15C28 B17C28

JHU00033. RACKI 3.540 JHU12544. ANXA9 3.221 JHU25143. WIPFI 3.033

B16C28 BI0C31 BI13C30

JHU18208. OGDH 3.525 JHUI16332.B12C4 THOC3 3.221 JHUO02199. TNFAIP8 3.022

BI5C23 BI5C3I

JHUI11402.B7ClI SRR 3.519 JHU19504. PGK2 3.207 JHU03883.B10C2 GGAI 3.022
BI3C32

JHU14084.B9C21 ATP6VODI 3.493 JHU04424. BCCIP 3.198 JHUI9591. Pdc 3.015
BI5C32 B15C26

JHU18389. OXRI 3483 JHU15365. RPSA 3.182 JHU15299. HAUS| 3.015

B13C24 Bl2Cl4 BI12CI5

JHU19523.B15C9 PRPSILI 3.482 JHU24681. UBXN7 3.172 JHUO02103. TPMT 3.004
B18CI4 B14C20

JHUI7128. CASK 3.471 JHU29258. SRRT 3.168 JHUI7913. KCTD2 3.001

B16CI7 B19C22 BI5CI7

JHU07268.B13Cé PTP4A2 3.464 JHUO1449. APOBEC3C 3.166 JHUI5344.B12C2 NCFI 3.000
BI5CI9

JHU21667. PAIPI 3.455 JHUO02056. HSPDI 3.165 JHUI5314. FAMI 14A1 2.997

B14CI0 BI5C21 B10CI2

JHU30247. TH 3.453 JHUO09622. DAP 3.153 JHUI13058. HERC3 2.996

BI17CI0 B13C24 BI12CI5

JHU29061. IARS 3.451 JHU18056. APBAI 3.153 JHUI6410. FBXO2I 2.988

B13C28 BI5C31 BI1C26

JHU18352. CYP2)2 3.450 JHU15492. EFCABI3 3.149 JHU07027.B16C3 CT55 2.987

BI3CI1 B12C24

JHUI13663.B9C25 RTCA 3.450 JHU03452.B16C4 XRCC4 3.145 JHUI11839.B14ClI XM_009242791.1_frag 2971

JHU02262. NUDTS5 3.429 JHUI18715.B15C4 RABL2A 3.145 JHUI18189. HACEI 2.960

BI9CI2 BI3CI2

JHU15827. RAPIGDSI 3.423 JHUI18398.BI3CI PTPN9 3.142 JHUO5159.B13C2 SCYL3 2.959

BI1C32

JHU03569. CINP 3.423 JHU18232. TXNLI 3.127 JHU17279. TLKI 2.958

Bl6CI1 B15C23 B14C28

JHU16024.B11C7 PRB3_frag 3414 JHUI5710. ILIFI0 3.126 JHU18293. MCLI 2.955
BI0OCI5 B15C22

JHU18650. APIBI 3.406 JHUI6315. BEXS 3.125 JHUI19567.B15C5 Nc2b 2.949

B15C24 B12C24

JHU02026. BDH2 3.391 JHUI1534.B9CI2 CCT8 3.125 JHU02434.B12C3 DRI 2.945

B14C26

JHUI8212. PEAIS 3.387 JHU15044. ISGI15 3.122 JHU04825.B13C3 DYNLRBI 2.944

BI5CI5 B14C30

JHUI19744.B17C4 KLHL40 3.384 JHU18850.B14C2 KHDCIL 3.115 JHU00356. PSME3 2.941

B14C24

JHU18399. RAB3I 3.377 JHU10495.B8C29 EXOSC7 3.110 JHU02655.BICI3 PRDX2 2.938

B14Cl6

JHU10585. DIABLO 3.370 JHUO07333. GCLM 3.110 JHUI13052. GCLC 2.936

B16CI18 BI13Cl4 BIICI2

JHU06909.B14C9 UPP2 3.368 JHUOS561 6. LZTFLI 3.107 JHUI13620. NECABI 2.927
BI16C30 BIOCI6

JHUI15306. DNAJC7 3.362 JHU12621.B9CI0 TBCID9B 3.105 JHUO07580. UBE2H 2915

B12CI2 BI0CI7

JHU29101. ZNF746 3.355 JHUI17279.B16C7 TLKI 3.103 JHU09387.B5C27 SECI13 2.903

BI3C25

(Continued)
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Table | (Continued).

ID Name Z _Score ID Name Z _Score ID Name Z_Score

JHU18847. DI 3.354 JHU02333. DNAL4 3.102 JHU18338.B14ClI APOC3 2.896

BI3CI2 B14C27

JHU02393.BIC5 USP5 3342 JHU03020. IFITS 3.100 JHU18506. TEXII 2.894
BI3CI7 BI5C30

JHU18435. BASPI 3.334 JHU24665.B18C9 TTC39A 3.099 JHU17403. TXLNA 2.893

Bl6CI3 Bl4CI8

JHU08679.B6C16 HKI 3.329 JHUO21 11, XRCC4 3.094 JHU15456. SERPINI2 2.887
BI5CI7 BlICI4

JHU00449.B14CI PRTFDCI 3319 JHU08556.88C22 CLIC4 3.093 JHU08259.B5C24 ACSBGI 2.878

JHU16008. MAPK 3.273 JHUI12401.B13C4 NPIPA8 3.091 JHU19456. CASK 2.872

Bl2CI0 B16C32

JHU04112.B2Cl6 SHCBPI 3.267 JHU14775. PSMD7 3.090 JHU19615. Cl4orfl 66 2.859
B14C30 Bl16C29

Notes: Z-score = (I - M) / SD. | = median signal / median background, M = median of all | values, SD = standard deviation of all | values.

Interactions Network of ICA-Binding Proteins

To analysis the interaction network of ICA-binding proteins completely, the above 246 candidate proteins were clustered
using PPI. The top 4 ranked protein network clusters were presented with confidence scores > 0.7 and labeled by red,
green, purple and yellow circle, respectively. Among them, sorting by descending order, the first-ranked network was
protein folding chaperone (Score= 8.2), including PSMD7, TCP1, STIP1, RPSA, CCT8, HSPA6, CCT4, RUVBLI,
DNAJC7, HSPA14, HSPDI1. The second-ranked network was the cellular response to cadmium ion (Score= 4.667),
including PSMB6, ELOB, UBE2D1, UBXN7, RACK1, HSP90AB1, PSME3. The third-ranked network was oxygen-
dependent proline hydroxylation of hypoxia-inducible factor alpha (Score= 3.667), including PPP2R1B, TH, DIABLO,
NCF1, MCL1, AKTI1, MAPKI1. The fourth-ranked network was ADP-ribose diphosphatase activity (Score=3), including
NUDT7, NUDT14, NUDTS5 (Figure 1).

Relationship Between Cluster | Proteins and Diseases

Cluster 1 proteins included 11 nodes (PSMD7, TCP1, STIP1, RPSA, CCTS8, HSPA6, CCT4, RUVBLI1, DNAIJC7,
HSPA14, and HSPD1) and 41 interaction pairings with 8.2 score (Figure 2A). In addition, the enlarged-view, ID, name
and Z-score for Cluster 1 proteins were also presented (Figure 2B). Furtherly, KEGG analysis showed that ICA-binding
proteins were involved in legionellosis, prion disease and lipid and atherosclerosis (Figure 2C). Next, GO analysis
indicated that in terms of the biological process, ICA-binding proteins were mainly enriched in chaperone-mediated
protein folding and protein folding. In terms of cellular components, ICA-binding proteins were mainly enriched in
protein folding chaperone complex. According to molecular function, ICA-binding proteins were mostly enriched in
ATP-dependent protein folding chaperone, ATP hydrolysis activity, protein folding chaperone and unfolded protein
binding (Figure 2D).

PSMD?7 (268 proteasome non-ATPase regulatory subunit 7) is a core component of the 26S proteasome essential for
ubiquitin-dependent protein degradation and promotes tumor progression in multiple cancers. In pancreatic cancer by
deubiquitinating and stabilizing SOX2 to activate Notch1 signaling.® In breast cancer, where its knockdown induces cell
cycle arrest and apoptosis.” In gastric cancer, where it is activated by FOXP3 and enhances proliferation and cisplatin
resistance via RAD23B stabilization.'” Additionally, the PSMD7 polymorphism rs17336700 is associated with ankylos-
ing spondylitis."!

TCP1 (T-complex protein 1), overexpressed in multiple cancers and linked to poor prognosis, promotes tumor
progression via key pathways. In hepatocellular and pancreatic ductal adenocarcinoma, it drives proliferation by
stabilizing c-Myc through AKT/GSK-3B/ERK and the Wnt7b/B-catenin pathway.'*'*> Furthermore, it contributes to
progression and drug resistance in other cancers partly via the PI3K/AKT/mTOR axis.'* In addition, in diffuse large
B-cell lymphoma, it modulates ferroptosis sensitivity by stabilizing ACSL4."

Drug Design, Development and Therapy 2026:20 https: 7
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Figure | Interactions network of ICA-binding proteins. Protein-protein interaction (PPl) network of ICA-binding proteins. All proteins were divided into four significant
protein clustering modules. Red dots represented cluster | proteins. Green dots represented cluster 2 proteins. Purple dots represented cluster 3 proteins. Yellow dots
represented cluster 4 proteins.

STIP1 (Stress-induced phosphoprotein 1) is a co-chaperone that regulates protein folding and quality control by
interacting with HSPs. STIPI plays roles in both oncogenesis and neurodegeneration. Its overexpression in ovarian,
thyroid, liver, colorectal, and lung cancers correlates with poor prognosis, where it promotes tumor progression via
mechanisms such as ALK2/SMAD pathway activation in ovarian cancer and likely JAK2/STAT3 signaling in others.'®!”
Beyond cancer, STIP1 is linked to Parkinson’s disease (PD) through specific autoantibodies and shows neuroprotective
effects in Alzheimer’s disease (AD) by mitigating p-amyloid toxicity.'®

RPSA (Small ribosomal subunit protein uS2) is a ribosomal component essential for protein synthesis. It functions as
a receptor for pathogens such as streptococcus pneumoniae and dengue virus, facilitating cellular adhesion and invasion
with implications for infections like bacterial meningitis.'*?® In cancer, its overexpression is linked to increased tumor
cell migration, invasion, and angiogenesis, partly through regulating telomerase and interacting with PrPC to promote
oncogenic processes.”! Furthermore, altered RPSA expression is implicated in rheumatoid arthritis and may contribute to
inflammatory responses during acute infections.”

CCT8 (Chaperonin containing TCP1 subunit 8), a subunit of the chaperonin complex, facilitates protein folding and is
implicated in various diseases. CCTS is involved in lung adenocarcinoma through AKT activation and in colorectal
cancer by antagonizing p53.% It correlates with poor prognosis and has also been associated with glioma and breast
cancer. Beyond oncology, CCTS$ facilitates tobamovirus spread® and is essential for balanced T-cell immunity, with its
deficiency skewing the immune response toward a Th1 phenotype and implicating it in immune pathology.*

HSPAG6 (Heat shock protein family A member 6) is a heat shock protein that functions as a molecular chaperone. It
plays a role in infectious diseases and cancer. Specifically, HSPA6 is induced upon Enterovirus 71 (EV71) infection,
during which it colocalizes with the viral protein VP1 and may act as a host-specific factor.’® In glioblastoma, high
HSPAG6 expression is associated with poor prognosis, promoting tumor progression through enhanced proliferation,
invasion, and resistance to apoptosis. Interestingly, HSPA6 may also function as a tumor suppressor in bladder cancer,

lung cancer, and triple-negative breast cancer.”’
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Figure 2 Bioinformatics analysis of Cluster | proteins. (A) PPl network of Cluster | Proteins. (B) Enlarged-view and Z-score of Cluster | Proteins in proteome microarray.
(C) KEGG analysis of Cluster | Proteins. (D) GO analysis of Cluster | Proteins.

CCT4 (Chaperonin containing TCP1 subunit 4) is a chaperonin involved in protein folding and has been implicated in
several diseases. In hepatocellular carcinoma (HCC), CCT4 is overexpressed and interacts with Cdc20 to promote
tumorigenesis.”® In hereditary sensory neuropathy (HSN), the CCT4 point mutation C450Y compromises protein
stability.?’ Meanwhile, Bardet-Biedl syndrome is associated with defects in the MKKS gene, which encodes a CCT-
like protein.® Beyond these specific conditions, CCT4 also regulates organ growth by modulating insulin/TOR signaling,
a pathway whose dysregulation contributes to systemic disorders such as cancer and diabetes.*!

RUVBLI (RuvB-like 1) is overexpressed in numerous cancers, where it drives tumor progression and therapy
resistance through diverse mechanisms. For instance, in breast cancer, RUVBLI is ubiquitinated by DTL and cooperates
with B-catenin to enhance non-homologous end joining (NHEJ) repair, thereby promoting radiation resistance.*” In
tongue squamous cell carcinoma, it activates the CRAF/MEK/ERK pathway to increase cell viability, invasion, and
chemotherapy resistance.** In uveal melanoma, RUVBLI enhances the transcriptional activity of CTNNBI1 (B-catenin)
via chromatin remodeling.** Beyond these specific contexts, RUVBLI is broadly implicated in oncogenesis through its
fundamental roles in chromatin remodeling and DNA repair. Outside oncology, RUVBLI is essential for ciliary function,
its loss in renal tubules leads to a severe cystic kidney phenotype.*’

DNAJC7 (Dnal] homolog subfamily C member 7) plays a critical role in proteostasis, with important functions in both
neurodegeneration and cancer. Pathogenic variants of DNAJC7 are linked to amyotrophic lateral sclerosis (ALS) through
impaired protein quality control.*® In tauopathies, it inhibits tau aggregation, a protective function that is lost in disease,
associated mutations.”’ Conversely, in HCC, DNAJC7 is overexpressed, where it promotes tumor progression and

immune evasion, serves as a prognostic marker, and its knockdown induces cell cycle arrest.*®
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HSPA14 (Heat shock protein family A member 14) plays dual roles in cancer progression and viral infection. In
breast cancer, its overexpression is associated with poor prognosis and may serve as a diagnostic biomarker, potentially
through modulating tumorigenic processes and the tumor immune microenvironment.*® In leukemia, it contributes to
resistance against endoplasmic reticulum stress-induced drugs.*® Conversely, during HIV-1 infection, HSPA14 expres-
sion is suppressed, its overexpression inhibits viral replication, likely by interacting with the viral long terminal repeat
(LTR) or suppressing proviral transcription.*'

HSPDI1 (Heat shock protein family D member 1) plays roles in diverse pathological processes, including neurological
disorders, cancer, and inflammation. Gene variants of HSPDI1 are associated with fatal hypomyelinating leukodystrophy
(HLD4) and spastic paraplegia type 13 (SPG13).** In oncology, HSPD1 overexpression correlates with poor prognosis in
non-small cell lung cancer and oral cancer, where it promotes tumor progression by reprogramming mitochondrial
metabolism and activating pathways such as NF-kB.** Inhibitors of HSPDI can synergize with chemotherapy agents like
oxaliplatin.** Additionally, HSPD1 is implicated in arterial and inflammatory diseases, attributable to its established

functions in maintaining protein homeostasis and modulating immune responses.

Relationships Between Cluster 2 Proteins and Diseases

Cluster 2 included 7 nodes (PSMB6, ELOB, UBE2D1, UBXN7, RACK1, HSP90AB1, PSME3) and 14 interaction
pairings with 4.667 score (Figure 3A). In addition, enlarged-view, ID, name and Z-score for Cluster 2 proteins were also
presented (Figure 3B). Furtherly, KEGG analysis showed that ICA-binding proteins were involved in proteasome,
antigen processing and presentation, ubiquitin mediated proteolysis, protein processing in endoplasmic reticulum,
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Figure 3 Bioinformatics analysis of Cluster 2 Proteins. (A) PPl network of Cluster 2 Proteins. (B) Enlarged-view and Z-score of Cluster 2 Proteins in proteome microarray.
(C) KEGG analysis of Cluster 2 Proteins. (D) GO analysis of Cluster 2 Proteins.

10 https: Drug Design, Development and Therapy 2026:20



Gong et al

pathways in cancer (Figure 3C). Next, GO analysis indicated that in terms of the biological process, ICA-binding
proteins were mainly enriched in proteasome-mediated ubiquitin-dependent protein catabolic process. In terms of cellular
components, ICA-binding proteins were mainly enriched in endopeptidase complex, peptidase complex, proteasome
complex and ubiquitin ligase complex. According to molecular function, ICA-binding proteins were mostly enriched in
ubiquitin-like protein ligase binding and ubiquitin protein ligase binding (Figure 3D).

PSMB6 (Proteasome subunit beta type-6) is a catalytic subunit of the proteasome complex, widely expressed in the
cytoplasm and nucleus.*” It is implicated in multiple diseases. In cancer, especially lung adenocarcinoma, its over-
expression promotes tumor proliferation, invasion, and metastasis, correlating with poor prognosis.*® PSMB6 deficiency
impairs proteasome activity and induces apoptosis, as observed in neurodegenerative and developmental zebrafish
models.*’ Furthermore, as an immunoproteasome component, PSMB6 participates in antigen presentation, and its
mutations are linked to autoinflammatory disorders.*®

ELOB (Flongin-B) is a core subunit of the elongin complex, involved in transcriptional regulation and
ubiquitination.** It is critically implicated in cancer progression, primarily as a component of the Cullin2-RBX1-
ELOB E3 ubiquitin ligase complex that targets the tumor suppressor p14/ARF for degradation. High ELOB expression
correlates with poor prognosis in breast cancer. Furthermore, ELOB/C are identified as “essential” genes for proliferation
in several cancers (eg, prostate, pancreatic, liver), highlighting their therapeutic potential. Through its role in protein
homeostasis, ELOB may also have indirect implications in neurodegenerative (eg, ALS, AD) and autoimmune disorders
(eg, SLE, IBD).”*!

UBE2DI1 (Ubiquitin conjugating enzyme E2 D1) is a widely expressed ubiquitin-conjugating enzyme involved in
cancer and neurodegeneration. In breast cancer, its m6A-driven upregulation promotes proliferation and migration by
modulating the TGF-p/Smad2/3 pathway.’” In hepatocellular carcinoma, UBE2DI1 contributes to IL-6-induced DNA
damage, chemoresistance, and poor prognosis.>® It also facilitates tumorigenesis by ubiquitinating regulators such as p53,
KRAS, and TNFa/NF-kB pathway components.”® In neurodegeneration, impaired UBE2D1 function may hinder the
clearance of misfolded proteins, promoting toxic aggregation.>

UBXN7 (UBX domain-containing protein 7) is a UBX domain-containing protein involved in ubiquitin-dependent
processes. It is implicated in cancer and metabolic disease, showing moderate to strong nuclear expression in tumors. In
clear cell renal carcinoma, its levels correlate with prognosis, and it acts as an adaptor for the CRL2/VHL complex to
regulate HIF-1a.>® In hepatocellular carcinoma, the hepatitis B virus X protein (HBx) induces UBXN7 degradation,
activating NF-kB and autophagy to promote viral replication.”” In diabetic kidney disease, the circular RNA circUBXN?7
is upregulated, binds to IGF2BP2 to stabilize SP1 mRNA, and drives a pathogenic feedback loop promoting renal
fibrosis.®

RACKI1 (Receptor of activated C kinase 1) is a scaffolding protein that integrates cellular signaling pathways. Its
aberrant overexpression in cancers, such as lung and liver cancer, correlates with poor prognosis and metastasis. In breast
cancer, it promotes progression by stabilizing p-catenin to activate Wnt signaling and enhancing chemoresistance.> In
the nervous system, it has a neuroprotective role by promoting non-amyloidogenic APP processing, but its levels are
reduced in AD.®® RACK1 also regulates proteostasis and stress granules, implicating it in other neurodegenerative
diseases like frontotemporal dementia and ALS.®!

HSP90ABI1 (Heat shock protein HSP 90-beta) is a molecular chaperone that stabilizes and regulates diverse client
proteins, including kinases and transcription factors. It contributes to disease pathogenesis through this stabilizing
function. In cancer, it supports oncoprotein activity, and its methylation enhances tumor growth, making it
a therapeutic target.> In neurodegenerative diseases like Alzheimer’s and Huntington’s, it aids the accumulation of
pathological proteins (eg, tau, mutant Huntingtin), and its inhibition promotes clearance.®® In inflammatory conditions, it
amplifies responses by stabilizing pro-inflammatory signaling molecules.®*

PSME3 (Proteasome activator complex subunit 3) is a proteasome activator that enhances protein degradation. It
promotes cancer progression by increasing proteasome activity, which facilitates the degradation of tumor suppressor
proteins and supports tumor cell proliferation. This activity may also disrupt antigen presentation, potentially aiding

tumor immune evasion.®
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Relationships Between Cluster 3 Proteins and Diseases

Cluster 3 included 7 nodes (PPP2R1B, TH, DIABLO, NCF1, MCL1, AKT1, MAPK1) and 11 interaction pairings with
3.667 score (Figure 4A). In addition, the enlarged-view, enlarged-view, ID, name and Z-score for Cluster 3 proteins were
also presented (Figure 4B). Furtherly, KEGG analysis showed that ICA-binding proteins were involved in apoptosis and
PI3K-Akt signaling pathway (Figure 4C). Next, GO analysis indicated that in terms of the biological process, ICA-
binding proteins were mainly enriched in cellular response to inorganic substance, cellular response to metal ion,
extrinsic apoptotic signaling pathway, response to metal ion. In terms of cellular components, ICA-binding proteins
were mainly enriched in cytoplasmic side of membrane and cytoplasmic side of plasma membrane. According to
molecular function, ICA-binding proteins were mostly enriched in phosphatidylinositol binding and phosphatidylinosi-
tol-3,4-bisphosphate binding (Figure 4D).

PPP2R1B encodes a regulatory subunit of protein phosphatase 2A (PP2A), which directs PP2A’s substrate specificity
and modulates key cellular processes including the cell cycle and apoptosis.®® It functions as a tumor suppressor in
several cancers. In colorectal cancer (CRC), low expression of PPP2R1B is associated with poor prognosis, metastasis,
and reduced chemosensitivity, potentially through its inhibitory effect on the MAPK/ERK pathway.®® Beyond oncology,
mutations in PPP2R1B are strongly linked to male infertility, specifically causing meiotic arrest and non-obstructive
azoospermia, which underscores its essential role in spermatogenesis.®’

TH (Tyrosine 3-hydroxylase) is the rate-limiting enzyme in catecholamine synthesis, and is essential for neurotrans-
mission and stress responses.®® Its dysfunction is implicated in neurological disorders. In PD, impaired TH activity

KEGG Pathway

A C Prolactin signaling pathway ) pralve

) ) ' 5e-04
Fc gamma R-mediated phagocytosis °
Apoptosis . o0t
Chagas disease ° do~04
T cell receptor signaling pathway 2e-04
Sphingolipid signaling pathway 1e-04
Dopaminergic synapse .
o Osteoclast differentiation
Adrenergic signaling in cardiomyocytes Gene Count

Hepatitis C ® 30
Neutrophil extracellular trap formation @ 2
Chemokine signaling pathway . 4
Lipid and atherosclerosis . e
Chemical carcinogenesis - reactive oxygen species ° . 38
B D PI3K-Akt signaling pathway . 0

20 30 40 50
Enrich Factor

cellular response to cadmium ion
Protein Name Icariin Biotin Z-score i - ) ~ cellular response to metal ion

of pop i y in of ligand
cellular resp: i i
AKT1 extrinsic apoptotic signaling pathway w
3.574 response to cadmium ion ad
JHU25302.B17C4 . intrinsic apoptotic signali in to oxidative stress
i ic sit i in of ligand
TH signal transduction in absence of liga!nd
JHU30247.B17C10 3.453 response to metal ion
cytoplasmic side of plasma membrane
cytoplasmic side of membrane
DIABLO Bcl-2 family protein complex
JHU10585.B16C18 3.370 CD40 receptor complex o
membrane microdomain (2]
MAPK1 protein phosphatase type 2A complex
3.273 pseudopodium
JHU16008.812C10 NADPH oxidase complex
secondary lysosome
PPP2R1B
idylinosi ,4-bi binding
JHU06399.B16C7 . . 3.263 RNA poly I CTD ide repeat kinase activity
superoxide-generating NAD(P)H oxidase activity
NCF1 superoxide—-generating NADPH oxidase activator activity
3.000 catecholamine binding =
JHU15344.B12C2 : ferric iron binding I
death domain binding
phosphatidylinositol binding
MCL1 MAP kinase activity
JHU18293.B15C22 2.955 oxidoreductase activity, acting on NAD(P)H, oxygen as acceptor

0 1 2 3 4
Gene Count

Figure 4 Bioinformatics analysis of Cluster 3 Proteins. (A) PPl network of Cluster 3 Proteins. (B) Enlarged-view and Z-score of Cluster 3 Proteins in proteome microarray.
(C) KEGG analysis of Cluster 3 Proteins. (D) GO analysis of Cluster 3 Proteins.
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contributes to dopamine depletion and motor symptoms such as tremor and rigidity.®” Additionally, TH mutations are
associated with dopa-responsive dystonia, a movement disorder characterized by muscle rigidity and impaired motor
function.

DIABLO (Diablo IAP-binding mitochondrial protein), also known as SMAC, is a pro-apoptotic mitochondrial protein
that promotes caspase-mediated apoptosis by antagonizing inhibitor of apoptosis proteins (IAPs). In cancers such as
renal, lung, and hepatocellular carcinoma, DIABLO is frequently downregulated. Its reduced expression correlates with
advanced tumor stage, metastasis, and poor prognosis, primarily due to impaired apoptosis and enhanced chemoresis-
tance, underscoring its potential as a therapeutic target.”%"!

NCF1 (Neutrophil cytosol factor 1) is a core component of the NADPH oxidase 2 complex essential for generating
antimicrobial reactive oxygen species (ROS) in phagocytes. Mutations in NCF1 are a primary cause of chronic
granulomatous disease characterized by impaired ROS production and recurrent infections.”* Beyond immunodeficiency,
dysregulation of NCF1 is implicated in chronic inflammatory and autoimmune disorders such as rheumatoid arthritis,
where aberrant ROS activity contributes to tissue damage.”

MCLI1 (Induced myeloid leukemia cell differentiation protein Mcl-1) is an anti-apoptotic member of the BCL-2
protein family that promotes cell survival by directly binding and inhibiting the pro-apoptotic proteins BAK and BAX,
thereby preventing mitochondrial outer membrane permeabilization and subsequent caspase activation. In cancer, MCL1
is frequently overexpressed in leukemia, lymphoma, and various solid tumors, where it enhances tumor cell survival and
confers resistance to chemotherapy. Therefore, pharmacologically inhibiting MCL1 represents a promising therapeutic
strategy to overcome treatment resistance in both hematological malignancies and solid tumors.”*">

AKT1 (RAC-alpha serine/threonine-protein kinase) is a central kinase in the PI3K/AKT pathway that, upon activa-
tion, phosphorylates downstream targets such as mTOR and FOXO to regulate cell growth, survival, and metabolism. Its
dysregulation is a key driver in multiple cancers, including breast, colorectal, and lung cancer. In addition, it promotes
tumor progression, inhibits apoptosis, and contributes to therapy resistance.’®’” Additionally, in AD, dysregulated AKT1
activity is implicated in the abnormal phosphorylation of tau protein, a process central to neurofibrillary tangle formation
and neuronal dysfunction.’®

MAPK1 (Mitogen-activated protein kinase 1) is a MAP kinase that transduces extracellular signals by phosphorylat-
ing transcription factors and cytoskeletal proteins, thereby regulating gene expression, cell cycle progression, and
apoptosis. Its constitutive activation promotes cancer cell proliferation, survival, and tumor progression,”® while in
neurological disorders it contributes to neuronal damage in stroke, synaptic dysfunction in AD, pathogenesis in PD, and
dysregulation in spinocerebellar ataxias.*® Additionally, gain-of-function mutations in MAPK]1 are associated with
a neurodevelopmental RASopathy exhibiting Noonan syndrome-like features.®'

Relationships Between Cluster 4 Proteins and Diseases

Cluster 4 included 3 nodes (NUDT7, NUDT14, NUDTS5) and 3 interaction pairings with 3 score (Figure 5A). In addition,
the enlarged-view, ID, name and Z-score for Cluster 4 proteins were also presented (Figure 5B). Furtherly, KEGG
analysis showed that ICA-binding proteins were involved in peroxisome and purine metabolism (Figure 5C). Next, GO
analysis indicated that in terms of the biological process, ICA-binding proteins were mainly enriched in ribose phosphate
metabolic process. In terms of cellular components, ICA-binding proteins were mainly enriched in microbody, micro-
body lumen, peroxisomal matrix and peroxisome. According to molecular function, ICA-binding proteins were mostly
enriched in magnesium ion binding and snoRNA binding (Figure 5D).

NUDT7 (Nucleoside diphosphate-linked moiety X motif 7) is a nucleoside diphosphate hydrolase that maintains
nucleotide homeostasis. It critically regulates key metabolites including UDP-glucose and UDP-N-acetylglucosamine,
which are essential for glycosylation and lipid metabolism, and also modulates cyclic nucleotide and phosphoinositide
signaling pathways.®* Dysregulation of NUDT7 has been implicated in cancer, where it appears to act as a tumor
suppressor, as reduced expression correlates with enhanced cell proliferation and metastasis.®

NUDT14 (Nucleoside diphosphate-linked moiety X motif 14) is a uridine diphosphate hydrolase that specifically
converts UDP to UMP, playing a key role in regulating uridine nucleotide levels for RNA metabolism. By promoting
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Figure 5 Bioinformatics analysis of Cluster 4 Proteins. (A) PPl network of Cluster 4 Proteins. (B) Enlarged-view and Z-score of Cluster 4 Proteins in proteome microarray.
(C) KEGG analysis of Cluster 4 Proteins. (D) GO analysis of Cluster 4 Proteins.

nucleotide recycling, it helps maintain cellular energy balance and metabolic homeostasis. NUDT14 has been linked to
neurodevelopmental disorders and viral infection.®*

NUDTS (Nucleoside diphosphate-linked moiety X motif 5) is a multifunctional enzyme that plays dual roles in
nucleotide metabolism and RNA processing.85 NUDTS is implicated in immune-related diseases and viral infections,
where its RNA processing activity may regulate viral replication or host immune responses. Its dysregulation is also
linked to cancer progression, likely mediated through alterations in gene expression and stress signaling pathways.*® The

interplay between its distinct enzymatic and RNA-binding activities remains an active area of research.

CETSA Validation of Top 3 ICA-Binding Proteins

HEK293T cells were treated with ICA (10 uM) or vehicle (DMSO) for 24 h. Cell lysates were heated at the indicated
temperatures for 3 min. Soluble fractions were analyzed by Western blotting assay for protein expression of the cluster’s
Top 3 ICA-binding proteins including TCP1 (Z-score = 5.822), CCT4 (Z-score = 4.702), UBE2D1 (Z-score = 4.321). As
showed in Figure 6, ICA significantly enhanced the thermal stability of TCP1, CCT4, and UBE2D1 proteins, confirming
its direct interactions with these three proteins. Quantitative analysis revealed that treatment with ICA (10 uM) increased
the melting temperature of TCP1 (65°C), CCT4 (70°C), and UBE2D1 (55, 60 and 70°C), respectively, with statistical
significance compared to the Control group (Figure 6).
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Figure 6 CETSA validation of Top 3 ICA-binding proteins. HEK293T cells were treated with ICA (10 uM) or vehicle (DMSO) for 24 h. Cell lysates were heated at the
indicated temperatures for 3 min. Soluble fractions were analyzed by Western blotting assay for protein expression of TCP| (A), CCT4 (B) and UBE2DI (C).
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Discussion

In this study, we employed a HuProt™ human proteome microarray to comprehensively identify the binding proteins of
ICA, leading to the discovery of 246 candidate binding proteins. Subsequent PPI network analysis organized these
proteins into 4 functionally distinct clusters, revealing that ICA interacts with proteins involved in central processes,
including protein folding chaperone complexes, the ubiquitin-proteasome system, apoptotic and PI3K-Akt signaling
pathways, and nucleotide metabolism. This multi-target profile suggests that the pharmacological effects of ICA are
likely mediated through the modulation of interconnected biological networks rather than a single target.

The most significantly enriched cluster (Cluster 1) comprised key components of chaperone complexes. ICA-binding
proteins were enriched in chaperone-mediated protein folding and protein folding. Given the well-established role of
proteostasis failure in neurodegenerative diseases like AD and PD,*’ the interaction of ICA with core chaperones (eg,
HSPA6, HSPD1, DNAJC7, STIP1) provided a compelling molecular basis for its documented neuroprotective effects.
For instance, the binding to DNAJC7 and STIP1 proteins directly implicated in tau aggregation and amyloid-f toxicity,
respectively, suggesting a potential mechanism by which ICA could bolster cellular protein quality control to counteract
pathological aggregation.’”*® Equally important, the same chaperones are overexpressed in pancreatic, breast, gastric and
hepatocellular carcinomas where they stabilize oncogenic clients (c-Myc, SOX2, B-catenin, AKT1), promoting tumor
progression and therapy resistance.**® Consequently, the poly-chaperone inhibition of ICA offers a mechanistic
rationale for its broad anti-tumor activity.

Drug Design, Development and Therapy 2026:20 https: 15



Gong et al

Furthermore, the identification of proteasome subunits (PSMB6, PSME3) and ubiquitin-system enzymes (ELOB,
UBE2D1) in Cluster 2 highlights the potential influence of ICA on protein degradation pathways. The proteasome is
crucial for degrading misfolded proteins and regulating cell cycle proteins. Its dysfunction is linked to both cancer and
neurodegeneration.®”*” ICA’s interaction with these components may indicate an ability to modulate proteolytic activity,
which could impact tumor cell survival (eg, via MCLI1 or cyclin regulation) and the clearance of toxic protein aggregates.

Clusters 3 and 4 connect ICA to critical signaling and metabolic hubs. The association with the apoptosis and PI3K-
Akt pathway (via AKT1, MAPK1, DIABLO, MCL1) suggested ICA could influence cell survival decisions, relevant in
both cancer (inhibiting proliferation) and neuroprotection (preventing neuronal apoptosis).”'**> Additionally, the inter-
action between ICA and NUDT family enzymes in Cluster 4 is involved in nucleotide and peroxisomal metabolism,
indicating a potential role in regulating cellular energy homeostasis and redox balance. These processes are frequently
disrupted in metabolic disorders and age-related diseases.

Limitations and Perspectives

The interactions were identified in a cell-free system, functional cellular assays and relevant animal models are needed to
confirm whether ICA’s binding to these targets modulates the implicated pathways (eg, proteasome activity, chaperone
function, or apoptosis) and to establish causal relationships.

Drug target is the point of direct action where a drug exerts its pharmacological effects. By clearly describing the
structural characteristics and physiological functions of a target, it helps to clarify the direction of development and
accelerate the discovery of new drugs. At the same time, the drug target is a key link in the disease mechanism. By
describing the target in detail, we can deeply understand the molecular mechanism of disease development and provide
the basis for precise treatment.

Conclusion

This study constructed an atlas of the ICA-binding proteins via microarray, which spans protein folding, ubiquitin-
proteasome, apoptosis and nucleotide metabolism, providing a theoretical basis for ICA treatment of diseases caused by
dysregulation of these core pathways.

Highlights

e Comprehensive profiling of 246 direct Icariin binding protein using a proteome microarray.

e Functional clustering of Icariin-binding proteins reveals key regulatory networks and pathways.

¢ The binding atlas provides a foundational resource for elucidating Icariin’s mechanisms and therapeutic potential.
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