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Oral squamous cell carcinoma (OSCC) poses a significant global health challenge due to its
high recurrence rate and resistance to cisplatin. While DNA repair pathways contribute to
chemoresistance, the role of scaffold proteins in stabilizing repair enzymes remains largely
unexplored. This study aimed to elucidate the function of CCDC43 in cisplatin sensitivity and
to identify a natural product targeting the CCDC43-PNKP axis. Bioinformatic analyses were
conducted using bulk and single-cell transcriptomic and proteomic datasets. Molecular as-
says investigated the CCDC43-PNKP interaction and the impact of neferine on this axis. Xeno-
graft models assessed the efficacy of combined neferine and cisplatin treatment. Machine
learning identified CCDC43 as a key prognostic marker and driver of cisplatin resistance.
CCDC43 was upregulated in OSCC epithelial cells and associated with poor survival. CCDC43
bound and stabilized PNKP by inhibiting ubiquitin-dependent degradation, thereby enhan-
cing DNA repair and reducing cisplatin sensitivity. Through artificial intelligence-based virtu-
al screening and experimental validation, neferine was found to disrupt the CCDC43-PNKP in-
teraction, promoted PNKP degradation, increased cisplatin-induced DNA damage, and sup-
pressed OSCC growth without acute toxicity. Collectively, the CCDC43-PNKP axis represents a
critical therapeutic target in OSCC. Neferine is a promising ethnopharmacological agent cap-
able of improving cisplatin sensitivity by targeting this pathway.

1. Introduction

crosslinks. These lesions distort the DNA double helix and block
the progression of RNA polymerase and DNA polymerase,

Oral squamous cell carcinoma (OSCC) is a major global health
burden, accounting for the vast majority of head and neck can-
cers ’. Despite advancements in surgical techniques and radio-
therapy, the five-year survival rate for patients with advanced
0SCC remains alarmingly low °. This stagnation is primarily at-
tributed to high rates of local recurrence and, most critically, the
development of resistance to systemic chemotherapy *. There-
fore, overcoming chemoresistance in OSCC has important clinical
implications.

Cisplatin (CDDP) remains the first-line chemotherapeutic
agent for OSCC. Its mechanism of action involves the formation of
platinum-DNA adducts, primarily intra-strand and inter-strand

* Corresponding author.
E-mail addresses: linxiangabriel@fjmu.edu.cn (X. Lin); zhuxiaofengfimu@
163.com; dentzxf@163.com (XF. Zhu)
® These authors contributed equally to this work.

https://doi.org/10.1016/S1875-5364(26)61224-1

thereby triggering cell cycle arrest °. However, the efficacy of cis-
platin is frequently compromised by the adaptive activation of
the DNA repair signaling *”. Furthermore, the clinical use of cis-
platin is limited by severe systemic toxicities. Therefore, a high
priority in ethnopharmacological research is to identify natural
compounds that synergize with cisplatin, enabling dose reduc-
tion while maintaining efficacy. Neferine, a bioactive bisbenzyl-
isoquinoline alkaloid derived from the green embryos of Ne-
lumbo nucifera Gaertn. (known as Lian Zi Xin in Traditional
Chinese Medicine), has been used for centuries to treat condi-
tions associated with “heat-toxin”, a traditional concept that en-
compasses inflammation, hyperproliferation, and recalcitrant
pathological states °. In modern pharmacological terms, neferine
has demonstrated multi-targeted anticancer effects, including
chemosensitization to other anticancer drugs . However, wheth-
er neferine modulates DNA repair to affect chemosensitivity re-
mains unknown.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Cancer cells evolve to overexpress specific DNA repair en-
zymes that can efficiently excise or bypass platinum-induced le-
sions '’. Among the various repair pathways, base excision repair
and non-homologous end joining are paramount in resolving the
types of damage caused by cisplatin ''. A central enzyme in these
pathways is PNKP, which is a unique bifunctional enzyme that re-
stores DNA termini to a 3'-hydroxyl and 5'-phosphate configura-
tion, a prerequisite for ligation by DNA ligases . Elevated PNKP
activity has been linked to radio- and chemoresistance in several
solid tumors "', yet the factors that regulate its protein stability
and recruitment in OSCC remain poorly defined .

Scaffold proteins, particularly those containing coiled-coil do-
mains, have emerged as essential regulators of the DNA damage
response 5. These proteins do not possess intrinsic enzymatic
activity but serve as molecular “glue” or platforms that bring to-
gether repair enzymes and their substrates '°. CCDC43 is a relat-
ively understudied member of the CCDC family . Although ini-
tial reports have implicated it in apoptosis as well as cancer pro-
liferation and metastasis '**’, its role in DNA repair and chemo-
sensitivity in OSCC has not been elucidated.

Our preliminary studies demonstrated the anticancer prop-
erties of multiple natural compounds *"**. In this study, we integ-
rated machine learning-based target discovery with multi-omics
analysis to identify CCDC43 as a potential cancer driver in OSCC
and investigated its role in DNA repair and chemosensitivity. Us-
ing artificial intelligence-based virtual screening (Al-based VS),
we identified neferine as a potential inhibitor of CCDC43-PNKP
protein-protein interaction (PPI) and validated its therapeutic ef-
fect in OSCC. The effect of neferine on CCDC43-mediated cisplatin
sensitivity was detected to evaluate CCDC43 as a therapeutic tar-
get and neferine as a natural drug candidate for OSCC.

2. Materials and methods

2.1. Bioinformatics and machine learning pipeline

To identify high-confidence prognostic markers for OSCC, we
retrieved transcriptomic and clinical data for head and neck
squamous cell carcinoma (HNSCC) patients from The Cancer Gen-
ome Atlas (TCGA), multiple Gene Expression Omnibus (GEO)
datasets (GSE42743, GSE41613, GSE65858, GSE75538, and
GSE117973), and the EMBL-EBI ArrayExpress repository (E-
MTAB-8588). Proteomic and clinical data for HNSC were sourced
from clinical proteomic tumor analysis consortium (CPTAC) and
the Human Protein Atlas. Feature selection was performed using
three complementary machine learning algorithms. First, Ran-
dom Forest analysis was implemented with the randomForest R
package using 1000 trees, and feature importance was ranked by
the Mean Decrease Gini index to identify genes most predictive of
tumor versus normal status and survival outcomes. Second, sup-
port vector machine-recursive feature elimination (SVM-RFE)
was applied using the e1071 R package to determine the optimal
feature subset for classification. Third, least absolute shrinkage
and selection operator (LASSO) regression was performed with
10-fold cross-validation using the glmnet R package. Genes com-
monly identified by all three algorithms were selected for sub-
sequent validation. Gene set enrichment analysis (GSEA) and hall-
mark pathway analysis were conducted to investigate the biolo-
gical functions and signaling pathways associated with CCDC43
expression.

2.2. Single-cell RNA sequencing (scRNA-seq) analysis

Raw single-cell RNA sequencing data from OSCC patients
(GSE172577 and GSE181919) were processed using the Seurat
pipeline. Cells with fewer than 200 or more than 6000 detected
genes, or with >15% mitochondrial gene content, were excluded.
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Data were normalized using the SCTransform method. Dimen-
sionality reduction was performed via principal component ana-
lysis (PCA) and uniform manifold approximation and projection
(UMAP). Cell types were annotated based on canonical marker
genes. CCDC43 expression was visualized using FeaturePlot and
VInPlot functions.

2.3. Cell culture and chemical agents

The human OSCC cell lines CAL27 and SCC25 were pur-
chased from Procell Corporation (Wuhan, China) and cultured in
DMEM/F12 supplemented with 10% heat-inactivated fetal bov-
ine serum. Neferine (purity = 99%) and cisplatin (purity = 99%)
were obtained from TargetMol Biotechnology (Boston, MA, USA).
Stock solutions were prepared by dissolving neferine in DMSO
and cisplatin in H,0.

2.4. Cell transduction and transfection

Lentiviral particles encoding short hairpin RNA (shRNA) tar-
geting CCDC43 were purchased from GeneChem Inc. (Shanghai,
China). For overexpression, CCDC43 plasmids were obtained
from Vigene Biosciences (Shandong, China). Knockdown was
achieved by lentiviral transduction in the presence of polybrene,
while plasmid transfection was performed using Lipofectamine™
3000 (Invitrogen, Shanghai, China). Knockdown and overexpres-
sion efficiencies were confirmed by reverse transcription quantit-
ative polymerase chain reaction (RT-qPCR) and western blot.

2.5.RT-qPCR

Total RNA was extracted from OSCC cells and reverse-tran-
scribed into cDNA. The resulting cDNA was then amplified by qP-
CR using specific primers (Table S1). Relative mRNA expression
levels were calculated using the 24™**“ method.

2.6. Western blot

OSCC cells were collected and lysed for protein extraction.
Protein concentrations were determined using a BCA assay. Equal
amounts of protein were separated by SDS-PAGE, transferred to
PVDF membranes, and immunoblotted with specific antibodies
(Table S2). Protein signals were visualized using an enhanced
chemiluminescence detection.

2.7. Colony formation assay

For the colony formation assay, OSCC cells were seeded in 6-
well plates at 500 cells per well and cultured for 14 days, with
medium replacement every 3 days. Colonies were then fixed with
methanol for 20 min, stained with 0.5% crystal violet for 30 min,
washed with distilled water, and air-dried overnight. Colonies
containing > 50 cells were counted under a light microscope.

2.8. Immunofluorescence

0SCC cells were seeded on 96-well plates, cultured, and then
fixed with 4% paraformaldehyde. After permeabilization with
0.2% Triton X-100, cells were incubated with primary antibodies
(Table S2), followed by staining with DAPI (0.2 pg-mL™"). Images
were captured using a fluorescence microscope.

2.9. EdU incorporation assays
EdU incorporation was assessed using the Apollo567 in vitro

imaging kit (RiboBio, Guangzhou, China) according to the manu-
facturer's instructions. OSCC cells were treated with 10 pmol-L™
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EdU for 2 h, then fixed with 4% paraformaldehyde, permeabil-
ized with 0.2% Triton X-100, and stained with Apollo fluorescent
dye and DAPI (5 pg-mL™). EdU-positive cells were visualized and
quantified under a fluorescence microscope.

2.10. CCK-8 assay

OSCC cells were seeded in 96-well plates and treated with in-
creasing concentrations of neferine (0, 2, 5, 10, 20, 50, and 100
umol-L™") or cisplatin (0, 2.5, 5, 10, 20, and 40 pmol-L™). Sub-
sequently, 10 uL of CCK-8 reagent was added to each well and in-
cubated for 1 h. Absorbance was measured at 450 nm using a
Synergy™ H1 Multimode Reader (BioTek, USA).

2.11. Co-Immunoprecipitation (Co-IP)

Co-IP assays were performed using a Pierce Co-IP kit
(Thermo Fisher Scientific) as previously described **. Briefly, OS-
CC cells were lysed, and protein concentrations were determined
by BCA assay. For immunoprecipitation, 5 mg of total protein was
incubated overnight with 10 pg of target-specific antibody or con-
trol IgG (Table S2). Immunocomplexes were then eluted and ana-
lyzed by western blot.

2.12. Cycloheximide (CHX) chase assays

To assess protein stability, CHX chase assays were per-
formed as described previously ". 0SCC cells were treated with 50
pg-mL™ CHX and harvested at the indicated times. Protein lys-
ates were prepared, quantified by BCA assay, and analyzed by
western blot to monitor protein degradation kinetics.

2.13. Protein-protein docking, Al-based VS, and molecular docking

The three-dimensional structures of CCDC43 and PNKP, pre-
dicted by AlphaFold, were downloaded from the UniProt data-
base. Protein-protein docking was carried out using the GRAMM-
X web server, and the putative binding interface was visualized
and analyzed with PDBePISA. Virtual screening was conducted
using the HelixVS platform (https://paddlehelix.baidu.com/
app/drug/helixvs/forecast), a deep learning-enhanced structure-
based virtual screening tool. The binding pocket was defined as
the PNKP interface involved in the CCDC43-PNKP interaction, as
predicted by GRAMM-X protein-protein docking. The TargetMol
Natural Product Library (Catalog No. L6020, n = 19 377) was
screened using default parameters. The platform automatically
executed a three-stage pipeline: (1) rapid docking with AutoDock
QuickVina 2 to generate candidate conformations; (2) deep learn-
ing-based re-scoring using the RTMScore architecture to evalu-
ate binding affinities; and (3) conformational filtering and clus-
tering based on predefined binding mode criteria. The top-ranked
compounds were selected for experimental validation. To further
characterize the interaction, molecular docking were performed
using the CB-Dock2 Al-driven platform, with binding affinities
evaluated based on Vina scores.

2.14. Cellular thermal shift assay (CETSA)

CETSA was performed as previously described **. Briefly, OS-
CC cells treated with or without neferine were harvested and
lysed. Lysates were clarified by centrifugation, diluted in buffer
containing protease inhibitors, and aliquoted (30 pL per sam-
ple). Each aliquot was heated at indicated temperatures (40,
43, 46,49, 52, 55, 58, and 61 °C) for 3 min, followed by 3 min in-
cubation at room temperature. Heated lysates were then centri-
fuged, and the supernatants were collected for western blot ana-
lysis.
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2.15. In vivo xenograft model

Animal studies were approved by the Institutional Animal
Care and Use Committee (No. 2024-632). CAL27 cells (5 x 10°)
were injected subcutaneously into male BALB/c nude mice (4-5
weeks old). Once tumor volume reached approximately 100 mm?,
mice were randomly divided into three groups (n = 5 per group)
and treated with: (1) saline (control), (2) cisplatin (5 mg-kg™, i.p.,
twice weekly), or (3) neferine (10 mg-kg™, i.p., daily) combined
with cisplatin (5 mg-kg™, i.p., twice weekly). At the endpoint,
mice were euthanized, and tumors were excised and weighed. To
assess in vivo toxicity, separate cohorts received neferine (10
mg-kg™) or saline via intraperitoneal injection. For acute toxicity
assessment, separate cohorts of C57BL/6 mice (6-8 weeks old)
received neferine (10 mg-kg™, i.p., daily) or an equal volume of
saline for 14 consecutive days. Serum samples were collected for
measurement of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), blood urea nitrogen (BUN), and creatin-
ine (CREA) using an automated analyzer. Major organs (liver and
kidney) were harvested, fixed in 4% paraformaldehyde, and pro-
cessed for H&E staining to evaluate histopathological changes.

2.16. Immunohistochemistry

Paraffin-embedded tissue sections (4 um) were deparaffin-
ized, rehydrated, and subjected to antigen retrieval in citrate buf-
fer. Endogenous peroxidase activity was blocked with 3% H,0,,
and non-specific binding was blocked with goat serum. Sections
were then incubated with primary antibodies (Table S2), and sig-
nals were visualized using a DAB substrate kit (Maixin Biotech.,
Fuzhou, China).

2.17. Statistical analysis

Statistical analysis was performed using SPSS (version 22.0)
and R (version 4.4.1). Results from three independent experi-
ments were expressed as mean * standard deviation. Differences
between two groups were assessed using two-tailed Student’s t-
test, and comparisons among multiple groups were analyzed by
one-way ANOVA with Tukey’s HSD post-hoc test. A P-value < 0.05
was considered statistically significant.

3. Results

3.1. Machine learning identified CCDC43 as a prognostic predictor
in 0SCC

To systematically identify genes driving OSCC progression,
we employed three independent machine learning algorithms on
the TCGA-HNSC dataset. Random Forest analysis identified
CCDC43 as a gene with a high Mean Decrease Gini score, indicat-
ing its importance in distinguishing tumor from normal tissue
and predicting patient survival (Figs. 1A-1D). SVM-RFE further
narrowed the gene list, showing that CCDC43 was a critical fea-
ture for high-accuracy classification (Figs. 1E and 1F). Finally,
LASSO regression confirmed CCDC43 as a key gene capable of dis-
tinguishing tumor from normal tissue and predicting patient sur-
vival (Figs. 1G and 1H). Among the top three intersecting genes,
CCDC43 ranked first.

Validation across multiple bulk transcriptomic cohorts
(TCGA, GSE42743) revealed that CCDC43 mRNA was signific-
antly upregulated in OSCC compared to adjacent normal tissues
(Fig. 2A). Clinically, high CCDC43 levels correlated with advanced
T-stage (Fig. 2B), positive lymph node metastasis (N-stage, Fig.
2C), and pathological grade (Fig. 2D). Most importantly, COX re-
gression analysis and Kaplan-Meier survival curves demon-
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strated that patients with high CCDC43 expression had signific-
antly shorter overall survival (0S), disease-free survival (DFS),
disease-specific survival (DSS), and progression-free survival
(PFS) across the TCGA, GSE41613, and GSE65858 datasets (Figs.
2E-2L), suggesting CCDC43 as a prognostic driver.

3.2. CCDC43 was specifically enriched in malignant epithelial cells
of 0SCC

We further validated these findings at the protein level using
the CPTAC proteomic dataset. CCDC43 protein expression was
significantly upregulated in HNSCC samples relative to normal
tissues (Fig. 3A, Table S3) and were predictive of poor OS (Fig.
3B). Immunohistochemical staining from the Human Protein At-
las confirmed strong cytoplasmic and nuclear CCDC43 expres-
sion in OSCC sections, while normal oral mucosa showed minim-
al staining (Fig. 3C).

To pinpoint the cellular source of CCDC43 within the com-
plex tumor microenvironment, we analyzed scRNA-seq data from
two independent cohorts (GSE172577 and GSE181919). After
clustering and cell-type annotation, we found that CCDC43 ex-
pression was almost exclusively restricted to the tumor epithelial
cell cluster (Figs. 3D-3I). This cell-type specificity suggested that
CCDCA43 exerted a cell-intrinsic oncogenic function.

3.3. CCDC43 was linked to DNA repair and platinum resistance
GSEA was performed to explore the biological pathways as-

sociated with CCDC43. High CCDC43 expression was significantly
enriched in KEGG pathways related to DNA damage repair and
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DNA replication (Fig. 4A). Similarly, HALLMARK analysis showed
a strong correlation with the DNA repair signaling (Fig. 4B).

Given these findings, we investigated the relationship
between CCDC43 and platinum sensitivity. Using the cancer
therapeutics response portal database (https://portals.broadin-
stitute.org/ctrp/), we observed that OSCC cell lines with high
CCDC43 expression exhibited significantly higher IC50 values for
platinum (Fig. 4C). This positive correlation between CCDC43 ex-
pression and platinum IC50 was consistently observed in the
GSE41613, GSE42743, and TCGA cohorts (Figs. 4D-4F), strongly
suggesting that CCDC43 contributed to chemoresistance.

3.4. CCDC43 depletion impaired DNA repair and sensitized OSCC
cells to platinum

To confirm the functional role of CCDC43, we established
stable CCDC43-knockdown CAL27 and SCC25 cell lines (Figs.
5A-5C). Silencing CCDC43 significantly reduced the colony-form-
ing capacity of OSCC cells and markedly sensitized them to cis-
platin (Figs. 5D and 5E). Moreover, CCK-8 assays revealed that
CCDC43 knockdown enhanced cisplatin sensitivity (Figs. S1A and
B). To determine if this sensitization was due to defective DNA re-
pair, we monitored y-H2AX foci, a marker for DNA damage. While
cisplatin induced a baseline level of y-H2AX, CCDC43 knockdown
led to a dramatic and persistent accumulation of y-H2AX foci fol-
lowing cisplatin treatment (Figs. 5F-5I). Furthermore, EAU incor-
poration assays showed that silencing CCDC43 enhanced the in-
hibitory effect of cisplatin on DNA replication (Figs. 5]-5M). Col-
lectively, these findings indicated that CCDC43 reduced platinum
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sensitivity in OSCC by facilitating DNA repair.
3.5. CCDC43 interacted with and protected PNKP from degradation

To further elucidate the mechanism underlying CCDC43-im-
paired platinum sensitivity, we screened for its potential interact-
ing proteins. Interrogation of both the IntAct (https://www.
ebi.ac.uk/intact) and BioGRID (https://thebiogrid.org) databases
revealed PNKP, a key repair enzyme, as the most probable inter-
acting protein of CCDC43. Co-IP assays confirmed that CCDC43
and PNKP interacted in OSCC cells (Fig. 6A). Interestingly,
CCDC43 knockdown resulted in a significant decrease in PNKP
protein levels (Figs. 6B and 6C) without affecting its mRNA levels
(Fig. 6D), suggesting a post-transcriptional mechanism. CHX
chase assays showed that the half-life of PNKP was reduced in
CCDC43-silenced cells (Figs. 6E and 6F). Since GSEA revealed that
CCDC43 was enriched in the proteasome pathway (Fig. 4A), we
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next investigated the effect of CCDC43 on ubiquitin-proteasome
pathway-mediated PNKP degradation. Furthermore, Co-IP as-
says revealed that CCDC43 silencing significantly increased PNKP
poly-ubiquitination, and MG-132 treatment blocked the degrada-
tion of ubiquitinated PNKP (Figs. 6G and 6H). These results indic-
ated that CCDC43 acted as a scaffold that shielded PNKP from the
ubiquitination and degradation.

3.6. Neferine targeted the CCDC43-PNKP interface to trigger PNKP
degradation

Using protein-protein docking, we identified a high-affinity
interaction between CCDC43 and PNKP (binding energy = -16.5
keal-mol™) (Fig. 7A, Table $4). We then applied artificial intelli-
gence-based virtual screening using the HelixVS platform to re-
cognize natural compounds as potential PPI inhibitors (Table S5).
Neferine was calculated to dock with PNKP, exhibiting a binding
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energy of -8.4 kcal-mol™ (Fig. 7B). CETSA assays confirmed that
neferine treatment increased the thermal stability of PNKP, indic-
ating direct target engagement (Figs. 7C and 7D). Furthermore,
treating OSCC cells with neferine suppressed PNKP expression
without altering CCDC43 expression (Figs. 7E and 7F). Interest-
ingly, comparison of the protein-protein (CCDC43-PNKP) and
protein-ligand (PNKP-neferine) interactions revealed that the ne-
ferine binding site on PNKP spatially overlapped with the
CCDC43-PNKP interaction interface, involving residues R396,
P473, and S475 of PNKP (Fig. 7B, Table S4). Crucially, Co-IP as-
says showed that neferine treatment disrupted the interaction

between CCDC43 and PNKP (Figs. 7G and 7H). This disruption
was accompanied by a significant increase in PNKP ubiquitina-
tion, while CCDC43 overexpression reversed this effect (Figs. 71
and 7J).

3.7. Neferine enhanced cisplatin sensitivity to suppress OSCC growth

Neferine exhibited moderate cytotoxicity as a monotherapy
(Figs. S2A and B) and improved cisplatin sensitivity in colony
formation assays (Figs. 8A and 8B). The combination treatment
induced massive DNA damage, as evidenced by intense y-H2AX
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staining (Figs. 8C-8F). Furthermore, EdU incorporation assays knockdown. In the CAL27 xenograft model, the combination of

revealed that neferine augmented the suppressive effect of cis- neferine and cisplatin resulted in profound tumor regression

platin on DNA replication (Figs. 8G-8]), phenocopying CCDC43 (Figs. 8K-8M). Assessment of neferine toxicity in vivo revealed
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Fig. 8 Neferine impaired DNA damage repair and enhanced platinum sensitivity in OSCC. (A, B) Colony formation assays showed that neferine enhanced cisplatin sensitiv-
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0.001 vs the CDDP group.

that serum markers (ALT, AST, BUN, CREA) remained within
normal ranges (Figs. 8N-8Q). ine, a bioactive alkaloid from
Nelumbo nucifera Gaertn., effectively disrupted this axis, ther-
eby sensitizing OSCC Additional H&E staining of the liver and
kidney from treated mice revealed no histopathological abnor-
malities, indicating that neferine did not cause acute toxicity
(Fig. 8R).
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4. Discussion

Despite advances in OSCC treatment, chemoresistance re-
mains a major clinical hurdle, underscoring the critical need to
move beyond traditional cytotoxic mechanisms *°. Our study
identified the CCDC43-PNKP interaction as a critical node in the
DNA damage response network that impaired cisplatin sensitiv-
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ity. By integrating machine learning-based target discovery, multi-
omics analysis, and ethnopharmacological validation, we demon-
strated that nefercells to platinum-based therapy.

Previous bioinformatics analyses revealed that CCDC43 was
upregulated in advanced OSCC, where it served as an independ-
ent prognostic factor for poor survival, promoted metastasis, and
impaired antitumor immunity *’. Consistently, our work con-
firmed the prognostic value of CCDC43 in OSCC based on multi-
omics analysis, positioning it as a promising therapeutic target.
Furthermore, its specific enrichment in OSCC epithelial cells, as
revealed by single-cell analysis, underscores its role as a cell-in-
trinsic driver of the malignant phenotype. Scaffold proteins, des-
pite lacking intrinsic enzymatic activity, are the master architects
of cellular signaling *°. Our findings elevated CCDC43 from a mere
structural protein to a pivotal regulator of the DNA damage re-
sponse in OSCC. CCDC proteins are characterized by a versatile
structural motif in which two to six a-helices coil together like
rope strands, providing a stable platform for multi-protein com-
plex assembly *°. In the context of cancer, many CCDC proteins
have been found to be hijacked to stabilize oncogenic signaling *°
Previous studies reported that CCDC43 interacted with YY1 and
FHL1 in gastric cancer '® ', Consistently, our work proposed that
CCDC43 functioned as a stabilizer for PNKP. PNKP could repair
cisplatin-damaged DNA by restoring termini to a ligation-compet-
ent 3'-hydroxyl and 5'-phosphate state *'. DNA lesions that block
the progression of replication forks activate checkpoint path-
ways to temporarily arrest S-phase progression and facilitate re-
pair, thereby inhibiting DNA synthesis until the damage is re-
solved *. Our data suggested that CCDC43 bound to PNKP, shield-
ing it from ubiquitination and degradation *. thereby impairing
cisplatin sensitivity by regulating the DNA damage response.
Thus, CCDC43 could serve as a biomarker for predicting poor re-
sponse to standard cisplatin therapy.

Advances in rational design, computational methods, and
screening technologies have enabled the targeting of protein-pro-
tein interactions, transforming them from traditionally undrug-
gable targets into a tractable class for therapeutic intervention **
A key advance of our study was the identification of neferine as a
potent inhibitor of the CCDC43-PNKP interaction through Al-
based VS. Unlike conventional structure-based or ligand-based
methods that rely on physics-based docking and scoring func-
tions, Al-based VS integrates advanced algorithms such as graph
neural networks, transformers, and convolutional neural net-
works to learn complex patterns from molecular data *°. Al-based
methods are particularly valuable for challenging targets such as
protein-protein interactions, where traditional docking often
struggles due to flat, featureless interfaces *°. Neferine possesses
a unique bisbenzylisoquinoline structure. This structural feature
provides the molecular complexity and hydrophob1c1ty required
for intercalation into the protein-protein interface *’. Consistent
with previous reports, our molecular docking and CETSA results
provided a structural rationale for this activity, showing that ne-
ferine targeted the PNKP interface required for CCDC43 binding.
By occupying this interface, neferine induced a conformational
shift that exposed PNKP to the cellular ubiquitination machinery.

Cisplatin resistance (high CCDC43)

Cisplatin \>
° > ’ ] {
o N | (0
& PNK[P) e
Protected from
m & ubiquitination and
degradation
DNA damage
DNA repair

Efficient DNA repair
Cisplatin resistance
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The traditional use of Nelumbo nucifera embryos for “heat-
toxin” conditions, a Traditional Chinese Medicine term encom-
passing inflammation, hyperproliferation, and treatment resist-
ance, provides a strong ethnopharmacological foundation for this
study, as these features are hallmarks of advanced 0SCC °. Our
molecular findings provided a modern scientific translation for
these concepts. Furthermore, the synergy between neferine and
cisplatin exemplified a beneficial herb-drug interaction that en-
hanced therapeutic outcomes **. Cisplatin exerted its anticancer
effect by damaging DNA, whereas neferine sensitized cells by
blocking DNA repair. This combination presented a dose-sparing
strategy to circumvent the dose-limiting toxicities of cisplatin. In
traditional practice, Lian Zi Xin is considered to have a “cold”
nature, which, according to Traditional Chinese Medicine prin-
ciples, renders it suitable for treating “heat” conditions without
causing excessive harm. This aligns with our animal data, which
demonstrated that neferine treatment exhibited no significant
acute toxicity. Furthermore, neferine may exert protective effects
by mitigating the systemic oxidative stress induced by high-dose
platinum therapy > *°, supporting its potential as a “heat-toxin-
moderating” adjunct to platinum-based chemotherapy. Given its
excellent efficacy **°, developing synthetic derivatives of nefer-
ine with optimized pharmacokinetics and enhanced binding affin-
ity for the CCDC43-PNKP interface represents a promising aven-
ue for drug development. Future studies could include thermal
proteome profiling, drug affinity responsive target stability-west-
ern blotting to assess neferine-PNKP binding, or chemoproteom-
ic approaches to map the interactome of neferine and evaluate its
selectivity. Moreover, structure-activity relationship studies may
guide the development of neferine derivatives with improved
binding affinity and fewer off-target effects. Unbiased affinity
purification-mass spectrometry would also be valuable for char-
acterizing the CCDC43 interactome in OSCC. Chronic toxicity eval-
uation with multiple dose levels and additional endpoints would
be beneficial to further assess the long-term safety profile of ne-
ferine for clinical translation. In addition, autophagy inhibitors
could help clarify the degradation pathways regulating PNKP sta-
bility, and quantitative biophysical assays such as surface plas-
mon resonance or microscale thermophoresis would be useful to
determine the binding affinity and kinetics of the neferine-PNKP
interaction. Finally, we acknowledge that the absence of a nefer-
ine monotherapy group in the present in vivo study limits our
ability to quantify the synergistic contribution of neferine relat-
ive to its additive antitumor effects.

5. Conclusion

This study provided a comprehensive molecular characteriz-
ation of the CCDC43-PNKP axis, identifying it as a critical target
for enhancing cisplatin sensitivity in OSCC. Through a mul-
tidisciplinary approach, we demonstrated that CCDC43 func-
tioned as a scaffold, shielding PNKP from ubiquitin-mediated de-
gradation to enhance DNA repair and impair cisplatin sensitivity.
Crucially, we identified neferine as a potential inhibitor of the
CCDC43-PNKP interaction (Fig. 9). By disrupting this complex,

—— mmmmmw  Neferine treatment e

Neferine
CH,
Ub
uu
Ublqumnatlon and
degradation
\ ,/
0-CHy l

Impaired DNA repair
Cisplatin sensitivity

Fig. 9 Working model of neferine disrupting the CCDC43-PNKP interaction to regulate DNA damage repair and platinum sensitivity in OSCC.
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neferine induced PNKP degradation, sensitizing OSCC cells to cis-
platin and driving significant tumor regression with a favorable
safety profile in vivo. This work establishes CCDC43 as a novel
target within the DNA damage response network and provides
modern scientific validation for neferine, offering a promising
and targeted strategy to overcome chemoresistance in OSCC.
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