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ARTICLE INFO ABSTRACT

Keywords: Nasopharyngeal carcinoma (NPC), a malignancy arising from the nasopharyngeal epithelium, is common in the
Nasopharyngeal carcinoma east and southeast area of Asia. Treatments for locally advanced and recurrent NPC include chemotherapy
Mutant p53

(usually combined with 5-Fluorouracil, 5-FU) and radiotherapy, but response is limited due to chemo-resistance.

g;SB p53 mutation is a critical factor for 5-FU resistance in some cancers, but its role in NPC chemo-resistance remains
Chemoresistance unclear. Here, we demonstrate that p53(R280T), a common p53 somatic mutation found in multiple NPC tumor
DNA repair samples, induces gain-of-function upregulation of DNA repair genes which leads to 5-FU resistance in NPC. p53
Curcumin (R280T) specifically upregulates the expression of DNA repair-associated gene KMT5B by binding to its pro-
moter, which leads to 5-FU resistance. Depletion of KMT5B in NPCs restores 5-FU induced DNA damages and
improve the efficacy of 5-FU. By screening compounds affecting KMT5B expression, we identify curcumin as an
effective down-regulator of KMT5B in NPC cells. We therefore evaluate the therapeutic potential of a 5-FU/cur-
cumin combination to treat NPC and discover that curcumin enhances the efficacy of 5-FU to suppress NPC tumor
growth. In summary, our findings indicate that mutant p53 and its regulated DNA repair genes serve as potential

therapeutic targets to reverse 5-FU resistance for NPC patients.
1. Introduction dependent. According to the International Agency for Research on
Cancer, although NPC accounted for 0.6 % (120,416 new cases) of all
Nasopharyngeal carcinoma (NPC) is an epithelial carcinoma arising cancers diagnosed in 2022, NPCs are particularly prevalent in Hong-
from the nasopharynx. In contrast to other epithelial head and neck Kong and southern China [1]. Moreover, first-generation southern Chi-
tumors, the distribution of NPC cases is highly geographically nese immigrants living in non-endemic regions such as the United States
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are at increased risk of NPC compared with the local population [2,3].
The World Health Organization classifies NPC into three pathological
subtypes: keratinizing squamous, non-keratinizing, and basaloid squa-
mous [4]. Of these, non-keratinizing NPC represents the largest share of
cases in endemic areas and is strongly associated with Epstein-Barr virus
(EBV) infection [5-7]. Recent studies exploring the molecular landscape
of NPC revealed the crucial role of genomic alterations, including TP53
mutations, in disease progression [8-10].

The p53 tumor suppressor is a DNA sequence-specific transcription
factor that controls cell cycle arrest, cell death, and senescence through
the transcriptional transactivation of its downstream target genes
following cellular stress, such as DNA damage or oncogene-induced
replication stress [11-13]. Under physiological conditions, p53 plays a
vital role in facilitating DNA repair by inducing the expression of DNA
repair genes and halting the cell cycle to allow time for the repair pro-
cess [14]. In light of its crucial role in guarding genome integrity, p53
mutations have been strongly associated with the initiation and pro-
gression of a host of cancers [15-19]. Furthermore, p53 mutations are
implicated in supporting chemoresistance in several cancers, such as
colorectal cancer, lung cancer, and breast cancer [20-22]. The majority
of p53 mutations are missense mutations in the DNA-binding domain
(DBD), resulting in structural changes that impair p53’s DNA-binding
ability, which is required for transcriptional activation [13]. In addi-
tion to the abrogation of tumor suppressor functions, several p53
gain-of-function mutants have been shown to transcriptionally upregu-
late the chromatin regulators MLL1, MLL2, and MOZ [23], as well as
directly interact with MLL1 to hijack H3K4me3 modifications [24,25],
culminating in an oncogenic phenotype. p53 mutants have also been
shown to induce gain-of-function activities, which compromise the ef-
ficacy of chemotherapy [22,26,27]. Whole-exome sequencing has
identified recurrent p53 mutations, such as p53(R280T), in NPC [8,9].
Compromised p53 function increases dependence on glycolysis in
p53-mutant cells, which further leads to increased sensitivity to ionizing
radiation when combined with inhibition of glycolysis [28]. While some
gain-of-function p53 mutant variants, such as p53(R248L), and the
activated PI3K/mTOR pathway are important mediators of cisplatin
resistance in squamous cell carcinomas of the head and neck [29], the
authentic role of these p53 mutations in facilitating chemoresistance
remains unclear.

KMT5B (lysine methyltransferase 5B, also known as SUV4-20H1)
encodes a protein with a SET domain that functions as a histone meth-
yltransferase [30]. KMT5B plays a crucial role in early mammalian
development. Several studies have identified KMT5B as an important
causative gene for autism spectrum disorder and other neuro-
developmental conditions [31]. Furthermore, KMT5B mediates H4K20
dimethylation (H4K20me2) and trimethylation (H4K20me3), which
leads to transcriptional inhibition. These histone modifications are
implicated in the repair of DNA damage, such as double-strand breaks
(DSBs), caused by both endogenous (e.g., gene transcription) and
exogenous stimuli (e.g., chemotherapy and radiation) [32]. A reduction
in H4K20me2 caused by KMT5B deficiency impairs 53BP1-mediated
DNA repair, resulting in elevated p53 expression and activation of its
target gene Ddit4 (also known as Reddl), which has been linked to
synaptic impairment [33]. Although accumulating evidence suggests a
link between KMT5B and cancer progression [34], it remains unclear
whether KMT5B is involved in mutant p53-driven tumor growth and
chemoresistance.

According to the National Comprehensive Cancer Network (NCCN)
Guidelines, while radiotherapy is the main therapeutic strategy for
early-stage NPC, concurrent chemoradiotherapy, combining radio-
therapy with systemic chemotherapy, is recommended as the mainstay
treatment for locoregionally advanced, recurring, and distantly meta-
static NPC due to its significant improvement in overall survival
compared with radiotherapy [35-37]. 5-Fluorouracil (5-FU) in combi-
nation with docetaxel and cisplatin-based induction chemotherapy have
been considered the first-line treatments for patients with advanced NPC
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[35,37,38]. Prior work has indicated that the primary anti-cancer ac-
tivity of 5-FU arises through the upregulation of p53-activated DNA
damage response and apoptosis-regulatory pathways [39]. However, a
substantial proportion of NPC patients experience treatment failure and
show tumor recurrence or distant metastasis due to chemoresistance
[40,41]. Although several molecular events have been found to support
the chemoresistance of NPC [42-44], an understanding of the detailed
mechanisms in the development of 5-FU-associated chemoresistance in
NPC remains unclear.

Curcumin, a novel agent extracted from Curcuma longa (turmeric),
has attracted extensive attention from scientists due to its high thera-
peutic potential. Recent in vivo and in vitro studies have demonstrated
the antineoplastic activities of curcumin [45-50]. In NPC, curcumin has
been found to attenuate carcinogenesis by suppressing cell proliferation,
inducing cell apoptosis, and enhancing the radiotherapy response
[51-53]. Furthermore, significant synergistic activity of curcumin in
combination with chemotherapy drugs, including 5-FU, has been
documented to address drug resistance in head and neck squamous
carcinoma, colorectal cancer, and breast cancer cells [54-56]. These
findings suggest that curcumin may also have potential as an adjunctive
chemotherapy in treating NPC patients.

In this study, we investigate 5-FU chemoresistance in NPC cells and
identify an unexpected dependency on a mutant p53 gain-of-function
affecting DNA repair machinery. By carrying out RNA-seq and ChIP-
seq studies to systematically dissect mutant p53 oncogenic functions,
we identify KMT5B as a key molecule involved in p53(R280T)-mediated
5-FU resistance. We also demonstrate that curcumin, a naturally
occurring compound that induces KMT5B downregulation, synergisti-
cally inhibits NPC tumor growth in combination with 5-FU treatment.
Suppression of DNA repair machinery may offer effective salvage or
potentially even first-line therapies to overcome mutant p53-induced 5-
FU resistance in NPC patients.

2. Results

2.1. p53(R280T) shows impairment of tumor suppressor activity in NPC
cell lines

To understand the basis of 5-FU resistance in NPC, we first examined
the role of p53 signaling in tumor and non-tumor nasopharyngeal cells.
RT-qPCR indicated that 5-FU induces the expression of p53 downstream
targets CDKNIA and PUMA in the immortalized but non-tumorigenic
nasopharyngeal epithelial cell line, Np69, but fails to induce this
response in multiple NPC lines, including CNE1, CNE2, C666.1, and
SUNE1 (Fig. 1A). The results suggested an impairment of functional p53
tumor suppressor activity in NPC. Sanger sequencing of the TP53 gene
locus identified a distinctive missense mutation (TP53; ¢.839G > C, p.
R280T) consistently present in the NPC cell lines, while the Np69 and
Np460 cell lines exhibited an intact TP53 gene (Fig. 1B). Interestingly,
analyses of the IARC TP53 database and COSMIC database demon-
strated that p53(R280T) is a prevalent hot spot p53 mutation (around
10 % of all p53 mutations) in NPC. Analysis of the published human p53-
DNA complex X-ray structure suggested that R280 not only participates
in DNA’s specificity recognition but also is involved in a network of
interactions between the phosphate backbone of T11 and the side chains
of G11, R273, and D281, suggesting a considerable function of R280 in
supporting p53 binding to DNA duplexes (Fig. 1C). Since MDM2-
mediated p53 ubiquitination and degradation critically impacts p53
function [11], we investigated if p53(R280T) retains the capacity to be
regulated by MDM2. Immunoprecipitation demonstrated a decreased
protein-protein interaction between MDM2 and p53(R280T) compared
with wild-type p53 (p53(WT)) (Fig. 1D). Consistently, proteolysis assay
following co-expression of MDM2 with either p53(WT) or p53(R280T)
demonstrated impaired MDM2-mediated degradation of p53(R280T)
compared with p53 (Fig. 1E). Consistently, p53(R280T) protein exhibits
greater stability compared to p53(WT), as demonstrated by a
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Fig. 1. Identification of p53(R280T) mutation and investigation of its role in NPC cells (A) Impairment of 5-FU-induced p53 activation in NPC. RT-qPCR analysis
shows the relative levels of p53-regulated CDKN1A and PUMA mRNA in NPC cell lines (CNE1, CNE2, C666.1, and SUNE1) and normal nasopharyngeal epithelial cells
(NP69) treated with DMSO or 10 pM 5-FU. CDKN1A and PUMA mRNA levels are normalized to GAPDH mRNA. Data represent the mean + SEM of three independent
experiments. **p < 0.01. (B) Sanger sequencing identifies the p53(R280T) (c.839, G > C) mutation in multiple NPC cell lines, including CNE1, CNE2, SUNE1, and
C666.1. (C) Structure and binding mode of the human p53-DNA complex. p53 interacts with DNA nucleotides via residues R273, R280, and D281. DNA and p53
protein are shown as grey sticks and colored ribbons, respectively. The structure is modified from NDB ID: PDR022. (D) Co-immunoprecipitation (Co-IP) reveals that
the R280T mutation impairs the interaction between p53(R280T) and MDM2. p53 or p53(R280T) was transfected with MDM2 in H1299 cells, and cell lysates were
subjected to Co-IP using an anti-p53 antibody. Input indicates the total lysate used for Co-IP. (E) Immunoblotting shows that the R280T mutation partially impairs
MDM2-mediated degradation of p53(R280T). VCL is presented as the internal control. (F) The cycloheximide chase assay demonstrates that p53(WT) has a shorter
protein half-life than p53(R280T) when expressed in CNE2-p53KO cells. GAPDH was used as the internal control. (G) RT-qPCR shows that wild-type p53, but not p53
(R280T), induces the upregulation of p53 targets (p21, BAX, and 14-3-3c) in p53-null H1299 cells. H1299 cells were transfected with tetracycline-inducible wild-type
p53 or p53(R280T). Immunoblotting demonstrates the protein expression of p53, p53(R280T), and p21. Data represent the mean + SD of three independent ex-
periments. *p < 0.05, ***p < 0.001. (H) RT-qPCR shows that wild-type p53, but not p53(R280T), induces the upregulation of p53 targets (p21, BAX, 14-3-3c0, and
MDM2) in CNE2-p53KO cells. CNE2-p53KO cells were transfected with tetracycline-inducible wild-type p53 or p53(R280T). Data represent the mean + SD of three
independent experiments. ***p < 0.001. (I) Western blot analysis indicates that p53(R280T) weakly activates p53 targets. CNE2-p53KO cells were transfected with
tetracycline-inducible p5S3(WT) or p53(R280T). Protein expression of p53, p53(R280T), p21, BAX, MDM2, and GAPDH was assessed by immunoblotting, with
GAPDH serving as the internal control. (J) Tumor volumes of control and p53-KO groups in a nude mouse xenograft NPC model. n = 4. Data represent the mean +
SD. ****p < 0.0001. (K) Left panel shows representative images of CNE2 cells xenograft tumors in control and p53-KO groups. The right panel shows the tumor

weights of indicated groups. Data represent the mean + SD. *p < 0.05.

cycloheximide chase assay (Fig. 1F). These results indicated that the
substitution of positively charged arginine (R) with uncharged threonine
(T) likely disrupts p53 protein structure, impairs its interaction with
MDM2, and hinders MDM2-mediated proteolysis, leading to a loss of
tumor suppressor function and a gain of oncogenic activity.

We subsequently established p53(R280T)-depleted CNE2 cells
(CNE2-p53K0) and control CNE2 cells as a functional cell model for
studying p53(R280T). The p53 knock-out was generated using two
sgRNAs targeting p53 Exon 2 and Exon 4, respectively (Fig. S1A). p53
(R280T) knockout efficiency was validated by immunoblotting con-
firming no detectable p53(R280T) protein expression in CNE2-p53KO
cells (Fig. S1B). In agreement with genotype, RT-qPCR and Western
blot analyses showed that, compared to p53(WT), p53(R280T) exhibits
impaired transcriptional activation of several known p53 target genes,
including p21, BAX, 14-3-30, and MDM2 in both CNE2-p53KO and p53-
null H1299 cells (Fig. 1G, H, and 1I). Furthermore, in vivo xenograft
experiments demonstrated reduced tumorigenesis in CNE2-p53KO cells
compared to parental CNE2 cells harboring p53(R280T) (Fig. 1J). Both
tumor volume and weight were significantly lower in the CNE2-p53KO
group than in the CNE2 group (Fig. 1J and K). These findings suggest a
potential gain-of-function role for p53(R280T) in NPC development.

2.2. p53(R280T) confers 5-FU resistance in NPC cell lines

Given the potential oncogenic role of p53(R280T) in NPC, we
investigated whether p53(R280T) contributes to chemoresistance,
particularly resistance to 5-FU, in NPC. Cell proliferation assay revealed
increased sensitivity to 5-FU mediated growth inhibition in p53-
knockdown CNE2 cells cells compared with CNE2 cells (Fig. 2A).
CNE2 cells harboring p53(R280T) exhibited resistance to 5-FU and
formed colonies, whereas depletion of p53(R280T) significantly
increased 5-FU sensitivity, resulting in minimal colony formation after
treatment (Fig. 2B). Consistently, 5-FU resistance was also observed in
SUNEI1, another NPC cell line harboring p53(R280T), and this chemo-
resistance was abolished following p53(R280T) knockdown using two
distinct shRNAs targeting p53 (shp53-1 and shp53-2) (Fig. 2C and D).
Moreover, 5-FU selectively inhibited the in ovo tumorigenic ability of
p53-knockdown CNE2 cells but not CNE2 cells in chick chorioallantoic
membrane (CAM) assay (Fig. 2E). Taken together, our in vitro and in ovo
studies highlight that p53(R280T) confers resistance to 5-FU in NPC.

To explore how 5-FU mediates growth inhibition in NPC, we
analyzed cell apoptosis using flow cytometry. We specifically examined
the sub-G1 cell population, as these cells, characterized by fractional
DNA content, predominantly represent the apoptotic population. 5-FU
treatment increased the proportion of sub-G1 cells in CNE2 cells (from
3.61 % to 21.2 % of total cells) and caused an even more pronounced
increase in CNE2-p53KO cells (from 2.55 % to 32.7 %) (Fig. 2F). The

negative regulatory role of p53(R280T) in 5-FU-induced apoptosis was
confirmed in SUNE1 cells with p53(R280T) knockdown (Fig. 2G).
Interestingly, the expression of y-H2AX, a biomarker for DNA double-
strand breaks, was significantly elevated following 5-FU treatment in
CNE2-p53KO cells, but not in CNE2 cells harboring p53(R280T)
(Fig. 2H). These findings demonstrate that p53(R280T) confers gain-of-
function activity to promote tumorigenesis by impairing 5-FU-induced
apoptosis and the DNA damage response in NPC.

2.3. Genome-wide ChIP-seq study reveals the gain-of-function of p53
(R280T) in NPC

Many cancer-associated mutant p53s not only lack tumor suppressor
functions but also possess gain-of-function oncogenic activities not
found in p53(WT) [25,57-61]. We hypothesized that the p53(R280T)
mutation induces a gain-of-function by promoting transcriptional acti-
vation of genes involved in NPC-associated 5-FU resistance. To identify
potential transcriptional targets specifically regulated by p53(R280T),
we performed chromatin immunoprecipitation followed by
next-generation sequencing (ChIP-seq) in CNE2 cells expressing p53
(R280T) and in CNE2-p53KO cells transduced with p53(WT). This
approach allowed us to determine and compare the global genome oc-
cupancies of p53(R280T) and p53(WT), respectively. The binding pat-
terns of p53 and p53(R280T) to gene-proximal regions (less than 3 kb)
near transcription start sites (TSSs) were analyzed. In accordance with
our hypothesis, ChIP-seq analyses revealed remarkably little overlap
between the genome-wide p53 and p53(R280T) binding regions, which
included 67 shared peaks, 700 p53 unique peaks, and 1791 p53(R280T)
unique peaks in CNE2 cells (Fig. 3A). These findings indicate that p53
(R280T) not only loses DNA binding to typical p53 transcriptional tar-
gets but also binds to a unique set of genomic loci at sites critical for gene
expression regulation. Moreover, in comparison to the identified p53
genome binding loci, where only 39.91 % were located within 3 kb of
promoter regions, the p53(R280T) genome binding loci predominantly
mapped to promoter regions, accounting for 81.96 % (Fig. 3B), sug-
gesting that p53(R280T) mainly modulates gene transcription directly.
Known and de novo motif analysis using the HOMER tool revealed that
p53 TSS-proximal peaks are most significantly enriched for
p53/p63/p73 binding motifs (Fig. 3C); in contrast, the most signifi-
cantly enriched known motifs among p53(R280T) TSS-proximal peaks
shared similarity to ETV4(ETS) and ZNF75D binding motifs (Fig. 3D),
indicating that p53(R280T) may collaborate with other transcription
factors to bind directly to specific genomic loci. ChIP-seq read peaks also
demonstrated that p53(R280T) loses genome binding to the promoter
region of known p53 targets (e.g. p21, ZMAT3, and RPS27L) but ac-
quires binding to the promoters of known mutant p53 targets (e.g.
MLL1, MLL2, and ARID3B) [23,62] (Fig. 3E). Together, these ChIP-seq
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analyses suggest that p53(R280T) abolishes certain p53(WT) functions
while enabling regulation of new categories of gene expression in CNE2
cells.

Gene Ontology Biological Process (GO_BP) analysis of p53(R280T)-
bound proximal gene regions revealed a distinct enrichment of DNA
repair-related processes, such as DNA repair and global genome
nucleotide-excision repair (Fig. 4A). This contrasts with the enrichment
of p53-specific targets, which are primarily associated with processes
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like signal transduction involved in mitotic G1 DNA damage checkpoint
and cell cycle regulation (Fig. 4A). The enrichment of p53(R280T)
specific binding targets in DNA damage-related pathways (e.g. ATM
pathway, nucleotide excision repair, DNA repair, DSBs and cellular
response via ATM, and DNA IR-damage and cellular response via ATR)
was also observed in the BioPlanet and Wikipathway analyses (Fig. S2A
and S2B). Metascape GO analysis also supported that p53(R280T)-
specific binding targets are enriched in DNA repair and regulation of
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Fig. 2. p53(R280T) mutation confer 5-FU resistance in NPC cells (A) Depletion of p53(R280T) selectively inhibits the proliferation of 5-FU-treated CNE2 cells. (Left
panel) An MTT assay evaluates the viability of CNE2 and p53(R280T)-depleted CNE2 cells following 5-FU treatment. (Right panel) RT-qPCR confirms the knockdown
efficiency of p53(R280T). Data are presented as the mean + SD/SEM from three independent experiments. ***p < 0.001. (B) Colony formation assay reveals that p53
(R280T) depletion reduces 5-FU resistance in CNE2 cells. CNE2-Ctrl and CNE2-p53KO cells are treated with DMSO or 5 pM 5-FU for 3 days and subsequently cultured
in normal medium for 1 week. Colonies are stained with crystal violet and quantified using a microplate reader at OD595. Results represent three biological rep-
licates; error bars indicate +SD. Statistical significance is determined by two-way ANOVA; ***p < 0.001. (C) Knockdown of p53(R280T) selectively reduces the
proliferation of 5-FU-treated SUNE1 cells. (Left panel) An MTT assay evaluates the viability of SUNE1 and p53(R280T)-depleted SUNE1 cells following 5-FU
treatment. (Right panel) RT-qPCR confirms the knockdown efficiency of p53(R280T). Data are presented as the mean + SD from three independent experiments.
***p < 0.001. (D) Colony formation assay demonstrates that p53(R280T) depletion diminishes 5-FU resistance in SUNEL1 cells. SUNE1-shCtrl and SUNE1-shp53 cells
are treated with DMSO or 4 pM 5-FU for 3 days and subsequently cultured in normal medium for 1 week. Colonies are stained with crystal violet and quantified using
a microplate reader at OD595. Results represent three biological replicates; error bars indicate +SD. Statistical significance is determined by two-way ANOVA; ***p
< 0.001. (E) In ovo CAM assay demonstrates that p53(R280T) depletion enhances 5-FU-mediated inhibition of tumorigenesis in CNE2 cells. One and a half million
cells were implanted for the tumorigenesis assay. Data are presented as the mean + SD from independent experiments. **p < 0.01, ***p < 0.001. (F) Flow cytometry
analysis of cell cycle distribution shows that p53KO increases the sub-G1 phase in CNE2 cells upon 5-FU treatment. CNE2-Ctrl and CNE2-p53KO cells are treated with
30 pM 5-FU for 48 h, stained with PI, and analyzed by flow cytometry. Histograms show an increased sub-G1 phase in CNE2-p53KO cells compared with CNE2-Ctrl
cells. Data are presented as the mean + SD from three independent experiments. **p < 0.01. (G) Flow cytometry analysis of cell cycle distribution shows that p53
knockdown increases the sub-G1 phase in SUNE1 cells upon 5-FU treatment. SUNE1-shCtrl and SUNE1-shp53 cells are treated with 30 pM 5-FU for 48 h, stained with
PI, and analyzed by flow cytometry. Histograms show an increased sub-G1 phase in SUNE1-shp53 cells compared with SUNE1-shCtrl cells. Data are presented as the
mean =+ SD from three independent experiments. **p < 0.01. (H) y-H2AX immunofluorescence staining shows 5-FU-induced DNA damage in CNE2-Ctrl and CNE2-
p53KO cells. Nuclei are stained with DAPI. Quantitative analysis of positive cells is performed using ImageJ. Data are presented as the mean + SD from three in-

dependent experiments. *p < 0.05. Scale bar, 10 pm.

response to DNA damage stimulus pathways (Fig. 4B). Furthermore,
protein-protein interaction (PPI) analysis identified that p53(R280T)-
specific ChIP targets corresponded to DNA repair process proteins
(Fig. 4C, left panel), while p53-specific ChIP targets and shared targets
corresponded to cellular response to stress and DNA damage response
processes, respectively (Fig. 4C, middle and right panels). Gene Set
Enrichment Analysis (GSEA) of transcripts in NPC and normal naso-
pharyngeal mucosa tissues revealed the enrichment of p53(R280T)-
specific binding genes in NPC (Fig. 4D), suggesting an oncogenic abil-
ity of the predominant p53(R280T) mutation in driving a transcriptional
signature in NPC.

To examine if p53(R280T) shares genomic target similarity with
other gain-of-function mutant p53s (p53(R248Q), p53(R249S), and p53
(R273H)), we compared ChIP-seq results among each p53 mutant. We
found that p53(R280T) genomic binding peaks largely differ from other
hot-spot mutant p53s genomic binding peaks (Fig. 4E-G), although
some targets (e.g., MLL1 and MLL2) were shared among distinct mutant
p53s (Fig. 3E) [23]. Together, these results suggest that p53(R280T)
plays a critical and unique gain-of-function role in regulating DNA
repair, which may contribute to 5-FU resistance in NPC.

2.4. p53(R280T) transcriptionally upregulates DNA repair-associated
genes KMT5B and CCNG2 in NPC

An analysis of transcriptomic alterations following exposure to
various chemotherapies and other compounds with potential thera-
peutic roles in multiple cancers revealed that 5-FU most consistently and
dramatically downregulated p53(R280T) genome-bound targets among
the panel of 36 drugs (Fig. 5A). Treatments for locally advanced and
recurrent NPC routinely include 5-FU as a first-line therapy; however, its
effectiveness is often limited by the development of chemo-resistance.
Given that 5-FU downregulates p53(R280T) targets, it is likely that
p53(R280T)-mediated transcripts play a role in the development of 5-FU
resistance in NPC. To dissect the fundamental mechanisms underlying 5-
FU resistance driven by p53(R280T), we investigated and compared the
global transcriptomes of CNE2-Ctrl and CNE2-p53KO cells. RNA from
CNE2-Ctr] and CNE2-p53KO lines was isolated and analyzed by RNA-
seq. A heatmap of RNA-Seq expression, computed using z-scores,
revealed significant differences between the transcriptomes of CNE2-
Ctrl and CNE2-p53KO cells (Fig. 5B). Differentially expressed genes
(DEG) between CNE2-Ctrl and CNE2-p53KO cells were further analyzed
and presented in a volcano plot. Compared to CNE2-Ctrl cells, CNE2-
P53KO cells exhibited significant downregulation of numerous known
NRF2 pathway targets (e.g., GPX2 and TXNRD3), fatty acid biosynthesis
genes (e.g., SCD and ACACB), DNA repair-associated factors (e.g.,

KMT5B, CCNG2, SWSAP1, and DICER1), and cancer stem cell genes (e.
g., SOX2). Concurrently, CNE2-p53KO cells showed upregulation of
genes involved in rRNA processing and ribosome biogenesis (e.g.,
RRP12, POP4, NOLC1, and WDR46) (Fig. 5C). GO_BP analyses of these
DEGs between CNE2-Ctrl and CNE2-p53KO cells indicated that p53
(R280T) upregulates genes involved in metabolic processes, oxygen
transport, regulation of cell cycle arrest, and signal transduction in
response to DNA damage but downregulates genes involved in cell
migration and adhesion, regulation of MAPK pathway and cytokine-
mediated signaling (Fig. 5D).

By integrating RNA-seq and ChIP-seq data, we identified 51 genes
transcriptionally regulated by p53(R280T) via direct genome binding to
the promoter/TSS region (Fig. S5E). Since 5-FU treatment has been
shown to induce DNA damage responses [63], we hypothesized that the
upregulation of DNA repair genes conferred 5-FU resistance in NPC.
Indeed, multiple signaling molecules known to be involved in DNA
repair, including CCNG2 [64], KMT5B [65,66], SWSAP1 [67,68], and
DICER1 [69], were among the 51 p53(R280T) transcriptionally regu-
lated genes (Fig. 5F and Fig. S3A). ChIP-seq peak analysis demonstrated
binding of p53(R280T) but not p53 to the promoters/TSS of CCNG2 and
KMTS5B (Fig. 5F and Fig. S3A). Other mutant p53s, namely p53(R248Q),
p53(R249S), and p53(R273H), did not bind to the proximal promo-
ter/TSS of CCNG2, KMT5B, SWSAPI1, or DICER1 (Fig. S3B). ChIP-qPCR
further validated specific p53(R280T) binding to the promoter regions
of CCNG2 and KMT5B and lack of binding to the same region by p53
(Fig. 5G). RT-qPCR validated the lower CCNG2 and KMT5B mRNA
expression in CNE2-p53KO cells compared with CNE2-Ctrl cells
(Fig. 5H). The reduced mRNA expression of CCNG2 and KMT5B
observed in CNE2-p53KO cells upon the elimination of p53(R280T) was
restored by reintroducing p53(R280T) (Fig. 5I and Fig. S3C). Together,
these results highlight the transcriptional regulatory role of p53(R280T)
in activating the DNA repair machinery, potentially contributing to 5-FU
resistance in NPC.

2.5. p53(R280T)-induced KMT5B confers 5-FU resistance in NPC cells

Given that the primary therapeutic effect of 5-FU occurs through
induction of DNA damage, especially double- or single-stranded breaks
[63], we sought to investigate whether KMT5B, a p53(R280T)-regulated
DNA damage repair gene, contributes to 5-FU resistance in NPC cells.
KMT5B, also known as SUV4-20H1, is a histone-lysine N-methyl-
transferase required for proper DNA damage repair. It deposits H4K20
methyl marks to damaged DNA to enable 53BP1 binding [65,66].
Immunofluorescence (IF) staining revealed a significant increase of
y-H2AX signal and y-H2AX positive cells following 5-FU treatment in
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Fig. 3. ChIP analysis of p53 and p53(R280T) genome occupancies in NPC cells (A) (Top left) The Venn diagram illustrates the overlap between p53 and p53(R280T)
binding peaks in CNE2 cells. ChIP-seq analysis identifies 700 p53-specific, 1791 p53(R280T)-specific, and 67 common promoter/TSS genomic binding sites. (Bottom
left) A heatmap shows p53 and p53(R280T) binding across the 3 kb genomic regions surrounding the ChIP-seq peaks. (Right) Composite plots present average
binding signals for p53-specific, p53(R280T)-specific, and common p53/p53(R280T) peaks. (B) Pie charts depict the genomic distribution annotations of p53-
specific, p53(R280T)-specific, and common p53/p53(R280T)-targeted genomic binding sites in relation to known RefSeq genes. (C) HOMER motif analysis of
wild-type p53 genomic binding peaks in CNE2 cells reveals the top-scoring motifs for known (Top) and de novo (Bottom) binding sites. (D) HOMER motif analysis of
p53(R280T) genomic binding peaks in CNE2 cells identifies the top-scoring motifs for known (Top) and de novo (Bottom) binding sites. (E) IGV browser views
illustrate p53-KO (p53-null), p53, and p53(R280T) occupancy at promoter regions of representative p53(WT)-target genes (e.g., p21, ZMAT3, and RPS27L) (Top) as
\Lvell as mutant p53-specific target genes (e.g., MLL1, MLL2, and ARID3B) (Bottom).
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Fig. 4. Gain-of-function role of p53(R280T) in regulating DNA repair and mediating 5-FU resistance in NPC (A) GO_BP analysis using Enrichr highlights the unique
enrichment of DNA repair processes, global genome nucleotide-excision repair, and nucleotide-excision repair preincision complex assembly-related genes specif-
ically in p53(R280T) genomic targets. (B) Biological processes and pathways enriched in p53, p53(R280T), and common p53/p53(R280T) genomic targets are
analyzed and visualized as a network using Metascape. Enriched pathways and processes are color-coded: green for p53, red for p53(R280T), and blue for shared
p53/p53(R280T) targets. (C) Network visualization of protein-protein interactions (PPI) among biological processes associated with p53(R280T) targets, as identified
by Metascape analysis. (D) Gene Set Enrichment Analysis (GSEA) reveals significant enrichment of p53(R280T)-specific targets in NPC cells compared to naso-
pharyngeal mucosa. (E-G) Heatmap clustering of unique and shared genomic binding peaks compares p53(R280T) with other p53 mutants: p53(R248Q) (E), p53
(R249S) (F), and p53(R273H) (G).
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KMT5B-depleted CNE2 and SUNEL cells (Fig. 6A and S4A), indicating
the essential inhibitory role of KMT5B in the response of 5-FU-induced
DNA damage in NPC. The knockdown of KMT5B sensitized the 5-FU
response in NPC and led to lower colony formation in
KMT5B-depleted CNE2 and SUNEI] cells compared to control CNE2 and

Cancer Letters 625 (2025) 217736

SUNEI cells (Fig. 6B and S4B). Caspase 3/7 activity assays indicated that
depletion of KMT5B led to increased cell apoptosis in 5-FU-treated CNE2
cells (Fig. 6C). These findings suggest that KMT5B plays a crucial role in
p53(R280T)-mediated 5-FU resistance in NPC.
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Fig. 5. p53(R280T) transcriptionally upregulates DNA damage repair genes in NPC (A) Enrichr analysis of p53(R280T) ChIP targets reveals transcript upregulation
(red) and/or downregulation (blue) following treatment with distinct chemotherapeutic compounds. (B) Heatmap depicting significant transcript differences be-
tween CNE2-Ctrl and CNE2-p53KO cells, computed using z-scores. (C) Volcano plot illustrating differential gene expression between CNE2-Ctrl and CNE2-p53KO
cells. Significantly upregulated genes upon p53(R280T) knockout are shown in orange (fold change >2) and yellow (fold change <2), while significantly down-
regulated genes are depicted in dark blue (fold change >2) and blue (fold change <2). Insignificant transcripts (p > 0.05) are presented in grey. (D) GO_BP pathway
analysis of DEGs between CNE2-Ctr]l and CNE2-p53KO cells identifies representative pathways. Significant GO_BP pathways are selected based on p and q values <
0.05. (E) Venn diagram showing overlap between p53(R280T)-specific genomic targets and downregulated transcripts in CNE2-p53KO cells relative to CNE2-Ctrl
cells. A total of 51 transcripts, including DNA repair genes CCNG2, KMT5B, SWAP1, and DICER1, were identified. (F) IGV snapshot highlighting p53(R280T)
genomic occupancy at the promoter/TSS regions of CCNG2 and KMT5B. (G) Left: Schematic representation of the amplicon locations for CCNG2 and KMT5B ChIP-
qPCR validation. Right: ChIP-qPCR confirms p53(R280T) binding peaks at the promoter/TSS regions of CCNG2 and KMT5B in CNE2 cells. Data represent the mean
+ SD of three independent experiments. ***p < 0.001. (H) RT-qPCR analysis shows downregulation of CCNG2 and KMT5B in CNE2-p53KO cells compared to CNE2-
Ctrl cells. Data represent the mean + SD of three independent experiments. *p < 0.05. (I) RT-qPCR demonstrates that p53(R280T) restores CCNG2 and KMT5B
Sxpression in CNE2-p53KO cells. Data represent the mean =+ SD of three independent experiments. **p < 0.01, ***p < 0.001.

2.6. Curcumin sensitizes NPC to 5-FU therapy by repressing KMT5B chemotherapy resistance [72-74]. For NPC, the mutation rate of p53
reaches 30 %, and R280T is one of the hotspot mutant sites [75]. In NPC
Given the critical role of KMT5B expression in 5-FU resistance, we cells, Li J et al. demonstrated that p53(R280T) exhibits loss-of-function

screened compounds that can downregulate KMT5B, as they may have and may misfold to form aggregates with the assistance of Hsp90, which
therapeutic potential in sensitizing NPC to 5-FU therapy. We pre- impedes its entry into the nucleus and disrupts the initiation of tran-
selected 26 potential compounds used or investigated for cancer treat- scription for downstream target genes [10]. In the current study, we
ment to assess their effects on KMT5B expression and found that cur- conducted a multiomics analysis combining ChIP-seq and RNA-seq to
cumin, rotenone, and perampanel effectively suppress KMT5B investigate the gain-of-function properties of p53(R280T) and identify
expression in NPCs (Fig. 6D). Among them, curcumin was selected for p53(R280T)-modulated transcripts. Our systems approach provides
future investigation due to its anti-inflammatory properties and avail- mechanistic insights into p53(R280T)-associated 5-FU resistance in NPC
ability as a dietary supplement, making it a potential option for patients. We identified that p53(R280T) transcriptionally regulates a set
continuous supplementation in NPC patients after chemotherapy. of molecules involved in DNA damage repair, including CCNG2, KMT5B,

Treatment of CNE2 and SUNE1 cells with curcumin significantly SWSAP1, and DICER1. Mechanistic and functional analyses revealed
reduced the expression of both p53(R280T) and KMT5B (Fig. 6E and that mutant p53, particularly p53(R280T), can hijack the epigenome
Fig. S4C), supporting the notion that curcumin suppresses p53(R280T), network by transcriptionally upregulating the histone methyltransferase
thereby leading to decreased KMT5B expression. Consistently with this KMTS5B, leading to 5-FU resistance. Interestingly, previous studies have
observation, the ectopic expression of p53(R280T), but not p53(WT), shown that other mutant p53 variants, such as p53(R248Q), p53
activated KMT5B expression (Fig. 6F). Taken together, our findings (R249S), and p53(R273H), can upregulate histone methyltransferases
suggest that curcumin downregulates KMT5B by inhibiting p53(R280T) MLL1 and MLL2 [23], and mutant p53 variants such as p53(R175H) and

expression. p53(G245D) can form novel transcriptional complexes and recruit MLL1
5-FU and curcumin combination treatment markedly decreased cell to promote an open-chromatin structure and facilitate gene transcrip-
viability compared with 5-FU or curcumin treatment alone (Fig. 6G, left tion [25]. These findings underscore the hijacking of the epigenome as a
panel, and Fig. S4D, left panel), consistent with the reported synergistic common gain-of-function mechanism contributing to the oncogenic
effects of curcumin with other chemotherapies [65,66]. In CNE2 and properties of mutant p53.
SUNEI1 cells, cotreatment with 2.5 pM curcumin reduced cell viability 5-FU has been widely used for clinical treatment of various cancers,
following 5-FU treatment across a range of 5-FU doses (1.25-10 pM) including NPC [76]. However, the efficacy of 5-FU-based chemotherapy
(Fig. 6G, middle panel, and S4D, middle panel). The Combination Index has been clinically limited due to chemo-resistance and dose-limiting
(CD [70,71], which reflects the degree of synergy between curcumin and cytotoxicity [77]. Understanding the mechanisms of 5-FU resistance in
5-FU across the tested range of 5-FU doses, demonstrated a synergistic NPC is an essential step toward overcoming resistance and improving
effect (CI value < 1) with addition of curcumin in CNE2 cells (5-FU NPC patients’ overall survival. p53 mutations are detected in more than

[2.5-10 pM]) but also in SUNE1 cells (5-FU [2.5-10 pM]) (Fig. 6G, right half of human cancers, many of which play an important role in 5-FU
panel, and S4D, right panel, and Table 1). The colony forming assay resistance [78,79]. However, this study is the first to establish the

further supported the synergistic effect of curcumin in 5-FU treated NPC pathological mechanisms of mutant p53 gain-of-function in 5-FU resis-
(Fig. 6H). In ovo CAM assay demonstrated a significant reduction in cell tant NPC, providing important insights into overcoming NPC chemo-
numbers within NPC tumors following concurrent treatment of curcu- resistance. Since targeting the mutant p53-dependent signaling network
min and 5-FU, compared to treatment with 5-FU alone. (Fig. 6I). The can be an effective approach for treatment [80], we performed the
xenograft study also showed that the volume and weight of NPC tumors screening based on the regulation of KMT5B. Interestingly, curcumin, a
were decreased in the groups treated with curcumin, 5-FU, or both natural compound identified in our screening for chemicals down-
curcumin and 5-FU, compared to the control group (Fig. 6J and K). regulating KMT5B in NPCs, has been demonstrated to sensitize multiple
Importantly, the therapeutic efficacy of 5-FU was enhanced by curcu- cancers (including osteosarcoma, fibrosarcoma, breast, lung, cervical
min, as the combination treatment more effectively inhibited tumor and colorectal cancer) to chemotherapeutic drugs via induction of DNA
growth, functionally confirming the synergistic effect. In summary, damage and modulation of DNA repair of double-strand breaks [56,81,
these results suggest that inhibition of KMT5B by curcumin improves the 82]. The minimal toxicity of curcumin underscores its potential as a
efficacy of 5-FU treatment in 5-FU-resistant NPC with p53(R280T). component of combination cancer chemotherapy [83]. Our finding
highlights the potential of combining curcumin with 5-FU for the
3. Discussion treatment of 5-FU-resistant NPC. Since p53(R280T) induces oncogenic
gain-of-function in several tumor types, including bladder [84], glioma
The majority of p53 mutations found in cancers are missense muta- [85], and nasopharynx, we speculate that similar combined treatments
tions in the DNA binding domain. While each amino acid substitution downregulating KMT5B may enable effective chemotherapy targeted
has the potential to alter p53 structure, DNA binding, and interactions against mutant p53(R280T) that continues to effectively activate the
with partner proteins, certain p53 mutations not only impair tumor p53 DNA damage response.
suppressor functions but also confer oncogenic properties, including ChIP analysis in NPC cells demonstrated that p53(R280T) genomic
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Fig. 6. Curcumin synergistically enables 5-FU therapy by inhibiting p53(R280T)-upregulated KMT5B in NPC (A) IF staining shows that knockdown of KMT5B leads
to a significant increase in y-H2AX in 5-FU-treated CNE2 cells. Nuclei were stained with DAPI. Quantitative positive cells were analyzed using ImageJ. Data represent
the mean + SD of three independent experiments. *p < 0.05. Scale bar: 10 pm. (B) Colony-forming assay of KMT5B-depleted CNE2 cells in response to 5-FU
treatment demonstrates that knockdown of KMT5B reduces 5-FU resistance in CNE2 cells. CNE2-shCtrl and CNE2-shKMT5B cells were treated with DMSO or 5
M 5-FU for 3 days and then grown in normal culture medium for an additional week. Surviving colonies were stained with crystal violet and quantified by a
microplate reader at OD595. n = 3 biological replicates; error bars represent +SD; statistical significance was determined using two-way ANOVA; ***p < 0.001. (C)
Cell apoptosis assay measures Caspase 3/7 activities upon 5-FU treatment in CNE2-shCtrl and CNE2-shKMT5B cells. Data represent the mean + SD of three inde-
pendent experiments. **p < 0.01. (D) Drug screening identifies compounds capable of downregulating KMT5B mRNA expression. Data represent the mean + SD of
three independent experiments. **p < 0.01. (E) Immunoblotting reveals the decrease of p53(R280T) and KMT5B protein levels in response to curcumin treatment in
CNE2 cells. GAPDH serves as an internal control. (F) Immunoblotting indicates that ectopic expression of p53(R280T) upregulates KMT5B protein levels, while p53
(WT) suppresses KMT5B expression. GAPDH serves as an internal control. (G) Cell viability assay shows the in vitro synergistic effect of combining 5-FU and
curcumin to inhibit CNE2 cell growth. (Left panel) The cell viability of CNE2 cells treated with 5-FU, curcumin, and the combination of 5-FU/curcumin was measured
by MTT assay. (Middle panel) The cell viability of CNE2 cells treated with individual 5-FU or the combination treatment with 2.5 pM curcumin for 3 days is shown.
The cell viability curve indicates that the combination treatment of 5-FU and curcumin significantly inhibits CNE2 cell proliferation and survival. (Right panel) CI
values demonstrate that curcumin has a synergistic effect with 5-FU (CI < 1). CI values were calculated based on the quantification of cell viability in CNE2 cells
treated with 5-FU combined with curcumin and single 5-FU. Data are presented as mean =+ SD for three independent replicates. CI < 1 indicates synergism, CI = 1
indicates additivity, and CI > 1 indicates antagonism. ***p < 0.001. (H) Colony-forming assay reveals the synergistic effect of curcumin and 5-FU in suppressing
CNE2 colony formation. CNE2 cells were treated individually with 4 pM 5-FU, 4 uM curcumin, or 4 pM 5-FU/curcumin for 3 days and then grown in normal culture
medium for an additional week. Surviving colonies were stained with crystal violet and quantified by microplate reader at OD595. n = 3 biological replicates; error
bars represent +SD; statistical significance was determined using two-way ANOVA; ***p < 0.001. (I) In ovo CAM assay demonstrates the synergistic effect of
curcumin and 5-FU in suppressing CNE2 tumorigenesis. Four million cells were implanted for drug treatment. Data represent the mean + SD of five independent
experiments. **p < 0.01, ***p < 0.001. (J) Tumor volumes in a nude mouse xenograft NPC model treated with control, curcumin, 5-FU, and combination treatment.
Data represent the mean + SD (n = 4). Statistical significance: P(ctrl vs cur) = 0.0781, P(ctrl vs 5-FU) = 0.0271, P(5-FU vs comb) = 0.0798, P(cur vs comb) = 0.0899,
P(ctrl vs comb) = 0.0018. (K) Left: Representative images of xenograft tumors from CNE2 cells in control, curcumin, 5-FU, and combination treatment groups. Right:
"Eumor weights in the indicated groups. Data represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

4. Materials and methods
Table 1

-F i istically inhibit NP 1ls. . . . . .
5-FU and curcumin synergistically inhibit NPC cells 4.1. Antibodies, chemicals, plasmids, shRNAs, sgRNAs, and primers

CNE2 5-FU 1.25 2.5 5 10 20 Anti-p53 (DO-1, sc-126) antibody was purchased from Santa Cruz
Cur 2.5 2.5 2.5 2.5 2.5 Biotechnology and used at 1:1000 for immunoblotting; 8 pL (1.6 pg) was
a1 1.09093  0.92411  0.84664  0.98052  1.35221

SUNEL o EU Los . A 10 20 used for co-immunoprecipitation (Co-IP), and 10 pg of sc-126x was used

Cur 95 95 95 95 95 for ChIP-seq. Antibodies against MDM2 (sc-13161, 1:1000 for immu-

c 0.51544 0.56837 0.80546 0.95577 1.26066 noblotting) and VCL (sc-73614, 1:1000 for immunoblotting) were also
obtained from Santa Cruz Biotechnology. The anti-p21 antibody (cat#
29478, 1:1000 for immunoblotting) was purchased from Cell Signaling
Technology. Anti-Bax antibody (610983, 1:1000 for Immunoblotting)
was purchased from BD Transduction Laboratories. Anti-GAPDH anti-
body (60004-1-Ig, 1:4000 for Immunoblotting) was purchased from
Proteintech. Anti-KMT5B antibody (TA377881S, 1:1000 for Immuno-
blotting) was purchased from Origene. HRP-conjugated secondary an-
tibodies (cat# AP130P, 1:3000 for immunoblotting) were obtained from
EMD Millipore.

MTT and puromycin were purchased from Research Product Inter-
national. MG132 (cat# 1748/5) was obtained from R&D Systems.
Doxycycline (cat# D9891), 5-Fluorouracil (cat# F6627) and curcumin
(cat# C1386) were obtained from Sigma. shRNA, sgRNA and qRT-PCR
primers (Supplementary Table 2) were purchased from Integrated
DNA Technologies (USA). The shRNA and sgRNA were confirmed by
Sanger sequencing in Eton Bioscience Inc and GENEWIZ.

Synergism is defined by CI: <1, Additive Effect with CI = 1; and Antagonism by
CI>1.

occupancy sites and binding motifs are distinct from those of p53, sup-
porting the idea that p53(R280T) may exhibit gain-of-function by
regulating novel gene expression. Pathway enrichment analysis revealed
that the promoters/TSSs of many DNA repair pathway genes are bound
by p53(R280T). Interestingly, motif analysis showed that p53(R280T)
binding motifs are familiar to ETV4(ETS) and ZNF75D motifs, implying
that p53(R280T) may interact and cooperate with other transcriptional
factors and regulators such as these to modulate chromatin remodeling
and gene expression. Furthermore, a comparison of the genome binding
sites of p53(R248Q), p53(R249S), p53(R273H), and p53(R280T)
revealed that p53(R280T) has distinct binding capabilities, differing
from those of p53(R248Q), p53(R249S), and p53(R273H). Many pro-
moter/TSS regions of DNA repair genes (e.g., CCNG2, KMT5B, SWSAP1,
and DICER1) were uniquely bound by p53(R280T), but not by p53
(R248Q), p53(R249S), or p53(R273H). These findings highlight the 4.2. Cell culture
importance of defining the discrete oncogenic functions of mutant p53s

in developing personalized therapies. In the future, the characterization The poorly differentiated NPC cell lines CNE2 and SUNE1 were
of the genomic binding and gene regulation of particular mutant p53s in generously provided by Professor Chaonan Qian (Sun Yat-sen University
connection with a particular cancer may be extended to include the Cancer Center, China). HEK-293T and H1299 cells were obtained from
assessment of unique chromatin architecture, transcription factors, and ATCC. Cell line authentication was performed according to the recom-
epigenomic factors. mendations from the ATCC cell line authentication guidelines. CNE2,

In summary, our work demonstrates that p53(R280T) not only dis- SUNE1, and H1299 cells were grown in RPMI 1640 medium supple-
rupts p53 tumor suppressor functions but also directly drives the tran- mented with 10 % (vol/vol) fetal bovine serum (FBS) (Opti-Gold per-
scriptional regulation of DNA repair pathways, enabling 5-FU resistance formance enhanced F0900-050, GenDEPOT, Barker, TX), L-glutamine,
in NPC cells. Targeting the downstream signaling driven by p53(R280T), and penicillin/streptomycin, while HEK-293T cells were maintained in
particularly by blocking KMT5B activation, offers a promising strategy DMEM supplemented with 10 % (vol/vol) FBS, L-glutamine, and peni-
to overcome 5-FU resistance and holds significant potential for clinical cillin/streptomycin. Cells were incubated at 37 °C in a humidified at-
NPC treatment. mosphere with 5 % CO2. All experiments were performed using cells

within 3-10 passages. All cell lines were tested for mycoplasma
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contamination using the PCR Mycoplasma Detection Kit (Applied Bio-
logical Materials Inc, USA) according to the manufacturer’s instructions.

4.3. RT-qPCR

Total mRNA was extracted using TRIzol Reagent (Invitrogen)
following the manufacturer’s instructions. RT-qPCR was performed as
described previously [25]. qPCR primers were designed using Primer-
Bank (https://pga.mgh.harvard.edu/primerbank/). The reaction was
performed according to the following program: 50 °C for 10 min, 95 °C
for 5 min, 40 cycles of 95 °C for 10 s and 60 °C for 30 s, and 95 °C for 10
min. Samples were analyzed in triplicates and normalized to GAPDH
expression.

4.4. Genotyping analysis

Genomic DNA from CNE2, SUNE1, C666, and NP69 cells was iso-
lated using the Easy-DNA kit (Invitrogen) following the manufacturer’s
protocol. The p53 exon was amplified using specific primers with M13
or M13R tags targeting the TP53 exon regions [57], and then directly
sequenced by GENEWIZ.

4.5. Co-IP and immunoblotting

Co-IP and immunoblotting were performed as previously described
[86]. Briefly, cells were lysed in RIPA-B buffer (20 mM Na2HPO4 [pH
7.4], 150 mM NaCl, and 1 % Triton X-100) with protease inhibitors (1
mM phenylmethylsulfonyl fluoride, 5 mM NaF, 2 mM sodium orthova-
nadate, 3 pg/ml aprotinin, and 750 pg/ml benzamidine) by vortexing or
sonication at 4 °C. For co-IP, the protein lysates were immunoprecipi-
tated with the indicated antibodies at 4 °C overnight. The
protein-antibody complexes were pulled down with 50 pl of either
Protein A or G beads (Roche 11134515001 or 11243233001), washed
with ice-cold RIPA-B buffer containing protease inhibitors. The washed
beads were mixed with 2 x protein loading dye and boiled at 99 °C for 5
min. Lysate samples were loaded onto gels for SDS-PAGE and then
transferred onto PVDF membranes (Bio-Rad Laboratories, 1620177).
For immunoblotting, protein-transferred membranes were blocked with
TBST buffer (10 mM Tris-HCI [pH 7.9], 150 mM NaCl, and 0.05 %
Tween 20) containing 5 % skim milk, incubated with the indicated
primary antibodies, subsequently incubated with HRP-conjugated sec-
ondary antibodies, and detected using ECL western blotting detection
reagents (GE Healthcare, RPN2209).

4.6. p53-DNA Helix structure study

The structure of the human P53-DNA complex (PDB 1TSR) was used
to examine the interface between DNA and the residues R273, R280, and
D281 (chain D). Interactions between nucleotides and residues (R273
and R280) with distance <4 A are shown by dashed lines. All molecular
graphic figures were made by PyMOL.

4.7. Cycloheximide (CHX) chase assay

Protein turnover was performed as previously described [87].
Briefly, the cells were transfected with 2 pg p53(WT) and p53(R280T)
plasmids, respectively for 24 h. Cells were then treated with 200 pg/mL
cycloheximide and harvested at indicated time points after cyclohexi-
mide treatment. The protein levels were analyzed by immunoblotting.

4.8. Establishment of CNE2-p53KO lines

Paired guide RNA sequences targeting exon 2 and exon 4 of the TP53
gene were designed using the optimized CRISPR design tool (http
://crispr.mit.edu). DNA oligonucleotides were purchased from Inte-
grated DNA Technologies and cloned into the pSpCas9(BB)-2A-Puro
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(PX459) V2.0 vector (Addgene, 62988). These TP53 sgRNA/Cas9 con-
structs were transfected into CNE2 cells by electroporation. Briefly, 1 x
107 CNE2 cells were mixed with 8 pg of each TP53 sgRNA/Cas9 plasmid
in 600 pl of EmbryoMax Electroporation Buffer (Millipore, ES-003-D).
Electroporation was performed at 200 V/950 pF using a Bio-Rad Gene
Pulser Xcell System (Millipore). The cells were then immediately plated
onto a 10 cm tissue culture plate with complete RPMI 1640 medium and
selected with 3 pg/ml puromycin. Puromycin-resistant cells were seeded
to form single clones in 96-well plates at a concentration of 1.5 cells per
well. The p53(R280T)-knockout CNE2 (CNE2-p53KO) cells were
examined by PCR to confirm the TP53 gene deletion.

4.9. RNA-seq, GSEA, Enrichr, and metascape analyses

Cells were lysed and RNA samples were prepared by Trizol RNA
isolation reagent (Thermo Fisher Scientific, 15596026). The RNA-seq
was performed on BGISEQ-500 platform and mapped by BGI (Hong
Kong, China). Data analysis was described previously [88,89]. The log2
ratio of FPKM (Fragments Per Kilobase of transcript per Million) be-
tween CNE2-Ctrl and CNE2-p53KO cells was calculated. A Venn diagram
was generated using an online tool (http://bioinformatics.psb.ugent.
be/webtools/Venn/). GSEA was employed to analyze the enrichment
of p53(R280T) targets in NPC and nasopharyngeal mucosa using the
public dataset (GSE118719). Enrichr-based analyses for GO_BP, Bio-
Planet, WikiPathways, and drug perturbations were performed using
Enrichr (https://maayanlab.cloud/Enrichr/) [90]. GO and pathway
analyses of p53 and p53(R280T) targets were performed using Meta-
scape (https://metascape.org/) [91].

4.10. Generation of lentivirus and infection

2 x 10° HEK-293T cells were seeded in 10 cm tissue culture plates
and maintained in complete DMEM medium overnight. The medium
was replaced with 7 ml of fresh complete DMEM medium. 6 pg pCMV-
dR8.2-dvpr, 2 pg pCMV-VSV-dvpr, and 8 pg lentiviral plasmids (e.g.,
shRNA, TetO-FUW vector [92], TetO-FUW-p53, TetO-FUW-p53
(R280T), and tTA) were mixed with 40 pL PEI in 600 pL Opti-MEM
medium. The transfection mixture was incubated at room temperature
for 30 min and then added to HEK-293T cells. After overnight incuba-
tion, the medium was replaced with 10 ml of complete DMEM medium.
The viruses were collected 48-72 h post-transfection and concentrated
using Amicon Ultra-15 centrifugal filter units (cat# UFC901024; Milli-
pore). For viral infection, cells were seeded in 6-well plates and infected
with the indicated lentiviral particles in the presence of polybrene.
shRNA lentivirus-infected cells were selected using 1 pg/ml puromycin.
Gene expression was examined by RT-qPCR after 84-96 h of induction.

4.11. ChIP-seq and data analysis

ChIP-seq and data analysis were performed as described previously
[89]. Briefly, cells were pre-fixed for 30 min in 1.5 mM disuccinimidyl
glutarate (DSG; Thermo Fisher Scientific, 20593), followed by fixation
in 1 % paraformaldehyde (Thermo Fisher Scientific, 28906) at room
temperature for 10 min. After glycine quenching, cell pellets were
collected and lysed, then subjected to sonication using a Branson Soni-
fier 450 (sonication conditions: 220 cycles, power 20 %, 10s on and 10s
off for CNE2-Ctrl and CNE2-p53KO cells; 80 cycles, power 18 %, 10s on
and 10s off for p53-transduced CNE2-p53KO cells). The supernatant was
then diluted (1:1) in the sonication buffer and subjected to immuno-
precipitation with corresponding antibodies at 4 °C overnight. Beads
were then washed, and DNA was reverse-crosslinked and purified. ChIP
DNA was quantified, and sequencing libraries were prepared using the
KAPA HyperPrep Kit (Roche, KK8502). The DNA was sequenced on an
Illumina X10 platform using a PE150 kit in the UTHealth Cancer
Genome Core.

The ChIP-seq data analysis was performed on the Galaxy platform
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(https://usegalaxy.org/). The sequencing reads were quality-controlled
by FASTQ. Cleaned reads were aligned to the human reference genome
(hg19). The uniquely aligned reads were converted to bigWig format
with a fragment length of 75 on the IGV browser. Peak-calling of ChIP-
Seq data was performed by MACS2 with default parameters. Genomic
annotations and motif analyses were performed with HOMER. ChIP-
qPCR was performed using a CFX96 machine (Bio-Rad Laboratories).
Forward and reverse PCR primers for amplifying the peak regions are
listed in Table S2.

4.12. Cell proliferation assay and CI calculation

The cell proliferation assay was used to evaluate cell viability with
thiazolyl blue tetrazolium bromide (MTT, from Sigma). 1 x 10° cells
were seeded into the wells of 96-well plates. For drug treatment ex-
periments, the following day, cells were treated with DMSO, 5-FU, and/
or curcumin, then incubated for 72 h 5 mg/ml MTT reagent was added
to each well, and the cells were incubated at 37 °C for 3 h. After dis-
carding the medium, 100 pul DMSO was added to each well. The DMSO-
dissolved MTT was measured using a TECAN Infinite M Plex multimode
microplate reader with spectrophotometric absorbance (OD570). The
inhibition ratios of cell survival were calculated as: 100 % x Nt/Nc,
where Nt is the optical density of the treatment group and Nc is the
optical density of the control group. CI calculation was performed using
CompuSyn software and used to quantitatively determine the combi-
nation effect of curcumin and 5-FU (CI < 1 means synergistic effect; CI
= 1 means additive effect; CI > 1 means antagonistic effect).

4.13. Colony forming assay

Colony-formation assay was performed as described previously [93].
Briefly, CNE2 and SUNE] cells were plated in 6-well culture plates at
various densities (5 x 10%-1 x 10° cells per well) for 12 h, then exposed
to 5-FU and/or curcumin for 3 days. The cells were then maintained for
an additional 5-7 days with fresh RPMI 1640 medium. Surviving col-
onies (defined as > 50 cells) were counted. Plating efficiencies (PE) were
calculated as the number of colonies divided by the number of cells
seeded. The survival fraction was calculated as the PE of the
drug-treated group divided by the controls (e.g., control shRNA or
DMSO). Three independent experiments were performed.

4.14. Flow Cytometric analysis

G0/G1, G2, S, and subG1 phase cells were analyzed by flow cytom-
etry as described previously [94]. Briefly, cells were plated in 6-well
plates (2.5 x 10° per well) for 12 h, then treated with DMSO and
5-FU (30 pM) for 48 h. Cells were harvested, washed with 1 ml PBS, and
fixed in 70 % ethanol for 30 min at 4 °C. They were then washed twice
with PBS, resuspended in 500 pl flow cytometry buffer (1 % FBS and 1 %
penicillin/streptomycin in Ca2+ and Mg2+ free PBS) with ribonuclease
(1 pg/ml). The cell solutions were incubated with 5 pl PI on ice in the
dark for 30 min. Cells were immediately examined on a BD LSR II flow
cytometer (BD Biosciences) and analyzed using FlowJo v10.

4.15. YH2AX Immunofluorescent staining

Cells were grown to 70 % confluence in 12-well plates, then fixed
with 4 % paraformaldehyde (Affymetrix) for 10 min. After fixation, cells
were washed twice with 500 pl wash buffer (PBS with 1 % BSA; Fisher
Scientific), followed by blocking in PBS containing 10 % donkey serum
(Jackson ImmunoResearch Labs), 1 % BSA, and 0.3 % Triton X-100
(Sigma) for 1 h. Cells were then incubated with the primary antibody
(anti-phospho-Histone H2A.X (Ser139), Sigma, clone JBW301), diluted
1:1000 in antibody dilution buffer (PBS with 1 % BSA, 1 % donkey
serum, and 0.3 % Triton X-100), at 4 °C overnight with gentle rocking.
Following incubation, cells were washed twice. Where appropriate, a
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secondary antibody (goat anti-mouse IgG (H + L)-HRP, Invitrogen, Cat#
31430, 1:5000 diluted in dilution buffer) was added and incubated for 1
h at room temperature, protected from light. This was followed by two
additional washes, and counterstaining with DAPI diluted in dilution
buffer. Finally, cells were washed twice and stored in PBS for visuali-
zation. Images were taken under a Leica DMi8 microscope.

4.16. CAM assay

In ovo CAM assay was described previously [57]. Briefly, 1.5 x 10°
(for assays in Fig. 2E) — 4 x 10° cells (for assays in Fig. 6I) (PBS mixed
with Matrigel: 1:1) were implanted onto the CAM of 8-day-old chick
embryos (Texas A&M University). For drug treatment experiments, 1 x
10° CNE2, CNE2-shCtrl, CNE2-shp53-1, and CNE2-shp53-2 cells were
plated in 100 mm culture plates for 12 h, then exposed to 8 pM 5-FU, 4
pM curcumin, or a combination for 3 days (DMSO as control). Then cells
were detached and counted using a hemocytometer, then resuspended
in PBS/Matrigel (1:1) and implanted onto the CAM. A silicon ring was
employed to restrict the motion of cells within the injection area. On day
5, CAMs/tumors were photographed and resected, minced, dissociated
into a single-cell suspension with type II collagenase (Roche), plated on
dishes, and counted using a hemocytometer.

4.17. Xenograft NPC model

The animal studies were approved by the Animal Ethics and Welfare
Committee of Sun Yat-sen University (SYSU-IACUC-2023-000658).
Male BALB/c nude mice (5-6 weeks old, 16-20 g) were purchased from
GemPharmatech (Nanjing, Jiangsu, China). To explore the role of p53
(R280T) in NPC cells, CNE2 and CNE2-p53KO cells (2 x 10° cells/
mouse) were injected subcutaneously into the right hind flank of the
nude mice. Tumor length and width were measured every 3 days, and
the mice were sacrificed after 40 days. Tumor volume was calculated
using the formula (length x width?)/2. To verify the synergistic effect of
5-FU and curcumin in NPC cells, CNE2 cell xenograft mice (2 x 106
cells/mouse) were divided into four groups: the control group, 5-FU
group, curcumin group, and combination group. After several days,
when tumor size reached 100 mm®, mice were administered curcumin
(50 mg/kg, corn oil) or 5-FU (25 mg/kg, PBS) by intraperitoneal (IP)
injection 3 times per week, totaling 8 injections after tumor inoculation.
The control group was treated with PBS and corn oil. Tumor length and
width were measured every 3 days, and the mice were sacrificed after 33
days. Tumor volume was calculated using the formula (length x
width?)/2.

4.18. Apoptotic activity assay

Caspase 3/7 activity was described previously [94]. Apoptosis was
measured via Caspase 3/7 activity using the SensoLyte Homogeneous
AMC Caspase-3/7 Assay Kit (Anaspec, AS-71118). The assay was carried
out according to the manufacturer’s instructions. CNE2-shCtrl and
CNE2-shKMT5B cells were cultured in a 6-well plate and then treated
with 10 pM 5-FU for 2 days. Cell lysates were incubated with Caspase
3/7 fluorogenic substrate for 6 h. Fluorescence was measured at Ex/Em
= 354 nm/442 nm using the TECAN Infinite M Plex multimode micro-
plate reader.

4.19. Drug screening

Drug screening was conducted in CNE2 cells to identify compounds
that downregulate KMT5B mRNA expression. 1 x 10 CNE2 cells were
seeded into 96-well plates and treated with the indicated compounds the
following day. After 24 h of incubation, the total mRNA was extracted
using TRIzol Reagent (Invitrogen) according to the manufacturer’s in-
structions. RT-qPCR was performed as previously described. Compound
concentrations were selected based on their respective ICso values,
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which are listed in the table below.

Compound Concentration Solvent
Pramlintide 30 pg/mL ddH20
Theophylline 50 pM DMSO
Itraconazole 0.1 uM DMSO
Miconazole 50 pM DMSO
Rifabutin 5 M DMSO
Perampanel 180 pM DMSO
2-Deoxy-D-glucose (2DG) 4 mM ddH20
JIB-04 10 nM DMSO
CX-5461 150 nM DMSO
BMH-21 3 M DMSO
Actinomycin D (ActD) 10 ng/mL DMSO
$B202190 20 M DMSO
AZD2811 1M DMSO
AZD7762 1pM DMSO
Mecamylamine 400 uM DMSO
Zatebradine 2 M DMSO
AZD8330 1pM DMSO
BI 2536 10 nM DMSO
OICR-9429 5 M DMSO
EC359 10 nM DMSO
BAY-1816032 6.1 nM DMSO
IACS-010759 1pM DMSO
Rotenone 13 pM DMSO
IWPA 5 UM DMSO
Etoposide 10 pM DMSO
Curcumin 4 pM DMSO
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5.1. Statistical analysis

All data are presented as mean + standard deviation (SD). The sta-
tistical significance of mean values among different groups was deter-
mined using two-way ANOVA followed by Student’s t-test. All statistical
analyses were performed using SPSS 19.0 and GraphPad Prism 7. Data
were considered statistically significant when *p < 0.05, **p < 0.01,
**¥%p < 0.001, and ****p < 0.0001.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge Ying Liu and Trinh TT Phan for
their contributions to laboratory management, reagent preparation, and
valuable suggestions during the revision process. We also thank Yi-Hung
Chen and Mei-Kuang Chen for their experimental support. A.X. was
supported by the CPRIT UTHealth BIG-TCR training program. R.Z. was
supported by UTHealth/IBP P37516-11999 and NIH/NCI
R01CA246130. D.-F.L. was supported by CPRIT RR160019, NIH/NCI
R01CA246130, DoD RCRP HT9425-24-1-0957, the Rolanette and Ber-
don Lawrence Bone Disease Program of Texas, and the Pablove Foun-
dation Childhood Cancer Research Grant (690785). Dung-Fang Lee is a
CPRIT Scholar in Cancer Research. H.Y. was supported by grants from
the National Natural Science Foundation of China (81874127) and the
Scientific and Technological Project of Guangdong, China
(2015A020211006). C.X. was supported by grants from the Guangdong
Finance Foundation for Industrial Technology Research and Develop-
ment, China (20160907).

Supplementary data to this article can be found online at https://doi.org/10.1016/j.canlet.2025.217736.

Table S1
shRNA information

shRNA

Target sequence

shCtrl
shp53-1
shp53-2
shKMT5B-1
shKMT5B-2

CTTACGCTGAGTACTTCGA
GACTCCAGTGGTAATCTACT
GTGCCTGTCCTGGGAGAGA
GTGAGATTTAGGCCTATTAAA
CATCTAAGCTAACTCATATAA

15
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Table S2
RT-qPCR primers used for this study
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Gene 5' Primer sequence 3' Primer sequence PCR size (bp)
CDKN1A TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC 139
PUMA (BBC3) GCCAGATTTGTGAGACAAGAGG CAGGCACCTAATTGGGCTC 136
BAX CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT 155
MDM2 GAATCATCGGACTCAGGTACATC TCTGTCTCACTAATTGCTCTCCT 167
14-3-36 (SFN) TGACGACAAGAAGCGCATCAT GTAGTGGAAGACGGAAAAGTTCA 133

p53 CAGCACATGACGGAGGTTGT CCAGACCATCGCTATCTGAGC 125
CCNG2 TCTCGGGTTGTTGAACGTCTA GTAGCCTCAATCAAACTCAGCC 81
KMT5B AGGACAGAGTCGCTATGTACC CAAACTGGTTGCTAGGTCATCAT 79
GAPDH CCACTCCTCCACCTTTGAC ACCCTGTTGCTGTAGCCA 102

The qPCR reaction was performed using the following program: 50 °C for 10 min, 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s and 60 °C

30 s, with a final step at 95 °C for 10 min.
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