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Abstract: Nasopharyngeal carcinoma (NPC) is clinically challenging due to the development of distant metastasis 
following initial therapy. Therefore, it is necessary to elucidate the mechanisms underlying metastases to develop 
novel therapeutic strategies. Nucleophosmin 1 (NPM1) has been directly linked to the development of human tu-
mors and may have both tumor-suppressing and oncogenic properties. Although NPM1 is often overexpressed in 
solid tumors of various histopathological origins, its specific function in mediating the development of NPC is still 
unknown. Here, we investigated the role of NPM1 in NPC and discovered that NPM1 was elevated in clinical NPC 
samples and served as a predictor of the worst prognosis in NPC patients. Furthermore, the upregulation of NPM1 
promoted the migration and the cancer stemness of NPC both in vitro and in vivo. Mechanistic analyses revealed 
that the E3 ubiquitin ligase Mdm2 was recruited by NPM1 to induce the ubiquitination-mediated proteasomal deg-
radation of p53. Ultimately, knockdown of NPM1 suppressed the stemness and EMT signals. In summation, this 
study demonstrated the role and the underlying molecular mechanism of NPM1 in NPC, providing the evidence for 
the clinical application of NPM1 as a therapeutic target for the treatment of patients with NPC.
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Introduction

Nasopharyngeal carcinoma (NPC), which is 
originated from the nasopharynx mucosal lin-
ing and is highly prevalent in South China [1], 
has a strong tendency for local invasion as well 
as early distant metastases in the nasopharynx 
[2, 3]. It is suggested that patients with the 
early stages of NPC should receive radiothera-
py, while those with the late stages are best 
treated with chemoradiotherapy [4]. In recent 
years, the 5-year survival period of NPC patients 
has been significantly improved, but recurrence 
and metastasis are still the most common 
causes of mortality in NPC patients [5]. 
Therefore, understanding the biological and 
molecular processes underpinning NPC metas-
tasis would assist in developing effective treat-

ment approaches for this particular type of 
cancer.

Nucleophosmin (NPM), also known as B23, 
numatrin, and NO38, is a nucleolar phospho-
protein that continuously shuttles between the 
cytoplasm and nucleus [6]. NPM exists in two 
alternatively spliced isoforms of NPM1 and 
NPM2 (B23.1 and B23.2, respectively), with 
NPM1 being the predominant type in all tissues 
[7, 8]. NPM1 contains distinct functional 
domains that perform unique biochemical func-
tions [9].

It has been reported that NPM1 is engaged in 
cellular processes that are closely linked to 
both growth-inhibiting and proliferation-promot-
ing pathways. NPM1 is also involved in apopto-
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sis in response to stress and carcinogenic irri-
tations, such as DNA damage and hypoxia. 
Furthermore, NPM1 has been shown to directly 
link to tumor development, as its expression is 
upregulated in a variety of tumors; hence, 
NPM1 is regarded as a diagnostic marker for 
gastric [10], colon [11], ovarian [12], and pros-
tate carcinomas [13]. In line with this, the 
expression of NPM1 is also correlated with the 
stage of tumor progression. For example, the 
overexpression of NPM1 mRNA is independent-
ly associated with the recurrence of bladder 
carcinoma as well as its progression to a more 
advanced stage [14]. However, little research 
has been conducted to explore the role of 
NPM1 in NPC.

Epithelial-mesenchymal transition (EMT) and 
cancer stem cells (CSCs) are two important  
factors contributing to cancer metastasis. 
Regarding the first of these factors, epithelial 
cells undergo a unique process called EMT, dur-
ing which, they acquire mesenchymal stem cell 
qualities [15]. EMT can also be conducive to 
tumor cell progression, drug resistance, and 
metastasis [16]. Regarding the second of these 
factors, a subpopulation of tumor cells that 
possess the capacities of limitless self-renewal 
and differentiation are collectively known as 
cancer stem cells (CSCs), which are also 
referred to as tumor-initiating cells [17, 18]. 
More importantly, CSCs exhibit enhanced resis-
tance to chemotherapy and radiotherapy, and 
hence are frequently responsible for the poor 
treatment response, recurrence, and metasta-
sis [19].

Previous studies have shown that NPM1 can 
regulate the stability and function of essential 
tumor-suppressor proteins [20], among which, 
p53, is known for its critical role in cell cycle 
arrest, cellular senescence, and apoptosis. 
Posttranslational modifications, including acet-
ylation, ubiquitination, and phosphorylation, 
primarily modulate the abundance and activity 
of p53 [21-23]. Numerous investigations have 
revealed ubiquitination to be the most impor-
tant posttranslational modification process of 
p53 [24, 25]. Notably, oncoprotein Mdm2 is a 
potent inhibitor of p53 [26], and Mdm2 is fre-
quently overexpressed in different types of can-
cer and is negatively correlated with p53 levels, 
leading to low survival and poor prognosis.

In this study, we demonstrate for the first time 
that NPM1 is elevated in NPC relative to normal 
tissues, and is associated with the poor prog-
nosis of NPC patients. Mechanistically, NPM1 
interacts with p53 and enhances the pathway 
for the ubiquitin-mediated proteasomal degra-
dation of p53, which in turn promotes NPC 
metastasis and stemness. As a result, NPM1 
could be a potential therapeutic target for the 
treatment of NPC.

Material and methods

Clinical specimens

All tissue specimens used in this study were 
collected from Guangdong Second Provincial 
General Hospital. This study was approved by 
the Ethics Committee of Guangdong Second 
Provincial General Hospital, and written infor- 
med consent was obtained from all patients. 

Cell culture

Human NPC cell lines (5-8F, HONE1, SUNE1, 
HONE1-EBV+, and 6-10B) and a human immor-
talized nasopharyngeal epithelium cell line 
(NP69) were acquired from the Central 
Laboratory of the Integrated Hospital of 
Traditional Chinese Medicine of the Southern 
Medical University. The NPC cells were cultured 
in RPMI-1640 (Gibco, Carlsbad, CA, USA) with 
10% fetal bovine serum (FBS, Gibco, Carlsbad, 
CA, USA), while the NP69 cells were grown in a 
keratinocyte serum-free medium (Gibco, Grand 
Island, NY, USA) supplemented with prequali-
fied human recombinant epidermal growth fac-
tor. All cells were maintained at 37°C in a 
humidified atmosphere of 5% CO2.

Lentivirus production and infection

The Human NPM1 gene was inserted into the 
GV344 lentiviral vector to generate NPM1-
expressing lentivirus (LV-NPM1) (GeneChem, 
Shanghai, China). Lentivirus containing an 
empty GV344 vector (LV-NC) was used as the 
negative control (GeneChem, Shanghai, China). 
5-8F and HONE1 cells were infected with either 
the NPM1-expressing or control vector lentivi-
rus. Polyclonal cells expressing the luciferase 
marker protein were selected for further 
experiments.
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Transient transfection

Small interfering RNAs (siRNAs) targeting  
p53 or Mdm2 were purchased from Ribobio 
(Guangzhou, China). The siRNA sequences 
were as follows: sip53-2: ACACGACATTGGCA- 
TAATT; siMdm2-3: GTAACCCAATGATGTATGA. 
Plasmids for NPM1 overexpression were con-
structed by GeneChem (Shanghai, China). 
Lipofectamine 3000 (Invitrogen, Waltham, MA, 
USA) was used to transfect the plasmids and 
siRNA according to the manufacturer’s 
instruction.

RNA extraction and quantitative real-time poly-
merase chain reaction (qPCR)

Total RNA was extracted from cells using the 
Cell Total RNA Isolation Kit (Foregene, China). 
After measuring the RNA concentration, cDNA 
was synthesized using a reverse transcription 
kit (TaKaRa, Dalian, China). qPCR was carried 
out using SYBR Premix Ex Taq (TaKaRa, Dalian, 
China). The primer sequences were as follows: 
NPM1 forward: ACGGTCAGTTTAGGGGCTG, NP- 
M1 reverse: CTGTGGAACCTTGCTACCACC, p53 
forward: CAGCACATGACGGAGGTTGT, p53 re- 
verse: TCATCCAAATACTCCACACGC, GAPDH for-
ward: GCACCGTCAAGGCTGAGAAC, GAPDH re- 
verse: TGGTGAAGACGCCAGTGGA.

Western blot analysis

Total protein was extracted from cells using 
RIPA lysis buffer combined with a mixture of 
protease and phosphorylase inhibitors, quanti-
fied using BCA protein assay kit (Thermo 
Scientific, Waltham, MA, USA). After quantifica-
tion, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) was performed to 
separate 30 μg of the total protein. Then, the 
separated proteins were transferred onto poly-
vinylidene fluoride (PVDF) membranes for fur-
ther immunoblotting with specific antibodies. 
The primary antibodies used were as follows: 
anti-E-cadherin (Proteintech, 1:1000), anti-N-
cadherin (Proteintech, 1:1000), anti-NPM1 
(Proteintech, 1:5000), anti-vimentin (Protein- 
tech, 1:2000), anti-tubulin (Bioworlde, 1:5000), 
anti-Mdm2 (Proteintech, 1:1000), anti-p53 
(Proteintech, 1:2000), anti-GAPDH (Bioworlde, 
1:15000), anti-CD44 (CST, 1:1000), anti-SOX2 
(Proteintech, 1:1000), anti-NANOG (Proteintech, 
1:1000), anti-OCT4 (Proteintech, 1:1000), and 
anti-ubiquitin (Proteintech, 1:1000). After over-

night incubation with the primary antibodies, 
the membranes were incubated with HRP-
conjugated secondary antibodies at room tem-
perature for 1 h. An enhanced chemilumines-
cence reagent kit (Thermo Scientific, Waltham, 
MA, USA) was then utilized to detect the target 
proteins. Images were photographed using a 
Bio-Rad ChemiDoc XRS+ Imager.

Immunohistochemistry (IHC) staining

Tissue samples from the nasopharynx of forty 
patients (including 20 NPC samples and 20 
noncancerous nasopharyngeal samples) were 
collected from Guangdong Second Provincial 
General Hospital of Southern Medical Uni- 
versity. These tissue samples were fixed, 
embedded with paraffin, and then cut into sec-
tions. In addition, NPC tissue microarrays 
(HNasN110Su01) were purchased from Outdo 
Biotech (Shanghai, China). The tissue sections 
and the tissue microarrays were examined by 
IHC staining. Briefly, the samples underwent 
xylene deparaffinization and ethanol gradient 
rehydration. Subsequently, the samples were 
exposed to sodium citrate for antigen retrieval 
and goat serum was used to block any non-spe-
cific binding sites. Then, the samples were 
stained with primary antibodies and incubated 
at 4°C overnight. The antibody used in IHC were 
anti-NPM1 (Proteintech, 1:200), anti-E-cad-
herin (Proteintech, 1:250), anti-N-cadherin 
(Proteintech, 1:250), anti-CD44 (CST, 1:100), 
anti-CD133 (Proteintech, 1:100), anti-OCT4 
(Proteintech, 1:250). After extensive washing, 
the samples were incubated in the correspond-
ing goat anti-rabbit IgG and streptavidin peroxi-
dase (SP) complex at 37°C for 30 min, followed 
by staining with DAB solution. Finally, the sam-
ples were stained with hematoxylin, air dried, 
and imaged under a microscope.

Wound healing assay

Cells were seeded in six-well plates and cul-
tured overnight. When the cell confluence 
reached approximately 90%, a 10 μl pipette tip 
was used for wound scratching. The cells were 
then cultured in serum free RPMI 1640 medi-
um for indicated time. Cell images to taken to 
compare the reduction of the wound area due 
to cell migration. ImageJ software was used to 
measure the optical scratch wound regions.
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Transwell assay

Cell migration was assessed using transwell fil-
ter chambers (Corning, NY, USA) in 24-well 
plates without Matrigel (BD Biosciences). 
Briefly, 1×105 cells in serum-free medium were 
seeded in the upper chamber while complete 
medium with 10% FBS was added to the lower 
chamber. After 15 h of incubation, the top side 
of the upper chambers was gently swabbed 
with cotton-tipped applicators and the under-
side cells from migration were fixed with para-
formaldehyde for 30 minutes, followed by 0.1% 
crystal violet staining for 20 minutes. Finally, 
the migrated cells were counted in three ran-
domly chosen fields under inverted micro- 
scope.

Tumorsphere formation assay

NPC cells (5×103) were trypsinized, suspended, 
counted, and seeded into ultra-low attachment 
6-well plates (Coring, USA). Then, NPC cells 
were propagated in a final volume of 2 ml of 
serum-free DMEM/F12 medium containing 2% 
B27 (Invitrogen Biotechnology, China), 20 ng/
ml epidermal growth factor (Invitrogen Bio- 
technology, China), and 20 ng/ml fibroblast 
growth factor (Invitrogen Biotechnology, China) 
for 14 days. Fresh medium was added against 
the sides of the well every 3 days, and spher-
oids in three randomly selected fields were 
counted.

Flow cytometry analysis

Single-cell suspension of NPC cells (1×106) in 
RPMI-1640 replenished with 2% fetal bovine 
serum was used for side population analyses. 
Briefly, Hoechst 33342 (5 μg/ml) (Sigma-
Aldrich, MO, USA) was added to cautiously 
resuspend the cells every 10 min at 37°C for 
90 min. In the negative control group, vera-
pamil (50 μmol/l) (Sigma-Aldrich, MO, USA) was 
simultaneously administered to the samples. 
After washing with cold PBS, the cells were 
examined via flow cytometry. Dead cells were 
identified using propidium iodide staining.

Immunofluorescence staining and confocal 
microscopy

Cells (6×104) were trypsinized, suspended, 
counted, and seeded into a fluorescence cul-
ture dish and cultured overnight until cell adher-

ence. The cells were then washed with PBS and 
fixed with 4% paraformaldehyde at room tem-
perature for 1 h followed by permeabilization 
using 0.5% Triton X-100 for 15 minutes. 
Subsequently, the cells were stained with the 
indicated primary antibodies (CD44 (1:100), 
SOX2 (1:100), p53 (1:50), Mdm2 (1:100), and 
NPM1 (1:200)). The nuclei were stained by DAPI 
before the cells were examined with a fluores-
cent confocal microscope (Carl Zeiss LSM800, 
Germany).

Co-immunoprecipitation (Co-IP) assay

Co-IP assay was performed using a Pierce 
Coimmunoprecipitation Kit (Thermo Scientific, 
Waltham, MA, USA) to detect NPM1-interacting 
proteins. According to the manufacturer’s 
instructions, proteins obtained from the 5-8F 
and HONE1 cells were collected and quantified. 
Then, 5 mg of the obtained protein was com-
bined with either anti-specific-protein antibod-
ies or control IgG before being incubated at 4°C 
overnight. Proteins that were co-precipitated 
with NPM1 were eluted and subjected to Mass 
spectrometry and western blot analyses.

Cycloheximide (CHX) chase assay

Prior to the experiment, CHX (Abcam, Ma- 
ssachusetts, USA) was suspended in DMSO 
(200 mM) and stored at -20°C. Cells with and 
without NPM1-overexpression were treated 
with 50 μg/ml CHX, harvested at different time 
points: 0, 20, 40, 60, 80, and 100 minutes, and 
extracted the relevant proteins. Subsequently, 
the obtained proteins were quantified and fur-
ther analyzed by western blot analysis.

Ubiquitination assay

5-8F and HONE1 cells were transiently trans-
fected with NPM1-overexpressing plasmids for 
at least 48 h and then treated with 20 μmol/L 
MG132 (Sigma-Aldrich, MO, USA) for 6 h. The 
cells were then lysed with IP lysis buffer to 
extract the total cell proteins. Protein A/G 
immunoprecipitation magnetic beads were 
treated with the cell lysates for 30 minutes at 
room temperature, and then they were subject-
ed to Co-IP with the indicated antibodies or IgG. 
The magnetic beads were washed five times 
with washing buffer solution. After extensive 
washing, the proteins were then balanced with 
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protein sample buffer and released by boiling. 
Western blot analysis was performed.

Animal experiments

All experiments using animals were approved 
by and handled according to the guidelines of 
the Southern Medical University Animal Ethics 
Committee. To assess the effect of NPM1 on 
tumor growth in vivo, a mouse subcutaneous 
xenograft model was used. Female BALB/c 
nude mice (4 weeks old, 8-10 g) were pur-
chased from SPF (Beijing) Biotechnology Co., 
Ltd (Beijing, China). Twenty mice were randomly 
assigned into four experimental groups (N = 5/
group), and mice in each were subcutaneously 
injected with different number of 5-8F cells: 
2×106, 1×106, 5×105, and 2×105/100 μl PBS, 
respectively. The 5-8F cells used for injection 
were control or NPM1 knockdown cells. They 
were injected in the left or right flank of mice, 
respectively. Tumor growth was monitored, and 
the mice were euthanized 15 days after cell 
inoculation. Tumor nodules were dissected, 
weighed, dried, paraffin-embedded and fixed 
for further analysis.

To study the effect of NPM1 on pulmonary 
metastasis, tail vein injection of tumor cells 
was performed. A total of 12 female 3-week-old 
BALB/c nude mice were randomly divided into 
two groups (N = 6/group) and received either 
control or NPM1 knockdown 5-8F cells, 
2×106/100 μl injection via tail vein. Six weeks 
after injection, the lung tissue from each mouse 
was dissected, and the number of pulmonary 
metastatic nodules was counted and confirmed 
by H&E staining.

Statistical analysis

Statistical analysis was performed using IBM 
SPSS Statistics 26.0 (IBM, Armonk, NYC, USA). 
The data were presented as the mean ± SD of 
at least three independent repeated experi-
ments. Comparisons between two groups were 
performed using Student’s t-test, while com-
parisons among multiple groups were per-
formed using one-way ANOVA. Kaplan-Meier 
analysis and the logarithmic rank test were uti-
lized for survival analysis. The independent 
prognostic variables were examined using  
the Cox proportional hazard regression model. 
A P-value of < 0.05 indicated statistical 
significance.

Results

NPM1 was upregulated in NPC and associated 
with poor prognosis

To explore the role of NPM1 on NPC tumorigen-
esis, we first conducted a thorough exploration 
of the expression of NPM1 at the tissue and 
cellular levels. RNA-seq data obtained from the 
TCGA database revealed that NPM1 mRNA lev-
els were increased in head and neck squamous 
cell carcinoma compared to normal tissues, as 
well as other tissues such as colon, liver, and 
lung (Figure 1A). Next, we investigated the 
impact of NPM1 on the prognosis of NPC 
patients by comparing NPM1 mRNA levels 
between noncancerous nasopharyngeal (NP) 
and NPC tissues using the data from GEO (Gene 
Expression Omnibus) databases (Figure 1B). 
We found that NPC patients with high levels of 
NPM1 expression had shorter overall survival 
(OS) and disease-free survival (DFS) than those 
with low levels of NPM1 expression (Figure 1C). 
Furthermore, NPM1 protein level was higher in 
several NPC cell lines than in the immortalized 
nasopharyngeal epithelial NP69 cells, as deter-
mined by Western blot analysis (Figure 1D). 
Moreover, we performed an immunohistochem-
istry analysis using 20 noncancerous nasopha-
ryngeal tissues and 20 NPC tissues. NPM1 
expression level was found to be substantially 
higher in NPC tissues than in noncancerous 
nasopharyngeal tissues, according to the 
immunohistochemical analysis (Figure 1E, 1F). 
Notably, there was a significant correlation 
between NPM1 expression and several clinical 
characteristics, including age, TNM grade, his-
tological grade and clinical stage. Kaplan-Meier 
analysis indicated that higher NPM1 levels 
were associated with poor OS and DFS of NPC 
patients. Consistently, NPM1 was positively 
correlated with AJCC stage, tumor size, progno-
sis, and tumor recurrence (Table 1). Univariate 
and multivariate regression analysis also sug-
gested that NPM1 might be an important indi-
cator for the OS and DFS of NPC patients 
(Figure 1G; Table 2). Together, these findings 
show that NPM1 was upregulated in NPC and 
was related to the clinicopathological features 
of NPC patients.

NPM1 promoted NPC cell migration and tumor 
stemness in vitro

Since we found an upregulation of NPM1 in 
NPC, we hypothesized that NPM1 might be 
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involved in the etiology and pathogenesis of 
NPC. To test this, we selected 5-8F and HONE1 
cells to undergo both NPM1-knockdown and 
overexpression. We introduced lentivirus into 
5-8F and HONE1 cells to downregulate NPM1 
for the establishment of NPM1-knockdown 
cells. To establish NPM1-overexpression, plas-
mids overexpressing NPM1 were introduced 
into 5-8F and HONE1 cells separately. We then 
detected the corresponding proteins. The suc-
cessful knockdown or overexpression of NPM1 
was confirmed by Western blot analysis as 
shown in (Figures 2A, 2B and 4C). Results from 
the wound healing and transwell assays showed 

that NPM1 knockdown significantly reduced, 
while NPM1 overexpression enhanced the mi- 
gration of 5-8F and HONE1 cells (Figure 2C-I). 
In contrast, the overexpression of NPM1 mark-
edly enhanced the migration of 5-8F and HO- 
NE1 cells (Figure 4A, 4B, 4G, 4H). Additionally, 
we found that EMT markers like N-cadherin and 
vimentin were downregulated during epithelial-
mesenchymal transition (EMT), whereas E- 
cadherin was upregulated, by NPM1 knock-
down, as determined by western blot analysis 
to identify signals representative of EMT (Figure 
2J). Conversely, NPM1-overexpression exhibit-
ed the opposite effect (Figure 4C).

Figure 1. Expression of NPM1 in NPC tissues and cell lines. (A) The mRNA levels of NPM1 in different malignancies 
and normal tissue deposited in TCGA database. (B) The expression of NPM1 in NPC samples from Gene Expression 
Omnibus (GEO) database. *P < 0.05, as determined by the Student’s t-test. (C) Low NPM1 expression was correlated 
with better OS and DFS of head and neck squamous cell carcinoma in TCGA database. (D) NPM1 protein levels in 
NP69, 6-10B, HONE1-EBV+, HONE1, 5-8F, and SUNE1 cells as determined by Western blot analysis. (E, F) Represen-
tative IHC images (E) and IHC scores (F) of NPM1 expression in NPC. Bar = 100 μm. **P < 0.01, as determined by the 
Student’s t-test. (G) Univariate and multivariate analyses of different clinicopathological features in NPC patients.

Table 1. The basic information of 110 patients with NPC
Clinicopathological features Number Low expression, N (%) High expression, N (%) P value
Age
    ≤50 66 32 34 0.755
    >50 44 20 24
Gender
    Male 80 37 43 0.969
    Female 30 14 16
Tumor size
    ≤1.5 cm 87 54 33 0.007**

    >1.5 cm 23 7 16
AJCC stage
    I/II 57 33 24 0.003**

    III/IV 53 16 37
T stage
    T1/T2 68 40 28 0.019*

    T3/T4 42 15 27
N stage
    N0/N1 75 43 32 0.024*

    N2/N3 35 12 23
M stage
    M0 109 58 51 0.473
    M1 1 0 1
Tumor recurrence
    No 60 36 24 0.037*

    Yes 50 20 30
*P < 0.05, **P < 0.01. *χ2 test was applied to access the correlation between the clinicopathologic parameters and NPM1 
expression. NPC: Nasopharyngeal carcinoma.
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We also investigated the tumor stemness char-
acteristics to determine the effect of NPM1 on 
NPC tumorigenesis. The main agents that 
encourage malignant tumor phenotypes, like 
metastasis, are cancer stem cells (CSCs). 
Immunofluorescence staining showed that 
NPM1-knockdown cells exhibited significantly 
lower levels of CD44 and SOX2 expression 
compared to control groups (Figure 3A). 
Furthermore, flow cytometry analysis revealed 
that NPM1-knockdown cells exhibited a down-
regulation of the side population ratio (Figure 
3B, 3G; Table 3). Conversely, NPM1 overexpres-
sion resulted in the opposite effects to those 
listed above in NPC cells (Figure 4D, 4E, 
Supplementary Figure 1D, 1E; Table 4). 
Importantly, in tumorsphere formation assay, 
which reflects the CSC property of cancer cells 
in vitro, we found that the size and number of 
tumorspheres were smaller and fewer in NPM1-
knockdown 5-8F and HONE1 cells than in the 
control cells. Hence, results from the tumor-
sphere formation assay show that NPM1 stimu-
lated tumorsphere growth (Figure 3E, 3F). In 
line with this finding, NPM1 knockdown also 
reduced the expression of CSC markers, such 
as CD44, NANOG, OCT4, and SOX2, according 
to the western blot analysis (Figure 3C, 3D), 
while NPM1 overexpression in NPC cells exhib-

ited the opposite results (Figure 4C), suggest-
ing that NPM1 regulates the malignancy of 
NPC. These findings imply that NPM1 is crucial 
for maintaining the biological characteristics of 
NPC cells.

NPM1 enhanced the tumor stemness and me-
tastasis of NPC cells in vivo

To confirm our findings from in vitro studies, we 
generated a lung metastasis model and a sub-
cutaneous xenograft tumor model using lentivi-
rus-infected 5-8F cells in BALB/C nude mice to 
explore the biological function of NPM1 in vivo. 
The nude mice were first randomly assigned 
into the NPM1-knockdown group and the con-
trol group. Each group contained six BALB/C 
nude mice with the same age and similar 
weights. To verify whether NPM1 can acceler-
ate metastasis in vivo, 2×106 NPM1-knockdown 
or control 5-8F cells were injected into the tail 
vein of nude mice. Our results showed that, 
compared to the mice in the control group, the 
mice in NPM1-knockdown group exhibited a 
less degree of pulmonary metastasis (smaller 
in tumor size and fewer in number) six weeks 
after injections (Figure 5A, 5B). Consistently, 
the pulmonary metastatic tissues in NPM1-
knockdown group exhibited higher expression 
of E-cadherin (E-ca) and reduced expression of 
N-cadherin (N-ca) (Figure 5C). Hence, we found 
that NPM1 dramatically promoted NPC malig-
nancy both in vitro and in vivo.

To evaluate the effect of NPM1 on regulating 
the CSC properties of NPC in vivo, we carried 
out limiting dilution assay. Twenty BALB/C nude 
mice were randomly divided into four groups (N 
= 5/group). Control and NPM1-knockdown 5-8F 
cells were respectively transplanted to the left 
and right flanks of the mice to generate xeno-
graft tumors (Supplementary Figure 1A). Our 
results showed that the injection of 2×106, 
1×106, 5×105, and 2×105 NPM1-knockdown 
5-8F cells produced tumors at the rates of 80% 
(4/5), 40% (2/5), 20% (1/5) and 0% (0/5), 
respectively, while the injections of control cells 
produced tumors at the rates of 100% (5/5), 
80% (4/5), 60% (3/5) and 20% (1/5), respec-
tively (Figure 5D, 5E). These results show that, 
compared to the control group, the xenograft 
weights were reduced and tumor development 
was suppressed in the NPM1-knockdown group 
(Supplementary Figure 1B). Consistently, IHC 

Table 2. Univariate and multivariate Cox regres-
sion analysis in 110 NPC patients

Clinical characters
Overall survival

HR 95% CI P value
Univariate analysis
    Age 0.707 0.265-1.885 0.488
    Gender 0.797 0.262-2.421 0.689
    Tumor size 2.367 1.097-4.838 0.251
    AJCC stage 2.430 1.850-3.430 0.003**

    T stage 1.829 0.633-3.965 0.000***

    N stage 2.478 1.307-4.191 0.000***

    Tumor recurrence 2.460 1.459-4.941 0.014*

    NPM1 expression 3.278 1.068-5.374 0.038*

Multivariate analysis
    AJCC stage 1.161 0.701-3.573 0.248
    T stage 2.962 0.708-5.186 0.100
    N stage 1.796 1.209-3.037 0.039*

    Tumor recurrence 1.459 0.847-2.695 0.016*

    NPM1 expression 1.245 1.061-1.990 0.048*

*P < 0.05, **P < 0.01, ***P <0.001. T, tumor size; N, lymph 
node; HR, hazard ratio; 95% CI, 95% confidence interval.
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staining revealed that the NPM1-knockdown 
group exhibited lower expression level of CD44, 
CD133, and OCT4 compared to the control 
group (Figure 5F; Supplementary Figure 1F). 
Therefore, these data indicate that NPM1-
knockdown inhibited tumor stemness in the 
NPC cells.

NPM1 found to bind and interact with p53

To understand the functional mechanism of 
NPM1 in NPC, we used Co-IP and mass spec-
trometry to identify NPM1-interacting proteins 
in 5-8F cells. We discovered p53 as a putative 
interacting protein, by analyzing the predicted 
interacting proteins determined by mass spec-
trometry and publicly available protein data-
bases (Supplementary Figure 1C). It is well 
established that p53 plays a crucial role in pre-
venting the growth of tumors. Cell cycle arrest, 
apoptosis, and cellular senescence are only a 
few of the mechanisms by which p53 mediates 
its anti-tumor role [27]. We also investigated 
whether NPM1 interacts with p53, and the 
results of the endogenous co-immunoprecipita-
tion assay (Co-IP) reveal that it does (Figure 6A, 
6B). Additionally, according to the immunofluo-
rescence results, NPM1 and p53 were found to 
be mostly colocalized in the cytoplasm (Figure 
6F, 6I). Co-IP examinations of 5-8F and HONE1 
cells confirmed that NPM1 interacted with p53 
in these cells, as did NPM1 interact with Mdm2 
(Figure 6C, 6D), and all were mainly colocalized 
in the cytoplasm (Figure 6H, 6J). The functional 
connection between NPM1 and p53 was also 
investigated by RT-qPCR and western blot anal-
ysis. We discovered that the p53 mRNA level 
was not affected by either NPM1 overexpres-
sion or knockdown (Supplementary Figure 1G, 
1H). However, it’s important to note that NPM1 
knockdown elevated p53 protein levels, where-
as NPM1 overexpression reduced p53 protein 
levels (Figure 6E, 6G, 6K, 6L). As a result, we 
assume that post-transcriptional translation is 
the level at which most of NPM1’s influence on 
p53 occurs.

NPM1 recruited Mdm2 to facilitate the protea-
somal degradation of p53 by inducing ubiqui-
tination

The E3 ubiquitin ligase Mdm2 is an important 
inhibitor of p53 which can suppress p53 pro-
tein level via constitutive proteasomal degrada-
tion in normal, unstressed cells [26]. Since our 
data above indicated that NPM1 decreased the 
protein level of p53 and that NPM1 interacted 
with Mdm2, we speculated that NPM1 might 
promote nasopharyngeal carcinoma metasta-
sis and stemness by recruiting Mdm2 to induce 
the ubiquitin-mediated degradation of p53 in 
NPC. Thus, a cycloheximide (CHX) chase experi-
ment was performed to determine whether the 
overexpression of NPM1 affected the half-life 
of p53 in order to substantiate this argument. 
The findings show that the half-life of p53  
was considerably shorter in the NPM1-
overexpressing cells than in the control cells 
(Figure 7A-D). Importantly, this NPM1-induced 
downregulation of p53 could be reversed by 
the treatment of proteasome inhibitor MG132 
(Figure 7E, 7F). Then, depending on Mdm2 
expression, the immunoprecipitation and west-
ern blotting results show that the overexpres-
sion of NPM1 enhanced p53 ubiquitination 
(Figure 7G, 7H). These findings reveal that 
Mdm2 was recruited by NPM1 to facilitate the 
ubiquitin-mediated proteasomal degradation 
of p53.

p53 reversed the migration and tumor stem-
ness induced by NPM1 in NPC

Given the data above that NPM1 suppressed 
p53 protein level, we hypothesized that NPM1 
might serve as a cellular oncogene. Rescue 
experiments were then conducted to test this 
hypothesis. We transfected the siRNA of p53 
into NPM1-knockdown stable cells, and per-
formed wound healing assay. The results 
showed that NPM1 knockdown attenuated the 
migration of 5-8F and HONE1 cells, which could 
be reversed by p53 knockdown (Figure 8D). 
When p53 siRNA was transfected into 5-8F and 

Figure 2. NPM1-knockdown inhibited the migration of NPC cells. A, B. Western blot analysis of the expression of 
NPM1 in NPC cells infected with lentivirus. C-F. The effect of NPM1 knockdown on the migration of NPC cells at 0 
h to 48 h. Bar = 200 μm. Data were presented as the mean ± SD from three independent experiments. **P < 0.01; 
***P < 0.001; ****P < 0.0001, as determined by one-way ANOVA. G-I. The migration ability of 5-8F and HONE1 cells 
was reduced by NPM1 knockdown. Bar = 100 μm. Data were presented as the mean ± SD from three independent 
experiments. ***P < 0.001; ****P < 0.0001, as determined by one-way ANOVA. J. The expression levels of E-cadherin, 
N-cadherin, and vimentin in 5-8F and HONE1 cells, as detected by Western blot analysis.
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Figure 3. NPM1 knockdown inhibited tumor stemness properties in NPC cells. A. The relative fluorescence intensity 
of CD44 and SOX2 was assessed by immunofluorescence staining. Bar = 10 μm. B, G. Side population assay re-
vealed that NPM1 knockdown inhibited NPC stemness. Data were presented as the mean ± SD from two indepen-
dent experiments. ***P < 0.001; ****P < 0.0001, as determined by the Student’s t-test. C, D. The expression levels of 
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CD44, NANOG, OCT4, and SOX2, as detected by Western blot analysis. E, F. Tumorsphere formation assay revealed 
that NPM1 knockdown inhibited NPC stemness. Bar = 200 μm. Data were presented as the mean ± SD from three 
independent experiments. *P < 0.05; **P < 0.01, as determined by one-way ANOVA.
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HONE1 cells, the wound healing assay detect-
ed an increased migration rate compared to 
the control cells (Figure 8D). Furthermore, 
immunofluorescence staining demonstrated 
that p53 knockdown NPC cells expressed CSC 
markers (CD44 and SOX2) at greater levels 
compared to control cells (Figure 8C). In con-
trast, NPC cells with both NPM1- and p53- 
knockdown displayed similar fluorescence 
intensities of CD44 and SOX2 to the control 
group (Figure 8C). Moreover, we found that p53 
knockdown increased N-cadherin, vimentin, 
CD44, and SOX2 levels while decreased 
E-cadherin levels in NPC cells. By transfecting 
NPM1-knockdown NPC cells with siRNA target-
ing p53, these phenomena were reversed 
(Figure 8A, 8B). Taken together, these data 
suggest that NPM1 regulates the migration and 
the tumor stemness of NPC cells by inhibiting 
the activity and function of p53.

Discussion

The non-ribosomal nucleolar phosphoprotein 
known as nucleophosmin (NPM), B23, numa-

trin, and NO38, was first identified to be pres-
ent in large concentrations in the granular por-
tion of the nucleolus [28]. The fact that NPM1 is 
linked to the development of human tumors 
has aroused research interest in the gene 
encoding this protein [6]. While controversy 
exists regarding the precise role of NPM1 in 
various malignancies [29-34], systematic 
methodologies have not yet been applied to 
explore the biological function of NPM1 in NPC 
in depth. Meanwhile, the cancer heterogeneity 
of NPC that uniquely characterizes this form of 
cancer suggests that the complexity and nov-
elty of its underlying mechanisms require 
research into the precise role of NPM1. In this 
study, we used both in vitro and in vivo experi-
ments to explore the function and its underly-
ing mechanism of NPM1 in the progression and 
metastasis of NPC. Our findings provide insight 
into the regulatory role of NPM1 in NPC. We 
revealed that NPM1 promoted the malignancy 
of NPC partially through the reduction of p53, 
whereby p53 and its associated signaling path-
ways were inhibited by NPM1. Typical CSC char-
acteristics and the migration ability of NPC cells 
were both promoted by this reduction in p53. In 
particular, NPC progression was prevented by 
NPM1 inhibition, suggesting that NPM1 may be 
used as an alternative therapeutic target for 
the treatment of NPC. 

First, we discovered that NPM1 expression was 
upregulated in NPC tissues, as determined by 
bioinformatics analysis using data from the 
GEO database. In addition, immunohistochemi-
cal analysis confirmed that NPM1 expression 
was higher in NPC tissues than in noncancer-
ous nasopharyngeal tissues. Furthermore, tis-
sue microarray data showed that the expres-
sion level of NPM1 was correlated with distant 
metastases and the clinical stage, suggesting 
that NPM1 might be involved in the develop-
ment and metastasis of NPC. Consistently, we 
found that patients with high levels of NPM1 
had worse overall survival. These findings pro-
vide evidence for the clinical application of 

Figure 4. NPM1 overexpression promoted the migration and tumor stemness properties of NPC cells. A, B, G, H. 
Wound healing assay showed the enhanced migratory ability of 5-8F and HONE1 cells by NPM1 overexpression. Bar 
= 200 μm. *P < 0.05; ****P < 0.0001, as determined by the Student’s t-test. C. The expression levels of E-cadherin, 
N-cadherin, CD44, and OCT4 in 5-8F and HONE1 cells, as detected by Western blot analysis. D, E. Side population 
assay indicated that the overexpression of NPM1 promoted NPC stemness. F. The relative fluorescence intensities 
of CD44 and SOX2, as assessed by immunofluorescence staining. Bar = 10 μm.

Table 3. The side population ratio between 
control group and sh-NPM1 group
5-8F sh-control sh-NPM1-1
Virapami- 1.17 0.61

Virapami+ 0.39 0.32
HONE1 sh-control sh-NPM1-1
Virapami- 1.09 0.72
Virapami+ 0.65 0.35

Table 4. The side population ratio between 
control group and NPM1-overexpression 
group
5-8F NPM1-Ctrl NPM1-OE
Virapami- 0.97 1.74
Virapami+ 0.29 0.45
HONE1 NPM1-Ctrl NPM1-OE
Virapami- 1.06 1.03
Virapami+ 0.21 0.31
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Figure 5. NPM1 promoted the metastasis of NPC and tumor stemness in mouse model. A. Lungs were collected 6 
weeks after tail injection of NPC cells (n = 6). B. The number of tumor nodules in the lungs. ***P < 0.001, as deter-
mined by the Student’s t-test. C. Representative H&E and IHC staining results of the harvested lung samples from 
control and NPM1 knockdown mice. Bar = 100 μm. D, E. Tumor formation in nude mice injected with 2×106, 1×106, 
5×105 or 2×105 NPM1-knockdown or control cells (n = 5). F. Representative H&E and IHC staining results of the 
dissected tumor tissues. Bar = 100 μm.
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Figure 6. NPM1 interacted with p53 and Mdm2. A, B. Co-IP coupled Western blot analysis indicated the interaction 
between NPM1 and p53. C, D. Co-IP coupled Western blot analysis indicated the interaction between NPM1 and 
Mdm2. I, F. Representative images of the immunofluorescent staining of NPM1 (red) and p53 (green). Bar = 10 μm. 
J, H. Representative images of the immunofluorescent staining of NPM1 (red) and Mdm2 (green). Bar = 10 μm. E, 
G, K, L. The protein level of p53 in either NPM1 overexpression or NPM1 knockdown cells was detected by Western 
blot analysis.
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NPM1 as a predictive marker for the prognosis 
of patients with NPC.

Intriguingly, we discovered that the overexpres-
sion of NPM1 enhanced both the tumor stem-

Figure 7. NPM1 induced the ubiquitin-mediated proteasome degradation of p53 by recruiting Mdm2. A, C. Cyclohexi-
mide (CHX) chase analysis of the half-life of p53 in control and NPM1-overexpressing 5-8F and HONE1 cells. CHX: 
50 μg/ml. B, D. The half-life of p53 in 5-8F and HONE1 cells. E, F. The effects of DMSO or MG132 (20 μM) on the 
stability of p53 protein in the control and NPM1-overexpressing cells. G, H. The effect of NPM1 overexpression and 
siMdm2 on the ubiquitination of p53 was determined by Co-IP and Western blot analysis.
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ness and the migration of NPC cells, whereas 
NPM1 knockdown dramatically decreased 
these two properties. Our mouse xenograft 

model and lung metastasis model further dem-
onstrated the oncogenic role of NPM1 by pro-
moting both tumor stemness and metastasis. 

Figure 8. p53 reversed cell migration and tumor stemness induced by NPM1 in NPC. A, B. The protein levels of 
NPM1, p53, E-cadherin, N-cadherin, vimentin, CD44, SOX2, and tubulin in the sh-control group, sh-NPM1-1 group, 
si-p53-2 group, and sh-NPM1+si-p53 group were detected by Western blot analysis. C. Immunofluorescence stain-
ing of CD44 and SOX2 in the sh-control group, sh-NPM1-1 group, si-p53-2 group, and sh-NPM1+si-p53 group. Bar = 
10 μm. D. Cell migration in the sh-control group, sh-NPM1-1 group, si-p53-2 group, and sh-NPM1+si-p53 group was 
determined by wound healing assay. Bar = 200 μm.
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These two properties are further described 
below.

EMT is a molecular process involved in confer-
ring the ability of metastasis in cancer cells 
[35]. Cells acquire mesenchymal cell pheno-
types as a result of losing cell-cell and cell-
extracellular matrix adhesion during EMT. This 
enables the separation of distant organs and 
surrounding tissues as well as the detachment 
of cells from the original tumor. Embryonic mor-
phogenesis, tissue fibrosis, wound healing and 
cancer cell metastasis are all significantly influ-
enced by the EMT process [36]. Regarding the 
property of tumor stemness, accumulating evi-
dence indicates that the metastasis of cancer 
cells initiates from the population of CSCs  
[37]. Interestingly, in this study, we discovered 
that NPM1 directly induced EMT by suppress-
ing E-cadherin expression while enhancing  
the expression of N-cadherin and vimentin. 
Meanwhile, NPM1 increased the protein levels 
of CSC-specific markers, including CD44, OCT4, 
and SOX2. Together, our study revealed a novel 
functional of NPM1 in promoting NPC metasta-
sis, which has not yet previously been 
established.

Furthermore, we set about investigating the 
molecular mechanism underlying the function 
of NPM1 in the above processes. By using Co-IP 
in conjunction with mass spectrometry in 
NPM1-overexpressing 5-8F cells, we identified 
p53 as a potential NPM1-interacting protein. 
p53 is a well-studied tumor suppressor with a 
very short half-life; therefore, it is maintained at 
a low, often undetectable level in normal cells 
[38]. Emerging evidence indicates that wild-
type p53 possesses greater tumor-suppressive 
capability compared to mutant p53, which is 
often oncogenic [39]. Herein, we discovered 
that NPM1 modulated p53 protein level without 
affecting its mRNA level. Notably, both MG132 
treatment and CHX chase assay revealed that 
the overexpression of NPM1 reduced the stabil-
ity of p53 and shorten its half-life. In support 
with these data, in vitro ubiquitination experi-
ments also demonstrated that NPM1 overex-
pression significantly increased the ubiquitina-
tion of p53. Therefore, we concluded that NPM1 
controls the p53 protein level through regulat-
ing the ubiquitination-proteasome degradation 
of p53. NPM1, however, lacks the capacity to 
transfer ubiquitin. Moreover, we discovered 

NPM1 interacted with Mdm2, an inhibitor of 
p53’s tumor-suppressive activities, may be 
recruited by NPM1 [40]. Mdm2 binds to the 
transcriptional activation domain of p53 and 
prevents it from modulating target genes to 
exert an antiproliferative impact [41]. Now, we 
can confirm that Mdm2 also promotes p53’s 
degradation in circumstances where p53 is 
otherwise stable, thereby regulating the down-
stream NPM1-related tumor stemness proper-
ties and EMT signals.

In conclusion, our study initially revealed the 
oncogenic role of NPM1 in NPC. Mechanistically, 
NPM1 physically interacted with p53 to prevent 
it from nuclear translocation, thereby promot-
ing NPC cell metastasis and stemness. This 
study provides the following insight; the eluci-
dation of a novel mechanism by which NPM1 
recruits Mdm2 to promote the ubiquitin-medi-
ated degradation of p53, which results in the 
inhibition of the p53-related signaling pathway 
both in vitro and in vivo. NPM1 may therefore 
be a promising indicator for NPC and its prog-
nosis, as well as a potential therapeutic target.
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Supplementary Figure 1. A, B. Nude mice were subcutaneously transplanted with control or NPM1-knockdown 5-8F 
cells, and the tumor weights were measured. C. Mutual effects between NPM1 and other proteins were shown using 
a protein association networks data set of STRING. D, E. Side population assay indicated that NPM1 overexpression 
promoted NPC stemness. Data were presented as the mean ± SD from two independent experiments. ***P < 0.001; 
****P < 0.0001, as determined by the Student’s t-test. F. Representative IHC staining results of the dissected tumor 
tissues. Bar = 100 μm. G. The mRNA level of p53 was examined in NPM1 knockdown cells by RT-qPCR. H. The mRNA 
level of p53 was assessed in NPM1 overexpressing cells by RT-qPCR.


