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Abstract 

Background Ovarian cancer (OC) is one of the commonest and deadliest diseases that threaten the health of 
women worldwide. It is essential to find out its pathogenic mechanisms and therapeutic targets for OC patients. 
Although NUF2 (Ndc80 kinetochore complex component) has been suggested to play an important role in the devel-
opment of many cancers, but little is known about its function and the roles of proteins that regulate NUF2 in OC. This 
study aimed to investigate the effect of NUF2 on the tumorigenicity of OC and the activities of proteins that interact 
with NUF2.

Methods Oncomine database and immunohistochemical (IHC) staining were used to evaluate the expression of 
NUF2 in OC tissues and normal tissues respectively. Normal ovarian epithelial cell lines (HOSEpiC) and OC cell lines 
(OVCAR3、HEY、SKOV3) were cultured. Western blot was applied to analyze the expression of NUF2 in these cell 
lines. Small interfering RNA (siRNA) was used to silence the expression of NUF2 in OC cell lines, SKOV3 and HEY. Gene 
Set Variation Analysis (GSVA), Gene Set Enrichment Analysis (GSEA), the CCK-8 method, colony formation assay and 
flow cytometry were conducted to analyze the biological functions of NUF2 in vitro. OC subcutaneous xenograft 
tumor models were used for in vivo tests. Immunoprecipitation and mass spectrometry (IP/MS) were performed to 
verify the molecular mechanisms of NUF2 in OC. IP, immunofluorescence, IHC staining, and Gene Expression Profil-
ing Interactive Analysis platform (GEPIA) were used to analyze the relationship between HNRNPA2B1 and NUF2 in 
OC cells. SiRNA was used to silence the expression of HNRNPA2B1 in SKOV3 cells, reverse transcription quantitative 
polymerase chain reaction (RT-qPCR) assay and western blot were used to detect the effect of HNRNPA2B1 on NUF2. 
GEPIA, The Cancer Genome Atlas (TCGA) database, GSEA and western blot were used to detect the potential signaling 
pathways related to the roles of HNRNPA2B1 and NUF2 in OC cells.

Results Our results showed high NUF2 expression in OC tissues and OC cell lines, which was associated with shorter 
overall survival and progression-free survival in patients. NUF2 depletion by siRNA suppressed the proliferation abili-
ties and induced cell apoptosis of OC cells in vitro, and impeded OC growth in vivo. Mechanistically, NUF2 interacted 
with HNRNPA2B1 and activated the PI3K/AKT/mTOR signaling pathway in OC cells.

Conclusion NUF2 could serve as a prognostic biomarker, and regulated the carcinogenesis and progression of OC. 
Moreover, NUF2 may interact with HNRNPA2B1 by activating the PI3K/AKT/mTOR signaling pathway to promote the 
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development of OC cells. Our present study supported the key role of NUF2 in OC and suggested its potential as a 
novel therapeutic target.

Keywords NUF2, Ovarian cancer, HNRNPA2B1, PI3K/AKT/mTOR signaling pathway

Introduction
Ovarian cancer (OC) is the deadliest malignant tumor 
among female reproductive system diseases, and its mor-
tality rate ranks fifth among all female malignancies [1]. 
High-grade serous ovarian cancer (HGSOC) is the most 
common and aggressive type of OC [2]. Currently, the 
standard treatment for OC is surgery combined with 
chemotherapy. Despite this, the 5-year survival rate of 
the patients is only 45% [3]. However, the pathogenesis 
of OC is not yet fully defined. Therefore, it is extremely 
important to deeply study the underlying molecular 
pathogenesis of OC in order to identify new therapeutic 
targets.

Dysfunction of chromosome segregation during the 
mitosis process is generally considered one of the impor-
tant reasons that contribute to cancer progression. The 
kinetochore is the protein that connect the spindle and 
the centromere in mitotic cells [4]. The outer kinetochore 
is critical for accurate chromosome segregation. As a core 
component of the outer kinetochore, the NDC80 com-
plex is essential for regulating chromosome segregation. 
NUF2, one of the components of NDC80 kinetochore 
complex, which has been suggested to be essential for 
kinetochore microtubule formation. Knockout of NUF2 
results in abnormal kinetochore-microtubule attachment 
and spindle inspection, leads to the death of cells [5]. 
There are mounting evidences that NUF2, as an onco-
gene, is closely related to the growth, apoptosis, invasion 
and metastasis of various tumor cells and poor prognosis 
of cancer patients [6–11]. However, the biological roles of 
NUF2 and the underlying molecular mechanisms of its 
actions in OC are still not fully elucidated.

In this study, we identified high expression of NUF2 
in OC tissues and OC cell lines. In addition, in vitro and 
in vivo experiments indicated that knockdown of NUF2 
suppressed OC cell proliferation, and promoted cell 
apoptosis by inactivated the PI3K/AKT/mTOR signaling 
pathway. Moreover, we found HNRNPA2B1, which had 
been previously validated regulating the carcinogenesis 
and progression of OC [12], could interact with and reg-
ulate NUF2. HNRNPA2B1 or NUF2 downregulation by 
siRNA significantly blocked the PI3K/AKT/mTOR sign-
aling pathway. Overall, our findings indicated that the 
interaction between HNRNPA2B1 and NUF2 promoted 
the progression of OC by influencing PI3K/AKT/mTOR 
pathway.

Materials and methods
Database analysis
The mRNA expression levels of NUF2 in OC and normal 
ovarian tissues were downloaded from the Oncomine 
database (http:// www. oncom ine. org). The Kaplan–Meier 
plotter database  (http:// www. kmplot. com) was used 
to explore the prognosis of 1657 OC patients. The OC 
patients were divided into two groups according to the 
expression of the gene (high expression vs low expres-
sion). RNA-seq data and corresponding clinicopatho-
logical data of OC patients in TCGA were obtained from 
UCSC Xena (https:// xenab rowser. net/ datap ages/). The 
clinicopathological characteristics included age, stage, 
grade, outcome, etc. A GSEA was conducted based on 
protocols according to the manufacturer’s instructions 
to identify the NUF2-mediated biological roles in OC 
[13]. Specifically, GSEA was conducted by clusterProfiler 
package. We downloaded h.all.v6.2.symbols.gmt from the 
Molecular Signatures Database (http:// www. broad. mit. 
edu/ gsea/ msigdb/). The number of permutations was set 
to 1,000 and the phenotype labels were NUF2-high and 
NUF2-low. FDR < 0.25 and P < 0.05 indicated statistical 
significance. 309 OC patients in the TCGA data set were 
divided into high-expression group and low-expression 
group according to the median value of NUF2. GSVA was 
conducted by “gsva” package to further verify different 
biological parameters between the two groups. Besides, 
GSEA of enriched pathways was conducted in 379 OC 
patients exhibited high HNRNPA2B1 expression or low 
HNRNPA2B1 expression grouped by median value of 
HNRNPA2B1. In addition, the GEPIA (http:// gepia. can-
cer- pku. cn/) platform was used to explore the relation-
ships among NUF2 expression, HNRNPA2B1 expression 
and molecules involved in the PI3K/AKT/mTOR signal-
ing pathway.

Patients and samples
HGSOC tissues (n = 13) and matched adjacent tis-
sues (n = 13) were collected from the Biobank of Bei-
jing Obstetrics and Gynecology Hospital. Samples were 
obtained from patients at initial diagnosis without any 
chemotherapy or radiation treatment prior to surgery. 
The present study was approved by medical ethics asso-
ciation of Beijing Obstetrics and Gynecology Hospital, 
Capital Medical University. Informed consents were 
obtained from all HGSOC patients.

http://www.oncomine.org
http://www.kmplot.com
https://xenabrowser.net/datapages/
http://www.broad.mit.edu/gsea/msigdb/
http://www.broad.mit.edu/gsea/msigdb/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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Immunohistochemistry
All of the tissues were fixed in 4% paraformaldehyde, 
embedded in paraffin, and then serially sectioned. The 
sections were treated with primary antibodies (Cell 
Signaling Technology, Inc., Danvers, MA, USA) against 
NUF2 (1:200 dilution), HNRNPA2B1 (1:200 dilu-
tion) respectively overnight in a humidified chamber 
at 4  °C. Afterwards, the sections were incubated with 
secondary antibodies. Sections were then stained with 
3,3diaminobenzidine (DAB) and counterstained with 
hematoxylin. Two pathologists calculated the staining 
score of each section independently. The immunoreac-
tion intensity was scored as follows: negative (0), weak 
(1), moderate (2), strong (3). The percentage of stained 
cells was as follows: 1–25% (1); 26–50% (2), 51–75% (3) 
and 76–100% (4). The staining score of ≥ 2 was denoted 
high protein expression.

Cell culture
The Human Ovarian Surface Epithelial Cells 
(HOSEpiC) and three human OC cell lines (OVCAR3, 
HEY, SKOV3) were maintained in laboratory. The 
OVCAR3 was cultured in Roswell Park Memorial 
Institute (RPMI)-1640 medium (Gibco, Gaithers-
burg, MD, USA), supplemented with 20% fetal bovine 
serum (FBS). All other cancer cell lines were cultured in 
RPMI-1640 medium, supplemented with 10% FBS. All 
cell lines were cultured in a humidified incubator with 
5% CO2 at 37ºC.

Small interference RNA and cells transfection
The siRNA-mediated silencing system (JTSBIO Co., 
Ltd. Wuhan, China) targeting NUF2 contained three 
siRNAs: siRNA1: 5’-GGA GAG ACU UGA UUC UGU 
UTT-3’; siRNA2: 5’-GCC UUC AUG UCA GUU GGA 
ATT-3’ and siRNA3: 5’-GGA CCA AAU UGA GAG UGA 
UTT-3’. The siRNA-mediated silencing system (JTS-
BIO Co., Ltd. Wuhan, China) targeting HNRNPA2B1 
contained three siRNAs: siRNA1: 5’-GCU CUU UAU 
UGG UGG CUU AT-3’; siRNA2: 5’- GGA ACA UCA CCU 
UAG AGA UTT-3’ and siRNA3: 5’- GGU CAU AAU GCA 
GAA GUA ATT-3’. The sequence of nonsense siRNA (si-
control) is 5’-UUC UCC GAA CGU GUC AGG UTT UCC 
AGG TCU AGTT-3’. Si-control, si-HNRNPA2B1 and si-
NUF2 were transfected into HEY and SKOV3 cells cul-
tured in 6-well plates at 2 ×  105 cells/well respectively 
as si-control group, si-NUF2 group and si-HNRN-
PA2B1 group by using Lipofectamine™ RNAmax. After 
48 h of transfection, the transfection efficiency was ver-
ified by Western blot.

Western blot
Proteins were extracted from HEY and SKOV3 cells 
using lysis buffer. 30 µg of protein was loaded onto the 
SDS-PAGE gel and then transferred onto the polyvi-
nylidene difluoride membranes (PVDF) membranes. 
These membranes were blocked with 5% milk and then 
incubated overnight at 4  °C with primary antibodies 
(Cell Signaling Technology, Inc., Danvers, MA, USA) 
against NUF2 (dilution, 1:500), caspase3 (dilution, 
1:500), cleaved-caspase3 (dilution, 1:500), PARP (dilu-
tion, 1:500), cleaved-PARP (dilution, 1:500), PIK3CA 
(dilution, 1:500), PIK3CB (dilution, 1:500), AKT (dilu-
tion, 1:500), p-AKT (dilution, 1:500), mTOR (dilution, 
1:500), p-mTOR (dilution, 1:500), and GAPDH (dilu-
tion, 1:1000). Then the membranes were incubated with 
HRP-labeled secondary antibodies (dilution, 1:7500; 
Cell Signaling Technology, Inc., Danvers, MA, USA) 
for 2 h at room temperature. Enhanced chemilumines-
cence system (Roche Diagnostics, Basel, Switzerland) 
was used to detect the target bands. The intensities of 
the bands were quantified using Image J software. All of 
the experiments were technically repeated three times.

Proliferation assay
Cell counting kit-8 (CCK-8) assay and colony formation 
assay were used to detect the proliferation of cells. For 
CCK-8 assay, cell counting kit-8 assay kit (Yeasen Biotech 
Co., Ltd. Shanghai, China) was used. Cells transfected 
with si-NUF2 or si-control were seeded in a 96-well 
plate at a density of 1 ×  103 cells/ml with three dupli-
cates in each group. After cultured for 24, 48, 72, and 
96 h, respectively, the supernatant was discarded, 10 μl of 
CCK8 reagent was added to each well and incubated at 
37 °C in an incubator for 2 h. Measure the optical density 
of each well at 450 nm with a microplate reader. For col-
ony formation assay, 1500 transfected cells were seeded 
into 6-well plate and incubated for 5 days in a humidified 
incubator. Then the clones were fixed by 4% paraform-
aldehyde and stained for 15  min in Gentian violet. The 
clones and number of cells in each clone were counted by 
using a microscope.

Cell apoptosis analysis
FITC Annexin V Apoptosis Detection Kit (BD, USA) was 
used to detect cell apoptosis. Cell apoptosis was exam-
ined at 48  h after siRNA transfection. Wash cells twice 
with cold PBS and then resuspend cells in Binding Buffer 
at a concentration of 1 ×  106 cells/ml. Transfer 100  μl 
of the solution to a 5 ml culture tube. Add 5 μl of FITC 
Annexin V and 5 μl PI to the solution. Gently vortex the 
cells and incubate for 15 min at room temperature in the 
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dark. Then, add 400  μl of Binding Buffer to each tube. 
Finally, analyze cell apoptosis by flow cytometry (FACS-
Calibur, BD Biosciences, NJ USA).

Xenograft tumor model
SPF-grade BALB/c-nu mice (5  weeks of age) were pur-
chased from Beijing Weitong Lihua Experimental Ani-
mal Technology Co., Ltd. All animal experiments were 
approved by Institutional Animal Care and Use Com-
mittee (IACUC) of Tsinghua University. 5 ×  106 SKOV3 
cells were injected into the right flanks of the nude mice. 
When the subcutaneous tumors reached approximately 
60  mm3 in size, mice were randomized for different 
intratumoral treatments and treated with PBS (control), 
scrambled siRNA (si-control) or modified si-NUF2 (si-
NUF2). Mice were injected with PBS or the appropriate 
siRNA (1.5 nM) every 3 days for 2 weeks. Tumor growth 
was measured using a digital caliper and tumor volume 
was calculated as follows: tumor volume = (a ×  b2)/2, 
where a and b are the long and short tumor dimensions 
respectively. Mice were sacrificed 17 days from the first 
day of treatment and the tumors were excised.

IP and Mass spectrometry
SKOV3 cells were lysed in lysis buffer and centrifuged 
for 10 min at 10000 g. The supernatants were incubated 
with relevant antibodies and protein A/G beads at 4  °C 
overnight. Afterwards, SDS-PAGE was performed. The 
immunocomplex samples were analyzed by Western blot 
using anti-NUF2 and anti-HNRNPA2B1. For mass spec-
trometry analysis, the protein bands were obtained from 
gels and then analyzed by liquid chromatography coupled 
with tandem Q-Exactive Orbitrap mass spectrometer 
(UHPLC-QE-MS). UHPLC-QE-MS analysis was con-
ducted by Tsinghua University instrument sharing plat-
form. NCBI protein database was used for data analysis 
and protein identification.

Immunofluorescence
SKOV3 cells were fixed in pre-chilled 4% paraformalde-
hyde in PBS for 20 min, permeabilized with 0.1% Triton 
X-100 in PBS for 10 min and blocked with 10% normal 
goat serum in Tris-buffered saline (TBS) containing 2.5% 

Tween-20 for 1  h at room temperature, then incubated 
with rabbit anti-NUF2 or rabbit anti-HNRNPA2B1 in 
the blocking buffer overnight at 4ºC. Rinsing with wash-
ing solution (TBS containing 2.5% Tween-20) 3 times, 
fluorescence-conjugated secondary antibodies (Solar-
bio, Beijing) were applied for 1 h at room temperature. 4, 
6-diamidino-2-phenylindole (DAPI; Invitrogen) was used 
to stain the nuclei. The staining results were examined by 
a laser-scanning confocal microscope (FV-1000 mounted 
on IX81, Olympus).

RT‑qPCR
Complementary DNAs was synthesized using First-
strand cDNA Synthesis Supermix kit (TRANS, Beijing, 
China) according to the manufacturer’ s protocol. ABI 
7500 Real-Time PCR system (Applied Biosystems, Fos-
ter City, USA) was used for Real-time PCR analysis using 
SYBR Premix EX Taq™ (Takara, Dalian, China). Relative 
mRNA expressions were normalized to GAPDH. The 
primers for NUF2, HNRNPA2B1 and GAPDH were as 
follows:

NUF2 forward primer: 5’-ACA AGT CGG TTT TTA 
AGT GGCA-3’, and reverse primer: 5’-GCA TTT TGT 
CCG CAG AGG ATTT-3’;
HNRNPA2B1 forward primer: 5’-TGG AGG TAG 
CCC CGG TTA TG-3’, and reverse primer: 5’-GGA 
CCG TAG TTA GAA GGT TGCT-3’;
GAPDH forward primer: 5’-TCA ACG ACC ACT 
TTG TCA AGC TCA -3’, and reverse primer: 5’ -GCT 
GGT GGT CCA GGG GTC TTACT-3’.

Results
High NUF2 expression in OC and associates with poor 
survival prognosis
To explore the expression of NUF2 in OC, we extracted 
the data of OC patients and normal patients from 
Oncomine database, the mRNA level of NUF2 was ana-
lyzed. The results showed that NUF2 mRNA levels in OC 
tissues were higher than that in normal tissues (Fig. 1A). 
In addition, the expression of NUF2 was analyzed by IHC 
staining in 13 paired HGSOC tissues and corresponding 

Fig. 1 Up-regulation of NUF2 was associated with poor survival in OC. A High NUF2 expression was found in OC patients based on oncomine 
datasets. B Immunohistochemical evaluation of NUF2 expression in HGSOC tissues and adjacent normal tissues. Morderate or strong NUF2 
expression was confirmed in HGSOC tissues, and negative or weak expression in adjacent normal tissues. Scale bars, 500 μm. C The expression levels 
of NUF2 in OC cell lines were analyzed by western blot. Quantification of NUF2 expression relative to GAPDH were performed. The experiment was 
repeated 3 times. In each time, the levels of NUF2 relative to GAPDH were normalized to the Human Ovarian Surface Epithelial Cells (HOSEpiC) 
group that was arbitrarily set as 1. Values are expressed as the mean ± SE. 2-tailed Student t test was used for C. NUF2 protein was overexpressed in 
HEY and SKOV3 cells compared with Human Ovarian Surface Epithelial Cells (HOSEpiC). *P < 0.05. D ScRNA-seq profiling of four primary carcinomas, 
two relapsed, and two metastatic HGSOCs indicating higher NUF2 expression in malignant epithelial cells (C0 and C2) than other cell types. E, F 
Kaplan–Meier (KM) plots indicated the correlation of NUF2 expression with overall survival (OS) and progression-free survival (PFS) of OC patients. 
Patients with higher NUF2 had poorer OS and PFS. G, H Subgroup analyses of survival associated with NUF2 in OC patients

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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normal tissues. As shown in Fig.  1B, 77% (10/13) of 
patients NUF2 staining was significantly increased in 
HGSOC tissues compared to adjacent normal tissues. 
Besides, the expressions of NUF2 in OC cell lines were 
examined by western blotting. As shown in Fig. 1C, over-
expression of NUF2 was observed in HEY and SKOV3 
cells compared to the HOSEpiC cells at protein level.

To further analyze the prognostic value of NUF2 
expression in OC, single cell RNA-sequencing were 
conducted as previously described [14]. Four primary 
carcinomas, two metastatic carcinomas, and two recur-
rent carcinomas were analyzed by deep single-cell RNA 
sequencing. A total of 21,212 cells were acquired and 
classified into six main cell lineages, namely, C0-C5. As 
shown in Fig.  1D, we demonstrated that the expression 
of NUF2 was significantly higher in malignant epithe-
lial cells (C0 and C2) than the other cells (C1, C3 and 
C5). Furthermore, Kaplan–Meier plotter database was 

used to further analysis the clinical value of NUF2 in 
OC patients. Figure 1E-F demonstrated that high NUF2 
expression was associated with shorter overall survival 
(OS) and progression-free survival (PFS) compared 
with low NUF2 expression (P < 0.05). Besides, subgroup 
analyses showed that the OC patients with higher NUF2 
presented poorer survival at the early stage or grade 
(Fig. 1G-H). These results indicated that NUF2 might be 
an important prognostic factor for OC.

Related potential biological roles of NUF2 in OC
To investigate NUF2-mediated biological roles in OC, 
the GSEA and GSVA were conducted. GSEA showed that 
the OC samples with highly expressed NUF2 were mainly 
associated with E2F targets, G2M checkpoint and MYC 
signaling, which were confirmed by GSVA (Fig. 2A-B). In 
addition, correlated heatmap demonstrated that NUF2 
expression were positively associated with the cell cycle 

Fig. 2 Analysis of enriched pathways of NUF2 using GSVA and GSEA. A Enriched pathway found by the GSEA using MsigDB: E2F Targets, G2M 
Checkpoint, MYC Targets were enriched in OC samples with highly expressed NUF2. B Enriched pathway plot found by GSVA. C Correlated heatmap 
illustrated that NUF2 was associated with genes related to the cell cycle, proliferation, and apoptosis
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and proliferation related genes, while negatively associ-
ated with the apoptosis related genes in OC (Fig.  2C). 
These results demonstrated that NUF2 might be related 
to OC carcinogenesis.

Silencing of NUF2 expression inhibits proliferation 
and facilitates apoptosis of OC cell
To further explore the potential effect of NUF2 in OC 
progression, we designed three siRNAs that can silence 
NUF2 (si-NUF2) and transfected them into HEY and 
SKOV3 cells respectively to knockdown the expression of 
NUF2. Cells transfected with control siRNA (si-control) 
were used as controls. Then western blot was applied to 
verify the transfection efficiency. As shown in Fig. 3A, the 
protein levels of NUF2 in HEY and SKOV3 cells trans-
fected with si-NUF2 were significantly lower than those 
transfected with si-control. These results above indi-
cated that si-NUF2 significantly silenced the expression 
of NUF2. Furthermore, the effects of silencing NUF2 
expression on proliferation of SKOV3 and HEY cells were 
assessed by CCK-8 assay and colony formation respec-
tively. It was found that silencing NUF2 expression sig-
nificantly decreased the proliferation of HEY and SKOV3 
cells (Fig. 3B-C). Besides, the apoptosis was further con-
firmed by flow assay. As shown in Fig. 3D, the apoptotic 
cell percentage increased significantly from 15.7% in si-
control group to 27.6% in si-NUF2 group. Furthermore, 

Fig. 3 Effect of NUF2 silencing on OC cell proliferation and 
apoptosis. A Western blot was used to validate the efficiency of 
NUF2 knockdown by small interfering RNA (siRNA) treatment. 
Quantification of NUF2 expression relative to GAPDH were 
performed. The result was obtained with 3 independent experiments. 
In each experiment, the protein levels of NUF2 related to GAPDH 
were normalized to control group that was arbitrarily set as 1. 
*P < 0.05. B The CCK8 assay was conducted to detect the proliferation 
of the HEY and SKOV3 cells treated with si-control or si-NUF2 
respectively, and knockdown of NUF2 significantly impaired the 
proliferation of cells. *P < 0.05. C Colony formation was conducted to 
detect the viability of the HEY and SKOV3 cells treated with si-control 
or si-NUF2 respectively, and knockdown of NUF2 significantly 
impaired the proliferation of cells. The no. of colonies or no. of cells 
per colony measured in three independent experiments were 
statistically analyzed. In each experiment, the no. of colonies or 
no. of cells per colony were normalized to control group that was 
arbitrarily set as 1. *P < 0.05. D Flow cytometry assay was used to 
detect the apoptosis of SKOV3 cells treated with si-control or si-NUF2. 
The result was obtained with 3 independent experiments. Values are 
expressed as the mean ± SE. 2-tailed Student t test was used for D. E 
Western blot analysis for proteins involved in apoptosis revealed that 
cleaved-caspase3 and cleaved-PARP were considerably increased 
after siRNA treatment. The total protein expressions of caspase3 
and PARP remained unchanged. Experiments were repeated three 
times. In each experiment, the protein levels of cleaved-caspase3 or 
cleaved-PARP related to the total caspase3 or PARP were normalized 
to the control group that was arbitrarily set as 1
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western blot was used to detect the expression levels of 
caspase 3, cleaved-caspase3, PARP and cleaved-PARP. 
We found the increased expressions of cleaved-caspase3, 
cleaved-PARP after NUF2 silencing (Fig. 3E). These find-
ings indicated that silencing NUF2 expression could 
induce apoptosis of SKOV3 cells.

Silencing of NUF2 expression attenuates OC progression 
in vivo
Xenograft tumor model was used to validate the role of 
NUF2 in OC progression in vivo. BALB/c-nu mice were 
injected with PBS, modified si-NUF2 or their associated 
control cells. Tumor growth was measured for 17  days. 
As shown in Fig.  4A-C, compared with the PBS (con-
trol) and negative control group (si-control), mice in 
the si-NUF2 injection group (si-NUF2) exhibited slower 
tumor growth rate (P < 0.05) and lower tumor weight at 

the endpoint. Next, IHC assessment of cell proliferation 
marker Ki67 in the xenograft tumors above was per-
formed. We confirmed that Ki67 expression was mark-
edly suppressed in the si-NUF2 group (P < 0.05, Fig. 4D). 
These results suggested that NUF2 played a critical role 
in promoting OC progression in vivo.

HNRNPA2B1 physically associates with and regulate NUF2
To investigate how NUF2 exert its functions in OC cells, 
potential NUF2 interacting proteins were analyzed 
using IP coupled with MS analyses. Proteomic analysis 
identified the proteins unique to the complexes related 
to NUF2 in the si-control group, whereas 74 proteins 
were found (Supplementary Fig. S1 and Supplementary 
Table  1). Among these, according to GEPIA, we iden-
tified HNRNPA2B1 as an NUF2-interacting protein. 
Next, we validated the relationship between NUF2 and 

Fig. 4 Silencing NUF2 inhibits OC progression in vivo. A SKOV3 cells were subcutaneously injected into the right flanks of BALB/c-nu mice. Mice 
were treated with PBS, si-control or modified si-NUF2. The sacrificed nude mice were photographed at 17 days after transplantation. B Tumors were 
derived from the nude mice of each group. C Tumor volume and weight were measured. Values are expressed as the mean ± SE. 2-tailed Student 
t test was used to determine significance. D Representative IHC images of tumors from nude mice for Ki-67 expression. Histograms (right) showed 
the number of Ki-67 positive cells. Values are expressed as the mean ± SE. 2-tailed Student t test was used to determine significance. *P < 0.05
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Fig. 5 NUF2 physically associates with HNRNPA2B1. A IP assays were conducted in SKOV3 cells transfected with si-control; IgG was used as control. 
B Immunofluorescence staining showed that HNRNPA2B1 (green) co-localized with NUF2 (pink) in the SKOV3 cells. DAPI was used to stain the 
nuclear. Scale bars = 10 μm. C Representative IHC staining of HGSOC tumors for HNRNPA2B1 and NUF2 expression. Scale bars = 500 μm. IHC 
results revealed that expression of HNRNPA2B1 and NUF2 was positively interrelated in OC tissues as shown in the histogram (right). D GEPIA was 
applied to investigate the correlated expression between HNRNPA2B1 and NUF2. E Silencing HNRNPA2B1 decreased the mRNA expression of NUF2 
by RT-qPCR assay. The experiment was repeated 3 times. In each experiment, HNRNPA2B1 or NUF2 mRNA levels were assessed by RT-qPCR and 
normalized to GAPDH. The HNRNPA2B1 or NUF2 mRNA levels were normalized to the control group that was arbitrarily set as 1.*P < 0.05. F Silencing 
HNRNPA2B1 decreased the protein expression of NUF2 by western blot. Quantification of HNRNPA2B1 and NUF2 expressions relative to GAPDH 
were shown. The experiment was repeated 3 times. In each time, the other groups were normalized to the control group that was arbitrarily set as 
1. *P < 0.05
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HNRNPA2B1 by IP, immunofluorescence staining and 
IHC staining. HNRNPA2B1 was immunoprecipitated 
by the NUF2 antibody in si-control OC cells and con-
trol OC cells (Fig.  5A). Immunofluorescence staining 
showed that NUF2 and HNRNPA2B1 co-localized in 
OC cells (Fig. 5B). Moreover, we performed IHC stain-
ing of the tumors from 13 HGSOC patients and calcu-
lated the staining score of each slide. The IHC results 
indicated that about 67% of the tumor tissues (2 of 3) 
with low NUF2 expression showed negative or weak 
HNRNPA2B1 staining and 80% (8 of 10) of those with 
high NUF2 expression displayed moderate or strong 
HNRNPA2B1 staining (Fig.  5C). Besides, as shown in 
Fig.  5D, GEPIA analysis revealed a significant positive 
relationship between NUF2 and HNRNPA2B1 genes, 
and knockdown HNRNPA2B1 significantly decreased 
the mRNA and protein expression levels of NUF2 
(Fig.  5E-F). Collectively, these results above indicated 
that HNRNPA2B1 physically interacted with and regu-
lated NUF2.

HNRNPA2B1/NUF2 activates the PI3K/AKT/mTOR signaling 
pathway
PI3K/AKT/mTOR signaling pathway plays an impor-
tant role in cell proliferation and apoptosis of ovar-
ian cancer cells [15]. Pathway enrichment analysis by 
GEPIA, GSEA and GSVA revealed a positive correla-
tion between HNRNPA2B1 and PI3K/AKT/mTOR 
signaling pathway (P < 0.001, Fig. 6A-B). We also iden-
tified NUF2 involved in the PI3K/AKT/mTOR signal-
ing pathways by GEPIA, GSEA and GSVA (P < 0.001, 
Fig.  6C-D). Hence, we tried to further explore the 
effects of HNRNPA2B1 or NUF2 expression on the 
PI3K/AKT/mTOR signaling pathway. SKOV3 cells were 
pretreated with HNRNPA2B1 siRNA or NUF2 siRNA 
and control siRNA respectively, and the expression of 
PI3K/AKT/mTOR signaling pathway-related molecules 
were examined by western blot. As shown in Fig. 6E-F, 
HNRNPA2B1 or NUF2 depletion decreased PIK3CA, 
PIK3CB, p-mTOR, p-AKT expression. These data dem-
onstrated that oncogenic HNRNPA2B1 acted as an 
NUF2-interacting protein via PI3K/AKT/mTOR signal-
ing pathway in HGSOC tumorigenesis.

Discussion
OC is the first leading cause of cancer death among 
gynecological malignancies [16]. Accumulating evidence 
indicates that NUF2 plays a very important role in the 
progression of kinds of malignant tumors. This study 
aimed to explore the effect of NUF2 on progression of 
OC. We found that NUF2 expression was significantly 
upregulated in OC tumor tissues and OC cells, and 
might function as a critical prognostic indicator for OC 
patients. Silencing NUF2 inhibited proliferation, induced 
apoptosis of OC cells in vitro and blocked tumor growth 
in vivo. Furthermore, our results also demonstrated that 
oncogenic NUF2 functions as a tumor activator in OC 
progression by interacting with HNRNPA2B1 via the 
PI3K/AKT/mTOR signaling pathway.

According to literature reports, the cell division cycle-
related protein family is necessary for the maintenance of 
normal cell functions, and its abnormal expression can 
promote the occurrence of tumors, and play an impor-
tant role in regulating tumor cell development, invasion 
and metastasis, etc. [17]. As an important member of the 
cell division cycle-related protein family, NUF2 plays an 
important role in the correct attachment of kinetochore-
microtubules and the normal separation of chromosomes 
during the process of cell mitosis. The wrong separation 
of chromosomes can lead to gene instability and ulti-
mately induce tumor. Evidences were obtained regarding 
the roles of NUF2 in the progression of different kinds of 
cancers. In prostate cancer, Wong et.al found that knock-
down NUF2 could significantly inhibit the growth of 
cancer cells [6]. Zhang et  al. found that NUF2 acted as 
oncogenes in endometrial carcinoma cancer cells [18]. In 
colorectal cancer, studies have found that heterogeneous 
nuclear ribonucleoprotein K activated the transcription 
of NUF2, knockdown of NUF2 expression could signifi-
cantly inhibit proliferation of colorectal cancer cells [8]. 
In melanoma tumors, NUF2 was highly expressed and 
significantly related to the poor prognosis of patients 
[19]. It was also found that poor breast cancer patient 
survival was significantly associated with high NUF2 
expression caused by low TTP/HuR mRNA ratios [10]. In 
lung cancer, Chen showed that upregulated NUF2 gene 
expression level probably played a crucial part in onco-
genesis, and could be used as the potential prognostic 

Fig. 6 HNRNPA2B1-NUF2 active the PI3K/AKT/mTOR signaling pathway. A Scatter plots of HNRNPA2B1 and genes involved in PI3K/AKT/mTOR 
signaling pathways. B GSEA of enriched pathways in 180 samples exhibited high HNRNPA2B1 expression and in the remaining 180 samples 
exhibited low HNRNPA2B1 expression, which indicated that the high HNRNPA2B1 expression was related to PI3K/AKT/mTOR signaling pathway. 
P < 0.05. C Scatter plots of NUF2 and genes involved in PI3K/AKT/mTOR signaling pathways. D Enriched pathway found by the GSEA using MsigDB. 
PI3K/AKT/mTOR signaling pathway is enriched in OC samples with highly expressed NUF2. P < 0.05. E, F Western blot was conducted to analyze the 
expressions of PI3K/AKT/mTOR signaling pathway-related genes. The result was obtained by 3 independent experiments. In each experiment, the 
protein levels of PIK3CA or PIK3CB relative to GAPDH were normalized to the control group that was arbitrarily set as 1. The protein levels of p-AKT 
or p-mTOR related to the total AKT or mTOR were normalized to the control group that was arbitrarily set as 1. HNRNPA2B1 or NUF2 knockdown 
reduced the expression levels of PIK3CA, PIK3CB, p-AKT and p-mTOR. *P < 0.05

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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marker to improve survival rate of the patients [20]. In 
hepatocellular cancer, Xie found that high expression of 
NUF2 was correlated with poor survival and differential 
immune cell infiltration in patients [7]. Besides, another 
study suggested that NUF2 might modulate cell prolif-
eration via cell cycle control in Osteosarcoma Saos-2 
cells, depletion-induced growth inhibition was associ-
ated with cell cycle arrest and apoptosis [21]. However, 
the role of NUF2 in OC had not been specifically investi-
gated. Based on bioinformatic analysis, Sethi et al. dem-
onstrated that NUF2 might take part in the development 
of OC [22]. In this study, for the first time, we found that 
high NUF2 expression was related to the poor progno-
sis of OC patients. Moreover, NUF2 could increase the 
proliferation and decrease the apoptosis of OC cells. We 
also showed NUF2 silencing in mice harboring OC xeno-
graft tumors induced a great reduction in tumor size and 
markedly suppressed levels of Ki-67.

Studies on NUF2 have so far primarily focused on its 
functions in tumorigenesis whereas the proteins interact 
with itself and the detailed mechanisms are still unclear. 
Increasing evidences showed that proteins of heterogene-
ous nuclear ribonucleoproteins family were closely asso-
ciated with NUF2 in multiple cancers [6, 8]. Based on IP/
MS associated with bioinformatics analysis, we herein 
found that HNRNPA2B1, which was reported highly 
expressed in OC cells and promoted the proliferation 
of OC cells [12], appeared to interact with NUF2. Fur-
thermore, immunofluorescence staining and IHC stain-
ing showed a positive correlation between NUF2 and 
HNRNPA2B1. In addition, we found that HNRNPA2B1 
could promote NUF2 protein translation, leading to OC 
carcinogenesis. Our findings indicated that the HNRN-
PA2B1-NUF2 expression likely acted as an important 
oncogenic driver in OC progression.

The development of malignant tumors are the results 
of interactions between various signal pathways. The 
phosphoinositol 3 kinase (PI3K)/ protein kinase B 
(AKT)/mammalian target of rapamycin (mTOR) signal-
ing pathway is an important signal transduction pathway 
in regulating the proliferation and apoptosis of cancer 
cells by participating in cell cycle processes, produc-
ing precursor apoptotic proteins, controlling angiogen-
esis and promoting cancer cell invasion and metastasis 
[21]. Recent studies had indicated that the PI3K/AKT/
mTOR signal pathway was highly mutated and hyper-
activated in a majority of OC patients, and are associ-
ated with advanced grade and stage disease [23–25]. In 
our study, bioinformatic analysis suggested that HNRN-
PA2B1 or NUF2 participated in the PI3K/AKT/mTOR 
signaling pathway in OC. Furthermore, we proved that 
the expressions of PIK3A, PIK3B, p-AKT and p-mTOR 
were decreased in HNRNPA2B1-siRNA or NUF2-siRNA 

treated SKOV3 cells when compared with controls. 
These results demonstrated that PI3K/AKT/mTOR sign-
aling pathway was the key signaling pathway involved in 
the regulation of the tumorigenesis by HNRNPA2B1 or 
NUF2 in OC. Taken together, these findings suggested 
that NUF2 might shed light on a novel therapeutic strat-
egy for OC. Further research is required to verify the 
mechanisms underlying the interaction between NUF2 
and HNRNPA2B1 for OC diagnosis, prognosis, or 
treatment.
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