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1  | INTRODUC TION

Nasopharyngeal carcinoma (NPC), which arises from the epithelium 
of the nasopharynx, is one of the most common types of head and 

neck malignant tumor. Nasopharyngeal carcinoma is highly preva-
lent in South China, accounting for 47% of new cases worldwide.1 
Advances in the management, including the improvement of in-
tensity-modulated radiotherapy and the broader application of 
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Abstract
Alternative polyadenylation (APA), which induces shortening of the 3′-UTR, is emerg-
ing as an important feature in cancer development and progression. Nevertheless, 
the effects and mechanisms of APA-induced 3′-UTR shortening in nasopharyngeal 
carcinoma (NPC) remain largely unclear. Fibronectin type III domain containing 3B 
(FNDC3B) tended to use proximal polyadenylation site and produce shorter 3′-UTR 
according to our previous sequencing study. Herein, we found that FNDC3B with 
shorter 3′-UTR could escape from miRNA-mediated gene repression, and caused 
its increased expression in NPC. Knocking down of FNDC3B inhibited NPC cell pro-
liferation, migration, invasion, and metastasis in vitro and in vivo. Overexpression 
of FNDC3B, especially those with shorter 3′-UTR, promoted NPC progression. 
Furthermore, the mechanism study revealed that FNDC3B could bind to and stabilize 
myosin heavy chain 9 (MYH9) to activate the Wnt/β-catenin signaling pathway. In 
addition, MYH9 could reverse the inhibitory effects of FNDC3B knockdown in NPC. 
Altogether, our results suggested that the 3′-UTR shortening of FNDC3B mRNA me-
diated its overexpression in NPC and promoted NPC progression by targeting MYH9. 
This newly identified FNDC3B-MYH9-Wnt/β-catenin axis could represent potential 
targets for individualized treatment in NPC.
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chemotherapy, have dramatically improved overall survival of NPC 
patients.2 However, the 5-year survival rate of NPC patients is still 
not satisfactory, due to local recurrence and distant metastasis in 
approximately 20% of patients.3 Thus, to better understand the mo-
lecular mechanisms of NPC is still important for the development of 
novel therapeutic strategies.

As we know, 3′-end polyadenylation is a critical step of eu-
karyotic mRNA processing to maturation.4 Alternative polyade-
nylation (APA) generates multiple mRNA isoforms, among which 
the shorter ones can escape from translation repression or mRNA 
degradation mediated by microRNAs (miRNAs) or other RNA regu-
latory elements within its 3′-UTRs.5 Recently, shortening of mRNA 
3′-UTRs has been reported to be involved in the pathogenesis and 
progression of certain malignancies.6-8 The shortening of mRNA 
3′-UTRs results in the activation of oncogenes and the repression 
of tumor suppressors.9,10 It has been reported that 3′-UTR short-
ening of certain genes could enhance tumor cell proliferation, mi-
gration, and invasion.11-13 In addition, shorter 3′-UTRs of target 
genes were associated with poor prognosis of certain tumors, such 
as breast, lung, colorectal, and bladder cancers.13-15 Our previous 
high-throughput sequencing study showed that the APA phenom-
enon was prevalent in NPC, and several genes tended to use prox-
imal polyadenylation site and produce shorter 3′-UTRs, such as 
fibronectin type III domain containing 3B (FNDC3B).16 However, 
the functions and mechanisms of FNDC3B 3′-UTR shortening in 
NPC are not fully elucidated.

Herein, we found that FND3CB with shorter 3′-UTR could es-
cape from miRNA-mediated gene repression, and caused its in-
creased expression in NPC. Knockdown of FNDC3B could suppress 
NPC cell proliferation, migration, and invasion in vitro and in vivo. 
Overexpression of FNDC3B, especially its shorter 3′-UTR transcript, 
promoted NPC progression. The mechanism study revealed that 
FND3CB could stabilize myosin heavy chain 9 (MYH9) to stimulate 
the Wnt/β-catenin signaling pathway. Altogether, our results sug-
gested that the 3′-UTR shortening of FNDC3B mediated its high ex-
pression in NPC and promoted NPC progression by targeting MYH9, 
thus providing potential therapeutic targets for NPC patients.

2  | MATERIAL S AND METHODS

2.1 | Cell culture and clinical samples

All of the human immortalized nasopharyngeal epithelial cell 
NP69 and human NPC cell lines were generously provided by 
Professor Musheng Zeng (Sun Yat-sen University Cancer Center, 
Guangzhou, China). The NP69 was maintained in keratinocyte 
serum-free medium (Invitrogen) supplemented with bovine pi-
tuitary extract (BD Biosciences). The NPC cell lines (CNE-1, CNE-
2, HONE-1, SUNE-1, HNE-1, 5-8F, and 6-10B) were cultured in 
RPMI-1640 (Invitrogen) supplemented with 5% FBS (Gibco). All of 
the cell lines were incubated at 37°C in a humidified atmosphere 
with 5% CO2.

Twelve freshly frozen NPC and 8 normal nasopharynx tissues 
were collected from the Sun Yat-sen University Cancer Center. None 
of the patients had received antitumor therapy before sampling. Our 
studies were undertaken on the basis of the Declaration of Helsinki 
and approved by the Institutional Ethical Review Boards of Sun Yat-
sen University Cancer Center. Written informed consent was ob-
tained from all patients.

2.2 | Plasmid construction and transfection

The FNDC3B shRNA (#1: forward [F], 5′-CCGGGCAGCCCAAAGTC 
G A AT G AT T C T C G A G A AT C AT T C G A C T T T G G G C T G C T 
TTTTG-3′ and reverse [R], 5′-AATTCAAAAAGCAGCCCAAAGTCGA 
ATGATTCTCGAGAATCATTCGACTTTGGGCTGC-3′; #2: F, 5′-CCGG 
CGGATC TGA A ATCC T TGC T TAC TCGAGTA AGCA AGGAT T T 
CAGATCCGTTTTTG-3′ and R, 5′-AATTCAAAAACGGATCTGAAATC 
CTTGCTTACTCGAGTAAGCAAGGATTTCAGATCCG-3′) sequences 
were obtained in accordance with the shRNA sequence prediction 
website portals. The shRNA sequences were inserted into pLKO.1-
RFP vector to obtain PLKO.1-shFNDC3B #1/2 plasmids. The pEnter-
kana-FNDC3B-FLAG/His, pEnter-kana-MYH9-FLAG/His, and pEnter 
vector plasmids were obtained from Vigene Bioscience. The FNDC3B 
isoforms with short or long 3′-UTR were synthesized and cloned into 
pSin-EF2-puro to get pSin-EF2-puro-FNDC3B-long 3′-UTR or pSin-
EF2-puro-FNDC3B-short 3′-UTR plasmids.

For transient transfection, the indicated plasmids were trans-
fected into NPC cells using Lipofectamine 3000 reagent (Invitrogen), 
and then the cells were harvested for assays after at least 24 hours. 
For the generation of stably transfected cell lines, the PLKO.1-
shFNDC3B #1/2 and the vector pLKO.1-RFP, as well as the lentivirus 
packaging plasmids psPAX2 and pMD2.G, were cotransfected into 
293FT cells using the calcium phosphate method. Lentivirus par-
ticles were harvested from the supernatant of transfected 293FT 
cells after 48 hours and infected SUNE-1 and HNE-1 cells. The stably 
transfected NPC cells were then selected using 0.5 µg/mL puromy-
cin. The transfection efficiency was detected by western blotting 
assays.

2.3 | Luciferase reporter assay

The amplified FNDC3B short or long 3′-UTR sequences were inserted 
downstream of the luciferase gene in psiCHECK vector (Promega) to 
construct luciferase reporter plasmids. According to the manufacturer’s 
recommendation, the luciferase reporter plasmids of FNDC3B with 
short or long 3′-UTR, plus each of 10 selective miRNA (let-7a-5p, miR-
17-5p, miR-19a-3p, miR-20a-5p, miR-34c-5p, miR-93-5p, miR-106b-5p, 
miR-125a-5p, miR-449a, or miR-1224-5p) or miRNA control mim-
ics (RiboBio) were cotransfected into SUNE-1 and HNE-1 cells using 
Lipofectamine 3000 (Invitrogen). After 24 hours, luciferase activities were 
detected with the Dual Luciferase Reporter Assay System (Promega), and 
the firefly luciferase signal was normalized to the Renilla signal.
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For Wnt reporter activity assay, the pGMTCF/LEF1-Lu and pG-
MR-TK plasmids (Genomeditech) were cotransfected into SUNE-1 
and HNE-1 cells, together with shFNDC3B plasmid or its vector, or 
FNDC3B overexpressing plasmid with short or long 3′-UTR or its vec-
tor, as well as shFNDC3B plasmid with MYH9 expressing plasmid or 
its vector. After 24 hours, recombinant murine Wnt-3a (PeproTech) 
was added into the medium and incubated for 24 hours. Then the 
luciferase activities were detected, and the firefly luciferase signal 
was normalized to the pGMR-TK signal.

2.4 | RNA isolation and quantitative RT-PCR

Nasopharyngeal carcinoma cell lines and tissue samples were exposed to 
TRIzol Reagent (Invitrogen) to extract total RNA following the manufac-
turer’s instructions. Random primers and M-MLV reverse transcriptase 
(Promega) were used to synthesize the first-strand cDNA. Platinum 
SYBR Green qPCR SuperMix-UDG reagents (Invitrogen) were then used 
to amplify cDNA by the CFX96 Touch sequence detection system (Bio-
Rad). The FNDC3B primers (F, 5′-TTGGTACCAGTGGTTATAGCCA-3′ 
and R, 5′-CCTTCTGGCTTACTCCACTG-3′) and MYH9 primers (F, 5′-AT 
CCTGGAGGACCAGAACTGCA-3′- and R, 5′-GGCGAGGCTCTTAGAT 
TTCTCC-3′) were used for the detection of FNDC3B and MYH9 mRNA 
level with GAPDH as an endogenous control. Another 2 FNDC3B prim-
ers sets that were specifically designed for the “proximal site” and 
“distal site” were obtained from our previous study,16 and the relative 
expression ratio of the “proximal site” to the “distal site” was calculated.

2.5 | Cell viability and colony formation assays

For the cell viability assay, cells (1 × 103) were counted and seeded 
into 96-well plates and incubated in the incubator for 0-4 days. On 
the indicated days, the cells were stained with 10 μL CCK-8 (Dojindo) 
per well, incubated in the incubator at 37°C for 2 hours and the spec-
trophotometer detected the absorbance of 450 nm wavelength per 
well. For the colony formation assay, cells (0.4 × 103) were inoculated 
into 6-well plates and cultured for approximately 2 weeks. Colonies 
were washed twice with PBS, fixed in methanol and stained with 
crystal violet. Colonies containing more than 50 cells were counted.

2.6 | Transwell migration and invasion assays

For the migration and invasion assays, Transwell chambers (Corning) 
with 8-μm pores in the membrane, coated without or with Matrigel 
(BD Biosciences), were separately used to explore the cell migration 
and invasion abilities. The harvested cells (0.5 or 1 × 105) were resus-
pended in serum-free medium and plated into the upper chambers 
for migration or invasion assays, while the lower chambers contained 
medium supplemented with 10% FBS. After 18-26 hours of incuba-
tion, the migrated or invaded cells were fixed with methanol, stained 
with crystal violet, and counted under an inverted microscope.

2.7 | Mass spectrometry and 
coimmunoprecipitation

Cells were lysed using the Pierce IP Lysis Buffer (Thermo Fisher 
Scientific) with protease inhibitor cocktail (Roche), crushed by ultra-
sonic cell crusher, and then centrifuged to remove the precipitation. 
Antibodies (2 μg) of aiti-FNDC3B (Proteintech) or anti-IgG were used 
to immunoprecipitate proteins overnight at 4°C. Pierce Protein A/G 
Magnetic Beads (Thermo Fisher Scientific) were used to recover 
the immune complexes. Then the immune complexes were washed 
by immunoprecipitation wash buffer, denatured, separated on 
SDS polyacrylamide gels, and stained with Coomassie blue. Huijun 
Biotechnology (China) undertook the mass spectrometry analysis 
using the target bands. Cell lysate was also immunoprecipitated with 
anti-IgG or anti-FLAG Abs for exogenous interaction. The expres-
sion levels of target proteins were detected by western blot analysis.

2.8 | Western blot analysis and 
immunofluorescent staining

For western blotting, equal amounts of proteins were separated and 
transferred to PVDF membranes (Millipore), and the bands were incu-
bated with the following primary Abs: anti-FNDC3B (1:1000, 22605-
1-AP; Proteintech), anti-MYH9 (1:1000, 11128-1-AP; Proteintech), 
anti-β-catenin (1:3000, 8480S; Cell Signaling Technology); anti-
phosphorylated glycogen synthase kinase 3- (p-GSK3-β) (1:1000, 
Ser9, 9323S; Cell Signaling Technology), anti-GSK3-β (1:500, 9832S; 
Cell Signaling Technology), anti-α-tubulin Ab (1:5000, 66031-1-AP; 
Proteintech), anti-GAPDH Ab (1:5000, G8795; Sigma-Aldrich) over-
night at 4°C, and then incubated with species-matched secondary Abs 
at room temperature for 1 hour for detection using chemiluminescence.

For immunofluorescent staining, cells were seeded in 24-well 
plates covered with sterile coverslips (Roche) for 24 hours, and in-
cubated with anti-MYH9 Ab (1:150; Millipore) and anti-FNDC3B Ab 
(1:100, sc-393997; Santa Cruz Biotechnology). Then cells were in-
cubated with Alexa Fluor 594 IgG secondary Ab (1:1000, A21207; 
Life Technologies) and Alexa Fluor 488 IgG secondary Ab (1:1000, 
A21202; Life Technologies). The nuclei were then counterstained 
with DAPI, and images were captured using a confocal laser scanning 
microscope (Olympus FV1000).

2.9 | Animal models, immunohistochemistry, and 
H&E staining

BALB/c-nu mice aged 4-6 weeks were purchased from Charles River 
Laboratories. For xenograft tumor growth model, the right dorsal 
flank of the mice was s.c. inoculated with SUNE-1 cells (1 × 106) stably 
knocking down FNDC3B or not, as well as overexpressing FNDC3B 
with long or short 3′-UTR or vector. Subcutaneous tumor size was 
measured every 3 days to calculate the tumor volumes. The mice 
were killed after 4 weeks, and the tumors were excised, weighed, 
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and paraffin-embedded. Then the sections were stained with anti-
MYH9 (1:800; Proteintech), anti-FNDC3B (1:100; Proteintech), or 
anti-β-catenin (1:200; Proteintech) Ab for immunohistochemistry 
assay.

For the lung metastatic colonization model, SUNE-1 cells 
(1 × 106) that stably knocking down FNDC3B or not were i.v. in-
oculated through the tail vein of mice. The mice were killed after 
8 weeks, and the lung tissues were excised to observe and count 
the number of macroscopic metastatic nodes formed on the lungs. 
Then, lung tissues were paraffin-embedded for H&E staining and 
immunohistochemistry analysis. All of the animal experiments 
were carried out according to the guidelines of the Experimental 
Animal Care and Use Committee of Sun Yat-sen University Cancer 
Center.

2.10 | Statistical analyses

Our statistical analyses were all undertaken using SPSS 22.0 soft-
ware (IBM) or GraphPad Prism 6 (version 8.0). The data represent-
ing results of at least 3 independent experiments were expressed 
as the mean ± SD. Two-tailed unpaired Student’s t test was used to 
analyze differences between 2 groups, and P < .05 was considered 
significant.

3  | RESULTS

3.1 | FNDC3B isoform with shorter 3′-UTR escapes 
from miRNA-mediated gene repression

Based on our previous APA sites sequencing data, we found that 
FND3CB tended to use the proximal polyadenylation site and pro-
duce shorter 3′-UTR.16 As a transcript with shorter 3′-UTR can 
result in the loss of miRNA-targeting sites and escape from miRNA-
mediated gene repression, we analyzed putative miRNA-targeting 
sites on the FNDC3B 3′-UTR using PITA, Pictar, and TargetScan al-
gorithms on the starBase version 2.0 website. We then analyzed 
our previous microarray data17 and selected differentially ex-
pressed miRNAs (fold change greater than 1.5, P < .05) between 
312 NPC and 18 normal nasopharynx tissues. Combining the above 
2 analyses, we screened 24 miRNAs which is dysregulated in NPC 
tissues and can bind to FNDC3B 3′-UTR (Figure 1A). As shown in 

Figure 1B, most of the miRNA-targeting sites were presented on 
the longer 3′-UTR but not the shorter 3′-UTR. We subsequently 
selected 10 miRNAs for luciferase reporter assays. The luciferase 
activity of FNDC3B isoform with longer 3′-UTR was obviously re-
duced by overexpression of each of the selected miRNAs compared 
to the negative control (Figure 1C). However, this suppressive effect 
was not observed in the reporter plasmid of FNDC3B shorter 3′-
UTR isoform (Figure 1D). These results indicate that APA-induced 
FND3CB 3′-UTR shortening could escape from miRNA-mediated 
gene repression.

We then tested FNDC3B expression in 7 NPC cell lines and the 
normal immortalized nasopharynx epithelial cell NP69 using quan-
titative RT-PCR and western blot analysis, and found that FNDC3B 
was significantly increased at both the mRNA and protein levels 
(Figure 1E). Then we validated that FNDC3B was more likely to use 
proximal polyadenylation site and produce shorter 3′-UTR in NPC 
cell lines than NP69, and FNDC3B protein abundance was negatively 
correlated with its 3′-UTR length (Figure 1F). We further detected 
the mRNA and protein levels of FNDC3B in 8 normal nasopharyn-
geal epithelial tissue and 12 NPC tissue samples, and found that both 
the mRNA and protein levels of FNDC3B in NPC tissues were higher 
(Figure 1G). These results suggest that FNDC3B is upregulated and 
might function as an oncogene in NPC.

3.2 | Knockdown of FNDC3B suppresses NPC cell 
proliferation, migration, and invasion

To illustrate the effect of knocking down FNDC3B on NPC cell prolifer-
ative, migratory, and invasive abilities, 2 shFNDC3B plasmids were con-
structed and transiently transfected into SUNE-1 and HNE-1 cells to 
undertake CCK-8, colony formation, Transwell migration, and invasion 
assays. Figure 2A shows the knockdown efficiencies of 2 shFNDC3B 
plasmids in SUNE-1 and HNE-1 cells. The CCK-8 assay showed that 
knockdown of FNDC3B significantly decreased the growth rate of 
both SUNE-1 and HNE-1 cells (Figure 2B). The colony formation assay 
showed that inhibition of FNDC3B remarkably decreased the number 
of colonies (Figure 2C). As determined by the Transwell migration and 
invasion assays, both SUNE-1 and HNE-1 cells transiently transfected 
with shFNDC3B migrated and invaded more slowly compared to the 
control group (Figure 2D,E). These findings suggest that the prolifera-
tive, migratory, and invasive abilities of NPC cells would be inhibited 
after knocking down FNDC3B.

F I G U R E  1   FNDC3B with shorter 3′-UTR escapes from microRNA (miRNA)-mediated gene repression. A, Screened miRNAs that were 
differentially expressed in nasopharyngeal carcinoma (NPC) and could bind to the FNDC3B 3′-UTR based on microarray data analysis and 
the starBase version 2.0 website. B, Binding sites of screened miRNAs on the 3′-UTR region of FNDC3B. CDS, coding DNA sequence. C, 
D, Relative luciferase activities of SUNE-1 and HNE-1 cells transfected with luciferase reporter plasmids of FNDC3B with shorter (C) or 
longer 3′-UTR (D) plus each of the selected miRNA mimics or negative control. E, Quantitative RT-PCR and western blot analysis of FNDC3B 
expression in NPC cell lines and the normal NP69 cell line. F, Quantification analysis of FNDC3B 3′-UTR length and its correlation with 
FNDC3B protein abundance in NPC cell lines and the normal NP69 cell line. G, Quantitative RT-PCR and western blot analysis of FNDC3B 
expression in NPC (n = 12) and normal nasopharynx tissues (n = 8). All of the data are presented as the mean ± SD; Student’s t test was used 
to calculate P values. *P < .05
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3.3 | FNDC3B, especially its isoform with shorter 
3′-UTR, promotes NPC progression

To determine whether ectopic expression of FNDC3B affects the 
proliferative, migratory, and invasive abilities of NPC cells, we first 
established SUNE-1 and HNE-1 cells stably knocking down FNDC3B 
with shFNDC3B #2 plasmid, and then transiently transfected with 
the FNDC3B or vector plasmids (Figure 3A). The CCK-8 and colony 
formation assays showed that overexpression of FNDC3B promi-
nently increased the NPC cell proliferation and colony formation 
rates (Figure 3B,C). Meanwhile, ectopic expression of FNDC3B in 
both SUNE-1 and HNE-1 cells markedly increased the number of 

migratory and invasive cells as determined by the Transwell migra-
tion and invasion assays (Figure 3D,E).

Furthermore, we transiently transfected FNDC3B plasmid with 
longer 3′-UTR, FNDC3B plasmid with shorter 3′-UTR or its vector 
plasmid into SUNE-1 and HNE-1 cells with stable FNDC3B knock-
down to undertake the functional experiments (Figure 3F). Our 
functional assays showed that both FNDC3B transcripts with longer 
and shorter 3′-UTR could promote NPC proliferation, migration, and 
invasion, and the effect of FNDC3B transcripts with shorter 3′-UTR 
was greater (Figure 3G-J). These results indicate that overexpression 
of FNDC3B, especially its shorter 3′-UTR transcript, can promote 
NPC progression.

F I G U R E  2   Knockdown of FNDC3B suppresses nasopharyngeal carcinoma proliferation, migration, and invasion. A, FNDC3B expression 
determined by western blot analysis after transfection with shFNDC3Bs or vector. B, Results of CCK-8 assay in SUNE-1 and HNE-1 cells 
transiently knocking down FNDC3B or not (shCon). C, Representative images and quantification of colony formation assay in SUNE-1 and 
HNE-1 cells transiently knocking down FNDC3B or not. D, E, Representative images and quantification of Transwell migration (D) and 
invasion (E) assays in SUNE-1 and HNE-1 cells transiently knocking down FNDC3B or not. Data are presented as the mean ± SD; Student’s t 
test was used to calculate P values. *P < .05
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3.4 | FNDC3B upregulates MYH9 and stimulates the 
Wnt/β-catenin signaling pathway

To further explore the mechanism of FNDC3B affecting on NPC 
proliferative, migratory, and invasive abilities, we undertook coim-
munoprecipitation of anti-FNDC3B in SUNE-1 cells, and then car-
ried out liquid chromatography-tandem mass spectrometry using 
the differential gel bands (Figure 4A). Among the proteins associ-
ated with FNDC3B, MYH9 had the highest interaction score and 
was selected for further analysis (data not shown). MYH9 has been 
reported to function as an oncogene in most types of cancer, and it 

plays an important role in tumor cell adhesion, migration, and pro-
liferation.18-20 The exogenous and endogenous coimmunoprecipi-
tation showed that FNDC3B could physically interact with MYH9 
(Figure 4B), which was verified by the immunofluorescence staining 
that FNDC3B was colocalized with MYH9 in the cytoplasm of both 
SUNE-1 and HNE-1 cells (Figure 4C).

Furthermore, western blot analysis validated that MYH9 protein 
was upregulated in NPC cell lines and tissue samples (Figure 4D). 
Quantitative RT-PCR showed that neither knocking down nor overex-
pression of FNDC3B could affect the MYH9 mRNA levels (Figure 4E). 
However, knockdown of FNDC3B inhibited the expression of 

F I G U R E  3   FNDC3B, especially its isoform with short 3′-UTR, promotes nasopharyngeal carcinoma progression. A, FNDC3B expression 
determined by western blot analysis after transfection with FNDC3B or vector. B-E, CCK-8 (B), colony formation (C), Transwell migration (D), 
and invasion (E) assays in SUNE-1 and HNE-1 cells overexpressing FNDC3B or not (shCon). F, FNDC3B expression determined by western 
blot analysis after transfection with FNDC3B long 3′-UTR, FNDC3B short 3′-UTR, or vector. G-J, CCK-8 (G), colony formation (H), Transwell 
migration (I), and invasion (J) assays undertaken in SUNE-1 and HNE-1 cells expressing FNDC3B long 3′-UTR, FNDC3B short 3′-UTR, or 
vector. Data are presented as the mean ± SD; Student’s t test was used to calculate P values. *P < .05
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MYH9, β-catenin, and total GSK-3β, but increased the expression 
of p-GSK-3β; and ectopic expression of FND3CB had opposite ef-
fects (Figure 4F,G). In addition, both FNDC3B transcripts with longer 

and shorter 3′-UTR increased MYH9, β-catenin, and GSK-3β levels, 
but decreased p-GSK-3β level, and the effect of FNDC3B transcript 
with shorter 3′-UTR, was greater (Figure 4H). Finally, knockdown of 
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FNDC3B inhibited the luciferase activity of Wnt reporter plasmids, 
whereas overexpression of FNDC3B, especially those with short 
3′-UTR, enhanced the luciferase activity of Wnt reporter plasmids 
(Figure 4I). These results indicate that FNDC3B can bind to and stabi-
lize MYH9 to stimulate the Wnt/β-catenin signaling pathway.

3.5 | MYH9 reverses the inhibitory effect of 
FNDC3B knockdown on NPC progression

To test whether MYH9 mediates the tumor suppressive effect of 
FNDC3B knockdown in NPC, we established SUNE-1 and HNE-1 
cells stably knocking down FNDC3B, and then transiently trans-
fected them with the MYH9 or vector plasmids to undertake a series 
of functional experiments. The results showed that overexpression 
of MYH9 reversed the inhibitory effect of FNDC3B knockdown on 
NPC cell proliferation, migration, and invasion (Figure 5A-H). In ad-
dition, ectopic expression of MYH9 reversed the inactivation effect 
of FNDC3B knockdown on the Wnt/β-catenin pathway (Figure 5I-K). 
These results suggest that FNDC3B can promote NPC progression 
by upregulating MYH9 to stimulate the Wnt/β-catenin pathway.

3.6 | FNDC3B promotes NPC tumor growth and 
lung metastasis in vivo

To elucidate the effect of knockdown of FNDC3B on NPC tumor 
growth and metastasis in vivo, we used SUNE-1 cells stably trans-
fected with shFNDC3B #2 or the shCon (control) plasmid to con-
struct xenograft tumor growth and lung metastasis colonization 
models. As shown in Figure 6A,B the mice in the shFNDC3B group 
formed tumors with smaller volumes and lower weights than the 
control group. Additionally, the immunohistochemical sections 
showed that the formed tumors in the shFNDC3B group expressed 
lower FNDC3B, MYH9, and β-catenin than the control group, sug-
gesting that FNDC3B can increase MYH9 expression and activate 
the Wnt/β-catenin signaling in vivo (Figure 6C). The lung metastasis 
colonization assay showed that the tumor nodules formed on the 
lungs of the shFNDC3B mice were notably fewer and smaller than 
the control mice (Figure 6D), which was validated by H&E staining 
(Figure 6E). Simultaneously, both FNDC3B and MYH9 were syn-
ergistically expressed lower in the metastatic lung nodules of the 
shFNDC3B group (Figure 6F). In addition, both FNDC3B transcripts 

with longer and shorter 3′-UTR could promote xenograft tumor 
growth, and the effect of FNDC3B transcript with shorter 3′-UTR 
was greater (Figure 6G,H). These data indicate that FNDC3B can 
promote NPC tumor growth and lung metastasis by downregulating 
MYH9 and stimulate the Wnt/β-catenin pathway in vivo.

4  | DISCUSSION

Almost all mRNAs, except for histone mRNAs, in eukaryotic cells 
have a polyadenylation (polyA) tail. Alternative polyadenylation is a 
phenomenon that a gene might have multiple different polyA loci, 
and more than half of the genes have APA sites in the human ge-
nome.21 Alternative polyadenylation plays an important role in tu-
morigenesis, and the 3′-UTR shortening is prevalent in multiple kinds 
of tumors.6,7 As we known, 3′-UTRs contain multiple cis-elements, 
such as U-rich or Au-rich elements, polyA signal, and miRNA target 
sites.22 The APA-induced changes in 3′-UTR length could result in the 
loss or acquisition of regulatory motifs, and bring a series of changes 
in cellular biological function.23 Recently, it has been reported that 
loss of NUDT21 increased usage of proximal polyadenylation sites 
and produced shorter 3′-UTR in various oncogenes, such as PSMB2 
and CXXC5, which had fewer miRNA binding sites, escaped from 
miRNA-mediated gene repression, and further promoted hepatocel-
lular cancer cell proliferation and invasion.11,12 In addition, the 3′-
UTR shortening of RAC1 induced by CSTF2 promoted bladder cancer 
cell proliferation, migration, and invasion.13 Our previous sequencing 
study showed that FND3CB tended to use the proximal polyadenyla-
tion site and produce shorter 3′-UTR in NPC. In our present study, 
we screened 24 miRNAs that can bind to FNDC3B 3′-UTR and most 
of the miRNA targeting sites were presented on the longer 3′-UTR 
but not the shorter 3′-UTR. Luciferase reporter assay indicated that 
FNDC3B isoform with shorter 3′-UTR could escape from miRNA-
mediated gene repression, which contributed to the upregulation of 
FNDC3B in NPC.

FNDC3B, also known as FAD104 (factor for adipocyte differen-
tiation 104), is located at 3q26, and is amplified in more than 20% of 
human tumors.24,25 Recently, FNDC3B was found to serve as an on-
cogene and it can promote tumorigenesis and metastasis in various 
cancer types.24-28FNDC3B can promote cell migration and metastasis 
by cooperating with annexin A2 (ANXA2) in hepatocellular carcino-
ma.26FNDC3B is correlated with poor survival and can promote ep-
ithelial-mesenchymal transition in lung adenocarcinoma.27FNDC3B 

FIGURE 4 FNDC3B upregulates MYH9 and stimulates Wnt/β-catenin signaling pathway. A, FNDC3B-immunoprecipitated proteins of SUNE-
1 cells were separated by SDS-PAGE; red boxes indicate proteins of interest. B, Exogenous and endogenous interactions between FNDC3B 
and MYH9 verified by coimmunoprecipitation (IP) with anti-FLAG or anti-FNDC3B and anti-MYH9 Abs in SUNE-1 and HNE-1 cells. C, Cellular 
colocalization of MYH9 (red) and FNDC3B (green) determined by immunofluorescence staining. D, Expression of MYH9 detected by western blot 
analysis in nasopharyngeal carcinoma cell lines and tissue samples. E, Quantitative RT-PCR analysis of the mRNA expression of MYH9 in SUNE-1 
and HNE-1 cells after knocking down FNDC3B or not, as well as overexpressing FNDC3B or not. F-H, Western blot analysis of the expression levels 
of FNDC3B, MYH9, β-catenin, phosphorylated glycogen synthase kinase 3 (p-GSK-3β), and total GSK-3β in SUNE-1 and HNE-1 cells knocking 
down FNDC3B or not (F), overexpressing FNDC3B or not (G), as well as expressing FNDC3B long 3′-UTR, FNDC3B short 3′-UTR, or vector (H). I, 
Relative luciferase activities of Wnt reporter plasmid in SUNE-1 and HNE-1 cells after knocking down FNDC3B or not, as well as overexpressing of 
FNDC3B or not. Data are presented as the mean ± SD; Student’s t test was used to calculate P values. *P < .05. ns, not significant
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FIGURE 5 MYH9 reverses the inhibitory effect of FNDC3B knockdown on nasopharyngeal carcinoma progression. A-H, CCK-8 (A, B), colony 
formation (C, D), Transwell migration (E, F), and invasion (G, H) assays undertaken in FNDC3B stably knocking down SUNE-1 and HNE-1 cells 
transfected with MYH9 or vector. All data are presented as the mean ± SD; Student’s t test was used to calculate P values. I, J, Western blot 
analysis of the levels of FNDC3B, MYH9, β-catenin, phosphorylated glycogen synthase kinase 3 (p-GSK-3β), and total GSK-3β in FNDC3B stably 
knocking down SUNE-1 and HNE-1 cells transfected with MYH9 or vector. K, Relative luciferase activities of Wnt reporter plasmid in FNDC3B 
stably knocking down SUNE-1 and HNE-1 cells transfected with MYH9 or vector. All data are presented as the mean ± SD; Student’s t test was 
used to calculate P values. *P < .05
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can promote migration and invasion in tongue squamous cell car-
cinoma.28 In addition, Fan et al found that there was a binding site 
for miR-143 in the 3′-UTR region of FNDC3B, which was involved 

in the regulation of prostate cancer metastasis.29 Furthermore, 
Hong et al found that FNDC3B circular RNA could promote the mi-
gration and invasion of gastric cancer cells by reducing E-cadherin 
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expression and enhancing CD44 expression.30 In the present study, 
we investigated the biological function of FNDC3B in NPC. The find-
ings showed that knocking down FNDC3B inhibited NPC cell prolif-
eration, migration, and invasion, whereas overexpression of FNDC3B 
exerted the opposite effects. In addition, we found that FNDC3B 
with shorter 3′-UTR could promote more aggressive malignant be-
haviors than those with longer 3′-UTR. Herein, our investigations 
enriched the role of FNDC3B in human cancers.

The tumor metastasis-associated protein MYH9 is an isoform of 
the non-muscle II (NM II) family of proteins.31 As a skeleton protein, 
MYH9 plays an important role in cell adhesion, polarity, migration, 
and proliferation through mediating the actin-based contractile mo-
tion.32MYH9 is recognized as an oncogene, as it is closely related to 
the progress and poor prognosis of most solid tumors.18-20 For ex-
ample, MYH9 overexpression was induced by LIM kinase 1 (LIMK1) 
and promoted growth and metastasis by activating MAPK/AKT sig-
naling in colorectal cancer.33,34 The S100A4-MYH9 axis could pro-
mote migration and invasion through inducing transforming growth 
factor-β-mediated epithelial-mesenchymal transition in gastric can-
cer.35 In addition, MYH9 was downregulated by miR-124, miR-647, 
or let-7f to suppress invasion and metastasis in colorectal or gas-
tric cancer.36-38 It is well known that the Wnt/β-catenin signaling 
can promote metastasis and is associated with poor progression in 
a variety of cancer types, including NPC.39,40 Our present findings 
revealed that MYH9 was upregulated and positively correlated with 
FNDC3B expression in NPC. Further study revealed that FNDC3B 
could increase MYH9 expression and activate the Wnt/β-catenin 
signaling pathway to promote NPC proliferation, migration, and in-
vasion in NPC.

In conclusion, our research showed that APA-induced FNDC3B 
3′-UTR shortening could escape from miRNA-mediated gene repres-
sion and contributed to its high expression in NPC. FNDC3B, espe-
cially its isoform with shorter 3′-UTR, promoted NPC proliferation 
and invasion by upregulating MYH9 expression and stimulating the 
Wnt/β-catenin signaling pathway. These results suggested that the 
newly identified FNDC3B-MYH9-Wnt/β-catenin axis could represent 
potential targets for individualized treatment in NPC.
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