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Abstract
Purpose A substantial amount of evidence demonstrates suggests that long non-coding RNAs (lncRNAs) play a key role 
in the progression of various malignancies, cervical squamous cell carcinoma (CSCC) included. In our study, we deeply 
investigated the role and molecular mechanism of lncRNA NPHS2-6 in CSCC.
Methods The expression level of gene and protein expression were measured by qRT-PCR and western blot. To test the cell 
proliferation and cell metastasis ability, we carried out the CCK-8 experiment, clone formation assay, transwell assay and 
wound healing, respectively. The interactivity among NPHS2-6, miR-1323 and SMC1B were co demonstrated using the 
bioinformatics tool, dual-luciferase reporter system, and RNA pulldown assay. The subcutaneous tumor model of nude mice 
was established to verify the results of previous studies at the in vivo. NPHS2-6 was upregulated in CSCC tissues and cells.
Results NPHS2-6 deficiency significantly inhibited CSCC cell growth and EMT in vitro. In addition, NPHS2-6 deficiency 
also inhibited the growth of CSCC xenograft tumors in mice in vivo. Importantly, NPHS2-6 was a competing endogenous 
RNA (ceRNA) to increases SMC1B levels by binding to miR-1323, leading to activate the PI3K/Akt pathway, thereby 
exacerbating tumorigenesis of CSCC.
Conclusions In conclusion, NPHS2-6/miR-1323/SMC1B/PI3K/Akt signaling accelerates the progression of CSCC, provid-
ing a new direction for the treatment strategy of CSCC.
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Introduction

Cervical cancer is a high incidence of human cancer [1]. 
Over the past few years, the application of the Human pap-
illomavirus vaccine (HPV) has led to a decline in cervical 
cancer rates [2], however, cervical cancer remains one of 
the most common malignancies in women worldwide, and 
its incidence ranks second among female malignant tumors 
[3]. Cervical squamous cell carcinoma (CSCC) is the most 

prevalent subtype of cervical cancer, which accounts for 
about 90% of all cases [4]. Previous studies have revealed 
that most cases of CSCC are caused by HPV infection, 
however, HPV infection alone is not enough to cause the 
occurrence of tumors [5]. The occurrence and development 
of tumor is a multi-stage and multi-step process, and gene 
mutations and transcription abnormalities play an important 
role in this process [6].In addition, corresponding changes in 
the cells themselves can eventually cause the occurrence of 
tumors [6]. Therefore, elucidating the pathogenesis of CSCC 
and finding effective therapeutic strategies are the key to the 
treatment of CSCC.

Epithelial-mesenchymal transformation (EMT) is con-
sidered to be a key process in tumor metastasis [7]. EMTs 
are characterized by high levels of mesenchymal markers 
(vimentin and N-cadherin) and low levels of key epithelial 
markers (E-cadherin), which are considered to be markers of 
cell migration and invasion [8, 9]. Studies have shown that 
cancer epithelial cells are invasive and metastatic and can 
affect tumor progression through EMT [10].
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Long non-coding RNAs (lncRNAs) are a group of RNAs 
with a length of more than 200 nucleotides, which have a 
variety of regulatory effects such as epigenetic, transcrip-
tion or post-transcriptional regulation [11]. The abnormal 
expression of lncRNA has been confirmed to be closely 
related to various biological processes such as cell growth, 
apoptosis, metastasis and epithelial-mesenchymal trans-
formation [12, 13]. Previous studies have revealed that 
lncRNAs are involved in the occurrence and progression 
of various tumors, including CSCC [14, 15]. For example, 
MAGI2-AS3 [16], ANCR [17] and PART1 [18] have been 
unveiled to be involved in regulating the biological behavior 
of CSCC cells. However, few studies have investigated the 
role of NPHS2-6 in the pathogenesis of CSCC. In our study, 
we used lncRNA microarray analysis to identify elevated 
lncRNA in CSCC tissue samples (Supplementary Table 1). 
Our clinical data suggested that level of NPHS2-6 in CSCC 
tissue was significantly increased compared with matched 
normal tissues. Therefore, we hypothesized that NPHS2-6 
might be involved in regulating the progression of CSCC. 
However, the role and molecular mechanism of NPHS2-6 in 
regulating CSCC progression remains unclear.

Growing evidence suggests that lncRNAs and miRNAs 
act as competing endogenous RNA (ceRNAs) to inhibit each 
other by acting as a miRNA sponge, forming an accurate 
regulatory network, therefore regulating the expression of 
miRNA-target gene and ultimately affect the development 
of cancer [19]. For instance, DARS-AS1 was identified as an 
oncogene of cervical cancer and activates the Notch pathway 
through the miR-628-5p/JAG1 axis to accelerate the progres-
sion of cervical cancer [20]. MiRNAs are a class of non-
coding single-stranded small molecule RNA with a length of 
18–24 nucleotides [21]. MiRNAs bind to the 3'-untranslated 
region (3'-UTR) of mRNAs and play an important role in the 
post-transcriptional regulation of gene expression [22]. Fur-
thermore, some miRNAs are believed to regulate important 
DNA methylator factors [23]. Among the major mechanisms 
involved in tumorigenesis, DNA methylation is an important 
epigenetic modification impacting both genomic stability 
and gene expression [24]. However, the role and molecular 
mechanisms of miR-1323 in CSCC remain uncertain.

Based on the above, our detection results revealed that 
miR-1323 was underexpressed in CSCC cells. Furthermore, 
according to the analysis of RNAhybrid, we found that there 
are binding relationships between NPHS2-6 and miR-1323. 
Therefore, we hypothesized that miR-1323 is involved in the 
ceRNA regulatory network as a cancer-inhibitor of CSCC. 
Moreover, previous studies have revealed that lncRNA can 
regulate the activity of PI3K/AKT pathway via regulating 
its receptors and ligands [25]. In this study, we found that 
NPHS2-6 can regulate the PI3K/AKT pathway. However, 
whether NPHS2-6 regulates the expression of receptors and 
ligands in the PI3K/AKT pathway in CSCC remains unclear.

In a nutshell, this study aimed to investigate the regulation 
of NPHS2-6 on proliferation, apoptosis and metastasis of 
CSCC cells. Data from this study confirmed that NPHS2-6 
activates the PI3K-Akt pathway through miR-1323/SMC1B 
axis, thereby promoting the progression of CSCC, suggest-
ing that NPHS2-6 may be a promising therapeutic target 
for CSCC.

Materials and methods

Clinical tissues

We collected 3 normal tissues and 13 pairs of metastatic 
and non-metastatic CSCC tissues from Affiliated Tumor 
Hospital of Xinjiang Medical University Hospital. None of 
the patients received preoperative chemoradiotherapy. The 
study protocol was approved by Affiliated Tumor Hospital of 
Xinjiang Medical University Hospital and received written 
consent from each participant.

Animal experiment

A total of ten (five each group) Balb/c nude mice (Model 
Animal Research Center of Nanjing University; Nanjing, 
China), were kept under suitable conditions of temperature 
and humidity, and provided with adequate food and water 
during this period. To conduct tumorigenicity experiments 
in mice, the stable C33A cells knocking down NPHS2-6 
or control were injected subcutaneously into the right side 
of axillary of the mice [26]. Use the following formula to 
calculate: tumor volume (V) = (short dimension)2 × (long 
dimension)/2. After 28 days of experiment, the mice were 
sacrificed for tumor isolation, tumor size and weight were 
measured and photographed with digital camera. All animal 
experiments in this study were approved through the Ethics 
Committee of Affiliated Tumor Hospital of Xinjiang Medi-
cal University Hospital. All experimental procedures were in 
compliance with the ARRIVE (Animal Research: Reporting 
of In Vivo Experiments) and National Institutes of Health 
(NIH) guidelines for animal welfare.

Cell culture

We purchased the human CSCC cell lines (SiHa and C33A) 
and human normal cervical epithelial cell line (H8) from the 
Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). The cells were cultured in DMEM containing with 
10% fetal bovine serum (FBS; Gibco, United States) and 1% 
penicillin and streptomycin (Gibco, United States) at 37 °C 
in a humidified incubator containing 5%  CO2.
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Cell transfection

All the call transfections were performed by Lipofectamine 
2000 reagent (Invitrogen, United States), including sh-NC, 
sh-NPHS2-6#1, sh-NPHS2-6#2; Vector; SMC1B OE; sh- 
NPHS2-6#1 + vector; sh-NPHS2-6#1 + SMC1B OE; mimic 
NC; miR-1323 mimic; miR-1323 mimic + vector; miR-1323 
mimic + SMC1B OE; sh-NPHS2-6#1 + inhibitor NC; sh-
NPHS2-6#1 + miR-1323 inhibitor; sh-NPHS2-6#1 + SMC1B 
OE, SMC1B OE; sh-SMC1B (GenePharma, Shanghai, 
China), according to the manufacturer’s protocol.

RNA extraction and qRT‑PCR

We use TRIZOL reagent (Thermofisher, United States) to 
extract total RNA from cells and tissues. Reverse transcrip-
tion of RNA into cDNA was performed using a reverse tran-
scription kit (TaKaRa, Tokyo, Japan). Gene expression was 
detected using fluorescence quantitative PCR instrument 

(Analytick Jena A G, Germany). The reaction was conducted 
under the guidance of a fluorescent quantitative RT-PCR kit 
(SYBR Green, Bio-RAD, USA). The reaction conditions 
were described as: 30 s denaturation at 94 °C, followed 
by 35 cycles of denaturation at 95 °C for 10 s, annealing 
at 58 °C for 20 s and extension at 72 °C for 1 min. The 
primer sequences used were as follows: lncRNA NPHS2-
6-F: 5′-GCG AAG ACG GGA GGA AAG A-3′; lncRNA 
NPHS2-6-R: 5′-AGT GCA GGG TCC GAG GTA TT-3′; 
lncRNA METTL4-2-F: 5′-TTT CTG CGT CTT CAC CCT -3′; 
lncRNA METTL4-2-R: 5′-GTC ATT TCC CAT CAC TTT -3′; 
lncRNA EEF2KMT-1-F: 5′-GCC TTC CGT TAC TCC AAT 
-3′; lncRNA EEF2KMT-1-R: 5′-AGG GTT CTT CAC CAG 
CAT -3′; lncRNA MIR9-3HG-F: 5′-CAG ATG TTC GGT CCC 
CAC TC-3′; lncRNA hsa_MIR9-3HG-R: 5′-TCG GCC TCC 
TTT GCT TAG AC-3′; SMC1B -F: 5′-AAC CCA CCA TTA 
CGA GTC -3′; SMC1B-R: 5′-GAT TAC ATT TGA AAC ATC 
CC-3′; miR-1323-F: 5′-TAT GCT GCG AAA TGA TGG -3′; 
miR-1323-R: 5′-TAT GCT GCG AAA TGA TGG -3′;

Fig. 1  NPHS2-6 was upregulated in CSCC tissues and cells. A The 
expression of NPHS2-6 was detected by qRT-PCR in CSCC tissues 
(10) and normal tissues (3). B The RT-qPCR detected NPHS2-6 
expression in CSCC metastatic tissues (13) and non-metastatic tissues 
(13). C The expression level of NPHS2-6 was detected by qRT-PCR 

in CSCC cell lines (SiHa and C33A) and normal cervical epithe-
lial cells (H8). D The subcellular localization of NPHS2-6 in CSCC 
cells were detected by subcellular fractionation and FISH assay. 
Data were presented as the mean ± SD. n = 3. *p < 0.05; **p < 0.01; 
***p < 0.001
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U6-F: 5′-GCT TCG GCA GCA CAT ATA CTAA-3′; U6-R: 
5′-AAC GCT TCA CGA ATT TGC GT-3′; GAPDH-F: 5′-GAA 
GGT GAA GGT CGG AGT C-3′; GAPDH-R: 5′-GAA GAT 

GGT GAT GGG ATT TC-3′; U6 was used as the internal con-
trol. All data were analyzed by adopting  2−ΔΔCT method.

Western blot analysis

The protein levels were detected using western blot analy-
sis [27]. The protein samples were isolated from the cells 
and electrophoresed. The concentration of protein in the 
supernatant was examined by the BCA protein Kit (Beyo-
time Biotechnology, China). Approximately 50 μg of pro-
tein was firstly placed on 10% SDS-PAGE, and then shifted 
it to a PVDF membrane. Then the protein was incubated 
with the following primary antibodies at 4 °C for 16 h: 
Vimentin, E-Cadherin, N-Cadherin andFN1 (1:1500, SBI, 
USA), PI3K, P-PI3K, AKT and P-AKT (1:1500, Abcam, 
USA), SMC1B (1:2000, SBI, USA), GAPDH (1:1500, Santa 

Fig. 2  Low expression of NPHS2-6 inhibits CSCC progression. A 
The expression levels of NPHS2-6 were examined using qRT-PCR 
after transfected with sh-NC, Sh-NPHS2-6#1 and Sh-NPHS2-6#2 
in C33Acells. B The cells viability was detected withCCK-8 kit and 
C colony formation assay when treated with the same conditions as 
A. D Cells migration was detected by transwell assay. Magnifica-
tion, × 100, Bar scale = 20 μm. E Wound healing assay showing cells 
invasion. Magnification, × 10, Bar scale = 200  μm. F The expres-
sion of characteristic molecules (E-Cadherin, N-Cadherin, Vimentin 
and FN1) of EMT in C33A cells were detected by western blot. G 
The expression of Vimentin was detected by IF in C33A cells trans-
fect with sh-NC, sh-NPHS2-6#1 and sh-NPHS2-6#2. Magnifica-
tion, × 100, Bar scale = 20  μm.*p < 0.05; **p < 0.01; ***p < 0.001. 
Data are shown as mean ± SD (n = 3)

◂

Fig. 3  Low expression of NPHS2-6 was confirmed to inhibit CSCC 
progression in vivo. A The expression levels of NPHS2-6 were exam-
ined using qRT-PCR. B Photograph of subcutaneous tumor (n = 5 
each group). C The volume of CSCC subcutaneous tumors. D The 
H&E staining of mice liver in sh-NPHS2-6#1 group and sh-NC 

group. Magnification, × 100, Bar scale = 200  μm. E The expres-
sion of characteristic molecules (N-Cadherin, E-Cadherin, Vimentin 
and FN1) of EMT in subcutaneous tumor were detected by western 
blot. *p < 0.05; **p < 0.01; ***p < 0.001. The results were shown as 
mean ± SD; n = 3
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Cruz Biotechnology, CA, USA). Washed with 1 × TBST 
for 3 × 5 min, then add corresponding secondary antibod-
ies, incubate at room temperature for 1 h, and wash with 
1 × TBST for 3 × 5 min. GAPDH acts as a loading control. 
The protein band was quantified with Image J Software 
(1.47 V, NIH, USA).

FISH assay

FISH assay was performed as described previously [28]. 
The C33A cells were placed on culture slides, subsequently 
fixed with 4% formaldehyde (Sigma Aldrich). The cells 
were then dehydrated and cultured overnight with NPHS2-
6-FISH probe (Ribobio) hybridization buffer. The slides 
were washed with a detergent buffer containing citrate. The 
cell staining was performed using DAPI and then observed 
under a fluorescence microscope (Olympus, Tokyo, Japan).

Cell proliferation assay

The cell viability and proliferation was detected by the cell 
counting kit-8 (CCK-8) assay (Beyotime, Shanghai, China). 
In brief, C33A cells were seeded in a 96-well plate (2 ×  104 
cells/well), followed by adding CCK8 reagent (10 μL). After 
4-h incubation, the absorbent was inspected at 450 nm wave-
length with an automatic microplate reader (MolecμLar 
Devices, Shanghai, China).

Colony formation assay

Firstly, the C33A cells were trypsinized and centrifuged at 
1500 rpm for 5 min. Then, the cells  (104 per plate) were 
seeded on plates. After two weeks, cells were washed and 
fixed with methanol for 15 min, followed by staining with 
0.2% crystal violet for 30 min. Colony number was manually 
counted and photographed.

Transwell assay

Transwell chamber (24-well chamber with an 8-µm pore) 
was used to evaluate the migration ability of C33A cells. The 
cells (1 ×  104 cells/well) were seeded in the upper chamber 
using serum-free medium. Subsequently, add medium con-
taining 10% FBS to the lower chamber. After being incu-
bated overnight, we fixed the cells with methanol and stained 
using crystal violet. Finally, the number of migrated cells 
was counted under a microscope (Nikon).

Wound healing assay

CSCC cells were inoculated in 6-well plates and cultured 
for 24 h until the degree of fusion reached 95%. The linear 
wound was created by scratching cells using a micropipette 
tip with the same force. Then, the medium was then imme-
diately replaced. Images were taken at 0 h and 48 h with 
inverted microscope (Motic Asia, Hong Kong, China).

Subcellular fractionation location

The cytoplasm and nucleus of C33A cells were separated 
using the PARIS Kit (Invitrogen) according to the manufac-
turer’s instruction. The relative expressions of GAPDH, U6 
and NPHS2-6 in the nucleus and cytoplasm of SiHa cells 
were detected by RT-qPCR. GAPDH / U6 acted as the cyto-
plasmic control or the nuclear control.

HE staining

CSCC tissue specimens were collected and fixed with 4% 
paraformaldehyde. Following embedding by paraffin. Sec-
tions (5 μm) were stained with haematoxylin–eosin staining 
and dehydrated again (Olympus, Tokyo, Japan). Staining 
was performed according to HE staining kit, and the myo-
cardial injury was observed under 400 times microscope 
(Philips, Zurich, Switzerland) for examination.

Dual‑luciferase reporter assay

The pMIR-NPHS2-6-WT (or pMIR-SMC1B-3′-UTR-WT) 
a n d  p M I R - N P H S 2 - 6 - M U T  ( o r  p M I R -
SMC1B-3′-UTR-MUT) luciferase reporter plasmids were 
constructed by Nanjing Synthgene Biotech. The sequences 
that could binding to miR-1323 were partly mutated and 
then inserted into the reporter plasmid to identify binding 
specificity. Briefly, CSCC cells were seeded in a 24-well 
plate until the confluence rate reached 60%. According to 

Fig. 4  NPHS2-6 regulates the progression of tumor metastasis by 
regulating SMC1B. A The qPCR analysis of SMC1B expression in 
CSCC tissues (10) and normal tissues (3). B WB analysis of SMC1B 
expression in C33A cells transfected with Sh-NC, Sh-NPHS2-6#1, 
Sh-NPHS2-6#1 + vector or Sh-NPHS2-6#1 + SMC1B OE. C The 
proliferation of C33A cells was detected with CCK-8 kit. D Colony 
formation assays showing cell viability. E Transwell assay showing 
cells migration. Magnification, × 100, Bar scale = 20  μm. F Wound 
healing assay showing cells invasion. Magnification, × 10, Bar 
scale = 200 μm. G The expression of characteristic molecules (E-Cad-
herin, N-Cadherin, Vimentin and FN1) of EMT in C33A cells were 
detected by western blot.*p < 0.05, **p < 0.01, ***p < 0.001, n = 3 per 
group. The results were shown as mean ± SD

◂
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the instructions, using Lipofectamine 2000 (Thermofisher, 
USA), each well was co-transfected with a luciferase 
reporter plasmid (0.5 μg) and an RNA mimic (100 pmol). 
After 48 h transfection, the luciferase activity was examined 
using Dual-Luciferase Reporter Assay System (Promega).

Immunofluorescence

The C33A cells were first fixed in paraformaldehyde and 
then 0.1% Triton X-217100 was added to penetrate the 
cells. Subsequently, after 5% BSA blockade, the primary 
antibody against Vimentin was added at 4 °C overnight and 
secondary antibody was cultured in PBS for 1 h. The cells 
were then rinsed, followed by counterstaining with DAPI 
(Sigma-Aldrich). All cells were then observedby confocal 
microscope (Olympus, Tokyo, Japan).

Statistical analyses

All of the data were presented as mean ± SD using SPSS17.0 
(SPSS, Inc.). All experiments were repeated three times. 
Significant differences between groups were analyzed by the 
student’s t test, and were assigned at *P < 0.05; **P < 0.01; 
***P < 0.001, respectively.

Results

NPHS2‑6 was upregulated in CSCC tissues and cells

To explore the pathogenesis of CSCC, we selected three 
CSCC tissues and matched normal tissues for lncRNAs 
sequencing. According to the sequencing results, NPHS2-6 
was upregulated the most in tumor tissues (Supplemen-
tary Table 1). Then, we detected the expression levels of 
NPHS2-6 in 3 normal tissues and 10 tumor tissues (5 non-
metastatic and 5 metastatic) by qRT-PCR, and found that the 
expression level of NPHS2-6 was significantly high in CSCC 
tissues (Fig. 1A). In addition, qRT-PCR results revealed that 

the expression level of NPHS2-6 was significantly increased 
in CSCC metastatic tissues (Fig. 1B). Consistently, the 
expression of NPHS2-6 in CSCC cell lines (SiHa and C33A) 
was significantly higher than in normal cervical epithelial 
cells (H8) (Fig. 1C). In addition, subcellular fractionation 
and FISH assay revealed that NPHS2-6 was mainly distrib-
uted in the cytoplasm of CSCC cells (Fig. 1D). These results 
suggested that NPHS2-6 may be related to the occurrence 
and metastasis of CSCC.

Low expression of NPHS2‑6 inhibits CSCC 
progression

To further reveal the potential effect of NPHS2-6 on CSCC 
cells, we studied the biological functions of NPHS2-6 in 
CSCC by functional loss experiment. The knockdown effi-
ciency of NPHS2-6 was analyzed by RT-qPCR, and the 
outcome revealed that the expression level of NPHS2-6 was 
significantly decreased in sh-LNC#1/#2 transfected cells, 
especially sh-LNC#1 (Fig. 2A). The proliferation curves 
determined by the CCK-8 assays showed that NPHS2-6 defi-
ciency significantly attenuated cells growth compared to the 
sh-NC (Fig. 2B). Furthermore, colony formation assay found 
that NPHS2-6 deficiency impaired clonogenesis ability of 
cells compared to the sh-NC (Fig. 2C). Further transwell 
assay and wound healing assay revealed that knockdown of 
NPHS2-6 can attenuated the migration and invasion of cells 
(Fig. 2D, E). Furthermore, knockdown of NPHS2-6 induced 
upregulation of E-cadherin and downregulation of Vimen-
tin, N-cadherin, FN1, suggesting that NPHS2-6 silencing 
can inhibit the metastasis of CSCC cells (Fig. 2F). Simi-
larly, immunofluorescence detected decreased expression of 
Vimentin, which further confirmed that silenced NPHS2-6 
had an inhibitory effect on EMT process of CSCC cells 
(Fig. 2G). All these results elucidated that downregulation 
of NPHS2-6 inhibits CSCC progression in vitro.

Low expression of NPHS2‑6 was confirmed to inhibit 
CSCC progression in vivo

To further confirmed the effect of NPHS2-6on the CSCC 
progression in vivo. We firstly knockdown of NPHS2-6 in 
CSCC cells and analyzed its transfection efficiency using 
RT-qPCR (Fig.  3A). Subsequently, we subcutaneously 
injected CSCC cells into mice. The data showed that com-
pared with control xenografts, the knockdown of NPHS2-6 
slowed tumor growth (Fig. 3B, C). HE staining at the site 
of liver metastasis also suggested that the tumor mass was 
looser in the knockdown of NPHS2-6 group, compared to 
those of control xenografts (Fig. 3D). To further explore the 
effect of NPHS2-6 on EMT of CSCC in vivo. Western blot 
was used to detect the expression of EMT characteristic mol-
ecules in C33A cells, and it was found that the knockdown 

Fig. 5  miR-1323 regulates the progression of tumor metastasis via 
regulating SMC1B. A 3′-UTR base pairing diagram of miR-1323 and 
SMC1B. B The target relationship between miR-1323 and SMC1B 
was verified by dual-luciferase reporter assay. C RT-qPCR detected 
miR-1323 expression in H8, SiHa and C33A. D The protein expres-
sion of SMC1B in C33A cells by Western blot when transfected 
with mimic NC/inhibitor NC, miR-1323 mimic/miR-1323 inhibitor, 
miR-1323 mimic + vector/miR-1323 inhibitor + vector and miR-1323 
mimic + SMC1B OE/ miR-1323 inhibitor + sh-SMC1B. E CCK-8 
assay showing cells proliferation. F Cells migration was detected by 
transwell assay. Magnification, × 100, Bar scale = 20  μm. G Wound 
healing assay showing cells invasion. Magnification, × 10, Bar 
scale = 200  μm.*p < 0.05, **p < 0.01, ***p < 0.001, n = 3 per group. 
Data are mean ± SD

◂
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of NPHS2-6 reduced the protein levels of Vimentin, N-cad-
herin and FN1, and increased the protein levels of E-cad-
herin (Fig. 3E). Altogether, these data demonstrated that 
depletion of NPHS2-6 inhibits CSCC progression in vivo.

NPHS2‑6 regulates the process of tumor metastasis 
by regulating SMC1B

To further reveal the molecular mechanism of NPHS2-6 
regulating CSCC cells, we first found that the potential tar-
get gene of NPHS2-6 was SMC1B through co-expression 
spectrum sequencing (Supplementary Table 2). Follow-up 
RT-qPCR analysis showed that SMC1B expression was 
significantly upregulated in CSCC tissues compared with 
normal tissues (Fig. 4A). Furthermore, western blot analysis 
showed that downregulation of NPHS2-6could significantly 
reduce the protein expression level ofSMC1B, while upregu-
lation of SMC1 reversed the inhibitory effect of downregu-
lation of NPHS2-6 on SMC1B (Fig. 4B). The analysis of 
CCK8 assay, Transwell, the colony formation, and wound 
healing revealed that NPHS2-6 silencing significantly 
reduced the cell growth, proliferation, migration and inva-
sion. Further rescue experiments showed that upregulation 
of SMC1Bcould effectively reverse the inhibitory effect of 
NPHS2-6silencing on cell growth, proliferation, migration 
and invasion (Fig. 4C–F). Furthermore, NPHS2-6 deficiency 
induced an upregulation of E-cadherin and a downregula-
tion of Vimentin, N-cadherin, FN1, while overexpression 
of SMC1B suppressed the effect of NPHS2-6on EMT char-
acteristic molecules (Fig. 4G). In conclusion, these results 
suggest that NPHS2-6 can regulate the progression of CSCC 
cells via regulating the expression of SMC1B.

miR‑1323 regulates the process of tumor metastasis 
by regulating SMC1B

According to the above research, found that NPHS2-6 and 
SMC1B were both significantly and highly expressed in 
CSCC tissues. Previous reports have confirmed that regula-
tory networks composed of lncRNAs and miRNAs play a 

crucial role in the occurrence and development of cancer 
[29, 30]. Therefore, we predicted the downstream binding 
miRNA of NPHS2-6 and the upstream miRNA that regu-
lates SMC1B via starBase (http:// starb ase. sysu. edu. cn/), 
and the results revealed that miR-1323 is the target genes 
of NPHS2-6 and SMC1B.To further determine whether 
SMC1B is the target gene of miR-1323, we predict their 
binding sites based on TargetScan database (Fig. 5A). Then 
dual-luciferase reporter assay was used to verify the target 
binding relationship (Fig. 5B). Moreover, the protein levels 
of SMC1B in CSCC cell lines (SiHa and C33A) were sig-
nificantly reduced compared with normal cervical epithelial 
cell lines (H8), especially in C33A (Fig. 5C). Subsequently, 
western blot analysis revealed that upregulation ofmiR-1323 
significantly reduced the protein level of SMC1B, however, 
overexpression of SMC1B effectively reversed the inhibi-
tory effect of overexpression of miR-1323 on SMC1B, 
while downregulation of miR-1323 and/or SMC1Bdid the 
opposite, suggesting that miR-1323could regulate the pro-
tein level of SMC1B, and was negatively correlated with 
the expression level of SMC1B (Fig. 5D). The analysis 
of CCK8 assay, transwell and wound healing showed that 
overexpression of miR-1323 significantly reduced the cell 
growth, migration and invasion, while overexpression of 
SMC1B effectively reversed the inhibitory effect of NPHS2-
6deficiencyon cell growth, proliferation, migration and inva-
sion, and knockdown of miR-1323 and/or SMC1B was the 
opposite (Fig. 5E–G). Overall, the abovementioned results 
demonstrated that miR-1323 can regulate the metastasis pro-
cess of cancer by regulating SMC1B level.

NPHS2‑6can regulate the process of tumor 
metastasis by miR‑1323/ SMC1B pathway

To determine whether miR-1323 can target NPHS2-6, we 
predict their binding sites based on RNAhybrid (Fig. 6A). 
Then dual-luciferase reporter assay was used to verify the 
target binding relationship (Fig. 6B). Subsequently, West-
ern blot analysis showed that knockdown ofNPHS2-6 sig-
nificantly reduced the protein level of SMC1B, however, 
downregulation ofmiR-1323 effectively reversed the inhibi-
tory effect of NPHS2-6deficiencyon SMC1B, suggest-
ing that NPHS2-6 regulates SMC1B through miR-1323 
(Fig. 6C). The analysis of colony formation, transwell and 
wound healing showed that NPHS2-6deficiency significantly 
reduced the cell proliferation, migration and invasion, while 
knockdown ofmiR-1323 effectively reversed this effect 
(Fig. 6D–F). Furthermore, NPHS2-6 deficiency induced 
a downregulation of Vimentin, N-cadherin and FN1 and 
an upregulation of E-cadherin, while miR-1323deficiency 
suppressed the effect of NPHS2-6 on EMT characteristic 
molecules (Fig. 6G). Overall, these results indicated that 

Fig. 6  NPHS2-6 regulates the progression of tumor metastasis by 
miR-1323/ SMC1B pathway. A The binding sites between NPHS2-6 
and miR-1323 were predicted by RNAhybrid. B The target relation-
ship between NPHS2-6 and miR-1323 was verified by dual-lucif-
erase reporter assay. C Western blot was used to analyze the levels 
of SMC1B in C33A cells transfected with NC, Sh-NPHS2-6#1and 
Sh-NPHS2-6#1 + miR-1323 inhibitor. D Colony formation assay 
showing cells proliferation. E Transwell assay showing cells migra-
tion. Magnification, × 100, Bar scale = 20 μm. F Wound healing assay 
showing cells invasion. Magnification, × 10, Bar scale = 200  μm. G 
The expression of characteristic molecules (E-Cadherin, N-Cadherin, 
Vimentin and FN1) of EMT in C33A cells were detected by western 
blot.*p < 0.05; **p < 0.01; ***p < 0.001 comparing to NC. Data were 
shown as mean ± SD (n = 3)
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NPHS2-6 regulates the growth and EMT of CSCC cells via 
miR-1323/SMC1B pathway.

SMC1B regulates EMT of CSCC cells via PI3K‑AKT 
pathway

To further determine the molecular mechanism by which 
SMC1B regulates EMT in CSCC cells, we firstly con-
structed cell transfected with NC, SMC1B OE and sh-
SMC1Btreatment. The results revealed that upregula-
tion of SMC1Bsignificantly increased the protein levels 
of P-PI3K, P-Akt, Vimentin, N-cadherin and FN1, and 
reduced the level of E-cadherin, while knockdown of 
SMC1B was the opposite (Fig. 7A). Further transwell and 
wound healing assay test revealed that upregulation of 
SMC1B significantly increased the ability of cell migration 
and invasion, while downregulation of SMC1B was the 
opposite (Fig. 7B, C). Then we constructed cell transfected 
with sh-NC, sh-NPHS2-6 and sh-NPHS2-6 + SMC1B OE 
treatment to further investigate the effect of SMC1B on 
PI3K-Akt pathway. Western blot analysis revealed that 
NPHS2-6 silencing could significantly reduce the pro-
tein levels of P-PI3K and P-Akt, while overexpression of 
SMC1B could rescue the inhibitory effect of downregula-
tion of NPHS2-6 (Fig. 7D). In summary, these data strong 
evidence that the SMC1B regulates EMT of CSCC cells 
via PI3K-AKT pathway.

Discussion

CSCC is a common tumor of female reproductive system, 
with high recurrence rate and metastasis rate,and its prog-
nosis is very dismal [4]. Therefore, new biomarkers and 
therapeutic targets are urgently needed for CSCC. This 
study aims to elucidate the biological functions and pos-
sible molecular mechanisms of NPHS2-6 in the progres-
sion of CSCC.

Accumulating evidence indicates that LncRNAs are 
involved in the occurrence and progression of different 
cancers, including CSCC [31, 32]. Some lncRNAs have 
been reported to act as oncogenes or cancer suppressors 

in CSCC in earlier studies [33, 34]. For example, Cheng 
et al. found that lncRNA-BLACAT1 was abnormally over-
expressed in CSCC cells, indicating poor prognosis of 
CSCC patients [32]. In our study, we found that NPHS2-6 
was significantly upregulated in CSCC tissues and cells.

Moreover, we found that the depletion of NPHS2-6 sig-
nificantly inhibited the migration, proliferation, invasion and 
EMT of CSCC cells. Similarly, in vivo experiments uncov-
ered that knockdown of NPHS2-6 repressed the growth and 
metastasis of xenografts. In conclusion, NPHS2-6 played 
an oncogenic role in the progression of CSCC and could be 
developed as a new therapeutic target for CSCC.

Growing evidence has indicated that lncRNAs are mostly 
act as miRNAs sponges and form a lncRNA-miRNA-mRNA 
axis, thereby playing their biological role in gene regulation 
[35, 36]. For instance, lncRNA MAGI2-AS3 can affect the 
development and progression of cervical squamous cell car-
cinoma (CSCC) by the sponge miRNA-233/EPB41L3 axis 
[16]. Based on this, in this study, we explore the underlying 
ceRNA network of NPHS2-6. Initially, our results revealed 
that miR-1323 was significantly downregulated in CSCC 
cells. Subsequently, the dual-luciferase assay confirmed that 
the NPHS2-6 and SMC1B were verified to directly target 
miR-1323. Moreover, we observed NPHS2-6 negatively reg-
ulate the expression of miR-1323, and miR-1323 negatively 
regulates the expression of SMC1B. Importantly, functional 
assays confirmed that NPHS2-6 regulates the expression of 
SMC1B via sponging miR-1323, thereby regulating pro-
liferation, metastasis, and EMT of CSCC cells. In current 
study, SMC1B was confirmed to be a target of miR-1323. 
In addition, the data from this study revealed that NPHS2-6 
activated the PI3K/AKT signaling pathway of CSCC cells 
through positive regulation of SMC1B. Moreover, the results 
of the rescue experiment verified that the inhibitory effect of 
NPHS2-6 silencing on CSCC cell growth could be counter-
act by SMC1B overexpression. Further studies showed that 
SMC1B could regulate EMT of CSCC cells by activating 
the PI3K/Akt pathway. Taken together, NPHS2-6 acceler-
ated the CSCC tumorigenesis by targeting the miR-1323/
SMC1B/PI3K/AKT pathway.

In conclusion, our study explored the regulatory role 
of NPHS2-6 in the progression of CSCC. All data from 
this study illuminate that NPHS2-6 activates the PI3K/
AKT signaling pathway through miR-1323/SMC1B path-
way, thereby driving CSCC progression. Based on this, we 
believe that NPHS2-6 is expected to become a novel target 
for clinical treatment of CSCC.
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