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STAT3 regulates SRGN and promotes metastasis of
nasopharyngeal carcinoma through the FoxO1-miR-148a-5p-
CREB1 axis
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Nasopharyngeal carcinoma (NPC), which is marked by a distinct distribution, is a common subtype of epithelial carcinoma arising
from the nasopharyngeal mucosal lining. SRGN acts as an important and poor prognostic factor of NPC through multiple different
mechanisms. However, the biological role and mechanism of SRGN in NPC remain unknown. Expression levels of miR-148a-5p,
CREB1, FoxO1, and SRGN in NPC tissues and cell lines were tested by qRT-PCR or/and Western blot. The impacts of miR-148a-5p,
CREB1, FoxO1, and SRGN on NPC cell viability, proliferation, migration, and invasion were estimated in vitro by CCK-8, colony
formation, wound healing and Transwell experiments, and in vivo by a xenograft tumor model. JASPAR analysis was used to predict
the binding activity of Foxo1 (CREB1) with the miR-148a-5p (SRGN) promoter, and the interaction was validated by EMSA and ChIP
assays. The miR-148a-5p-CREB1 interaction was validated by a dual-luciferase reporter and RIP assays. CREB1 and SRGN were
increased while miR-148a-5p was decreased in NPC. Silencing of SRGN and CREB1, as well as miR-148a-5p overexpression,
repressed NPC tumor progression in vitro and in vivo. CREB1 promoted SRGN expression in NPC by targeting the promoter area of
SRGN. Silencing of FoxO1 facilitated NPC tumor progression, while silencing of STAT3 repressed NPC tumor progression. FoxO1
bound to and regulated miR-148a-5p in NPC, and miR-148a-5p targeted CREB1. Additionally, FoxO1 knockdown abolished the
downregulation of CREB1 and SRGN induced by STAT3 silencing. Our results suggest that STAT3 regulates SRGN and promotes the
growth and metastasis of NPC through the FoxO1-miR-148a-5p-CREB1 axis.
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INTRODUCTION
Nasopharyngeal carcinoma (NPC), originating from the naso-
pharyngeal mucosal lining, is one of the most common
squamous cell carcinomas with a high probability of local
invasion and distant metastasis1. Therefore, most NPC patients
tend to exhibit regional lymph node or distant metastasis at
diagnosis. NPC incidence shows a distinct geographical pattern
in the world; it is one of the most frequently diagnosed
malignancies in southern China, with an estimated incidence of
30 cases per 100,000 population, while only 1 case per 100,000
population is reported in the United States and Europe2,3. The
main histological type of NPC is non-keratinizing carcinoma
characterized by rich lymphocytic infiltration and Epstein-Barr
virus (EBV) infection4. EBV DNA or clonal EBV genome can be
invariably detected in NPC cells5. Moreover, certain prevalent
EBV strains have been reported to be associated with an elevated
risk of NPC6. These findings suggested a link between EBV
infection and NPC tumorigenesis. Although NPC patients are
usually sensitive to radiotherapy, their prognosis remains
relatively poor due to the high probability of recurrence and
distant metastasis7,8. Nevertheless, the mechanisms underlying

NPC tumorigenesis are still not completely explored to date, and
further study of these mechanisms is urgently needed.
SRGN, predominately present in endothelial cells, cancer cells,

and embryonic stem cells, is a low molecular weight glycoprotein
linked to the storage and release of multiple proteases, cytokines
and chemokines9,10. The highly expressed SRGN was found in
metastatic NPC cells, knockdown of SRGN inhibited NPC cell
metastasis while overexpression of SRGN promoted it, suggesting
SRGN might be a promising therapeutic target for NPC11,12.
Signal transducer and activator of transcription 3 (STAT3) is an

important transcription factor that belongs to the STAT protein
family13. EBV infection can cause the activation of STAT3, and thus,
facilitating the progression of NPC14–16. However, the underlying
mechanisms of this effect remain largely unknown. FoxO1 is a
critical member of the FOXO subfamily of the Forkhead/winged
helix superfamily and is a transcription factor in mammalian
cells17. It has been reported to act as a tumor repressor of NPC on
the basis of its effects on modulating cell survival, metabolism and
differentiation18. Considering the role of STAT3 and FoxO1 in NPC,
and the interaction between STAT3 and FoxO1 was proved to be
an important mechanism in the progression of various of
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cancers19,20, we believed the axis of STAT3/FoxO1 axis might also
play a role in NPC. We also want to know if SRGN is involved in the
function of STAT3/FoxO1 axis in NPC.
MicroRNAs (miRNAs) are key members of the noncoding RNA

family, and accumulating evidence has shown that they regulate
NPC tumor growth and metastasis both in vitro and in vivo21,22.
MiR-148a-5p acts as an antitumor agent in breast cancer and
gastric cancer23,24. Moreover, FoxO1 was demonstrated to be a
transcription factor for miR-148a transactivation25. Additionally,
we found that CREB1 is a target gene of miR-148a-5p by using
TargetScan prediction and that CREB1 targets the promoter region
of SRGN through JASPAR analysis. Therefore, we examined the
relationship between STAT3, FoxO1, miR-148a-5p, CREB1 and
SRGN in NPC in the present study.

MATERIALS AND METHODS
NPC tissues and cell lines
Thirty NPC tissues and thirty healthy control tissues were diagnosed at the
People’s Hospital of Guangxi Zhuang Autonomous Region from 2017 to
2019 and stored at −80 °C. This research was approved by the Ethics
Committee of the People’s Hospital of Guangxi Zhuang Autonomous
Region, and informed consent was supplied by every subject involved in
this study (No. 2018-47). NPC cell lines (CNE2, HNE1, and HONE1) were
obtained from the Institute of Cancer, Central South University. The NPC
cell line C666-1 and the normal immortalized nasopharyngeal epithelial
cell line (NP69) were provided by Professor Sai-Wah Tsao from University of
Hong Kong. SUNE-1 and 5-8F cells were kindly provided by Professor
Musheng Zeng from Sun Yat-Sen University. All cell types were cultured in
modified DMEM (10% fetal calf serum and 1% ampicillin/streptomycin) and
maintained in an incubator with 95% O2 and 5% CO2 at 37 °C.

Quantitative real-time PCR (RT-PCR) analysis
Total RNA was extracted from NPC tissues and cells using TRIzol reagent
(Invitrogen, USA) following the manufacturer’s instructions. After examina-
tion of its quality and concentration, the isolated RNA was used to
generate cDNA using a Gibco BRL kit (Life Technologies, USA). qRT-PCR
was conducted following standard protocols of the SYBR-GreenPCR kit
(Takara, Japan) on an ABI7500 Fast Real-Time PCR System (PE Applied
Biosystems). Sequences of primers are shown in Table 1.

Western blot
Total proteins of NPC tissues and cells were separated using high-speed
centrifugation at 12,000 × g/min for 15min after incubation in RIPA buffer
(Beyotime, China). Protein samples (40 μg) were separated by 10% SDS-
PAGE. Targeted proteins were transferred to nitrocellulose membranes
followed by a 2-h incubation with 5% low-fat milk. Afterwards, membranes
were incubated with 5% low-fat milk containing the indicated primary
antibodies against CREB1 (rabbit, 1:500, ab32515, Abcam), SRGN (rabbit,

1:2000, ab156991, Abcam), FoxO1 (rabbit, 1:4000, ab10382, Abcam), STAT3
(rabbit, 1:5000, ab119352, Abcam), and β-actin (rabbit, 1:5000, ab179467,
Abcam). After 8 h of incubation with primary antibodies, the membranes
were probed with the indicated secondary antibodies for another 2 h.
Signals were visualized using an enhanced chemiluminescence reagent
(EMD Millipore, USA).

Establishment of stable NPC cell lines
Specific shRNAs against SRGN (shSRGN-1 and shSRGN-2), CREB1 (shCREB1-
1 and shCREB1-2), FoxO1 (shFoxO-1 and FoxO1-2), and STAT3 (shSTAT3-1
and shSTAT3-2) as well as their negative control (shNC) were all supplied
by Sigma. MiR-148a-5p mimics and negative control (NC) mimics were also
obtained from GenePharma. HONE1 and 5-8F cells were cultured in DMEM
in 24-well plates for 8 h followed by transfection with a specific lentiviral
vector using the BLOCK-iT Lentiviral Pol II miR RNAi system (Invitrogen,
USA). After three weeks of transfection, a single colony was selected and
identified. After infection with lentivirus, cells were subjected for selection
using 3 μg/ml puromycin for 24 h to remove any remaining non-infected
cells. After screen, cells were collected for further experiments.

Evaluation of cell proliferation
The proliferation of treated NPC cells was evaluated through the Cell
Counting Kit-8 (CCK-8, Solarbio, Beijing, China) and colony formation
experiments. CCK-8-treated NPC cells (2 × 105 cells/well) were seeded into
96-well plates containing FBS and DMEM. Next, 10 μl of CCK-8 solution was
added to every well. After 2 h of incubation at 37 °C, the absorbance of
every single well was determined at 490 nm. For colony formation, treated
NPC cells at the exponential growth phase were harvested and seeded in
35-mm petri dishes followed by two weeks of culture. Next, the visualized
colonies were stained with crystal violet for 10min after fixation in
methanol. The number of colonies was manually counted.

Evaluation of cell migration
A wound healing assay was conducted on treated HONE1 and 5-8F cells to
evaluate cell migration. In brief, cells were collected after treatment and
then plated in 35-mm petri dishes. Treated HONE1 and 5-8F cells were
cultured at 37 °C until 100% confluence and then received a straight
scratch on the surface of the NPC cell layer. Images were photographed
after 0 and 24 h of scratching.

Evaluation of cell invasion
Transwell chambers with an 8-μm pore size (Corning Incorporated, USA)
coated with Matrigel were used to estimate the invasion of HONE1 and
5-8F cells. Briefly, 500 μl of serum-free DMEM containing 2 × 105 treated
HONE1 and 5-8F cells was added to the upper chamber, while 500 μl of
DMEM including serum (10%) was added to the lower chamber. After 24 h
of culture, cells remaining on the upper surface were discarded, and those
cells on the bottom surface were fixed and stained with 5% crystal violet
followed by manual number counting.

Xenograft tumor growth and in vivo metastasis evaluation
Eight-week-old BALB/c nude mice (male) were supplied by Hunan Slake
Jingda Laboratory Animal Co., Ltd., and animal manipulation was approved
by the ethics committee of our institute (No. 2018-47). Animals were
maintained in a pathogen-free environment with free access to water and
food. HONE1 and 5-8F cells transfected with the indicated oligonucleo-
tides, including shSRGNs, shCREB1s, shFoxO1s, shSTAT3s, and miR-148a-5p
mimics, were subcutaneously delivered into the left flank of the mice. The
tumor volume was measured every 10 days and then weighed 40 days
after inoculation. For in vivo metastasis evaluation, 2 × 106 treated NPC
cells were injected into nude mice via the tail vein. These treated animals
were sacrificed 40 days after inoculation, and liver and lung tissues were
collected for metastatic nodule analysis. After fixation with 4% parafor-
maldehyde overnight, liver and lung tissues were cut into 5-μm slices, and
histopathologic analysis was conducted using haematoxylin and eosin
staining.

Validation of protein and promoter binding
The binding activity of CREB1 on the promoter region of SRGN was
estimated by electrophoretic mobility shift assay (EMSA) using an EMSA kit
(BersinBio, China) according to the manufacturer’s instructions in a
reaction system containing nuclear extracts and specific biotin probes.

Table 1. RT-qPCR primer list.

Gene Primer sequence (5’ → 3’)

CREB1 F: TGCAGACATTAACCATGACCA

R: GTTGCTGGGCACTAGAATCTG

SRGN F: CAGGTATTCAAGGTCCCATTTCA

FoxO1 R: GGACTACTCTGGATCAGGCTT
F: TACGAGTGGATGGTCAAGAG
R: ATGAACTTGCTGTGTAGGGAC

GAPDH F: CCATTTGCAGTGGCAAAG

R: CACCCCATTTGATGTTAGTG

miR-148a-5p F: GGGAAAGTTCTGAGACACTC

R: CAGTGCGTGTCGTGGAGT

U6 F: GCTTCGGCAGCACATATACTAAAA

R: CGCTTCACGAATTTGCGTGTCAT

F forward, R reverse, SRGN Serglycin, CREB1 cAMP-response element-
binding protein 1, GAPDH glyceraldehyde-3-phosphate dehydrogenase.
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Moreover, ChIP was performed to further verify the interaction between
CREB1 or FoxO1 and the promoter region of SRGN or miR-148a-5p using a
ChIP assay kit (Thermo Scientific, USA). DNA fragments of treated NPC cells
were isolated and digested with micrococcal nuclease. Anti-CREB1 or IgG
was added to the reaction system for immunoprecipitation. Subsequently,
qRT-PCR was used to analyze the enrichment after elution and purification.

Co-immunoprecipitation (Co-IP) assay
The interplay between FoxO1 and Runx2 was verified by Co-IP in
293T cells. In brief, 293T cells were transfected with Myc-tagged FoxO1
(Myc-FoxO1) and Flag-tagged Runx2 (Flag-Runx2). After 48 h of transfec-
tion, cells were harvested and washed with precooled phosphate buffer
solution followed by lysis in extraction buffer (pH 8.0, 50 mM Tri-HCl, 1 mM
EDTA, 150mM NaCl and protease repressors). Cell lysates were then
incubated overnight with monoclonal anti-Flag and anti-Myc antibodies at
4 °C, and SDS-PAGE was performed to isolate immunoprecipitated samples
followed by transfer to PVDF membranes (Millipore, USA). After blocking
with 5% non-fat milk for 2 h, the membranes were probed with
horseradish peroxidase-conjugated secondary antibodies against Flag
and Myc. Bands were visualized using chemiluminescence (ECL) reagent.

Dual-luciferase reporter assay
The interaction between the 3’UTR of CREB1 and miR-148a-5p was tested
by dual-luciferase reporter assays. Briefly, two wild-type (WT) putative miR-
148a-5p binding sites (BS1 and BS2) of the CREB1 3’UTR were amplified
and inserted into the pGL3 vector to establish recombinant luciferase
reporter plasmids named CREB1-WT. The matched mutant (Mut) miR-148a-
5p binding sites were also cloned into the pGL3 vector to establish mutant
recombinant luciferase reporter plasmids named CREB1-Mut1 (BS1
mutation), CREB1-Mut2 (BS2 mutation) and CREB1-Mut1&2 (both the BS1
and BS2 mutations). To examine the interaction between miR-148a-5p and
the CREB1 3’UTR, HONE1 and 5-8F cells were co-transfected with CREB1-
WT, CREB1-Mut1, CREB1-Mut2, CREB1-Mut1&2 and miR-148a-5p mimics or
NC mimics. After 24 h of co-transfection, the luciferase activity of HONE1

and 5-8F cells was determined by the Dual-Luciferase Reporter Assay
System (Promega, USA).

RNA immunoprecipitation (RIP)
RIP was used to further examine the interaction between CREB1 and miR-
148a-5p. In brief, HONE1 and 5-8F cells were transfected with MS2bs-Rluc,
MS2bs-CREB1-3’UTR and MS2bs-CREB1-3’UTR-Mt. After 48 h of transfection,
the RIP assay was carried out using a Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore). MiR-148a-5p was quantified using
qRT-PCR after the RNA complexes were purified

Statistical analysis
Data are shown as the mean ± standard deviation (SD). Statistical analysis
was completed in GraphPad Prism (Version 7.0, USA). Two groups were
compared with Student’s t test, multiple experimental groups were
compared using one-way analysis of variance (ANOVA) or two-way ANOVA,
and p < 0.05 was considered statistically significant.

RESULTS
CREB1 and SRGN showed high expression, while miR-148a-5p
showed lower expression in NPC
We first tested the expression of miR-148a-5p, CREB1, SRGN, and
FoxO1 in 30 NPC tissues and 30 healthy controls by qRT-PCR and
found that miR-148a-5p and FoxO1 were lower while the mRNAs
of CREB1 and SRGN were higher in NPC tissues than in normal
nasopharyngeal mucosal tissues (Fig. 1A). In addition, we
demonstrated that miR-148a-5p was downregulated in six NPC
cell lines (CNE2, HNE1, 5-8F, HONE1, C666-1, and SUNE-1)
compared to the NP69 cell line (Fig. 1B). The protein expression
of CREB1 and SRGN was higher while FoxO1 was lower in NPC cell
lines than in the NP69 cell line (Fig. 1C). Thus, these findings

Fig. 1 CREB1 and SRGN showed high expression, while miR-148a-5p showed lower expression in NPC. A The relative expression levels of
CREB1, SRGN, miR-148a-5p and FoxO1 in NPC tissues were analyzed by qRT-PCR, and the control group included healthy nasopharyngeal
mucosal tissues, n= 30. B Relative expression levels of miR-148-5p in six NPC cell lines (CNE2, HNE1, 5-8F, HONE1, C666-1, and SUNE-1) and
one normal immortalized nasopharyngeal epithelial cell line (NP69) were analyzed by qRT-PCR, n= 3. C Protein expression levels of CREB1,
SRGN and FoxO1 in six NPC cell lines (CNE2, HNE1, 5-8F, HONE1, C666-1, and SUNE-1) and one normal immortalized nasopharyngeal epithelial
cell line (NP69) were detected by western blotting. GAPDH was used as an internal control, n= 3. All the results are shown as the mean ± SD of
three different experiments performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2 SRGN silencing repressed NPC tumor progression in vitro. A Knockdown efficiency of SRGN protein by shRNAs (shSRGN-1 and
shSRGN-2) was examined by western blotting. B After 0, 1, 2, and 3 days of SRGN shRNA transfection, proliferation of HONE1 and 5-8F cells
were examined by the CCK-8 assay. C The colony formation ability of HONE1 and 5-8F cells transfected with shNC and SRGN shRNAs was
estimated. D Wound healing and E Transwell assays were conducted on shNC- and SRGN shRNA-transfected HONE1 and 5-8F cells to evaluate
their migratory and invasive abilities, respectively. F Protein levels of CREB1 were measured by western blotting in sh-NC and SRGN shRNA-
transfected HONE1 and 5-8F cells. All the results are shown as the mean ± SD (n= 3), and three different experiments were performed in
triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3 CREB1 silencing repressed NPC tumor progression and decreased the expression of SRGN in vitro. A The knockdown efficiency of
CREB1 protein was tested via western blotting. B After 0, 1, 2, and 3 days of CREB1 shRNA transfection, a CCK-8 assay was performed in HONE1
and 5-8F cells to examine cell proliferation. C The colony formation ability of CREB1-silenced HONE1 and 5-8F cells was determined. D Wound
healing and E Transwell assays were carried out to estimate the migratory and invasive capacities of HONE1 and 5-8F cells after CREB1
knockdown, respectively. F The protein level of SRGN was detected by western blotting in HONE1 and 5-8F cells transfected with sh-NC and
CREB1 shRNAs. All the results are shown as the mean ± SD (n= 3), and three different experiments were performed in triplicate. *P < 0.05,
**P < 0.01, ***P < 0.001.
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suggested that miR-148a-5p, CREB1 and SRGN were dysregulated
in NPC.

SRGN silencing repressed NPC tumor progression
The role of SRGN in NPC tumor progression was further examined.
Based on the elevated level of SRGN, we decided to exogenously
silence its expression in the HONE1 and 5-8F cell lines. As shown in
the results, SRGN protein was decreased by 3.5 times in HONE1
and by 1.8 times in 5-8F cell lines after transfection of shSRGN-1,
moreover, it was decreased by 5 times in HONE1 and by 2.9 times
in 5-8F cell lines after transfection of shSRGN-2 (Fig. 2A). The
impact of SRGN silencing on NPC cell proliferation activity was
estimated by the CCK-8 and colony formation experiments. The
CCK-8 results indicated that transfection of shSRGN-1 reduced the
viability of HONE1 and 5-8F cells to around 68% and 71%,
respectively, shSRGN-2 transfection reduced the viability HONE1
and 5-8F cells to around 73% and 62%, respectively (Fig. 2B). The
colony numbers of shSRGN-1-transfected HONE1 and 5-8F cells
were reduced to around 40% and 36%, respectively, of shNC
group, same trend was observed in shSRGN-2-transfected cell
(Fig. 2C). The effects of SRGN silencing on NPC cell migration and
invasion were subsequently evaluated by wound healing and
Transwell assays. SRGN silencing resulted in a significant repres-
sion of HONE1 and 5-8F cell migration and invasion (Fig. 2D and
E). Additionally, we found that the protein expression of CREB1 in
sh-SRGN-1 transfected HONE1 and 5-8F cell was reduced to 49%
and 55% of shNC-transfected cells, respectively, same trend was
observed in shSRGN-2-transfected cell (Fig. 2F). A xenograft tumor
assay was further performed to examine the role of SRGN
silencing in tumor growth in vivo. shNC-, shSRGN-1- and
shSRGN-2-transfected HONE1 and 5-8F cells were subcutaneously
delivered into nude mice. The weight and volume of tumors
formed by SRGN-silenced HONE1 and 5-8F cells were markedly
decreased compared to those formed by shNC-transfected cells
(Supplementary Fig. S1A–C). shNC-, shSRGN-1- and shSRGN-2-
transfected 5-8F cells were then inoculated into nude mice via tail
vein injection. After ten weeks of inoculation, lung and liver
metastasis were apparently reduced in animals injected with
SRGN-silenced cells compared to negative control cells (Supple-
mentary Fig. S1D, E). Similar results were observed in histologic

analysis (Supplementary Fig. S1F). These results indicated that
SRGN silencing repressed NPC tumor progression.

CREB1 silencing repressed NPC tumor progression and
decreased the expression of SRGN
Next, the same strategy was adopted to study the effects of
CREB1 silencing on NPC tumor progression. Western blot analysis
of CREB1 showed that transfection of CREB1 shRNAs (shCREB1-1
and shCREB1-2) resulted in a significant downregulation of CREB1
compared to shNC transfection (Fig. 3A). The growth of CREB1-
silenced HONE1 and 5-8F cells was markedly repressed, as shown
by the CCK-8 assay (Fig. 3B). The colony numbers of CREB1-
silenced HONE1 and 5-8F cells were significantly reduced (Fig. 3C).
In wound-healing and Transwell assays, we revealed that CREB1
knockdown caused a remarkable repression of the migratory and
invasive abilities of HONE1 and 5-8F cells (Fig. 3D, E). Additionally,
we demonstrated that SRGN protein was downregulated in the
CREB1-silenced group compared to the shNC group (Fig. 3F). The
NPC tumor growth repressive effects of CREB1 shRNAs were
further validated by the xenograft tumor growth assay. After
inoculation of CREB1-silenced HONE1and 5-8F cells into nude
mice, we found that tumors formed by CREB1-silenced HONE1
and 5-8F cells were significantly smaller than those formed by
shNC-treated cells (Supplementary Fig. S2A–C). Moreover, the
metastatic nodules of the liver and lung observed in mice
inoculated with CREB1-silenced 5-8F cells were significantly
reduced compared to those in the shNC group (Supplementary
Fig. S2D, E). Consistent results were observed in histopathologic
analysis (Supplementary Fig. S2F). These findings indicated that
CREB1 silencing repressed NPC tumor progression and decreased
the expression of SRGN.

CREB1 regulated SRGN expression by targeting its promoter
By using western blot analysis, we found that CREB1 over-
expression markedly increased the protein expression of CREB1
and SRGN (Fig. 4A). Moreover, JASPAR analysis predicted a
putative CREB1 binding site in the promoter region of SRGN (BS:
1442-1454) (Fig. 4B). EMSA was then performed to validate the
binding of the CREB1 protein and the SRGN promoter. As shown
in the results, the CREB1 protein could form a DNA-protein

Fig. 4 CREB1 regulated SRGN expression by targeting its promoter. A Western blot analysis of CREB1 and SRGN in 5-8F cells transfected
with NC and CREB1. B The targeting site of CREB1 at the promoter region of SRGN was predicted by JASPAR analysis. C EMSA was performed
to validate the interplay between the CREB1 protein and SRGN promoter in 5-8F cells. D ChIP-PCR was employed to assess CREB1 binding to
the SRGN promoter in CREB1-silenced 5-8F cells. All the results are shown as the mean ± SD (n= 3), and three different experiments were
performed in triplicate. *P < 0.05, **P < 0.01.
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complex with a native probe containing putative CREB1 binding
sites (Fig. 4C). Additionally, ChIP experiments showed that the
CREB1 binding site in the SRGN promoter area was functional
(Fig. 4D). These results suggested that CREB1 regulated SRGN
expression by binding to its promoter.

miR-148a-5p overexpression repressed NPC tumor
progression
Next, we investigated the biological functions of miR-148a-5p in
NPC tumor progression by overexpressing it in NPC. The relative
miR-148a-5p expression in HONE1 and 5-8F cells was significantly
upregulated after miR-148a-5p mimics transfection compared to
the NC mimics group (Fig. 5A). The growth of miR-148a-5p-
overexpressing HONE1 and 5-8F cells was dramatically repressed,
as shown by the CCK-8 and colony formation assays (Fig. 5B, C).
Moreover, in wound healing and Transwell assays, miR-148a-5p
overexpression significantly inhibited the migratory and invasive
capacities of HONE1 and 5-8F cells (Fig. 5D, E). Through western
blot analysis, we found that the protein expression levels of CREB1
and SRGN were sharply decreased in the miR-148a-5p-
overexpressing group compared to the NC group (Fig. 5F).
Xenograft tumor growth assays demonstrated that the tumors
formed by miR-148a-5p-overexpressing HONE1 and 5-8F cells
were dramatically smaller than those formed by NC mimics-
transfected cells (Supplementary Fig. S3A–C). NC mimics- and miR-
148a-5p mimics-transfected 5-8F cells were then inoculated into
nude mice via tail vein injection. After ten weeks of inoculation,
the metastatic nodules in the lung and liver were significantly
reduced in the miR-148a-5p group compared to the NC mimics
group (Supplementary Fig. S3D, E). Similar results were observed
in the histopathologic analysis performed in liver and lung tissues
of animals injected with miR-148a-5p mimics-overexpressing cells
through the tail vein (Supplementary Fig. S3F). Overall, miR-148a-
5p overexpression repressed NPC tumor progression.

FoxO1 silencing facilitated NPC tumor progression
To investigate whether FoxO1 is involved in NPC tumorigenesis,
we examined the effects of FoxO1 knockdown on NPC tumor
progression in vitro and in vivo. The knockdown efficiency of
FoxO1 shRNAs (shFoxO-1 and shFoxO-2) was tested by western
blotting (Fig. 6A). In vitro experiments demonstrated that
FoxO1 silencing markedly facilitated cell growth (Fig. 6B), colony
formation (Fig. 6C), migration (Fig. 6D) and invasion (Fig. 6E).
Additionally, through qRT-PCR and western blot analysis, we
observed a significant downregulation of miR-148a-5p and a
remarkable upregulation of CREB1 and SRGN in the FoxO1 shRNA-
transfected groups (Fig. 6F, G). Unexpectedly, Runx2 shRNA
transfection only decreased the expression of Runx2 in HONE1
and 5-8F cells without affecting the protein levels of CREB1 and
SRGN (Fig. 6H). The results from the in vivo xenograft tumor
growth assay further confirmed the effects of FoxO1 knockdown
on promoting NPC tumor growth (Supplementary Fig. S4A–C). By
inoculating shNC- and FoxO1 shRNA-transfected 5-8F cells into
nude mice via tail vein injection, we demonstrated that FoxO1
knockdown increased the number of metastatic nodules in the
lung and liver, indicating that FoxO1 knockdown promoted NPC
metastasis in vivo (Supplementary Fig. S4D, E). This conclusion was
further supported by histopathologic analysis (Supplementary
Fig. S4F). These findings indicated that FoxO1 might act as a
tumor repressor of NPC via the CREB1-SRGN axis.

FoxO1 bound to the promoter of MIR148, while miR-148a-5p
targeted CREB1
Interestingly, we found two miR-148a-5p binding sites in the 3’-
UTR of CREB1 based on the prediction results of starBase (Fig. 7A).
Subsequently, a dual-luciferase reporter assay was employed to
validate the interplay between miR-148a-5p and CREB1. We
established luciferase reporter plasmids by inserting the two

mutant miR-148a-5p binding sites into the pGL3 vector separately
or together and named them CREB1-Mut1, CREB1-Mut2 and
CREB1-Mut1&2. Transfection of miR-148a-5p mimics, but not NC
mimics, dramatically reduced the luciferase intensity of cells
driven by CREB1-WT, while no change was observed in cells co-
transfected with miR-148a-5p mimics and CREB1-Mut1 or CREB1-
Mut2 (Fig. 7B). To further validate the direct binding between miR-
148a-5p and the CREB1 3’UTR, we performed a RIP assay. The
results indicated that miR-148a-5p was predominately enriched in
the MS2bs-CREB1 group (Fig. 7C). Additionally, we observed a
significant upregulation of primary and mature forms of miR-148a-
5p in FoxO1-overexpressing cells (Fig. 7D). JASPAR prediction
showed three putative FoxO1 binding sites (BS1, BS2 and BS3) in
the promoter region of MIR148 (miR-148a-5p corresponding gene)
(Fig. 7E). Then, a ChIP assay was performed to verify the
interaction between FoxO1 and the three putative binding sites
of MIR148. As demonstrated in the results, FoxO1 was significantly
enriched in the BS3 group, indicating that FoxO1 is only bound to
BS3 (Fig. 7F). Then, the wild-type and mutant BS3 fragments were
amplified and inserted into the pGL3 vector to establish the
luciferase reporter plasmids pGL3-MIR148 WT and pGL3-MIR148
Mut. The luciferase activity driven by pGL3-MIR148 WT was
dramatically attenuated by the transfection of shFoxO1 but not
shNC (Fig. 7G). These findings indicated that FoxO1 binds to the
promoter of MIR148, while miR-148a-5p targets CREB1.

STAT3 silencing repressed NPC tumor progression and
regulated CREB1 and SRGN through FoxO1
To explore the role of STAT3 during NPC tumorigenesis, we
evaluated the effects of STAT3 knockdown on NPC tumor
progression in vitro and in vivo. The knockdown efficiency of
STAT3 shRNAs was validated by western blotting (Fig. 8A). The
results from in vitro assays indicated that STAT3 silencing resulted
in a significant suppression of NPC cell proliferation, colony
formation, migration and invasion (Fig. 8B–E). Western blot assays
showed that STAT3 silencing resulted in a significant upregulation
of FoxO1 but caused a remarkable downregulation of CREB1 and
SRGN (Fig. 8F). Additionally, we also found that STAT3 silencing
caused a significant upregulation of miR-148a-5p by qRT-PCR
(Fig. 8G). However, the dysregulation of miR-148a-5p, FoxO1,
CREB1 and SRGN caused by STAT3 silencing could be rescued by
FoxO1 knockdown (Fig. 8H, I). The in vivo suppressive effects of
STAT3 shRNAs on NPC tumor growth were verified by a xenograft
tumor growth assay (Supplementary Fig. S5A–C). Moreover, the
in vivo repressive effects of STAT3 shRNAs on NPC metastasis were
supported by the results from the tail vein injection assay and
histopathologic analysis (Supplementary Fig. S5D–F). We con-
ducted rescue experiments to rule out off target effects of CREB1
gene knockdown and confirm our model. STAT3 and miR-148a-5p
mimics or shCREB1 were co-transfected into 5-8F and HONE1 cells,
followed by functional assays. The overexpression efficiency of
STAT3 in 5-8F and HONE1 cells was verified by western blotting
(Fig. 9A). By using CCK-8 and colony formation assays, we found
that miR-148a-5p overexpression and CREB1 knockdown weaken
the function of promoting cell proliferation of STAT3 over-
expression (Fig. 9B, C). By using wound healing and/or Transwell
assays, we demonstrated that cell migration and invasion were
significantly repressed by miR-148a-5p overexpression and CREB1
knockdown, moreover, overexpression of miR-148a-5p and knock-
down of CREB1 weaken the function of promoting invasion and
metastasis of overexpression of STAT3 (Fig. 10A, B). Additionally,
we examined the expression of miR-148a-5p, STAT3, FoxO1,
CREB1, and SRGN in 5-8F and HONE1 cells transfected with STAT3
and miR-148a-5p mimics or shCREB1. STAT3 overexpression
caused a significant downregulation of miR-148a-5p and reversed
the upregulation of miR-148a-5p induced by miR-148a-5p mimics
transfection (Fig. 10C). Moreover, the significant downregulation
of CREB1 and SRGN caused by overexpression of STAT3 can be
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Fig. 5 miR-148a-5p overexpression repressed NPC tumor progression in vitro. A Overexpression efficiency of miR-148-5p in HONE1 and
5-8F cells was tested by qRT-PCR. B The proliferation of HONE1 and 5-8F cells was evaluated by the CCK-8 assay after 0, 1, 2, and 3 days of miR-
148a-5p mimics transfection. C After transfection with mimics NC and miR-148a-5p mimics, a colony formation assay was performed in HONE1
and 5-8F cells to test the cell colony formation ability. D, EWound healing and Transwell assays were carried out to estimate the migratory and
invasive capacities of HONE1 and 5-8F cells after miR-148a-5p mimics transfection, respectively. F Protein levels of CREB1 and SRGN were
examined by western blotting in HONE1 and 5-8F cells transfected with miR-148a-5p mimics. All the results are shown as the mean ± SD
(n= 3), and three different experiments were performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.

Y.-L. Wang et al.

926

Laboratory Investigation (2022) 102:919 – 934



Fig. 6 FoxO1 silencing facilitated NPC tumor progression in vitro. A The knockdown efficiency of FoxO1 protein was verified by western
blotting. B The proliferation of HONE1 and 5-8F cells was analyzed by the CCK-8 assay after 0, 1, 2, and 3 days of FoxO1 shRNA transfection.
C The effects of FoxO1 knockdown on the colony formation ability of HONE1 and 5-8F cells were assessed by the colony formation assay.
D Wound healing and E Transwell assays were used to analyze the migratory and invasive capacities of HONE1 and 5-8F cells after FoxO1
knockdown, respectively. F Protein expression of CREB1 and SRGN was detected in tumors formed by FoxO1-silenced HONE1 and 5-8F cells by
western blotting. G Relative miR-148a-5p expression was evaluated by qRT-PCR in tumors formed by FoxO1-silenced HONE1 and 5-8F cells. All
the results are shown as the mean ± SD (n= 4), and three different experiments were performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
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blocked by overexpression of mir-148a-5p and CREB1 (Fig. 10D).
These results indicated that STAT3 silencing repressed NPC tumor
progression and regulated the expression of miR-148a-5p, CREB1
and SRGN through FoxO1.

SRGN ovexpression abolished the repressive effects of miR-
148a-5p mimic and shCREB1 on NPC cell proliferation,
migration, and invasion
Rescue assays were performed to further confirm the regulation
axis of miR-148a-5p/CREB1/SRGN in NPC cell. By transfecting
HONE1 and 5-8F cells with SRGN overexpression plasmid, we
found an 80% increase in SRGN expression level compared to NC
group (Fig. 11A). Overexpression of SRGN in HONE1 and 5-8F cells
increased cell proliferation viability, while co-transfection with
SRGN and miR-148a-5p mimics or shCREB1 abolished the
promotive effects of SRGN overexpression on NPC cell

proliferation (Fig. 11B, C). In addition, SRGN overexpression was
found to promoted the migration and invasion of HONE1 and 5-8F
cells, while co-transfection with SRGN and miR-148a-5p mimics or
shCREB1 abolished the promotive effects of SRGN overexpression
on NPC cell migration and invasion (Fig. 11D, E). Co-transfection
with SRGN, miR-148a-5p mimics, and shCREB1 further inhibited
cell proliferation, migration, and invasion of HONE1 and 5-8F cells
(Fig. 11B–E). These results further confirmed the regulation axis of
miR-148a-5p/CREB1/SRGN in NPC cell.

DISCUSSION
MiR-148a-5p has been reported to be associated with the
aetiology of several kinds of human tumors23,24. Nevertheless, its
role and mechanism in NPC tumorigenesis have not been
investigated. In this study, we found that miR-148a-5p was

Fig. 7 FoxO1 binds to the promoter of MIR148, while miR-148a-5p targets CREB1. A The binding sites between miR-148a-5p and CREB1
were predicted by starBase software. B A dual-luciferase reporter assay was conducted to validate the interplay between miR-148a-5p and
CREB1 using two individual binding sites predicted by starBase software. C The RIP assay was performed to further confirm the interplay
between miR-148a-5p and CREB1. D qRT-PCR was carried out to detect the expression of primary and mature forms of miR-148a-5p after
FoxO1 overexpression. E The targeting site of FoxO1 at the promoter region of MIR148 was predicted by JASPAR analysis. F ChIP assays were
conducted to verify the binding between FoxO1 and MIR148. G The interplay between MIR148 and FoxO1 was verified by a dual-luciferase
reporter assay. All the results are shown as the mean ± SD (n= 3), and three different experiments were performed in triplicate. **P < 0.01,
***P < 0.001. ns no significant.
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Fig. 8 STAT3 silencing repressed NPC tumor progression and regulated CREB1 and SRGN through FoxO1 in vitro. A Knockdown efficiency
of STAT3 protein by shRNAs was examined by western blotting. B, C CCK-8 and colony formation assays were utilized to detect cell
proliferation after STAT3 knockdown. D, E Wound healing and Transwell assays were performed to analyze cell migration and invasion after
STAT3 knockdown. F Protein levels of FoxO1, CREB1 and SRGN were detected by western blotting in STAT3-silenced cells. G Relative
expression of miR-148a-5p was examined in cells transfected with shNC and shSTAT3. H Protein levels of STAT3, FoxO1, CREB1 and SRGN were
detected by western blotting in STAT3- and/or FoxO1-silenced cells. I The relative expression of miR-148a-5p was examined in cells transfected
with shSTAT3 and/or shFoxO1. All the results are shown as the mean ± SD (n= 3), and three different experiments were performed in
triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
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expressed at low levels in NPC and acted as an NPC suppressor
in vitro and in vivo. Furthermore, we demonstrated that FoxO1,
miR-148a-5p and CREB1 function as an axis during NPC
progression. Additionally, STAT3 was revealed to facilitate NPC
tumor progression by regulating SRGN expression through the
FoxO1/miR-148a-5p/CREB1 axis.
CAMP-response element-binding protein (CREB1) is a transcrip-

tion factor involved in modulating gene transcription by
phosphorylation and dephosphorylation. Dysregulation of CREB1
is frequently observed in numerous human cancers, including
NPC26. However, the biological role of CREB1 in NPC remains
largely unclear. Here, we found that CREB1 silencing inhibited NPC
tumor progression. Mechanistically, miR-148a-5p was revealed to
negatively regulate SRGN expression by targeting the CREB1 3’-
UTR and inhibiting its expression.
Recently, SRGN was revealed to promote NPC metastasis by

inducing an epithelial-mesenchymal transition12. In addition,
SRGN increased the production and release of transforming
growth factor-β2 by activating the CD44/CREB1 axis in breast
cancer cells27. As an important cell adhesion molecule involved in
tumor progression and metastasis, CD44 has been reported to
interact with SRGN in non-small-cell lung cancer28. In this study,
SRGN was identified as an oncogene of NPC in vitro and in vivo.
Mechanistically, CREB1 is bound to the promoter of SRGN and
positively regulated SRGN. Knockdown of SRGN caused a
significant downregulation of CREB1 and CD44. Taken together,

these findings suggested that CREB1, SRGN and CD44 might form
a regulatory loop in NPC.
Although FoxO1 has been well documented as a tumor

suppressor in many cancers29, little is known about its role in
NPC progression. Recently, FoxO1 was demonstrated to repress
NPC cell growth by inhibiting cell cycle transition mediated by
the PI3K/AKT cascade18. Consistently, in our study, we demon-
strated that FoxO1 served as an NPC repressor in vitro and
in vivo. Mechanistically, FoxO1 was revealed to interact with
numerous miRNAs in various human cancers30–32. By using
JASPAR analysis, we found three FoxO1 binding sites in the
promoter region of miR-148a-5p. We observed a remarkable
upregulation of both primary and mature forms of miR-148a-5p,
which suggested that FoxO1 acted as an upstream positive
regulator of miR-148a-5p in NPC. Thus, FoxO1 might function as
a repressor of NPC through the miR-148a-5p/CREB1/SRGN axis.
STAT3 is considered to be an oncogene in NPC. Consistent with
previous studies, we supported the oncogenic role of STAT3 in
NPC by providing in vitro and in vivo evidence. In addition, the
interaction between FoxO1 and STAT3 has been well character-
ized by numerous studies in various human cancers19,20,33. Here,
we demonstrated that FoxO1 silencing could abolish the
downregulation of CREB1 and SRGN induced by STAT3
knockdown.
Taken together, these results provide strong evidence that STAT3

promotes NPC tumor progression by regulating the expression of

Fig. 9 STAT3 overexpression rescued the regulatory effects of miR-148a-5p overexpression and CREB1 knockdown on NPC cell
proliferation. A The overexpression efficiency of STAT3 in 5-8F and HONE1 cells was verified by western blotting. B MTT and C colony
formation assays were performed to detect the proliferation of 5-8F and HONE1 cells transfected with STAT3 and miR-148a-5p mimics or
shCREB1. All the results are shown as the mean ± SD (n= 4), and three different experiments were performed in triplicate. *P < 0.05, **P < 0.01,
*** P < 0.001.
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Fig. 10 STAT3 overexpression rescued the regulatory effects of miR-148a-5p overexpression and CREB1 knockdown on NPC cell
migration and invasion. A Wound healing and B Transwell assays were performed to measure the cell migration and invasion of 5-8 F and
HONE1 cells transfected with STAT3 and miR-148a-5p mimics or shCREB1. C Relative expression of miR-148a-5p was examined by qRT-PCR in
each group. D Protein expression of STAT3, FoxO1, CREB1, and SRGN was assessed by western blotting in each group. All the results are shown
as the mean ± SD (n= 4), and three different experiments were performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 11 SRGN ovexpression abolished the repressive effects of miR-148a-5p mimic and shCREB1 on NPC cell proliferation, migration, and
invasion. A Western blot analysis of SRGN protein level in HONE1 and 5-8F cells transfected with SRGN overexpression plasmid. B CCK-8 and
C colony formation assays were employed to evaluate NPC cell proliferation viability after transfection with SRGN, miR-148a-5p mimics, or/and
shCREB1. D Wound-healing and E transwell assays were carried out to test the effects of transfection with SRGN, miR-148a-5p mimics, or/and
shCREB1 on NPC cell migration and invasion, respectively.

Y.-L. Wang et al.

932

Laboratory Investigation (2022) 102:919 – 934



SRGN through the FoxO1/miR-148a-5p/CREB1 axis (Fig. 12). Our
findings reveal a potential therapeutic axis, which might contribute
to the development of efficient drugs for NPC patients.
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Fig. 12 The schematic figure shows that STAT3 regulates SRGN and promotes metastasis of nasopharyngeal carcinoma. Specifically, STAT3
promotes NPC tumor progression by regulating the expression of SRGN through the FoxO1/miR-148a-5p/CREB1 axis.
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