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MIR106A-5p upregulation suppresses autophagy and accelerates malignant 
phenotype in nasopharyngeal carcinoma
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ABSTRACT
Dysregulated microRNAs (miRNAs) are involved in carcinoma progression, metastasis, and poor prog
nosis. We demonstrated that in nasopharyngeal carcinoma (NPC), transactivated MIR106A-5p promotes 
a malignant phenotype by functioning as a macroautophagy/autophagy suppressor by targeting BTG3 
(BTG anti-proliferation factor 3) and activating autophagy-regulating MAPK signaling. MIR106A-5p 
expression was markedly increased in NPC cases based on quantitative real-time PCR, miRNA microarray, 
and TCGA database analysis findings. Moreover, MIR106A-5p was correlated with advanced stage, 
recurrence, and poor clinical outcomes in NPC patients. In addition to three-dimensional cell culture 
assays, zebrafish and BALB/c mouse tumor models revealed that overexpressed MIR106A-5p targeted 
BTG3 and accelerated the NPC malignant phenotype by inhibiting autophagy. BTG3 promoted autopha
gy, and its expression was correlated with poor prognosis in NPC. Attenuation of autophagy, mediated 
by the MIR106A-5p-BTG3 axis, occurred because of MAPK pathway activation. MIR106A-5p overexpres
sion in NPC was due to increased transactivation by EGR1 and SOX9. Our findings may lead to novel 
insights into the pathogenesis of NPC.

Abbreviations: ACTB: actin beta; ATG: autophagy-related; ATG5: autophagy related 5; BLI: biolumines
cence; BTG3: BTG anti-proliferation factor 3; CASP3: caspase 3; ChIP: chromatin immunoprecipitation; CQ: 
chloroquine; Ct: threshold cycle; DAPI: 4ʹ,6-diamidino-2-phenylindole; DiL: 1,1ʹ-dioctadecyl-3,3,3ʹ,3ʹ- 
tetramethylindocarbocyanine perchlorate; EBSS: Earle’s balanced salt solution; EGR1: early growth 
response 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GEO: Gene Expression Omnibus; 
GFP: green fluorescent protein; IF: immunofluorescence; IHC: immunohistochemistry; ISH: in situ hybri
dization; MAP1LC3B: microtubule associated protein 1 light chain 3 beta; MIR106A-5p: microRNA 106a- 
5p; miRNAs: microRNAs; MKI67: marker of proliferation ki-67; mRNA: messenger RNA; MTOR: mechanistic 
target of rapamycin kinase; NPC: nasopharyngeal carcinoma; qRT-PCR: quantitative real-time PCR; siRNA: 
small interfering RNA; SOX9: SRY-box transcription factor 9; SQSTM1: sequestosome 1; TCGA: The Cancer 
Genome Atlas; WB: western blot.
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Introduction

Nasopharyngeal carcinoma (NPC) is the most common form 
of head and neck cancer and is particularly prevalent in 
southern China and regions of Southeast Asia [1]. 
Recurrence and distant metastases are key indicators for 
aggressive and life-threatening NPC. Therefore, identification 
of molecular mechanisms associated with malignant NPC, 
including markers for development and metastasis, is crucial.

microRNAs (miRNAs) encompass a cluster of small non
coding RNAs that are post-transcriptional negative regulators 
of mRNA that act by binding to the 3′-untranslated region 
(3′-UTR) of target genes, resulting in mRNA degradation or 
translational suppression [2]. miRNAs regulate more than 
one-third of human mRNAs, and miRNA expression is

dysregulated in some cancers [3]. Aberrant miRNA expres
sion results in altered regulation of target transcripts and has 
been implicated in multiple cancer processes, including tumor 
proliferation and metastasis [4]. Although the specific ways in 
which aberrant miRNAs modulate NPC development and 
metastasis remain obscure, and there are many factors that 
contribute to cancer malignancy, miRNAs have been specifi
cally demonstrated to alter cancer macroautophagy/autopha
gy [5].

Autophagy, a dynamic catabolic process, where damaged 
organelles and protein aggregates are engulfed and digested, 
has been implicated in a wide array of physiological processes 
and in the pathogenesis of a diverse number of diseases, 
including cancer [6,7]. Research within the past decade has 
established that the biological and clinical significance of
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autophagy in the context of cancer is dependent on cancer 
type and genetic background [8]. Considerable evidence has 
demonstrated that cytoprotective autophagy promotes tumor 
cell survival by allowing for nutrient uptake [9]. In contrast, 
autophagy can also exhibit tumor-suppressive effects through 
a mechanism by which the tumor cells undergo programmed 
cell death [10,11]. In addition, oncogenic control of autopha
gy regulation may promote malignant transformation [12]. 
Autophagy is a complex process that entails the sequential 
formation of autophagosomes and autolysosomes under the 
control of autophagy-related (ATG) genes and MAP1LC3B 
(microtubule associated protein 1 light chain 3 beta proteins) 
[13]. Notably, miRNAs are characterized as important regu
lators of autophagy in cancer, and several autophagy-related 
miRNAs, including MIR23A, MIR29 C, and MIR214, acceler
ate malignant cancer phenotypes [5,14–17].

MIR106A-5p, cytogenetically located on Xq26.2, acts as onco
gene and tumor suppressor in different cancers [18,19]. However, 
the regulatory mechanism underlying the oncogenic effects of 
MIR106A-5p has not been elucidated. We used miRNA microarray 
to characterize MIR106A-5p expression levels in NPC tissues. 
Clinical data were used to determine the relationship between 
MIR106A-5p and patient outcomes. Subsequent experiments 
demonstrated the mechanism by which MIR106A-5p modulates 
malignancy and autophagy in NPC. Lastly, we examined how 
MIR106A-5p was upregulated in NPC.

Results

Expression and clinical significance of MIR106A-5p in 
NPC

The expression profiles of NPC miRNAs were examined using 
a combined GEO cohort database (GEO accession number: 
GSE70970). This data showed that among the differentially 
expressed miRNAs, MIR106A-5p was significantly increased 
4.8-fold in NPC tissues (Fig. S1A and S1B). MIR106A-5p over
expression was confirmed by quantitative real-time PCR (qRT- 
PCR) in both NPC tissue and serum samples (Figure 1A and 
S1D). In addition, MIR106A-5p expression was dramatically 
increased in NPC cell lines, particularly the CNE-2 and 5–8 F 
lines (Figure 1B). Next, in situ hybridization (ISH) with NPC tissue 
microarrays showed that MIR106A-5p overexpression was more 
prominent in patients with clinical stage IV NPC than in patients 
with clinical stage I–III NPC (Figure 1C,D), indicating that dysre
gulation of MIR106A-5p may be closely related to terminal stage 
NPC. This finding was confirmed using a cohort from the GEO 
database (Fig. S1 C). Further, MIR106A-5p upregulation was sig
nificantly correlated with NPC recurrence (P = 0.048, Table S1). 
Among the 55 patients with recurrence, 98.18% (54/55) developed 
distant metastases. Together, these data suggest that MIR106A-5p 
serves as a valuable biomarker for predicting advanced cancer or 
recurrence in NPC. The ISH staining of MIR106A-5p was scored as 
0–8 (low expression) or 9–16 (high expression) by the X-tile 
Software, and the survival rate analysis showed that patients with 
high MIR106A-5p expression had worse clinical outcome than 
patients with low MIR106A-5p expression (P = 0.0002, Figure 1E). 
TCGA database queries, in agreement with our findings, showed

MIR106A-5p overexpression in head and neck cancer (Fig. S1E) 
that was more prominent in clinical stage IV than stage I–III (Fig. 
S1 F). MIR106A-5p was also a valuable survival biomarker (Fig. 
S1 G). Overall, these findings indicated that NPC progression is 
associated with upregulated MIR106A-5p.

As MIR106B-5p and MIR106A-5p belong to the same miRNA 
family, the expression and role of MIR106B-5p in NPC were 
explored. It was shown that MIR106B-5p expression was only 
elevated in two of four NPC cell lines (Fig. S2A). A series of cellular 
analyzes found that MIR106B-5p does not affect the cell growth and 
migration of NPC cells (Fig. S2B-S2D).

MIR106A-5p accelerates the malignant NPC phenotype

Since MIR106A-5p upregulation was significantly associated with 
terminal disease stage, recurrence, and poor survival, the direct 
effects of MIR106A-5p on NPC cells were examined. CNE-2 and 
5–8 F cells were transfected with MIR106A-5p sponges or inhibitor 
to generate cells with low MIR106A-5p expression (Fig. S3A and 
S3B). The functionality of the MIR106A-5p inhibitor was validated 
by measuring the known target cyclin-dependent kinase inhibitor 
1A [20] (Fig. S3 C). Using a series of cellular analyses, we found that 
NPC cells with decreased MIR106A-5p expression had impeded 
growth and migration capacity (Fig. S3D-J).

Zebrafish and BALB/c mice animal models were used to deter
mine the in vivo function of MIR106A-5p. First, we injected lucifer
ase-labeled CNE-2 cells with or without knockdown of MIR106A- 
5p into nude mice by tail vein injection, followed by monitoring the 
tumor growth by measuring the amount of bioluminescence (BLI). 
We found that the knockdown of MIR106A-5p significantly inhib
ited the metastatic ability of CNE-2 cells (Figure 2A,B). We used 
a zebrafish tumor model we have recently established for NPC 
metastasis research [21,22], DiI-labeled CNE2 cells with or without 
knockdown of MIR106A-5p were injected into blastulas, and cells 
that migrated away from the primary injection site were counted 
using fluorescence confocal microscopy 8 d after injection. During 
the experiment, tumor formation and cell survival in zebrafish were 
monitored by measuring the amount of BLI, and no statistical 
differences were observed between the two groups before the 
8-d cutoff period. However, at 8-d post-injection, the results showed 
diminished NPC cell migration following MIR106A-5p knockdown 
(Figure 2C,D). These findings were complemented using mouse 
tumor xenografts where tumor size was measured following sub
cutaneous injection of high or low MIR106A-5p-expressing CNE-2 
cells (Figure 2E). Mice injected with cells with low MIR106A-5p 
expression had reduced tumor growth (Figure 2F). Together, these 
findings provide evidence that MIR106A-5p accelerates NPC 
metastasis and growth. miRNAs are important regulators of auto
phagy, and loss of autophagy through miRNA disruption modu
lates tumor development and metastasis. Immunohistochemistry 
(IHC) analysis showed that xenografts with low MIR106A-5p 
expression had increased MAP1LC3B expression levels (Figure 
2F,G), and MAP1LC3B expression levels were negatively correlated 
with MKI67 (marker of proliferation ki-67) expression in NPC 
xenografts (Figure 2H). Detection of cleaved CASP3 (caspase 3) 
expression indicated increased apoptosis in the low MIR106A-5p- 
expression group (Fig. S3 K and S3 L).
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Figure 1. Expression and clinical significance of MIR106A-5p in NPC. (A) MIR106A-5p levels in fresh NPC and non-cancerous nasopharyngeal samples detected by qRT- 
PCR. P-values were calculated using two-tailed Student’s t-tests. (B) MIR106A-5p levels in NP-69 and NPC cell lines were examined by qRT-PCR (one-way ANOVA). 
CNE-1, CNE-2, 5–8 F, and 6–10B are human NPC cell lines; NP-69 is an immortalized normal nasopharyngeal epithelial cell line. (C) Representative MIR106A-5p ISH 
staining of NPC tissue microarrays, scale bar: 100 μm. (D) Statistical comparison of MIR106A-5p expression across clinical stages using one-way ANOVA. (E) The ISH 
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MIR106A-5p suppresses autophagy in NPC cells

Based on these IHC results, we hypothesized that dysre
gulated MIR106A-5p expression might influence autopha
gy. Therefore, the effect of MIR106A-5p on 
autophagosome and autolysosome generation was

evaluated. Of note, silencing MIR106A-5p expression 
markedly promoted expression of ATG genes and induced 
autophagic flux to generate autophagosomes and/or auto
lysosomes (Figure 3A,I), indicating that MIR106A-5p 
potently inhibits autophagy in NPC cells.
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MIR106A-5p accelerates the NPC malignant phenotype 
by suppressing autophagy

The function of MIR106A-5p-suppressed autophagy in NPC devel
opment and metastasis was examined by assessing the growth and 
migration capacities of cells following knockdown of ATG5.

Knocking down ATG5 significantly decreased the autophagy 
induced by MIR106A-5p inhibition (Figure 4A). Since three- 
dimensional cell culture models more closely mimic the in vivo 
tumor microenvironment, three-dimensional NPC cell cultures 
were used to assess cell viability and proliferation. Silencing 
MIR106A-5p expression reduced spheroid formation and cell
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viability, and this phenotype was partially rescued by knocking 
down ATG5 (Figure 4B). Moreover, the decreased metastasis and 
growth induced by MIR106A-5p sponges in vivo was abolished 
following knockdown of ATG5 (Figure 4C-E). These findings 
indicate that MIR106A-5p-suppressed autophagy accelerates malig
nant NPC phenotypes (Figure 4F).

BTG3 is the direct target of MIR106A-5p and correlates 
with poor prognosis in head and neck cancer

Autophagy-related targets of MIR106A-5p were identified using 
four common bioinformatics tools to generate a pool of pre
dicted candidate genes (Figure 5A,B). Detailed information of 
the target-gene scan is provided in Table S2. Among these
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targets, BTG3 (BTG anti-proliferation factor 3) was selected due 
to the potentially high-affinity binding sites of MIR106A-5p 
(Figure 5C) and its role in regulating autophagy [23]. 
Luciferase reporter assays showed biologically effective interac
tions between MIR106A-5p and the BTG3 3′-UTR (Figure 5D). 
In addition, BTG3 mRNA and BTG3 protein expression were 
decreased in NPC (Figure 5E, S5A and S5B). Interestingly, the 
BTG3 protein levels dramatically increased following MIR106A- 
5p inhibition, while BTG3 mRNA levels remained unchanged 
(Figure 5F-I). Of note, MIR106A-5p expression negatively cor
related with BTG3 protein levels in NPC tissue microarrays 
(Figure 5J), whereas no inverse correlation was observed 
between MIR106A-5p and BTG3 mRNA levels in NPC tissues 
and TCGA database (Fig. S4A and S4B). These results indicated 
that MIR106A-5p might regulate BTG3 expression through 
translational suppression. Finally, Kaplan-Meier analysis 
revealed that low BTG3 levels were associated with worse clinical 
outcomes in NPC tissue microarrays (P = 0.029, Figure 5K) and 
TCGA database (P = 0.003, Fig. S1 H). Collectively, these data 
suggest that MIR106A-5p directly regulates autophagy by target
ing BTG3.

BTG3 is essential for the suppression of autophagy by 
MIR106A-5p

Regulation of autophagy by BTG3 was determined 
through transfection experiments. Overexpression of 
BTG3 markedly increased induction of autophagy, which 
was consistent with the increased expression of ATGs 
(Fig. S5 C) and significant accumulation of autophago
somes and autolysosomes (Fig. S5 C and S5D). We 
showed that BTG3 was involved in the MIR106A-5p- 
associated inhibition of autophagy by transfecting NPC 
cells with siRNA against BTG3 (Figure 6A-E). A series 
of analyses demonstrated that knockdown of BTG3 abol
ished the capacity of MIR106A-5p inhibition to increase 
autophagy (Figure 6A-E), providing evidence that the 
suppression of autophagy by MIR106A-5p is dependent 
on its ability to decrease BTG3 levels. Additionally, 
immunofluorescence (IF) co-staining of MIR106A-5p, 
MAP1LC3B, and BTG3 was performed to show the 
MIR106A-5p-BTG3- MAP1LC3B signaling cascade 
(Fig. S5 F).

BTG3 is essential for MIR106A-5p to accelerate 
malignant NPC phenotypes

To further corroborate that the MIR106A-5p-BTG3 axis 
results in accelerated malignancy, NPC cells treated with 
MIR106A-5p sponges were transduced with lentiviral 
BTG3-shRNA (Fig. S5E and 7A-7E). MIR106A-5p inhibi
tion reduced metastasis and growth of NPC cells, but 
these effects were significantly diminished following 
BTG3 knockdown (Figure 7A-E and S6A-S6E). IHC ana
lysis showed that autophagy was also reduced in the NPC 
xenograft group with accelerated malignant phenotype 
(Figure 7F-K), suggesting that the autophagy-suppressive

and tumor-promoting effects of MIR106A-5p require 
BTG3 (Figure 7L).

The MIR106A-5p-BTG3 axis suppresses autophagy via 
the MAPK pathway

We next sought to identify BTG3-interacting partners 
involved in MIR106A-5p-induced autophagy. GST affi
nity-isolation assay was performed, which identified 253 
BTG3-binding proteins (Fig. S7A). A detailed list of the 
binding proteins is provided in Table S3. There were no 
previously reported autophagic proteins among these 
interacting partners. To further investigate the mechanism 
by which BTG3 regulates autophagy, we focused on the 
autophagy-related pathways. Following KEGG pathway 
analysis of MIR106A-5p targets, the MAPK and AKT- 
MTOR pathways emerged as negative modulators of au
tophagy [24] (Fig. S7B). Therefore, rescue experiments 
using inhibitors of these pathways were performed to 
investigate the relative contributions of these pathways 
to MIR106A-5p-BTG3-mediated tumor progression. We 
found that only suppression of MAP2K1/MEK activity 
with PD184352 significantly inhibited the cellular prolif
eration and migration induced by MIR106A-5p and BTG3 
silencing; by contrast, inhibition of AKT activity by 
MK2206 failed to alter MIR106A-5p-BTG3-mediated 
tumor growth and migration (Figure 8A-D). MAPK sig
naling pathway PCR array analyses revealed expression 
level changes following MIR106A-5p silencing. The iden
tities and heatmap data of 86 selected genes are shown in 
Fig. S11B. Overall, silencing of MIR106A-5p significantly 
reduced ATF2, CCNB2, CREB1, ETS2, KRAS, KSR1, 
MAP3 K4, MAPK1, MAPK6, MAPKAPK3, MYC, and 
RAC1 expression (Fig. S7 C and S7D). Furthermore, we 
examined whether MIR106A-5p-BTG3 axis-dependent au
tophagy inhibition in NPC resulted from activation of 
MAPK signaling. p-MAP2K1 and downstream 
p-MAPK1/ERK and p-MTOR levels were decreased 
when MIR106A-5p inhibition or BTG3 expression acti
vated autophagy. After suppression of MAP2K1 activity 
with PD184352, p-MAP2K1, p-MAPK1, and p-MTOR 
levels and ATG expression were rescued in MIR106A-5p 
and BTG3 knockdown cells (Figure 8E), suggesting that 
activated MAPK signaling is partially responsible for the 
suppression of autophagy by the MIR106A-5p-BTG3 axis 
in NPC.

MIR106A-5p upregulation in NPC results from increased 
transactivation by EGR1 and SOX9

We then examined how MIR106A-5p was upregulated in 
NPC. Sequence analysis of the MIR106A-5p promoter 
identified putative binding sites for EGR1 (early growth 
response 1) and SOX9 (SRY-box transcription factor 9) at 
−136 and −1472, respectively (Figure 9A), suggesting that 
EGR1 and SOX9 regulate the transcription of MIR106A- 
5p. Notably, EGR1 and SOX9 were both upregulated in 
the NPC cell lines (Figure 9B). Silencing EGR1 and SOX9
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expression decreased MIR106A-5p levels, and overexpres
sion of EGR1 and SOX9 increased MIR106A-5p levels 
(Figure 9C-E and S7E-S7 G). Furthermore, luciferase 
reporter assay and chromatin immunoprecipitation 
(ChIP) analysis showed that both EGR1 and SOX9

directly bound to the predicted binding sites of the 
MIR106A-5p promoter and transactivated MIR106A-5p 
(Figure 9F-H). Correlation between SOX9 and MIR106A- 
5p expression in NPC tissues using IHC and ISH assay 
show that SOX9 expression was positively correlated to
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MIR106A-5p levels (Figure 9I). Survival analysis of NPC 
tissue microarrays further showed that NPC patients with 
high SOX9 expression had poor prognosis when com
pared to those with low SOX9 expression (Figure 9J).

GEO cohort database and TCGA database analysis also 
confirmed these prognostic findings (Figure 9K and S1I). 
These results showed that MIR106A-5p overexpression in 
NPC results from increased transactivation by EGR1 and
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SOX9. A schematic overview of the mechanism by which 
MIR106A-5p autophagy modulation promotes malignant 
phenotypes is displayed in Figure 9L.

Discussion

Previous reports have identified altered miRNA expression in 
NPC, including instances of decreased expression of tumor-
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Figure 7. The MIR106A-5p-BTG3 axis regulates proliferation and migration in NPC cells. (A) MIR106A-5p-silenced NPC cells were transfected with lentiviral BTG3-shRNA 
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microscopy. (D) Quantification of migratory cell numbers (**P < 0.01, ***P < 0.001, one-way ANOVA). (E) Left, representative NPC xenografts in mice for indicated 
groups (n = 5 per group). Right, tumor volumes on day 21. (F) Tumors were analyzed by IHC for BTG3, MKI67, and MAP1LC3B expression using one-way ANOVA. 
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between BTG3 and MKI67 expression and (K) MAP1LC3B and BTG3 expression. Linear regression. (L) Schematic diagram. All experiments were repeated three times. 
Data represent mean ± SEM. All IHC images for every subcutaneous tumor in F are shown in Fig. S8.
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suppressive and increased expression of oncogenic miRNAs 
[25]. The differentially expressed miRNA profiles of NPC in 
a cohort from the GEO database (GSE70970) showed that 97 
miRNAs had significantly altered expression. Among them, 
21 were EBV-related miRNAs, 20 of which have been

previously reported to be involved in NPC progression. 
Among the remaining differentially expressed miRNAs, the 
miR-17 ~ 106 family, including MIR17, MIR106A and 
MIR106B, had significantly increased expression and drew 
our attention. The miR-17 ~ 106 family is reported to

C

M
er

ge
S

ph
er

oi
ds

NC     NC+
MK-2206

     NC+
PD184352 Inhibitor PD184352MK-2206

S
ph

er
oi

d 
di

am
et

er
 (

um
)

A NC     NC+
MK-2206

     NC+
PD184352

MIR106A-5p
   inhibitor PD184352MK-2206

5-
8F

C
N

E
-2

C
el

l n
um

be
r 

pe
r 

fie
ld

200

400

600

800

1 2 3

CNE-2B

0
4 5 6 7

***
***

***

***
***ns

200

400

600

800

1 2 3
0

4 5 6 7

 5-8F

***
***

***

***
***ns

500

1000

1500

1 2 3
0

4 5 6 7

*
* ***

**ns***D 1
2
3
4

5

6

7

NC
NC+MK-2206
NC+PD184352
MIR106A-5p 
Inhibitor

PD184352

MK-2206

CNE-2  5-8F

p-MAP2K1

MAP2K1

p-MAPK1

MAPK1

ACTB

-16 KDa

-62 KDa

-43 KDa

-14 KDa

-43 KDa

-42/44 KDa

-42/44 KDa

-43 KDa

1 2 3 4 5 6 7 1 2 3 4 5 6 7

1

2

3

4

5

6

7

NC

NC+PD184352

MIR106A-5p inhibitor

BTG3

BTG3+MAP2K1

PD184352

E

       II:I 1.4 14.6 14.2 13.6 1.3 2.3 12.6 1.2 8.6 7.2 10.6 2.2 2.1 10.4

MAP1LC3B-I/II

SQSTM1

c

M
er

ge
S

ph
er

oi
ds

NC     NC+
MK-2206

     NC+
PD184352 Inhibitor PD184352MK-2206

S
ph

er
oi

d 
di

am
et

er
 (

um
)

NC     NC+
MK-2206

     NC+
PD184352

MIR106A-5p
   inhibitor PD184352MK-2206

5-
8F

C
N

E
-2

C
el

l n
um

be
r 

pe
r 

fie
ld

200

400

600

800

1 2 3

CNE-2b

0
4 5 6 7

***
***

***

***
***ns

200

400

600

800

1 2 3
0

4 5 6 7

 5-8F

***
***

***

***
***ns

500

1000

1500

1 2 3
0

4 5 6 7

*
* ***

**ns***d 1
2
3
4

5

6

7

NC
NC+MK-2206
NC+PD184352
MIR106A-5p 
Inhibitor

PD184352

MK-2206

CNE-2  5-8F

p-MAP2K1

MAP2K1

p-MAPK1

MAPK1

ACTB

-16 KDa

-62 KDa

-43 KDa

-14 KDa

-43 KDa

-42/44 KDa

-42/44 KDa

-43 KDa

1 2 3 4 5 6 7 1 2 3 4 5 6 7

1

2

3

4

5

6

7

NC

NC+PD184352

MIR106A-5p inhibitor

BTG3

BTG3+MAP2K1

PD184352

e

       II:I 1.4 14.6 14.2 13.6 1.3 2.3 12.6 1.2 8.6 7.2 10.6 2.2 2.1 10.4

MAP1LC3B-I/II

SQSTM1

a

Figure 8. The MIR106A-5p-BTG3 axis regulates NPC cell autophagy by activating MAPK signaling. Rescue experiments with Transwell assay (A-B) and three- 
dimensional spheroid formation assay (C-D) were performed using inhibitors of AKT and MAPK signaling using MIR106A-5p-silenced NPC cells transfected with BTG3- 
specific siRNA or control. MK2206: AKT inhibitor. PD184352: MAP2K1 inhibitor. (B) The number of cells that invaded through the membrane was counted in 3 fields 
per group with three independent replicates (***P < 0.001, one-way ANOVA). Data represent mean ± SEM. (D) Spheroid diameters were analyzed using one-way 
ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, scale bar: 600 μm). (E) Rescue experiments with WB analysis of p-MAP2K1/MAP2K1, p-MAPK1/MAPK1, and p-MTOR/ 
MTOR levels, as well as autophagy-related gene levels, in different conditions in NPC cells. PD184352: MAP2K1 inhibitor, BTG3: BTG3 overexpression vector, MAP2K1: 
MAP2K1 overexpression vector. All experiments were repeated three times with similar results. Images in A, C, and E are representative of three independent 
experiments. Data represent mean ± SEM. All spheroid formation images of three independent experiments in C are shown in Fig. S8. Unprocessed original scans of 
three independent blots are shown in Fig. S9.

AUTOPHAGY 1677



participate in multiple cancer cellular processes as oncogenic 
factors in a variety of tumor types [26–28]. Several studies 
have suggested that MIR17 is involved in the development 
and tumorigenesis of NPC [29,30]; however, the expression

and role of MIR106A/MIR106B in NPC have not been eluci
dated. Like previous studies suggesting that MIR106A-5p has 
tumor-promoting roles in hepatocellular carcinoma, colorec
tal cancer, and ovarian cancer [31–33], this study showed that
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MIR106A-5p was significantly overexpressed and served as an 
oncogene in NPC.

NPC patients with cancers detected at an early stage can be 
effectively cured using standard therapies, but the prognosis 
of patients with advanced-stage disease is extremely poor. 
Following recurrence, therapy often fails, and advanced stage 
and recurrent NPC present a challenge to clinicians. This 
study showed that MIR106A-5p overexpression was signifi
cantly higher in patients with clinical stage IV and that 
MIR106A-5p levels significantly correlated with recurrence. 
These findings suggest the prognostic utility of MIR106A-5p 
levels in discrimination of terminal stage and risk of recur
rence in NPC patients. Therefore, quantification of MIR106A- 
5p levels before initiation of therapy may predict the odds of 
recurrence and survival and would complement TNM staging.

Autophagy plays an intricate and context-dependent role 
in different cancer types [34]. Autophagy is considered to be 
a tumor-suppressive mechanism in NPC. Lin et al. [35] 
demonstrated that the autophagy machinery in NPC con
tained mutations and deletions in three critical autophagy 
genes, ATG2A, ATG7, and ATG13, suggesting low levels of 
autophagy in NPC. In parallel, there is published evidence 
showing that autophagy defects and high SQSTM1 (sequesto
some 1) expression can facilitate epithelial to mesenchymal 
transition in NPC and promote metastasis [36,37]. In addi
tion, autophagy deficiency in NPC is significantly correlated 
with chemotherapy and radiotherapy resistance [38,39]. 
Studies of NPC have identified autophagy inactivation as 
a consequence of dysregulation of SQSTM1, ANXA1, angio
tensin-(1-7), and SSRP1 (structure specific recognition pro
tein 1) [36,37,40,41]; however, how miRNAs regulate 
autophagy and the impact of miRNA-regulated autophagy 
on NPC malignancy are unclear [42]. Previous studies 
reported that ATG7 and RUNX1 are targets of MIR106A-5p 
[43–45], and both ATG7 and RUNX1 are known to partici
pate in autophagy regulation [46]. Therefore, we directly 
explored the role of MIR106A-5p in autophagy and the role 
of autophagy in NPC malignancy. This study showed that 
MIR106A-5p strongly impeded NPC autophagy, which in 
turn promoted pro-tumorigenic phenotypes.

In this study, we identified BTG3 as a new direct target of 
MIR106A-5p for its anti-autophagic effect and tumor-promoting 
function in NPC. Although several known targets of MIR106A- 
5p, such as ATG7 and RUNX1, have been reported to regulate 
autophagy, this is the first report of MIR106A-5p directly reg
ulating autophagy by targeting BTG3. Tumor-suppressive func
tions of BTG3 have been reported [23,47], although not in the 
context of NPC. Gou et al. found that BTG3 overexpression 
increased MAP1LC3B and BECN1 expression in gastric cancer, 
indicating that BTG3 may regulate autophagy, but these findings 
were not further investigated [23]. Paradoxically, MIR106A-5p 
expression was negatively correlated with BTG3 protein levels, 
but there was no inverse correlation between MIR106A-5p and 
BTG3 mRNA levels. Although we discovered that MIR106A-5p 
directly repressed BTG3 expression through binding the 3′- 
untranslated region of BTG3, the post-translational mechanism 
underlying the decrease in BTG3 protein levels, such as transla
tional suppression, remains unknown and will be elucidated in 
future studies.

The MAPK signaling pathway acts downstream of MIR106A- 
5p, which is consistent with the results from our KEGG pathway 
analysis. Previous studies have confirmed the key negative reg
ulation role of MAPK signaling in autophagy [48]. In the present 
study, we demonstrated the specificity of the MIR106A-5p- 
BTG3 axis in regulating cellular autophagy and malignant phe
notypes by activating MAPK signaling.

Lastly, this study examined how MIR106A-5p was upregu
lated in the context of NPC. According to previous reports, 
MIR106A-5p could be regulated by multiple long noncoding 
RNAs including RHOJ/TCL [49], HOTAIRM1 [33], H19 [50], 
and OPI5-AS1 [51]. However, there are few reports of the 
regulation of MIR106A-5p by transcription factors. Previous 
studies have reported that MIR106A-5p could be regulated by 
the transcription factor EGR1 in ovariectomized mice [52]. 
Interestingly, our study was the first to demonstrate that 
EGR1 and SOX9 co-bind at the MIR106A-5p promoter and 
regulate the transcription of MIR106A-5p in NPC cells. Super- 
enhancers are clusters of enhancers that are occupied by 
exceptionally high densities of transcriptional machinery, 
including transcription factors, to drive robust expression of 
genes [53]. It is therefore of great interest to further clarify 
how EGR1 and SOX9 co-activate MIR106A-5p expression and 
whether super-enhancers drive the overexpression of 
MIR106A-5p.

Overall, this study revealed the role of MIR106A-5p in 
autophagy and promotion of the NPC malignant phenotype. 
Our results suggest that quantification of MIR106A-5p is use
ful for predicting the odds of recurrence and survival prior to 
treatment. In conclusion, our findings can be used to provide 
new insights into the clinical application of autophagy-related 
NPC therapy.

Materials and methods

Human NPC specimens

Tissue and serum samples from pathologically confirmed cases 
of NPC were collected at the Affiliated Hospital of Nantong 
University following ethics committee approval (IRB number: 
2018-L049). All included patients were informed and had not 
received any cancer therapies prior to biopsy. Tissue microarrays 
examining MIR106A-5p, BTG3, and SOX9 expression were per
formed by Outdo Biotechnology. Detailed patient clinicopatho
logical features are listed in Table S4. The prognostic significance 
of MIR106A-5p, BTG3, and SOX9 was assessed by Kaplan–Meier 
analysis. The X-tile Software (version 3.6.1; Rimm Lab; Yale 
School of Medicine) was used to define MIR106A-5p, BTG3, 
and SOX9 low and high expression before survival analysis.

Cell culture

The normal nasopharynx epithelial cell line NP69 and the 
human NPC cell lines 6–10B (low tumorigenesis and low 
metastasis), 5–8 F (high tumorigenesis and high metastasis), 
CNE-2 (low differentiation), and CNE-1 (high differentiation) 
were as gift from the Sun Yat-Sen University and Xiang-Ya 
School of Medicine, which were cultured in the 
Otolaryngology Laboratory, Affiliated Hospital of Nantong
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University. NPC cells were cultured in RPMI 1640 (Biological 
Industries Israel Beit-Haemek, 01–100-1ACS) containing 10% 
FBS (Biological Industries Israel Beit-Haemek, 04–001-1ACS), 
and NP69 cells were maintained in keratinocyte-SFM 
(Thermo Fisher Scientific, 17005–042). Cells were grown at 
37°C with 5% CO2. The CNE2 cell line was recently authen
ticated using short tandem repeat analysis [54].

Transfection and transduction with plasmids, siRNAs, 
lentiviral vectors, miRNA sponges, inhibitors, and mimics

All transfection experiments were performed as previously 
described [54]. Plasmids, siRNAs, lentiviral vectors, miRNA 
sponges, inhibitors, and mimics, along with their respective 
controls, were designed and obtained from Shanghai 
Genechem Co.Itd. Sequences are shown in Table S5. 
A tandem monomeric RFP-GFP-tagged MAP1LC3 
(Shanghai Genechem Co.Itd, tfLC3) was used to determine 
autophagic flux.

qRT-PCR

RNA isolation and qRT-PCR: qRT-PCR was performed as 
described previously [54]. Briefly, total RNA was isolated 
with Trizol (Thermo Fisher Scientific, 15596018), reverse 
transcribed to single-strand cDNA, and amplified using pri
mers for BTG3 and SOX9. For qRT-PCR amplification, the 
reaction was performed in a 20 µL reaction volume containing 
10 µL SYBR Green PCR Master Mix (Roche, 04913914001) 
using a Real-Time PCR System (Stepone P, Applied 
Biosystems, Grand Island, NY). Relative mRNA expression 
levels were normalized to GAPDH. The sequences of primers 
are listed in Table S6.

miRNA isolation and qRT-PCR: miRNAs were isolated 
using Trizol and the miRcute Serum/Plasma miRNA isolation 
Kit (TIANGEN, DP501). Bulge-loopTM miRNA qRT-PCR 
Prime Sets (one RT primer and a pair of qPCR primers for 
each set) specific for MIR106A-5p and MIR106B-5p are 
designed by Guangzhou Ribobio. cDNA synthesized from 
miRNAs were amplified with primers for MIR106A-5p and 
MIR106B-5p. Serum levels of MIR106A-5p were normalized 
to cel-MIR39, whereas tissue and cell levels of MIR106A-5p 
and MIR106B-5p were normalized to RNU6.

Zebrafish tumor model and microinjection

Zebrafish tumor models were developed as previously 
described [22]. Animals were housed in the Laboratory 
Zebrafish Center at Nantong University. For tumor cell 
inoculation, 300 tumor cells in 5 nL RPMI 1640 medium 
labeled with 2 g/mL DiI (Beyotime, C1036) were injected 
into the perivitelline cavity of zebrafish embryos at 48 h post- 
fertilization using a microinjection system (WPI, Sarasota, 
Florida, USA).

BALB/c nude mice animal models

To assess the role of MIR106A-5p on NPC lung metastasis 
in vivo, CNE-2 cells were transfected with MIR106A-5p-

specific sponges or empty vector. After that, 2 × 106 lucifer
ase-labeled CNE-2 cells in 100 µL RPMI 1640 medium were 
injected into the tail veins of 7 to 8-week-old male nude mice 
(n = 3 per group). To confirm the successful injection, the 
photon flux from the whole body of the mice was measured 
using the IVIS Lumina Series III (Caliper Life Sciences, 
Mountain View, CA, USA) weekly. Over the course of 
7 weeks, the BLI analysis of each mouse was performed to 
monitor for lung metastasis.

To identify the function of MIR106A-5p-suppressed auto
phagy in NPC lung metastasis, MIR106A-5p-knockdown 
CNE-2 cells were transfected with or without lentiviral 
ATG5 shRNA. A volume of 100 µL RPMI 1640 medium 
containing 2 × 106 luciferase-labeled cancer cells were injected 
into the tail vein of nude mice (n = 3 per group). The lung 
metastasis was monitored with BLI analysis over the course of 
7 weeks.

To corroborate the role of MIR106A-5p-BTG3 axis results 
in NPC lung metastasis, NPC cells treated with MIR106A-5p 
sponges were transduced with lentiviral BTG3-shRNA or 
empty vector. The resultant cells were injected into the tail 
veins of nude mice (n = 3 per group) at a volume of 2 × 106 

cancer cells. Over the course of 7 weeks, BLI was detected.
Animal xenograft tumor model analysis was performed as 

previously described [54]. In brief, 5-week-old male BALB/c 
mice were obtained from the Laboratory Animal Center of 
Nantong University and subcutaneously injected with 1 × 106 

NPC cells with or without knockdown of MIR106A-5p, 
ATG5, or BTG3. The mice were monitored daily for changes 
in tumor size with sliding calipers. All the mice were sacri
ficed 21 d after inoculation. The primary tumors were 
removed, fixed in 10% formalin, embedded in paraffin, and 
subjected to IHC.

ISH

ISH for MIR106A-5p was performed using the LNATM 
microRNA ISH kit (Exiqon, YD00610154-BCG) as previously 
described [54]. Staining intensity and abundance of positive 
cells were divided into four grades: 1 (negative), 2 (weakly 
positive), 3 (moderately positive), and 4 (strongly positive) for 
staining intensity and 1 (0–25%), 2 (26–50%), 3 (51–75%), 
and 4 (>75%) for positive cell proportion. The final staining 
score was defined as the product of the two scores, with scores 
of 0–8 defined as MIR106A-5p low expression and scores of 
9–16 defined as MIR106A-5p high expression.

IF

IF assays were performed as described previously [55]. Slides 
were incubated with primary antibodies for MAP1LC3 (Cell 
Signaling Technology, 14600-1-AP; 1:200) and MKI67 
(Proteintech, 27309-1-AP; 1:100) and visualized using Alexa 
Fluor-conjugated secondary antibodies (Invitrogen, A-11008). 
Slides were counterstained with Hoechst (Thermo Fisher 
Scientific, 62249) and imaged using confocal laser scanning 
microscopy (Leica Microsystems, Wetzlar, Germany, TCS 
SP-5).
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Transmission electron microscopy

Transmission electron microscopy was performed as 
described previously [56]. Briefly, 2.5% glutaraldehyde-fixed 
cells were post-fixed with 1% osmic acid (Sigma-Aldrich, 
O5500) followed by acetone dehydration. Dehydrated pellets 
were embedded in araldite CY212 for sectioning, followed by 
staining with alcoholic uranyl acetate (Polysciences, Inc., 
6159–44-0) and alkaline lead citrate (Sigma-Aldrich, 15326). 
Autophagic vacuoles of the ultrathin sections were examined 
under a transmission electron microscope (JEOL Ltd, Tokyo, 
Japan, JEM-1230).

Spheroid formation and LIVE/DEAD Viability assay

A total of 20,000 CNE-2 cells were plated into Corning 96- 
well spheroid microplates (Corning, 4515), and spheroids 
were examined after 7 d. Following this, cells were stained 
using the LIVE/DEAD® Viability/Cytotoxicity Kit following 
the manufacturer’s protocols (Thermo Fisher Scientific, 
L3224). Cells were washed with phosphate-buffered saline 
(PBS; Gibco, 10010023), and 100 µL of a solution comprising 
10 mL of PBS with 20 µL of 2 mM EthD-1 (Thermo Fisher 
Scientific, L3224) and 5 µl of 4 mM calcein AM (Thermo 
Fisher Scientific, L3224) was added to the microplates. Cells 
were incubated in this solution for 30 min at room tempera
ture and imaged using fluorescence microscopy (Zeiss, 
Göttingen, German, Axio Obse).

ChIP

ChIP was performed with the ChIP Assay Kits (Merck, 17–295) 
following the manufacturer’s protocol. Briefly, cells were cross
linked with 1% formaldehyde and sonicated to generate DNA 
fragments between 200 and 1000 bp. The precleared supernatant 
was then incubated with antibodies against EGR1 (Santa Cruz

Biotechnology, sc-101033; 5 µg; polyclonal mouse), SOX9 
(Abcam, ab3697; 5 µg; polyclonal rabbit), or an isotype 
control IgG (Millipore; 345701, 1 µg; mouse IgG). PCR was 
performed using primers for MIR106A-5p promoter-binding 
sites (EGR1: [forward] 5′-TGGGATCTTCCGCCTCCATTC-3′, 
[reverse] 5′-CCAGGATGAGAAGTTTAGTGTCCCA-3′; 
SOX9: [forward] 5′-CAGTTGGGAACTTGATCCAGACAT-3′, 
[reverse] 5′-ACCCCTCCTCCCAGTCCTC-3′). DNA isolated 
from total nuclear extract was used as the PCR input control, 
and PCR products were analyzed by gel electrophoresis using 
a 2% agarose gel.

Luciferase reporter assay

Assays were performed as described previously [54]. Briefly, 
wild-type BTG3 (NM_001130914.1) 3′-UTR segments were 
PCR-amplified and inserted into the pGL3-Control vector 
(Promega, E1741) to generate BTG3 wild-type plasmids. 
Mutant 3′-UTR segments of BTG3 (BTG3 MUT1) containing 
mutated sequences at MIR106A-5p complementary sites were 
generated by performing site-directed mutation of the wild- 
type BTG3 plasmid.

Primers used in the cloning experiments were as follows:
Human BTG3-3′UTR-XhoI-left:
5′-CTCGAGTCTTAAAAAATATATGCACTTTAAAGC 
TT-3′
Human BTG3-3′UTR-HindIII-right:
5′-AAGCTTTAAAGTGCATATATTTTTTAAGACTC 
GAG-3′
Human BTG3-3′-MUTR-XhoI-left:
5′-CTCGAGTCTTAAAAAATATGTATTCACTAAA 
GCTT-3′
Human BTG3-3′-MUTR-HindIII-right:
5′-AAGCTTTAGTGAATACATATTTTTTAAGACT 
CGAG-3′

Table 1. Antibodies used for western blot and immunohistochemistry.

Antibodies Manufacturer Catalog numbers Dilution (WB) Dilution (IHC) Dilution (IF)

ATG5 Cell Signaling Technology 12994 1:1000
MAP1LC3B-I/II Cell Signaling Technology 14600-1-AP 1:1000 1:500 1:200
SQSTM1 Cell Signaling Technology 8025 1:1000
p-AKT Cell Signaling Technology 4060 1:1000
t-AKT Cell Signaling Technology 4691 1:1000
p-MTOR Cell Signaling Technology 2983 1:1000
t-MTOR Cell Signaling Technology 5536 1:1000
BTG3 Sangon Biotech D220325 1:100 1:50
SOX9 Abcam ab3697 1:200 1:100
EGR1 Abcam ab194357 1:200
MAPK1/3 Sangon Biotech D160317 1:500
p-MAPK1/3 Sangon Biotech D155116 1:500
ACTB Sangon Biotech D110001 1:600
MKI67 proteintech 27309-1-AP 1:100 1:100
p-MAP2K1/MEK Cell Signaling Technology 9154 1:1000
t-MAP2K1/MEK Cell Signaling Technology 4694 1:1000
p-MAPK1/ERK Cell Signaling Technology 4370 1:2000
t-MAPK1/ERK Cell Signaling Technology 4695 1:1000
Cleaved-CASP3 Cell Signaling Technology 9664 1:5000
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Western blot and IHC

Western blot and IHC were performed as described pre
viously [55]. Antibodies are listed in Table 1. For western 
blot analysis, 20 µg of lysate were separated on SDS-PAGE 
gels and transferred to PVDF membrane (Millipore, 
ISEQ00010). The membrane was incubated with the indicated 
primary antibodies. ImageJ software was used for analysis and 
verification that the band detection was within the linear 
range.

Transwell assay

Migration assay was performed using Transwell inserts 
(Corning, 3422) with a pore size of 8 µm. A total of 5 × 104 

cells suspended in medium without serum were added in the 
upper chambers, and medium containing 10% fetal bovine 
serum was added to the lower chambers. After 16 h of incu
bation, the cells attached to the upper side were removed, and 
the cells attached to the underside of the membrane were 
fixed and stained with crystal violet. Digital images were 
obtained from the membranes, and five random fields were 
counted per chamber.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 
and SPSS 19.0 software. Results from at least three indepen
dent experiments are presented as the mean ± S.D. 
Correlation analysis was performed using Spearman’s rank 
correlation coefficient. Survival analysis was analyzed using 
Kaplan-Meier survival curves. One-way ANOVA and two- 
tailed Student’s t-tests were used to determine statistical sig
nificance. P-values of P < 0.05 were considered statistically 
significant.
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