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Figure 4: Involvement of AUF1 in stabilization of ZEB1 mRNA by Beclin 1 knockdown in FRO cells. (A) Recruitment of 
AUF1 to the ZEB1 mRNA was analyzed using RIP followed by Quantitative RT-PCR. (B–C) AUF1 mRNA (B) and protein (C) expression 
levels were analyzed using Quantitative RT-PCR and Western blot, respectively. (D) Newly synthesized RNA was isolated and nascent 
AUF1 mRNA was analyzed by quantitative RT-PCR. (E) Cells were treated with actinomycin D for the indicated time, AUF1 mRNA 
was analyzed using Quantitative PCR. AUF1 mRNA levels were normalized to GAPDH mRNA and plotted as a percentage of the value 
at time zero from three independent experiments. (F) Recruitment of AUF1 to the ZEB1 mRNA was analyzed using RIP followed by 
Quantitative PCR. (G) FRO cells expressing control or shBeclin 1 were transfected with the luciferase reporter vector bearing either the 
wild type (WT) or a mutated sequence for AUF1 binding site (residues 953–959, Mut) ZEB1 3ʹ-UTR. The reporter activity was assessed 
at 48 h post-transfection. (H) FRO cells with shBeclin 1 were transfected with scramble or shRNAs against AUF1 (shAUF1), Western 
blot was analyzed using the indicated antibodies. (I) FOR cells with shBeclin 1 were transfected with scramble or shAUF1 and treated 
with actinomycin D for the indicated time. ZEB1 mRNA was analyzed using Quantitative PCR. ZEB1 mRNA levels were normalized to 
GAPDH mRNA and plotted as a percentage of the value at time zero from three independent experiments. Similar data was obtained from 
three independent cell preparations. N.S., not significant; *P < 0.01.
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consequence of stabilization of the mRNA in cells with 
Beclin 1 knockdown. Beclin 1 knockdown resulted in 
increase in AUF1, an mRNA binding protein which 
recruited to the ZEB1 3ʹ-UTR and stabilized ZEB1 

mRNA. On the basis of existing literature, together with 
our current findings, the current study suggested that  
upregulation of AUF1 and ZEB1 by Beclin 1 knockdown 
seemed to be the mechanism by which haploinsufficiency 

Figure 6: Negative correlation of Beclin 1 and ZEB1 or AUF1 expression in thyroid cancers. (A–C) Beclin 1, ZEB1 and 
AUF1 mRNA levels were analyzed using real-time PCR and regression analysis was performed between the normalized Beclin 1 and ZEB1 
(A), Beclin 1 and AUF (B), AUF1 and ZEB1 (C). Each dot represents a sample, and the dotted line represents the linear regression fit, with 
the Pearson correlation coefficient (r) shown in the corner of the box. (D) Beclin, ZEB1 and AUF1 protein expression in human thyroid 
tissues were analyzed using immunohistochemistry, representative images were provided. Scale bar: 50 μm.



Oncotarget70374www.impactjournals.com/oncotarget

of Beclin 1 gene might promote aggression of thyroid 
cancer cells (Figure 7). It has been reported that Beclin 1 
exerts autophagy-independent roles in thyroid cancer 
cells [31]. The current study demonstrated that Beclin 1 
knockdown increased half-time of ZEB1 mRNA via 
facilitating recruitment of AUF1 to the 3ʹ-UTR of ZEB1 
mRNA, but independent of its roles as an autophagy 
regulator. Our results presented a new perspective of 
autophagy-independent function involved in the activation 
of ZEB1 by Beclin 1 knockdown. 

A large amount of studies have reported that 
Beclin 1 expression is reduced in various human cancers, 
including breast cancers, glioblastomas, ovarian cancers, 
hepatocellular cancers, esophageal cancers and thyroid 
cancers compared to normal tissue. Decreased Beclin 1 
expression has been correlated with a lower survival 
rate in patients with esophageal cancer, hepatocellular 
cancer and glioblastoma [32–34]. There are differing 
data on the relationship between Beclin 1 expression and 
invasiveness. Increased Beclin 1 expression is associated 
with a low rate of distant metastasis and the absence of 
lymphatic invasion in pancreatic ductal adenocarcinoma 
[35], while no correlation of Beclin 1 expression with 
invasion, metastasis of colorectal cancers was observed 
[36]. The current study demonstrated that downregulation 
of Beclin 1 enhanced migration and invasion of thyroid 
cancer cells. These discrepant results might represent 
cellular context-specific function of Beclin 1. 

Collectively, the current study for the first time 
reported that Beclin 1 knockdown caused EMT and 
promoted invasion of thyroid cancer cells, at least partly 
via stabilization of ZEB1 mRNA via upregulation of 

AUF1 at both transcriptional and post-transcriptional 
levels. Metastasis of thyroid cancer is directly related 
to poor prognosis, thus Beclin 1 might offer potential 
attractive target for clinical therapy of thyroid cancer. The 
exact mechanisms underlying upregulation of AUF1 by 
Beclin 1 knockdown remain to be clarified in the future 
investigation. 

MATERIALS AND METHODS

DNA constructs and generation of stable cell 
lines

EGFP tagged short hairpin RNA (shRNA) 
against Beclin 1 (shBeclin 1) was purchased from Open 
Biosystems. FRO or KTC3 cells were transfected with 
empty or shBECN1 construct using Lipofectamine 2000 
according to the manufacturer’s instruction and stable 
clonal cell lines were selected with 1mg/ml G418, and 
were maintained at 0.2 mg/ml G418. 

RNA isolation, reverse transcription and 
quantitative polymerase chain reaction (PCR)

RNA isolation, reverse transcription and 
quantitative PCR were performed as previously 
reported [37]. For ZEB1, the forward primer was 
5ʹ-AGACATGTGACGCAGTCTG-3ʹ and reverse was 
5ʹ-ATGTGTGAGCTATAGGAGC-3ʹ, the amplicon 
size was 176 base pair (bp). For ZEB2, the forward 
primer was 5ʹ-ACTCAAAGCATACTATGCTATG-3ʹ  
and 5ʹ-AGATGGTGATGTTATGGAGTC-3ʹ, the amplicon 

Figure 7: Schematic representation of regulation of EMT and invasion of thyroid cancer cells by Beclin 1 knockdown. 
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size was 257 bp. For AUF1, the forward primer was 
5ʹ-ACACTAGCACTATGTCGGAG-3ʹ and 5ʹ-TCGT 
TCTTACTGGCGTCAATC-3ʹ, the amplicon size 
was 231 bp. For β-actin, the forward primer was 
5ʹ-GAGACCTTCAACACCCCAGCC-3ʹ and the reverse 
was 5ʹ-GGATCTTCATGAGGTAGTCAG-3ʹ, the amplicon 
size was 205 bp. The expression of targeted genes was 
normalized by use of β-actin as a normalization control 
gene and expressed as arbitrary units. 

Western blot analysis

Total cellular proteins were extracted using lysis 
buffer containing 20 mM Tris-HCl, 150 mM NaCl, 2 mM 
EDTA, 1% Triton-X100 and protease inhibitor cocktail 
(Sigma-Aldrich, Saint Louis, MO). Extracted proteins 
were quantified using the BCA protein assay kit. 30 mg of 
total proteins were separated using 12% SDS-PAGE and 
transferred to PVDF membrane (Millipore Corporation, 
Billerica, MA). The following antibodies were used in the 
current study: anti-AUF1 (EMD Millipore, 07–260), anti-
ZEB1 (AREB6) (Abcam, ab155249), anti-Beclin1 (MBL, 
PD017), anti-E-cadherin (Cell Signaling, 3195), anti-N-
cadherin (BD Transduction Laboratories, 610920), anti-
Fibronectin (Abcam, ab2413) and anti-GAPDH (EMD 
Millipore, ABS16). 

Quantification of elongated cell morphology

Elongated cell morphology was measured as 
previously reported [38]. Briefly, cells were stained for 
F-actin with Rhodamine phalloidin and nuclei with DAPI, 
and images of cells were acquired using an Olympus 
fluorescence microscope. The lengths of the major and 
minor cell axes were measured using DP2-BSW software 
(Olympus). The ratios of the major axis to the minor axis 
of cells were used to determine the degree of elongated 
cell morphology. For each experiment, at least 50 cells 
were measured. 

Immunofluorescence (IF) staining and 
fluorescence microscopy

Cells were fixed with 4% paraformaldehyde for 
10 min and permeabilized with PBS containing 0.1% 
Triton X-100, after being washed with PBS, the cells were 
blocked with PBS containing 1% BSA for 1 h at room 
temperature. Immunostaining was performed using the 
appropriate primary and fluorescent Alexa secondary 
antibodies. The cells were mounted and visualized with 
an Olympus fluorescence microscope.

Label and Capture nascent RNA

Newly synthesized RNA was labeled and isolated 
using Click-iT Nascent RNA Capture Kit (Invitrogen) 
as previously reported [39]. Briefly, nascent RNAs were 

labeled with 0.2 mM of 5-ethymyl uridine (EU), followed 
by biotinylation and isolation using streptavidin magnetic 
beads.

Migration and invasion assays using quantitative 
cell analyzer (RTCA)

Migration and invasion assays were performed in 
real time in triplicate with the xCELLigene system (ACEA 
Bioscience, San Diego, CA). RTCA CIM plates with 
(invasion) or without (migration) Matrigel were seeded 
with 10,000 cells per well.

Small hairpin RNA (shRNA)

shRNAs against ATG7, AUF1 or ZEB1 were 
purchased from Open Biosystems. Transfection of shRNA 
oligonucleotide was performed with Lipofectamine 
2000 (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s recommendations. 

Analysis of mRNA stability

To measure the half-life of ZEB1 mRNA, 5 μg/ml 
of actinomycin D (Sigma-Aldrich) was added into the 
cell culture medium and total RNA was prepared at the 
indicated time points and subjected to quantitative RT-
PCR analysis using ZEB1-specific primers. ZEB1 mRNA 
levels were normalized to GAPDH mRNA and plotted as 
a percentage of the value at time zero (set at 100%) from 
three independent experiments.

RNA immunoprecipitation (RIP)

To determine interaction of Ago2, AUF1 with ZEB1 
mRNAs, AUF1 antibody was used to pull down AUF1-
interacting complexes. Magna RIPTM RNA-binding 
protein immunoprecipitation kit (Millipore) was used for 
RIP procedures according to the manufacturer’s protocol. 
After the antibody was recovered by protein A/G beads, 
standard quantitative RT-PCR was performed to detect 
relative mRNA in the precipitates. 

Dual-Luciferase reporter assay

FRO cells were co-transfected with the luciferase 
reporter vector containing either empty or human ZEB1 
3ʹ-UTR with scramble or shBeclin 1. Transfection was 
performed using Lipofectamine 2000 according to the 
manufacturer’s instructions (Invitrogen). After 48 hours, 
firefly and Renilla luciferase activities were consecutively 
measured using the Dual-Luciferase assay as 
recommended by the manufacturer (Promega). The firefly 
luciferase signal was normalized to the Renilla luciferase 
signal for each individual analysis. The mean ± SD  
were calculated from three wells and presented as fold 
change over the scramble control.
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Statistics

The statistical significance of the difference 
was analyzed by ANOVA and post hoc Dunnett’s test. 
Statistical significance was defined as p < 0.05. All 
experiments were repeated three times, and data were 
expressed as the mean ± SD (standard deviation) from a 
representative experiment.
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