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PTBP3 mediates TGF-B-induced EMT and metastasis of lung adenocarcinoma
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ABSTRACT

Lung adenocarcinoma (LUAD) is associated with a poor prognosis due to early metastasis to distant
organs. TGF-B potently induces epithelial-to-mesenchymal transition (EMT) and promotes invasion
and metastasis of cancers. However, the mechanisms underlying this alteration are largely
unknown. PTBP3 plays a critical role in RNA splicing and transcriptional regulation. Although
accumulating evidence has revealed that PTBP3 exhibits a pro-oncogenic role in several cancers,
whether and how PTBP3 mediates TGF-B-induced EMT and metastasis in LUAD remains unknown.
The expression levels and prognostic value of PTBP3 were analyzed in human LUAD tissues and
matched normal tissues. siRNAs and lentivirus-mediated vectors were used to transfect LUAD cell
lines. Various in vitro experiments including western blot, qRT-PCR, a luciferase reporter assay,
chromatin immunoprecipitation (ChIP), transwell migration and invasion assay and in vivo metas-
tasis experiment were performed to determine the roles of PTBP3 in TGF-f-induced EMT and
metastasis. PTBP3 expression was significantly upregulated in patients with LUAD, and high
expression of PTBP3 indicated a poor prognosis. Intriguingly, we found that PTBP3 expression
level in LUAD cell lines was significantly increased by exogenous TGF-f1 in a Smad-dependent
manner. Mechanistically, p-Smad3 was recruited to the PTBP3 promoter and activated its transcrip-
tion. In turn, PTBP3 knockdown abolished TGF-31-mediated EMT through the inhibition of Smad2/3
expression. Furthermore, PTBP3 overexpression increased lung and liver metastasis of LUAD cells
in vivo. PTBP3 is indispensable to TGF-f-induced EMT and metastasis of LUAD cells and is a novel
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potential therapeutic target for the treatment of LUAD.

Introduction

Non-small-cell lung cancer (NSCLC) is the most
common cancer with the highest morbidity and
mortality worldwide, accounting for approximately
25% of all cancer deaths [1]. Lung adenocarcinoma
(LUAD) is the major pathological subtype of NSCLC
and is characterized by high heterogeneity and inva-
siveness [2]. With the improvement of surgical tech-
niques and emerging immunotherapy, the survival
of patients with LUAD has improved, yet the therapy
fails mostly due to local and distant metastasis [3].
Consequently, a better understanding of the
mechanisms underlying LUAD metastasis is crucial
for LUAD treatment.

Epithelial-mesenchymal transition (EMT) is a key
cause of tumor metastasis and chemotherapy resis-
tance [4,5]. Transforming growth factor-B (TGF-P)
plays important roles in multiple cellular functions
and has been demonstrated to be a potent promoter
of EMT and tumor metastasis in various cancer

types, including NSCLC [6-9]. TGF-B-induced
EMT mainly depends on the activation of canonical
Smad signaling, and in the canonical TGF-p/Smad
signaling pathway, TGF-f ligand directly binds to
TGEF-B receptor II (TPRII), followed by phosphory-
lation of TGF-p receptor I (TBRI). The activated
TPBRI recruits and phosphorylates cytoplasmic effec-
tors Smad2/3, which then forms a heterotrimeric
complex with Smad4. Subsequently, the complex is
transported into the nucleus, where it binds with
smad binding elements (consensus sequence
CAGAC or GTCTG, SBEs) in the promoter region
of TGF-B target genes (Snail, Slug, PAI-1, and
others) and regulates the transcription of EMT-
related genes [10-12]. Considering the critical role
of TGF-P in tumor invasion and metastasis, several
inhibitors targeting the TGF-p pathway have been
used for cancer interventions both preclinically and
clinically [13,14]. However, none of these treatments
have been successful, especially since TGEF-f
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regulates gene expression depending on a highly
specific cellular context [15]. Thus, a deeper under-
standing of the molecular mechanisms that mediate
the pro-metastatic effects of TGF-P will facilitate the
development of effective anti-metastasis approaches
targeting TGF-f signaling.

Polypyrimidine  tract-binding  protein 3
(PTBP3), also known as RODI, is a critical RNA-
binding protein that interacts with RNA through
one or multiple RNA-recognition motifs (RRMs)
and plays key roles in RNA splicing, maturation,
localization and translation [16]. The cellular func-
tions and physiological roles of PTBP3 have been
well studied, and previous studies have demon-
strated that PTBP3 correlates with nonsense-
mediated mRNA decay and functions as
a splicing repressor [17,18]. In addition, recent
studies have shown that dysregulation of PTBP3
is involved in tumorigenesis and tumor progres-
sion. For example, high expression of PTBP3 was
confirmed to promote EMT and breast cancer
progression by preventing ZEB1 mRNA degrada-
tion [19], and PTBP3 contributes to the metastasis
of gastric cancer and hepatocellular carcinoma by
mediating CAV1 alternative splicing [20] or mod-
ulating the splicing balance of NEAT1 and pre-
miR-612 [21]. It was also found that PTBP3 pro-
motes pancreatic cancer growth and chemoresis-
tance by upregulating ATGI12 [22]. By
comparison, the role of PTBP3 in LUAD tumor
invasion and metastasis remains largely unknown.
Although previous reports determined that knock-
down of PTBP3 impairs LUAD cell motility, pos-
sibly by regulating EMT [23,24], the specific
molecular mechanisms involved in invasion and
metastasis of LUAD cells are still not addressed.

In this study, we demonstrated that PTBP3 was
markedly upregulated in LUAD tissues compared
with adjacent normal lung tissues and was posi-
tively associated with the poor prognosis of
patients with LUAD. In the several LUAD cell
lines, including A549, H1792, H1299, and H838,
the expression of PTBP3 was robustly induced by
TGEF-B1 in a Smad-dependent manner. By analyz-
ing the PTBP3 gene promoter, we uncovered that
p-Smad3 directly binds to SBEs within PTBP3's
promoter and activates its transcription. In addi-
tion, TGF-B-induced EMT and invasion of LUAD
cells was nearly completely blocked by PTBP3
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siRNA. The in vivo metastasis assays showed that
overexpression of PTBP3 facilitated lung and liver
metastasis of LUAD cells in nude mice. Moreover,
we found that knockdown of PTBP3 abolished the
effect of TGF-B-induced cell motility by suppres-
sing Smad2/3 expression transcriptionally. Thus,
our findings determined that PTBP3 acts as
a novel, critical component of the TGF-p/Smad
pathway that promotes LUAD cell invasion and
metastasis.

Materials and methods
Cell lines, cell culture, and reagents

Human LUAD cell lines A549, H1299, H1975,
H1792, PC9, H838, HCCS827, immortalized
human bronchial epithelial cell line BEAS-2B,
and human embryonic lung epithelial cell line
L132 used in the study were obtained from the
Shanghai Cell Bank of the Chinese Academy of
Sciences. All the cell lines had cell line certification
and were not contaminated by mycoplasma. The
cell lines were cultured in RPMI 1640 medium
containing 10% fetal bovine serum (FBS, Gibco,
Australia) at 37°C in a 5% CO, humidified incu-
bator. Recombinant TGF-B1 was purchased from
PeproTech (Rocky Hill, NJ, USA). The TGF-f type
I inhibitor, SB431542, was purchased from
Selleckchem (Houston, TX, USA). Following
serum starvation for 24 h, human LUAD cell
lines were treated with TGF-P1 for different dura-
tions to induce EMT.

Human LUAD tissue samples

Human LUAD samples and matched normal
tissues enrolled in this study were obtained
from the Shanghai Tongji Hospital (Shanghai,
China). All patients were pathologically diag-
nosed, and none of the patients had received
either chemotherapy or radiotherapy before sur-
gical resection. All LUAD tissue specimens were
evaluated by histopathological examination to
determine the tumor size, histological grade,
TNM  stage, and lymphatic metastasis.
Immunohistochemical (IHC) staining was con-
ducted to analyze these samples by a clinical
pathologist. This study was authorized by the
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Ethics Review Committees of Tongji Hospital,
School of Medicine, Tongji University.

Western blotting

Cells were lysed in RIPA lysis buffer with 1%
phosphatase and protease inhibitors (Beyotime,
China). Same amount (~20ug) of protein was
electrophoresed using 10% SDS-PAGE gel and
was transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA,
USA). The membranes were placed in 5%
skimmed milk for 1 h on a rotary shaker to
block nonspecific binding sites, followed by
incubation with primary specific antibodies
overnight at 4°C. On the second day, after wash-
ing with 1x TBST buffer three times (10 min/
time), anti-mouse or anti-rabbit HRP-labeled
secondary antibodies were added and incubated
at room temperature for 1 h. After washing
again, the membranes were subjected to immu-
noblotting analysis using ECL detection reagent
(Beyotime, China). The primary antibodies used
in this study were as follows: PTBP3 (#sc-
100845, Santa Cruz Biotechnology), EMT anti-
body sampler kit (#9782, CST), Smad2/3 anti-
body sampler kit (#12747, CST), PAI-1 (#11907,
CST), TPRI  (#sc-101574, Santa  Cruz
Biotechnology), TPRII (#sc-17791, Santa Cruz
Biotechnology), Akt (#4691, CST), p-Akt
(#4060, CST), MEK (#4694, CST), p-MEK
(#9154, CST), Erk (#12950, CST), and p-Erk
(#4370, CST).

Immunofluorescent staining

Cells that were cultured on glass slides were
washed three times (5 min/time) with phosphate-
buffered saline, fixed in 4% paraformaldehyde
(PFA) for 15 min, and permeabilized with 0.3%
Triton X-100 for 20 min, and then blocked for 1 h
with 5% bovine serum albumin. Subsequently, the
cells were incubated with primary antibodies over-
night at 4°C and then probed with Alexa Fluor
594-conjugated anti-rabbit secondary antibody
(#8889S, CST). The nuclei were stained with
DAPI, and the fluorescence was visualized under
a fluorescent microscope.

H&E staining and immunohistochemistry
staining

Lung and liver tissues taken out of mice were fixed in
Bouin’s solution and embedded in paraffin. Next, the
paraffin was cut into tissue sections with a thickness of
3-5um and applied to H&E staining. Lung adenocar-
cinoma tissue microarrays were obtained from Outdo
Biotech (Shanghai, China). For immunohistochemis-
try staining, tissue microarrays were heated to 100°C
in ammonium citrate solution (10 mmol/L, pH 6.0)
for antigen retrieval. After cooling to room tempera-
ture, the slides were immersed in 3% H,O, for 15 min
for blocking endogenous peroxidase activity.
Subsequently, the slides were incubated with corre-
sponding primary antibodies for 12 h at 4°C, followed
by secondary antibodies for 1 h at room temperature.
We then counterstained the slides with hematoxylin
after incubating with DAB for immunoreactivity
detection. Two experienced pathologists evaluated
and calculated the Score of IHC staining based on
the following formula: Score = stained intensity (nega-
tive staining: 0; light staining: 1; moderate staining: 2;
strong staining: 3) x stained cell number (positive cells
as <25% of the cells, 1; 26-50% of the cells, 2; 51-75%
of the cells, 3; >75% of the cells, 4). When the staining
score was <7, it was defined as low expression, other-
wise high expression.

RNA interference and generation of stably
transfected cell lines

A549 and H1299 cell lines were transiently trans-
fected with 100 nM siRNA, which were designed
and synthesized by GenePharma Biotech
(Shanghai, China), using RFect Transfection
Reagent according to the manufacturer’s proce-
dure. After 24 h, cells were transfected again. At
48 h post-transfection, the cells were treated for
further experiments or harvested. The sequences
of siRNA were as follows: PTBP3-1 (sense: 5’-
CCAAUCACAGAGAACUUAATT-3, antisense:
5-UUAAGUUCUCUGUGAUUGGTT-3’), PTBP3
-2 (sense: 5-CCCUGUUACCCUGGAAGUUTT-
3’, antisense: 5-AACUUCCAGGGUAACAGGGT
T-3’), Smad4-1 (sense: 5-UACUUACCAUCAU
AACAUUTT-3, antisense: 5-AAUGUUAU
GAUGGUAAGUAGC-3’) and Smad4-2 (sense:
5-UCCAUUGCUUACUUUGAUUTT-3’,



antisense: 5-AAUCAAAGUAAGCAAUGGAAC-
3’). To establish the PTBP3-overexpressing stable
A549 cell line, the human full-length ¢cDNA of
PTBP3 was subcloned into the lentiviral vector
pSLenti-EF1-F2A-Puro-CMV-3x  FLAG-WPRE.
The PTBP3 expression vector or empty vector
was transfected into HEK 293 T cells to produce
recombinant lentiviruses. Subsequently, we col-
lected the packaged lentiviruses and transfected
A549 cells for 72 h. Finally, Flag-tagged PTBP3-
overexpressing A549 stable cells were selected
using 2ug/ml puromycin (Beyotime, China).

Real-time quantitative reverse transcription PCR
(QRT-PCR)

Total RNA was extracted with RNAfast2000
reagent (Fastagen Biotch, Shanghai, China),
cDNA synthesis was performed with Evo
M-MLV RT Kit (Accurate Biology, Shanghai,
China), and qRT-PCR analysis was performed
with SYBR Green Premix Pro Taq HS qPCR Kit
(Accurate Biology, Shanghai, China) according to
the supplier’s instructions. The primers used in the
study are listed in Supplemental Table S1. All
reactions were performed in triplicate and
repeated three times.

Luciferase reporter gene assay

To make human PTBP3 promoter constructs, the
wild-type (WT) and mutated (MUT) fragments,
approximately 2kb sized of PTBP3 promoter were
synthesized by Shanghai sangon biotech. and then
subcloned into pGL3-basic vector. The Renilla lucifer-
ase reporter plasmid was used as an internal control.
To perform the luciferase reporter assay, various con-
structs (pGL3-basic-empty, pGL3-basic-PTBP3 pro-
moter-WT, pGL3-basic-PTBP3 promoter-MUT), and
pRL-TK plasmids were transiently co-transfected into
A549 cells. After 24 h post-transfection, cells were
treated with 5 ng/ml of TGF-p1 for another 24 h.
Subsequently, cells were harvested to measure lucifer-
ase activity using a dual-luciferase reporter assay sys-
tem (Promega). Firefly luciferase values were
normalized to Renilla luciferase activity and are pre-
sented as the mean * SD of three independent
experiments.
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Cell counting kit 8 assays

CCK-8 Kit (Beyotime, Shanghai, China) was used to
evaluate cell proliferation. Tumor cells were seeded
into the 96-well cell culture plates at a density of 1000
cells per well and cultured under normal conditions
for 24 h. Then, CCK-8 reagents were added to each
well at various time points. After 2 h, the absorbance
value was measured at 450 nm according to manufac-
turer’s instructions. Each experiment was performed
in triplicate.

Transwell migration and invasion assays

Migration and invasion were measured using
transwell plates (BIOFIL) coated with or without
Matrigel (BD Biosciences). The cells resuspended
in 200 pL serum-free RPMI 1640 medium were
added to the upper chambers, and 500 ul RPMI
1640 medium containing 10% FBS with 5 ng/ml or
10 ng/ml TGF-B1 was added to the lower cham-
bers. After 36 h, the transwell chambers were
removed and the cells on the upper chambers
were gently wiped with a cotton swab.
Subsequently, the cells were fixed with 4% PFA
for 15 min and stained with 2% crystal violet for
5 min, and at least four randomly selected fields
were photographed and counted. Transwell migra-
tion and invasion assays were performed in
triplicate.

Chromatin immunoprecipitation(ChlIP) assay

ChIP assay was performed on A549 cells using the
EpQuik™ Chromatin Immunoprecipitation Kit
according to the manufacturer’s instructions, and
the chromatin fraction from cell nuclei was pre-
cipitated with negative control IgG and p-Smad3
antibody (#9520, CST) in combination with pro-
tein A/G agarose beads overnight at 4°C. The
protein/DNA complexes were washed, eluted,
and extracted, and the extracted DNA was quanti-
fied by performing qPCR and DNA agarose gel.
The primers used for amplifying the two SBEs in
the promoter region of PTBP3 are as follows: SBE1
(sense: 5’- GGTGATCTGTGAGTTGAAAAAG-3,
antisense: 5-GTACAAACATGGAATGGCTATA-

3’), SBE2 (sense: 5- TCCTTGTGGGACAT
TCCTTC-3’, antisense: 5-CTGTAAGACCCC
GCCTCTC -3’).
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Animal experiments

Four-week-old female BALB/c nude mice were pur-
chased from Shanghai JSJ Laboratory Animal Co., Ltd.
(Shanghai, China) and fed under pathogen-free con-
ditions. The mice were randomly divided into control
vector groups and PTBP3 overexpression groups(6
mice per group). Then a suspension of 4.0 x 10° cells
in 200ul of PBS were injected into the tail vein of mice
in these two groups accordingly. To evaluate whether
PTBP3 enhanced TGF-P1-induced tumor cell metas-
tasis, every 5 days after intravenously tumor incuba-
tion, 4ug/kg TGF-p1 was intraperitoneally injected
into these two groups of mice. The mice were eutha-
nized after 8 weeks, the lung and the liver were taken
out and photographed to assess macroscopically meta-
static nodule. Lung and live tissues were histologically
evaluated using Hematoxylin-eosin(H&E) staining for
micrometastases lesions analysis. Animal studies were
approved the by Animal Ethics Committee of Tongji
Hospital, School of Medicine, Tongji University
(Shanghai, China).

The cancer genome atlas, gene expression
omnibus, GEPIA, and webtool

PTBP3 mRNA expression levels and survival data
of patients with LUAD were downloaded from
TCGA (https://cancergenome.nih.gov) and GEO
database (https://www.ncbi.nlm.nih.gov/geo/).
The gene expression profiling interactive analysis
was obtained from http://gepia.cancer-pku.cn/.

Statistical analysis

All statistical analyses were performed using SPSS
software (version 19.0; IBM, Chicago, IL, USA)
and GraphPad Prism 8.0.2 (GraphPad Software
Inc., San Diego, CA, USA). Statistical methods
including ANOVA, Student’s t-test, Chi-square
test, log-rank test, Pearson’s and Spearman’s cor-
relation analysis were used to analyze the relation-
ship between variables. Survival curves were
calculated by the Kaplan-Meier method.
Univariate and multivariate analyses were per-
formed using the Cox regression model. Data
were presented as the mean + SD, and a value of
P < 0.05 was considered statistically significant.

Results

PTBP3 expression was upregulated in patients
with LUAD and was associated with poor
outcome

To explore the PTBP3 expression levels in
LUAD patients, we first searched the public
databases, including GEO and TCGA, and
found that PTBP3 mRNA had higher expression
levels in LUAD tissues than in non-tumor lung
tissues (Figure 1). We then performed IHC ana-
lysis to determine PTBP3 protein levels in
LUAD specimens and normal lung specimens
using LUAD tissue microarray and found that
the expression of PTBP3 was significantly higher
in LUAD specimens than in normal lung tissues
(Figure 1). Additionally, we detected PTBP3 pro-
tein levels in normal alveolar and bronchial
epithelial cells and LUAD cell lines, and found
that PTBP3 was upregulated in LUAD cell lines
(Figure 1).

Next, we further analyzed the correlation
between PTBP3 expression and clinicopathologi-
cal features in the LUAD tissue microarray
cohort and found that the overexpression of
PTBP3 was significantly correlated with lymph
node metastasis and high tumor stage
(Supplemental Table S2). Kaplan-Meier survival
analysis showed that compared with patients
with low PTBP3 expression, patients with high
expression of PTBP3 had shorter overall survival
(OS, P = 0.0013; Figure 1) and recurrence-free
survival (RFS, P = 0.0228; Figure 1). Similar
results were obtained in the GEO and TCGA
LUAD mRNA dataset (Supplementary Figure
S1). Next, univariate and multivariate Cox
regression analyses were performed to evaluate
whether the correlation of PTBP3 expression
and patient survival was confounded by under-
lying clinicopathological features. The results
showed that high expression levels of PTBP3
(P = 0.018) and TNM stage (P = 0.001) were
independent and significant prognostic factors
for patient survival (Supplementary Table S3).
Collectively, results from both public databases
and our clinical specimens indicated that PTBP3
was upregulated in patients with LUAD and was
associated with poor clinical outcomes.
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Figure 1. PTBP3 is upregulated in LUAD patients and indicates poor prognosis. (a) PTBP3 mRNA expression in normal lung tissues
and primary LUAD tissues revealed by four different public databases, including GSE7670, GSE10072, GSE18842 and TCGA.
***p < 0.001 by Student’s t-test. (b) IHC staining showed that expression of PTBP3 in adjacent nontumor tissues and LUAD tissues
(magnification x400). (c) IHC scores of PTBP3 expression in adjacent nontumor tissues and primary LUAD tissues (n = 82).
*¥**¥P < 0.001 by Student’s t-test. (d) Western-blot analysis of PTBP3 expression in human alveolar and bronchial epithelial cell
lines (L132 and BEAS-2B), LUAD cell lines (A549, H1299, H1975, H1792, PC9, H838 and HCC827). GAPDH was used as an internal
control. (e and f) Ninety-eight LUAD patients were divided into low (n = 46) and high (n = 52) PTBP3 expression groups as described
in Materials and Methods. Kaplan-Meier analysis of overall survival (e) and recurrence-free survival (f) in LUAD patients stratified by
PTBP3 protein level. Log-rank Test was used to analyze differences between groups.
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Figure 2. TGF-B1 increases PTBP3 protein levels of LUAD cell lines in a Smad-dependent manner. (a) Western-blot analysis of PTBP3
and EMT-related genes in four LUAD cell lines treated by TGF-B1 (5 ng/ml or 10 ng/ml) as indicated days. “d” represents the days for
LUAD cell lines treated by TGF-B1. (b) Western-blot analysis of PTBP3, Smad4, N-cadherin and E-cadherin expression in A549 cells
treated with control or Smad4 siRNA (100 nM) for 24 h and then treated by TGF-B1 (5 ng/ml) for another 24 h. (c) Western-blot
analysis of PTBP3, N-cadherin and E-cadherin expression in A549 cells treated with 5 ng/ml TGF-B1 and 0-10 uM TGF-B type
| receptor inhibitor SB431542 for 24 h. (d) A schematic diagram of the PTBP3 promoter cloned into pGL3 vector. Two predicted SBEs
within the PTBP3 promoter are shown and PTBP3 promoter constructs containing mutations in these two SBEs are generated. The
mutant bases of two predicted SBEs are shown in red bold letters. (e) A549 cells were co-transfected with pRL-TK plasmid and
indicated constructs for 24 h, and then treated with or without TGF-B1 (5 ng/ml) for another 24 h. Then the cells were lysed to



TGF-B1 induces expression of PTBP3 via the
Smad pathway in LUAD cell lines

To investigate the role of TGF-Bl in PTBP3
expression, we treated four LUAD cell lines with
exogenous TGF-f1. We found that TGF-p1
induced PTBP3 protein exprssion with expected
changes in EMT markers in A549, H1792,
H1299, and H838 LUAD cell lines (Figure 2).
The key pathway that regulated TGF-p-induced
gene expression was the Smad-dependent path-
way. To explore whether TGF-B1-induced PTBP3
expression was mediated by Smad signaling path-
way, we used two siRNA to knock down Smad4
protein expression which was a key component of
Smad?2/3/4 complex that regulated TGF-f-induced
gene expression in the A549 cell line. As expected,
knockdown of Smad4 protein in the A549 cell line
abolished TGF-B-induced increase in PTBP3
expression (Figure 2). Furthermore, when we
used SB431542, a selective inhibitor of TGF-f
type I receptor, to inhibit the Smad signaling path-
way, we similarly found a marked reduction in
TGEF-B-induced PTBP3 protein levels in a dose-
dependent manner (Figure 2). These data revealed
that increased PTBP3 expression was induced by
TGEF-P1 via the canonical Smad pathway.

To further evaluate whether TGF-f directly regu-
lated PTBP3 expression via the Smad pathway, we
searched potential SBEs, CAGAC or GTCTG, in the
PTBP3 promoter using the JASPAR. The schematic
diagram identified two highly reliable SBEs within 2
kb of the PTBP3 transcriptional start site (Figure 2).
Next, luciferase reporter gene assays were carried out
by cloning the PTBP3 promoter constructs contain-
ing the two predicted SBEs (WT) and containing
mutations in these two SBEs (MUT) into the pGL3
vector. Results of luciferase reporter assay showed
that TGF-p1-induced pGL3-WT activity was almost
abrogated when the two SBEs were mutated (Figure
2). These results indicate that the two SBEs were
responsible for transcriptional regulation of the
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PTBP3 gene. We then performed a ChIP assay to
verify whether Smad was directly bound to the two
SBEs on the PTBP3 promoter and regulated PTBP3
transcription. We designed primers for the two
Smad-binding sites and carried out a ChIP assay
with p-Smad3 antibody followed by qPCR (ChIP-
qPCR) in A549 cells. The results of qPCR revealed
that p-Smad3 was significantly recruited and bound
to the two SBEs in a TGF-p-dependent manner
(Figure 2). Taken together, these data demonstrate
that TGF-P activates PTBP3 gene transcription via
the Smad pathway (Figure 2).

PTBP3 knockdown inhibits TGF-B1-induced EMT,
migration, and invasion but has no effect on
proliferation in LUAD cell lines

Since TGF-B-induced EMT, migration, and inva-
sion have been implicated in LUAD cell lines,
we decided to investigate whether PTBP3 is
involved in TGF-Ppl-induced EMT. We used
two distinct siRNAs to knock down PTBP3
expression in A549 and H1299 cells and found
that PTBP3 knockdown abolished TGEF-f-
induced changes in the levels of EMT-related
genes in A549 and H1299 cells (Figure 3). In
addition, PTBP3 knockdown in A549 cells sig-
nificantly decreased the mRNA and protein
levels of Snail, Slug, and PAI-1, which are direct
targets in response to TGF-P1 (Figure 3). Similar
results were obtained for H1299 cells (Figure 3).
These results indicate that PTBP3 deficiency sig-
nificantly attenuates the regulation of EMT-
related genes by TGF-Bl. To further evaluate
whether PTBP3 affects TGF-B1-induced migra-
tion and invasion, we performed transwell
migration and invasion assays, which revealed
that PTBP3 deficiency abrogated the migration
and invasion enhanced by TGF-f1 in A549 and
H1299 cells (Figure 3). After treatment with
TGEF-B1 for 24 h, A549 cells converted from

analyze luciferase activity. pRL-TK plasmid was used for internal control. (f) ChIP assay for p-Smad3 binding to two SBEs in the
promoter of PTBP3. A549 cells left untreated or treated with 5 ng/ml TGF-B1 for 6 h were harvested and subjected to ChIP with
isogenic IgG or anti-p-Smad3 antibody. The enrichment of the precipitated DNA by p-Smad3 antibody versus the IgG was analyzed
by gqPCR with the specific primers for SBE1 and SBE2. Data were presented as percent input value. (g) A schematic diagram shows
that exogenous TGF-B1 induces transcription of PTBP3 in a Smad-dependent manner. GAPDH was used as an internal control for
western-blot analysis. Error bars are mean + SD from three independent experiments and Student’s t-test was used to analyze

differences between groups. **P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. PTBP3 mediates TGF-B-induced EMT, migration and invasion of LUAD cell lines. (a) A549 cells were transfected with
scramble and PTBP3 siRNA (100 nM) for 48 h and then treated with TGF-B1 (5 ng/ml) for 24 h, subsequently, the cells underwent
immunofluorescence analysis by using E-cadherin and Vimentin antibodies (red). Cell nuclei were stained with DAPI (blue). scale
bars, 20 um. (b) A549 and H1299 cells transfected with scramble and PTBP3 siRNA were treated with 5 ng/ml or 10 ng/ml TGF-B1 for
24 h. Then EMT markers E-cadherin, N-cadherin and Vimentin expression were analyzed using Western blot. GAPDH was used for
internal control. (c-f) A549 and H1299 cells were transfected as above. Whole cell lysates were analyzed by Western blot (c and e)
and gRT-PCR (d and f) for the indicated genes. qRT-PCR data were normalized to GAPDH and presented as mean + SD from three
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a cobblestone-like morphology to a typical elon-
gated mesenchymal morphology. Knockdown of
PTBP3 completely blocked the morphological
changes induced by TGF-Bl in A549 cells
(Supplementary Figure S2).

Next, we further evaluated the effects of
PTBP3 knockdown on proliferation of LUAD
cells. CCK-8 assays showed no statistical differ-
ence between PTBP3 knockdown cells and con-
trol cells (Supplementary Figure S3). In
summary, these data demonstrate that PTBP3
knockdown attenuates TGF-B-induced mesench-
ymal transition, migration, and invasion of
LUAD cell lines but has no effect on prolifera-
tion in vitro.

PTBP3 enhances TGF-B1-induced cell motility by
regulating Smad2/3 expression

To determine the molecular mechanism under-
lying the impact of PTBP3 on TGF-fB-induced
EMT and cell motility, we further investigated
whether PTBP3 affected the key components of
the TGF-p pathway. Next, we first performed
qPCR assays to analyze changes in multiple
Smads and found that Smad2 and Smad3
mRNA was decreased significantly in PTBP3-
knockdown A549 cells compared with vector
controls, but only small changes in the Smadl,
Smad4, Smad5, and Smad7 transcripts (Figure
4). Similar changes were also observed in the
protein expression levels (Figure 3). To further
confirm our findings in H1299 cells, the same
experiments were performed to corroborate the
changes of Smad2 and Smad3 both at mRNA
and protein expression levels in H1299 cells
(Figure 4). Further investigation revealed that
PTBP3 knockdown also attenuated TGE-
fl-mediated Smad2 and Smad3 phosphoryla-
tion, while its overexpression using lentivirus
transfection enhanced the phosphorylation in
A549 cells (Figure 4). The Smad-independent
signaling, mainly including MEK/ERK axis and
PI3K/AKT pathway, had also been involved in
TGF-B-induced EMT. We next determined
whether PTBP3 affected the above-mentioned
signaling pathway. Compared with vector con-
trol cells, the phosphorylation of MEK, ERK,
and AKT was barely affected in PTBP3
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overexpression cells in response to TGEF-f1
(Figure 4). Collectively, these data indicate
that PTBP3 mediates TGF-B-induced EMT by
activating the Smad2/3 expression (Figure 4).

Smad2/3 expression in patient specimens is
positively correlated with PTBP3

Using the GEPIA web tool, we found that the
mRNA levels of Smad2 and Smad3 were posi-
tively correlated with PTBP3 in multiple cancer
types (Figure 5). To further investigate the rela-
tionship between Smad2/3 and PTBP3 in
patients with LUAD, tissue microarrays includ-
ing 30 cases of LUAD tissue samples were sub-
jected to IHC analysis to detect the expression
of PTBP3 and Smad2/3. The staining scores of
IHC were measured by the above-mentioned
methods. Representative images of the staining
of PTBP3 and Smad2/3 are shown in Figure 5.
By analyzing the IHC scores of PTBP3 and
Smad2/3 expression, we found a positive corre-
lation between PTBP3 and Smad2/3 protein
levels (Figure 5). These results indicate that
there is a positive correlation between PTBP3
and Smad2/3 expression in the samples of
patients with LUAD.

PTBP3 promotes TGF-B-driven LUAD cell
metastasis in vivo

Our above findings show that PTBP3 potently
enhances TGF-Pl-induced cell motility in vitro.
To further explore the roles of PTBP3 in LUAD
cell metastasis in vivo, we intravenously injected
vector control and PTBP3 stably overexpressed
A549 cells into BALB/c nude mice through the
tail vein to establish an in vivo metastasis model
(Figure 6), and TGF-p1 was injected intraperito-
neally as described in Materials and Methods.
Consistent with our findings in vitro, PTBP3 over-
expression strikingly increased the number of lung
metastatic nodules of A549 cells (Figure 6). No
macroscopic liver metastatic nodules were
detected in mice. However, the results of H&E
staining show the mice injected with PTBP3 over-
expressed A549 cells developed more micrometa-
static foci in lung and liver than those injected
with control A549 cells (Figure 6). Collectively,
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Figure 4. PTBP3 mediates TGF-B1-induced cell motility by activating Smad2/Smad3 expression. (a and d) gRT-PCR analysis of Smad
family transcripts in PTBP3-knockdown A549 and H1299 cells and corresponding control cells. GAPDH was used for internal control.
Error bars represent mean + SD of three independent experiments. **P < 0.01 by Student’s t-test. (b and c¢) Western-blot analysis of
Smad proteins in PTBP3-knockdown A549 and H1299 cells and corresponding control cells. Tubulin was used for internal control. (e)
Western-blot analysis of the effects knowdown (left) and overexpression (right) of PTBP3 on TGF-B1-mediated Smad2 and Smad3
phosphorylation in A549 cells. Tubulin was used for internal control. (f and g) Western-blot analysis of TBRI/II, Akt, MEK, Erk and their
phosphorylation derived from PTBP3 overexpression A549 cells and control cells treated with or without TGF-B1 (5 ng/ml). (h)
A schematic diagram shows that PTBP3 enhanced TGF-B1-induced cell motility by activating Smad2/3 expression.

Discussion

the in vivo metastasis assays show that PTBP3
overexpression promotes TGF-p-driven LUAD
cell metastasis in vivo, further supporting our
in vitro findings.

LUAD, one of the most common subtypes of
NSCLC, is characterized by rapid metastasis to
distant organs [25]. EMT plays a critical role in
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tumor recurrence and metastasis [26]. TGF-f sig-
naling is a key pathway reported to potently
induce EMT [9]. However, the gene and molecular
mechanisms that mediate TGF-B-induced EMT
remain largely unknown. In the present study, we
demonstrated that PTBP3 represents a novel mod-
ulator of TGF-p/Smad signaling that promotes
LUAD cell invasion and metastasis. TGF-f
robustly upregulates the expression of PTBP3,
which, in turn, enhances TGF-B1l-induced EMT
by activating Smad2/3 expression.

Previous studies have suggested that PTBP3
contributes to lung cancer development and pro-
gression by regulating EMT [24]. It has also been
reported that TGF- is highly expressed in NSCLC

tissues [27,28] and can promote EMT and invasion
of NSCLC [7,29]. However, whether PTBP3 is
involved in TGF-B-induced EMT and invasion in
LUAD cells remains to be determined. In the
current study, we found that PTBP3 expression is
significantly increased in LUAD tissues and cell
lines, and is positively correlated with TNM stage
and indicates poor prognosis of patients with
LUAD. In addition, we found that PTBP3 expres-
sion was potently induced by exogenous TGF-f1
in LUAD cell lines, and it has been reported that
TGF-P could directly modulate EMT-related gene
expression in a Smad-dependent manner [30].
Thus, we identified two potential Smad-binding
motifs on the PTBP3 promoter using the



JASPAR webtool. By performing the luciferase
reporter assay and ChIP assay, we demonstrated
that p-Smad3 binds to the promoter region of
PTBP3 and positively controls PTBP3 accumula-
tion; Moreover, when we knocked down Smad4
expression in A549 cells or used the TGF- type
I receptor inhibitor SB431542 to interfere with the
TGF-B/Smad pathway, the results showed that the
TGF-Bl-induced increase in PTBP3 expression
was entirely blocked, implying that TGF-§ tran-
scriptionally induced PTBP3 expression in LUAD
cell lines via the canonical Smad pathway.
However, we cannot exclude the possibility that
other Smad binding sites outside of promoter-
proximal regions at putative enhancer elements is
involved in PTBP3 expression, especially since
there is a large proportion of Smad-binding sites
found in these distal loci and confirmed to be
responsible for TGF-B-induced gene expression
[31]. Further studies are required to elucidate this
possibility.

Previous studies have shown that TGF-f-
induced EMT plays a major role in LUAD cell
metastasis [8] and multiple molecules involve in
TGEF-p signaling. For example, DOCK4, induced
by TGF-p in a Smad-dependent manner, is indis-
pensable for TGF-B-driven LUAD metastasis and
blockade of DOCK4 abolishes the ability of LUAD
cells to extravasate into distant organs in mice
[32]. TGF-P increases PREP1 expression, which,
in turn, activates the transcription of Smad3,
a downstream effector of TGF-f/Smad signaling,
and enhances TGF-B-induced EMT and cell moti-
lity in A549 cells [33]. In addition, it has also been
reported that the expression of HtrA3-L was sig-
nificantly downregulated by TGF-p, and overex-
pression of HtrA3-L abrogated TGF-p-mediated
invasion-metastasis cascades via suppression of
Smad2/3 in NSCLC [34]. In this study, we showed
that PTBP3 was robustly induced by exogenous
TGF-B1 in a Smad-dependent manner, and knock-
down of PTBP3 attenuates TGF-PB1-induced EMT
and invasion of LUAD cells as well as expression
of mesenchymal genes, such as Snail and Slug.

How does PTBP3 regulate TGF-B-induced
EMT? Changes in TGF-§ signaling components
have been observed during tumor progression
[35] and current studies primarily focus on the
regulation of TGF-f receptors and Smads. It has

CELL CYCLE (&) 1419

been widely reported that various molecules are
involved in the regulation of TGF-P receptors and
Smads either at the transcriptional level [33,36,37]
or post-transcriptional level [38-41]. In the pre-
sent study, we found that overexpression of
PTBP3 in A549 cells had no obvious effect on
the expression of TPRI/II. However, PTBP3
knockdown and overexpression significantly
decreased and increased, respectively, the expres-
sion of Smad2/3 and levels of TGF-p1-mediated
Smad2/3 phosphorylation. Due to MEK/ERK and
PI3K/AKT pathway, all of which have been con-
firmed to be involved in TGEF-B-induced EMT
[42], we next detected the expression changes of
these pathways upon PTBP3 overexpression.
Compared with control cells, the phosphorylation
of MEK, ERK, and AKT was barely affected in
PTBP3 overexpression A549 cells treated with
TGF-B1. Unfortunately, we could not determine
molecular mechanisms that PTBP3 regulates the
expression of Smad2/3. Considering the critical
role of PTBP3 in RNA alternative splicing, we
speculate that PTBP3 may regulate the Smad2/3
expression transcriptionally in LUAD cells by
RNA alternative splicing, which is an interesting
issue to explore in the future. Despite its limita-
tion, our study does demonstrate that PTBP3 is
a novel, key component involved in TGEF-f-
induced EMT and identify a positive feedback
loop between PTBP3 and Smad2/3 driving TGF-
B-induced EMT.

In conclusion, our data unveiled that PTBP3 is
significantly upregulated in LUAD tissues and
high expression of PTBP3 was associated with
poor OS and RES of patients with LUAD.
Furthermore, we demonstrated that PTBP3 is
a novel mediator of TGF-B/Smad signaling and
promotes invasion and metastasis of LUAD cells
by activating Smad2/3 expression. Our findings
provide a deepened insight into how PTBP3 reg-
ulates TGF-B/Smad signaling in LUAD and reveal
that PTBP3 is a promising therapeutic target for
the treatment of patients with LUAD.
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