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Transforming growth factor b (TGFb) signaling plays an im-
portant role in regulating tumor malignancy, including in non–
small cell lung cancer (NSCLC). The major biological responses
of TGFb signaling are determined by the effector proteins
SMAD2 and SMAD3. However, the regulators of TGFb–SMAD
signaling are not completely revealed yet. Here, we showed that
the scaffolding protein PDLIM5 (PDZ and LIM domain protein
5, ENH) critically promotes TGFb signaling by maintaining
SMAD3 stability in NSCLC. First, PDLIM5 was highly expressed
in NSCLC compared with that in adjacent normal tissues, and
high PDLIM5 expression was associated with poor outcome.
Knockdown of PDLIM5 in NSCLC cells decreased migration and
invasion in vitro and lung metastasis in vivo. In addition, TGFb
signaling and TGFb-induced epithelial–mesenchymal transition
was repressed by PDLIM5 knockdown. Mechanistically, PDLIM5
knockdown resulted in a reduction of SMAD3 protein levels.
Overexpression of SMAD3 reversed the TGFb-signaling-repres-
sing and anti-migration effects induced by PDLIM5 knockdown.
Notably, PDLIM5 interacted with SMAD3 but not SMAD2 and
competitively suppressed the interaction between SMAD3 and
its E3 ubiquitin ligase STUB1. Therefore, PDLIM5 protected
SMAD3 from STUB1-mediated proteasome degradation. STUB1
knockdown restored SMAD3 protein levels, cell migration, and
invasion in PDLIM5-knockdown cells. Collectively, our findings
indicate that PDLIM5 is a novel regulator of basal SMAD3 stabil-
ity, with implications for controlling TGFb signaling and NSCLC
progression.

Transforming growth factor b (TGFb) signaling plays essen-
tial and multifaceted roles in tumor malignancy (1). At the ini-
tial stage of tumor formation, TGFb acts as a tumor suppressor
by inhibiting cell proliferation; however, at the later stage,
TGFb plays prometastatic roles (2, 3). The prometastatic
effects of TGFb signaling include accelerated tumor infiltra-
tion, cell adhesion, angiogenesis, cell epithelial–mesenchymal
transition (EMT), and extracellular matrix degradation.

In previous decades, lung cancer constituted the leading
cause of cancer mortality worldwide (4, 5). Clinical data indi-
cate that non–small cell lung cancer (NSCLC) accounts for
most lung cancer cases. Nevertheless, although numerous ther-
apeutic approaches are available for treating NSCLC, its prog-
nosis remains poor (6). As with most cancers, metastasis re-
presents the dominant reason of NSCLC-related death (7).
According to clinical studies, TGFb signaling is frequently
enhanced in NSCLC, promoting EMT and tumor metastasis (8,
9). SMAD2 and SMAD3 are two key downstream regulators of
TGFb signaling and play critical roles in TGFb-mediated bio-
logic functions (10). SMAD3 inhibition diminishes TGFb-
induced EMT in cancer cells (8). In addition, the overexpres-
sion of SMAD3 accelerates TGFb-mediated metastasis in
NSCLC cells (11). Notably, the post-translational modification
of SMAD3 protein is crucial for regulation of TGFb signaling.
The E3 ligase DEAR has been reported to interact with
SMAD3, thus resulting in SMAD3 polyubiquitination and deg-
radation (12). Moreover, phosphorylation at Thr66 in SMAD3,
mediated by GSK3b, primes the protein for phosphorylation-
directed ubiquitination (13). Hence, it is important to fully
understand SMAD3 regulatory mechanisms and how their reg-
ulation influences the TGFb signaling pathway.
The scaffolding protein PDLIM5 (also termed ENH), a mem-

ber of the PDZ–LIM domain protein family, was initially iden-
tified as a PKC kinase–binding protein (14). PDLIM5 contains
one PDZ and three LIM domains that mediate protein–protein
interactions (15). In addition to PKC, PDLIM5 binds multiple
protein kinases, including PKD, AMPK, and PKA, making it a
versatile scaffolding protein in signaling transduction pathways
(16, 17). PDLIM5 itself is a substrate of AMPK; its phosphoryla-
tion represses the migration of vascular smooth muscle cells
(18). Furthermore, PDLIM5 functions as a cytoplasmic seques-
tration protein for transcription factors ID2 and YAP (19, 20).
PDLIM5 is up-regulated in various cancers (21, 22). It has been
suggested that PDLIM5 promotes EMT and migration of pros-
tate cancer cells (23). In addition, PDLIM5 regulates TGFb3
signaling in vascular smooth muscle cells and hypoxia-induced
pulmonary hypertension in mice (24). Moreover, silencing of
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PDLIM5 suppresses TGFb signaling and SMAD3 expression in
alveolar epithelial cells (25). However, the role of PDLIM5 in
NSCLC and in regulation TGFb signaling remains largely
unknown.
In the current study, we found that PDLIM5 was up-regulated

in NSCLC tissues. PDLIM5 knockdown in NSCLC cells inhibited
cellular migration and invasion and TGFb signaling. PDLIM5
interacted with SMAD3, and PDLIM5 knockdown enhanced the
interaction between SMAD3 and its E3 ligase STUB1, resulting
in SMAD3 degradation. Together, these results demonstrated
that PDLIM5 is a novel SMAD3 regulator linking to SMAD3-
mediated TGFb signaling and lung cancer progression.

Results

PDLIM5 is up-regulated in NSCLC and associated with poor
outcome

To evaluate the importance of PDLIM5 in NSCLC, PDLIM5
expression was analyzed using data sets available in the Onco-
mine database (RRID:SCR_007834). PDLIM5 was highly ex-
pressed in three different cohorts of NSCLC patients (Fig. 1,A–
C). We confirmed the up-regulation of PDLIM5 in NSCLC
samples by Western blotting analysis (Fig. 1D). Moreover,
PDLIM5 were significantly increased in NSCLC tissues com-
pared with paired adjacent normal lung tissues as evaluated by
immunohistochemistry assay in 40 NSCLC subjects (Fig. 1, E

and F). Finally, survival analysis was performed to estimate the
association between PDLIM5 expression and lung cancer
patient survival using the Kaplan–Meier plotter online bioin-
formatics resource (RRID:SCR_018753), which revealed that
elevated PDLIM5 expression in lung cancer patients was corre-
lated with poor prognosis (Fig. 1G). Thus, PDLIM5 is up-regu-
lated in lung cancer and associated with poor outcome.

PDLIM5 knockdown impairs migration and invasion of lung
cancer cells

Next, we evaluated the expression of PDLIM5 in various
NSCLC cell lines. PDLIM5 was abundant in A549, H1975, and
MSTO cells but not in PC9 cells (Fig. 2A). A549 and H1975
cells were selected for further loss-of-function studies. PDLIM5
was reduced by PDLIM5 knockdown in A549 and H1975 cells
using viral-mediated RNA inference (shPDLIM5) (Fig. 2B).
Among the three different targeting sequences, shPDLIM5-1
and shPDLIM5-3 resulted in high knockdown efficiency (Fig. 2,
B and C). We next performed wound-healing and Transwell
migration assays to investigate the function of PDLIM5.
PDLIM5 knockdown significantly inhibited the wound-healing
capacity (Fig. 2, D and E) and cellular migration (Fig. 2, F and
G) of A549 and H1975 cells. Cell invasion was also greatly
halted in PDLIM5-knockdown lung cancer cells (Fig. 2, H and
I). In addition, PDLIM5 was overexpressed in PC9 cells.

Figure 1. PDLIM5 is up-regulated in NSCLC and associated with poor outcome. A and B, expression of PDLIM5 in lung cancer tissues compared with nor-
mal tissues from the Oncomine database. The data are shown as log2 median-centered intensity. C, expression of PDLIM5 in 27 NSCLC tissues compared with
paired adjacent normal tissues from the Oncomine database. D, Western blotting analysis of PDLIM5 levels in six cases of NSCLC tissues (CA) and paired adja-
cent normal tissues (N). b-Actin was used as a loading control. E and F, immunohistochemical analysis of PDLIM5 levels in 40 cases of NSCLC tissues and paired
adjacent normal tissues (E). Scale bar, 50 mm. Quantitative analysis was shown in F. Analysis was performed using Wilcoxonmatched-pairs signed-rank test. G,
overall survival rate analysis of 1926 patients with lung cancer according to the PDLIM5 levels. The analysis was performed by using the Kaplan–Meier Plotter
database data. The data are shown as themeans6 S.D. *, p, 0.05; **, p, 0.01; ***, p, 0.001. IHC, immunohistochemistry.
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PDLIM5 overexpression increased wound-healing capacity,
cellular migration, and invasion (Fig. S1, A–D). To explore the
role of PDLIM5 in lung metastasis in vivo, we intravenously
injected Pdlim5-knockdown Lewis lung carcinoma (LLC) cells
(Fig. 2J) into BALB/c nude mice via tail vein. Lung metastatic
nodules were significantly reduced in mice injected with
Pdlim5-knockdown cells compared with those in mice receiv-
ing control LLC cells (Fig. 2, K and L). Together, these observa-
tions suggest that PDLIM5 promotes cell migration, invasion,
and lungmetastasis of lung cancer cells.
Next, PDLIM5-knockdown in A549 and H1975 cells reduced

cell spreading (Fig. S2A) and adhesion to vascular endothelial
cells (Fig. S2, B and C). Using a real-time cell analyzer to record

cell adhesion (26), we found that PDLIM5 knockdown reduced
cell adhesion to fibronectin (Fig. S2D). Thus, PDLIM5 is
required for cell spreading and cell–ECM and cell–cell interac-
tions. PDLIM5 knockdown in A549 and H1975 cells also signif-
icantly attenuated vasculogenic mimicry (Fig. S2, E and F), a
process associated with tumor malignancy whereby tumor cells
mimic the vascular network (27). Moreover, PDLIM5 knock-
down did not affect cell proliferation, colony formation, and
the expression of cell cycle markers PCNA and cyclin D1 (Fig.
S1, F–H). Consistently, cell proliferation was not altered in PC9
cells with PDLIM5 overexpression (Fig. S1E).
Furthermore, we isolated mouse embryonic fibroblasts from

Pdlim5 knockout and WT mouse embryos to evaluate the

Figure 2. PDLIM5 knockdown impairs migration and invasion of lung cancer cells. A, Western blotting analysis of PDLIM5 in various NSCLC cell lines.
b-Actin was used as a loading control. B, Western blotting analysis of PDLIM5 knockdown efficiency in A549 and H1975 cells achieved by using three different
shRNA constructs. C, the knockdown efficiency of PDLIM5 was quantified and normalized to cells infected with control shRNA (shScr) (n = 3). b-Actin was used
as a loading control. D, representative images of the wound-healing assay of PDLIM5 knockdown A549 and H1975 cells. The images were captured at 0 and 24
h after scratching. Scale bar, 200 mm. E, the wound-healing rate was analyzed by ImageJ software (n = 4). F and H, representative images of the Transwell
migration (F) and Transwell invasion assay (H) of PDLIM5 knockdown A549 and H1975 cells. Scale bar, 200mm. G and I, the migration (G) and invasion (I) index
were quantified (n = 3). J, Western blotting analysis of Pdlim5 levels in Pdlim5-knockdown LLC cells. b-Actin was used as a loading control. K and L, representa-
tive bright-field images, and hematoxylin and eosin staining of the mouse lung with metastatic lesions (K). The lungs were collected 28 days after the injection
of Pdlim5-knockdown LLC cells. The lesions were quantified (L). Arrows indicate the metastatic lesions. The data were shown as the means6 S.D. Analysis was
performed using two-tailed Student’s t test for C, E, G, I, J, and L. *, p, 0.05; **, p, 0.01.
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universality of the findings. As in lung cancer cells, Pdlim5 dele-
tion decreased wound-healing capacity without affecting cell
proliferation (Fig. S1, I–K).

PDLIM5 knockdown attenuates TGFb signaling

Cell migration and invasion are regulated by TGFb signaling,
and PDLIM5 has been reported to be related to this signaling
(24, 25). To examine the role of PDLIM5 in regulating TGFb
signaling in lung cancer, gene set enrichment analysis was used
with The Cancer Genome Atlas database of lung cancer to ana-

lyze the potential association between PDLIM5 and TGFb
pathway. PDLIM5 was strongly co-expressed with genes
belonging to the TGFb pathway in lung cancer (Fig. 3A).
TGFb1markedly induced SBE-Luc activity in A549 cells, which
was significantly repressed by PDLIM5 knockdown (Fig. 3B).
PAI1 and JUNB are two well-known downstream targeting
genes of TGFb signaling, whose expression was notably
decreased in PDLIM5-knockdown A549 and H1975 cells
(Fig. 3C) and in embryonic fibroblasts isolated from Pdlim5-
knockout mice (Fig. S3A). Consistent with this, forced
expression of PDLIM5 in PC9 cells increased the expression

Figure 3. PDLIM5 knockdown attenuates TGFb signaling. A, GSEA of The Cancer Genome Atlas lung cancer data sets revealed the association between
TGFb-responsive genes and PDLIM5. B, luciferase reporter assay with PDLIM5 knockdown A549 cells. The cells were stimulated, or not, with TGFb1 (10 ng/ml).
The data were normalized to the Renilla luciferase activity. C, Western blotting analysis of TGFb signaling-related proteins PAI1 and JUNB in PDLIM5 knock-
down A549 and H1975 cells. b-Actin was used as a loading control. D, morphology of PDLIM5 knockdown A549 and H1975 cells treated, or not, with TGFb1
(5 ng/ml) for 24 h. Scale bar, 50 mm. E, RT-PCR analysis of the expression of genes for EMTmarkers in PDLIM5 knockdown A549 and H1975 cells treated, or not,
with TGFb1 (5 ng/ml) for 24 h. The data were normalized to 18S RNA (n = 3). F, Western blotting analysis of TGFb signaling proteins and EMTmarkers in PDLIM5
knockdown A549 and H1975 cells treated, or not, with TGFb1 (5 ng/ml) for 24 h. b-Actin was used as a loading control. G, quantitative analysis of SMAD3 and
p-SMAD3 in PDLIM5 knockdown NSCLC cells. SMAD3 value was normalized to the levels in shScr cells, and b-actin was used as a loading control. p-SMAD3
value was normalized to the shScr1 TGFb1 levels (n = 3).H, Western blotting analysis of TGFb signaling proteins in PDLIM5 knockdown A549 and H1975 cells.
SMAD3 value was quantified and normalized to shScr value. b-Actin was used as a loading control. The data are shown as the means6 S.D. Analysis was per-
formed using one-way ANOVAwith Tukey post hoc test for B, E, andG and two-tailed Student’s t test forH. *, p, 0.05; **, p, 0.01; ***, p, 0.001.
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of PAI1 and JUNB (Fig. S3B). EMT is typically induced in
lung cancer cells treated with TGFb1 (9). Accordingly, upon
TGFb1 stimulation, A549 and H1975 cells exhibited a fibro-
blast-like morphology, whereas this morphological change
was blocked by PDLIM5 knockdown (Fig. 3D). Furthermore,
RT-PCR andWestern blotting analysis revealed that PDLIM5
knockdown in A549 and H1975 cells significantly decreased
TGFb1-responsive and mesenchymal-related gene expres-
sion following TGFb1 treatment (Fig. 3, E and F).
Interestingly, SMAD3 but not SMAD2 expression was

decreased in PDLIM5-knockdown cells (Fig. 3, F–H) and in
Pdlim5-knockout mouse embryonic fibroblasts (Fig. S3C).
p-Smad3/Smad3 was unaltered in TGFb1-treated PDLIM5-
knockdown cells (Fig. 3G). PDLIM5 knockdown did not affect
the expression of SMAD4, SMAD7, and TGFbR1 (Fig. 3H). In
addition, PC9 cells with PDLIM5 overexpression increased the
SMAD3 level (Fig. S3D). Together, these results indicated that
PDLIM5 regulates SMAD3-mediated TGFb signaling.

SMAD3 mediates PDLIM5 function

To explore whether PDLIM5 function in lung cancer cells
was mediated by SMAD3, we first explored the role of SMAD3
in cell migration and invasion. SMAD3 knockdown in A549
cells inhibited cell wound-healing capacity, cellular migration,
and invasion (Fig. S1, L–P). The expression of SMAD3 was
reduced in Pdlim5-knockout mouse lungs (Fig. S3E). Pdlim5
deletion in mice resulted in alveolarization retardation, which
was similar to Smad3-knockout mice (28) (Fig. S3, F and G).
Therefore, similar to PDLIM5, SMAD3 promotes cancer cell
migration and invasion and lung development.
Next, we restored SMAD3 in PDLIM5-knockdown A549

cells. The decreased expression of PAI1 and JUNB in PDLIM5-
knockdown A549 cells was recovered upon SMAD3 overex-
pression (Fig. 4A).
The repression of EMT induced by PDLIM5 knockdown was

also attenuated by SMAD3 overexpression (Fig. 4B). Further-
more, SMAD3 ectopic expression rescued PDLIM5 knock-
down–induced defects in cellular attachment to fibronectin
(Fig. S2G) and vasculogenic mimicry (Fig. S2H). Finally, the
decreased wound-healing capacity, cellular migration, and
invasion in PDLIM5-knockdown A549 cells were all restored
by SMAD3 overexpression (Fig. 4, C–F). Taken together, these
results clearly support our assessment that the defects in
PDLIM5-knockdown cells were due to the decrease of SMAD3.

PDLIM5 suppresses proteasome-dependent degradation of
SMAD3

To explore the regulation between PDLIM5 and SMAD3,
first, we analyzed PDLIM5 and SMAD3 mRNA levels in
NSCLC cell lines available in the Expression Atlas database. No
relationship between PDLIM5 and SMAD3 mRNA levels was
suggested (r = 0.03, p = 0.77) (Fig. 5A). In contrast, PDLIM5
and SMAD3 protein levels were highly correlated in NSCLC
cell lines and NSCLC tissues (Fig. 5, B and C). Further, RT-PCR
analysis indicated that PDLIM5 knockdown did not alter
SMAD3mRNA level in A549 and H1975 cells (Fig. 5D). These

observations indicated that in the lung cancer cells, PDLIM5
specifically regulates SMAD3 stability.
Next, to evaluate SMAD3 turnover, we treated A549 cells

with cycloheximide (CHX) to inhibit protein synthesis.
PDLIM5 knockdown promoted SMAD3 turnover (Fig. 5E),
whereas this was markedly inhibited upon PDLIM5 overex-
pression in A549 cells (Fig. 5F). Because ubiquitination is an
important mechanism for regulating SMAD3 stability, we co-
expressed FLAG–SMAD3 and ubiquitin constructs in A549
cells to evaluate whether PDLIM5 regulates SMAD3 ubiquiti-
nation. We found that SMAD3 ubiquitination was enhanced
upon PDLIM5 knockdown (Fig. 5G) and repressed after
PDLIM5 overexpression (Fig. 5G). Importantly, MG132 (an in-
hibitor of proteasome degradation) effectively inhibited
SMAD3 decrease in PDLIM5-knockdown cells (Fig. 5H). Col-
lectively, these findings indicate that PDLIM5 protects SMAD3
from proteasome-mediated degradation.

PDLIM5 interacts with SMAD3

It has been reported that the serine/threonine kinase GSK3b
is responsible for SMAD3 degradation (13). However, GSK3b
activity, as indicated by its phosphorylated state, was not
altered in PDLIM5 knockdown A549 cells (Fig. S4A). More-
over, GSK3b knockdown (Fig. S4B) and a GSK3b inhibitor
(LiCl) (Fig. S4C) all failed to restore SMAD3 levels in PDLIM5-
knockdown A549 cells. Then we questioned whether PDLIM5
stabilizes SMAD3 by direct binding. To test this, FLAG-tagged
SMAD3 and HA-tagged PDLIM5 were ectopically expressed in
HEK293T cells. Protein pellets precipitated using the anti-
FLAG antibody contained the HA-tagged PDLIM5 protein.
Specifically, no interaction between SMAD2 and PDLIM5 was
detected (Fig. 6A). Immunoprecipitation of endogenous pro-
teins in A549 cells confirmed the interaction between PDLIM5
and SMAD3 (Fig. 6B). We therefore proceeded to map the
interacting domains in PDLIM5 and SMAD3. LIM domains,
the PDZ domain, and PDLIM5 without LIM domains (DLIM)
were individually expressed in HEK293T cells. SMAD3 was
found to interact with the LIM but not the PDZ domain of
PDLIM5 (Fig. 6C). In comparison, either the SMAD3 MH1 or
MH2 domain interacted with PDLIM5 (Fig. 6D). Last, PDLIM5
co-localization with SMAD3 as revealed by immunofluores-
cence assay further confirmed this interaction (Fig. 6E). There-
fore, PDLIM5 interacts with SMAD3 but not SMAD2.
To answer whether the interaction between PDLIM5 and

SMAD3 plays a role in stabilizing SMAD3 by PDLIM5, we first
transfected truncated PDLIM5 without LIM domains (DLIM)
in PC9 cells to detect whether it promotes SMAD3 expression.
As expected, PDLIM5 mutation, destroying the PDLIM5–
SMAD3 interaction, failed to up-regulate SMAD3 in PC9 cells
(Fig. S3D). Similarly, PDLIM5 re-expression restored the
wound-healing capacity, cellular migration, and invasion in
PDLIM5-knockdown cells. However, expression of PDLIM5
mutation (DLIM) did not restore the defects (Fig. S3, H–L).
Thus, the interaction is required for PDLIM5 to stabilize
SMAD3.
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PDLIM5 stabilizes SMAD3 by counteracting the interaction
between SMAD3 and STUB1

Because several E3 ligases reportedly regulate SMAD3 degra-
dation, we hypothesized that PDLIM5 may modulate SMAD3
degradation by regulating the activity of certain E3 ligase. An
immunoprecipitation (IP)–MS experiment revealed that
PDLIM5 bound multiple E3 ligases, among which STUB1 is a
E3 ligase for SMAD3 (Fig. 7A). The interaction was confirmed
in HEK293T cells expressing HA-PDLIM5 and FLAG-STUB1
by a co-immunoprecipitation assay (Fig. S4D). Overexpression
of STUB1 decreased SMAD3 without altering SMAD2 in A549
cells (Fig. S4E). Moreover, PAI1 and JUNB expression was
reduced in STUB1 overexpressed cells (Fig. S4F). Importantly,
STUB1 knockdown restored SMAD3 level in PDLIM5 knock-

down cells (Fig. 7B). Specifically, STUB1 interacted with the
MH2 domain of SMAD3 (Fig. S4G and Fig. 7C). Because both
PDLIM5 and STUB1 interacted with the MH2 domain of
SMAD3, we next tested whether PDLIM5 affected the interac-
tion between STUB1 and SMAD3. Immunoprecipitation analy-
sis revealed that reduced PDLIM5 expression enhanced the
interaction between STUB1 and SMAD3, whereas PDLIM5
overexpression perturbed this interaction (Fig. 7, D and E).
Next, acceptor bleach FRET experiments were carried out with
CFP-SMAD3 as the donor and YFP-STUB1 as the acceptor to
verify the results. Photobleaching of YFP-STUB1 significantly
increased the postbleaching fluorescence intensity of CFP-
SMAD3, indicating significant FRET between these two pro-
tein. The FRET between CFP-SMAD3 and YFP-STUB1 was

Figure 4. SMAD3mediates PDLIM5 function in cancer cells. A, Western blotting analysis of PAI1 and JUNB in PDLIM5 knockdown A549 cells, with or with-
out SMAD3 overexpression. PAI1 and JUNB were quantified and normalized to shScr value (n = 3). b-Actin was used as a loading control. B, RT-PCR analysis of
EMT markers in PDLIM5 knockdown A549 cells, with or without SMAD3 overexpression. The cells were treated, or not, with TGFb1 (5 ng/ml) for 24 h. The data
were normalized to 18S RNA (n = 3). C, representative images of the Transwell migration and Transwell invasion assay of PDLIM5 knockdown A549 cells with or
without SMAD3 overexpression. Scale bar, 200mm.D, the migration and invasion index were quantified (n = 3). E, representative images of the wound-healing
assay of PDLIM5 knockdown A549 cells with or without SMAD3 overexpression. The images were captured at 0 and 24 h after wounding. Scale bar, 200mm. F,
the wound-healing rates were analyzed by ImageJ software (n = 3). The data are shown as means6 S.D. Analysis was performed using one-way ANOVA with
Tukey post hoc test for A, B, D, and F. *, p, 0.05; **, p, 0.01; ***, p, 0.001; ns, not significant.
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disrupted upon PDLIM5 overexpression, suggesting that
PDLIM5 repressed STUB1 interacting with SMAD3 (Fig. 7F).
Moreover, the decrease of SMAD3 in STUB1-overexpression
A549 cells was reversed by the expression of PDLIM5 but not
LIM-domain deletion PDLIM5 mutation (Fig. 7G). Notably,
STUB1 overexpression in A549 cells reduced cell migration,
invasion, cell adhesion, and vasculogenic mimicry (Fig. 8, A–D,
and Fig. S2, I and J), similar to those in PDLIM5-knockdown
cells. Furthermore, knockdown STUB1 restored the wound-
healing capacity, cellular migration, and invasion of PDLIM5-
knockdown cells (Fig. 8, E–H). All of these observations indi-
cate that PDLIM5 and STUB1 competitively bind to SMAD3,

and PDLIM5 stabilizes SMAD3 by protecting it from STUB1-
mediated proteasome degradation.

Discussion

TGFb signaling has a prominent role in NSCLC tumorigene-
sis and metastases (3). SMAD3, as a key mediator in the TGFb
signaling pathway, plays an essential role in tumor invasiveness.
In this study, we found that PDLIM5 is a new interacting pro-
tein to SMAD3 but not SMAD2. The interaction disrupts the
binding between SMAD3 and its E3 ligase STUB1 to prevent
SMAD3 degradation, thus promoting TGFb signaling and

Figure 5. PDLIM5 suppresses proteasome-dependent degradation of SMAD3. A, the correlation between PDLIM5 and SMAD3mRNA levels in NSCLC cells.
B, Western blotting analysis of PDLIM5 and SMAD3 in different NSCLC cells. The correlation between PDLIM5 and SMAD3 protein levels was shown. b-Actin
was used as a loading control. C, Western blotting analysis of PDLIM5 and SMAD3 in six NSCLC tissues and paired adjacent normal tissues. The correlation
between PDLIM5 and SMAD3 protein levels was shown. b-Actin was used as a loading control.D, mRNA levels of SMAD2, SMAD3, and SMAD5 in PDLIM5 knock-
down A549 and H1975 cells. The data were normalized to 18S RNA levels (n = 3). E and F, Western blotting analysis of SMAD3 in PDLIM5 knockdown (E) and
PDLIM5 overexpressed (F) A549 cells treated with CHX (50 mg/ml) for 4 or 8 h. SMAD3 levels at the indicated times after CHX treatment were quantified (n = 3).
b-Actin was used as a loading control. G, ubiquitination assay of exogenously overexpressed SMAD3 in PDLIM5 overexpressed and PDLIM5 knockdown A549
cells.H, Western blotting analysis of SMAD3 in PDLIM5 knockdownA549 cells treated with 20mMMG132 for 8 h. SMAD3 levels were quantified and normalized
to shScr values. b-Actin was used as loading control. The data are shown as the means6 S.D. Analysis was performed using two-tailed Student’s t test for D
and one-way ANOVAwith Tukey post hoc test for E, F, andH. *, p, 0.05; **, p, 0.01; ***, p, 0.001. IB, immunoblotting.
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cancer cell migration, invasion, and NSCLC progression. Our
findings therefore demonstrated a novel mechanism for
PDLIM5 in regulating TGFb–SMAD3 signaling and NSCLC
progression.
PDLIM5 belongs to the PDZ–LIM protein family, featured

as containing one PDZ domain and one or three LIM domains.
The most studied PDZ–LIM domain proteins in cancers are
PDLIM1, PDLIM2, and PDLIM4. PDLIM1/CLP36 is up-regu-
lated to mediate breast cancer metastasis by interacting with
a-actinin (29). In contrast, PDLIM1 is down-regulated to in-
hibit cellular migration and invasion in highly metastatic colo-
rectal cancer cells and metastatic hepatocellular cancer (30,
31). PDLIM2 controls COP9 signalosome activity and pro-
motes the degradation of multiple tumor inducers including
NF-kB and STAT3 in colorectal cancer (32, 33). A similar anti-
tumor role of PDLIM2 was recently reported in lung cancer
(34). PDLIM4 is a tumor suppressor and reportedly down-regu-
lated in various cancers (35). Here, we showed that PDLIM5 is
up-regulated in NSCLC tissues, which is associated with poor
outcome. Furthermore, our data revealed that PDLIM5 is

required for NSCLC cell adhesion, migration, invasion, and
lung metastasis in mice. Although it has been reported that
PDLIM5 knockdown inhibits prostate cancer and thyroid carci-
noma cell proliferation (22, 23), we showed that PDLIM5 insuf-
ficiency in NSCLC cells and mouse embryonic fibroblasts does
not inhibit cell proliferation, indicating that the function of
PDLIM5 is context-dependent. Therefore, the present results
revealed a protumor role of PDLIM5 in NSCLC.
Upon TGFb stimulation, SMAD2 and SMAD3 are phos-

phorylated at their C termini by the activated TGFbRI and
shuttle the signal to nucleus, which is the main events in
TGFb signaling (36). Despite their similarity in sequence,
SMAD2 and SMAD3 have different roles in tumor progres-
sion and are differentially regulated (37). In current study, we
showed that PDLIM5 interacts with SMAD3 but not SMAD2
and stabilizes basal SMAD3. Several studies have demon-
strated that SMAD3 knockdown remarkably inhibits TGFb-
induced EMT and tumor metastasis in multiple cancers
including NSCLC (11, 38). In addition, the expression of
SMAD3 target genes, including PAI1 and JUNB, are positively

Figure 6. PDLIM5 interacts with SMAD3. A, co-immunoprecipitation analysis of the interaction between PDLIM5 and SMAD3 or SMAD2 in HEK293T cells. B,
co-immunoprecipitation analysis of the endogenous interaction between PDLIM5 and SMAD3 in A549 cells. C, mapping PDLIM5 fragment that interacted
with SMAD3. HEK293T cells were co-transfected with FLAG–SMAD3 and PDLIM5 truncated fragment (HA-PDLIM5, 1–596 amino acids; LIMs, 418–596 amino
acids;4LIM, 1–417 amino acids; PDZ, 1–85 amino acids) for immunoprecipitation assays. D, mapping SMAD3 fragment that interacted with PDLIM5. HEK293T
cells were co-transfected with HA-PDLIM5 and SMAD3 truncated fragment (FLAG–SMAD3, 1–425 amino acids; MH1, 1–137 amino acids; MH2, 231–425 amino
acids) for immunoprecipitation assays. E, immunofluorescence analysis to show co-localization of SMAD3 (green) and PDLIM5 (red) in A549 cells. The cell nu-
cleus is stained blue. Scale bar, 50mm. IB, immunoblotting.
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correlated with tumor progression (39, 40). We found that
both PAI1 and JUNB were down-regulated in PDLIM5
knockdown NSCLC cells, and there were similar defects in
cellular migration and invasion in both PDLIM5 and SMAD3
knockdown cells. Importantly, ectopic expression of SMAD3
prominently restored the deficiency in TGFb signaling,
migration, and invasion caused by PDLIM5 loss. These obser-
vations demonstrated that PDLIM5 specifically regulates
SMAD3-mediating TGFb signaling.

The TGFb–SMAD pathway is regulated by ubiquitin-medi-
ated degradation (41). Various E3 ligases have been reported
to mediate the degradation of multiple components in TGFb
signaling, including SMAD3 and SMAD2. PDLIM5 contains
three LIM domains that mediate protein–protein interac-
tions. Notably, LIM domain proteins have recently emerged
as vital regulators that tightly control the activity of E3 ubiqui-
tin ligase (42, 43). Consistent with this, we found that PDLIM5
binds multiple E3 ligases, including STUB1. STUB1 ubiquitinates

Figure 7. PDLIM5 stabilizes SMAD3 by counteracting the interaction between SMAD3 and STUB1. A, IP-MS analysis of candidate proteins inter-
acting with PDLIM5 in A549 cells. B, Western blotting analysis of SMAD3 in PDLIM5 knockdown, alone or combination with STUB1 knockdown in A549
cells. SMAD3 value was quantified and normalized to the control (n = 3). b-Actin was used as a loading control. C, mapping SMAD3 fragment that inter-
acted with STUB1. HEK293T cells were co-transfected with Myc-STUB1 and SMAD3 truncated fragment (FLAG–SMAD3, 1–425 amino acids; MH1, 1–137
amino acids; MH2, 231–425 amino acids; DMH1, 137–425 amino acids) for immunoprecipitation assays. D and E, co-immunoprecipitation analysis of
the interaction between STUB1 and SMAD3 in PDLIM5 knockdown (D) or PDLIM5 overexpressed (E) A549 cells. F, FRET experiments were performed
using PDLIM5 overexpressed A549 cells co-transfected with YFP-STUB1 (YFP; top row) and CFP-SMAD3 (CFP; bottom row). Representative images for
pre- and postbleaching were shown. Quantification of FRET efficiency was calculated with following formula: %FRET = 1003 (CFPpost CFPpre)/CFPpost.
G, Western blotting analysis of SMAD3 in A549 cells transfected with STUB1 expressing construct, alone or together with PDLIM5 full-length or LIM-do-
main deletion mutant. SMAD3 were quantified and normalized to the control (n = 3). b-Actin was used as a loading control. The data are shown as the
means6 S.D. Analysis was performed using two-tailed Student’s t test for D–F and one-way ANOVA with Tukey post hoc test for B and G. *, p, 0.05;
**, p, 0.01. IB, immunoblotting.
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and degrades SMAD3 in a basal level, thus desensitizing the cells
to TGFb signaling (44). We showed that PDLIM5 stabilizes basal
SMAD3 by repressing SMAD3 binding to STUB1. Whether
other PDLIM5-interacting E3 ligases mediates the malignance of
lung cancer requiresmore exploration.
The dichotomous roles of TGFb in cancers complicate the

development of TGFb-targeted anticancer drugs. However,
proteins that interact with SMAD3, such as PDLIM5, bring
new light to this field. The reason is that targeting PDLIM5
does not promote the proliferation of NSCLC cells, while it
inhibits TGFb signaling and tumormalignance.
In conclusion, we find that PDLIM5 specifically interacts

with SMAD3 and prevents its degradation, and its expression is
up-regulated to promote TGFb signaling and malignance of

lung cancer. These findings pinpoint PDLIM5 as a potential
prognostic biomarker and intervention target for NSCLC.

Experimental procedures

Plasmids and reagents

SBE-Luc was purchased from Addgene (#16500,Watertown,
MA, USA). pRL-TK was from Promega (Madison, WI, USA).
FLAG–SMAD3 and FLAG-STUB1 were purchased from You-
bio (Changsha, China). CFP-SMAD3, YFP-STUB1, FLAG-
PDLIM5, HA-PDLIM5, Myc-SMAD3, Myc-STUB1, and all the
truncated protein-encoding plasmids were constructed as
described previously (24). FLAG–SMAD2 was a generous gift
fromDr. Lin-Long Lu (Zhejiang University School of Medicine,

Figure 8. STUB1 knockdown reverses the defects in cell migration and invasion upon PDLIM5 knockdown. A, representative images of the
wound-healing assay for STUB1 overexpressed cells. The images were captured at 0 and 24 h after scratching. Scale bar, 200 mm. C, the wound-healing
rate was analyzed by ImageJ software (n = 3). B, representative images of Transwell migration and Transwell invasion assay for STUB1 overexpressed
A549 cells. Scale bar, 200 mm. D, the migration and invasion index were quantified (n = 3). E, representative images of the Transwell migration and
Transwell invasion assay of PDLIM5-knockdown A549 cells with or without STUB1 knockdown. Scale bar, 200 mm. F, the migration and invasion index
were quantified (n = 3). G, representative images of the wound-healing assay of PDLIM5 knockdown A549 cells with or without STUB1 knockdown. The
images were captured at 0 and 24 h after scratching. Scale bar, 200 mm. H, the wound-healing rate was analyzed by ImageJ software (n = 3). The data
are shown as means6 S.D. Analysis was performed using two-tailed Student’s t test for C and D and one-way ANOVA with Tukey post hoc test for F
and H. *, p, 0.05; **, p, 0.01; ***, p, 0.001; ns, not significant.
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Hangzhou, China). siRNA (target sequences are shown in
Table S1) was from Hanbio (Shanghai, China). MG132 and
CHX were obtained from MedChemExpress (Shanghai, China).
Active recombinant human TGFb1 was obtained from Pepro-
Tech (RockyHill, NJ, USA).

NSCLC tissues

Forty-six NSCLC tissues and matched tumor-adjacent nor-
mal lung tissues were obtained from the First Affiliated Hospi-
tal, College of Medicine, Zhejiang University (Hangzhou,
China) and confirmed by pathological diagnosis. The protein
levels of PDLIM5 and SMAD3 were analyzed in fresh speci-
mens from six cases. The other 40 paraffin-embedded tissues
were analyzed by immunohistochemical staining. This study
was approved by the Research Ethics Committee of the First
Affiliated Hospital, College of Medicine, Zhejiang University
(Hangzhou, China, No. 2019-1393) and abided by the Declara-
tion of Helsinki principles. Written informed consent was
obtained from all patients prior to the study.

Bioinformatics analysis

The Oncomine (RRID:SCR_007834) database was utilized to
analyze the expression profiles of PDLIM5 in normal and
NSCLC tissues. The survival Kaplan–Meier estimates of
patients with NSCLC exhibiting different PDLIM5 expression
levels was assessed using a Kaplan–Meier plotter (RRID:SCR_
018753).

Cell culture and transient transfection

Mouse lung cancer cell line LLC, human HEK293T cells, and
NSCLC cell lines A549, MSTO, H1975, H1299, H358, and PC9
were from the American Type Culture Collection (Manassas,
VA, USA). WT and Pdlim5-knockout mouse embryonic fibro-
blasts were isolated and cultured as described previously (45).
The cells were grown in RPMI 1640 medium (Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum.

Mice

Pdlim5 global knockout (Pdlim52/2) mice were bred from
heterozygous mice, as described previously (46). The left lungs
of Pdlim5WT and knockout mice were embedded by paraffin.
The tissues were cut into 5mm sections and stained with hema-
toxylin and eosin for histological examination. 6–8-week-old
nude mice were purchased from Shanghai Slack Laboratory
Animal Co., Ltd. (Shanghai, China) for in vivometastasis assay.
The mice were injected with LLC lung cancer cells suspended
in PBS (2.53 106 cells/mouse) via the tail vein. 28 days after the
injection, the mice were euthanized by pentobarbital injection,
and the lungs were fixed in 4% paraformaldehyde (PFA) to pre-
pare paraffin sections. The lung metastasis regions were
counted under a light microscope. The total number of meta-
static nodules in each mouse was determined. All animal
experiments were reviewed and approved by the Animal Care
and Use Committee of the Zhejiang University School of
Medicine.

Lentivirus infection

To produce lentiviruses, HEK293T cells were transfected
with plKO-puro shPDLIM5 (the target sequences are provided
in Table S1) or control shRNA (shScr) and packaging plasmids
(pMD2.G and psPAX2; Sigma–Aldrich). Lentivirus-containing
supernatants were collected 48 h after the transfection and fil-
tered through a 0.22 mm filter. Prior to infection, lentiviruses at
same virus multiplicity of infection (multiplicity of infection of
30) were incubated with Polybrene (Beyotime, Shanghai,
China) to increase the infection efficiency.

Transwell assay

For the migration assay, 23 104 cells suspended in 200 ml of
RPMI 1640 serum-free medium containing 0.5% BSA were
seeded into 8-mm Boyden chambers (Corning, Armonk, NY,
USA). For the invasion assay, 23 105 cells suspended in 200 ml
of RPMI 1640 serum-free medium containing 0.5% BSA were
plated in the upper chamber precoated with 50 ml of 2 mg/ml
Matrigel (Corning). Then 600 ml of the complete medium was
added to the lower chamber to encourage cell migration and
invasion. The incubation time formigration was 24 h. The inva-
sion required an additional 24 h. After incubation, the upper
chambers were collected and fixed in methanol, and nonmi-
grating or noninvading cells were removed. The migrating and
invading cells were stained with crystal violet solution (Beyo-
time), and representative images were acquired using a light
microscope (Olympus, Tokyo, Japan). The crystal violet-
stained cells were then washed with 33% acetic acid, and ab-
sorbance was measured at 570 nm (Molecular Devices, Sunny-
vale, CA, USA).

Cell adhesion assay

To detect cell adhesion to endothelial cells, H1975 and A549
cells were labeled with calcein AM. The labeled cells (13 104/
100ml/well) were co-cultured with an endothelial monolayer of
human umbilical vein endothelial cells (isolated as described
(47)) in 96-well plates for 1 h. After the incubation, the
detached cells were washed off with PBS, and the adherent cells
were counted under a fluorescence microscope (Nikon Eclipse
TE2000U-E, Tokyo, Japan). The xCELLigence real-time cell an-
alyzer instrument (Acea Biosciences, San Diego, CA, USA) was
used to evaluate the adhesion capacity of A549 and H1975 cells
to fibronectin. For the experiment, 1 3 104 cells suspended in
200 ml of RPMI 1640 medium containing 0.5% BSA were
seeded into 96-well E-plates precoated with 2.5 mg fibronectin/
well. The attachment was monitored by recording the cell
index everyminute for 2 h.

Vasculogenic mimicry assay

Vasculogenic mimicry assay was used to evaluate the vascu-
logenic mimicry of cancer cells in vitro. For the experiment, 10
ml of Matrigel (Corning) was placed in an u-Slide well (Ibidi,
Martinsried, Germany) and incubated at 37 °C for 30 min to
allow it to solidify. A549 and H1975 cells suspended in com-
plete medium were seeded into the u-Slide at a density of 2 3
104 cells/well and incubated for 6 h. The formation of tubes was
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captured using an inverted light microscope at 1003 magnifi-
cation in five random fields. Tube length was also measured in
five random fields, using ImageJ software.

Immunofluorescence staining

The cells cultured on glass coverslips were fixed in 4% PFA
and permeabilized using 0.5% Triton X-100 in PBS before incu-
bation with an appropriate primary antibody (Table S2). The
signal was visualized by incubating with goat anti-mouse anti-
bodies conjugated withAlexa Fluor 594 or goat anti-rabbit anti-
bodies conjugated with Alexa Fluor 488 at room temperature
for 1 h. The nucleus was labeled using 49,6-diamidino-2-phe-
nylindole. The images were acquired by using the FV1000 con-
focal microscope (Olympus, Tokyo, Japan).

Immunohistochemical staining

Paraffin-embedded tissue samples were stained with anti-
PDLIM5 antibody (Table S2). Then each sample was scored
based on the percentage of positively stained cells (0, 0%; 1, 1–
25%; 2, 26–50%; 3, 51–75%; 4, 76%–100%) and the staining in-
tensity (0, negative; 1, weak; 2, moderate; 3, strong). The two
scores were multiplied for the final score (48).

Western blotting

All tissue and cellular proteins were extracted by RIPA lysis
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% so-
dium deoxycholate, and 1% Nonidet P-40) following the manu-
facturer’s instructions (Beyotime). The lysate was boiled at
100 °C for 8 min, and the proteins were separated on 10 and
13% SDS-PAGE gels. They were then transferred onto nitrocel-
lulose membrane (Pall, Port Washington, NY, USA), probed
with primary antibody at 4 °C overnight. The primary antibod-
ies used herein were listed in Table S2. The membranes were
then washed three times with TBST (150 mM NaCl, 50 mM

Tris, 0.05% Tween 20, pH 7.6) and probed with a secondary
antibody (Table S2) at room temperature for 1 h. Finally, the
target protein was visualized by using the Odyssey system (LI-
COR Biosciences, Lincoln, NE, USA).

Co-immunoprecipitation

The cells were lysed in Nonidet P-40 buffer (20 mM Tris-
HCl, pH 8.0, 150mMNaCl, 2 mM EDTA, and 1%Nonidet P-40)
freshly supplemented with a protease inhibitor (Roche) and a
phosphatase inhibitor (Roche). Then 30 ml of magnetic beads
(Bio-Rad) were incubated with 3mg of the appropriate antibody
with agitation for 10 min at 37 °C. Cell lysates were incubated
with antibody-conjugated magnetic beads at 4 °C overnight.
The immunoprecipitates were then eluted by boiling in SDS
sample buffer (Beyotime) for 5 min. For the ubiquitination
assay, the cells transfected with FLAG–SMAD3 and ubiquitin
constructs were treated with 10 mM MG132 for 8 h and then
lysed for a subsequent co-immunoprecipitation assay.

IP-MS

A549 cells were transduced with HA-PDLIM5 plasmids for
24 h, then lysed, and incubated with anti-HA antibody–conju-

gated beads. The immunoprecipitate was subjected to SDS-
PAGE. After electrophoresis, the protein gel was stained with
Coomassie Brilliant Blue and then analyzed by MS by Qinglian
Bio (Beijing, China).

Double luciferase reporter assay

The SBE reporter assay was performed as previously
described (49). Reporter gene activity was detected according
to the protocol for the Dual-Luciferase reporter gene assay kit
(Promega) and measured by using SpectraMax M5 (Molecular
Devices).

Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen).
For cDNA synthesis, 1 mg of total RNA was transcribed using
the ReverTraAce quantitative RT-PCR kit (Toyobo Inc., Osaka,
Japan). Quantitative PCR was performed using the LightCycler
Roche480 (Roche) according to themanufacturer’s instructions
of the SYBR Green dye (cwbio, Beijing, China). Gene expres-
sion was normalized to the endogenous control (18S RNA) and
calculated using 2 – DDCt. All primers used for the analysis are
listed in Table S3.

Acceptor photobleaching FRET

CFP-SMAD3 (donor) and YFP-STUB1 (acceptor) to-
gether with HA-PDLIM5 or empty vector were co-trans-
fected in A549 cell. After 24 h of transfection, the cells were
fixed by 4% PFA. Acceptor photobleaching FRET were per-
formed using the FV1000 confocal microscope (Olympus,
Tokyo, Japan) as described previously (50). The CFP and
YFP fluorophores were excited with excitation wavelengths
of 458 and 514 nm, respectively. After acquired the emis-
sion images, the cells marked by a region of interest and this
region was bleached by a high laser power (20 iterations,
100% laser power, 514 nm). The FRET efficiency was meas-
ured as the percentage increase of donor after photobleach-
ing the acceptor: %FRET = 100 3 (CFPpost 2 CFPpre)/CFPpost.
CFPpost and CFPpre indicate CFP emission after and before
bleaching, respectively.

Statistical analysis

Statistical analysis was performed by GraphPad Prism 5. The
data are presented as themeans6 S.D.We performed unpaired
t tests to determine the significance of differences between two
groups. For the comparison of more than two groups, one-way
ANOVA was used. A Wilcoxon matched-pair signed-rank test
was used to determine the expression difference between the
cancer tissue and adjacent normal tissue. A p value, 0.05 was
considered statistically significant.

Data Availability

All the data are included in the article.
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