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Abstract
Although programmed cell death 4 (PDCD4) was initially reported as a tumor suppressor and has been shown to inhibit 
cancer cell growth and metastasis, recent studies have demonstrated that loss of PDCD4 expression also induces growth 
inhibition by inducing apoptosis and/or cellular senescence. At present, the roles of PDCD4 in the activation and profibro-
genic properties of myofibroblasts, which are critically involved in organ fibrosis, such as that in the liver, are unclear. We, 
therefore, investigated the roles of PDCD4 in myofibroblasts using human hepatic stellate cell line Lieming Xu-2 (LX-2). 
PDCD4 knockdown inhibited LX-2 proliferation and induced a senescent phenotype with increased β-galactosidase stain-
ing and p21 expression in a p53-independent manner together with downregulation of the notch signaling mediator RBJ-κ/
CSL. During PDCD4 knockdown, alpha smooth muscle actin (α-SMA; an activation marker of myofibroblasts), matrix 
metalloproteinases MMP-1 and MMP-9, and collagen IV were upregulated, but the expression of collagen1α1 and collagen 
III was markedly downregulated without any marked change in the expression of tissue inhibitor of metalloproteinase-1 
(TIMP-1). These results demonstrated that knockdown of PDCD4 induced the cellular senescence phenotype and activated 
myofibroblasts while suppressing the profibrogenic phenotype, suggesting roles of PDCD4 in cellular senescence and fibro-
genesis in the liver.
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Introduction

Human hepatic stellate cells (HSCs) account for 5–8% of 
all liver cells and play important roles in the storage of vita-
min A and production of extracellular matrix (ECM) and 
metalloproteinases [1–3]. During liver injury, HSCs become 
activated and transdifferentiate into alpha smooth muscle 
actin (α-SMA)-rich myofibroblasts [4–6], and this transdif-
ferentiation leads to an increased expression of ECM compo-
nents and profibrogenic mediators, ultimately causing liver 
fibrosis [7, 8].

While ECM-producing activated myofibroblastic HSCs 
are usually resistant to cell death via the activation of anti-
apoptotic protein expression [9], it has also been reported 
that activated HSCs returned to an inactive phenotype during 
liver fibrosis resolution. During regression of liver fibrosis, 
senescent HSCs are observed, and it has been shown that 
induction of cellular senescence can reduce fibrosis progres-
sion [10–12].
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Cellular senescence was first described as limited replica-
tive potential of human normal fibroblasts in culture, a phe-
nomenon termed replicative senescence because of progres-
sive telomerase shortening [13, 14]. Later, it was shown that 
senescence can be induced by a variety of conditions, such 
as an aberrant oncogenic activation, DNA damage, oxidative 
stress, and chemical agents in the absence of telomerase loss 
or dysfunction, and this type of cellular senescence is called 
premature senescence [15]. For example, DNA damage is a 
common cause of various types of senescence mediated by 
a common signaling pathway in which the upregulation of 
p21 (CIP1/WAF1) and downregulation of cyclin-dependent 
kinase (CDK) proteins are observed [16, 17].

Programmed cell death 4 (PDCD4) is initially isolated 
as a tumor suppressor. PDCD4 is frequently downregulated 
in many types of cancers, and the loss of its expression has 
been strongly implicated in the development and progression 
of several tumors [18–24]. Although previous studies have 
shown that PDCD4 suppresses cancer cell growth by induc-
ing apoptosis [24], recent studies have found that the inhi-
bition of PDCD4 also induces inhibition of cell growth by 
inducing apoptosis and/or cellular senescence [25, 26]. We 
recently reported that PDCD4 knockdown suppressed cell 
growth by inducing cellular senescence in a p21-dependent 
manner in human hepatocellular carcinoma (HCC) cells 
[27].

Currently, the role of PDCD4 in fibrosis is unclear. Since 
the induction of senescence is reported to limit the fibrotic 
response in myofibroblasts [11], we investigated the effects 
of PDCD4 on cell growth, cellular senescence, and profibro-
genic properties in myofibroblasts using the human HSC cell 
line Lieming Xu-2 (LX-2).

Materials and methods

Cell cultures

The human HSC line LX-2 was a generous gift from Dr. 
Scott Friedman (Department of Medicine, Icahn School 
of Medicine at Mount Sinai, New York, New York). The 
cells were cultured and maintained in Dulbecco's modified 
Eagle’s medium (DMEM; Sigma-Aldrich, St. Louis, MO, 
USA) containing 10% fetal bovine serum (FBS) (Nichirei 
Bioscience incorporation Ltd., Tokyo, Japan) and 100 µg/
ml penicillin and streptomycin in 5% CO2 at 37 °C.

Reagents

For live and dead cell staining, a Zombie Aqua Fixable 
Viability kit (423101) was purchased from BioLegend 
(San Diego, CA, USA). eBioscience FOXp3/Transcription 
factor staining buffer for cell permeabilization and fixation 

was obtained from Invitrogen (Thermo Fisher Scientific, 
Waltham, MA, USA). 7-amino-actinomycin D (7-AAD) 
dye for nuclear staining was purchased from Sony Biotech-
nology (San Jose, CA, USA). A PMC-Gelatin zymography 
kit (ATTO type- AK45) was obtained from Cosmo Bio 
Co., Ltd. (Tokyo, Japan).

Antibodies

The mouse monoclonal antibodies of PDCD4 (sc-376430), 
collagen1α1 (sc-293182), MMP-1 (sc-21731), TIMP-1 
(sc-365905), and MMP-9 (sc-13520) were obtained from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The 
antibodies against rabbit-collagen1α1 (ab-34710) and 
α-SMA (ab-5694) were obtained from Abcam (Cambridge, 
UK). Antibodies against β-actin, Rb, phospho-Rb at Ser 
780 (p-Rb[780]), phospho-p53 at Ser15 (p-p53[Ser15]), 
p53, p21, CDK2, CDK4, CDK6, cyclin D1, RBPJ-κ/CSL 
and HRP-linked secondary antibodies for mouse and rab-
bit antibodies were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA). Alexa Flour 488 donkey 
anti-rabbit IgG (H + L) antibody (A-21206) was obtained 
from Invitrogen (Thermo Fisher Scientific). PE-conjugated 
anti-human Ki-67 antibody (350503) was purchased from 
BioLegend. The antibodies were used according to the 
protocols provided by corresponding companies.

siRNA‑mediated knockdown of PDCD4, p21, and CSL

The cells were used for transfection when they were 
80–90% confluent in 100-mm dishes. siRNA transfection 
was performed using Lipofectamine RNAiMAX (Life 
Technologies, Rockville, MD, USA) by the reverse trans-
fection method according to the manufacturer’s protocols. 
The sequences for the PDCD4-specific siRNA p2 [27] and 
k603 targeted sequence [28] were 5′-GCA​CAA​CUG​AUG​
UGG​AAA​A-3′ and 5′-GUG​UUG​GCA​GUA​UCC​UUA​G-3′ 
respectively, p21-specific siRNA [27] was 5′-AUA​AUU​
AAG​ACA​CAC​AAA​CTG-3′, siRNA sequences for CSL 
were (1) RBPJ2 5′-GCA​CUC​CCA​AGA​UUG​AUA​A-3′, 
(2) RBPJ3 5′-CUG​ACU​CAG​ACA​AGC​GAA​A-3′ [29] and 
all of which were prepared by Hokkaido System Science 
Co. Ltd. (Hokkaido, Japan). The Allstar negative control 
siRNA (1027281) was obtained from Qiagen (Heiden, 
Germany). Approximately 2 × 105 LX-2 cells were seeded 
in 35-mm dishes for continued culturing after treatment 
with PDCD4 and CSL siRNA via the reverse transfec-
tion method. The cells were collected for Western blot and 
qRT-PCR analysis at 1, 3, and 5 days after transfection.
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Transfection of plasmids

LX-2 cells were transfected with PDCD4 expression plas-
mids [24] by electroporation using LONZA-2B according 
to the manufacturer’s instruction. In brief, cells were trypsi-
nized, and 1 × 106 cells were taken in the cuvette and mixed 
with the plasmid and LONZA kit-T (specific for LX-2 cells). 
Suspensions were kept at room temperature for 10 min after 
electroporation. An appropriate amount of media was then 
added, and cells were seeded into 35-mm dishes for contin-
ued culture time as mentioned in the figure.

Cell growth assays

siRNA transfection was performed using the reverse trans-
fection method for LX-2 cells, as described above. In brief, 
approximately 2 × 104 LX-2 cells were seeded in 24-well 
plates for continued culturing after treatment with siRNA 
via the reverse transfection method. At the culture times 
indicated in the figures, the cells were trypsinized and sus-
pended with DMEM and 0.4% Trypan Blue. The numbers 
of viable cells were counted using a hemocytometer as per 
standard protocol.

Cell proliferation assays

The proliferation activity of PDCD4 knockdown cells was 
determined by flow cytometry (FACS) with Ki-67 stain-
ing. In brief, after treatment with siRNA, 2 × 105 LX-2 cells 
were seeded in a 35-mm culture dish. At the culture times 
indicated in the figures, cells were trypsinized and washed 
with 1 × phosphate-buffered saline (PBS). After staining 
with zombie aqua dye, cells were permeabilized, fixed, and 
stained with Ki-67 antibody according to protocol B for 
the FoxP3 buffer solution (Thermo Fisher Scientific). After 
being washed twice, cells were suspended in FACS buffer 
(1% heat-inactivated fetal calf serum, 1 mM EDTA, 0.05% 
NaN3) and incubated for 5 min with 7-AAD solution. The 
cells were then analyzed by a flow cytometer (BD FACS-
Verse™; BD BioSciences, NJ, USA), and the percentages 
of Ki-67-positive cells were determined.

The β‑galactosidase activity assay

Cellular senescence was assessed using the β-galactosidase 
staining kit (Cell Signaling) following the manufacturer’s 
protocols. Cells treated with siRNAs were cultured in 35-mm 
dishes for 1, 3, and 5 days. After washing with PBS, the cells 
were fixed and stained for β-galactosidase activity using the 
staining solution overnight at 37 °C, and counterstained with 
Kernechtrot (Sigma–Aldrich). Stained cells were observed 
under a microscope and photographed. The data were 
expressed as the percentage of β-galactosidase-positive cells.

Western blot analyses

The collected cells were extracted by sonication in lysis 
buffer containing 50 mM Tris (pH 6.8), 2.3% sodium dode-
cyl sulphate (SDS), and 1 mM phenylmethylsulfonyl fluoride 
(PMSF). The cell debris was eliminated by centrifugation at 
12,000 g for 10 min, and the supernatant was collected. Pro-
tein amounts were determined with a DC™ protein assay kit 
(Bio-Rad, Hercules, CA, USA) using bovine serum albumin 
as the standard by the Lowry method. Protein (10–30 µg) 
from each sample was mixed with SDS loading buffer, 
separated by SDS polyacrylamide gel electrophoresis, and 
transferred to a polyvinylidene difluoride (PVDF) membrane 
(Bio-Rad). The membrane was blocked via incubation over-
night at 4 °C in PBS containing 0.1% Tween 20 and 10% 
skim milk and then incubated with the primary antibody 
with shaking for 1 h at room temperature or overnight at 
4 °C. After washing 5 times with PBS containing 0.1% 
Tween 20, the specific bands were visualized by further 
incubation with horseradish peroxidase (HRP)-conjugated 
secondary antibody followed by enhanced chemilumines-
cence detection using the Super Signal™ West Pico PLUS 
Chemiluminescent Substrate (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s 
instructions. For the detection of p-Rb (780) and p-p53 
(Ser15) Tris-buffered saline (TBS) was used instead of PBS. 
The rabbit polyclonal anti-β-actin antibody was used as a 
control. The stained membrane was exposed to Fuji Medical 
X-ray film (Tokyo, Japan), and the specific protein bands 
were determined with the Image J software program (https://​
imagej.​nih.​gov/​ij/) and normalized to β-actin.

Quantitative real‑time reverse 
transcription‑polymerase chain reaction (qRT‑PCR)

Total RNA was isolated from treated cells using RNAiso 
Plus (Takara, Kusatsu, Japan) and reverse transcribed to 
cDNA using a High-Capacity cDNA Reverse Transcription 
Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Real-time PCR using Power-up SYBR 
Select Master Mix (Thermo Fisher Scientific) was per-
formed on a QuantStudioTM3 System (Applied Biosystems; 
Thermo Fisher Scientific) according to the manufacturer’s 
instructions. The primers of GAPDH (OriGene qStar-
NM-002046), PDCD4 and p21 [27], α-SMA, collagen1α1, 
collagen III [30], collagen IV [31], MMP-1 (OriGene qStar-
NM-002421), MMP-9 [32] and TIMP-1 [33] were synthe-
sized by Hokkaido System Science Co., Ltd. The sequences 
of primers were as follows: GAPDH forward (F) 5′-GTC​
TCC​TCT​GAC​TTC​AAC​AGCG-3′ and reverse (R) 5′-ACC​
ACC​CTG​TTG​CTG​TAG​CCAA-3′; PDCD4, F 5′-ATG​AGC​
AGA​TAC​TGA​ATG​TAAAC-3′ and R 5′-CTT​TAC​TTC​CTC​
AGT​CCC​AGCAT-3′; p21, F 5′-TCT​TGT​ACC​CTT​GTG​CCT​

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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CG-3′ and R 5′-ATC​TGT​CAT​GCT​GGT​CTG​CC-3′; α-SMA, 
F 5′-GAG​ACC​CTG​TTC​CAG​CCA​TC-3′ and R 5′-TAC​ATA​
GTG​GTG​CCC​CCT​GA-3′; collagen1α1, F 5′-GGT​GAC​
AAG​GGT​GAG​ACA​GG-3′ and R 5′-GGG​ACC​TTG​TTC​
ACC​AGG​AG-3′; collagen III, F 5′-CTG​AAC​TTC​CTG​AAG​
ATG​TCC​TTG​A-3′ and R 5′-GCT​CGG​CTG​GAG​AGA​AGT​
C-3′; collagen IV, F 5′-ACT​ACT​CGT​ACT​GGC​TGT​CCA-3′ 
and R 5′- GGG​TAC​GGT​GGG​ATC​TGA​ATG-3′; MMP-1, 
F 5′-ATG​AAG​CAG​CCC​AGA​TGT​GGAG-3′ and R 5′-TGG​
TCC​ACA​TCT​GCT​CTT​GGCA-3′; MMP-9, F 5′-TTG​ACA​
GCG​ACA​AGA​AGT​GG-3′ and R 5′-GCC​ATT​CAC​GTC​
GTC​CTT​AT-3; TIMP-1, F 5′-AGG​TCC​CCC​TGG​AAA​GAA​
-3′ and R 5′-AAT​CCT​CGA​GCA​CCC​TGA​-3′. Data were 
analyzed using the standard curve method and the expres-
sion of target genes was normalized to GAPDH.

Immunofluorescence staining

A total of 2 × 105 control and siRNA-treated LX-2 cells 
were plated onto glass coverslips (Matsunami Glass Co., 
Osaka, Japan) in 35-mm dishes. After treatment, the cells 
were washed with 1 × PBS and fixed with 4% paraformal-
dehyde by incubating for 20 min at room temperature fol-
lowed by washing thrice with 1 × PBS. The fixed cells were 
pretreated with 1% bovine serum albumin and 1% donkey 
serum in PBS for 30 min at room temperature and incubated 
overnight with α-SMA and collagen1α1 (rabbit) antibody 
at 4 °C. After washing three times with 1 × PBS, cells were 
incubated for 1 h with Alexa Fluor 488 donkey anti-rabbit 
IgG (H + L) as a secondary antibody. 4′,6-Diamidino-2-phe-
nylindole (DAPI) dihydrochloride (Dojindo, Kumamoto, 
Japan) was used for nuclear staining. Cells were mounted 
in PermaFluor Mountant (Thermo Fisher Scientific). 
Stained images were captured using a confocal microscope 
(LSM880; Carl Zeiss, Oberkochen, Germany) at 20-fold 
magnification. The Zen software program (Carl Zeiss) was 
used for image processing.

Gelatin zymography

Proteolytic activity of MMPs was performed by gelatin 
zymography of PDCD4 knockdown cell extracts and condi-
tioned medium. At 2 and 3 days after PDCD4 knockdown, 
the cells were washed, and DMEM without FBS was added, 
followed by a further 2-day culture. The culture medium 
was then collected, and cell debris was removed. The cul-
tured medium was concentrated with a Vivaspin protein 
concentrator-5MWCO (Sartorius Stadim Lab. Ltd., Stone-
house, UK), and the protein amount was determined by a 
NANODROP 2000c Spectrophotometer (Thermo Fisher 
Scientific). The same amount of protein as indicated in the 
figure was then applied. Cell extract was prepared by NP-40 
lysis buffer as described by Tajhya et al. [34]. Approximately 

15 µg of protein from each sample was used as input, and 
zymography was performed according to the manufacturer’s 
protocol. Zymography images were obtained by FUSION 
FX (Vilber, Marne-la-Vallée, France).

Statistical analyses

All experiments were performed at least in triplicate. Sta-
tistical analyses were performed using Student's t test, and 
p < 0.05 was considered to be statistically significant. Results 
are expressed as the mean ± standard deviation (SD).

Results

PDCD4 knockdown induced cell growth suppression 
and cellular senescent phenotype

We first assessed the impact of PDCD4 knockdown on the 
cell growth of the immortalized LX-2 cells. LX-2 cells were 
treated with two kinds of PDCD4-specific siRNA (p2 and 
k603) [27]. As shown in Fig. 1a, the cell numbers in both 
PDCD4 knockdown and negative control sets were similar 
initially. The growth of PDCD4 siRNA-treated cells was 
slightly inhibited compared with that of the negative con-
trol cells. After 3 days of knockdown, the growth of PDCD4 
knockdown cells had slowed compared to the negative con-
trol cells (Fig. 1a). In the PDCD4 knockdown cell cultures, 
large cells with a flattened shape and cellular granularity in 
cytoplasm were noted compared to the control and negative 
control cells, and such cells were increased at 3 days after 
knockdown (Fig. 1b).

To assess the mitogenic activity of PDCD4 knockdown 
cells, the expression of the cell proliferation marker Ki-67 
was analyzed by FACS. As shown in Fig. 2, Ki-67-positive 
cells were decreased in both p2 and k603-siRNA-mediated 
PDCD4 knockdown cells compared to negative control 
siRNA-treated cells. However, in the k603-siRNA-mediated 
PDCD4 knockdown cells, the downregulation of the number 
of Ki-67-positive cells was not significant.

To investigate the induction of cellular senescence, 
β-galactosidase activity was assessed. β-Galactosidase-
positive cells were significantly more frequent among cells 
with both PDCD4-specific siRNAs (p2 and k603) than 
among control and negative control siRNA cells (Fig. 3a, 
b). PDCD4 knockdown cells showed an altered morphol-
ogy characterized by a giant cell size with large nuclei 
in β-galactosidase-positive cells, whereas in control and 
negative control siRNA-treated cultures, such cells were 
not observed (Fig. 3a). Taken together, these findings sug-
gested that the cell growth inhibition by PDCD4 knockdown 
(Fig. 1a) might be due to the induction of senescence.
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Fig. 1   Cell growth of PDCD4 knockdown LX-2 cells. a Growth 
curve of PDCD4 knockdown cells. LX-2 cells were treated with 
p2 PDCD4-specific and negative control (nc) siRNA (left panel) or 
with k603 PDCD4-specific and negative control (nc) siRNA (right 
panel). The data are represented by three individual experiments. 
The numbers of PDCD4 knockdown LX-2 cells, cultured at days 3 

and 5 were significantly lower than those of negative control cells. t 
test, *p < 0.05 and **p < 0.005. b Phase-contrast images of no treat-
ment (control), negative control siRNA treated (negative control) at 
2 days and PDCD4-specific siRNA-treated (p2 and k603) LX-2 cells 
at 2 and 3 days after siRNA treatments. Giant cells with cytoplasmic 
granularity are marked with arrows. Scale bar indicates 100 µm
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To elucidate the mechanism underlying cell progression 
after PDCD4 knockdown, we determined the expression of 
cell cycle regulatory proteins by western blotting of LX-2 
cells after PDCD4 (by p2 and k603 siRNA) knockdown 
(Fig. 4). The protein level of p21 was upregulated, and that 
of CDK4 was downregulated significantly, while CDK2 
and CDK6 were also downregulated but not significantly. 
Conversely, cyclin D1 was markedly upregulated in both 
p2-specific and k603-specific PDCD4 knockdown cells, 
whereas the upregulation of cyclin D1 in p2 knockdown 
cells was not significant (Fig. 4b, c). Rb was upregulated in 
both p2 and k603-siRNA-treated cells compared to control 

and negative control siRNA-treated cells. Although the lev-
els of phosphorylated Rb were higher than those in negative 
control cells, the Rb phosphorylation activity might have 
been suppressed in PDCD4 knockdown cells, given that the 
p-Rb/Rb ratio of PDCD4 knockdown cells was lower than 
that of negative control cells (Fig. 4b, c).

Mechanism underlying the control of p21 
expression by PDCD4

As shown in Fig. 5a, b and d, p21 was upregulated at both 
the protein and mRNA levels in PDCD4 knockdown cells. 

Fig. 2   Cell proliferation activity assays of PDCD4 knockdown LX-2 
cells. Control cells on day 1 and negative control and PDCD4-spe-
cific (p2 and k603) siRNA-treated LX-2 cells on days 1, 2, and 3 
were stained with anti-Ki-67 antibody and 7-AAD and analyzed by 
flow cytometry. After the exclusion of dead and doublet cells, single 

cells were gated in a combination of Ki-67 and 7-AAD staining. This 
experiment was repeated four times independently, and the upper 
panel represents the gate of one experiment. The diagram shows the 
average percentage of Ki-67-positive cells of the four experiments 
(lower panel). t test, *p < 0.05, **p < 0.005
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Since p21 is a potential target gene of p53, the protein levels 
of total p53 and phosphorylated p53 at Ser15 that stimu-
lates transcription [35] were also determined, and both were 
found to be unchanged in PDCD4 knockdown cells (Fig. 5c, 
f). However, as shown in Fig. 5b, e, PDCD4 knockdown by 
both kinds of siRNAs (p2 and k603) significantly downregu-
lated the expression of RBPJ-κ/CSL, a downstream notch 
signaling mediator that acts as a repressor of p21 expres-
sion [36]. To determine whether or not the p21 expression is 
regulated by CSL, LX-2 cells were treated with two different 
kinds of CSL-specific siRNAs (CSL-1, CSL-2). The protein 
level of p21 was upregulated significantly by CSL-1 siRNA, 
but CSL-2 siRNA-mediated upregulation was not effective 
(Fig. 6a, b), while the levels of p53 were unaffected by either 
knockdown (Fig. 6a, c). To investigate the p53-independent 

regulation mechanism of p21 expression, LX-2 cells were 
transfected with PDCD4 plasmids, and the p21 and CSL pro-
tein levels were determined. The overexpression of PDCD4 
reduced the protein levels of p21 without changing the CSL 
expression (Fig. 7a, b). These results collectively suggest 
that PDCD4 might act as a co-repressor of CSL and regulate 
the p21 expression in LX-2 cells. After the transfection of 
the PDCD4 plasmid, the mRNA level of p21 was also deter-
mined by qRT-PCR but appeared to be unchanged (Fig. 7c, 
left panel).

PDCD4 knockdown upregulates α‑SMA in LX‑2 cells

To elucidate the effect of PDCD4 knockdown on LX-2 cell 
activation, we examined the expression of α-SMA in PDCD4 

Fig. 3   PDCD4 knockdown 
induced senescence in LX-2 
cells. a β-Galactosidase stain-
ing patterns of control (c), 
negative control (nc), and 
PDCD4-specific siRNA (p2 and 
k603) after treatment at 1 and 
3 days. At days 3 and 5, after 
PDCD4 knockdown, cells with 
an enlarged, flattened shape, 
and β-galactosidase positivity 
were observed. Large nuclei in 
β-galactosidase-positive cells 
are marked with arrows. The 
scale bar indicates 40 µm. b 
The number of β-galactosidase-
positive cells. The data were 
obtained from a. The results are 
depicted from three independent 
experiments. t test, *p < 0.05 
and **p < 0.005
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Fig. 4   Expression of cell cycle regulatory factors in LX-2 cells. a 
LX-2 cells were treated with p2 PDCD4-specific siRNA (left panel) 
and k603 PDCD4-specific siRNA (right panel). Protein bands were 
analyzed by western blotting using antibodies against the respective 
proteins indicated in a. The data represented one of the three experi-
ments. b The relative amount of Rb, p-Rb (780)  (pRb), cyclin D1, 

CDK2, CDK4, and CDK6 proteins of p2-specific PDCD4 knockdown 
cells was determined from a (left panel). c The relative amount of Rb, 
p-Rb (780)  (pRb), cyclin D1, CDK2, CDK4, and CDK6 proteins of 
k603-specific PDCD4 knockdown cells was determined from a (right 
panel). The data of b and c represent the average of three individual 
experiments. t test, *p < 0.05
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Fig. 5   PDCD4 knockdown induced p21 expression in LX-2 cells. a 
LX-2 cells were treated with negative control, p2 (upper panel) and 
k603 (lower panel) PDCD4-specific siRNAs. The p21 mRNA lev-
els were upregulated by PDCD4 knockdown in LX-2 cells. The data 
represent the average of three separate experiments. t test, *p < 0.05, 
**p < 0.005. b A western blotting assay of PDCD4 knockdown 
LX-2 cells. LX-2 cells were treated with p2 (left panel) and k603 
(right panel) PDCD4-specific siRNAs. Protein bands were analyzed 
by western blotting using antibodies against the respective proteins 
indicated in b. c p-p53 (Ser15) and p53 assay of PDCD4 knockdown 
LX-2 cells by western blotting. LX-2 cells were treated with p2 and 
k603 PDCD4-specific siRNAs. Protein bands were analyzed by west-

ern blotting using antibodies against the respective proteins indicated 
in c. d The relative amount of p21 protein was determined from b 
of LX-2 cells treated with p2 (upper panel) and k603 (lower panel) 
PDCD4-specific siRNAs. The data represent the average of three 
separate experiments. t test, *p < 0.05. e The relative amount of CSL 
protein determined from b of LX-2 cells treated with p2 (upper panel) 
and k603 (lower panel) PDCD4-specific siRNAs. The data represent 
the average of three independent experiments. t test, *p < 0.05. f The 
relative amount of p-p53 (Ser15) (upper panel) and p53 (lower panel) 
proteins determined from c of LX-2 cells treated with p2 and k603 
PDCD4-specific siRNAs
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knockdown LX-2 cells. PDCD4-specific p2 and k603-siRNA-
mediated knockdown cells were immunostained with α-SMA 
antibody. As shown in Fig. 8a, cells with a high expres-
sion of α-SMA were observed in both p2 and k603-specific 
PDCD4 siRNA treatment compared to control and negative 
control cells. The protein levels of α-SMA were upregulated 
after 3 days in both p2 and k603-specific PDCD4 siRNA 
knockdown cells (Fig. 8b). Significant differences in protein 
levels were observed at days 3 and 5 in p2, and at day 5 in 
k603-siRNA-treated LX-2 cells (Fig. 8b, lower panel). The 
mRNA levels were also upregulated by both kinds of siR-
NAs (Fig. 8c). To examine whether or not the upregulation of 
α-SMA after PDCD4 knockdown is p21 dependent, we next 
treated cells with p21 siRNA. As shown in Fig. 8d, p21 knock-
down failed to reverse the condition of the α-SMA mRNA 
levels of PDCD4 knockdown cells, suggesting that upregula-
tion of α-SMA was p21 independent. 

PDCD4 knockdown downregulates the collagen1α1 
and collagen III genes but upregulates the collagen 
IV and MMP genes

To evaluate the impact of the PDCD4 function on ECM 
regulation, mRNA levels of collagen1α1, collagen III, and 
collagen IV were determined in PDCD4 knockdown LX-2 
cells. Collagen1α1 and collagen III mRNA levels were 
downregulated, but collagen IV mRNA levels were upregu-
lated in these cells (Fig. 9a, c and d). Collagen1α1 protein 
levels were also measured and found to be downregulated 
in k603 siRNA-mediated knockdown cells; however, in 
p2 siRNA-treated cells, the protein levels were not altered 
compared to negative control siRNA-treated cells (Fig. 9b). 
MMP-1 and MMP-9 as well as TIMP-1 levels were deter-
mined in PDCD4 knockdown LX-2 cells (Fig. 10). PDCD4 
knockdown upregulated the mRNA levels of MMP-1 but 

Fig. 6   CSL knockdown 
upregulated the p21 protein 
level in LX-2 cells. a LX-2 cells 
were treated with CSL-specific 
siRNA (CSL-1 and CSL-2). 
Protein bands were analyzed 
by western blotting using 
antibodies against the respective 
proteins indicated in a. b The 
relative amount of p21 protein 
was determined from a. c The 
relative amount of p53 was 
determined from a. The data 
represent the average of three 
independent experiments. t test, 
*p < 0.05



593Induction of premature senescence and a less‑fibrogenic phenotype by programmed cell death…

1 3

Fig. 7   PDCD4 plasmid transfection modulated the expression of 
p21 and CSL in LX-2 cells. a A western blotting assay of PDCD4 
plasmid-transfected LX-2 cells. LX-2 cells were transfected with a 
PDCD4 plasmid (PDCD4) along with a vector plasmid (C). Protein 
bands were analyzed by western blotting using antibodies against the 
respective proteins indicated in a. b The relative amount of p21 (left 
side) and CSL (right side) proteins was determined from a. The data 

represent the average of three separate experiments. t test, *p < 0.05. 
c The relative amount of p21 (left panel) and PDCD4 (right panel) 
mRNA of LX-2 cells transfected with PDCD4 plasmid (PDCD4) 
along with vector plasmid (C) was determined by qRT-PCR using the 
standard curve method. The data represent the average of three indi-
vidual experiments. t test, **p < 0.005
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Fig. 8   PDCD4 knockdown upregulated the expression of α-SMA 
in LX-2 cells. a Immunofluorescence staining of α-SMA in PDCD4 
knockdown cells. Four-day culture after treatment and immunostain-
ing of control (left-upper panel), negative control (left- lower panel), 
p2 (middle), and k603 (right) PDCD4-specific siRNA-treated LX-2 
cells was performed as described in the Materials and methods. Scale 
bar indicates 50 µm. b Western blotting of PDCD4 knockdown LX-2 
cells. LX-2 cells were treated with p2 (left panels) and k603 (right 
panels) PDCD4-specific siRNA and cultured for the indicated times 
mentioned in b. The protein bands were determined by western blot-
ting using antibodies against the respective proteins mentioned in 
the figure. The upper panels represent the western blot analysis. In 
the lower panels, the relative protein amounts of α-SMA were deter-
mined based on the upper panel of b. The data represent the average 
of three independent experiments. t test, *p < 0.05. c LX-2 cells were 

treated with PDCD4-specific siRNAs, similar to in b. The α-SMA 
mRNA levels of PDCD4 knockdown cells were determined by qRT-
PCR. The data represent the average of three independent experi-
ments. t test, *p < 0.05. d p21 knockdown did not rescue the upregu-
lation of α-SMA induced by PDCD4 knockdown. Approximately 
1.5 × 106 LX-2 cells were seeded in 100-mm dishes after treatment 
with negative control siRNA (nc) and p21 siRNA (p21). Twenty-four 
hours after p21 knockdown, the cells were treated with k603-specific 
PDCD4 siRNA, and culture was continued for 1, 3, and 5 days. These 
double-knockdown cells were then collected on the relevant day to 
detect the mRNA levels. The relative α-SMA mRNA levels of p21 
knockdown followed by PDCD4 (k603-specific) siRNA-treated cells 
were determined. These experiments were repeated twice, and similar 
results were obtained. The figure represents the data of one experi-
ment
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Fig. 9   PDCD4 knockdown downregulated the collagen1α1 and col-
lagen III mRNA levels but upregulated collagen IV levels in LX-2 
cells. LX-2 cells were treated with p2 and k603 PDCD4-specific 
siRNAs. The mRNA and protein levels of the knockdown cells were 
determined as described in the Materials and methods. a The relative 
amount of collagen1α1 mRNA of p2 (upper panel) and k603 (lower 
panel) PDCD4-specific siRNA-treated LX-2 cells. The collagen1α1 
expression was significantly downregulated by both siRNA treat-
ments at day 5. b A western blotting analysis of collagen1α1 of 
PDCD4 knockdown LX-2 cells. LX-2 cells were treated with p2 (left 
panels) and k603 (right panels) PDCD4-specific siRNA and cul-
tured for the indicated times mentioned in b. Upper panel, the pro-
tein bands were analyzed by western blotting using antibodies against 

the respective proteins mentioned in the figure. Lower panel, the 
amount of collagen1α1 protein levels obtained from the upper panel. 
Collagen1α1 protein levels were significantly downregulated in k603 
PDCD4-specific siRNA-treated cells (right site) compared to negative 
control cells but not in p2 PDCD4-specific siRNA-treated cells  (left 
site). The data represent the average of three separate experiments. c 
The relative amount of collagen III mRNA of p2 (upper panel) and 
k603 (lower panel) PDCD4-specific siRNA-treated LX-2 cells. The 
collagen III mRNA expression was downregulated by both siRNA 
treatments. d The relative amount of collagen IV mRNA of p2 
(upper panel) and k603 (lower panel) PDCD4-specific siRNA-treated 
LX-2 cells. The collagen IV mRNA expression was upregulated by 
PDCD4-specific siRNA treatments. t test, *p < 0.05, **p < 0.005



596	 R. Perveen et al.

1 3

Fig. 10   PDCD4 knockdown upregulated the mRNA levels of MMP-1 
and MMP-9 and the protein levels of MMP-9 in LX-2 cells. LX-2 
cells were treated with p2 and k603 PDCD4-specific siRNAs. a The 
relative amount of PDCD4 mRNA of p2 (left panel) and k603 (right 
panel) PDCD4-specific siRNA-treated LX-2 cells. b The relative 
amount of MMP-1 mRNA of p2 (left panel) and k603 (right panel) 
PDCD4-specific siRNA-treated LX-2 cells. The MMP-1 expres-
sion was significantly upregulated by both siRNA treatments. c The 
relative amount of TIMP-1 mRNA of p2 (left panel) and k603 (right 
panel) PDCD4-specific siRNA-treated LX-2 cells. d The relative 
amount of MMP-9 mRNA of p2 (left panel) and k603 (right panel) 
PDCD4-specific siRNA-treated LX-2 cells. In the case of k603-medi-
ated knockdown, while the mRNA level of MMP-9 was consistently 
upregulated at 1 and 3 days, no statistical significance was noted due 
to the large differences between cultures. e A western blot analysis of 

PDCD4 knockdown LX-2 cells. LX-2 cells were treated with p2 (left 
panels) and k603 (right panels) PDCD4-specific siRNAs and cultured 
for the indicated times mentioned in e. The protein bands were ana-
lyzed by western blotting using antibodies against the respective pro-
teins mentioned in the figure. f The relative amount of MMP-1 pro-
tein was determined from e of LX-2 cells treated with p2 (left panel) 
and k603 (right panel) PDCD4-specific siRNAs. The data represent 
the average of three separate experiments. g The relative amount of 
TIMP-1 protein was determined from e of LX-2 cells treated with 
p2 (left panel) and k603 (right panel) PDCD4-specific siRNAs. The 
data represent the average of three separate experiments. h The rela-
tive amount of MMP-9 protein was determined from e of LX-2 cells 
treated with p2 (left panel) and k603 (right panel) PDCD4-specific 
siRNAs. The data represent the average of three separate experi-
ments. t test, *p < 0.05, **p < 0.005
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downregulated the expression of the protein (Fig. 10b, e 
and f). Both the mRNA and proteins levels of TIMP-1 were 
unchanged in PDCD4 knockdown cells (Fig. 10c, e and g). 
In contrast, both the mRNA and protein levels of MMP-9 
were upregulated in PDCD4 knockdown cells (Fig. 10d, e 
and h). The proteolytic activity of MMP-9 in p2-specific 
PDCD4 knockdown cell extracts was prominently upregu-
lated compared to negative control treated cells at 3 and 
5  days (Fig.  11a-left panel), whereas in k603-specific 
PDCD4 knockdown cell extracts, the upregulation of pro-
teolytic activity was reduced (Fig. 11a-right panel). In the 
conditioned medium of PDCD4 knockdown cells, the pro-
teolytic activity of MMP-9 was upregulated in p2-specific 
siRNA-treated cells but downregulated in k603-specific 

siRNA-treated cells compared to negative control and con-
trol cells (Fig. 11b). Western blotting of conditioned media 
showed that the protein level of MMP-9 was upregulated 
in p2-specific siRNA-treated cells (Fig. 11c, left panel) 
but downregulated in k603-specific siRNA-treated cells 
(Fig. 11c, right panel). In the case of k603 siRNA-mediated 
knockdown, different culture conditions were applied, but 
no upregulation of MMP-9 was observed (data not shown).

Finally, the collagen1α1 expression of PDCD4 knock-
down cells was immunocytochemically examined. The 
collagen1α1 expression was decreased in k603-specific 
siRNA-mediated PDCD4 knockdown cells but increased 
in p2-specific siRNA-mediated knockdown cells (Fig. 12). 
In the k603-siRNA-mediated PDCD4 knockdown cells, 

Fig. 11   PDCD4 knockdown upregulated the proteolytic activity 
of MMP-9 in LX-2 cells. a Gelatin zymography of PDCD4 knock-
down LX-2 cell extract. LX-2 cells were treated with p2 (left pan-
els) and k603 (right panels) PDCD4-specific siRNA and cultured 
for the indicated times mentioned in a and were subjected to gelatin 
zymography. Pro-MMP-9 and active MMP-9 was upregulated by 
both kinds of siRNA-treated cells. b Gelatin zymography of serum-
free conditioned medium of PDCD4 knockdown LX-2 cells. LX-2 

cells were treated with p2 and k603 PDCD4-specific siRNAs, and 
the conditioned medium was collected as mentioned in the Materials 
and methods. The amount of protein indicated in b was subjected to 
gelatin zymography. Proteolytic activity of MMP-9 was observed at 
92 kDa. c Western blotting of the serum-free conditioned medium of 
p2 (left panel) and k603 (right panel) PDCD4-specific siRNA-treated 
cells. Approximately 3 µg of protein of the conditioned medium used 
in b was used as input for western blotting
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collagen fibers were reduced, and the rate of a dotted staining 
pattern was higher than in negative control cells (Fig. 12). 
In contrast, the collagen1α1 expression was increased at day 
3, and fibers were maintained along with dotted staining 
in the p2-siRNA-mediated PDCD4 knockdown cells com-
pared to negative control cells (Fig. 12). These results were 
consistent with those for collagen1α1 protein levels, where 
k603-siRNA-mediated PDCD4 knockdown downregulated 
the collagen1α1 protein level whereas p2-siRNA-mediated 
PDCD4 knockdown did not significantly change the level 
(Fig. 9b).

This finding might indicate that because activation and 
suppression were induced simultaneously in this PDCD4 
knockdown system, for p2-specific siRNA-mediated knock-
down, the suppression may be overcome by activation, while 
in k603-siRNA-mediated PDCD4 knockdown, the activation 
may be overcome by suppression.

Discussion

We recently showed that PDCD4 knockdown induced cellu-
lar senescence by upregulating the p21 expression and down-
regulated the cell cycle regulators CDKs in Huh7 hepatoma 
cells [27]. In the case of LX-2 cells, although PDCD4 
knockdown induced premature senescence by upregulat-
ing the p21 expression, the suppression of cell proliferation 
activity was incomplete, and the growth suppression of cells 
was likely modulated because of the upregulation of cyclin 
D1 and incomplete downregulation of CDKs after PDCD4 
knockdown in LX-2 cells. Guo et al. reported that PDCD4 
suppression stimulated cell growth by upregulating the cyc-
lin D1 expression [37]. Regarding the mechanism underlying 
the control of p21 expression, it was shown that p53-depend-
ent and p53-independent mechanisms were involved in Huh7 
hepatoma cells [27, 38]. The binding site of CSL, a spe-
cific Notch signaling factor, is located at the − 476 position 

upstream of the p53 binding site in the p21 promoter region 
and acts as a repressor in the absence of Notch signaling 
[36, 39]. Jo et al. reported that PDCD4 is associated with 
CSL and functions as an inhibitor of gene expression [26]. 
PDCD4 knockdown did not upregulate the expression of 
p53 or phosphorylation of p53 at Ser15, which stimulate 
transcription, but did downregulate the CSL protein levels, 
so PDCD4 may control the expression of CSL. The CSL sys-
tem might be a p53-independent control mechanism for the 
p21 expression in LX-2 cells. While we showed that PDCD4 
knockdown upregulated p21 protein levels, PDCD4 overex-
pression induced the downregulation of p21 protein levels 
(mRNA levels were unchanged), suggesting that PDCD4 
might control p21 expression post-transcriptionally.

Chronic p53-independent p21 expression reportedly 
caused genomic instability by deregulating replicative 
licensing genes [40]. In this context, the p53 checkpoint 
works to limit re-replication by eliminating re-replicating 
cells through apoptosis with functional p53 [41], although 
re-replicating cells accumulate and eventually lead to 
genomic instability in cells with inactive p53. These results 
suggest that DNA damage by genomic instability may occur 
in PDCD4 knockdown cells on the inactivation of p53.

Cellular senescence is induced by many factors that 
propagate various signaling pathways, such as the onco-
genic Ras-MAPK pathway and mammalian target of 
rapamycin (mTOR) pathway [15, 42, 43]. mTORC1 has 
been shown to induce a senescence-associated phenotype, 
including the senescence-associated secretory phenotype 
(SASP) [44, 45]. Active mTORC1 drives protein transla-
tion and lipid and nucleotide synthesis to stimulate cells 
and metabolism [46]. PDCD4 is also known to be a trans-
lation inhibitor through competition with eIF4A-contain-
ing translation-initiation complex and might act to balance 
mTORC-stimulated signaling. PDCD4 was conversely 
downregulated when mTOR was activated in the activation 
of proteasomal degradation system [47, 48]. Therefore, 

Fig. 12   PDCD4 knockdown 
modulated the immunocyto-
chemical staining pattern of 
collagen1α1. LX-2 cells were 
treated with negative control, 
p2, and k603-PDCD4-specific 
siRNAs. At days 3 and 5 
after knockdown, cells were 
immunocytochemically stained 
with collagen1α1 antibody as 
described in the Materials and 
methods. Scale bar indicates 
50 µm
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the downregulation of PDCD4 by siRNA treatment might 
enhance mTOR-induced senescence.

LX-2 cells were obtained by immortalization of human 
HSCs, which harbor characteristics of myofibroblasts [49]. 
Our data indicate that PDCD4 knockdown upregulates the 
expression of α-SMA, which is used as activation marker 
of HSCs. Generally, activation of HSCs leads to increased 
production of ECM [2], including collagen1α1; however, 
PDCD4 knockdown in LX-2 cells showed the downregu-
lation of collagen1α1 and collagen III expression and the 
upregulation of MMP-1 and MMP-9 expression, which 
might facilitate ECM degradation and promote fibrosis 
resolution. A similar phenotype of activated but senescent 
HSCs has been observed in non-alcoholic steatohepatitis 
(NASH)-HCC animal models, demonstrating HCC devel-
opment without significant liver fibrosis [50]. Therefore, 
PDCD4 may help limit the development of liver fibrosis.

However, the mechanisms underlying the control of 
PDCD4 for regulating the expression of α-SMA, colla-
gen family, MMP-1, MMP-9, and TIMP-1 in LX-2 cells 
are still unclear. Our results showed that changes in the 
fibrogenic phenotype of PDCD4 knockdown LX-2 cells 
were not p21 dependent, suggesting that the profibrogenic 
phenotype might be regulated by cell growth-independent 
mechanisms regulated by PDCD4. Snail, a zinc finger tran-
scription factor, increases cancer invasion by upregulating 
members of the MMP family, such as MMP-1, MMP-2, 
and MMP-7, in hepatocellular carcinoma [51]. It was also 
reported that Snail-specific siRNA treatment reduced the 
invasive ability in Panc-1 and IMR-90 cells [52]. Wang 
et al. reported that PDCD4 knockdown upregulated the 
expression of Snail followed by upregulation of Sin1 
protein levels [53]. In HepG2 cells, downregulation of 
NF-κB led to a reduction in the expression of MMP-9 and 
subsequently reduced invasion [54]. PDCD4 reportedly 
inhibits NF-κB-mediated transcription by directly inter-
acting with p65, a component of NF-κB [55]. It has also 
been reported that MMPs contain an AP-1 binding site 
in the promoter regions of all MMP genes [56]. There-
fore, apart from direct regulation of the transcription of 
targeted genes, PDCD4 may regulate transcription via an 
indirect mechanism, as PDCD4 knockdown upregulates 
AP-1 activity [57].

In conclusion, PDCD4 knockdown induced premature 
senescence in human HSCs and changed their phenotype 
to a less-fibrogenic one, suggesting that PDCD4 may be a 
target for limiting liver fibrosis.
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