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Background-—Although apoptosis and cell proliferation have been extensively investigated in atherosclerosis and restenosis
postinjury, the communication between these 2 cellular events has not been evaluated. Here, we report an inextricable
communicative link between apoptosis and smooth muscle cell proliferation in the promotion of vascular remodeling postinjury.

Methods and Results-—Cathepsin K–mediated caspase-8 maturation is a key initial step for oxidative stress–induced smooth
muscle cell apoptosis. Apoptotic cells generate a potential growth-stimulating signal to facilitate cellular mass changes in response
to injury. One downstream mediator that cathepsin K regulates is PLF-1 (proliferin-1), which can potently stimulate growth of
surviving neighboring smooth muscle cells through activation of PI3K/Akt/p38MAPK (phosphatidylinositol 3-kinase/protein
kinase B/p38 mitogen-activated protein kinase)-dependent and -independent mTOR (mammalian target of rapamycin) signaling
cascades. We observed that cathepsin K deficiency substantially mitigated neointimal hyperplasia by reduction of Toll-like receptor-
2/caspase-8–mediated PLF-1 expression. Interestingly, PLF-1 blocking, with its neutralizing antibody, suppressed neointima
formation and remodeling in response to injury in wild-type mice. Contrarily, administration of recombinant mouse PLF-1
accelerated injury-induced vascular actions.

Conclusions-—This is the first study detailing PLF-1 as a communicator between apoptosis and proliferation during injury-related
vascular remodeling and neointimal hyperplasia. These data suggested that apoptosis-driven expression of PLF-1 is thus a novel
target for treatment of apoptosis-based hyperproliferative disorders. ( J Am Heart Assoc. 2019;8:e005886. DOI: 10.1161/JAHA.
117.005886.)
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D espite significant improvements in endovascular therapy
techniques, restenosis remains the principal limitation

of coronary angioplasty.1 Vascular media smooth muscle cell
(SMC)-derived neointimal formation was originally considered
to be the primary mechanism of restenosis after angioplasty.2

A neointimal cellular mass at the vascular damage site was

shown to depend on the balance between cell proliferation
and cell loss, including apoptosis.3 Although cell apoptosis
and proliferation have been extensively investigated as
independent contributors after balloon injury,3–6 the commu-
nication between apoptosis and cell proliferation in vascular
remodeling and restenosis has been unclear. During the last
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5 years, cancer studies demonstrated that dying cells use the
apoptotic process to generate growth factors such as
prostaglandin E2 and hepatocyte growth factor to activate
the repopulation of neoplasms after cytotoxic therapies.7,8

Thus, a better understanding of the interaction between
apoptosis and cell proliferation could lead to therapies that
improve the efficacy of antiproliferative drugs including stent-
eluting compounds.

Cathepsins were originally identified as members of the
cysteine protease family localized in the lysosomes.9 Over the
past decade, emerging data revealed unexpected roles of
cathepsins in pathological conditions such as tumors, bone
disorders, and cardiovascular disease.10–14 Among the
cathepsin family members, cathepsin K (CatK) was the first
cathepsin found to be expressed in human atherosclerotic
lesions.15 We first showed an increased expression of CatK in
neointimal lesions of rat balloon-injured arteries in 2004.16

CatK ablation was shown to mitigate high-fat-diet–induced
cardiomyocyte apoptosis and cardiac hypertrophy.17 Genetic
and pharmacological interventions targeting CatK ameliorated
injury-related vascular remodeling through the ability of CatK
to stimulate SMC proliferation.4 However, CatK activation-
mediated interaction between cell apoptosis and proliferation
in the restenosis process after angioplasty is largely unknown.

Previous studies have shown that expression of Toll-like
receptor (TLR), in particular TLR1, TLR2, and TLR4, is markedly

augmented in human and animal atherosclerotic lesions.18,19

TLR2 has been shown to be involved in inflammation-related
atherosclerotic plaque growth and vascular remodeling.20–22

It was reported that on ligand binding, TLR activated
p38MAPK (p38 mitogen-activated protein kinase) and Erk1/
2 (extracellular signal-regulated kinase 1/2) signaling during
SMC migration.22 TLR2 was also reported to regulate SMC
apoptosis through a caspase-8–dependent mechanism.20 It
has been reported that caspase-8 plays an essential role in
TLR2 and nuclear factor jB in the B-cell apoptotic process.23

Mitogen-regulated proteins (MRFs; also called proliferin
[PLFs]) of the prolactin growth hormone family are expressed
by the placenta in mid-gestation.24 The PLFs comprise a group
of 4 homologous proteins (PLF-1, PLF-2, PLF-3, and PLF-
related protein). In 1988, M6PR (mannose-6-phosphate
receptor) was characterized by Nelson et al as the PLF
receptor.25 Laboratory investigations have led to a number of
important observations that contribute to a greater under-
standing of PLF. For example, reactivation of PLF gene
expression was observed to be associated with increased
angiogenesis in fibrosarcoma tumor progression.26 PLF-1 has
been shown to induce endothelial cell migration by G-protein-
coupled, p38MAPK signaling activation.27 PLF-1 was also
required for Wnt and Notch activation in Musashi1-mediated
progenitor cell expansion.28 A previous study demonstrated
that PLF-1 acts as an autocrine regulator of endothelial cell
proliferation in angiogenesis.29

Here, we investigated our hypothesis that apoptotic dying
cells produce growth-stimulating signals to induce an over-
proliferation of surviving neighboring cells. Our findings
demonstrated a critical role of apoptotic SMC-derived PLF-1
in neointimal hyperplasia after acute injury. We also unex-
pectedly discovered that the ability of CatK to regulate TLR2-
dependent caspase-8 maturation in the “execution” phase of
cellular apoptosis is required for PLF-1-mediated growth-
signaling pathway activation generated from the dying cells of
an injured artery. We believe that this newly discovered PLF-
1–mediated overgrowth mechanism may have key roles in
wound healing, regeneration, and tumor repopulation.

Methods
The authors declare that all supporting data are available
within the article.

Animals
Male wild-type (CatK+/+) and CatK-deficient (CatK�/�)4 mice
were 8 weeks old and weighed 21 to 24 g used for the
ligation (n=39 for each group) and ligation plus cuff-
replacement (n=42 for each group) injuries. In addition, male
Wistar rats (3–4 mouths old; Japan SLC, Hamamatsu, Japan;
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What Is New?

• Catthepsin K–mediated caspase-8 activation regulates
smooth muscle cell apoptosis in response to oxidative
stress.

• Apoptotic cells generate a potential PLF-1 (proliferin-1)-
mediated growth-stimulating signal to facilitate cellular
mass changes in response to injury.

• PLF-1–neutralizing antibody improved cellular mass forma-
tion and remodeling in wild-type mice.

• Administration of PLF-1 accelerated injury-related vascular
response.

What Are the Clinical Implications?

• One downstream mediator that cathepsin K regulates is
PLF-1, which can potently stimulate the growth of neigh-
borhood surviving vascular smooth muscle cells by activa-
tion of PI3K/Akt/p38MAPK (phosphatidylinositol 3-kinase/
protein kinase B/p38 mitogen-activated protein kinase)-
dependent and -independent mTOR (mammalian target of
rapamycin)signaling pathways.

• Apoptosis-driven expression of PLF-1 is thus a novel target
for the treatment of apoptosis-based hyperproliferative
disorders.
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n=43) were used in the balloon injury study. Animal protocols
were approved by the Institutional Animal Care and Use
Committee of Nagoya University (Protocol No. 29392) and
performed according to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of
Health.

Animal Studies and Tissue Collections
Rats were anesthetized with an intraperitoneal injection of
pentobarbital sodium (50 mg/kg; Dainippon Pharmaceutical,
Osaka, Japan), and a balloon catheter injury model to the rat

left common carotid artery was performed as described.16 In
mice, the right common carotid artery was ligated just
proximal to its bifurcations as described (single injury)30; a
polyethylene cuff (outside diameter 0.965 mm, inside diam-
eter 0.580 mm, length 2 mm; Becton Dickinson, Lincoln Park,
NY) was applied just proximal to the ligated site (double
injury).31 For exploring molecular mechanisms, 3 independent
experiments were conducted as follows: (1) Mice that had
undergone the double injury were injected subcutaneously
with saline (vehicle) or mouse rPLF-1 (recombinant PLF-1;
50 lg/kg/day) on days �1, 1, 3, 5, and 7 postsurgery; (2)
mice that had undergone the double injury were injected
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Figure 1. Injury produced cathepsin K (CatK) expression, apoptosis, and neointima hyperplasia. Schematic diagram of balloon-injury
surgery in rat right carotid artery (A). Representative CatK and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining images of rat carotid arteries at indicated days postsurgery (B). Scale bar, 50 lm. Relative neointima areas in response to balloon
pressure (n=7; C, left). Relative mRNA levels of CatK in response to balloon injury (n=7; C, right). Representative gel blots showing relative
protein levels of CatK, caspase-8, gp91phox, and proliferin-1 (PLF-1) during exposure to balloon pressure (D). CatK+/+ and CatK�/� smooth
muscle cells (SMCs) were treated with or without H2O2 as used here for 24 hours, and then the culture media were collected for western
blotting assays. Representative gel blots showing relative protein levels of CatK, Mcl-1, Bcl-2, and Bax during H2O2 exposure (0–750 lmol/
L; E). CatK+/+ SMCs were treated with H2O2 in the presence or absence of either the CatK-specific inhibitor CatK-II (10 lmol/L) or the
nonspecific cathepsin inhibitor, E64d (20 lmol/L), for 24 hours and then subjected to TUNEL staining for the analysis of cell apoptosis
(n=5; F). Data are means�SEM. *P<0.01 (vs the corresponding controls); †P<0.001 (vs H2O2 alone); NS, not significant by one-way
ANOVA and Tukey’s post hoc tests. Bax indicates Bcl-2-associated X protein; Bcl-2, B-cell lymphoma 2; Mcl-1, myeloid cell leukemia
sequence 1; PLF-1, proliferin-1.
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subcutaneously with either control mouse immunoglobulin G
(IgG) or neutralizing mouse monoclonal antibody against
(N-mAb-P, 150 lg/kg/day; R&D Systems, Minneapolis, MN)
as indicated time points; and (3) injured mice were also
injected subcutaneously with either DMSO or a synthetic
caspase-8 inhibitor Z-IETD-FMK (Ze-I-E[OMe]-T-D[OMe]-FMK
(5 mg/kg/day, FMK007; R&D Systems) as indicated.

At the indicated time points postsurgery, animals were
euthanized with an overdose of sodium pentobarbital. For
biological evaluation, animals were perfused with isotonic
saline at physiological pressure, and then the arteries were
isolated and kept in RNAlater solution or liquid nitrogen. For
morphological studies, after being immersed in fixative with
4% PFA phosphate buffer solution for 16 hours (4°C), vessels
were embedded in Tissue Tek optimal cutting temperature
compound (Sakura Finetek, Tokyo, Japan) and stored at
�30°C.

Morphometric and Immunohistological Analyses
In rats, 5-lm-thick cryosections at different parts (proximal,
middle, and distal) of the carotid arteries segments were
prepared. Cross-cryosections (5 lm) of the mouse carotid
arteries were prepared at 2 mm proximal to the ligated
site. Corresponding sections were stained with hematoxylin
and eosin. Perimeters of the lumen, the external elastic
lamina and the internal elastic lamina, were obtained by
tracing the contours on digitized images. We measured the
neointimal area by subtracting the lumen area from the
area fixed by the internal elastic lamina, and we calculated
the medial area by subtracting the area fixed by the
internal elastic lamina from the area fixed by the external
elastic lamina. In all immunohistological and morphometric
analyses, 6 cross-sections (2 sections each from the
proximal, middle, and distal regions) of vessels in each
artery were measured for internal elastin length, media, and
neointima, and then the results were averaged as
described.4,16

Carotid arterial slices on separate slides were processed
for immunohistochemical analysis of CatK, PLF, Mac3
(macrophage-3), CD31, and a-SMA (a-smooth muscle actin).
Primary antibodies for CD31 (1:50; ab28364; Abcam, Cam-
bridge, MA), a-SMA (1:100; Clone 1A4: Sigma-Aldrich, St.
Louis, MO), Mac3 (1:200; Clone M3/84; BD Pharmingen, San
Diego, CA), and PLF (1:100: AF1623 to mouse tissues; R&D
Systems) were applied to the sections, which were then left
overnight at 4°C. After being washed with PBS 3 times,
sections were sequentially treated with appropriate secondary
antibodies (1:200–250; all from Vector Laboratories, Burlin-
game, CA), respectively, for 1 hour at room temperature, and
were then visualized with a corresponding substrate kit
(Vector Laboratories).

Terminal deoxynucleotidyl transferase dUTP nick
end labeling and Bromodeoxyuridine Assays and
Immunofluorescence Analysis
A terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was conducted using the In Situ Cell Death
detection kit, according to the manufacturer’s instructions
(Roche, Mannheim, Germany). In vivo bromodeoxyuridine
(BrdU) labeling was conducted to determine the number of
proliferating cells in injured arteries by detection of DNA
synthesis using the BrdU immunohistochemistry kit
(ab125306; Abcam). An intraperitoneal injection of BrdU (BD
Pharmingen) was administered to mice at 100 lg/g body
weight. Two hours later, carotid arteries were isolated and fixed
in 4% PFA at 4°C overnight and then were imbedded in optimal
cutting temperature compound (Sakura Finetek); serial sec-
tions were then collected for BrdU staining. Tissues for
immunofluorescent BrdU staining were obtained after fixation
in 4% PFA at 4°C for overnight and embedded in optimal cutting
temperature compound. Then, 5-lm-thick cryosections on slide
glass were applied for immunofluorescence staining.

Tissues for other immunofluorescence analyses from rat and
mouse tissues were harvested after fixation after overnight 4%
PFA fixation at 4°C. Tissues slices (5-lm) were processed for
immunostaining of PLF-1 anda-SMA. Primary antibodies for PLF-
1 (1:50: AF1623; R&D Systems) and a-SMA (1:100; NeoMarker,
Fremont, CA) were loaded to tissue slices overnight at 4°C. After
being washed with PBS 5 times, tissue slices were sequentially
incubated with appropriate FITC- and PE- or Alexa-conjugated

CatK (12.5 ng/line)    - +     - +       - + - +      +
Procaspase-8 (ng/line)       12.5 12.5 62.5  62.5 125 125 12.5  12.5 12.5
CatK-II             (10 µM)  - - - - - - - +      -
E64d (20 µM) - - - - - - - - +       
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Figure 2. Recombinant human CatK (rhCatK)-mediated degra-
dation of recombinant human procaspase-8. Precursor form of
caspase 8 was incubated with rhCatK at the indicated concen-
trations, respectively, in buffer containing 50 mmol/L of sodium
acetate, pH 6.8, 2.5 mmol/L of EDTA, 0.01% Triton X-100, and
1 mmol/L of DTT for 6 hours. Results were loaded to SDS-PAGE,
and gels were then stained with CBB for visualization of
procaspase degradation. Representative images show rhCatK-
mediated rhcaspase-8 degradation. CatK indicates cathepsin K.
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secondary antibodies (Invitrogen, Carlsbad, CA) for 1 hour.
Staining sections were visualized with a BZ-X700 microscope
(Keyence, Osaka, Japan) using 920 or 940 objectives. Images
were analyzed with BZ-X analyzer software (Keyence).

Gene Expression Assay
RNA was harvested from tissue with an RNeasy Fibrous Tissue
Mini-Kit and from cultured cells with an RNeasy Micro Kit
(Qiagen, Hilden, Germany) in accord with the manufacturer’s
instructions. mRNA was reverse-transcribed to cDNA with an
RNA PCR Core kit (Applied Biosystems, Foster City, CA).
Quantitative gene expression was studied using the ABI 7300
real-time PCR system with Universal PCR Master Mix (Applied
Biosystems). All experiments were performed in triplicate.

Gene expression assay IDs for mouse M6PR, PLF-1, and
IGF2R (insulin-like growth factor 2 receptor) were as
Mn04208409-9H, Mn04208104-9H, and Mn00439576-m1.
Transcription of targeted genes was normalized to GAPDH
(50-AGGTGGTCTCCTGTGACTTC-30 and 50-CTGTTGCTGTAGCCA
AATTCG-30). Conventional PCR was also performed for several
targeted gene expressions, with the following conditions:
95°C for 20 seconds followed by 40 cycles at 95°C for
5 seconds and 55°C for 27 seconds, followed 95°C for
15 seconds and 60°C for 15 seconds.

Western Blot Analysis
Proteins were lysed from cells and tissues using lysis buffer
containing 20 mmol/L of Tris-Cl (pH 8.0), 1% Triton X-100,
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Figure 3. CatK silencing ameliorated vascular repair in response to injuries. Schematic diagram of single and double injuries in mouse right
carotid artery (A). On day 28 postsurgery, left and right carotid arteries of CatK+/+ and CatK�/� mice that had received a single or double injury
were collected and subjected to H&E staining for quantitative analysis of the neointima areas in the 4 experimental groups (n=7–9; B).
Representative dihydroethidium staining show superoxide production in injured arterial tissues of CatK+/+ mice (C). Representative TUNEL
staining images and quantitative data showing TUNEL+ cells in injured (single and double) arterial tissues CatK+/+ and CatK�/� mice in 2
experimental groups of (n=6; D). Scale bar, 50 lm. CatK+/+ and CatK�/� SMCs were treated with or without H2O2 (500 lmol/L) for 24 hours
and then subjected to TUNEL staining (n=7). Representative images of TUNEL staining (green) and combined quantitative data for TUNEL+ cells
(gray/DAPI blue; E). Representative gel blot exhibiting the reduction of gp91phox, cleaved caspase-8, and PLF proteins, but not Bax protein, in
injured arteries of CatK�/� mice that received a single or double injury (F). Data are means�SEM. P values were calculated using Tukey’s post
hoc tests. Bax, Bcl-2-associated X protein; CatK, cathepsin K DAPI, 4’,6-diamidino-2-phenylindole; PLF-1, proliferin-1; SMCs, smooth muscle
cells; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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150 mmol/L of NaCl, 1 mmol/L of EDTA, 0.05% SDS, 1% Na-
deoxycholate, and fresh 19 proteinase inhibitor. The concen-
tration of each protein was measured by the DC protein assay
kit (Bio-Rad Laboratories, Hercules, CA) before the proteins
were equally loaded and separated by SDS-PAGE. Proteins
were then transferred to Pall Fluorotrans-W membranes and
incubated overnight with primary antibodies against Akt
(protein kinase B; 2967), pAkts473 (4060), pmTORs2448 (2971),
mTOR (mammalian target of rapamycin; 4517), GSK3a/b
(glycogen synthase kinases a and b; 5676), pGSK3a/bs21/9

(9331), peEF2t56 (2331), eEF2 (eukaryotic elongation factor 2;
2332) pp38MAPKt180/t182 (4511), p38MAPK (9212),
pERKt202/t204 (4377), ERK1/2 (9107), caspase-8 (4927),
Bcl-2 (B-cell lymphoma 2; 2870), Bax (Bcl-2-associated X
protein; 2772), (Mcl-1; 5453), Bcl-xL (B-cell lymphoma-extra
large; 2764), cleaved caspase-9 (9509, 1:1000; Cell Signaling
Technology, Danvers, MA), b-actin (AC-15, 1:1000; Sigma-
Aldrich), gp91phox (clone: 53), PLF (AF1623, 1:1000; R&D
Systems), CatK (sc-49353), PLF (AF1623), PLF (sc-271891),
and GAPDH (sc-20357, 1:500; Santa Cruz Biotechnology).
Membranes were then treated with the HRP-conjugated
secondary antibody at a 1:10 000 to 15 000 dilution. The
Amersham ECL Prime Western Blotting Detection kit (GE
Healthcare, Freiburg, Germany) was used for determination of
targeted proteins. Protein levels quantitated from western
blots were normalized by loading internal controls.

Construction of the Proliferin Expression
Plasmids
For the construction of the C-terminal Flag-tagged proliferin
expression plasmids, we used PCR to generate full-length
mPLF-1 cDNA from a mouse SMCs cDNA library lacking the
stop codon. The PCR fragment was in-frame subcloned into
the EcoRI and XhoI restriction sites of pcDNA3.1-Flag and
pcDNA3.1-GFP vectors. The integrity of the construct was
then verified by sequencing.

Production and Purification of Mouse
Recombinant PLF-1
The FreeStyle MAX CHO Expression System (Invitrogen) was
used to generate rPLF. Briefly, FreeStyle Chinese hamster
ovary (CHO) cells were cultured in FreeStyle CHO Expression
Medium containing 8 mmol/L of L-glutamine and 0.59 Pen-
Strep and incubated in a 37°C incubator containing a
humidified atmosphere of 8% CO2 in air with shaking at
120 rpm/min. Log-phase FreeStyle CHO cells (�1–
1.59106 cells/mL density) were diluted into fresh FreeStyle
CHO Expression Medium at 19106/mL and then subjected to
the transfection procedure. For the transfection procedure,
37.5 lL of FreeStyle MAX reagent was diluted with 0.6 mL of

OptiPRO SFM, and 37.5 lg of pcDNA3.1-PLF-Flag plasmid
was diluted into 0.6 mL of OptiPRO SFM. The diluted
FreeStyle MAX Transfection Reagent was then mixed with
the diluted DNA solution and incubated for 10 minutes at
room temperature. The DNA-FreeStyle MAX Reagent complex
was mixed with the CHO cells in a flask (total cell, 19107/
30 mL), and mPLF-1 protein expression levels were monitored
by performing a western blotting assay as indicated. On day 3
of transfection, media were collected by centrifugation at
250g for 5 minutes and stored at �70°C. rPLF purification
and lyophilization were performed by Invitrogen (Life Tech-
nologies, Carlsbad, CA).

Proliferation and Apoptosis Assays
Approximately 2 to 39103 cells were seeded in a 96-well
plate, allowed to adhere overnight, and then incubated with
fresh serum-free DMEM, PDGF-BB (50 ng/mL), or 2% FBS,
rPLF-1, or additional drugs as indicated. After 48 hours, the
number of cells was evaluated using a CellTiter 96 AQueous
nonradioactive cell proliferation assay kit (Promega, Madi-
son, WI) according to the recommended protocol.4 Approx-
imately 8 to 129103 cells were plated in a 4-chamber
polystyrene vessel tissue culture-treated slide (Falcon, Big
Flats, NY), allowed to adhere overnight, and then cultured
with either serum-free DMEM or conditioned media contain-
ing H2O2 or other drugs as indicated. After 24 hours,
numbers of apoptotic cells were counted in 3 randomly
selected fields of the slide using an In Situ Cell Death
detection kit according to the manufacturer’s instructions
(Roche).

Cell-Cycle Analysis
A cell-cycle analysis was performed as described with minor
modification.32 In brief, �2.0 to 2.59105 cells were plated in
a 6-well plate, allowed to adhere overnight, and then cultured
with the stimulators as indicated. After trypsinization and
centrifugation, cell pellets were suspended and fixed in 70%
ethanol at 4°C overnight. Cells were sequentially incubated in
KRISHIAN buffer (0.1% sodium citrate, 0.3% NP-40, 0.02 mg/
mL of RNAse A [Sigma-Aldrich], and 0.05 mg/mL of propid-
ium iodide [Invitrogen]) for 1 hour at 4°C in the dark, and then
filtered and evaluated for the propidium iodide labeling of DNA
by flow cytometry.

Antibody Arrays
Apoptosis- and angiogenesis-related proteins of mouse and
human SMCs, in aorta-derived SMCs treated with and without
H2O2 in serum-free DMEM for 24 hours, were determined
using the Proteome Profiler Human Apoptosis Array and
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Mouse Angiogenesis Array kits (R&D Systems, ARY015 and
ARY009; detecting 89 proteins), according to the recom-
mended protocol. In brief, after conditioning media were
harvested, cells were lysed with lysis buffer17 (895943),
lysates were centrifuged for 30 minutes at 12 000g, and
supernatants were collected. Protein levels of supernatants
and condition media were assayed using the DC protein assay
Kit (Bio-Red Laboratories). Protein (160 lg) was hybridized on
the antibodies array overnight at 4°C. HRP-labeled strepta-
vidin at 1:5000 dilution was used for the detection.
Membranes were scanned using an LAS4010 imaging system
and analyzed using ImageQuant TL software (GE Healthcare
Japan, Tokyo). Results were then normalized using internal
controls, and relative protein levels from 2 biological
replicates are provided.

Pro-Caspase Degradation Assay
Precursor forms of caspase-8 and caspase-3 (both, R&D
Systems) were incubated with recombinant human CatK (R&D
Systems) in buffer containing 50 mmol/L of sodium acetate
(pH 6.8), 2.5 mmol/L of EDTA, 0.01% Triton X-100, and
1 mmol/L of DTT for 24 hours. Results were loaded to SDS-

PAGE, and gels were then stained with Coomassie Brilliant
Blue for visualization of pro-caspase degradation.

siRNA Transfection Protocol
Specific siRNAs against M6PR (Mm_m6pr_3685-s,
Mm_m6pr_3685-as), IGF2R (Mm_igf2r8786_s, Mm_ig-
f2r8786_as, Mm_igf2r4975_s, Mm_igf2r4975_as), TLR2
(Mm_Tlr2_5214_s and Mm_Tlr2_5214_as), caspase-3
(Mm_Casp3_0022_s and Mm_Casp3_0022_as), caspase-8
(Mm_Casp8_3293_s and Mm_Casp8_3293_as), and nontar-
geting control siRNA (Mission_SIC-001_s and Mission_
SIC-001_as as the negative control) were purchased from
Sigma-Aldrich. SMCs were grown on 60-mm dishes until 50%
confluence. The siRNA solution mixed with serum-free and
antibiotic-free DMEM-2 medium containing Lipofectamine
RNAiMAX reagent (Invitrogen) was supplied to each well to
achieve a final siRNA concentration of 100 pmol/L. Cells
were treated at 37°C for 48 hours, and levels of targeted
gene were analyzed by PCR.33 Transfected cells were also
used for cell proliferation experiments. Silamin A/C
(D0010500105; Dharmacon, Br�ebi�eres, France) was used as
a positive control.

H2O2      0 750       0 750   ( M)

CatK+/+ SMCs CatK͞/͞ SMCs

24 hrs

Figure 4. Comparison of the growth factor inductions between CatK+/+ and CatK�/� SMCs in response
to apoptotic oxidative stress. Following culturing in serum-free DMEM in the presence or absence of H2O2

(750 lmol/L) for 24 hours, CatK+/+ and CatK�/� SMC-conditioned media (total 160 lg of protein) were
subjected to a proteome profiler array. After hybridization and HRP labeling, membranes were scanned
using an LAS4010 imaging system. CatK indicates cathepsin K; SMCs, smooth muscle cells.
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Levels of PLF-1 Protein
At days 0, 4, 7, 14, and 28 postsurgery, levels of mouse
plasma PLF-1 were determined using an ELISA kit devel-
oped by our laboratory. In this ELISA, PLF levels were
determined using a standard curve generated with mouse
rPLF short variant (PA-0659; Bioclone, San Diego, CA).
Optimal absorbance density was calculated using a
microplate reader (BioTex, Tokyo, Japan) at 450 and
600 nm. Mouse plasma PLF values are expressed as ng/
mL, and the inter- and intra-assay coefficients of variation

were <8%. Each sample was measured in duplicate and
averaged.

Statistical Analysis
Data are expressed as means�SE. Student t tests (for
comparison between 2 groups) or 1-way ANOVA (for
comparisons of ≥3 groups) followed by Tukey’s post hoc
tests were used for the statistical analyses. The nonparamet-
ric Kruskal–Wallis test (Tukey-type multiple comparison) was
used for gene expression data. SPSS software (version 17.0;
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Figure 5. Apoptotic stress produced PLF in vitro and in vivo. Representative gel blots exhibiting the induction of PLF-1 protein during
oxidative stress exposure (A). PLF-1 measured by ELISA in plasma of mice of both genotypes that had received the double injury (n=5–9; B).
Expression of PLF-1 protein evaluated by immunostaining in plaques of CatK+/+ mice (C). Scale bar, 50 lm. CatK+/+ SMCs were incubated in
the presence or absence of rPLF-1 for 48 hours and then subjected to a cell proliferation assay (n=6; D). CatK+/+ and CatK�/� SMCs were
transfected with empty vectors or mPLF-1 plasmid and then seeded onto 96-well plates and cultured in serum-free DMEM. After 48 hours,
results were analyzed by cell proliferation assays (n=8; E). CatK+/+ SMCs were cultured in the presence or absence of nontargeted siRNA
(n-siRNA) or short interfering mannose-6-phosphate receptor (siM6PR; 100 nmol/L for each). After 48 hours, cells were subjected to cell
proliferation under rPLF-1 at the indicated times (n=5; F). Following treatment with n-siRNA and siM6PR for 2 days, cells were transfected
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means�SEM. NS, not significant. *P<0.01 (vs the corresponding controls); †P<0.001 (vs rPLF 100 ng/mL alone); NS, not significant by
ANOVA and Tukey’s post hoc tests. CatK indicates cathepsin K; PLF-1, proliferin-1; rPLF-1, recombinant proliferin-1; SMCs, smooth muscle
cells.
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SPSS, Inc, Chicago, IL) was used. A value of P<0.05 was
considered statistically significant.

Results

CatK Activation Is Required for Pro-Caspase-8
Maturation in SMC Apoptosis
As a first step to examine the relationship between apoptosis
and CatK expression and activation in injury-related resteno-
sis, we established a rat balloon-injury model (see Figure 1A).
Consistent with a previous report,16 we observed only a low
level of expression of CatK in the uninjured arterial tissues. In
contrast, CatK expression was markedly increased throughout
the media, with staining signaling apparent in SMCs on day 2
after the surgical injury (see Figure 1B, upper panels).
Figure 1C illustrates the balloon pressure-dependent increase
in neointimal hyperplasia accompanied by increased CatK
expression. Similarly, the immunoblotting assay revealed that
exposure to the balloon injury caused an enhancement of the
active form of CatK protein (see Figure 1D). TUNEL staining
showed that on day 2 postsurgery, there were extensive
apoptotic cells in media of injured arteries compared with
uninjured arteries (see Figure 1B, bottom panels). Moreover,
levels of c-caspase-8 (cleaved caspase-8) protein, a key player
in the apoptosis process, were markedly upregulated by
surgical damage (see Figure 1D). Superoxide generation by
NADPH oxidase has been shown to activate cathepsin.34

gp91phox, which is 1 of the major NADPH oxidase compo-
nents, is required for apoptosis in SMCs.35 Here, we observed

that the injury-related stress enhanced gp91phox protein
expression (see Figure 1D). Thus, CatK activation by oxidative
stress appears to regulate caspase-8 maturation-mediated
cell apoptosis in vascular tissues in response to surgical
injury.36

To further address the question of whether CatK con-
tributes to pro-caspase-8 maturation, rhCatK (recombinant
human CatK) was incubated with recombinant human pro-
caspase-8 in the presence of several CatK inhibitors under an
acidic experimental condition. Results indicated that pro-
caspase-8 was sensitive to rhCatK, and this effect was
inhibited by a specific CatK inhibitor (CatK-II) and a nonspeci-
fic cathepsin inhibitor (E64; see Figure 2). As shown in
Figure 1E, CatK�/� reduced levels of c-caspase-8 protein in
response to H2O2 at the concentrations used. The parallel
quantitative analysis of H2O2-induced apoptosis with TUNEL
staining revealed that both CatK-II and E64d caused a
decrease in SMC apoptosis to 67% and 77% less than that
of cells treated with H2O2 alone (see Figure 1F), indicating
that the ability of CatK to cleave pro-caspase-8 is likely to
trigger SMC apoptosis in response to oxidative stress.
However, there were no differences in levels of Mcl-1, Bcl-2,
and Bax proteins between both groups (see Figure 1E).

CatK Deletion-Mediated Antiapoptosis Triggers
Vascular Protective Action
We created carotid artery injury models (a single-injury model:
ligation; and a double injury model: ligation plus poly-
ethylene cuff replacement) using CatK+/+ and CatK�/� mice

PLF-1         TUNEL                 Merged

Day 2 Day 2 Day2

Day 7 Day 7 Day 7

R
at

M
ou

se

Figure 6. Apoptotic dying cells produced PLF in vivo. Representative double immunofluorescence images
show apoptotic dying cell-derived PLF-1 in arterial lesions of mice that received the combination injury and
rats that received a balloon injury. Scale bars, 100 lm. PLF-1 indicates proliferin-1; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling.
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(see Figure 3A) to monitor the vascular biological and
morphological actions. Consistent with a previous study,4

we observed marked intimal hyperplasia in CatK+/+ mice on
day 28 after the double injury and to a lesser extent after the
single injury, and these changes were mitigated by CatK
deletion (see Figure 3B). Dihydroethidium staining showed a
marked staining signal in the injured arterial tissues by both
the single and double injuries of CatK+/+ mice (see Fig-
ure 3C), indicating that the injuries accelerated oxidative
stress production in the arteries. A quantitative analysis of
TUNEL staining revealed that CatK deficiency ameliorated
medial SMC apoptosis in both injury models (see Figure 3D).
Likewise, CatK�/� SMCs were resistant to H2O2 treatment at
500 lmol/L (see Figure 3E). As shown in see Figure 3F,
protein levels of gp91phox and the c-caspase-8 in injured
arteries of CatK�/� mice were lower than in those of CatK+/+

mice, suggesting that inhibition of caspase-8–related SMC
apoptosis by CatK deficiency could represent a common
mechanism in the protection of vascular tissue to injury.
However, there were no significant differences in levels of Bax

protein in the single- or double-injured arterial tissues
between the 2 mouse genotypes. We recently reported that
CatK silencing confers vascular protective action against
injury by reduction of SMC proliferation.4 This past finding
raises the question of how CatK deficiency and alteration of
the apoptotic ability change intracellular signaling toward a
reduction of the neighboring SMCs’ proliferative action under
the experimental conditions used here.

CatK�/� Reduced the Interaction Between
Apoptosis and Proliferation
Neointimal hyperplasia, an important feature of injury-related
vascular remodeling and restenosis, depends on vascular cell
apoptosis and proliferation. The communication between
apoptosis and proliferation in the restenosis process has been
unclear. Radiotherapy- and chemotherapy-induced dying cells
have been shown to produce several growth factors that
contribute to tumor repopulation,7 leading us to speculate
that CatK activation-related apoptotic dying cells could
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Figure 7. PLF-1 activates cell cycle. Mouse SMCs were plated in 6-well plates (2.59105/well), allowed to adhere overnight, and then
incubated in the presence or absence of rPLF-1 at 20 and 100 ng/mL for 24 hours. After trypsinization and centrifugation, cell pellets were
suspended and fixed in 70% ethanol at 4°C overnight and then evaluated for propidium iodide labeling of DNA by flow cytometry. Representative
histograms of DNA content during the cell cycle (A through C). Distribution of cells in G2/S/M expressed as a percentage of total cells (n=7; D).
PLF-1 indicates proliferin-1; rPLF-1, recombinant proliferin-1; SMCs, smooth muscle cells.
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produce growth-promoting signals to stimulate the prolifera-
tion of surviving cells. To examine this hypothesis, we used a
proteome profiler array to screen the changes of various
growth factors in conditioned media of CatK+/+ and CatK�/�

SMCs treated with and without 750 lmol/L of H2O2. As
expected, among the 54 targeted factors, apoptotic stress
increased levels of PLF (which is known as an angiogenic
growth hormone) in CatK+/+ SMC-conditioned media. This
effect was dramatically decreased by CatK deficiency (see
Figure 4). The parallel immunoblotting analysis of the lysates
showed that H2O2 treatment greatly increased levels of PLF
protein in CatK+/+ SMCs, whereas it was not detected in
CatK�/� SMCs under our experimental conditions (see
Figure 5A). Carotid artery injury experiments revealed that
lesions of single- and double-injured arteries of CatK+/+ mice
contained large amounts of PLF protein; these changes were
less pronounced in both of the mouse models devoid of CatK
(see Figure 3F). A previous study reported that oxidative
stress can mediate PLF gene expression in tumor C3H10T1/2
cells.37 CatK deletion thus appears to reduce oxidative
stress–induced PLF-1 production and growth signal induction.
Figure 1D presents a balloon pressure-dependent increase in
PLF-1 protein expressions of injured rat carotid arteries. On
the indicated operative days, TUNEL staining combined with
immunofluorescence revealed that PLF-1 was localized in
TUNEL+ cells of the neointima and media cells of mice and
rats (see Figure 6), suggesting that apoptotic dying cells could
produce PLF-1 to stimulate proliferation of surviving cells.

Plasma PLF-1 Was Increased by Vascular Injury in
Animals
We observed that plasma PLF-1 levels had significantly
increased as early as day 1 in both genotypes of mice and
peaked at day 14 after the combination injury and remained
at high levels for up to 28 days (see Figure 5B), implying that
circulating PLF-1 could be a novel predictor of vascular injury
in mice. Immunostaining showed that expression of PLF-1 was
markedly increased throughout the intima and media of
injured arteries (see Figure 5C). Additionally, CatK�/� mice
showed reduced plasma PLF-1 levels compared with corre-
sponding control CatK+/+ mice (see Figure 5B), indicating that
PLF reduction is likely to contribute to CatK ablation-mediated
vascular benefits.

PLF-1/M6PR Was Required for SMC Proliferation
PLF is involved in endothelial cell proliferation, and blockade
of PLF suppresses angiogenesis in several in vitro and in vivo
models.29,38 As anticipated, PLF-1 stimulated CatK+/+ SMC
proliferation (see Figure 5D). We used the gain-of-function
approach to further test PLF-1’s role in cell growth. PLF-1

overexpression resulted in enhanced proliferative abilities of
SMCs of both genotypes (see Figure 5E). A propidium iodide
cell-cycle analysis also revealed that PLF-1 caused an
increase in the number of proliferating cells (G2/M/S) in a
dose-dependent manner (see Figure 7). Additionally, because
M6PR was reported as a major receptor of PLF involved in
cellular functions,39,40 we tested a short interfering RNA
against M6PR (siM6PR) in SMCs. CatK+/+ SMCs transfected
with siM6PR showed dramatically decreased M6PR gene
expression (see Figure 8) and exhibited no proliferative action
in response to PLF-1 or PLF-1 plasmid intervention (see
Figure 5F and 5G). PLF-1/M6PR thus appears to be required
in SMC proliferation in response to injury.

PLF Regulates SMC Proliferation by PI3K/Akt/
p38MAPK-Dependent and -Independent mTOR
Signaling Activation
To study the intracellular mechanism by which PLF controls
cell growth, a series of protein kinase activity assays with
CatK+/+ SMCs and recombinant mouse PLF were performed
in the presence of several specific protein kinase inhibitors.
Expectedly, results indicated that PLF increased phosphory-
lation levels of Akt and mTOR in a dose-dependent manner
(see Figure 9A). Likewise, PLF-1 also increased levels of
p-Akt, p-p38MAPK, p-mTOR, p-GSK-3a/b, and p-EF in a time-
dependent manner (see Figure 9B). Moreover, we observed
that except Erk1/2 inhibitor U0124, PI3K inhibitor LY294002
and P38MAPK inhibitor 203580 exhibited inhibitory effects on
the phosphorylations of Akt, mTOR, and p38MAPK, but not
U0124 (see Figure 9C), leading us to speculate that upreg-
ulation of PI3K/Akt-p38MAPK-dependent and -independent
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Figure 8. siM6PR suppressed its mRNA expression in SMCs.
Mouse SMCs were seeded into 3-cm dishes at the density of
39104 and 69104 cells/well, then treated with either non-
targeted siRNA or siM6PR at 100 nmol/L for 24 hours. RT-PCR
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cascade activation by PLF-1 is a molecular mechanism of
SMCs’ proliferation.

PLF-1 Blocking Mitigates Neointimal Hyperplasia
We began to investigate the ability of PLF-1–blocking antibody
to modulate vascular remodeling in response to injury in
CatK+/+ mice. On operative day 14, N-mAb-P administration
significantly suppressed neointimal formation (see Figure 10A
and 10B). PLF-1 blocking had a significant reduction in the
number of BrdU+ proliferating cells in the neointima and
media of the PLF-1–blocked group of mice (see Figure 10A
and 10C). Likewise, N-mAb-P also reduced the ratio of BrdU+

proliferating cells to total neointimal cells and total medial
cells (see Figure 10C). On operative day 4, the double
immunofluorescence of injured artery sections with antibod-
ies to the SMC- and proliferating cell–specific marker revealed
that BrdU was localized in SMCs (see Figure 10D). Although
PLF-1 blocking had no effects on superoxide production or
gp91phox protein level (see Figure 10E), western blotting
assays revealed that it suppressed levels of arterial tissue
p-Akt, p-p38MAK, and p-mTOR proteins (see Figure 10F).
These results thus indicated that PLF-1 deletion by a
neutralizing antibody can modulate injury-related vascular
repair by reduction of PI3K/Akt/mTOR signaling activation
without oxidative stress production in mice.
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Figure 9. Mouse recombinant PLF-1 produced potent growth-stimulating signals. SMCs were seeded
into 6-well plates and then treated with PLF-1 as indicated for 30 minutes. Representative immunoblots
exhibit a dose-dependent change in levels of p-Akt and p-mTOR proteins (A). SMCs were treated with
rPLF-1 for the indicated times. Related protein levels of p-Akt, p-Erk1/2, p-p38, p-mTOR, t-EF2, and
p-GSK3a/b during rPLF-1 exposure (15–120 minutes; B). Following pretreatment with an PI3K inhibitor
(LY29002, LY), a p38 inhibitor (SB203580, SB), or an Erk1/2 inhibitor (U0124, U-0; 5 lmol/L each) for
30 minutes, cells were subjected to the related intracellular signaling activation. Representative gel
blots show the changes in levels of rPLF-1-induced p-Akt, p-mTOR, p-Erk1/2, and p-38 proteins during
exposure to several signal kinase inhibitors (C). Akt indicates protein kinase B; CatK, cathepsin K;
Erk1/2, extracellular signal-regulated kinases 1 and 2; GSK3a/b, glycogen synthase kinases a and b;
mTOR, mammalian target of rapamycin; p-, phosphorylated; PI3K, phosphatidylinositol 3-kinase; PLF-1,
proliferin-1; rPLF-1, recombinant proliferin-1; SMCs, smooth muscle cells; t-EF2, translation elongation
factor 2.
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Recombinant PLF-1 Accelerates Neointimal
Hyperplasia
We investigated the possibility that administration of
mouse recombinant PLF-1 can modulate vascular remod-
eling in response to injury in CatK+/+ mice. On day 14
postsurgery, PLF-1 administration enhanced the neointimal
area and ratio of the neointima to media (see Figure 11A
and 11B). Similarly, PLF-1 caused increases in not only
the numbers of BrdU+ proliferating cells in both neointima
and media, but also the ratio of BrdU+ proliferating cells
to total neointimal and media cells (see Figure 11A and
11C).

CatK Triggers PLF-1 Expression by TLR2/
Caspase-8–Dependent Mechanism
Finally, we investigated whether caspase-8 silencing or
inhibition mitigates PLF-1 expression in vitro and in vivo. As
shown in Figure 12A, siRNA-targeted caspase-8 (siCasp8)
was able to reduce PLF-1 expression induced by H2O2

treatment. Data of our in vivo experiments showed that a
synthetic specific caspase-8 inhibitor, Z-IETD-FMK, sup-
pressed not only PLF-1 expression, but also levels of the
cleaved caspase-8 proteins (43–18 kDa productions; see
Figure 12B and 12C), suggesting that caspase-8 inhibition is
also likely to contribute to reduction of PLF-1 production and

A B C

E F

N
eo

in
tim

a
ar

ea
 (X

10
3

m
2 )

Cont N-mAb-P

B
rd

u+
ce

lls
/to

ta
l c

el
ls

 (%
)

B
rd

u+
ce

ll 
nu

m
be

rs

0

25

50

75
Cont            N-mAb-P

B
rd

u+
E

V
G

0

12

24

36

48

Cont  N-mAb-P

Neointima

0

9

18

27

36

45

Cont mAb-P

B
rd

u+
ce

ll 
nu

m
be

rs

Media

Cont

N-mAb-PLF

L+C (day 4)

Cont  N-mAb-P

P-p38

p-Akt

p-mTOR

-actin

60

40

260

40

L+C (day 14)

L+C (day 14)

0.00

0.25

0.50

0.75

Cont mAb-P

60

DHE staining

D

N
-m

A
b-

P
   

   
C

on
t

-SMA             BrdU Merged

L+C (day 14)

gp91phox

*

* *
*

*

Intima
Media
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significant by ANOVA and Tukey’s post hoc tests. Akt, protein kinase B; CatK, cathepsin K; EVG, Verhoeff-Van Gieson elastic staining; IgG,
immunoglobulin G; mTOR, mammalian target of rapamycin; p-, phosphorylated; PLF, proliferin; a-SMA, alpha-smooth muscle actin; SMCs,
smooth muscle cells; L+C, ligation+Cuff.
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secretion in vivo and in vitro. TLR2 has been shown to
modulate the caspase-8–related apoptotic signaling path-
way.22,23 Here, we have observed that TLR2 silencing
exhibited an inhibitory effect on oxidative stress–induced
pro-caspase-8 expression and PLF-1 protein in cultured SMCs
(see Figure 12D and 12E). In the in vitro experiments, CatK
deficiency resulted in markedly decreased levels of TLR2
protein in SMCs under an oxidative stress condition (see
Figure 12F). Consistently, as compared with CatK+/+ mice,
CatK�/� mice had lower levels of TLR2 protein in the injured
arterial tissues (see Figure 12G). Collectively, these findings
indicate that modulation of TLR2-dependent caspase-8
expression and activation by inhibition of CatK activity could
represent a common mechanism in regulation of PLF-1
production and secretion in vivo and in vitro.

Discussion
An early hypothesis by Qin et al41 noted that there might be
an inextricable link between vascular cell death and overpro-
liferation in atherogenesis. Over the last 5 years, the impor-
tance of apoptosis in tissue repopulation and regeneration
has been revealed by a few tumor biological studies.7,42

Although those investigations uncovered key mechanisms of
tumor regrowth and repopulation after cytotoxic cancer
therapy, their findings do not explain the initial driving events
responsible for hyperproliferative cardiovascular actions after
angioplasty. In the present study, we focused on the novel
mechanism and molecular requirement necessary for the link
between cell apoptosis and overproliferation in the injury-
related vascular repair process. The major findings were as
follows: (1) CatK triggers PLF-1 expression and secretion by
TLR2-mediated caspase-8 activation under the conditions of
oxidative apoptotic stress. (2) PLF-1 released from apoptotic
dying cells is a key mediator of the interactive link between
SMC apoptosis and proliferation, and it regulates cell
proliferative behavior through a PI3K/Akt/p38MAPK-M6PR–
dependent and –independent mTOR signaling pathway. Our
findings demonstrated that CatK ablation can modulate
vascular actions by reduction of PLF-1 production associated
with resistance to apoptotic stress.

Caspase-8 has been best characterized as a cysteine
protease that degrades specific substrates to transmit to
apoptotic signals downstream of death receptors.43,44 During
death receptor signaling, pro-casepase-8 is recruited to the
death-inducing signaling complex, where oligomerization
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Figure 11. PLF-1 administration accelerated vascular remodeling in CatK+/+ mice. CatK+/+ mice that had
undergone the single injury were injected subcutaneously with either control PBS (Cont) or mouse
recombinant PLF (50 lg/kg per day) on days �1, 1, 3, 5, and 7 postsurgery. On operative day 14, after an
intraperitoneal injection of bromodeoxyuridine (BrdU; 100 lg/kg) for 2 hours, carotid arteries were
isolated for histological analysis. Representative H&E and BrdU staining images of injured arteries (A). Scale
bar, 50 lm. Quantitative data showing the neointima area, ratio of neointima to media, BrdU+ cells in
neointima and media, and percentage of BrdU+ cells of total cells (neointima plus media) in injured arteries
of the 2 experimental groups (n=6–8; B and C). Data are means�SEM. *P<0.01 (vs the corresponding
controls) by ANOVA and Tukey’s post hoc tests. CatK indicates cathepsin K; PLF-1, proliferin-1.
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drives its own activation by self-cleavage to form an activated
caspase-8 tetramer complex in a process termed “proximity-
induced activation.”45 To the best of our knowledge, our
observation is the first to show that CatK modulates pro-
caspase-8 activation. We have shown that genetic and
pharmacological interventions toward CatK activity ameliorate
SMC apoptosis in vitro and in vivo. Thus, these findings
indicate that the ability of increased CatK activity to activate
pro-caspase-8 is a crucial step to induce SMC apoptosis in
response to oxidative stress, which is linked to the apoptotic
dying cells-derived growth signaling and SMC proliferation
event under our experimental conditions.

Human and animal atherosclerotic lesions contain exten-
sive expression of TLR2 protein.18,19 Accumulating evidence
shows that TLR2 activates caspase-8–related apoptosis
signaling pathways in several cell lines.20,23,46 Here, siTLR2
suppressed increased caspase-8 expression in response to
oxidative apoptotic stress in cultured SMCs. As compared
with controls, our observations here show that both siTLR2
and siCasp8 mitigated expression of PLF-1 protein in vitro,
indicating that TLR2-dependent caspase-8 signaling may be
required in regulation of PLF-1 expression in vascular SMCs.
In addition, in the data presented here, injured carotid arterial
tissues had decreased levels of TLR2 protein as well as
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siCasp8, respectively, under H2O2 condition at indicated concentrations for 2 days. Lysates were subjected
to western blotting assays. Representative immunoblots and quantitative data exhibit changes in levels of
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condition for 2 days. Lysates were subjected western blotting assays. Representative immunoblots and
quantitative data exhibit changes in levels of procaspase-8 (procasp8; D) and PLF-1 (E) protein. CatK+/+ and
CatK�/� SMCs were seeded into 6-well plates (2.59105) and then treated with H2O2 (750 lmol/L) for
24 hours. Lysates were subjected western blotting assays. Representative immunoblots and quantitative
data exhibit changes in levels of PLF-1 protein (F). On operative day 4, left and right carotid arteries of
CatK+/+ and CatK�/� mice that had received a single or double injury were collected and subjected to
western blotting assays. Representative immunoblots exhibit changes in levels of PLF-1 protein (G). Data
are means�SEM (n=3–5 for each group). P values calculated using Student t test or Tukey’s post hoc tests.
CatK indicates cathepsin K; PLF-1, proliferin-1; SMCs, smooth muscle cells.
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caspase-8 protein in CatK�/� mice as compared with CatK+/+

mice. Likewise, CatK deletion suppressed both protein
expressions in cultured SMCs. Furthermore, we observed
that inhibition of CatK activity resulted in decreased levels of
PLF-1 protein in plasma and injured carotid arterial
tissues. Taken together, these findings lead us to consider
that modulation of TLR2-dependent caspase-8 expression
and activation by CatK inhibition using genetic and pharma-
cological approaches is responsible for regulation of PLF-1
production and secretion, which is crucial for the apop-
totic dying cells-derived cellular growth signal and prolifera-
tive action under our experimental conditions. It should be
noted that although there is not any evidence, the CatK
deletion-mediated decrease in oxidative stress and inflamma-
tion might be a negative feedback effect to reduce TLR2
expression.

Our findings demonstrated the potential efficacy of PLF-1
blocking antibody in the management of vascular remodeling
after injuries. Based on our findings of mouse recombinant
PLF-1 administration experiments, we propose that PLF-1
might be a potential molecular target for tissue wound healing
and regeneration.29 Another implication of our animal study is
the potential use of increased circulating PLF-1 as a novel
biomarker for vascular injury.

Conclusions
This newly discovered PLF-1-mediated neointimal hyperplasia
pathway has profound implications for the understanding of
vascular biology and restenosis management after estab-
lished endovascular therapies. Our present findings demon-
strate a key role for cell apoptosis in promoting tissue
remodeling to injury, leading us to propose to name this
mechanism the “dying instinctively switches on new growth”
pathway of tissue replacement and remodeling. Based on the
results of other studies7,42 and our own findings, we contend
that this is a fundamental biological process (affecting wound
healing, cancer therapy, and endovascular therapy) by which
metazoan organisms use cell damage and start replacing cells
by regeneration, repair, or mixed processes. The presence of
such a cascade pathway appears to exhibit an inextricable
and unique link between the “yin and yang” of cellular
apoptosis and life in animals and humans.
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