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Abstract

Metastatic cancer cells use the actin-bundling process for constant remodeling of the actin cytoskeleton for adhesion, migra-
tion, and invasion. L-plastin is an actin-bundling protein that belongs to the plastin family. L-plastin has been identified in 
several malignant tumors of the colon, prostate, and breast and contributes to cancer cell invasion in a phosphorylation-de-
pendent manner. Our initial characterization in PC3 prostate cancer (PCa) cell line derived from bone metastases demon-
strated L-plastin expression in PCa cells but not in other PCa cell lines tested. Hence, in this study, we aimed to identify 
L-plastin’s role in the migration and invasion of PC3 cells. Immunostaining analysis demonstrated a punctate distribution of 
L-plastin and patchy actin staining in PC3 cells with a minimal colocalization between L-plastin and actin at the invadopodia. 
However, L-plastin overexpression in PC3 cells increased L-plastin’s colocalization and actin at the invadopodia and during 
the invasion. In a wound-healing assay, these cells displayed a significant reduction in migration. L-plastin and invadopodia 
connections were confirmed using the L-plastin knockdown strategy in PC3 cells (PC3/Si). PC3/Si cells demonstrated an 
increased migration, which corresponded to punctate podosome-like structures. However, a decrease in the number of inva-
dopodia contributed to a significant reduction in invasion. Additionally, tumorsphere formation was significantly reduced in 
PC3/Si cells than in PC3 cells. In conclusion, our observations suggest that L-plastin regulates the formation of invadopodia 
required for prostate cancer invasion. Our results highlight that it could be a novel therapeutic target for androgen-indepen-
dent metastatic prostate cancer.
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Introduction	

	 Prostate cancer (PCa) is the second most commonly 
diagnosed cancer among men, and it is the fifth leading cause 
of cancer-related deaths worldwide [1]. Metastatic PCa can be 
highly heterogeneous, with the number of metastases being a vi-
tal predictor of cause-specific mortality [2].

	 Mortality due to PCa mainly results from tumor cell 
metastasis to distant sites, particularly the bones [3,4]. Although 
surgery, radiation, and androgen ablation treatments are effec-
tive against localized prostate tumors, approximately 15%–20% 
PCa patients develop advanced stages of the disease, leading to 
bone and lymph node metastases [5-7]. No effective treatment 
exists for advanced stages, mainly because tumor growth be-
comes resistant to castration [8,9].

	 The actin cytoskeleton’s reorganization is associated 
with several key physiological processes, including differentia-
tion, endocytosis, exocytosis, cell motility, and invasion [10-18]. 
Generally, several actin-binding and regulatory proteins mod-
ulate actin organization under physiological and pathophysio-
logical conditions [19-25]. L-plastin (LPL) is an actin-binding 
(bundling) protein that has been identified as a tumor-associated 
protein [26-30]. It is generally expressed in the leukocytes, and 
it is not present in non-hematopoietic cells. It is thought to be 
involved in the differentiation of hematopoietic cells. However, 
the expression of LPL in various tumor cells suggests that it may 
be involved in neoplastic processes [31].

	 Plastins belong to a class of actin-bundling proteins. 
The L, T and I isoforms are tissue-specific actin-binding pro-
teins. T-plastin is constitutively expressed in epithelial and mes-
enchymal cells [32], and only L- and T-plastins are involved in 
actin cytoskeletal reorganization [33-36]. L-plastin is expressed 
in 68% of epithelial carcinomas and 53% of non-epithelial mes-
enchymal tumors [37]. Moreover, examining various human tu-
mor cell lines revealed that more than 90% of tumor cells display 
varying degrees of constitutive LPL expression [38]. LPL expres-
sion in prostatic epithelial cells is linked to the malignant state 
because LPL expression is not observed in normal epithelial cells 
or epithelium of benign prostatic hyperplasia lesions [39].

	 However, the functional consequences of LPL expres-
sion in PCa are unknown. Therefore, in this study, we aimed to 
identify the expression levels of LPL in different cell lines and 
choose a cell line expressing LPL to elucidate its possible func-
tional significance in prostate cancer progression. Here, we pro-

vide compelling evidence that LPL expression is higher in bone 
metastatic PC3 cells than in other cancer cell lines and benign 
hyperplasic and normal prostatic epithelial cells. LPL over-
expression in PC3 PCa cells increased invasion, whereas LPL 
knockdown in PC3 cells reduced the invasion capability.

Material and Methods

Reagents

	 Antibodies against LPL (SC-16657; D-16) were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, 
USA). Antibodies against GAPDH (anti-rabbit, catalog no. 
G9545), mitomycin C, the cell proliferation assay (MTT) kit, and 
other chemicals, in general, were purchased from Sigma-Aldrich 
(MO, USA). Matched normal tissue and tumor tissue lysates 
from a single person were purchased from Abcam (Cambridge, 
MA, USA). LPL-small interfering RNA (siRNA) and control siR-
NA were purchased from GE Healthcare (Uppsala Sweden) and 
Ambion Thermo Fisher Scientific (MA, USA), respectively. The 
FITC-conjugated secondary antibody was purchased from Jack-
son Immunoresearch (PA, USA).

Cell culture and cell lines

	 Prostate cancer cells, such as PC3, LNCaP, DU145, and 
benign prostatic hyperplasic (BPH) cells, were maintained in 
RPMI 1640 (Gibco BRL, Life Technologies, Bethesda, MD, USA) 
containing 10% fetal bovine serum (FBS; Gibco, NY, USA) and 
1% penicillin/streptomycin [40]. PC3 cells were derived from 
skeletal metastases, LNCaP from lymph node metastasis, and 
DU-145 from brain metastasis. All cell lines were obtained from 
the American Type Culture Collection (Manassas, VA, USA). 
BPH cells were used as controls. PC3 cells stably expressing LPL 
or with a transient knockdown of LPL were produced as de-
scribed below.

Generation of stable L-plastin-overexpressing PC3 
cells

	 The vector plasmid pCEP-4 (Thermo Fisher Scientific 
(MA, USA) with an LPL cDNA insert and without any insert was 
transfected into PC3 cells using Lipofectamine 2000 (Invitrogen, 
NY, USA), according to the instructions of the manufacturer. 
Following transfection, cells were maintained in G418 sulfate 
(Sigma-Aldrich, MO, USA), and individual clones (30 clones) 
were isolated as previously described [40]. LPL expression levels 
were measured in 26 individual clones, and the results are pro-
vided in the supplementary Figure. The clone (clone 26), which 
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expressed the highest levels of LPL, was amplified and used for 
further studies. PC3 cells with overexpression of LPL are denot-
ed as PC3/LPL.

Knockdown of L-plastin in PC3 cells using a siRNA

	 siRNA against LPL (Smart pool) and control (denoted 
as scrambled) were purchased from Dharmacon and Ambion, 
respectively. According to the manufacturer’s protocol, 100 nm 
siRNA was transfected using Lipofectamine 2000, as previously 
described [3,41]. After 36–48 h, the lysates were prepared and 
subjected to immunoblotting with an antibody against LPL. The 
PC3 cells with LPL knockdown are denoted as PC3/Si. PC3 cells 
transfected with a control scrambled siRNA were used as con-
trols, and they are represented as PC3/Sc.

Immunoblotting analyses

	 Equal amounts of lysate proteins were used for immu-
noblotting, as previously described [42]. Briefly, equal amounts 
of proteins were separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred onto polyvi-
nylidene difluoride filter membranes (PVDF; Sigma MO, USA) 
for immunoblotting. Membranes were blocked with 5% milk in 
phosphate-buffered saline containing 0.5% Tween (PBST) for 2 
h, and they were incubated with a primary antibody of interest 
(e.g., LPL at 1:1000 dilution) at 4 °C overnight. After washing 
thrice with PBST for 10 min each, the membranes were incu-
bated with a species-specific secondary antibody conjugated to 
horseradish peroxidase (1:5000 dilution) at room temperature 
(RT; around 20-220C) for 1 h. After washing thrice with PBST 
for 10 min each, the protein bands were visualized using chemi-
luminescence using an ECL kit (Millipore Sigma MO, USA).

Immunostaining and actin staining of cells

	 Immunostaining and actin staining were performed as 
previously described [15,43]. PC3 and PC3/LPL cells were cul-
tured on coverslips in a 6-well dish at 37 °C for 14–16 h. Cells 
were washed three times with PBS at RT, and they were fixed in 
4% formaldehyde in PBS for 10 min. After washing thrice with 
PBS, cells were permeabilized with 0.5% Triton X-100 in PBS 
for 5 min and blocked with 5% donkey serum in PBST for 1 h. 
Between steps, the cells were washed with PBST. After washing 
thrice with PBST, cells were immunostained with an LPL anti-
body (1:100 dilution) in 5% goat serum at 4 °C overnight, fol-
lowed by incubation with FITC-conjugated (1:1000 dilution) 
species-specific secondary antibody for 3-4h. Subsequently, cells 
stained for LPL were stained with rhodamine-phalloidin (1:500 

dilution in PBS) for actin staining, as previously described [15]. 
The coverslips were washed and mounted on glass slides contain-
ing a mounting solution (Vector Laboratories, CA, USA ); sub-
sequently, coverslips were sealed with clear nail polish around 
the coverslips’ edge. The immunostained cells were viewed and 
photographed using Zeiss LSM 510 Meta confocal microscope 
(Hercules, CA, USA). Images were saved in TIF image format, 
and they were processed using the Adobe Photoshop software 
program (Adobe Systems, Inc., Mountain View, CA, USA).

Immunohistochemistry (IHC) assay

Tissue microarray (TMA) sections containing adenocarcino-
ma (grades 1–4) and prostate cancer cells adjacent to the nor-
mal cells were purchased from US Biomax, Inc. (Rockville, MD, 
USA). The sections were arranged in duplicate for each case. 
Goat polyclonal LPL (D-16) antibody (Santacruz, CA, USA) was 
used for IHC analysis, and the TMA sections were processed, 
stained, and analyzed as previously described [3]. Images were 
taken with an Aperio ScanScope CS system (Vista, CA, USA).

Wound-healing assay

PC3, PC3/LPL, and PC3/Si cells were cultured in a 6-well plate 
to near confluency, as previously described [44]. Scratches were 
made with a 10 μL pipette tip (~25–30 μm in width), and the cells 
were immediately washed with RPMI medium containing 10% 
FBS to remove the detached cells. Mitomycin (10 μg/mL) was 
added to the medium to inhibit cell proliferation. Hence, the ob-
served increase in wound healing was due to an augmentation of 
migration and not cell multiplication. Cell migration was mon-
itored for 18 h, and pictures were taken at 0 h and 18 h using a 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay

	 The MTT assay was performed as previously described 
[45] and as per the manufacturer’s instructions. Briefly, PC3, 
PC3/LPL, and PC3/Si cells were seeded at a cell density of 2000–
3000 cells/well in a 96-well plate for 16 h. MTT was added to 
each well, and the plate was incubated at 37 °C for 2 h. The MTT 
solubilization solution was added to the wells to stop the chem-
ical reaction, and the absorption was measured at 570 nm. The 
percent proliferation was expressed in different cell lines with the 
subtraction of background absorbance.
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Fluorescent gelatin degradation assay to determine 
the invasion capability of cells

	 Cross-linked-fluorophore (FITC)-conjugated gelatin 
matrices were coated on coverslips as previously described [46]. 
The coverslips were rinsed thrice with PBS, and they were stored 
at 4 °C until use. Before plating the cells, the gelatin substrates 
were quenched by incubating with RPMI containing 10% FBS 
(500 μL/well) at 37 °C for 30–60 min. PC3, PC3/LPL, and PC3/
Si cells were seeded at a cell density of 2000–3000 cells/well to 
evaluate invadopodia formation and invasion capability. The 
cells were incubated for 16 h and washed with PBS. The cells 
were then fixed with 3.7% formaldehyde (250–500 μL/well) at 
RT for 30 min, and they were stained with rhodamine-phalloidin 
(1:500 dilution in PBS; Sigma) for 2 h or at 4 °C overnight. Cells 
were washed thrice with PBS, mounted on a glass slide with a 
mounting solution (Vector Laboratories, Inc., Burlingame, CA, 
USA), and sealed with a nail polish [43,47]. Gelatin matrix and 
actin-stained cells were viewed and photographed using a Nikon 
Spinning confocal microscope with 510 LSM Meta Software. 
Images were saved in the TIF image format, and they were pro-
cessed using Adobe Photoshop.

Tumorsphere formation assay

	 The tumorsphere formation assay was performed ac-
cording to the manufacturer’s protocol (R&D system, Minneap-
olis, MS) [48,49]. Briefly, cells were plated in limited numbers in 
a six-well ultralow adhesion culture plate, and they were cultured 
for 7 days to induce tumorsphere formation. After 7 days of cul-
ture, tumorsphere images were taken using an image reader (Cy-
tation 3, Biotek, Winooski, VT). Images were processed using 
Adobe Photoshop.

Results

LPL is highly expressed in human prostate cancer, 
tumor tissue lysates, and human prostatic adeno-
carcinoma tissues

	 Using cell lines and tumor tissue lysates from PCa cells, 
we sought to determine the expression of LPL. We used PCa cells 
derived from multiple metastases as indicated below: PC3 cells 
from the bone, DU145 cells from the brain’s dura mater, and LN-
CaP cells from lymph node metastases. BPH cells were used as 
controls. Immunoblotting with an LPL antibody demonstrated 

Figure 1: Analysis of L-plastin (LPL) expression using immunoblotting and immunohistochemistry analyses. (A) Immunoblotting analysis of the 
protein lysates (20 μg protein/lane) prepared from BPH (lane 1), PC3 (lane 2), DU145 (lane 3), and LNCaP (lane 4) cells with an antibody against 
LPL. (B) Immunoblotting analysis of lysates (20 μg protein/lane) prepared from prostatic normal (NT) and tumor (TT) tissues with an antibody 
against LPL. GAPDH was used as a loading control for immunoblotting (A and B). The results shown are representative of three independent 
experiments. Blots from three experiments were scanned. The expression level of LPL is presented as the mean fold change in the graphs (bottom 
panel in A and B). (C and D) Immunohistochemical staining was performed in the tissue microarray sections with an antibody against LPL, as 
described in the Methods section. The lower magnification of the array is shown in Figure S1. Immunostained sections were counterstained with 
hematoxylin stain (blue). An arrowhead in C and D indicates the area of magnification, and the magnified images are shown in C’ and D’. An arrow 
in C’ points to adenocarcinoma (C’) adjacent to the luminal area of normal tissue (indicated by an asterisk in C’). A section of prostate carcinoma 
at grades 2 and 3 is shown in panel D. Magnification is X50 in C and D, and it is X200 in C,’ and D’ Staining was repeated two times.
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an increased LPL expression in PC3 cells (Figure 1A, lane 2) than 
in the other tested cell lines (lanes 1, 3, and 4). The expression 
levels in the indicated cell lines from three different experiments 
are shown in the graph (bottom panel in Figure 1A). PC3 cells 
expressed more LPL proteins, as demonstrated by others [29,30].

	 Next, we performed the immunoblotting analysis of to-
tal lysates prepared from normal prostatic tissues (NT) and tu-
mor tissues (TT) with an antibody against LPL (Figure 1B). LPL 
expression was higher in the lysates prepared from TT (Figure 
1B, lane 2) than from NT (Figure 1B, lane 1). To further validate 
the immunoblotting findings, we performed IHC analysis with an 
antibody against LPL in a human prostate cancer TMA purchased 
from Biomax (Figure 1; panels C and D). A lower magnification 

view of a representative microarray panel containing NT and 
TT sections (24 cores) is shown in Figure S1. Arrays stained for 
LPL and non-immune serum are shown in Figure S1. Arrows in 
Figure S1 point to the sections shown in the medium (C and D) 
and higher (C’ and D’) magnification views in Figure 1. The LPL 
stained sections presented in Figure 1 (C and C’) demonstrate 
normal luminal epithelial cells, stromal cells, and adenocarcino-
ma (indicated by an arrow in C) adjacent to the lumen (Figure 
1C’). LPL staining was very low in luminal epithelial and basal 
cells (indicated by asterisks in C’) compared to the intense LPL 
staining in adenocarcinoma, which was adjacent to the lumen.

	 Similarly, an intense LPL staining was observed in the 
adenocarcinoma sections at stages Ⅱ and IV. No distinct lumen 

Type
(NT or TT)

Grade & # of 
cores

Cells and appearance
L- plastin staining
intensity [%]

Normal prostatic tissue (-); (n=12)
Normal luminal and basal cells with  stromal 
cells; (All  cells appear normal)	

Luminal and basal and
stromal cells positive for
LPL. Staining is weak [12 ± 4.2%]

Cancer cells adjacent to 
normal prostatic tissue 
(NAT)

Grade 1; (n=2)
Cells appear normal   cells One   or   two 
clusters of carcinoma cells have been 
observed

Cells appear different from
normal cells that are
positive for LPL and stained 
strongly [5.26 ± 0.8%]

Adenocarcinoma 
(Malignant)

Grade 1 (n=4)
Cells appear different from normal cells 
with lumen with luminal cells and normal 
stromal cells.		

Carcinoma cells stained stronger 
than the normal cells [28.82 ± 
4.8%]*

Adenocarcinoma
with necrosis (Malignant)

Grades 2 & 3 
(n=7)

Cells appear abnormaland
poorly differentiated. The number of lumens 
with luminal epithelial cells stroma   is 
reduced significantly.

LPL staining is stronger [45.9 ± 
5.8%]; Stromal
staining is weak [<5.0 ± 1.0%]**

Table 1: Microarrays containing prostatic carcinoma and normal tissues were subjected to immunohistochemistry with 
an antibody against LPL. Cancer adjacent to NAT and adenocarcinoma (grades 1-3) were present in the microarray. The 
number (n) of cores for each type are indicated in parentheses in the table. Two investigators performed the analysis, and 
results are provided as percent intensities. *p<0.05 and **p<0.001 vs. staining intensity of normal prostatic tissue. Values are 
expressed as mean ± SEM. Staining was performed using two different microarrays (Biomax: PR243 and PR243b).

was observed in this section, and a random distribution of car-
cinoma cells was observed (Figures 1D and D’). The relative 
distribution of LPL in the immunostained TMA sections was 
semi-quantitatively analyzed by two other investigators, and the 
results are presented in Table 1. LPL expression was higher in 
prostatic adenocarcinoma than in luminal epithelial cells, similar 
to previous results [39].

A stable LPL overexpression reduces cell migration 
while LPL knockdown enhances cell migration

	 To determine the functional importance of LPL in PC3 
cells, we used an LPL overexpression and knockdown strategy. 
Using LPL full-length plasmids previously generated in our lab 
[50, 51], we overexpressed the full-length LPL plasmid in PC3 
cells. A significant increase in the expression level of LPL was 
observed in PC3 cells transfected with full-length LPL (PC3/
LPL) constructs (Figure 2A, lane 2, and Figure S2) than in PC3 
cells alone (Figure 2A, lane1). We generated approximately 26 
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Figure 2: Analysis of LPL overexpression (PC3/LPL) and knockdown (PC3/Si) effects on the migration of PC3 cells. (A) Im-
munoblotting analysis with an antibody against LPL. An equal amount of protein lysates made from PC3 (lane 1) and PC3/
LPL (lane 2) was used to detect total cellular levels of LPL protein. (B) Wound healing or closure assay in PC3 and PC3/LPL 
cells. Phase-contrast micrographs show the migration at 0 h and 18 h. (C) Analysis of LPL knockdown (PC3/Si) effect on 
the protein levels using immunoblotting. GAPDH was used as a loading control in panels A and C. (D). Expression levels of 
LPL protein were quantitated from three different experiments. The data presented are mean fold change, and the error bars 
represent SEM. ***p<0.001. (E) PC3 and PC3/Si cells were subjected to wound healing assay. Phase-contrast micrographs 
show migration at 0 h and 18 h. The results represent one of the three separate experiments performed with 

individual clones to determine LPL expression. The expression 
levels of standard LPL in clonal isolates are shown in Figure S2. 
Among the individual clones generated

and tested for LPL expression level, we used one clone (clone 
#26), demonstrating the maximum overexpression of LPL (Fig-
ure S2, lane 27) for further studies.

	 Next, to determine the functional consequence of LPL 
overexpression (Figure 2A) on cell migration in PC3 cells, we 
performed a wound-healing assay (Figure 2B). Wound closure 
was monitored for 18 hours (Figure 2B). PC3/LPL cells displayed 
a significant decrease in cell migration (Figure 2B, right panel) 
and wound closure capabilities compared to PC3 cells (Figure 
2B, left panel). Cells were pretreated with mitomycin C to ensure 
that the observed cell migration results were independent of cell 
proliferation. The wound-healing assay showed that overexpres-
sion of LPL reduced the migration ability of PC3 cells.

	 To further confirm whether the expression of LPL is as-
sociated with cell migration, we reduced LPL expression using 

siRNA against LPL in PC3 cells. SMARTpool siRNA was used to 
minimize the expression of LPL in PC3 cells. Immunoblotting 
analyses demonstrated that LPL siRNA (100nM) significantly 
reduced the expression of LPL in PC3 cells (PC3/Si; Figure 2C, 
lane 3) as compared to untransfected (lane 1) and scrambled 
RNAi-transfected (PC3/Sc; lane 2) control cells. The relative ex-
pression levels from three different blots for PC3 cells, PC3/Sc, 
and PC3/Si cells, are shown in a graph (Figure 2D).

	 Interestingly, LPL knockdown increased cell migration 
in the wound healing assay (Figure 2E). Wound healing was mon-
itored for 18 h. A significant reduction in cell migration was ob-
served in PC3/Si cells (Figure 2E, right panel) than in scrambled 
RNAi (Sc)-transfected cells (Figure 2E, left panel). Phase-contrast 
microscopy of PC3, PC3/LPL, and PC3/Si is shown in Figure S3. 
PC3 cells overexpressing LPL (PC3/LPL) appear more rounded 
and less adhesive than PC3 cells. PC3/Si cells looked marginally 
larger than PC3/LPL or PC3 cells (Figure S3).
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Figure 3: Confocal analysis of actin organization and localization of LPL in PC3, PC3/LPL, and PC3/Si cells A-C: Immu-
nostaining and confocal microscopy analyses of actin (red) and LPL (green) distribution in PC3 (A), PC3/LPL(B), and 
PC3/Si (C) cells. Merged (red and green) images are shown in the overlay panel. The results shown represent three inde-
pendent experiments. Scale bar: 100 μm. Invadopodia were counted in ~150-200 cells from three different experiments, 
and the results are provided as a graph in D. **p<0.01 and ***p<0.001 vs. PC3 cells. Error bars represent SEM.

Overexpression of LPL increase the number of inva-
dopodia and invasion processes in PC3 cells

	 We sought to determine the actin distribution in cells 
using rhodamine-phalloidin staining (red) and confocal micros-
copy analysis (Figure 3). The LPL distribution was also studied 
using immunostaining analysis with an LPL antibody (green). 
Invadopodia were counted in ~150-200 cells from three differ-
ent experiments, and the results are provided in a graph (Figure 
3D). PC3 and PC3/LPL cells displayed areas of actin (red) en-

richment in the plasma membrane. Consistent with our previous 
studies [15], PC3 cells demonstrated actin-rich invadopodia-like 
structures (indicated by arrowheads in A and B). These struc-
tures were denser and more abundant in PC3/LPL cells (Fig-
ure 3, panels B and D). F-actin enrichment was observed in the 
central cytoplasmic region and plasma membrane of PC3/LPL 
cells compared to parental PC3 cells (Figure 3, actin). Consis-
tent with the results of immunoblotting analysis (Figures 2C and 
D), LPL staining was high in PC3/LPL cells (Figure 3B; L-plas-
tin and overlay panels), and PC3/Si cells displayed a dramatic 
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Figure 4: The effect of LPL overexpression (PC3/LPL) and knockdown (PC3/Si) on FITC-gelatin matrix degradation
The overlay shows FITC-gelatin matrix (green) and PC3 cells stained for actin (red). Images of FITC gelatin matrix 
(middle) and actin stained cells (bottom) are shown separately. The dark areas represent matrix degradation. Arrow-
heads point to PC3/Si cells that display invadopodia and invasion (C). Matrix degradation can be seen correspond-
ingly in the green panel below. The results shown are representative of three different experiments. Scale bar: 150 μm.

decrease in LPL staining (Figure 3C; L-plastin and overlay pan-
els). Colocalization (yellow) of LPL with actin was observed in 
areas where invadopodia were found in PC3/LPL cells (Figure 
3B; overlay). Interestingly, PC3/Si cells exhibited punctate po-
dosome-like structures (Figure 3C actin; indicated by arrows), 
which may explain the increased migration in wound healing 
assay (Figure 2E, Si panel). Correspondingly, a decrease in the 
number of invadopodia was observed in these cells (Figure 3D). 
Control vector-transfected cells (PC3/V) for LPL overexpres-
sion and scrambled RNAi-transfected PC3/Si cells are shown in 
Figure S4. The number of invadopodia was observed in the fol-
lowing order: PC3/LPL>PC3>>PC3/siRNA (Figure 3D). These 
observations suggest that LPL plays a role in actin-bundling or 
organization processes involved in invadopodia formation. Our 
future studies will identify whether LPL has a direct or indirect 
role in invadopodia formation. If so, what is the mechanism by 
which LPL regulates invadopodia formation, and how podoso-
mal organization occurs in the absence of LPL?

Overexpression of LPL increases the invasion of 
PC3 cells

	 Invasion is a crucial process in cancer metasta-
sis, and invadopodia play a vital role in cancer cell invasion 
[11,15,16,52,53]. Previous studies have shown that invadopodia 
form a focal degradation of the gelatin matrix in vitro [15,16]. 
This study also used the in vitro gelatin degradation invasion as-
say to determine the invasive properties of PC3, PC3/LPL, and 
PC3/ Si cells, as previously described [15,46]. Cells were plated 
onto coverslips pre-coated with FITC-conjugated gelatin matrix 
(green), and they were incubated at 37 °C for 16-18 h. Confocal 
microscopy analysis was performed after staining the cells with 
rhodamine-phalloidin for actin distribution (red, Figure 4). Gel-
atin degradation was found underneath PC3 and PC3/LPL cells. 
Black holes represented the degraded matrix. An increase in the 
number of invadopodia in PC3/LPL cells (Figure 3D) indicated 
their invasive nature (Figure 4B; green). The depth and surface 
area of degradation were greater in PC3/LPL cells (Figure 4B; 
gelatin) than in PC3 and PC3/Si cells. A decrease in the number 
of invadopodia in PC3/LPL(Si) cells (Figure 3D) corresponds 
to the substantially reduced level of degradation of the gelatin 
matrix (Figure 4C; gelatin), which suggests that LPL plays a role 
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in the formation of invadopodia and the polarized invasion of 
cells into matrix boundaries. Podosome-like structures present 
in PC3/Si cells (Figure 3C, actin) have no cell invasion role. The 
number of invadopodia (Figure 3D) and gelatin degradation 
(Figure 4) were in the following order: PC3/LPL>PC3>>PC3/Si.

Knockdown of LPL reduces tumorsphere formation 
of PC3 cells

	 Cancer stem cells (CSCs) can form tumorspheres in 
vitro when plated in low numbers with serum-free media and 
growth factors. CSCs result in treatment failure, thereby lead-

ing to tumor recurrence [48,54]. To determine the role of LPL in 
tumorsphere formation in vitro, we used PC3 and PC3/Si cells. 
PC3 control cells displayed more tumorspheres (Figure 5A) than 
PC3/Si cells (Figure 5B). A decrease in tumorsphere formation 
in PC3/Si cells was not due to reduced PC3/Si cell proliferation. 
The proliferation assay (MTT assay) demonstrated that the pro-
liferation of PC3/LPL and PC3/Si cells was equal to that of PC3 
cells (Figure S5). LPL may play an essential role in cancer cell 
self-renewal and differentiation, which is a part of the transfor-
mative process of metastasis and epithelial-mesenchymal transi-
tion, leading to tumor recurrence and treatment failure.

Figure 5: The effect of LPL knockdown on tumorsphere formation Analysis of tumorsphere formation in PC3 (A) 
and PC3/ Si (B) cells in the multimode microscope (Cytation 3). The results are representative of three independent 
experiments. Results are shown in duplicates in panels A and B. Scale bar: 200 µm.

Discussion

	 L-plastin has a role in innate and adaptive immune cells 
[55,56]. LPL is expressed physiologically in hematopoietic cells, 
and it has been shown to regulate T-cell activation and function 
[19,36,56-58]. When cells are transformed malignantly, LPL is 
expressed abundantly non-physiologically and pathologically, 
under which conditions it could serve as a tumor marker [28,59-
61]. Sixty-eight percent of the cancers arising from epithelial tis-
sues express LPL [62]. The transcription factor AP4, regulated by 
the PI3-K/AKT pathway signaling pathway, promotes prostate 
cancer metastasis by upregulating the in vitro and in vivo LPL 
expression [63].

	 Previous studies have reported the role of LPL in cancer 
invasion and migration in PCa [29,30,63,64]. Studies have shown 
that the thiol oxidation of LPL on Cys101 forms a disulfide 
bridge with Cys42. In LPL, this process reduces the actin-based 

functions of tumor cells in migration, invasion, and extracellular 
matrix degradation. We have previously shown that LPL phos-
phorylation on Ser5 and 7 aa residues regulate the role of LPL in 
osteoclast sealing ring formation and bone resorption [35,50]. 
LPL expressed in PC3 cells was also phosphorylated on serine 
residues (data not shown). Similarly, other studies have shown 
that ectopic expression and phosphorylation of LPL pronounced 
the in vitro migration/invasion potential and in vivo metastatic 
capacity of human melanoma and PCa cells [28,29]. However, 
the role of LPL in invasion and invadopodia formation requires 
further investigation.

	 In this study, we showed that LPL expression is minimal 
in LNCaP and DU145 cells. LPL expression is relatively high in 
PC3 cells, in addition to its invasive properties due to the presence 
of invadopodia [15]. Therefore, we used PC3 cells in our study. 
Here, we used LPL overexpression and knockdown strategies in 
PC3 cells to analyze their roles in invasion and migratory pro-
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cesses systematically. As described previously [15], we used the 
gelatin degradation assay together with actin staining of cells to 
study the invasive abilities of PC3, PC3/LPL, and PC3/Si cells. 
LPL overexpression increased cell invasion as a result of the for-
mation of invadopodia. Invasive migration and proteolytic degra-
dation of the extracellular matrix (ECM) and remodeling of ECM 
are interdependent processes that regulate the invasion and mi-
gration of cancer cells. Previous studies have used invasion assay 
chambers to study the invasive property of PC3 cells with LPL 
knockdown [64]. Our results align with those of previous stud-
ies, which suggest that the invasion of PC3/Si cells is considerably 
reduced compared to that of control PC3 cells [64]. The decrease 
was not related to cell proliferation because the proliferation of 
PC3/LPL and PC3/Si cells was greater than that of PC3 control 
cells. Additionally, the proliferation of PC3/Si and PC3/LPL cells 
was comparable. In comparison, the migration was shown to be 
decreased in LPL knockdown PC3 cells by the same group [64], 
but we observed an increase in PC3/Si migration cells in the 
wound healing assay. The formation of podosome-like structures 
may have a role in migration in PC3/Si cells.

	 In vitro wound healing assays do not require matrix 
degradation. In the normal wound healing process in vivo, pro-
tease breakdown damages extracellular matrix proteins to form 
new tissues. The migration and healing processes depend on the 
matrix molecules and chemotactic factors released by the cells 
subjected to migration into the scratched wound and the dam-
aged cells during scratching of the wound [65]. Interestingly, an 
increase in migration was not observed in PC3/Si cells plated on 
the gelatin matrix, even with the formation of punctate podo-
some-like structures. Our previous studies on osteoclasts showed 
that the presence of podosomes at the leading edge increases the 
migration and degradation of the gelatin matrix. The track of a 
cleared area of gelatin matrix was due to the presence of MMP-9 
in the podosomes [15]. MT1-MMP localized on podosome pro-
trusions has been reported to mediate ECM degradation [66-68].

	 Podosomes coordinate cell adhesion, substratum-rigid-
ity sensing, and matrix degradation [69-71]. Invasion requires 
both migration and degradation of ECM, in addition to the 
formation of invadopodia. We have demonstrated the possible 
role of Src kinase, cortactin, and WASP in the formation of in-
vadopodia and invasion in PC3 cells. In future studies, we aim 
to identify the precise signaling mechanism by which the LPL 
mediated actin-bundling process is regulated to provide a novel 
therapeutic target to curtail prostate cancer progression. Fail-
ure to form a degraded matrix suggests that the podosome-like 
structures present in PC3/Si cells may not have any proteolytic 

activity. Further studies will be necessary to elucidate the migra-
tion mode of PC3/Si cells in a wound-healing assay and clari-
fy whether these cells possess the characteristic mesenchymal 
motility. This study’s limitation is the lack of elucidation of the 
molecular mechanism underlying the regulation of invadopodia 
formation in androgen-independent PC3 cells. Our future stud-
ies will focus on the possible molecular mechanisms associated 
with invadopodia formation in PC3 and PC3/LPL cells and po-
dosome formation in the absence of LPL in PC3/Si cells. Un-
derstanding the molecular mechanism may also provide a novel 
molecular target for developing an effective therapeutic strategy 
to target key molecules involved in invadopodia formation and 
invasive processes.

Conclusion

	 Tumor cell migration and invasion are complex, and 
they require highly coordinated actin remodeling processes, 
which involve actin-binding/bundling and regulatory proteins. 
Actin bundling is a crucial process in invadopodia formation, 
invasion, and ECM degradation via the localization of matrix 
metalloproteases in the invadopodia region. Based on previous 
and present results, LPL can be an essential tumor biomarker. 
Cancer screening and diagnostic methods for evaluating the ex-
pression of plastins as biomarkers have been developed (72). A 
decrease in the invasion of PC3 cells transfected with a siRNA 
against LPL suggests that an antisense delivery approach can be 
used to obstruct the invasion and progression of PCa. We have 
recently shown the critical role of LPL in sealing ring formation 
and bone resorption in osteoclasts [35,50,73-75]. The present 
observations suggest that the role of LPL-mediated actin mod-
ulation is not limited only to sealing ring formation and bone 
resorption in osteoclasts but also to invadopodia formation. 
Therefore, LPL may be an essential component of invadopodia 
required for the invasion process and a potential therapeutic tar-
get for metastatic prostate cancer.
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Supplemental Figures

Figure S1: Immunohistochemistry analysis in prostate cancer and normal tissue microarray. A microarray containing 
cores of normal prostate tissue and prostate adenocarcinoma at different stages was stained with L-plastin antibody (top) 
and nonimmune IgG (bottom). Arrows indicate the immunostained cores which are selected to show at higher magnifi-
cation in Figure 1 of the main document in the top panel. Relative distribution of indicated proteins in immunostained 
TMA sections was semi-quantitatively analyzed by two other investigators and provided as Table 1 in the main document.
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Figure S2: LPL overexpression in PC3 cells. (a) An equal amount of protein lysates made from PC3 (lane 1) and clones 
of PC3/ LPL cells (lane 2-27) were immunoblotted (IB) with an LPL antibody to detect total cellular levels of the LPL 
protein. GAPDH was used as a loading control. Clone 26 (lane 27) is used for all the analyses shown in the 

Figure S3: Analysis of the effect of LPL overexpression and knockdown on cell morphology. 
Phase-contrast micrographs of PC3, PC3/LPL, and PC3/Si cells are shown. Magnification: X100 
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Figure S4: Confocal analysis of actin organization and the localization of LPL in PC3/Sc and PC3/V 
cells. Immunostaining and confocal microscopy analysis of the distribution of actin (red) and LPL 
(green) proteins are shown. PC3 cells transfected with scrambled RNAi (PC3/Sc), a control for PC3/
Si cells, and vector transfected cells (PC3/V), a control for PC3/LPL cells shown. Scale bar: 150μm

Figure S5: Proliferation assay. The percentage proliferation is shown from a 
representative of one experiment. The experiment was repeated twice and ob-
tained similar results. Error bar represents mean ±SD. p< 0.001 vs. PC3 cells
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