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Abstract

Profilin1 (Pfn1) functions as a tumour suppressor against malignant phenotypes of cancer cells. A minimum level of Pfn1 is critical for
the differentiation of human epithelial cells, and its lower expression correlates with the tumourigenesis of breast cancer cells and 
tissues. However, the molecular mechanisms underlying its anti-tumour action remain largely unknown. In this study, we found that stable
expression of ectopic Pfn1 sensitized the breast cancer cell line MDA-MB-468 to apoptosis induced by staurosporine, a widely used 
natural apoptosis-inducing agent. Pfn1 overexpression could also up-regulate the expression of integrin �5�1, which has been shown
to inhibit the transformed phenotype of cancer cells. Furthermore, the Pfn1-facilitated apoptosis induced by staurosporine was blocked
in cells attached to a supplementary fibronectin substrate, which serves as a ligand of integrin �5�1. These results suggest that the
insufficient fibronectin caused by the integrin �5�1 up-regulation might activate a signalling pathway leading to an increase of cellular
apoptosis. Moreover, Pfn1 that primarily functions to promote local superstructure formation involving actin filaments and integrin �1
may contribute to its promotion on apoptosis. Our study indicated a previously uncharacterized role of Pfn1 in mediating staurosporine-
inducing apoptosis in breast cancer cells via up-regulating integrin �5�1, and suggested a new target for breast cancer therapy.
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Introduction

Multiple cellular functions such as motility, division and endocyto-
sis involve the dynamic remodelling of the actin cytoskeleton [1].
Stabilization of the actin meshwork is achieved by the cross-linking
of the filaments regulated by actin-associated proteins, such as Pfn
[2]. Pfn, a ubiquitously expressed actin-binding protein, has been
found to be significantly down-regulated in breast, hepatic and

pancreatic adenocarcinoma cells and tissues when compared with
their normal counterparts [3–5]. It has been reported that overex-
pression of Pfn1 (the first Pfn protein isolated from the thymus) in
cancer cells failed to form tumours when subcutaneously
xenografted in nude mice, suggesting that Pfn1 could also be a
negative regulator of carcinoma [4–7]. Moreover, the actin-binding
site on Pfn1 has been found to be instrumental to its suppressing
function, probably due to the alternation of Pfn1 expression which
might affect the cellular infrastructure by changing the actin stress
fibre, thus altering the balance of growth, death, attachment and
migration [4]. However, the mechanism remains to be clarified.

It is well-known that apoptosis involves early detachment 
from the extracellular matrix (ECM), rearrangements of the actin
cytoskeleton, membrane blebs formation and an eventual 
breakdown into apoptotic bodies [8]. Integrins are transmembrane
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heterodimers of � and � subunits that provide dynamic, physical
links between ECM and intracellular cytoskeleton, allowing cells to
sense and respond to environmental stimuli [9]. The integrin fam-
ily, composed of � and � heterodimers, is classified according to
the latter subunits [10]. In the periphery, interactions of integrins
with ECM have long been known to regulate viability and apoptosis
[11]. Growing evidence indicates that the integrin-mediated sig-
nalling pathways, including those that control anoikis, can be spe-
cific to an individual integrin [12]. In particular, integrin �1 subfam-
ily is the most ubiquitous and promiscuous integrin distributed
throughout epithelial tissues. Many studies have been directed at
the aberrant integrin expression found in breast carcinoma,
whereas some have demonstrated the diminished level of integrin
�1 along with an increasing of de-differentiation and proliferation
[13, 14]. Thus, anchorage-independent survival likely results from
the uncoupling of cell cycle dependence on signals transduced
through attachments to the substratum.

Actin-binding proteins are crucial for the adhesion of cells to
extracellular matrices and cell survival as they are involved in the
linkage of integrins to the cortical actin cytoskeleton [15]. Our pre-
vious studies had shown that Pfn1 as an actin-binding protein
could inhibit proliferation and migration [5]. Here, we evaluated
the effect of Pfn1 on breast cancer cell apoptosis and its mecha-
nism involving the roles of integrin �1 and the actin cytoskeleton.

Materials and methods

Cell culture and transfections

All cell lines in this study were maintained either in DMEM or in RPMI
medium 1640 (Invitrogen, Grand Island, NY, USA) supplemented with 10%
foetal bovine serum, 50U of penicillin/ml and 0.1 mg of streptomycin/ml at
37�C in a 5% CO2 humidified atmosphere. Plasmid encoding a full-length
Pfn1 gene and its control vector pcDNA3.1 [5] were stably transfected into
breast cancer cell line MDA-MB-468, using Lipofectamine 2000
(Invitrogen, CA, USA) according to the manufacturer’s instructions. The
two plasmids expression cells were designated Pfn1–468 and Mock cells.
The transient transfection with siRNA-integrin �1 or its nonsense control
duplex (Cell Signaling Technology, Danvers, MA, USA) was also performed
with Lipofectamine 2000 and then cells were harvested or treated at 48-hr
post-transfection.

Cell adhesion assay

Cell adhesion assay was performed as described [16]. Briefly, tissue 
culture plates were coated twice with poly-HEME (10 mg/ml in ethanol;
Sigma-Aldrich, St. Louis, MO, USA) and rinsed extensively with PBS. Cell
suspensions were seeded on the poly-HEME plates. At the indicated times,
cells were recovered and harvested. For fibronectin (FN)-coated dishes, 
15 �g/ml FN (Sigma-Aldrich) in PBS was added to each dish and incubated
for 1 hr at 37�C. Excess solution was carefully aspirated and dried, and 
then washed extensively with PBS. The functional integrin �1–blocking
 peptide was applied as previously described [17]. Cell suspensions were

pre-incubated with the blocking peptide or its nonsense peptide and then
incubated for 8 hrs followed by staurosporine (STS) treatment.

Flow cytometry analysis (FACS)

For immunophenotyping applications, 10 �l of a 25–50 �g/ml stock solu-
tion of the integrin �1 monoclonal antibody (BD Biosciences, San Jose, CA,
USA) was mixed with up to 106 cells in a minimal volume (�0.2 ml) of
buffer [PBS � 0.5% bovine serum albumin (BSA)] and incubated at room
temperature for 30 min. Cells were washed twice with the same buffer and
centrifuged at 250 � g for 5 min. The cell pellet was resuspended in 0.2 ml
of PBS buffer, and 10 �l of a 25 �g/ml secondary FITC-mouse IgG antibody
was added to the suspension and incubated for another 30 min. After PBS
rinse, cells were resuspended in 0.5 ml of the same PBS buffer for FACS
(Becton Dickinson, USA) analysis. Each experiment was repeated twice,
with 10,000 events per sample were recorded. Annexin V staining 
(BD Bioscience Pharmingen, USA) detected by flow cytometry was used to
assess apoptosis according to the manufacturer’s instructions.

Real-time PCR

Total cellular RNA was extracted using Trizol reagent (Invitrogen). Quantitative
real-time PCR was performed with PCR Mastermix containing Sybgreen I and
hotstart Taq DNA polymerase (Toyobo, Osaka, Japan). The primers of integrin
�1 and GAPDH used in this study have been described previously [17]. The
oligonucleotides of Pfn1 used in PCR amplification were designed according
to the reference [3]. Real-time detection of the emission intensity of SYBR
Green bound to double-stranded DNAs was performed with the Icycler instru-
ment (Bio-Rad, Hercules, CA, USA). PCR reactions were performed in tripli-
cate for each sample-primer set, and the mean of the three experiments was
used as the relative quantification value. The level of mRNA was expressed as
a ratio relative to the GAPDH mRNA in each sample.

Immunostaining and confocal microscopy

The cells, seeded on Chamber Slides, were washed with cold PBS (pH 7.4)
and fixed with 4% paraformaldehyde for 30 min. on ice, rinsed with cold
PBS and permeabilized with 0.1% Triton X-100 for 30 min. on ice. After
blocking with 3% BSA/PBS, the primary antibodies anti-integrin �1 and
anti-Pfn1 (BD Biosciences) were added at 1:100 dilutions with 3%
BSA/PBS. The cells were incubated at 4�C overnight followed by incubation
with the secondary antibodies IgG-Rhodamine IgG-Cy5, or F-actin specific
dye phalloidin (1:500 dilution with 3% BSA/PBS; Sigma-Aldrich) for 1 hr
before being washed with cold PBS and mounted. Fluorescence images
were recorded with the confocal microscope Olympus EX51 and processed
with analysis software (Leica LAS AF Lite).

Western blotting (WB) and immunoprecipitation (IP)

Equal amounts of proteins were separated by SDS-PAGE, and then trans-
ferred onto polyvinylidene (PVDF) membranes (Millipore, Saint-Quentin en
Yvelines, Belgium) by electrotransfer. Membranes were blocked with 5%
skim milk in PBS-T containing 0.1% Tween-20, and proteins of interest
were visualized using specific Pfn1, poly (ADP-ribose) polymerase (PARP),
integrin �1, integrin �5, actin (BD Bioscience), caspase9 (Cell Signaling
Technology), p27, caspase-3 (Santa Cruz, CA, USA), and tubulin (Upstate,
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Charlottesville, VA, USA) antibodies, followed by HRP-conjugated second-
ary antibodies. The proteins were visualized using an enhanced chemilumi-
nescence system (Pierce, Rockford, IL, USA). For IP, cells were lysed in
buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP40, 5 mM
EDTA, 5 mM EGTA, 15 mM MgCl2, 60 mM �-glycerol phosphate, 0.1 mM
sodium orthovanadate, 0.1 mM NaF, 0.1 mM benzamide, 10 �g/ml apro-
tinin, 10 �g/ml leupeptin, 1 mM PMSF. Twenty microlitres of protein A/G
agarose beads (BD Bioscience Pharmingen) were added to the lysates for
proper periods of incubation. The beads were then washed and subjected
to SDS-PAGE and immunoblotting.

Protein extraction

Harvested cells were lysed in buffer containing 50 �M Tris-HCl (pH 6.8), 2%
SDS, 10% glycerol, phosphatase inhibitors (100 mM Na3VO4, 10 mM NaF)
and protease inhibitor (1 mM phenyl methylsulphonyl fluoride, PMSF) to
obtain the whole cell lysates. The purified membrane protein extractions
were carried out with the membrane bound protein kit (DBI). To acquire
cytoskeleton-based Triton-insoluble fractions, cells were washed with PBS
before treated with lysis buffer A containing 10 mM Tris-HCl, 0.15M NaCl,
1 mM EDTA, 0.25% NP40, 1% Triton X-100, 1 mM PMSF and 1 mM NaVO3,
which lasted 30 min. on ice. Lysates were centrifuged and washed three
times with buffer A to remove the Triton X-100 soluble fractions. The
remaining Triton-insoluble fractions were suspended in extraction buffer
containing 10 mM Tris-HCl, 2 mM EGTA, 0.15 M NaCl, 1% SDS, 1 mM leu-
peptin and 1 mM PMSF and boiled for 10 min. followed by centrifugation.
Triton-insoluble cytoskeletal fractions were extracted in the supernatants.

Cell viability assay

Cells were cultured in a 96-well plate and pre-treated with Latrunculin B
(Sigma-Aldrich) for 1 hr. Cells were treated with STS (Roche, Basel,
Switzerland) from a DMSO stock (2.5 mM) or left untreated, washed and
then administered to cell viability detection by Cell Counting Kit-8 (CCK-8,
Beyotime) according to the manufacturer’s instructions. CCK-8 is a more
highly sensitive non-radioactive colorimetric assay than the traditional MTT
assay. The kit uses the unique water-soluble tetrazolium salt-8 (WST-8) in
measuring NADH production resulting from dehydrogenase activity.
Absorbance was measured at 450 nm using an ELISA reader (Bio-Tek,
Houston, TX, USA).

Statistical analysis

Values were expressed as the mean 	 S.E. where appropriate. Comparisons
between groups were made using one-way ANOVA or the two-sided Student’s
t-test, with statistical significance assumed when P 
 0.05 was obtained.

Results

Pfn1 positively regulates integrin �1 protein 
and its mature form in MDA-MB-468 cells

Based on the fact that consistently lower Pfn1 levels were shown
in different breast cancer cells in comparison with normal mam-

mary ones [7], we assessed the expression of Pfn1 in several cell
lines (MDA-MB-468, MDA-MB-231, T47D, MCF-7, BT-474, SKBR-
3) and selected MDA-MB-468 owing to its lower Pfn1 endogenous
content (data not shown). We found that Mock cells with empty
vector-transfection presented a very low level of integrin �1.
These cells contained two forms of immunoreactive �1, which
SDS-PAGE revealed as a 125-kD band of mature �1 with a less
intense above, and a 105-kD precursor below. In Pfn1–468 cells
with ectopic Pfn1 overexpression, the intensities of both integrin
�1 bands detected by WB increased significantly, approximately
3.6-fold in the total amount (Fig. 1A and B), as verified by the up-
regulation of p27kip1, a downstream effector of integrin �1
[18,19]. We also performed the transient transfection of Pfn1
plasmid in MDA-MB-231 and MCF-7 cells, and detected the
expression of integrin �1 by WB (Fig. S1A). As in the case of
MDA-MB-468, integrin �1 levels were increased in Pfn1-trans-
fected cells compared to controls. However, because it is the
mature integrin �1 but not the immature form that translocates
from the Golgi complex to the cell membrane and plays an impor-
tant role in cell adhesion or cell signalling [20,21], we sought to
determine its surface exposure by flow cytometry assays. We
found that the staining of integrin �1, in contrast to Mock cells,
exhibited a progressive increase with 4.6-fold greater abundance
on the surface of Pfn1–468 cells (Fig. 1C and D).

Pfn1 facilitates MDA-MB-468 to STS-induced
apoptosis by up-regulated–integrin 
�1 engagement

It has been reported that disruptions of the actin-bundling protein
�-actinin and integrin interactions render osteoblasts susceptible
to apoptosis [22,23]. To explore the potential role of Pfn1 that is
involved in the cytoskeleton network containing actin and integrin
�1 in the behaviour of cellular apoptosis, we set up a stress envi-
ronment with STS as a kind of actin-modifying drug extensively
utilized for the induction of apoptosis [24]. It was found that STS
treatment was capable of efficiently decreasing cell viability in a
time- and dose-dependent manner, resulting in more serious
growth inhibition in Pfn1–468 than that in Mock cells (Fig. 2A and
B). Furthermore, the promotion of Pfn1 on apoptosis was con-
firmed by the detection of the index of apoptotic endpoints, and
Pfn1 facilitated the cleavage of its substrate Poly (ADP-ribose)
polymerase (PARP), reflecting the activation of the effector pro-
tease caspase 9 in response to intrinsic apoptotic stimuli (Fig. 2C).
It was apparent that the early staged apoptosis determined by
AnnexinV-PE-7-AAD staining showed a population with the
Annexin positive and 7-AAD negative immunophenotype, and the
staining percentage in Pfn1–468 cells was significantly higher
than that in Mock cells (Fig. 2D and E).

To further assess the role of integrin �1 in Pfn1-facilitated
apoptosis, interfering RNA duplexes of integrin �1 (si�1) were
used to knock down the level of integrin �1. It was found that 
the down-regulation of integrin �1 in Pfn1–468 cells resulted in a
significant restoration of cell viability, whereas no significant
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difference was observed in Pfn1–468 cells treated with si�1
oligonucleotide compared to Mock cells without ectopic Pfn1
expression. However, transfection with the si-NS control in
Pfn1–468 cells failed to have a significant effect on cell viability
(Fig. 2A and B). Other index changes including the decreased
cleavages of PARP and caspase 9 (Fig. 2C) and the decreased per-
centage of Annexin V positive/7-AAD negative cell populations in
Pfn1–468 cells owing to si�1 indicated that si�1 rescued the
Pfn1-enhanced apoptotic susceptivity of Pfn1–468 cells exposed
to STS (Fig. 2D and E). The efficiency of si�1 was observed 
(Fig. 2F). To further confirm the inhibition of Pfn1 in cancer cell
survival, we subjected MDA-MB-231 cells with a relative higher
Pfn1 expression to RNA interference of Pfn1 (Fig. S1B and C). The
data showed that Pfn1 knockdown in MDA-MB-231 resulted 
in increased cell survival under STS conditions and the down-
regulation of integrin �1 level.

Integrin �1 protein is stabilized 
by overexpression of Pfn1

Real-time RT-PCR of integrin �1 mRNA was performed in Mock
and Pfn1–468 cells to further evaluate the role of Pfn1 on integrin
�1 levels by increasing the mRNA amount or maintaining the pro-
tein stabilization. Pfn1 overexpression produced no obvious effect
on the mRNA level of integrin �1, but led to the up-regulation of
integrin �1 protein level (Fig. 3A). Translation inhibition with
cycloheximide (CHX) was employed to determine the stability of

integrin �1, and the results indicated that the half-life of integrin
�1 in Pfn1–468 cells was significantly longer than that in Mock
cells, demonstrating that Pfn1 overexpression alleviated the
degradation of integrin �1 (Fig. 3B). It has been reported that
excess integrin �1 could be degraded via the proteasome-depend-
ent pathway [25]. However, whether Pfn1 can regulate protea-
some-dependent proteolysis of integrin �1 is still unknown. To
further examine the possibility, a proteasome inhibitor, MG132,
was applied to both cells. Consequently, the degradation of mature
integrin �1 was efficiently rescued in the presence of MG-132 as
observed in Mock cells, whereas no change was observed in
Pfn1–468 (Fig. 3C). We also employed the lysosome inhibitor
chloroquine to rule out unspecific effects of MG132 in the lyso-
some, finding that protein levels of integrin �1 did not change in
the presence of chloroquine in both cells (Fig. 3D). These results
suggested that Pfn1 overexpression prohibited integrin �1 from
going into the proteasome pathway leading to degradation.

A strengthened formation in the ternary complex
among Pfn1, integrin �1 and actin in response 
to Pfn1 overexpression

There is a wealth of data revealing the importance of Pfn1 for actin
polymerization and dynamics by the affinity of Pfn1–actin com-
plexes for actin filament ends [26, 27]. Integrins also are linked to
a multitude of structural and signalling molecules as well as the
actin cytoskeleton via their internal, cytoplamic domains [28]. To

Fig. 1 Pfn1 positively regulated integrin �1
level. (A) Western blot of total lysates from
Mock and Pfn1–468 cells using specific
antibodies as indicated. Representative
clone we chose to show here. The labelled
were the molecular weights of pre-stained
protein ladders used in electrophoresis. (B)
Quantitative analysis of total integrin �1
protein amount performed with Total-Lab
software. (C) Flow cytometric analysis of
integrin �1 levels on the cell surface; the
negative control showing the background
fluorescence. (D) Relative statistical 
analysis of fluorescent intensity from three
independent experiments.
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Fig. 2 Integrin �1 as a critical response factor to Pfn1 sensitized apoptosis in cells exposed to STS. (A) Quantitative analysis of cells viabilities in the
absence or presence of si-integrin �1 transient transfection exposed to 2.5 �M STS in time course as determined by CCK-8 assay. Mock versus Pfn1–468,
*P 
 0.01; #Pfn1–468-si-NS versus Pfn1–468-si�1, P 
 0.01. (B) Dose-response bar of STS-induced apoptosis in cells with or without si-integrin 
�1 transfection. The cells treated with DMSO or STS for eight hrs in different dose points. Mock versus Pfn1–468, *P 
 0.05; #Pfn1–468-si-NS versus
Pfn1–468-si�1, P 
 0.05. (C) The cleavages of caspase 9 and PARP as apoptotic markers examined by Western blot with total cell lysates. (D, E)
Comparisons of STS-induced apoptosis manifested by AnnexinV-7AAD staining at indicated time intervals. Mock versus Pfn1–468, *P 
 0.05;
#Pfn1–468-si-NS versus Pfn1–468-si�1, P 
 0.05. (F) Efficiency of integrin �1 knocked down determined by WB with total cell lysates.
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better define the linkage among Pfn1, integrin and actin, and to illus-
trate the underlining mechanism of how Pfn1 up-regulates integrin
�1, we focused on the investigation of the network at the hub of
Pfn1 overexpression. Confocal microscopy showed that Pfn1 bound
to the actin cytoskeleton and also linked to integrin �1. Both Pfn1
and integrin �1 were distributed throughout the cytoplasm, espe-
cially the plasma membrane where anchored with F-actin (Fig. 4A).
We therefore asked whether the up-regulation of integrin �1 medi-
ated by overexpressing Pfn1 could have any effects on the network
involving Pfn1, actin skeleton and integrin �1, as suggested from our
microscopy experiments. To address this question, we performed
reciprocal IP assays on them, finding that Pfn1 immunoprecipitated
with mature integrin �1 at the basal level, and overexpression of
Pfn1 resulted in a significant increase in their association in
Pfn1–468 cells (Fig. 4B). To further examine whether integrin �1
anchored to the cytoskeleton could be altered due to ectopic Pfn1
expression, we measured the integrin �1 linkage with actin. The
mature and immature forms of integrin �1 in Pfn1–468 cells were
found to be fixed in high amounts with actin. In line with the previ-
ous findings that the stabilization of actin filaments may be caused
by the promoted actin polymerization activity due to Pfn1 [29, 30], a
stronger immunoactive band of Pfn1 precipitated by actin antibody
was observed upon ectopic Pfn1expression. Furthermore, we used
the Triton X-100 protein extraction experiment to detect integrin �1
associated with the detergent insoluble fraction. The higher occu-

pancy of integrin �1 at the cytoskeleton was observed in Pfn1–468
cells by WB (Fig. 4C). These results suggested that Pfn1 could 
contribute to the quantity of integrin �1 linked to the cytoskeleton on
the cell surface.

FN decreases the apoptosis susceptibility 
facilitated by Pfn1

Elevated expression of integrin �1 chain precursors bound to cer-
tain � subunits upon their arrival at the membrane exerted an
inhibiting effect on cell malignant phenotypes. Integrin �5�1, a
widely expressed FN receptor, is one of the best-characterized
integrins that recognizes the tripeptide sequence, Arg-Gly-Asp.
The association between FN and integrin �5�1 is implicated in
regulating not only cell adhesion and migration, but also cell dif-
ferentiation and proliferation [23, 31]. Intriguingly, we found that
Pfn1 overexpression could also induce an increase in the protein
level of endogenous integrin �5 subunit (Fig. 5A), but not its
mRNA level (data not shown) concurrently with up-regulation of
integrin �1. Integrin �5�1 is known to mediate strong survival
signalling in response to attachment to FN [32]. Microscopic
examination of the target cells plated in the wells coated with FN
revealed striking morphological differences between Pfn1–468
cells and Mock cells in the STS-free culture conditions (Fig. 5B).

Fig. 3 Pfn1 overexpression increased inte-
grin �1 protein stability. (A) The expression
level of integrin �1 mRNA determined by
real-time PCR analysis; Agarose gel elec-
trophoresis data showing relative level of
integrin �1, Pfn1 and GAPDH (loading con-
trol) mRNA. (B) The stable transfected cells
harvested at the indicated time after treat-
ment with cycloheximide (100 �M) and the
total protein extracts prepared for
immunoblotting and GAPDH as a control;
three independent experiments performed.
(C, D) The cells treated with proteasome
inhibitor MG132 (50 �M) or lysosome
inhibitor chloroquine (20 �M), and the
amount of integrin �1 assessed by Western
blot.
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A large number of Pfn1–468 cells exhibited a narrow, elongated
morphology, with a tendency to have protrusive extensions on the
FN-coated plates. This was likely due to an active process depend-
ing on culture conditions and adhesive interactions between cells
and their substrates in vitro [33]. In contrast, Mock cells typically
displayed a round shape, with small clumps similar to their 
originating MDA-MB-468 cells. Because of this phenomenon, we
further examined cell viability on the cells grown on the FN-coated
medium under STS conditions. It was shown that adhesion to a

FN-coated substratum reversed the apoptosis facilitation dis-
played by Pfn1-overexpression in Pfn1–468 cells (Fig. 5C).
Furthermore, immunoblotting of the processed cell lysates under
STS stimuli revealed that, in addition to the appearance of PARP
cleavage for Pfn1–468 cells at 4 hrs, but not at 2 hrs shown in 
Figure 2C, the ratio of cleaved-PARP to pro-PARP was lower than
that in Mock cells due to FN supply (Fig. 5D). Taken together, these
data suggested that integrin �5�1-specific adhesion to FN
blocked Pfn1-sensitized apoptosis in Pfn1–468 cells. We observed

Fig. 4 Pfn1 reinforced the complex formation among Pfn1, actin and integrin �1 converging into cytoplasm membrane. (A) Immune-confocal detection
with FITC-Phalloidin (green) specifically staining filament actin, Rhodamine (red dye) and Cy5 (blue dye) for Pfn1 and integrin �1, respectively. (B) Total
Pfn1–468 and Mock cells extracts immunoprecipitated (IP) with Pfn1 or actin or IgG antibodies and then immunoblotted with Pfn1 or integrin �1 anti-
bodies. (C) Lysates prepared as Materials and Methods with Triton X-100 to isolate insoluble proteins linked to cytoskeleton structure and then subjected
to Western blot; tubulin used as a control.
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Fig. 5 Apoptosis enhanced by Pfn1 was reversed by Pfn1–468 cells attachment to FN. (A) Corresponding integrin �5 immunoblot with total cells pro-
teins showed stronger expression in the case of Pfn1 overexpression and GAPDH blot served as the loading control. (B) The cells seeded on FN-coated
plates in basal medium and taken photos under light microscope after adherence. (C) 96-well plates coated with FN at 5 �g/ml, and cells allowed to attach
for 8 hrs in basal medium before treatment with 2.5 �M STS at indicated time points; significant difference between groups indicated at *P 
 0.05 or
**P 
 0.01 level. (D) The acquired lysates of cells grown on FN-coated plates under 2.5 �M STS condition immunoblotted by PARP and GAPDH anti-
bodies; extracts from cells plated in no FN-coated surfaces performed as control samples (con). (E) Aliquots of cells suspension pre-incubated with the
� peptide or nonsense peptide (100 �M) as control and incubated for 12 hrs before STS treatment at diverse time points; the total protein lysates probed
with PARP and GAPDH antibodies.

Fig. 6 Actin superstructure maintenance
was requisite of Pfn1-enhanced apoptosis
under STS action. (A) Increased actin loca-
tion in the plasma membrane determined
by Western blot in Pfn1–468 compared to
Mock cells; tubulin used as a control. (B)
LatruculinB (4 �M) added before STS
action and apoptosis measured by the esti-
mation of cell viability with the CCK-8
assay; the units representing mean 	 S.D.
from three independent experiments; *dif-
ferences significant at P 
 0.05. (C) Equal
amounts of total lysates analysed by
immunoblot with antibodies against PARP
and GAPDH; analysis of the band
greyscales determined by Total Lab soft-
ware shown in (D).
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that the suppression of functional integrin �1 with blocking 
peptide could also promote apoptosis, as indicated by the PARP
cleavages in Pfn1–468 and Mock cells, with a stronger apoptotic
effect in the former other than in the latter (Fig. 5E).

F-actin structure required in Pfn1-enhanced 
apoptosis

The spontaneous organization of actin superstructures is reported
to be driven by ensembles of actin-binding proteins, but at differ-
ent times and places and in response to different stimuli [34]. We
found that Pfn1 overexpression up-regulated the membrane-
linked F-actin level in breast cancer cells MDA-MB-468 (Fig. 6A)
and MDA-MB-231 (data not shown), which signified that Pfn1
promoted actin polymerization beneath the plasma membrane. To
further clarify whether the regulation of Pfn1 on actin assembly
engages Pfn1-sensitized apoptosis in MDA-MB-468 cells, we
treated the cells with latrunculin B (LatB), a drug that is capable of
rapidly, reversibly and specifically disrupting the actin cytoskeleton
[35]. LatB associates only with actin monomers, thereby preventing
them from repolymerizing into filaments, without inhibiting bind-
ing by Pfn [36, 37]. The administration of LatB not only abolished
the facilitated effect of Pfn1 in STS-induced apoptosis, but
reversely enhanced the survival ability of Pfn1–468 cells when
compared with Mock cells, especially at the interval of 4 hrs 

(Fig. 6B). In addition, no conspicuous difference in PARP activa-
tion was detected by WB between the two kinds of cells (Fig. 6C
and D). These findings suggested that the maintenance of the
actin cytoskeleton architecture in cells was necessary for the
apoptotic susceptivity exerted by Pfn1.

Discussion

The regulation of cellular apoptosis, a complex phenomenon, requires
a rigorous and timely interaction involving multiple signalling and
transcription processes. Understanding the signal molecules that
contribute to chemotherapeutic agent-induced apoptosis in tumours
may lead to better strategies for novel drug designs in treating cancer.
Among the numerous researches on the point, the roles of anchorage
to the substratum in the regulation of apoptosis have been the sub-
jects of much scrutiny [38, 39]. Although many previous reports have
examined the functions of integrin in the migration, proliferation and
apoptosis of various cell types, the role of the Pfn1 as one kind of
actin-binding protein involved in integrin regulation has not been
reported. This is the first time that Pfn1 has been linked with integrin
and extracellular substances in the apoptotic process.

The importance of Pfn1 as an actin cytoskeleton regulator for
human tissue differentiation has been demonstrated by the 
findings that human breast cancer cells express conspicuously

Fig. 7 Schematic diagram for the role of
Pfn1 under STS condition. Pfn1 overex-
pression increases actin filament assembly
and then enhances the binding among Pfn1,
actin and integrin �1, which form a more
stable complex on the plasma membrane.
The co-administration of them in such cells
leads to retention of integrin �1 on the
membrane, thus inhibiting its degradation
by proteosome. The up-regulated integrin
�1 involves in apoptotic susceptivity facili-
tated by Pfn1 overexpression. The
increased integrin �5�1 receptor by Pfn1
overexpression is excess to fibronectin as
an extracellular ligand. Accordingly, the lig-
ation state of the integrin �5�1 molecule
with FN influenced by ectopic Pfn1
accounts for the cell apoptotic sensitivity
under STS treatment.
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low Pfn1 levels and adopt a non-tumourigenic phenotype upon
raising their Pfn1 level [7]. Pfn1 overexpression could increase the
sensitivity of breast cancer cells MDA-MB-231 to camptothecin-
induced apoptosis [40], which is similar to the effect of Pfn1 over-
expression on staurosporine toxicity. And, it has been found that
Pfn1 inhibits the proliferation of MDA-MB-231 partly through
p27kip1 up-regulation [40]. In our study we found that Pfn1 over-
expression increased integrin �1 and p27kip1 levels in Pfn1 stable
transfected breast cancer cells MDA-MB-468, and the change of
integrin �1 protein occurred in the post-translation stage by pro-
teolysis regulation but not in transcriptional control. Along with
our previous findings that overexpression of integrin �1 increased
the protein stability and overall cellular level of p27kip1, which is
involved in the proliferation-inhibition induced by integrin �1 [19],
we suggest that Pfn1 was likely to elevate p27kip1 levels through
up-regulating endogenous integrin �1 in its tumour suppressive
action. However, the further mechanism of Pfn1’s apoptosis
enhancement remains to be uncovered.

Integrin adhesion receptors and the actin cytoskeleton mediate
bidirectional transmission of force and biochemical signals across
the plasma membrane [41], which is essential for the development
and function of normal cells and various physiological processes
including cancer. Although the connection between integrin �1 and
actin has been demonstrated by integrin-associated actin-binding
proteins such as talin [41], the specific role of Pfn1, including its
function as an actin-binding protein and the hierarchy of its assem-
bly in adhesion complexes, has not been revealed. As reported, inte-
grin �1 is initially expressed as the most prevalent premature form
(105 kD) in the endoplasmic reticulum (ER) and Golgi apparatus. The
immature integrin �1 matures into the 125 kD form by complete gly-
cosylation in the Golgi apparatus, and the mature �1 is mainly
translocated to the plasma membrane [22]. This work revealed for
the first time that the actin-binding protein Pfn1 played a pivotal role
in apoptosis via the connection in integrin signalling with cytoskele-
ton and extracellular substances. Pfn1 overexpression was found to
have significantly reinforced the associations in the complex of Pfn1,
actin and integrin �1 beneath the plasma membrane, as reflected by
the increased binding among the three proteins. Furthermore, the
linkage between Pfn1 and integrin �1 could tether and tarry these
integrins to the cortical actin skeleton, which may be the reason for
the increased stabilization of integrin �1 protein in Pfn1–468 cells.
However, our observation was that their binding just existed between
Pfn1 and the mature and functional integrin �1. Triton X-100, a non-
ionic surfactant, could dissolve proteins in the cytomembrane and
cytoplasm but not proteins anchored to the actin cytoskeleton [42].
The research on the integrin �1 in the Triton X-100-insoluble F-actin
fractions supported the fact that Pfn1 could function as a promoting
factor of actin polymerization and the stabilization of integrin �1 with
linkage to the F-actin. It is conceivable that the immature �1 might
also need the actin cytoskeleton dynamic in the process of intracel-
lular translocation and glycosylated maturation. Tumourigenicity is
reportedly suppressed in �1 overexpressors and enhanced in 
�1-negative cells [43]. Therefore, it is reasonable that integrin �1  
up-regulation on the cytosolic membrane could induce the cells 
harbouring ectopic Pfn1 to be more susceptive to STS stimuli.

Integrin as a cell adherent receptor represents an intermediary
in the physical link between the ECM and the actin cytoskeleton
[31]. However, it is pre-requisite for integrin �1 to initially dimerize
with variant � subunits, which confers the binding specificity for
ECM proteins such as FN, collagen (CoG), laminin (LM), etc.
Among � subunits, �5 is distinguished from others that could cou-
ple with various � subunits because it predominantly couples with
�1 and only interacts with FN. It has been reported that high levels
of �5 expression are negatively correlated with transformation and
tumour progression in cancer [44]. Our results add new support-
ing information demonstrating that Pfn1 overexpression could also
up-regulate the �5 integrin subunit, directly or indirectly, with the
increased integrin �1 effect. It is well accepted that FN and the inte-
grin �5�1 play a complex role in malignancy. Although normal
cells usually deposit an FN matrix around themselves, malignant
cell lines often fail to do so perhaps due to the low expression of
�5�1 heterodimers [43]. The most striking effect of the ectopic FN
supplement is that increased �5�1 by Pfn1-mediated cell attach-
ment to FN-coated medium solidly, thereby inhibiting the role of
Pfn1 in STS-induced chemotherapeutic apoptosis. The data
allowed us to propose a speculative framework. The low expres-
sion of integrin �5�1 could lead to deficient matrix deposition of
FN for breast cancer cells MDA-MB-468. However, integrin �5�1
up-regulation triggered by Pfn1 overexpression further aggravated
the relative deficiency of FN and the binding loss of the ECM to the
receptor, which elicited apoptosis or death signals to be transmit-
ted into the cells. Thus, the mechanism of insufficient ligands may
be the best clarification that Pfn1 can improve the apoptotic sensi-
tivity of breast cancer cells MDA-MB-468 through integrin �1 up-
regulation, which was also proved by the experiment of attachment
deprivation by plating targeted cells on poly-HEME–coated petri
dishes. The anchorage-dependent cells prevented from attaching
to an ECM substrate stopped proliferating and underwent apopto-
sis. In our study, we used polyHEMA (2-Hydroxyethylmethacrylate)
to prevent adhesion and trigger aggregation. As a result of the
presence of polyHEMA, Pfn1–468 cells were more sensitive to
apoptosis, as indicated by a significant decrease in pro-PARP and
pro-caspase3. In Mock cells cultured on polyHEMA, there was no
significant apoptotic evidence (Fig. S1D).

It has long been known that the actin cytoskeleton is substan-
tially modified in transformed cells, and this occurs in concert with
changes in a host of actin filament–associated regulatory proteins.
For instance, a moderate decrease in cellular polymerized actin
level is apparent in the transformed cells compared with non-
transformed ones [37]. Interestingly, Pfn1 as an actin-severing
protein exerted a powerful effect on actin filament organization
and stabilization within membrane regulated system in our study.
Thus, it is conceivable that by increasing the F-actin content in
MDA-MB-468 cells, Pfn1 overexpression may create a similar
cytoskeletal background and favour cell apoptosis. A noteworthy
point here is that LatB, which functioned to disturb actin assem-
bly before STS, unexpectedly resulted in the loss of Pfn1-
facilitated apoptosis and even the enhancement of cell resistance
to STS. Given the fact that an increased concentration of the
sequestered G-actin correlated with increased aggressiveness of
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carcinoma cells [37], LatB not only eliminated the distinction of
actin superstructure triggered by Pfn1 overexpression between
Pfn1–468 and Mock cells, but also caused an increased accumu-
lation of dissociative G-actin from F-actin in the former cells. This
suggests that the significance of a steady F-actin framework for
consequences in Pfn1 can facilitate apoptosis, although further
mechanistic studies are needed for elucidation. Moreover, the
cytoskeleton may play a key role in the physical anchorage of inte-
grin signal and apoptosis.

In conclusion, this study have clearly demonstrated how Pfn1
facilitates the STS-induced apoptosis by integrin and actin com-
plex (Fig. 7) and provided new insight into the still ill-defined role
of Pfn1 in the control of breast cancer cells responsiveness to
chemotherapy. The use of Pfn1 and STS may be an important clin-
ical consideration in treating breast cancer harbouring low integrin
expression. The combination of Pfn1 and STS with clinically 
relevant medications deserves further investigations in vitro and in
vivo, in view of the fact that there is still ongoing debate concern-
ing the relevant mechanisms.
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