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Abstract

Profilin 1, cofilin 1, and vasodialator-stimulated phosphopro-
tein (VASP) are actin-binding proteins (ABP) that regulate actin
remodeling and facilitate cancer cell metastases. miR-17-92 is
highly expressed in metastatic tumors and profilin1 and cofilin1
are predicted targets. Docosahexaenoic acid (DHA) inhibits can-
cer cell proliferation and adhesion. These studies tested the
hypothesis that the metastatic phenotype is driven by changes
in ABPs including alternative phosphorylation and/or changes in
subcellular localization. In addition,we tested the efficacy ofDHA
supplementation to attenuate or inhibit these changes. Human
lung cancer tissue sections were analyzed for F-actin content and
expression and cellular localization of profilin1, cofilin1, and
VASP (S157 or S239 phosphorylation). Themetastatic phenotype
was investigated inA549andMLE12 cells lines using8Br-cAMPas
a metastasis inducer and DHA as a therapeutic agent. Migration

was assessed by wound assay and expression measured by
Western blot and confocal analysis. miR-17-92 expression was
measured by qRT-PCR. Results indicated increased expression
and altered cellular distribution of profilin1/VASPpS157, but no
changes in cofilin1/VASPpS239 in the human malignant tissues
compared with normal tissues. In A549 and MLE12 cells, the
expression patterns of profilin1/VASPpS157 or cofilin1/VASPpS239

suggested an interaction in regulation of actin dynamics. Fur-
thermore, DHA inhibited cancer cell migration and viability,
ABP expression and cellular localization, and modulated expres-
sion of miR-17-92 in A549 cells with minimal effects in MLE12
cells. Further investigations are warranted to understand ABP
interactions, changes in cellular localization, regulation by miR-
17-92, and DHA as a novel therapeutic. Mol Cancer Ther; 15(9);
2220–31. �2016 AACR.

Introduction
Metastasis to distant organs and persistent survival of cancer

cells reflect high disease cancer mortality rates (1–3). Overall,
statistics project a total of 1,665,540 new cases associated with
cancer in the United States in 2014 (4). Although death rates
declined 20% from 1991 to 2009, cancer still imposes an intol-
erable socioeconomical toll (1,600 deaths/day; refs. 4–6). Unfor-
tunately, curative chemotherapeutic approaches have not
emerged and current adjuvant chemotherapies are largely ineffi-
cient against cancer cells with the completemalignant phenotype,
increasing median survival by only a few years and with a
high frequency of residual micrometastasis and relapse (7–10).
Overall, approximately 50% of surgically treated patients suffer

recurrent disease due to resistance to cell death (apoptosis) and
permanent cell-cycle kinetics changes (1, 8, 11–13). Taken
together, these considerations underscore the urgent need for
unraveling fundamental signaling mechanisms involved in
cancer cell survival and metastasis that could be translated into
novel therapeutics.

The process of metastasis is facilitated by defects in actin
dynamics that disrupt normal cell homeostasis promoting
changes in cell polarity, adhesion, and proliferation (14–17).
Actin dynamics are also known to affect cancer cell survival where
increased F-actin turnover promotes cell viability and decreased
F-actin turnover inhibits it through apoptosis (18–20). The actin-
binding proteins (ABP) vasodilator-stimulated phosphoprotein
(VASP), profilin 1, and cofilin 1 are key facilitators of actin
dynamics (21–23). Under homeostatic conditions, VASP, profilin
1, and cofilin 1 are regulated through a feedback mechanism
involving actin polymerization/stabilization or depolymeriza-
tion/degradation. Profilin 1 recruits ATP-actin monomers to the
proline-rich region (PPR) of VASP, a scaffolding ABP, and aids in
actin polymerization through the formation of long actin fila-
ments. Alternatively, cofilin 1 binds to actin depolymerizing
factor (ADF) and disassembles actin filaments without capping
or by creating positive ends on the filament fragments. These
events involve an ATP-to-ADP exchange, which precipitates the
recycling of actin filaments to reassemble and polymerize. In
response to changes in the cellular microenvironment, profilin
1 converts theADP-actinmonomers toATP-actinmonomers to be
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reused for actin polymerization. In this way, ABP-mediated actin
dynamics regulate cellular homeostasis andmaintain cytoskeletal
structure (17, 21, 22, 24–31).Duringmetastasis, actin cytoskeletal
remodeling at the leading edges of cancer cells facilitate invasive
organelle (lamelipodia, filopodia, and invadopodia) formation
and matrix degradation (15, 32–34).

The complexity of ABP regulation and the control of malignant
cell behaviors are demonstrated in Fig. 6. In cancer cells, especially
as they transform toward metastasis, dramatic changes occur
disrupting internal signaling cascades, which in turn accelerate
cellular machinery, including actin dynamics, to meet the
demand for increased proliferation and migration. VASP can be
phosphorylated at S157 via PKA (protein kinase A) or S239 via
PKG (protein kinase G). Under resting conditions, phosphoryla-
tion of VASP at S157 promotes VASP activity while phosphory-
lation at S239 facilitates homeostasis in the presence of a stimulus
due to changes in the cellular environment. Thus, actin polymer-
ization via VASPpS157 is prometastatic/antiapoptotic while
VASPpS239 is antimetastatic/proapoptotic in cancer cells. A num-
ber of ABPs, including profilin 1 and cofilin 1, are associated with
VASP and are likely involved in the metastatic process but their
interactions with each other and VASP are not fully understood.
The current investigation explores these associations and spec-
ulates that they constitute a "switchonoroff"mechanism for actin
dynamics and thus unregulated proliferation and migration. In
summary, we and others have shown VASPpS157 as procarcino-
genic, promoting protrusion, remodeling, and cell survival (20,
23, 35). In contrast, VASPpS239 has been shown to be anticarci-
nogenic, promoting F-actin depolymerization, cytoskeletal stabi-
lization, and apoptosis (23, 34).

miRNAs are attractive molecular therapeutic targets against
cancer growth and metastasis (36). miR-17-92, a cluster of six
microRNAs encoded by a single transcript, is highly expressed in
malignant tumors andmay function as an oncogene by negatively
regulating tumor suppressor genes and/or genes that control cell
proliferation, differentiation, or apoptosis (36–38). Of relevance,
ABPs like profilin 1 and cofilin 1 are among thepredicted targets of
miR-17-92 (predicted by Target Scan). Therefore, we investigated
miR-17-92 cluster expression in relation to changes in VASP
phosphorylation and cofilin 1 and profilin 1 expression.

Docosahexaenoic acid (DHA), a polyunsaturated fatty acid
and nutritional supplement, plays a role in normal develop-
ment (39) and has been shown to inhibit cancer cell prolifer-
ation, invasion, and survival (40, 41). DHA has been and is
currently being investigated as a potential therapeutic for
cancer. Kim and colleagues and Jing and colleagues demon-
strated that DHA-induced apoptosis and autophagy in cancer
cells through AMPK activation and PI3K/Akt inhibition, which
led to suppression of mTOR signaling pathways (42, 43).
Others have identified DHA-mediated changes in caspase-3 or
disruptions in tumor suppressor expression (44). Our studies
provide evidence that DHA alters the assembly of ABPs, which
has direct implications on cell migration.

The current studieswere designed to test the hypothesis that the
metastatic phenotype is driven by changes in ABPs, which include
alternative phosphorylation and/or alternative subcellular local-
ization. In addition, we will test the efficacy of DHA supplemen-
tation to attenuate or inhibit these changes. Overall, we propose
that regulation of profilin1/VASPpS157, cofilin1/VASPpS239,
and/or miR-17-92 cluster are innovative and novel molecular
target(s) in cancer metastases and that DHA is a concept-based

therapeutic for inhibiting metastasis and prolonged cell viability
through modulation of actin dynamics.

Materials and Methods
ABP expression and cellular localization in human lung biopsy
samples (immunofluorescence staining)

Human lung cancer tissue slides were obtained from the Lung
Cancer Biospecimen Research Network (LCBRN), University
of Virginia (Charlottesville, VA). Normal (n ¼ 4) and malignant
(n ¼ 4) lung tissue slides were processed for immunofluores-
cence labeling using standard protocols (45). Tissue sections
were stained with profilin 1, cofilin 1, VASP, and VASPpS239

(dilution, 1: 500) (Cell Signaling Technology, Inc.) and anti-
human rabbit mAbs targeting VASPpS157 (dilution, 1: 500)
(Santa Cruz Biotechnology) followed by secondary antibodies
Alexa 488–labeled IgG (1:1,000) and nuclei were stained with
DAPI (Invitrogen). Images (4 from each slide) were taken using
Carl Zeiss's Axio Scope A1 Polarized Light Fluorescent Micro-
scope (Carl Zeiss) with 400� magnification and identical set-
tings. Intensity of image color was quantified using NIH ImageJ
software using identical background settings. The results exp-
ressed as intensity/cell.

Cell culture and treatment
Invasive lung cancer cells (A549, ATCC CCL-185) were

obtained from ATCC in fall of 2013. At the time of purchase, the
cells were cultured for two passages and frozen in liquid nitrogen
for future use. For the current experiments, a new vial was thawed
and the cells were authenticated at that time using the manufac-
turer's recommendations, which included morphology, growth
curve analyses, and mycoplasma detection. Cells used for the
current studieswere between passages 4–8 after purchase from the
vendor. Noninvasive lung epithelial cells (MLE12, ATCC CRL-
2110)were obtained fromATCC in 2011. At the time of purchase,
the cells were cultured for two passages and then frozen in liquid
nitrogen. Periodic refreezing of early passages was performed to
maintain the integrity of the cell line. For the current experiments,
a new vial at passage 8 was thawed and the cells were authenti-
cated at that time using the manufacturer's recommendations,
which included morphology, growth curve analyses, and myco-
plasma detection. Cells used for these studies were between
passages 9–15 after purchase from the manufacturer. Cells were
cultured (at 37�C) in a humidified atmosphere containing 5%
CO2. A549 cells were grown in DMEM 1X with 10% FBS
supplemented with 4.5 g/L glucose while MLE12 cells were
maintained in HITES media as described previously (46). At
approximately 80% confluence, cells were treated for 24 hours
with either PBS (the vehicle control), cell permeant analogues
of cAMP (8Br-cAMP, 300 mmol/L; Sigma Chemical Co.), DHA
alone (60 mmol/L), or cAMP and DHA.

F-actin content
F-actin content in tissue and cells was estimated by using Alexa

633–tagged phalloidin (Invitrogen) and DAPI (Invitrogen) for
the nucleus. Images were acquired in a blinded fashion using a
confocal microscope (LSM510, Carl Zeiss) at 400� magnifica-
tion. Identical confocal settings were applied to acquire images
across all conditions. F-actin content/cell was quantified using
NIH ImageJ analysis.
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Cell migration analysis (wound assay)
Metastatic potential of cancer cells was assessed by cell

migration using wound assay. Cells were plated in Falcon 6-
well plate and treated with 8Br-cAMP and/or DHA before
(pretreatment) and after (posttreatment) wound induction. A
wound was induced by scratching the cell monolayer using
sterile 20-mL pipette tip. Briefly, five wounds/well were made at
five random places and the exterior of the plate marked with
permanent marker. The photographs of five wounds from each
treatment at 0 and 24 hours were taken at the same place
(identified by marks on the plate) with Olympus BX51 com-
pound microscope at 10� magnification. The analysis of the
wound was carried out with NIH ImageJ software by measuring
the distance between the edges of wound as a measure of cell
migration into the wound.

Cell apoptosis
Cellular apoptosis was measured by staining 8Br-cAMP and/

or DHA-treated cells with cleaved caspase-3 antibodies (1:200)
followed by flow cytometry. Cell lysates were analyzed by
Western blot analysis for expression of the apoptosis proteins
caspase-3, caspase-9, and BAX using the respective antibodies
(1:500).

ABP localization in cells (confocal)
ABP localization within cells was measured at the leading

front of wounds by confocal microscopy. Cells (MLE12 and
A549) were plated in 6-well plates containing coverslips (Corn-
ing Incorporated Corning) at 1 � 105 cells/well and treated as
described previously. After completion of treatments, a wound
was induced; after an additional 24 hours of wound closure, the
coverslips were harvested and cells were stained with anti-
profilin 1 (1:500) and anti-cofilin 1 (1:500) followed by
secondary antibody, Alexa 488–labeled IgG (1:1000), and
nuclei were stained with DAPI (Invitrogen). Confocal micros-
copy (LSM510, Carl Zeiss) was used to acquire images (200�)
in a blinded fashion using identical confocal settings for all
images. Percent (%) change in protein intensity was quantified
using NIH ImageJ analysis.

ABP expression
ABP (profilin 1, cofilin 1, VASP, VASPpS157, and VASPpS239)

expression was measured in total cell lysates by Western blot
analysis. SDS sample buffer was used to prepare total cell
lysates and proteins were separated by SDS-PAGE, transferred
to nitrocellulose membranes, and probed with anti-human
rabbit mAbs targeting profilin 1, cofilin 1, VASP, VASPpS157,
or VASPpS239 (dilution, 1:1,000) and mouse mAbs targeting
b-actin (1:10,000) (Abcam). Finally, membranes were probed
with horseradish peroxidase–conjugated secondary antibody
(dilution, 1:1,000; BD Pharmingen) for 1 hour at room
temperature and specific bands were visualized employing
Amersham ECL Prime Western Blotting Detection Reagent
(GE Healthcare) and the band intensity was measured by
densitometry.

miR-17-92 analysis
TreatedA549 andMLE12 cellswere harvested in TRIzol Reagent

(Life Technologies) followed by miRNA isolation using Qiagen
Rneasy RNA/miRNA Prep Protocol (Qiagen) in accordance with

the manufacturer's instructions. Quantitation of miR-17-92 clus-
ter was done by qRT-PCR using TaqMan MicroRNA Assays (Life
Sciences).

Statistical analysis
Experiments were repeated a total of three times. Data pre-

sented represent means � SEM. Data were analyzed by Student t
test, one-way ANOVA, or two-way ANOVA (with Tukey post hoc)
depending upon the format of the data. P value <0.05 was
considered significant.

Results
Expression of F-actin, cofilin 1, profilin 1, and VASP in lung
cancer tissues

F-actin, cofilin 1, profilin 1, VASP, VASPpS157, and VASPpS239

immunofluorescence was measured in the normal portion, at the
tumor-leading edges (invasive tumor), and in the mid portion
(mid tumor) of the tissue section. The area of the tissue sections
having cancerous growth was located and the center, where cells
were densely populated, was identified as the mid-tumor. The
edges of these areas where the cells were less dense, loosely held,
and migrating to the interstitial spaces, were identified as the
tumor-leading edges (26). Cellular distribution patterns showed
profilin 1 primarily in the cytoplasm of normal cells (yellow
arrows) but at the cellular edges, and in the nucleus of tumor-
leading edge cells (pink arrows), and primarily in the nucleus of
mid tumor cells (yellow arrows). Cofilin 1 was observed in the
perinuclear area and at cell boundaries (white arrows) in normal
and mid-tumor cells but was also present in the nuclear region
(yellow arrow) at the tumor-leading edge (Fig. 1A). Accordingly,
VASPpS157 and VASPpS239 showed cellular distributions similar to
profilin 1 and cofilin 1. Higher expression of profilin 1, VASP, and
VASPpS157 (Fig. 1B), and F-actin content (Fig. 1C) were observed
at the tumor-leading edge than in themid-tumor or normal tissue.
Lower profilin1 expression was observed in the mid-tumor com-
pared with control (Fig. 1B). No changes in cofilin 1 or VASPpS239

levels were detected.

Expression of F-actin, cofilin 1, profilin1, VASP, and VASPpS157

in A549 and MLE12 cells
F-actin content in MLE12 and A549 cells was measured by

immunofluorescence using confocalmicroscopy and digital anal-
ysis. At 24 hours after treatment, greater F-actin content was
observed in the A549 cells than in the MLE12 cells (Fig. 1D).
Likewise, higher expression of profilin 1 and VASPpS157 and lower
expression of cofilin 1 and VASPpS239 was observed in A549 cells
compared with MLE12 cells (Fig. 1E).

A549 cells exhibited nuclear localization of ABPs, higher miR-
17-92 expression, greater migration, and less apoptosis than
MLE12 cells

Cellular distribution and nuclear localization of profilin 1 and
cofilin 1 in A549 and MLE12 cells were examined at the leading
edge of cell growth after a wound. In MLE12 cells, confocal
microscopy indicated cofilin 1 expression was localized at the
cell boundary between cell–cell connections (white arrows). In
A549 cells, greater levels of cofilin 1 fluorescence were observed in
the cytoplasm at the perinuclear area (pink arrows), at the forward
edge of wound-healing progression, and at the cell boundary at
cell–cell interactions. Cofilin 1 fluorescence was also observed in
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the nucleus, especially in the regions where cells were in dense
colonies in both cell lines (Fig. 2A). Profilin 1 immunofluores-
cence was observed around the cell boundary at the cell–cell
interactions inMLE12 cells (white arrows; Fig. 2A). A549 cells had
more profilin1 immunofluorescence near the leading edges of the
cell at the forward front of the wound (pink arrows), while cells
further from the wound front demonstrated more nuclear expres-
sion (yellow arrows).

After harvesting, cells were fractionated into membrane
(ME), nuclear soluble [NE(s)], and nuclear chromatin NE(ch)
fractions. Western blot analysis of the membrane fraction
indicated decreased expression of cofilin 1 and increased
expression of both profilin 1 and VASPpS157 in A549 cells
compared with MLE12 cells. In the nuclear soluble and chro-
matin fractions, higher expression of cofilin 1 and profilin1 was
observed in the A549 than in the MLE12 cells. In addition,
expression of cofilin 1 and profilin 1 were higher and VASPpS157

was lower in A549 compared with MLE12 cells in the NE(ch)
fraction (Fig. 2B).

miR-17-92 cluster expression was quantified using qRT-PCR in
MLE12 and A549 cells. Higher levels of miR-17, miR-19b, miR-
20a, and miR-92 were observed in A549 cells compared with
MLE12 (Fig. 2C).

Cell migration was measured using a wound-healing assay (at
24 hours) and apoptosis was measured by both flow cytometry
andWestern blot analysis. A549 cells filled the wound faster than
MLE12 cells (Fig. 2D) indicating faster migration or metastatic
potential. Flow cytometry indicated lower levels of caspase-3
expression in A549 cells than in MLE12 cells. Similarly, Western
blot analysis indicated that levels of caspase-3, caspase-9, andBAX
were lower in A549 cells than MLE12 cells (Fig. 2E and Supple-
mentary Fig. S1).

DHA supplementation suppressed migration and induced
apoptosis in A549 cells

MLE12 and A549 cells were treated with 8Br-cAMP (cAMP),
DHA, or cAMP/DHA for 24 hours before induction (pretreat-
ment) or after induction (posttreatment) of wound. DHA
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Figure 1.

Human lung cancer tissue and A549 cells express F-actin, cofilin 1, profilin 1, VASP, VASPpS157, and VASPpS239. F-actin content and profilin 1, cofilin 1, and
phosphorylated VASP expression were assessed in human autopsy samples using fluorescent microscopy and ImageJ software (A and B). Images are
400� magnification. Green, profilin 1 or cofilin 1, stained with specific antibodies against each protein; red, F-actin stained with phalloidin; and blue, nuclei
stained with DAPI (C). Expression of F-actin by fluorescence intensity (D) and of profilin 1, cofilin 1, or VASP protein levels were measured by Western
blot analysis in untreated A549 and MLE12 cells (E). Data for human tissues (A or B) were analyzed by one-way ANOVA for each protein individually and
further analyzed by Tukey post hoc. For expression in A549 or MLE12 cells (D or E) data were analyzed by t test. Statistical significance was noted as
follows: for ANOVA, � , different than control; #, different than tumor-leading edge; For t test, � , P < 0.05; ��� , P < 0.001, n ¼ 4 tissue sections from
different donors and n ¼ 3 experiments for cells.
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Figure 2.

Invasive cancer cells, A549, showed nuclear localization of ABPs, higher miR-17-92 expression, greater migration, and less apoptosis than noninvasive MLE12 cells.
Subcellular distribution was analyzed by confocal microscopy (cofilin1 and profilin1 in green; DAPI in pseudo-red). Cofilin 1 is present around the nucleus (pink
arrows) in A549 cells, on the cell boundary (white arrows) in MLE12 cells, and in the nucleus (yellow arrow) at colony formation region of both cells. Profilin1
is present in the nucleus in A549 cells preceding the wound front and in the cell edges at wound front (pink arrows), and on the cell boundary in MLE12 cells (white
arrows). Magnification, 200� (A). Western blot analyses of cofilin 1, profilin 1, or VASP in membranous (ME), nuclear soluble [NE(s)], and nuclear chromatin
[NE (ch)] fractions (B).miR-17-92 clusterweremeasured byqRT-PCR (C). A549orMLE12 cellswere also processed for cellmigration by thewound-healing assay (D).
Apoptosis was assessed by flow cytometry for caspase-3 expression or by Western blot analysis for cleaved caspase-3, caspase-9, or BAX proteins (E).
Data were analyzed by t test for each individual protein and significance is indicated � , P < 0.05; �� , P < 0.005, and ��� , P < 0.001, n ¼ 3 experiments.
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Figure 3.

DHA supplementation inhibits migration and increases apoptosis in A549 cells. Cell migration was quantified by the wound-healing assay (A and B). Apoptosis
was analyzed by flow cytometry using anti-cleaved caspase-3 antibody (1:200) or by Western blot analysis for cleaved caspase-3, caspase-9, or BAX (C).
Data were analyzed by two-way ANOVA with Tukey post hoc; � and �� , different from control same cell type; #, different from different cell type same treatment.
Using independent Student t tests for differences between individual groups, $, differences between groups; @, different than cAMP treatment; P < 0.05, n ¼ 3.
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pretreatment and posttreatment had no effect on migration in
MLE12 cells but DHA treatment suppressed migration alone and
in combination with cAMP in A549 cells (Fig. 3A and B). DHA
treatment induced caspase-3 immunofluorescence by flow cyto-
metry and also protein expression by Western blot analysis. DHA
treatment also induced caspase-9 and BAX protein expression in
A549 cells (Fig. 3C).

DHA treatment altered F-actin, profilin1, and cofilin1
immunofluorescence

F-actin, profilin 1, and cofilin 1 immunofluorescence were
assessed by confocal microscopy in cells pretreated and
posttreated with DHA. F-actin fluorescence intensity increased
in the MLE12 cells treated with DHA or cAMP/DHA. Trends
toward lower levels of F-actin fluorescence were observed
with DHA supplementation in A549 cells but no post hoc
analysis differences were indicated though values were sig-
nificant using independent t test for individual treatments
(Fig. 4; Table 1).

DHA increased cofilin 1 fluorescence near the cell edges, in the
perinuclear region, and slightly in the nucleus in A549 cells (pink
arrow; Fig. 1; Table 1). Assessment of cofilin 1 immunofluores-
cence indicated a substantial increase in expression due to DHA
treatment in both pretreated andposttreated cells (Fig. 1; Table 1).
No individual differences were indicated in the cAMP treatment
groups but there was a difference between MLE12 and A549 cells
in the cAMP/DHA–treated groups.

The fluorescence patterns of profilin 1 indicated that DHA
prevented profilin1 localization to the cell edgeswhile it increased
localization in the nucleus in A549 cells. Furthermore, cAMP
increased profilin-specific fluorescence and DHA lessened profi-
lin-specific fluorescence with or without cotreatment with cAMP
(Fig. 1; Table 1).

DHA altered ABP protein expression and attenuated increases
in miR-17 and 19b expression in A549 cells

Western blot analysis of whole cell lysate indicated that DHA
increased cofilin 1 and VASPpS239 expression in A549 cells (Fig.
5A). Alternatively, cAMP alone caused a substantial increase in
VASPpS157 expression in MLE12 cells and DHA attenuated the
cAMP effect on VASPpS157 expressions (Fig. 5A).

The miR-17-92 cluster was analyzed by qRT-PCR in these same
cells and the results indicated that MLE12 cells exhibited an
increase in miR-19a in cAMP-treated cells but the other miRNAs
were not different. A549 cells exhibited an increase in expression
in response to cAMP treatment in miR-17, 19a, 19b, and 92. DHA
supplementation was able to suppress the increases observed in
miR-17, 19b, and 92 due to cAMP (Fig. 5B).

Subcellular localization of ABPs in response to DHA and/or
cAMP

No differences in cofilin 1 expression were observed between
cell types or treatments in the ME fraction. A549 cells expressed
substantially more cofilin 1 than MLE12 cells in the nuclear
fractions, specifically in response to cAMP in the NE(s) fraction
andDHA in theNE(ch) fraction (Supplementary Fig. S2). Profilin
1was alsomore highly expressed inA549 cells than inMLE12 cells
in the ME fraction, with a decrease in DHA and increase in the
cAMP-treated cells, and with a specific increase in cAMP-treated
cells in the NE(ch) fractions.

F-Actin DHA

Cofilin1 DHA

Profilin1 DHA

A
54
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12

A
54
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Figure 4.

DHA treatment reduced F-actin content and altered subcellular
distribution of profilin1 and cofilin1. Confocal microscopy was used to
assess F-actin contents and ABPs. F-actin content/cell (400�
magnification). Red, F-actin stained with phalloidin (top image) or cofilin1;
green, profilin1; DAPI is in pseudo-red; middle and lower images).
Cofilin1 is present around nucleus (pink arrows) and cell edges in A549
cells, and on the cell boundary (white arrows) and in the nucleus
(yellow arrow) at colony formation region in MLE12 cells. Profilin1 is
present in the nucleus in A549 cells (yellow arrows), and on the cell
boundary in MLE12 cells (white arrows). Magnification, 40�.
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VASPpS157 expression was elevated in all fractions and both
cells types supplemented with DHA. Of note, VASPpS157 expres-
sion was lower in A549 cells than MLE12 cells in the NE(ch)
fraction (Supplementary Fig. S2). No differences were observed in
VASPpS157 expression in theMEorNE(s) fractions; however, there
was an effect of cell type with greater expression in MLE12 cells
treated with DHA and/or cAMP.

Discussion
Actin remodeling at the leading edges of cancer cells con-

tributes to the formation of cell-protrusive structures that
facilitate metastasis and increased cell survival (5, 6, 15,
18, 33). Asymmetric phosphorylation of VASP protein at
S157 or S239 has been shown to regulate actin turnover and
differential phosphorylation of VASP can act in a pro- or
antimetastatic manner to regulate cancer cell viability (20,
34, 35). Actin dynamics are complex processes requiring the
recruitment of actin monomers and the formation of filamen-
tous actin (22, 27) indicating that other proteins are likely
interacting with VASP in this process.

In human lung normal and malignant biopsy samples, higher
levels of F-actin content, total VASP, VASPp157, and profilin 1
expression were observed at the tumor-leading edge than in the
normal tissues, confirming the association between increased
expression of these APBs and metastatic phenotype (Fig. 1A–
C). Interestingly, changes in subcellular localization of profilin 1
and cofilin 1 were observed at the tumor-leading edge. In this
region, cofilin 1 was found primarily around the nucleus while
profilin 1 was primarily found at the invasive cellular edges.
Accordingly, VASPpS157 and VASPpS239 indicated cellular distribu-

tions similar to profilin1 and cofilin1, respectively. Overall, these
observations further support previous findings that profilin1 and
VASPpS157 may have a role in increasing F-actin content and
enhancing invasive potential in tumor cells while cofilin1 and
VASPpS239 may be involved in maintaining homeostasis.

To further investigate these findings, we performed in vitro
studies using invasive lung cancer cells, A549, and noninvasive
mouse lung epithelial cells, MLE12. One of the limitations to our
study is the use of alveolar type II cells from two different species.
While we acknowledge that the species differencesmay play a role
in the responses of these particular cells, both of these cell lines are
derived from alveolar type II cells, are highly characterized, are the
topics of numerous publications, and have been used previously
to contrast cancer verses noncancer lung epithelial cells (47, 48).
A549 cells are derived from a lung carcinoma and possess the
invasive characteristics of cancer cells while MLE12 cells are
immortalized with the integration of the SV40 large T antigen
and are not "normal cells" but are noninvasive and noncancerous
in nature. Because of their extensive characterization and the cell
type similarities, but distinct differences in the invasive nature, we
chose to use these cells types in our investigations.

A comparative analysis of both cell lines showed that A549 cells
also had higher F-actin content, greater VASPpS157 and profilin1
expression, and less VASPpS239 and cofilin1 expression than
MLE12 cells (Fig. 1D and E). Furthermore, A549 cells had
increased migration and decreased apoptosis compared with
MLE12 cells (Fig. 2D and E). Previous studies have reported the
same increased level of VASPpS157 and decreased level of
VASPpS239 in cancer cells or tissues compared with normal cells
or tissues (20, 34). In addition, profilin 1 and cofilin 1 have also
been shown to regulate cancer cell migration and viability in a

Table 1. Confocal image fluorescence intensity (Fig. 4)

Control DHA cAMP cAMP/DHA

F-actin
Pretreatment
MLE12 4.00 � 0.71 7.77 � 0.82$ 9.71 � 2.00�$ 9.27 � 0.95�$

A549 7.56 � 1.22 3.94 � 0.09$ 11.45 � 0.95$ 7.44 � 0.95@

Two-way ANOVA: effect of treatment, interaction between cell type and treatment
Post-treatment
MLE12 1.80 � 0.15 8.84 � 0.69$ 8.35 � 0.98$ 12.95 � 0.913#$@

A549 6.37 � 1.22 2.84 � 0.56$ 13.83 � 1.61$ 4.27 � 1.02@

Two-way ANOVA: effect of treatment, interaction between cell type and treatment
Cofilin 1
Pretreatment
MLE12 169.4 � 34.8 399.9 � 107.4� 173.5 � 51.3 153.4 � 15.2
A549 174.7 � 32.7 329.7 � 38.2$ 125.5 � 12.5 225.8 � 29.9@

Two-way ANOVA: effect of treatment
Post-treatment
MLE12 422.9 � 15.0 1601.5 � 446.4$ 524.8 � 106.9 1683.6 � 639.0
A549 218.2 � 14.0 607.1 � 104.1$ 136.2 � 23.8$ 145.4 � 20.5#$

Two-way ANOVA: effect of treatment, effect of cell type, an interaction between cell type and treatment
Profilin 1
Pretreatment
MLE12 21.14 � 1.00 19.61 � 3.46 152.0 � 21.8$ 58.92 � 7.33$@

A549 349.2 � 34.4# 34.53 � 8.81#$ 389.1 � 66.7# 46.31 � 12.41�$@

Two-way ANOVA: effect of treatment, effect of cell type, an interaction between cell type and treatment
Post-treatment
MLE12 42.07 � 8.23 31.92 � 1.97 75.04 � 8.38$ 34.74 � 4.28@

A549 51.34 � 6.46 37.33 � 6.62 120.8 � 18.7�# 53.03 � 4.04
Two-way ANOVA: effect of treatment and effect of cell type

NOTE: Fluorescence intensity was assessed using NIH ImageJ software. Data were analyzed by two-way ANOVA with Tukey post hoc: � , Different from
control same cell type; #, Different from different cell type same treatment. Using independent Student t tests for differences between individual groups:
$, differences between groups; @, different than cAMP treatment; P < 0.05, n ¼ 3.
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Figure 5.

DHA modulates expression of cofilin1, VASPpS239, and VASPpS157 and miR-17-92 expressions inA549 cells. A549 and MLE12 cells were treated as indicated and
harvested at 24 hours for Western blot analyses of cofilin 1, profilin 1, or VASP (A). Data were analyzed by two-way ANOVA with Tukey post hoc. Additional
cells were harvested and mRNA isolated for assessment of the miR-17-92 cluster by TaqMan PCR (B). PCR data were analyzed by one-way ANOVA for each
miRNA in each cell line. Significance is indicated at P < 0.05; � , different than control; #, different between cell types, same treatment. Using independent
Student t tests for differences between individual groups, $, differences between two groups; @, different than cAMP treatment by an independent Student t
test, P < 0.05.
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similar manner (28, 49). Confocal analysis of cells at the wound
edge confirmed the Western blot findings of higher profilin 1 and
lower cofilin 1 levels in A549 cells than MLE12 cells (Fig. 2A).
Interestingly, A549 cells had higher profilin 1 cytoplasmic expres-
sion at the leading edges of the invasive cells at the front of wound
(similar to the findings in human cancer tissues) while cofilin1
expression was localized to the nuclear region. Western blot
analyses of membranous, nuclear soluble, and nuclear chromatin
fractions in each cell line revealed higher profilin1/VASPpS157 and
lower cofilin1 expression associated with the cell membrane as
observed bymicroscopy (Fig. 2B). These findings further suggest a
possible interaction of profilin1 with VASPpS157 and cofilin1 with
VASPpS239 in regulation of actin dynamics at the cellular leading
edges during migration.

DHA supplementation has been previously shown to inhibit
cancer cell adhesion, proliferation, and invasiveness (38, 40). We
propose the basic concept that in cancer cells, disease progression
involves changes in ABP-mediated actin dynamics, which facil-
itates metastasis and increases cell survival. In addition, cancer
cells develop mechanisms to suppress apoptotic pathways to
further expedite the pro-proliferative phenotype. Our data indi-
cate that the therapeutic potential of DHA supplementation
affects both of these basic events. Thus, DHA could be considered
a concept-based therapy to treat the metastatic phenotype. The
results of wound studies indicated that DHA treatment signifi-
cantly inhibited migration and enhanced the expression of apo-
ptosis markers in A549 cells (Fig. 3A–C). In confocal analysis,
DHA reduced profilin 1 and F-actin content, induced cofilin1
expression, and attenuated the effect of cAMP in the A549 cells.
Furthermore, DHA induced cofilin1 and VASPpS239 while it sup-
pressed VASPpS157 expression in A549 cells (Fig. 5A). The finding

that DHA reversed the effect of cAMP in A549 cells suggests that
DHA is affecting upstream secondary messengers that mediate
PKA/PKG activities and alter responses to stimuli. Remarkably,
DHA changed the subcellular localization of ABPs in parallel to its
effect on metastatic phenotype and cell viability. DHA prevented
profilin 1 localization to the cell edges while it increased its
localization into the nucleus in A549 cells and increased cofilin
1 expression near the cell edges and in the nuclear region (Fig. 4A).
Together, these data support our hypothesis that DHAmodulates
ABPs and suppresses cellmigration andviability inA549 cells. The
effects of DHA treatment in subcellular fractions indicated
enhanced expression of all ABPs in A549 cells than in MLE12
cells with the exception of VASPpS239 (Supplementary Fig. S2A
and S2B). In all ABPs tested, DHA induced an increase in expres-
sion in A549 cells that was greater than cAMP induction except for
cofilin1 in NE(s).

Analysis of miRNAs revealed higher levels miR-17, miR-19b,
miR-20a, and miR-92 in A549 cells than MLE12 (Fig. 2C), which
may be linked to induction of malignant behavior (37, 50–53).
Moreover, analysis of miRNAs in cAMP-treated A549 cells indi-
cated a further increase inmiR expression (Fig. 5B). DHA reversed
the impact of cAMP on these miRNAs in comparison with cAMP
treatment alone. Target Scan predicted and previous studies
reported profilin 1 and cofilin 1 as potential targets of miR-92
and -19a/b, respectively, and miR-17 as a regulator of ECM
facilitating metastatic potential of cancer cells (36, 37). We
postulate that this may be onemechanism by which the increases
in nuclear expression of profilin 1, VASPpS157, and cofilin 1 are
regulated, specifically in response to the invasive phenotype.

Together, these findings confirm that localization of profilin1/
VASPpS157 from cytoplasm to nucleus and of cofilin1/VASPpS239

Figure 6.

Schematic presentation of hypothesis.
Cancer cell migration and viability is
induced and suppressed by the
proposed biochemical circuit
comprising profilin1/pVASP-S157 and
cofilin1/pVASP-S239. DHA
suppressed metastatic phenotypes
through negatively or positively
effecting signaling. DHA also
suppressedmiR-17-92 cluster levels in
cancer cells. But how DHA affects
profilin1/cofilin1 interaction with VASP
phosphorylation or miRs with ABPs
complexes in cancer metastasis and
cell survival is not known.
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to the cell-leading edge is related to actin content and thus cell
migration and apoptotic cell death of cancer cells. Furthermore,
higher expression of miRNAs in the 17–92 cluster in A549 cells
and a DHA-mediated attenuation of the effect of cAMP on the
expression of these miRNAs in A549 cells (Fig. 5B) further
strengthens our prediction of possible association/cross talk
between ABPs expression and miR-17-92 expression.

Conclusion
Overall, our study postulated that profilin 1 and cofilin 1 may

be interacting with phosphorylated VASP and that these inter-
actomes may migrate to different subcellular regions to regulate
actin dynamics (Fig. 6). Interestingly, greater expression of miRs-
17, -19a, -19b, and -92 in A549s cells correspond with high
expression of cofilin 1 and profilin 1. Finally, our data provide
evidence that DHA influences the regulation of actin dynamics,
cellmigration, and cell viability specifically in cancer cells viaABPs
expression, cellular localization, and miR-17-92 cluster expres-
sion. Furthermore, these data provide evidence thatDHA could be
developed as an innovative, anticancer therapy with minimal
effects on normal cell biology and that ABPs interactome and
miRNA cross talk could be established as novel antimetastatic
cancer therapeutic approaches.
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