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ABSTRACT

Migratory cells form extracellular matrix attachments called focal-adhesions.
Focal adhesion assembly and disassembly are regulated by the Rho family of small
GTPases. We previously reported that polyisoprenylated cysteinyl amide inhibitors
(PCAIs) suppress Rho protein levels, disrupting F-actin cytoskeleton remodeling in the
formation of lamellipodia and filopodia. In this study, we investigated whether these
observations effect focal adhesion formation, which involves cell surface receptors
known as integrins and several signaling/adaptor proteins such as vinculin, a-actinin,
Rock kinases and phospho-Myosin Light Chain-2 (p-MLC-2), that foster the linkage
of the actin cytoskeleton to the extracellular matrix. We observed that treatment of
H1299 cells with 5 pM PCAIs for 24 h markedly diminished the level of full-length
integrin a4 by at least 249% relative to controls. PCAIs at 5 pM, diminished the levels of
vinculin by at least 50%. Immunofluorescent analysis showed at least a 76% decrease
in the number of vinculin-focal adhesion punctates. In addition, PCAIs diminished
Rock1 levels by 25% and its substrate, p-MLC-2 by 75%. PCAIs did not significantly
alter the levels of integrin B5, a-actinin, and Rock?2, suggesting that the effects of the
PCAIs are target specific. Our data indicate that the PCAIs alter the levels of the Rho
proteins and their effectors to abrogate their functions in cytoskeleton remodeling
thereby suppressing focal adhesion formation. This in turn results in a PCAIs-induced
decrease in cell invasion, thus making the PCAIs propitious agents for the inhibition
of cancer growth and metastasis.

The adhesion of cells to extracellular matrix (ECM)
proteins results in the formation of cell-matrix contact
points. These are known as focal adhesions. Focal adhesions
allow the interaction of cells with their environment. Focal

INTRODUCTION

Tumor metastasis causes significant morbidity and
mortality related to involvement of distant organs from

primary or initial organ of involvement [1]. The process
of metastasis requires adhesion of the migrating tumor
cells to secondary sites where they colonize the new
sites. Cell migration and adhesion are well orchestrated
dynamic cellular processes that involve actin cytoskeleton
remodeling. Dysregulation of these processes enhances
metastasis [1].

adhesion plays important roles in embryonic development,
maintenance of tissue integrity and organ functions [2].
They have structural and signaling roles through the linking
of the ECM to the actin cytoskeleton by generating traction
forces necessary for cell migration and its regulation
[3]. Proteins that are involved in focal adhesion can be
categorized into membrane proteins (such as integrins
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which connect the ECM to the actin cytoskeleton), adapter
proteins (such as vinculin and alpha-actinin that bind actin
and connect it to the integrins), and signaling proteins (such
as the Rock kinases that mediate adhesion assembly and
disassembly) [2].

Integrins, expressed in almost every cell type,
are cell surface heterodimeric receptors for ECM
glycoproteins [4—6]. They consist of non-covalently linked
o and  subunits. Each subunit has a large extracellular
domain that binds ECM, a single membrane-spanning
domain, and a short non-catalytic cytoplasmic tail,
important for protein-protein interactions. The cytoplasmic
tail interacts with actin-binding proteins (a-actinin and
vinculin) that connect integrins to the cytoskeleton. These
actin-binding proteins localize to focal adhesions and
strengthen focal adhesion formation and turnover [7]. By
connecting integrins to the actin cytoskeleton, vinculin
and o-actinin mediate the transmission of contractile
forces and signals between the ECM and the cytoskeleton.
It is thus not surprising that depletion of vinculin has
been reported to disrupt cell adhesion while promoting
apoptosis [8].

The role of integrins in maintaining stable adhesion
and promoting cell migration is largely dependent on its
connection to the F-actin cytoskeleton. Metastatic cells
alter the levels of integrin expression and integrin affinity
for ECM substrates [9-12]. Inducing av subunit or (33
subunit expression in melanoma was reported to increase
their metastatic potential [12]. Integrin 064 not expressed
in normal thyroid cells, was reported to be expressed in
invasive thyroid carcinoma [13] and in papilloma [14].
In some cases, integrin expression has been reported to
decrease during tumorigenesis. For example, decreased
expression of al, a6, Bl and B4 integrin subunits have
been documented in breast cancer [15].

Integrin-mediated formation of focal adhesion is
regulated by RhoA, a member of the Rho family of small
GTPases. RhoA activates signaling molecules such as the
Rho-kinases (Rock1 and Rock2) which phosphorylate the
actomyosin cytoskeleton, myosin light chain of myosin-2,
to generate phospho-myosin light chain-2 (pMLC-2) that
organize with the F-actin cytoskeleton-linked to integrins
to induce the assembly of focal adhesions [16].

Pharmacological agents that modulate the levels
of any of the aforementioned proteins; RhoA, integrins,
a-actinin, vinculin, p-MLC-2, Rock1 or Rock?2 are likely to
affect the assembly and/or disassembly of focal adhesions
and thus alter cell motility. Such agents would be of
great interest, as effective therapies for the treatment of
metastatic lung cancer and other cancers are limited and
the prognosis for the metastatic non-small cell lung cancer
disease remains poor with a 5 year survival rate of 1% [17].

We recently reported that a novel class of
compounds (PCAIs), induced a decrease in the levels of
RhoA in the NCI-H1299 non-small cell lung cancer cells
to disrupt F-actin organization and abrogate cell migration

[18]. Here, we examine the effects of the PCAIs on focal
adhesion by investigating their effects on focal adhesion
proteins including integrins, a-actinin, vinculin, Rockl,
Rock?2 kinases, pMLC-2. We report that PCAIs selectively
deplete the levels of integrin a4 subunit, vinculin, Rock1
and its substrate p-MLC-2. PCAIs did not significantly
alter the levels of integrin B5 subunit, a-actinin, and Rock2
indicating that their effects on integrin, actin-binding
proteins and Rho-kinases are selective and specific. Our
findings unveil a selective mechanism by which the PCAIs
inhibit the formation of focal adhesions to abrogate cell
migration and metastasis.

RESULTS

PCALISs decrease the levels of integrin a4 subunit
but not integrin pS

We previously reported that PCAIs decrease the
levels of the Rho GTPases (RhoA, Cdc42 and Racl) in
H1299 resulting in the suppression of cell invasion and
migration [18]. Since RhoA regulates the formation
of focal adhesions which are important for migration,
invasion and the colonization of new sites in metastasis,
we hypothesized that the PCAIs disrupt the levels and
activities of key proteins involved in the formation of focal
adhesions.

To begin to understand the role of PCAIs in focal
adhesion formation, we examined the effect of NSL-
BA-040 and NSL-BA-055 on the levels of integrin a4
and B5 subunits known to be expressed on non-small cell
lung cancer cell lines and tissues [19, 20]. In Western
blotting assays, we observed that exposure to NSL-
BA-055 decreased the levels of full-length 04 by 24%, but
increased the levels of the cleaved forms of integrin 04 by
250% (Figure 1A). NSL-BA-040 decreased the levels full-
length 04 by 46% but did not alter the levels of the cleaved
forms of integrin a4. A quantification of the total levels
of integrin a4 protein (full length plus cleaved forms)
indicated that exposure to 5 uM NSL-BA-040 resulted in
a 30% decrease in the total levels of integrin 04 whereas 5
uM NSL-BA-055 did not alter the total levels of integrin
o4 but rather promoted the accumulation of the cleaved
forms of this protein.

Although no functional differences in terms of
their adhesive properties have yet been reported, the
signaling regulated by full-length versus cleaved o
integrin subunits have been observed to be different [21,
22]. In immunofluorescent assay, exposure to 5 uM of
NSL-BA-040 and NSL-BA-055 resulted in a 21% and
17% decrease, respectively, in fluorescent intensity of
integrin a4 when compared to control (Figure 1B). This
change in fluorescent intensity was expected for NSL-
BA-040 and correlates with the 30% decrease in the
overall levels of total integrin a4 (full-length plus cleaved
forms) protein observed in Western blotting assays. The
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decrease in fluorescent intensity induced by NSL-BA-055 that the PCAISs selectively alter the levels of the a4 integrin

was unexpected as in Western blotting, this compound subunit but not the B5 integrin subunit.

does not alter the total levels of the integrin a4 protein

but rather promotes the accumulation of cleaved forms of PCAIs decrease the levels of actin-binding

the protein. Previously, we reported that treatment with 5 protein vinculin but not a-actinin

puM PCAISs results in the pinching off of vesicles from the

plasma membrane containing membrane proteins such as Next, we investigated the effects of PCAIs on two

F-actin [18]. The PCAIs may thus induce the pinching- actin-binding proteins; vinculin and a-actinin that bridge

off of vesicles and loss of integrin 04 from membranes integrins to the actin cytoskeleton. Whereas o-actinin

which is reflected in immunofluorescent assays (Figure directly binds integrin and the F-actin cytoskeleton,

1B). Western blotting involving the determination of total vinculin does not bind integrin directly but binds onto

proteins normalized against GAPDH may not necessarily a-actinin or other adapter proteins to cross-link integrins

reflect the potential loss of a small subset of membrane to the F-actin cytoskeleton. In Western blotting and

proteins. immunofluorescence assays, we observed a decrease in the
The PCAIs did not significantly alter the levels of levels of vinculin protein and the number of punctuates at

the integrin B5 subunit in both Western blotting (Figure focal adhesion sites, respectively. The levels of vinculin

2A) and immunofluorescent assays (Figure 2B) indicating protein decreased by 50% and 70% with exposure to 5 uM
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Figure 1: PCAIs diminish the levels of integrin a4. Adherent H1299 cells were exposed to varying concentrations (0 -5 uM) of
PCAISs for 24 h. Adherent cells were (A) lysed in RIPA buffer, protein concentration was determined, lysates containing equal amounts of
proteins for each treatment group was subjected to SDS-gel electrophoresis and proteins transferred onto PVDF membranes. Membranes
were immuno-probed with an antibody against integrin a4 and the levels of this protein were visualized using HRP-conjugated rabbit IgG
secondary antibodies and ECL reagent in Western blotting or (B) fixed onto glass slides with a 4 % formaldehyde solution, permeabilized
with a 0.3% TritionX-100 solution and then incubated in 1% BSA/0.3% TritionX-100 solution containing an antibody against integrin
a4. Cells were then visualized using rabbit IgG Alexa Fluor 488 conjugate and a Nikon 7i Eclipse microscope at 40X magnification. The
levels of full length integrin 04 (140 kDa), cleaved integrin a4 (70 kDa and 66 kDa) and total integrin a4 (140 kDa, 70 kDa, 66 kDa) were
quantified for each treatment group using ImageLab Software and normalized against GAPDH in (A). The NIS Element software was used
for quantification in (B) for N = 100 cells in each treatment group. Normalized data was used to generate the graphs shown in GraphPad
Prism 5.0. Statistical significance (" p < 0.05; ™ p < 0.01) was determined by comparing the mean of each treatment group to untreated
control using 1-way ANOVA and post-hoc Dunnett’s test.
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of NSL-BA-040 and NSL-BA-055, respectively (Figure
3A). The number of vinculin punctates present at focal
adhesion points dropped by 76% and 86% after exposure
to 5 uM NSL-BA-040 and NSL-BA-055, respectively,
when compared to the untreated control (Figure 3B).
Bright field images of cells exposed to 5 uM of PCAIs
indicate that the bulk of cells remained attached yet
rounded (Supplementary Figure 2). Exposure to 10 pM
of PCAISs resulted in significant cell detachment, yet some
of the cells remained attached. An examination of these
adherent cells indicated that 10 uM PCAIs completely
inhibited the formation of vinculin punctates, indicating
disruption and/or inhibition of the formation of focal
adhesions (Figure 3B). Furthermore, we consistently
observed sharp demarcations of punctates in untreated
controls and cells exposed to 2 uM PCAIs, while

A

treatment with 5 uM and 10 uM of PCAIs resulted in
diffused vinculin staining probably due to PCAls-induced
disruption of punctates and dispersion of vinculin into the
cytoplasm.

To determine if the farnesyl moiety was required
and necessary for the PCAls-mediated disruption of focal
adhesion punctates, we examined the effects of NSL-
100 that lacks the farnesyl moiety on vinculin punctates
(Figure 3B). As expected, exposure to up to 10 uM of
NSL-100 did not significantly change the number of
vinculin punctates observed per cell when compared to
the untreated control cells.

To determine if the PCAIs also alter the levels of
other actin-binding proteins, we next examined their
effects on a-actinin. In Western blotting assays, the levels
of a-actinin in lysates generated from H1299 cells that
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Figure 2: PCAISs do not significantly alter the levels of integrin BS. Adherent H1299 cells were exposed to varying concentrations
(0 -5 pM) of PCAIs for 24 h. Adherent cells were (A) lysed in RIPA buffer, lysate volumes containing equal amounts of proteins were
subjected to SDS-gel electrophoresis and proteins transferred onto PVDF membranes. Membranes were incubated in 5% non-fat dry
milk solution containing an antibody against integrin 5 and the levels of this protein were visualized using HRP-conjugated rabbit IgG
secondary antibodies and ECL reagent in western blotting or (B) fixed onto glass slides with a 4 % formaldehyde solution, permeabilized
with a 0.3% Trition-X-100 solution and then incubated in a 1% BSA/0.3% TritionX-100 solution containing an antibody against integrin
5. Cells were then visualized using rabbit IgG Alexa Fluor 488 conjugate and a Nikon 7i Eclipse microscope at 40X magnification. Protein
levels were quantified using ImageLab Software in (A), NIS Element software in (B) for N = 100 cells for each treatment group and then
plotted using GraphPad Prism 5.0. Statistical analysis was determined by comparing the mean of untreated control to the mean of all

treatment groups using 1-way ANOVA with post-hoc Dunnett’s test.

www.oncotarget.com

Oncotarget



>

o
o
__g_ 0.81
NSL-BA-040 (uM) NSL-BA-055 (uM) 2 064 =
0 1 2 5 0 1 2 5 z .. v
124 KD | o s s s s — Vinculin = U =
KT:] {0 " JHE PRppp—————— Y Y- p T £ 027 <o NSL-BA-040
Z 50d & NSL-BA-055
| o s—
00 25 50
[PCAlS] (1M
Control 20puM 50 uM 10.0 uM

v
= (=] —
(o] <r (-3}
D o L
Pt [ v 20
< - 2- - NSLBA-100
= 2 b & NSL-BA-040
3 7 S © NSLBA-0SS
) = &.20
- k=]
wn )
= & g
-l [ =
o < zZ
= o g
E _I e
5 2] 0 z 10
o Z .
- [PCAIS] (uM)

1997y, Lung Adenocarcinoma (LUAD) 1004 Lung Squamous carcinoma (LUSC)
- mm LOw, N =246 wm High, N =246 mm Low, N =244 == High, N = 244
g Logrank p-value = 0.0873 8 &1 Logrank p-value = 0.413
>
'S 604 =
(% Ug) 601
R 40+ X 404 )
e
204 204 cdye .
0-' il T L4 4 T L4 T 1 0 r LS T T T L Al
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000
Days Days

Figure 3: PCAIs diminish the levels of vinculin to suppress the formation of vinculin punctuates at focal adhesion
and clinical relevance of vinculin mRNA levels in lung cancer. Adherent H1299 cells were exposed to varying concentrations
(0 -10 uM) of PCAIs for 24 h. Adherent cells were (A) lysed in RIPA buffer, lysates containing equal protein amounts were subjected
to gel electrophoresis and proteins transferred onto PVDF membranes. PVDF membranes were then incubated with an antibody against
vinculin. The levels of vinculin in the lysates were visualized using HRP-conjugated rabbit IgG secondary antibodies and ECL reagent in
western blotting or (B) fixed onto glass coverslips using a 4 % formaldehyde solution, permeabilized with a 0.3% TX-100 solution and then
incubated with an antibody against vinculin in a 1% BSA/0.3% TX-100 solution. Cells were then visualized using rabbit IgG Alexa Fluor
555 conjugate and a Nikon 7i Eclipse microscope at 40X magnification. Protein levels for 4 independent experiments in (A) were quantified
using ImageLab Software and normalized against GAPDH. In (B), N =300 cells were analyzed using NIS Element software. Also, in (B),
the effects of a control compound (NSL-100), which lacks the farnesyl moiety present in PCAls, were also determined. Graphs were plotted
using GraphPad Prism 5.0. Statistical significance (" p < 0.01) was established by comparing the mean of untreated control to the means
of the different treatment groups by 1-way ANOVA with post-hoc Dunnett’s test. (C) Kaplan plots depicting the relationship between lung
cancer survival (LUAD and LUSC) and vinculin mRNA levels were generated from TCGA data from OncoLnc (http://www.oncolnc.org).
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were exposed to 5 uM of PCAIs were not significantly
different from the levels of the protein observed in the
untreated control lysates (Figure 4).

Together, these findings indicate that the farnesyl
moiety in PCAIs is required and important for the selective
decrease in the levels of the actin-binding protein, vinculin.

To assess the clinical relevance of these findings, we
wondered if vinculin mRNA or protein levels in patient
samples correlate with lung cancer survival. Whereas
information on vinculin protein levels and lung cancer
survival is still lacking, information on vinculin mRNA
levels and lung cancer survival is available from TCGA
database. We therefore generated Kaplan-Meier plots from
TGCA data (Figure 3C) and observed that there was no
significant difference in the survival of patients with lung
adenocarcinoma or lung squamous carcinoma exhibiting
relatively low or high levels of vinculin mRNA.

The Kaplan plots suggest various possibilities
with respect to the role that vinculin may play in cancer
progression. One possibility is that its levels may not be
important for disease progression. On the other hand, the
mRNA levels may not correlate with the actual protein
levels, or that the lower levels used for comparison with
the higher levels may have already met plateau levels for
promoting tumor progression in which case its relevance
to progression would not be discernable.

NSL-BA-055 decreases the levels of Rockl and
its substrate p-MLC-2, but not Rock2, to disrupt
focal adhesion formation

The Rock kinases (Rock1 and Rock?2) are effectors
of RhoA and key signaling regulators of focal adhesion.

Rock kinases are activated by RhoA. Upon activation,
they phosphorylate MLC-2 to promote actomyosin
contractibility and the assembly of integrin-mediated
focal adhesion. Based on our previous observation
that the PCAIs diminish the levels of RhoA [18], we
wondered if the PCAIs may affect the levels of the RhoA
effectors, Rock1 and Rock?2 and their substrate, MLC-2.

To investigate this possibility, we examined the
levels of the Rockl, Rock2 and p-MLC in Western
blotting analysis of cell lysates after cell exposure to
PCALIs. Interestingly, we observed that exposure to NSL-
BA-055 but not NSL-BA-040 resulted in a 25% decrease
in the levels of Rock1 kinase (Figure 5A). PCAIs exposure
did not alter the levels of the Rock2 proteins (Figure 5B).
The PCAI-induced 25% decrease in the levels of Rock1
kinase was accompanied by a 75% concomitant decrease
in the level of p-MLC-2 (Figure 5C).

These findings suggest functional differences
between the Rock kinases and also indicate a selective role
of NSL-BA-055 in suppressing the levels of Rock1 but not
Rock? to inhibit focal adhesion assembly or to enhance its
disassembly.

PCALISs decrease the levels of fascin protein to
disrupt filopodia formation and cell migration

In a previous report, we demonstrated that PCAIs
diminished filopodia density on cells and blocked cell
invasion and migration [18]. Filopodia are finger-like
structures at the cell surface formed by tightly bundled
parallel actin filaments. The formation of actin filament
bundles in filopodia is mediated by the actin-crosslinking
protein fascin [23].
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Figure 4: PCAIs do not significantly alter the levels of a-actinin. H1299 cells (7 x 10° cells) were plated in complete media
into 100 mm cell culture plates and incubated (37°C; 5% CO,) overnight. The next day, adherent cells were exposed to varying
concentrations (0 -5 uM) of PCAIs in experimental media for 24 h. Cells were then washed with a 1x PBS solution and lysed
in RIPA buffer supplemented with protein inhibitors. Lysates containing equal amounts of protein were subjected to SDS-gel
electrophoresis, proteins transferred onto PVDF membranes. Membranes were blocked in 5% non-fat dry milk for 1 h and
incubated with a primary antibody against a-Actinin overnight. The levels of a-Actinin protein under the different conditions
were visualized using HRP-conjugated rabbit IgG secondary antibodies and ECL reagent. Protein levels were quantified using
ImageLab Software, normalized against GAPDH and then plotted using GraphPad Prism 5.0.
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To gain more insight on the mechanism by which
exposure to PCAIs results in a decrease in the density
of filopodia, we wondered whether PCAIs may alter
the levels of the fascin protein similarly to vinculin in
focal adhesions resulting in the disruption of fascin-
mediated cross-linking of actin bundles in filopodia. We
investigated this possibility using Western blotting and
immunofluorescent assays. In Western blotting assays, we
observed a 51% drop in the levels of fascin protein with

exposure to NSL-BA-040 and a 64% drop in the levels of
the protein with exposure to NSL-BA-055 (Figure 6A).
In immunofluorescent assays, we observed a 45% and
47% decrease in fascin fluorescence intensity after 24h
exposure to NSL-BA-040 and NSL-BA-055, respectively
(Figure 6B).

These findings support the role of PCAIs in
disrupting the levels of fascin protein to inhibit F-actin
organization, to suppress filopodia and focal adhesions,
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Figure 5: NSL-BA-055 diminishes the levels of the Rock1 and its substrate MLC-2 but not Rock2. H1299 cells (7x10°cells/
dish) were plated into 100 mm cell culture dishes in complete RPMI media. The cells were incubated (37°C; 5% CO,) for 24 h before they
were treated with 0.1% acetone (vehicle) or PCAIs (0 — 5 pM) in experimental media for 24 h. Cell lysates were generated by lysis with
RIPA buffer supplemented with a protease and phosphatase inhibitor cocktail. Lysates containing equal amounts of proteins were then
subjected to SDS-gel electrophoresis, proteins transferred onto PVDF membranes and membranes probed with primary antibodies against
(A) Rockl, (B) Rock2 and (C) p-MLC-2. Bound antibodies on immunoblots were visualized using a HRP-Rabbit IgG secondary and ECL-
reagents. Protein levels were quantified using ImageLab Software, normalized against GAPDH and then plotted using GraphPad Prism 5.0.
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Figure 6: PCAls-mediated suppression of the levels of fascin protein and clinical relevance of fascin mRNA levels in
lung cancer. (A) H1299 cells at a density of 7x10° cells/dish were plated into 100 mm dishes and incubated (37 °C; 5% CO,) overnight.
Cells were then treated with either 0.1% acetone or PCAIs (0- 5 uM) for 24 h, then lysed in RIPA buffer supplemented with a protease
inhibitor cocktail. Lysates containing equal amounts of protein were subjected to SDS-gel electrophoresis. Proteins transferred onto PVDF
membranes where then immunoblotted for fascin and GAPDH (loading control). Band intensities were quantified using ImageLab Software
and normalized against GAPDH. (B) H1229 cells were plated into the wells of 6-channel ibidi p-Slides at a density of 1.2 x 10* cells/well.
Cells were incubated (37 °C; 5 % CO,) overnight to allow them to adhere to slides. The next day, cells were fixed with a 4% Formaldehyde
solution, permeabilized using a 0.3% TX-100 solution. Non-specific sites were blocked by incubating the cells with 5% BSA solution for
1h. This was followed by an overnight incubation (4°C with shaking) with a fascin antibody in a 1% BSA/0.3% TritionX-100 solution.
Fixed cells were then washed three times with 1x PBS and then incubated with anti-mouse IgG Alexa Fluor 555 conjugate. Fluorescent cells
were visualized and captured using a Nikon Ti Eclipse microscope. Fluorescent intensity/cell were quantified using NIS Element software
for N = 100 cells under each treatment condition. Graphs and statistical analysis (" p < 0.01) were generated in GraphPad Prism 5.0.
(C) Kaplan plots depicting the relationship between lung cancer survival (LUAD and LUSC) and fascin mRNA levels were generated from
TCGA data from OncoLnc (http://www.oncolnc.org).
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thus inhibiting cell invasion. Additionally, findings are
in agreement with reports that filopodia formation and
integrin-mediated focal adhesions cooperatively regulate
cell motility and invasion [24].

Our findings that PCAIs exposure suppresses the
levels of fascin protein, coupled with reports that fascin
protein is overexpressed in various cancer types [25-31]
raises the possibility that the levels of fascin mRNA
correlate with poor survival in lung cancer patients. We
thus generated Kaplan plots from TCGA data (Figure
6C). These plots reveal that the levels of fascin mRNA
significantly correlate with survival of patients with lung
adenocarcinoma (LUAD) but not for patients with lung
squamous carcinoma (LUSC). The Kaplan plots suggest
that the upregulation of fascin protein in NSCLC is both
transcriptionally-and/or translationally-regulated.

DISCUSSION

Tumor metastasis plays a major role in morbidity
and deaths from cancer. The process of metastasis
involves cancer cell migration and invasion of
surrounding tissues.

Integrins, a group of cell surface receptors,
mediate the communication between the ECM and the
cell interior. Integrins, by connecting the ECM to the
actin cytoskeleton, mediate cell migration, invasion,
angiogenesis and adhesion. Changes in integrin expression
are associated with tumor growth and metastasis in various
types of cancers [9, 14, 15]. Tumor progression is related,
therefore, to structural and biochemical dysregulation
of integrins. Therapeutic agents that affect integrin cell
expression and function may be of interest and are being
explored as inhibitors of tumor growth, metastasis and
angiogenesis [32, 33].

We demonstrated earlier that a novel class of
synthetic small molecules, known as the PCAIs, diminish
the levels of the Rho proteins (Racl, Cdc42 and RhoA)
and suppress F-actin remodeling in NSCLC cells thereby
blocking cell migration and invasion [18]. PCAIs disrupt
F-actin organization in lamellipodia and filopodia
structures to abrogate cell migration.

In this report, we investigated the effect of PCAIls
on focal adhesions. We uncover a specific mechanism
by which the PCAIs achieve their role in blocking cell
migration by demonstrating that the PCAls selectively alter

1. the levels of integrin a4 but not B5;

2. the RhoA-Rock1-pMLC-2 signaling pathway;

3. levels of the F-actin cross-linking protein vinculin but
not a-actinin;
the levels of the fascin protein, an independent
prognostic marker for non-small cell lung cancer, to
stop the motility and invasiveness of NSCLC cells.

To understand the effects of PCAIs on focal
adhesion assembly and disassembly, we examined their
effects on integrin subunits o and p. Earlier findings show

4.

that the expression and signaling of integrins change in
response to environmental factors [12-15, 34-36]. Because
cancer cells manipulate the levels and activity of integrins,
efforts have been geared towards developing therapeutics
agents that modulate integrin structure and functions.
Whereas the PCAIs did not significantly alter the levels
of B5 integrin, we observed a 24% decrease and 250%
increase in the levels of full-length and cleaved forms of
a4 integrin, respectively, on exposure of lung cancer cells
to NSL-BA-055. NSL-BA-040 elicited a 46% decrease in
the levels of the full length integrin 04 protein, however
it did not promote the accumulation of the cleaved forms
of this protein. The a4 integrin is one of the integrins that
undergoes proteolytic cleavage and can be expressed at the
cell surface as a 150 kDa or 140 kDa intact form or a 70
kDa or 80 kDa C-terminal cleaved form [37]. Additionally,
a 34 kDa cleaved form of the integrin a4 protein has been
described [38] suggesting that several cleavage sites or
forms of cleaved integrin o4 exist. We observed a full
length form at 140 kDa and two cleaved forms of the a4
protein at 70 kDa and 66 kDa in Western blotting assays.
Exposure to PCAIs significantly diminished the levels of
the full-length 04 integrin. Furthermore, exposure to 5 uM
NSL-BA-055 resulted in an increase in the levels of the
cleaved forms of integrin a4 whereas NSL-BA-040 did not
enhance the cleavage of integrin a4. These observations
suggest that the PCAIs promote the downregulation,
secretion or degradation of full length integrin 04 and
NSL-BA-055 enhances the proteolytic cleavage of full-
length 04 integrin to 70 kDa and 66 kDa forms. It has been
postulated that an intracellular endogenous subtilisin-like
protease is responsible for the C-terminal cleavage of the
04 subunit [39]. Therefore, NSL-BA-055 may increase
the enzymatic activity of such a protease to promote the
accumulation of cleaved forms of integrin a4. Another
possibility is that the NSL-BA-055 may disrupt protein
complexes involving integrin 04 thereby exposing it to
the proteolytic enzyme. Interestingly, no differences in the
binding of the full-length and cleaved forms of integrin 04
to ECM substrates have been found [21, 39].

Cleavage of the 04 integrin subunit may alter its
interaction with cellular binding partners and thus it’s
signaling. NSL-BA-055-promoted cleavage of 04 integrin
may alter the signaling of this protein with a goal of
disrupting the formation and turnover of focal adhesion.
In support of this, Berthet et al. [22] observed a difference
in the signaling of cleaved versus full-length forms of av,
a3 and a6 integrin subunits. Our findings that the PCAIs
diminish the levels of full-length integrin a4, NSL-
BA-055 increases the levels of cleaved integrin a4, and
that the PCAIs do not affect the levels of B5 is novel and
points to its specificity and the ability of the PCAIs effects
to discriminate between the different integrin subunits.
These findings are significant as we do not know of any
reports of agents that discriminate between the o and 3
integrin subunits. Additionally, these findings predict
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that the PCAISs alter signaling mediated by integrin o4 by
diminishing the levels of the full-length form or promoting
its proteolytic cleavage.

Our observations that the PCAIs decrease the
levels of full-length and NSL-BA-055 increases the
levels of cleaved forms of o4 integrin predict PCAls-
induced changes in signaling and provide a rationale for
investigating the RhoA-Rock-pMLC-2 signaling pathway
for potential therapeutic applications. RhoA-Rock-
pMLC-2 signaling pathway has been reported to modulate
focal adhesion assembly and disassembly during cell
motility [16]. The Rock kinases which are downstream
effectors of RhoA, modulate the contractibility of
the actomyosin cytoskeleton and thus assembly and
disassembly of focal adhesions during cell migration
[16, 40, 41]. We investigated the ability of PCAIs to
alter this signaling pathway to disrupt the formation of
focal adhesion. Whereas NSL-BA-040 did not alter the
RhoA-Rock-pMLC-2 signaling pathway, NSL-BA-055
significantly suppressed the RhoA-Rockl-pMLC-2
signaling pathway as evidenced by a decrease in the
levels of phosphorylated myosin light chain -2 (pMLC-
2) proteins. These findings, point to differences in the
mechanism of action of the PCAIs. Additionally, whereas
NSL-BA-055 significantly diminished the levels of Rock
1, it did not alter the levels of Rock 2. The NSL-BA-055
induced decrease in the levels of Rock 1 kinase, translates
to a significant decrease in the phosphorylation of its
substrate (MLC-2). An explanation for the observed effect
of NSL-BA-055 on Rock 1, but not Rock 2, is that the
Rock kinases (Rock1 and Rock?2) likely play separate roles
in different cell types. It is possible that in lung cancer,
Rock 1 may be the major regulator of the RhoA-Rock-
pMLC-2 signaling pathway in focal adhesion formation.
In line with this reasoning, Rock1 overexpression has been
reported in 73.3% of non-small cell lung cancer samples
[42]. We are currently working on identifying other
signaling pathways that are affected by the PCAIs.

To expand our understanding of the role of PCAls
in focal adhesion formation, we investigated the effects
of the PCAIs on the actin-binding proteins, vinculin and
a-actinin. Actin-binding proteins link integrins at the
cell surface to the F-actin cytoskeleton and are important
for transmitting mechanical forces and orchestrating
signaling events. Changes in the levels of actin-binding
proteins may in turn alter the strength and integrity of
focal adhesions. The actin-binding protein a-actinin
interacts with [ integrin cytoplasmic tails, F-actin
and vinculin at focal adhesions [43—46]. The binding
of a-actinin to integrin on its own is not sufficient to
recruit F-actin [46, 47]. The recruitment of vinculin
to focal adhesions is thus important and required for
focal adhesion formation [48]. Vinculin, one of the
most abundant proteins at focal adhesions, interacts
with F-actin, a-actinin, talin and other binding partners
[44, 49] and mediates the recruitment of core focal

adhesion proteins to regulate cell adhesion, migration
and polarization [50]. In assays where we examined
the effects of PCAIs on F-actin-binding proteins, we
observed that the PCAIs did not alter the levels of the
a-actinin protein but dramatically diminished the levels
of vinculin protein and the number of vinculin punctates
observed at focal adhesions. To further elucidate the
mechanism of PCAls-induced loss of vinculin at
focal adhesions, we examined the effects of a control
compound, NSL-100, which lacks the farnesyl moiety
present in PCAIs on vinculin levels and punctates. We
observed that NSL-100 did not significantly alter the
levels of vinculin protein and the number of vinculin
punctates at focal adhesions, indicating that the farnesyl
moiety is important and essential for the PCAls-mediated
decrease in vinculin protein levels.

To begin to understand the clinical relevance of
alterations in vinculin protein levels in relation to lung
cancer survival, we examined Kaplan plots generated from
TCGA data. Although there was no correlation between
the levels of vinculin mRNA and lung cancer survival,
this does not necessarily mean that vinculin levels have
no clinical relevance as the levels of mRNA do not always
correlate with protein levels. Further studies are therefore
needed to further understand its clinical relevance.

Vinculin has been reported to associate with
membrane lipids [51-54] and its binding to phospholipids
has been postulated to be a potential mechanism for its
activation [52]. Upon activation, vinculin is thought to
interact with its binding partners and these interactions
are important in stabilizing the vinculin protein at focal
adhesions [48]. Since vinculin is essential at focal
adhesions, providing the mechanical force for traction
and strengthening of integrin-F-actin linkages, PCAIs-
mediated depletion of vinculin may weaken integrin-
F-actin linkages, thereby inhibiting cell motility and
invasion. Our observation that the PCAIs do not alter the
levels of the a-actinin protein points to their specificity
in affecting only some actin-binding proteins. This is in
agreement with our finding that the PCAIs do not alter the
levels of BS integrin since a-actinin binds the cytoplasmic
tail of B integrins [45, 46]. Direct binding of the B-integrin
subunit to a-actinin may stabilize this pair so that they
remain unaffected by PCAIs.

Our findings that the PCAIs suppress the levels of
the actin-crosslinking protein vinculin in focal adhesions
made us wonder if the PCAIs similarly alter the levels
of the actin-crosslinking protein fascin that regulates the
formation of actin filament bundles in filopodia [55].
Previously, we demonstrated that the PCAIs disrupt the
formation of filopodia structures to block cell migration
[18]. Integrin-mediated adhesion has been reported to
stabilize filopodia structures and to work cooperatively
with filopodia to promote cell migration [24]. In
experiments examining the effects of PCAIs on the fascin
protein, we observed that the PCAIs in a concentration-
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dependent manner, markedly diminished the levels of
fascin. These results are of clinical significance as among
the filopodia-regulating proteins, fascin has been strongly
implicated in tumor progression and metastasis. Fascin
levels have been reported to be upregulated in more
aggressive and metastatic cancers and fascin has been
described as a significant and independent prognostic
indicator of the outcome of non-small cell lung cancer [23,
56]. The fact that exposure to the PCAIs diminishes the
levels of the fascin protein, and our previous findings that
the PCAIs suppress the number of filopodia per cell [18]
points to a clinical potential of the PCAIs in the treatment
of metastatic non-small cell lung cancer. Additionally,
Kaplan plots generated from TCGA data indicate that the
levels of fascin mRNA inversely correlate with the survival
of patients with lung adenocarcinoma (LUAD) but not lung
squamous carcinoma (LUSC). This observation together
with the established clinical relevance of fascin [23, 56]
and our findings that the PCAIs diminish the levels of
fascin protein in the H1299 NSCLC in a concentration-
dependent manner, suggest that the PCAIs may alter the
levels of fascin mRNA and/or the stability of this protein
to suppress its function in filopodia formation.

In conclusion, we elucidate a comprehensive
mechanism by which the PCAIs disrupt cell migration and
invasion. NSL-BA-055, by diminishing the levels of full-
length integrin a4, enhancing the proteolytic cleavage of
integrin a4, suppressing the Rho-Rock1-pMLC-2 signaling
pathway, and the levels of vinculin and fascin proteins
disrupts focal adhesions and filopodia structures, and
abrogates cell migration and invasion. NSL-BA-040, by
diminishing the levels of full-length integrin a4, suppressing
the levels of vinculin and fascin proteins disrupts focal
adhesions and filopodia structures to inhibit cell migration
and invasion. In our previous work, we showed that the
PCAIs induced the pinching-off of F-actin vesicles from
cell membranes and thus loss of F-actin resulting in loss
of filopodia and lamellipodia [18]. Cumulatively, our data
indicate that the PCAIs enhance F-actin loss probably by
diminishing the levels of specific F-actin-binding proteins to
disrupt lamellipodia, filopodia and focal adhesion structures
in NSCLC cells. Identification of the primary molecular
target(s) of the PCAIs now becomes relevant in anticancer
strategies. This study provides strong mechanistic evidence
that the PCAIs alter the levels of a number of proteins
involved in integrin signaling, RhoA, Racl and Cdc42
signaling, F-actin organization at filopodia, lamellipodia and
focal adhesions thereby modulating processes such as cell
adhesion, migration and invasion.

MATERIALS AND METHODS

Cell culture

NCI-H1299 cells were obtained from American
Type Culture Collection (ATCC — Manassas, VA) and
cultured in RPMI basal medium supplemented with

10% FBS (complete medium). Cells were maintained
at 37°C/5% CO, in a cell culture incubator and treated
in RPMI basal medium supplemented with 5% FBS
(treatment/experimental medium). Only adherent cells
were used in all assays described.

Western blotting assays

Focal adhesion formation is mediated by several
cellular proteins including integrins, vinculin, a-actinin,
and the Rock kinases. The levels and activities of
integrins [9—15], vinculin [57-63] and the Rock kinases
[64—68] have been reported to be dramatically altered
in various cancer types to promote tumorigenesis and
metastasis. Compounds that affect the levels or activities
of some or all of these proteins may have therapeutic
benefits in the treatment of cancers. We thus examined
the levels of the focal adhesion proteins after exposure
to our novel class of compounds, PCAIs [18] (see
Supplementary Figure 1 for structures). In these assays,
NCI-H1299 cells were plated in complete medium into
100 mm cell culture dishes at a cell density of 7.0 x
10° cells/dish and then incubated for 24 h to allow the
cells to adhere. Adherent cells were treated with varying
concentrations of PCAIs (0 - 5uM) in experimental
medium for 24 h. Cells were washed with PBS and
then lysed in RIPA buffer supplemented with protease
and phosphatase inhibitors (Thermo Scientific, MA).
Cell lysates containing equal protein amounts were
boiled in laemmli buffer and then subjected to SDS-
PAGE. Proteins were transferred unto Polyvinylidene
difluoride (PVDF) membranes and immunoblotted using
antibodies against the following proteins: Vinculin (Cell
Signaling Technology — E1E9V), Fascin (Cell Signaling
Technology — 55k-2), Rockl1 (Cell Signaling Technology
- C8F70), Rock2 (Cell Signaling Technology - DI1B1),
alpha-Actinin (D6F6), Integrin alpha 4 (Cell Signaling
- D2E1), Integrin beta 5 (Cell Signaling Technology
- D24A5), phospho-Myosin Light Chain 2 (Cell
Signaling Technology - Ser19) and GAPDH (GeneTex,
GTX100118). Bound antibodies were visualized using
horseradish peroxidase (HRP)-linked rabbit (Santa
Cruz, sc-2004; Cell Signaling Technology) and mouse
IgGs (Cell Signaling Technology) and ECL reagents
(BioRad, CA) per manufacturer’s recommendation.
Band intensities were quantified using the ImageLab
analysis software (BioRad, CA) and normalized against
corresponding band intensities of GAPDH.

Immunofluorescence assays

To examine the effects of PCAIs on focal adhesion
complexes, we captured fluorescent images of NCI-H1299
cells immuno-stained against the focal adhesion receptor
proteins integrin a4 and integrin 5, and the focal adhesion
F-actin-crosslinking protein, vinculin, after 24 h exposure
of cells to PCAISs. Since integrins cooperate with filopodia
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during cell motility, we also examined the effects of PCAIs
on the filopodia F-actin crosslinking protein, fascin. In these
assays, NCI-H1299 cells were seeded in complete medium
on either glass coverslips placed in the wells of a 24-well
plate at a density of 1.0 x 10* cells/well or onto 6-channel
ibidi p-Slides at a density of 1.2 x 10* cells/well. Cells
were incubated at 37°C/5% CO, for 24 h and then treated
with varying concentrations of the PCAls; NSL-BA-040
or NSL-BA-055 (0-10 uM) in treatment medium for an
additional 24 h. In some experiments, cells were also treated
with varying concentrations of the control compound,
NSL-100 (0 -10 uM), which has a similar structure to the
PCAIs but lacks the farnesyl moiety present in PCAIs
[18]. At the end of every treatment, cells were washed
three times with 1x PBS, fixed onto glass coverslips or
ibidi p-Slides by incubating them with a 4% formaldehyde
solution for 20 mins at room temperature. The cells
were then permeabilized by incubating with a 0.3%
TritionX-100 solution for 10 mins. Non-specific protein
sites were blocked by incubating in a 5% BSA solution
for 1 h. After blocking, the cells were incubated overnight
with an antibody against Integrin alpha 4 (Cell Signaling
Technology - D2E1), Integrin beta 5 (Cell Signaling
Technology - D24AS5); Vinculin (Cell Signaling Technology
— E1E9V); Fascin (Cell Signaling Technology — 55k-2) in
1% BSA/0.3% TritionX-100 solution. After this incubation,
the coverslips were washed three times with 1x PBS and
then incubated overnight with either anti-rabbit IgG Alexa
Fluor 488 conjugate (Cell Signaling Technology), rabbit
IgG Alexa Fluor 555 conjugate (Cell Signaling Technology,
MA) or anti-mouse IgG Alexa Fluor 555 conjugate (Cell
Signaling Technology, MA). Fixed cells were again washed
three times with 1x PBS and the coverslips were mounted
unto microscope slides using mounting media containing
DAPI (Vector Laboratories, H-1200) which stains nuclei
blue. Cells on ibidi p-slides were incubated with a 10 pg/
mL Hoechst dye solution for 1h, then washed three times
with 1x PBS. Slides were visualized using a fluorescent
Nikon 7i Eclipse microscope. Fluorescent intensity per cell
was quantified for 100 or 300 cells under each treatment
condition as specified in the figure legends.

Statistical analyses

All results are the means + SEM of four independent
assays. The means of measured values of each treatment
group were compared to their respective vehicle treated
controls by One-Way ANOVA with Dunnett’s post hoc
test. Means were considered to be significantly different
from one another when p values were less than 0.05.

Vinculin/Fascin mRNA expression and lung
cancer analysis using TCGA data

To explore survival correlation of lung cancer with
mRNA levels of vinculin and fascin genes, we generated

Kaplan-Meier plots using OncoLnc (http://www.oncolnc.
org). To generate these plots, the lower and upper mRNA
expression were both set at 50 percentile. OncolLnc is a
newly available resource for linking The Cancer Genomic
Atlas (TCGA) survival data to mRNA expression [69].
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