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Introduction:  Lung  cancer  remains  the  leading  cause  of  cancer-related  mortality  worldwide,  with
metastatic  disease  frequently  a  prominent  feature  at the  time  of  diagnosis.  The  role  of  NSCLC-derived
EGFR  mutations  in  cancer  cell  proliferation  and  survival  has  been  widely  reported,  but  little  is known
about  the  function  of  these  mutations  in  invasive  growth  and metastasis.  In  this  study,  we  sought  to
evaluate  the intrinsic  invasive  properties  of  NSCLC  cells  with  differing  EGFR  status  and  examine  possible
therapeutic  targets  that can  abrogate  invasive  growth.
Materials  and  methods:  Collagen-based  assays  and  3D  cell  cultures  were  used  to assess  morphological  fea-
tures,  actin  cytoskeleton  dynamics  and  the invasive  capacity  of NSCLC  cell  lines  with  differing  EGFR  status.
The  role  of  the  RhoA/ROCK/MYPT1  and  EGFR/HER  pathways  in  NSCLC-related  invasion  was investigated
by  pharmacological  inhibition  and  RNA interference  techniques.
Results:  We  demonstrate  a positive  correlation  between  EGFR  mutational/amplification  status  and  inva-

sive capacity.  Knockdown  of  wild-type  and mutant  EGFR  leads  to depletion  of  active and  total  MYPT1
levels.  Combined  pharmacological  inhibition  or genetic  ablation  of ROCK/EGFR  suppresses  the  hallmarks
of  cancer  cells and  abrogates  the  invasive  phenotype  in  EGFR-dependent  NSCLC  cells.
Conclusions:  These  observations  suggest  that combined  targeting  of  the ROCK  and  EGFR/HER  pathways
may  be a potential  therapeutic  approach  in limiting  invasive  growth  in  NSCLC.

© 2015  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Lung cancer is the leading cause of cancer-related mortality
orldwide, with local invasion and distal metastases as a promi-
ent feature at time of presentation [1]. The invasive process is the

esult of a complex interaction between cancer cells and the host
issue environment, actin cytoskeleton dynamics, degradation of

atrix barriers and the formation of membrane protrusions and
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other migratory features necessary for invasive growth [2]. In the
same perspective, advances in cancer biology have also shown that
genomic alterations of the human epidermal growth factor receptor
(EGFR/HER) play a critical role in cancer progression and tumori-
genesis in a broad spectrum of human cancers including non-small
cell lung cancer (NSCLC) [3]. The role of these NSCLC-derived EGFR
mutations in cancer cell proliferation, and survival has been widely
studied [4–6]; however studies demonstrating their specific role in
the context of the invasive phenotype have so far been limited.

The Rho-associated coiled-coil forming protein (ROCK) is a
known regulator of actin cytoskeletal organization, involved in
Rho-induced formation of actin stress fibers and focal adhesions
[7]. These actomyosin structures play an important role in cellular

contractility and as a consequence also in cell adhesion, migration
and morphogenesis. There is emerging evidence indicating that
the closely related ROCK1 and ROCK2 kinases support the invasive
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Fig. 1. Correlation between EGFR mutational status and invasive capacity in cellular models of NSCLC. (a) Phase contrast images and invasive index quantification of NSCLC
cells  cultured on a type I collagen matrix for 24 h. Arrows indicate invasive extensions. (b) Confocal images and factor shape quantification (box plot) of f-actin (red)/DAPI
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rrows  indicate cells invading the underlying matrix. (d) NSCLC cells were grown f
icroscope. Scale bars, 50 �m.

nd metastatic phenotype in a variety of cancers including lung
ancer [8]. However, the biological role of the ROCK proteins in
SCLC invasion and metastasis is unclear. Here, we  investigated

he intrinsic invasive capacity of NSCLC cell lines with differing
GFR mutational/amplification status and examine the effect of
ombined EGFR/ROCK inhibition on the invasion and survival of
SCLC cells with differential invasive capacities.

. Results

.1. Correlation between EGFR mutational status and invasive
apacity

To determine a possible correlation between EGFR mutational
tatus and invasion, we first compared the intrinsic invasive capac-
ty of three NSCLC cell lines harboring differential EGFR status.
fter a 24 h culture on a native type I collagen substrate, H1975
SCLC cells carrying both a primary EGFRL858R activating muta-

ion and a secondary EGFRT790M tyrosine kinase inhibitor (TKI)
esistance-conferring mutation [8], displayed a more spread cel-
ular morphology with the formation of cellular extensions inside
he matrix (invasive index: 75 ± 1.7%). In contrast, H1650 (EGFR
E746–A750) and H358 (EGFRwt) NSCLC cells attached as rounded

ells with a significantly lower invasive index (invasive index:
.3 ± 0.7% and 2.3 ± 0.3% respectively; Fig. 1a). In addition, PC-9
SCLC cells bearing the same exon 19 deletion mutation as H1650
ells (EGFR�E746–A750), displayed a comparable invasive index of
t sections of H&E stained cells cultured on a type I collagen matrix for 14 days.
 in a three-dimensional laminin-rich microenvironment and imaged under a light

12.2 ± 0.9%; while H1781 cells harboring wild-type EGFR and a
HER2 insertion mutation did not form invasive extensions on a
collagen matrix (Supplemental Fig. 1a). Interestingly, A549 NSCLC
cells harboring a wild-type EGFR amplification were categorized as
highly invasive, with an invasive index of 72 ± 2.5 % (Supplemental
Fig. 1b).

To examine differences in cortical cytoskeleton and cell surface
morphology, the panel of NSCLC cell lines were stained for f-actin
(by the toxin phalloidin) after a 24 h culture on type I collagen.
As shown in Fig. 1b, H1975 cells displayed a more polarized mor-
photype with multiple long protrusions whereas H1650 and H358
cells assumed a rounded morphology with cortical F-actin and the
appearance of membrane blebs. As shown in Supplemental Fig. 1c,
A549 cells displayed a similar morphological phenotype as H1975
cells, with a disrupted and polarized cortical f-actin cytoskeleton.

We further evaluated the intrinsic invasive capacity of H1975
NSCLC cells, by examining their invasive depth in a type I colla-
gen matrix. NSCLC cells were cultured on a collagen for 14 days,
whereby transverse sections were analyzed for the presence of cells
invading the collagen substrate. Our results show H1975 cells infil-
trating into the collagen matrix whereas H1650 cells are confined
to a single cellular layer and H358 cells form colonies at the top of
the collagen (Fig. 1c).
To establish a cell culture that more closely reflects an in
vivo lung cancer microenvironment, we  characterized the NSCLC
cell lines in laminin-rich three-dimensional cultures. As shown in
Fig. 1d, H1975 cells appeared as colonies showing extensive con-
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ig. 2. The role of the rho-associated protein kinase (ROCK) and its effectors in hig
nd  cell lysates were collected for immunoblot analysis using the indicated antibod
nd  assessed for growth by MTS  analysis. Total cell lysates were collected for immu

ecting extensions, suggestive of direct adhesion between the cells
nd the extracellular matrix (ECM). In contrast, H358 and H1650
ells appeared as colonies that were situated apart in the ECM
Fig. 1d).

.2. Role of rho-associated coiled coil forming protein (ROCK) and
ts effectors in highly invasive EGFR mutant NSCLC cells

Overexpression of the ROCK proteins has been implicated in the
nvasive and metastatic potential of various tumor types [9–11].
aseline protein expression of ROCK1 and ROCK2 was  higher in
1975 cells compared to H1650 and H358 NSCLC cells (Fig. 2a),

ndicating that the ROCK protein may  be a crucial factor in the
nvasive phenotype of H1975 cells. EGFR activation status was also
reatly enhanced in H1975 cells compared to the other cell lines;
ossibly due to the presence of the EGFRT790M mutation in this cell

ine (Fig. 2b). The EGFRT790M mutation is associated with acquired
esistance to EGFR TKI therapy and has been found to increase EGFR
ctivity as well as oncogenicity in NSCLC [12,13].

Accumulating lines of evidence have demonstrated that AKT
ctivation correlates with enhanced tumor invasion [14,15]. AKT
hosphorylation was also significantly higher in H1975 cells com-
ared to H358 cells, but H1650 cells exhibited even higher AKT
hosphorylation compared to the other two  tested cell lines
Fig. 2b). This observed high AKT signaling in H1650 cells may  be
he result of the combined effect of the EGFR mutation and a PTEN
ull status, which has been implicated in deregulated AKT activity

16].

To elucidate the role of the EGFRT790M mutation in the invasive
roperties of H1975 cells, we performed RNA interference exper-

ments. EGFRT790M2600 -specific mediated-knockdown effected a
vasive and EGFR-dependent NSCLC cells. (a and b) NSCLC were cultured for 3 days
 and d) H1975 cells were transiently transfected with the indicated siRNA for 72 h
t analysis using the indicated antibodies.

∼25% reduction in cell growth 72 h post-transfection in concord-
ance with our previous findings [17], while EGFRWT2600 siRNA
reduced cell growth by ∼15% at the same time point (Fig. 2c). By
72 h post-transfection, we  observed a more distinct reduction in
both phosphorylated and total EGFR levels as well as active AKT
after EGFRT790M2600 siRNA-mediated knockdown compared to both
EGFRWT2600 and scrambledT790M2600 treatment (Fig. 2d). Further
analysis on the effect of wild-type and mutant EGFR -mediated
knockdown on ROCK expression did not reveal a reduction in their
protein levels (data not shown). Interestingly, however, wild-type
and mutant EGFR siRNA treatment clearly reduced the levels of
myosin phosphastase target subunit 1 (MYPT1); a direct target of
ROCK (Fig. 2d). These data thus suggest that EGFR inhibition could
play a role in suppressing the invasive phenotype of H1975 cells.

2.3. Effect of ROCK and EGFR inhibition on the growth of NSCLCs
with differing EGFR mutational status

As both ROCK1 and ROCK2 are highly expressed in H1975 cells
(see Fig. 2a), we  sought to determine the effects on growth of Y-
27632, an investigational inhibitor of the ROCK family of kinases
that competes with ATP for binding to its catalytic cleft [18]. In
addition, we  also investigated the inhibitory effects of afatinib, an
EGFR/HER family inhibitor that covalently and irreversibly binds
to the ATP binding cleft of the tyrosine kinase and also has some
activity in T790 M cell lines [19]. Dose-dependent analysis of the
growth inhibitory effect of Y-27632 in the panel of NSCLC cells

(H358, H1650, H1975 and A549) demonstrates that Y-27632 was
unable to achieve an IC50 value even at a concentration of 10 �M
(Supplemental Fig. 2a). On the other hand, we  observed a striking to
modest growth inhibitory effect with afatinib in the majority of the
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Fig. 3. Effect of combined inhibition of ROCK and EGFR/HER in NSCLC cells with differing invasive capacity. (a) NSCLC cells were treated with Y-27632 (5 �M),  afatinib
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50  nM)  or their combination for 5 days. (b) NSCLC cells were transiently transfecte
as  assessed by MTS  analysis.

ell lines tested (Supplemental Fig. 2b). Treatment with afatinib
id not significantly reduce the growth of A549 cells at clinically
elevant doses (Supplemental Fig. 1b).

To investigate the combined effect of EGFR and ROCK kinase
nhibition we treated the respective NSCLC cell lines (H358, H1650
nd H1975) for 5 days with Y-27632 and afatinib as either sin-
le agents or combined. Our results display modest effects of
he Y-27632/afatinib combination on the growth of both H358
nd H1975 cells when compared to single inhibitor treatments
Fig. 3a), while we observed no additional effect when Y-27632
as added to afatinib in H1650 cells (Fig. 3a). While combined

reatment with Y-27632/afatinib did not reduce the growth of A549
ells compared to vehicle control, fasudil (a clinically active ROCK
nhibitor) combined with afatinib achieved modest effects in this
ell line (Supplemental Fig. 1d). Interestingly, fasudil monother-
py also potently reduced the ability of A549 cells to form colonies
n soft agar compared to combined treatment (Supplemental Fig.
e).

We subsequently performed siRNA transfection experi-
ents to further verify our pharmacological findings. We

how that the addition of ROCK siRNA treatment potently
educes cell growth in the H1975 and H358 cells 72 h post-
ransfection when compared to combined EGFR/HER2 or
ingle EGFR or HER2 siRNA treatments (Fig. 3b). Consistent
ith the pharmacological experiments, no significant addi-

ional effect was obtained when ROCK-specific siRNA was
dded to the EGFR/HER2 siRNA combination in H1650 cells

Fig. 3b)
h 100 nM of the indicated siRNA or their combinations for 72 h. Growth inhibition

2.4. Effect of ROCK and EGFR inhibition on the invasive
phenotype of EGFR mutant NSCLC cells

To further assess the efficacy of the Y-27632/afatinib combina-
tion, we  evaluated their effect in abrogating the invasive phenotype
in H1975 cells. Our results show that Y-27632 combined with afa-
tinib was  superior to either agent alone in the reduction of both
invasive index and factor shape after a 24 h treatment on a type
I collagen substrate (Fig. 4a and b). Moreover, this combination
significantly reduced the amount of H1975 cells infiltrating into
the collagen after a 14 day inhibitor treatment (Fig. 4c). Impor-
tantly, we also observed a marked decrease in the number of H1975
cells invading the collagen substrate with single Y-27632 treatment
compared to the effects seen with single treatment with afatinib
(Fig. 4c). The effect of Y-27632 on H358 non-invasive cells was
less striking after a similar 14 day treatment on a collagen sub-
strate. Afatinib treatment coincided with robust suppression in the
amount of colonies formed by H358 cells, while treatment with
Y-27632 did not yield significant effects (Supplemental Fig. 3a).

Combined treatment of Y-27632 and afatinib reduced phospho-
rylated levels of ROCK protein activators and effectors (RhoA and
MYPT1) and potently suppressed AKT phosphorylation in H1975
cells (Fig. 4d and Supplemental Fig. 3b). In addition, while afatinib
treatment reduced active levels of EGFR and HER2 in H1975 cells,
active ERK levels were cooperatively reduced with combination
treatment (Supplemental Fig. 3c). Both Y-27632 and afatinib had
an effect on cell survival, after a 5 day treatment, but the effect

was not enhanced when Y-27632 was added to afatinib (Fig. 4e).
To support our pharmacological data, we  examined the effect
EGFR/HER2/ROCK siRNA treatment on actin cytoskeleton morphol-
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Fig. 4. ROCK inhibition synergises with EGFR to suppress survival and invasion in highly invasive NSCLC cells. (a) Phase contrast images and invasive index quantification
of  H1975 cells treated with Y-27632 (5 �M),  afatinib (50 nM) or their combination for 24 h. (b) Confocal images and factor shape quantification of f-actin (red)/DAPI(blue)
stained cells treated with the indicated inhibitors or their combination for 24 h. (c) Tranverse light sections of H1975 cells cultured on a type I collagen matrix for 14 days
and  treated with the indicated inhibitors or their combination. Arrows indicate cells invading the underlying matrix. (d and e) H1975 cells were treated with the indicated
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nhibitors or their combination for 5 days. Total cell lysates were collected for im
hospho/total protein levels relative to vehicle) and cellular apoptosis was  quanti
taining.  Bars,50 �m.(For interpretation of the references to color in this figure lege

gy of H1975 cells. H1975 cells remained with a polarized F-actin
orphology after siRNA-mediated depletion of EGFR (Supplemen-

al Fig. 3d). However, depletion of HER2 promoted a more rounded
orphology with combined depletion of EGFR, HER2 and ROCK fur-

her promoting an organized F-actin cytoskeleton (Supplemental
ig. 3d).

. Discussion

In this study we evaluated the intrinsic invasive properties of
SCLC cells with differing EGFR status, and examined the biological

ole of the Rho/ROCK pathway in regulating the function of highly
nvasive cells. Our data demonstrates that both EGFR and ROCK
lay a role in the growth and invasion of NSCLC cells with different
GFR genotypes. The combined effects of ROCK and EGFR inhibi-
ion on the growth and invasive capacity of highly invasive H1975
ells (EGFRL858R+T790M) suggests that dual targeting of the ROCK and
GFR/HER proteins may  offer a potential therapeutic benefit.

Our findings reveal that NSCLC cells carrying a wild-type EGFR
tatus do not promote invasion and point to a positive correlation
etween an invasive phenotype and a constitutively active mutant
GFR or a wild-type EGFR amplification status. A recent study by

alasila et al., support these observations, where amplification or
ctivation of wild-type EGFR were considered to be important fac-
ors in the invasive phenotype of mouse models of glioblastoma
20].
blot analysis with the indicated antibodies (values represent normalized ratios of
y hoechst 33342 (blue) and propidium iodide (red) double fluorescent chromatin
e reader is referred to the web version of this article.).

Our findings also indicate that in highly invasive NSCLCs, the
ROCK pathway is activated and that mutant EGFR plays a role in
this (Fig. 5). The activation level of the highly expressed ROCK pro-
tein in these cells causes a striking response to both EGFR/HER2 and
RhoA/ROCK/MYPT1 inhibition resulting in the suppression of both
survival and invasion (Fig. 5). In addition, RhoA/ROCK signaling
plays a pivotal role in actin cytoskeleton dynamics and tumor
cell motility [21] and our findings also highlight that combined
EGFR/ROCK inhibition corresponds with changes in cell morphol-
ogy and the reorganization of filamentous actin in highly invasive
and EGFR-dependent NSCLC cells. AKT activation correlates with
enhanced tumor invasion [14,15], and based on the presented
results dual ROCK/EGFR treatment antagonizes AKT signaling;
which similarly leads to the robust suppression of MAPK/ERK path-
way activity. It must be noted, however, that while the ROCK1
and ROCK2 proteins share significant sequence homology, they
have been described to exert different functions in the cell [22,23].
ROCK1 is reported to be involved in actin cytoskeleton destabi-
lization while ROCK2 has been shown to be an essential factor in
stabilizing the actin cytoskeleton. The observed suppressive effects
on invasion may  thus result from inhibition of the ROCK1 protein,
as pharmacological inhibitors of ROCK equally inhibit the activity
of both ROCK1 and ROCK2 [24].
Several preclinical studies have demonstrated that inhibition
of Rho/ROCK in cells bearing oncogenic forms of KIT, FLT3 and
BCR-ABL TK reduces active levels of MYPT1 and suppresses their
constitutive growth [25]. A publication by Burthem and colleagues
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Fig. 5. Proposed schematic model for ROCK/EGFR inhibition in NSCLC cells with an EGFR-dependent and highly invasive phenotype. (a) GTP-bound RhoA is activated by
the  EGFR receptor (wild-type or mutant) which in turn activates the highly expressed ROCK protein. This coupling leads to the phosphorylation of downstream specific
target  proteins such as MYPT1 which is in cytoskeleton regulation and invasive growth. EGFR also activates PI3K which phosphorylates PIP to PIP thereby activating AKT
a  targ
r -2763
c

s
b
h
a
g
t
a
i
a
s
p

o

nd  triggering the transcription of cell survival factors. PTEN is another downstream
educes  EGFR and ROCK activation thereby suppressing invasion and survival, (c) Y
ooperatively suppresses both survival and invasion.

hows that ROCK inhibitors such as Y-27632 and fasudil com-
ined with the TKI imatinib synergistically inhibits the activity of
uman leukemic cells [26]. These results show that ROCK may  be

 potential additional therapeutic target in impairing the onco-
enic activity of TK-driven malignancies and validate the use of
hese inhibitors as either single agents or combined with other TKIs
s a possible therapeutic strategy. Since TKIs such as afatinib and
matinib are currently indicated for the treatment of some cancers
nd ROCK inhibitors such as fasudil have been effectively used for

everal years in the treatment of various diseases [27], it may  be
romising to test these combinations in future clinical trials [28].

In conclusion, our findings demonstrate that the ROCK family
f protein kinases is important for highly invasive NSCLC can-
2 3,

et of ROCK which negatively regulates AKT by dephosphorylating PIP3. (b) afatinib
2 reduces ROCK activation mainly suppressing invasion, and (d) their combination

cers. Whereas the functional role of the genetically altered EGFR
receptor in the context of NSCLC pathogenicity has been widely
described [29,30], our findings further demonstrate that mutational
activation of EGFR may  play a role in the invasive phenotype. The
combined targeting the Rho/ROCK and EGFR/HER pathways should
be further explored.

4. Materials and methods
4.1. Cell lines and reagents

Y-27632 (Selleckchem) and afatinib (Boehringer Ingelheim)  were
of highest grade available. The human NSCLC cell lines H358,
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1650, H1975 were obtained from the ATCC and cultured as
escribed [6]. The A4549 human NSCLC cell line was  obtained from
igma and cultured according to the suppliers recommendations.
ll cell lines were authenticated by STR-analysis.

.2. Invasion assays

The Collagen invasion assay was performed as previously
escribed [7]. Collagen matrices were imaged under a phase-
ontrast light microscope and the invasive index was subsequently
etermined by manual counting of the number of invading cells
nd non-invading cells present in 10–15 randomly selected fields.

Cell morphology was  studied by determination of factor shape
f minimal 25 single cells. Collagen matrices were fixed in 3%
araformaldehyde and stained with Alexa Fluor 594 conjugated
hallodin with a DAPI nuclei counterstain [31]. Imaging was sub-
equently performed by confocal microscopy.

For invasive depth, collagen matrices were fixed with buffered
ormalin, embedded in paraffin and 6-�m sections were taken
very 250 �m over a total distance of 1500 �m.  All sections
ere stained with hematoxylin and eosin (H&E) and subsequently

maged under a light microscope. One representative field from one
ection out of 6 is shown.

.3. Three-dimensional cell cultures

The NSCLC cells (1 × 104) were seeded in a Matrigel (Corning)
uspension in clear-bottomed 96 well plates. The Matrigel suspen-
ion was kept at 37 ◦C until polymerization and a top layer of growth
edium was then added. Cells were maintained in Matrigel for 3

ays and imaging was performed with a standard light-microscope
o examine morphological differences.

.4. Western blot analysis and antibodies

Cells were lysed in a Tris-buffer containing a protease and
hosphatase inhibitor cocktail (Sigma). Lysates were cleared by
entrifugation and protein concentration was determined by the
radford protein assay kit (Bio-Rad). Equivalent amount of pro-
ein were loaded on a resolving acrylamide gel and blotted
n a polyvinylidene fluoride membrane (PVDF). The membrane
as then subjected to an immunodetection procedure using the

ndicated antibodies. HRP-conjugated secondary antibodies (GE
ealthcare) and a chemiluminescent detection kit (Advansta) were
sed to detect the indicated proteins.

.5. Growth assays

Cell growth was assessed by the colorimetric tetrazolium MTS
ssay (Promega). Cells were seeded in clear-bottomed 96-well
lates at a density of 2 × 103 cells/well in triplicates. For drug

nhibition studies, cells were treated after 24 h with various con-
entrations of the indicated drugs or their combinations. After the
ndicated time periods, the numbers of viable cells were analyzed
sing an ELISA reader (Labsystems).

.6. RNA interference

Cells were seeded into 24-well or 96-well plates at a den-
ity of approximately 1 × 105 cells/well or 5 × 103 cells/well. 24 h
ater, cells were transfected with siRNA against EGFR WT2600,

GFRT790M2600 and scrambled EGFR T790M2600 [17]; EGFR, HER2,
enome Non-Targeting siRNA (Thermo Scientific); and ROCK (Qia-
en) using Lipofectamine 2000 (Invitrogen) according to the
anufacturer’s instructions.

[

[

r 90 (2015) 167–174 173

4.7. Hoechst 3342/propidium Iodide staining

The effects of the inhibitors on apoptosis and nuclear morphol-
ogy of H1975 cells was assessed by Hoechst 33342 and propidium
iodide (PI) double fluorescent chromatin staining as described [32].

4.8. Statistical analysis

Results are representative of three independent experiments.
All graphical data is presented as the mean ± standard error of
mean (SEM). The Chi-Square test was utilized for group compar-
ison of invasive index while the Mann Whitney test was  utilized
when comparing factor shape. Statistical significance is reported
as follows: *, P < 0.05, **, P < 0.01 and ***, P < 0.001.
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