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Abstract: First-generation tyrosine kinase inhibitors (TKIs) have been associated with good responses in non-small
cell lung cancer (NSCLC) patients with epidermal growth factor receptor (EGFR)-sensitizing mutations. However, this
therapeutic strategy inevitably promotes resistance to TKis. This study aimed to investigate the functional role and
mechanism of proscillaridin A in NSCLC with or without EGFR mutations. Cellular function assays showed that pros-
cillaridin A could inhibit cell proliferation, migration and invasion in vitro independent of EGFR mutation status. Real-
time PCR of the human chromosome 17 o-satellite region revealed that proscillaridin A significantly suppressed
tumour micrometastasis in vivo. In immunofluorescence experiments, we found that proscillaridin A decreased
filopodia length in NSCLC cells. Furthermore, proscillaridin A also downregulated EGFR-Src-mediated cytoskeleton-
related pathways, including FAK-paxillin signalling, which has been shown to promote cell filopodia formation by
regulating small G-proteins. Therefore, we used the GST-PBD pull-down assay to demonstrate that proscillaridin
A could decrease Cdc42 activity. Moreover, survival analyses of 591 lung adenocarcinoma patients from the GEO
database indicated that the expression levels of Src and paxillin and the risk score of the gene signature based
on these two factors were negatively correlated with overall survival and could be used as independent prognostic
factors. In conclusion, we speculate that proscillaridin A inhibits lung cancer cell growth and motility by regulating
EGFR-Src-associated pathways.
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Introduction

Lung cancer is currently the most commonly
diagnosed cancer and the leading cause of
cancer-related death worldwide, presenting a
major health burden [1]. Approximately 85% of
lung cancer cases are non-small cell lung can-
cer (NSCLC), which includes adenocarcinoma,
squamous cell carcinoma and large cell carci-
noma [2]. Carcinogenic mutations often lead to
lung cancer progression, and most mutations,
such as human epidermal growth factor recep-
tor 2 (HER2), epidermal growth factor receptor
(EGFR), KRAS, AKT1 and MEK mutations, cause
constitutive kinase activation. These protein

mutations are in the signal transduction path-
way and often induce cancer cell growth and
metastasis, which lead to poor prognosis [3].
Therefore, there are currently many targeted
therapies for the abovementioned mutations
that can inhibit tumour progression and en-
hance the patient’s response to the drug [4].

EGFR is a transmembrane tyrosine kinase
receptor that activates signal transduction
pathways that regulate cell proliferation, differ-
entiation and survival [5]. In Asia, approximately
40-55% of NSCLC patients have EGFR muta-
tions; in these patients, approximately 40-49%
have exon 19 deletions, and the other 39-47%
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have L858R mutations [6]. These mutations
cause constitutive kinase activation and in-
duce normal cell oncogenesis. Recently, small
molecular tyrosine kinase inhibitors (TKIs),
such as gefitinib and erlotinib, have been the
first-line medicine to treat NSCLC patients with
exon 19 deletion and L858 mutation (first-gen-
eration TKIs). These patients have a good res-
ponse to gefitinib and erlotinib treatment [7].
However, approximately 50% of patients after
using first-generation TKIs have a secondary
EGFR mutation in T790M [8]. Therefore, the
development of a new targeted drug, including
the second-generation TKIs afatinib [9] and
third-generation osimertinib [10], has become
a major goal in the treatment of lung cancer.

The Src gene is classified as a proto-oncogene
due to its potential to promote cell growth and
division and is involved in several signalling
pathways within cells. These pathways include
the focal adhesion kinase (FAK), phosphati-
dylinositol 3-kinase (PI3K), and signal trans-
ducer and activator of transcription 3 (STAT3)
pathways [11, 12]. Furthermore, a prior clinical
study revealed that NSCLC patients with high
Src expression levels had a poor prognosis
[13]. In another previous study, the Src and
EGFR family could form a complex and benefit
cell transformation and cancer development
[14]. Therefore, inhibition of Src and EGFR activ-
ity may provide a new therapeutic target for
TKI-resistant NSCLC patients.

FAK is an intracellular tyrosine kinase signalling
transducer, and its signalling is mediated by
integrin and other cell surface receptors, such
as EGFR [15]. In recent years, FAK was believed
to enhance cell migration and invasion through
signal transduction and to promote actin cyto-
skeleton reconstruction [16]. FAK has been
shown to be highly expressed in many human
cancers and is often associated with advanced
disease as well as a poor prognosis in NSCLC
patients [17, 18]. Due to the mutual activation
between EGFR and Src and the phosphoryla-
tion of FAK by Src [13, 19], inhibiting EGFR
activity may reduce FAK-mediated cell motility.

To develop new candidate EGFR inhibitors, we
previously used a pharmacophore model and
ELISA to screen the NCI-60 compound library
[20] and identified proscillaridin A (NSC num-
ber: 7521) as a promising candidate. A previ-
ous study indicated that proscillaridin A could
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inhibit NSCLC growth by upregulating DR4 [21],
but its effects on NSCLC migration, invasion
and metastasis, as well as the mechanism of
action, are still unclear. In this study, we investi-
gated the ability of proscillaridin A to inhibit
NSCLC progression and metastasis by in vitro
and in vivo approaches. Our findings may pro-
vide a new lead compound for the development
of anticancer drugs and provide a therapeutic
strategy for the treatment of NSCLC patients in
the future.

Materials and methods
Cell culture and drug treatment

To investigate the effect of proscillaridin A on
NSCLC, four cell lines with different EGFR sta-
tus were used in this study. The A549 (ATCC
CCL-185, EGFRwiatre  gefitinib resistant) and
H1975 (ATCC CRL-5908, EGFRL88RT790M = gefj.
tinib resistant) human lung adenocarcinoma
cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA,
USA), while the PC9 (EGFR®°n1°¢¢l gefitinib sen-
sitive) and PCOIR (EGFR®o 10 del - gefitinib resis-
tant) cell lines were generously provided by Dr.
Chih-Hsin Yang at NTU Hospital. All cell lines
were cultured in RPMI-1640 media (Gibco,
Carlsbad, CA, USA) supplemented with 10%
foetal bovine serum (FBS; Gibco) and 1% peni-
cillin/streptomycin (Gibco) at 37°C in a humidi-
fied atmosphere of 5% CO2. Proscillaridin A, a
compound used in the study, was obtained
from the National Cancer Institute (NCI,
Germantown, MD, USA) and was prepared as a
0.1 M stock solution in dimethyl sulfoxide
(DMSO).

Cell viability assay

Cells were seeded in 96-well microplates at
4000 cells/well and incubated overnight to
allow cell adherence. Cells were treated with
proscillaridin A at different concentrations or
for different times. The designated volume of
PrestoBlue cell viability reagent (Invitrogen,
Carlsbad, CA, USA) was added to each culture
well to react with cells. Afterwards, the absor-
bance was measured at 570 nm (with 600 nm
as the reference) using a Victor® spectropho-
tometer (Perkin-Elmer, Santa Clara, CA, USA).

Colony formation assay
To conduct the anchorage-dependent growth

assay, the H1975, A549, PC9, and PC9IR cells
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were suspended in RPMI and seeded at a den-
sity of 500 cells per well into six-well plates
containing culture media and drug solution.
Following a 7-10 day incubation period, the
cells were washed with 1X PBS and fixed with
methanol. A 0.05% crystal violet stain was
applied to the fixed cells. For the anchorage-
independent growth assay, six-well plates were
precoated with 0.7% low melting point (LMP)
agarose in RPMI supplemented with 10% FBS.
PC9O and PC9IR cells were then seeded in the
wells in 0.35% LMP agarose/RPMI with 10%
FBS at a density of 1 x 102 cells per well. Once
the LMP agarose solidified, the cells were treat-
ed with proscillaridin A and incubated for three
weeks. The resulting colonies were stained with
0.5 mg/ml p-iodonitrotetrazolium violet, and
colonies with a diameter greater than 0.5 mm
were counted using an inverted microscope.
Detailed methods for this procedure are avail-
able elsewhere [22].

Migration and invasion assay

A transwell apparatus with a polycarbonate
membrane (8-um pore size, 6.5-mm diameter;
Corning Costar Corporation, MA, USA) coated
with or without Matrigel (2.5 mg/ml; R&D sys-
tems, Minneapolis, USA) was used for transwell
invasion and migration assays, respectively,
as described previously [23]. The cells (H1975
and A549) were pretreated with proscillaridin A
for 24 hrs and then seeded in upper wells (2 x
10% or 4 x 10* per well) containing serum-free
medium, and the lower wells were filled with the
same medium supplemented with 10% FBS.
After 12 hrs (migration) or 18 hrs (invasion) of
incubation, the cells in the upper wells and on
the membrane were swabbed with a Q-tip, fixed
with methanol, and stained with 10% Giemsa
solution (Sigma Chemical, St. Louis, MO, USA).
The cells that were attached to the lower sur-
face of the polycarbonate filter were counted
using a light microscope (magnification, x 200).

In vivo tumour micrometastasis analysis

Five-week-old advanced severe immunodefi-
ciency (ASID) mice were purchased from the
National Laboratory Animal Center (NLAC,
Taipei, Taiwan). In order to investigate the effect
of proscillaridin A on the in vivo metastasis of
gefitinib-resistant NSCLC cells, H1975 cells
(EGFR858R+T790M "1 x 1068 live cells) were injected
into mice through the tail vein. To confirm the
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effect of proscillaridin A on tumour migration,
we separated mice injected with tumour cells
for one week into two groups, one treated with
0.1% DMSO and the other treated with 4 mg/kg
proscillaridin A. The former group (n=4) was
intraperitoneally injected with 100 ul PBS with
0.1% DMSO every two days, and the latter
group (n=5) was injected with proscillaridin A.
After 8 weeks, the mice were sacrificed using
CO,, and the lungs were harvested. The mouse
experiments were approved by the Institutional
Animal Care and Use Committee of National
Chung Hsing University (IACUC Number: 110-
117). The harvested lung tissues were then
subjected to genomic DNA extraction using
conventional protease K and phenol-chloro-
form extraction followed by isopropanol precipi-
tation [24]. To detect micrometastases of
human lung adenocarcinoma cells in mice,
specific primers for the human chromosome
17 o-satellite region (Crl7) were used, as
described previously [25]. The highly conserved
actin sequence in humans and mice was used
as a control: forward primer, 5-TCAGATCAT-
TGCTCCTCCTG-3’ and reverse primer, 5-ACG-
ATGGAGGGGCCGGACTC-3'. To detect the level
of human Cr17, an ABI StepOnePlus real-time
PCR system (Applied Biosystems, Carlsbad, CA,
USA) with the SYBR Green approach (Applied
Biosystems) was used. The method for calcu-
lating Cr17 DNA amount has been previously
described [26].

Actin staining

Cells were plated onto 24-well chamber slides,
and after cells adhered to slides, different con-
centrations of proscillaridin A were added and
incubated for 48 hrs. Alexa Fluor 594 phalloidin
(6.6 uM; Invitrogen) was used to visualize fila-
mentous actin (F-actin). Nuclei were demar-
cated by 4',6-diamidino-2-phenylindole (DAPI)
staining. Cells were mounted onto slides and
visualized by upright fluorescence microscopy
(BX51; Olympus) at 1000 x magnification.

Western blotting

Western blotting was used to examine the pro-
tein phosphorylation and expression level in
lung cancer cells before and after proscillaridin
A treatment as described previously [27]. EGFR
(A-10) and paxillin (D-9) were purchased from
Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). Phospho-Src (Tyr418) and FAK were
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purchased from Invitrogen. Phospho-EGFR
(Tyr1068), phospho-FAK (Tyr576/Tyr577) and
phospho-paxillin  (Tyr118) were purchased
from Cell Signaling Technology (Beverly, MA,
USA), and the primary antibody to Src was pro-
duced in our laboratory (ATCC CRL-2651).
GAPDH (Santa Cruz Biotechnology) was used
as a loading control.

Racl and Cdc42 activity assay (GST-PBD pull
down)

The Racl and Cdc42 activity assay was per-
formed using a previously described method
[28]. Briefly, cells were treated with proscillari-
din A for 48 hrs, and equal volumes of cell
lysates were incubated with 2 ug of homemade
GST-tagged p21-binding domain (GST-PBD)
fusion protein preloaded on glutathione sepha-
rose 4B resin (GE healthcare, Pittsburgh, PA,
USA) to pull down active Racl and Cdc42
protein at 4°C for 1 hr. After washing with lysis
buffer three times, the captured proteins were
eluted with 6X sample buffer and then subject-
ed to western blotting to quantitate the activat-
ed Racl and Cdc42 with Racl (Upstate
Biotechnology, Lake Placid, NY, USA) and
Cdc42 (Santa Cruz) antibodies.

Survival analyses using gene expression and
clinical data

To evaluate the effect of Src and paxillin expres-
sion levels on clinical prognosis, six published
microarray datasets with information on 1002
lung cancer patients were obtained from the
Gene Expression Omnibus (GEO) database
under accession numbers GSE30219 [29],
GSE37745 [30, 31], GSE31546, GSE29013
[32], GSE31210 [33, 34], and GSE50081 [35].
The clinical data were curated from the GEO
Series Matrix files. After filtering out the profiles
derived from normal lung tissue and nonlung
adenocarcinoma samples, the remaining ex-
pression profiles from lung adenocarcinoma
samples were used in the study (n=591). To
reduce variation among the samples, normal-
ization between microarrays was performed by
using a quantile normalization method [36],
and then the values were log-transformed to a
base-2 scale. Subsequently, the mean of the
expression levels detected by all probes for Src
and paxillin were calculated and then subject-
ed to survival analysis. On the other hand,
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according to a previous study [37], a risk score
function was constructed as a gene signature
through the linear combination of gene expres-
sion levels of Src and paxillin. The expression
levels detected by probes for Src and paxillin
were assessed for their association with overall
survival using univariate Cox regression analy-
sis. The probes significantly associated with
survival were used to calculate a risk score by
weighting the Cox regression coefficient. The
median expression value and risk score served
as cut-offs for patient classification. The log-
rank test and Kaplan-Meier curve were applied
to compare the overall survival probability
between groups. The independent prognostic
factors were evaluated using multivariate Cox
regression analysis and considering the covari-
ates of age, sex and stage. All statistical tests
were two-tailed, and a P value of less than 0.05
was to indicate statistical significance.

Results
Cytotoxic effect of proscillaridin A on NSCLC

To determine the cytotoxicity of proscillaridin A
on NSCLC, several NSCLC cell lines with differ-
ent types of EGFR mutations were used, includ-
ing PCY, PCOIR, H1975, and A549, as described
in Materials and Methods. After exposure to dif-
ferent doses of proscillaridin A for 24, 48 and
72 hrs, the results showed that proscillaridin A
could decreased cell viability in these four cell
lines in a dose- and time-dependent manner
(Figure 1A). The IC50 concentrations for each
cell line at the indicated treatment times were
also obtained and are illustrated below each
bar graph. In addition, proscillaridin A inhibited
anchorage-dependent colony formation in gefi-
tinib-sensitive (PC9) and gefitinib-resistant
(PCOIR, H1975 and A549) cells (Figure 1B).
In anchorage-independent colony formation,
since A549 and H1975 couldn’t form colonies
in soft agar gel, only PC9 and PC9IR cells were
used in this experiment. However, we still found
that proscillaridin A could inhibit the formation
of cell colonies both in gefitinib-sensitive
and gefitinib-resistant NSCLC (Figure 1C). Fur-
thermore, the effect of proscillaridin A and
osimertinib on the cell viability of these four cell
lines was compared. The results demonstrated
that the inhibitory effect of proscillaridin A was
more significant than that of osimertinib in
each cell line (Figure 2A-D).
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Figure 1. Effect of proscillaridin A on cell viability and clonogenicity in NSCLC cell lines with different EGFR statuses.
A. Proscillaridin A cytotoxicity determined by cell viability assay of NSCLC cell lines with different EGFR statuses.
These results are presented as percentages compared with the vehicle control (O uM, 0.1% DMSO0). The I.C. 50 at
each time point is shown at the bottom of each bar chart. Each experiment was independent and repeated three
times. B and C. Clonogenicity was determined by colony formation assay without or with LMP agarose. B. Anchorage-
dependent colony formation (without agarose). Colonies with diameters > 0.5 mm were counted. C. Anchorage-
independent colony formation (with agarose). Colonies with diameters > 0.5 mm were counted. Each experiment
was independently performed in triplicate; O nM: 0.1% DMSO. *P < 0.05 compared with the vehicle control.

Proscillaridin A inhibits cell motility and micro-
metastasis in NSCLC

To investigate the effect of proscillaridin A on
the migration and invasion ability of NSCLC
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cells, we used transwell migration assays and
Matrigel-based transwell invasion assays in
A549 and H1975 cell lines. After treatment
with proscillaridin A for 24 hrs, we performed a
12-hr Transwell migration assay and an 18-hr
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Figure 2. Comparison of the efficacies of proscillaridin A and osimertinib in NSCLC cell lines with wild-type EGFR
and EGFR mutations. Lung cancer A549 (A), H1975 (B), PC9 (C), and PC9IR (D) cell lines were treated with 100 nM
osimertinib and 16 nM proscillaridin A at the indicated time points. Cell viability was measured by the PrestoBlue
assay, and the results are presented as percentages of the vehicle control (O hr, 0.1% DMSO). Each experiment was
independently performed in triplicate. The statistical analysis showed *P < 0.05 compared with the vehicle control.

Matrigel-based Transwell invasion assay. We
found that proscillaridin A inhibited NSCLC cell
migration and invasion in a dose-dependent
manner (Figure 3A and 3B). It is well known
that the formation of lamellipodia and filopodia
is closely related to the migration and invasion
of cancer cells [38]; therefore, we used phalloi-
din staining to observe the change in cell mor-
phology and detect filopodia and lamellipodia
formation in NSCLC cells after treatment with
proscillaridin A. After 48 hrs of exposure to pro-
scillaridin A, our results indicated that proscil-
laridin A could inhibit filopodia formation but
had little effect on lamellipodia formation in
NSCLC cells (Figure 3C). Finally, to investigate
the effect of proscillaridin A on tumour micro-
metastasis in vivo, H1975 cells were injected
into ASID mice through the tail vein. The mice
were randomly separated into the proscillaridin
A-treated (I.P., 4 mg/kg every two days) and
DMSO-treated groups. After eight weeks of pro-
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scillaridin A treatment, the mice were sacrificed
to collect lung tissues. Then, genomic DNA
extracted from mouse lung tissues was
employed to perform real-time PCR using
human Crl7-specific primers to detect micro-
metastasis. Each genomic DNA sample was
independently used to perform real-time PCR
experiments twice, and each experiment was
performed in triplicate. The PCR data revealed
that there was only a small amount of human-
specific DNA in the treatment group, indicating
that proscillaridin A inhibited the micrometas-
tasis of human lung adenocarcinoma H1975
cells to the lungs of mice (Figure 3D).

Proscillaridin A inhibits the EGFR-related sig-
nalling pathway in NSCLC

To investigate whether proscillaridin A could

inhibit the activity and the expression of EGFR
and its related pathway proteins, two EGFR-TKI-
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Figure 3. Inhibition of NSCLC cell migration, invasion and micrometastasis by proscillaridin A. A. Effect of proscillari-
din A on NSCLC cell migration, as determined by a noncoated transwell assay. These results are presented as per-
centages compared with the vehicle control (O nM, 0.1% DMSO). B. Effect of proscillaridin A on NSCLC cell invasion,
as determined by Matrigel-coated transwell assay. These results are presented as percentages compared with the
vehicle control (O nM, 0.1% DMSO). C. Proscillaridin A inhibited NSCLC filopodia formation, as determined by phal-
loidin staining. The yellow arrows indicate the filopodia structure. Each experiment was independently performed
in triplicate. D. Micrometastatic analysis, as measured by real-time PCR. The genomic DNA extracted from the lung

tissues of the DMSO-treated group and drug-treated group mice was subjected to real-time PCR with human Cr17-
specific primers. *P < 0.05 compared with the vehicle control.
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Figure 4. Western blot analysis of the EGFR-related pathway after proscillaridin A treatment. A549 and H1975 cells
were treated with the designated concentrations of proscillaridin A for 24 and 48 hrs, and then the cell lysates were
used to perform western blot assays with the indicated antibodies. O nM: 0.1% DMSO. A. Protein and phosphory-
lation levels of EGFR and Src. B. Protein and phosphorylation levels of FAK and paxillin. GAPDH was used as an
internal control. Protein expression was quantified by ImageJ (NIH), and the result is shown just below the gel graph.

Each experiment was performed independently in triplicate.

resistant cell lines, AB49 and H1975, were
used in this experiment. Western blotting
results showed that after treatment with pros-
cillaridin A for 24 and 48 hrs, proscillaridin A
inhibited EGFR activity and protein expression
in A549 and H1975 cells in a dose-dependent
manner. Similar results were observed for Src
protein activity and expression levels at 24 or
48 hrs, implying crosstalk between EGFR and
Src (Figure 4A). As EGFR may be involved in the
interaction and activity of Src and FAK [39]
and paxillin is downstream of FAK [40], we next
investigated whether proscillaridin A could
affect the EGFR-Src-FAK-paxillin axis. As ex-
pected, proscillaridin A significantly inhibited
FAK and paxillin protein phosphorylation or
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expression at 24 or 48 hours, even in a dose-
dependent manner (Figure 4B). These results
suggest that proscillaridin A can decrease the
activity of Src by inhibiting EGFR activity, there-
by affecting the downstream signalling pathway
of Src in NSCLC.

Proscillaridin A decreases the activity of the
small-GTPase proteins Cdc42 and Racl

Our above data indicated that proscillaridin A
could significantly inhibit the formation of filo-
podia but slightly inhibit the formation of lamel-
lipodia and decrease FAK and paxillin activity.
In addition, a previous report showed that the
FAK signalling pathway increased the activity of
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Figure 5. GST pull-down and western blot analyses of small GTPase protein activity after proscillaridin A treatment.
A. A549 and H1975 cells were treated with the designated concentrations of proscillaridin A for 48 hrs, O nM; 0.1%
DMSO only. The total protein and active form levels of Cdc42 and Rac were determined by western blot assay with
the indicated antibodies. GAPDH was used as a loading control. Protein expression was quantified by ImageJ (NIH),
and the result is shown directly below the gel plot. Each experiment was independently performed in triplicate. B. Di-
agram of the possible pathway regulated by proscillaridin A. This theoretical model proposes a potential mechanism
by which proscillaridin A inhibits Cdc42/Rac activity through the EGFR-Src-paxillin-FAK axis, thereby reducing the
formation of filopodia and lamellipodia and further resulting in decreased cell migration, invasion, and metastasis.

small-GTPase proteins such as Cdc42, Racl
and RhoA and subsequently increased actin fil-
ament formation to enhance cell motility [16].
Therefore, it is reasonable to speculate that
proscillaridin A could inhibit NSCLC motility
through this pathway. To detect activated Rac
and Cdc42, the purified GST-PBD fusion protein
was employed to perform pull-down experi-
ments. Our results revealed that after 48 hours
of proscillaridin A treatment, the activity or pro-
tein level of Cdc42 and Rac was significantly
reduced at the highest concentrations (Figure
5A).

Src and paxillin expression was associated
with the clinical outcome of lung adenocarci-
noma patients

We extended our analysis by examining the Src
and paxillin expression levels in tumour speci-
mens from 591 patients with lung adenocarci-
noma in GEO datasets. Initially, the correlation
test through the calculation of the Pearson cor-
relation coefficient showed that the log2-trans-
formed gene expression levels of Src and paxil-
lin were significantly positively correlated
(r=0.60, P < 0.0001; Figure 6A). Further sur-
vival analyses indicated that the patients with
high Src and paxillin expression levels exhibit-
ed shorter median overall survival than patients
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with low gene expression (P < 0.0001 and P <
0.0001, respectively; log-rank test; Figure 6B,
6C). Furthermore, a total of six Src probes and
two paxillin probes with significant Cox regres-
sion coefficients were identified and used to
calculate the risk score as a prognostic gene
signature (Table 1). The risk score formula was
(0.546 x expression level of 201087_at) +
(0.823 x expression level of 211823_s_at) +
(0.681 x expression level of 213324_at) +
(0.625 x expression level of 221281_at) +
(0.920 x expression level of 221284 _s_at) +
(0.402 x expression level of 237103_at) +
(0.768 x expression level of 1558211 _s_at) +
(0.625 x expression level of 1565082_x_at).
Subsequently, the analysis of the gene signa-
ture derived from data on 591 patients revealed
that a high risk score was associated with a
reduced median overall survival (P < 0.0001;
log-rank test; Figure 6D). A multivariate Cox
proportional hazards regression model with the
covariates of sex, age and stage was used to
assess the independent prognostic factors in
the published cohort (n=591). All hazard ratios
considering the effects of covariates indicated
that high expression of Src and paxillin and a
high gene signature risk score were significant
independent risk factors (Table 2). The hazard
ratio of the gene signature (HR=2.156) was
higher than that of Src (HR=1.739) and paxillin
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Figure 6. Kaplan-Meier estimates of the overall survival of patients with lung adenocarcinoma according to Src and
paxillin expression levels. A total of 591 clinical samples derived from the six published NSCLC microarray datasets
were used in this prognostic analysis. A. Correlation analysis of log2-transformed gene expression levels of Src and
paxillin. B. An overall survival curve was generated based on the Src expression level. C. An overall survival curve
was generated based on the paxillin expression level. D. An overall survival curve was generated based on the gene
signature derived from the expression levels of Src and paxillin. The survival curves were estimated by the Kaplan-
Meier method. The log-rank test was used to assess the difference between survival curves. A P value less than

0.05 was considered to indicate statistical significance.

(HR=1.872), implying that it had a greater
impact on prognosis. Our data suggest that the
gene signature consisting of Src and paxillin
can predict the clinical outcome of patients
with lung adenocarcinoma and is an indepen-
dent prognostic factor.

Discussion

EGFR mutations are very common in lung can-
cer patients in Asia and can promote the pro-
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gression of lung cancer, so it is very urgent to
develop therapeutics targeting EGFR muta-
tions. Although tyrosine kinase inhibitors such
as gefitinib and osimertinib are currently avail-
able, some patients have or acquire mutations
that confer drug resistance. Therefore, there is
still a need to develop novel therapeutic
approaches. In this study, we found that pros-
cillaridin A significantly inhibits the growth and
invasion of NSCLC cell lines with wild-type
EGFR or mutant EGFR.
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Table 1. Univariate Cox proportional hazards regression analysis
of the overall survival of patients with lung adenocarcinoma ac-
cording to the expression levels of individual probes for Src and

results of our study and previous
studies, it is reasonable to spec-
ulate that proscillaridin A may

paxillin regulate cell proliferation and
Probe ID Gene name Cox coefficient Hazard ratio  P-value migration through the EGFR-MYC
213324_at Src 0.681 1976  <00001  Pathway. In the future, whether
221281 _at Src 0.625 1868 <00001 € EGFRMYC axis is involved
221284 _s_at Src 0.920 2.509 < 0.0001 in the Inh.lbltlon of Ce.” g.rO.Wth

- and mobility by proscillaridin A
237103_at Src 0.402 1.495 0.0036 deserved further study. In hepa-
1558211, s at Sre 0.768 2155 <0.0001  tocellular carcinoma, proscillari-
1565082_x_at Src 0.625 1.867 < 0.0001 din A could induce cell autopha-
201087_at paxillin 0.546 1.726 < 0.0001 gy and mitochondrial damage,
211823_s_at paxillin 0.823 2.278 < 0.0001 leading to the inhibition of tu-

Table 2. Multivariate Cox proportional hazards regression analy-
sis of the overall survival of patients with lung adenocarcinoma

mour progression [47]. In NSCLC,
proscillaridin A induced cell apo-
ptosis and inhibited cell growth
through calcium-induced death

Variable Hazard ratio

95% HR C.1.

Overall survival based on the expression of Src

Median of expression level 1.739 1.291
Gender 1.107 0.840
Age 1.028 1.012
Stage (1.2 vs 3.4) 2.063 1.254
Overall survival based on the expression of paxillin
Median of expression level 1.872 1.391
Gender 1.183 0.901
Age 1.028 1.013
Stage (1.2 vs 3.4) 2.092 1.271
Overall survival based on the risk score
Median of risk score 2.156 1.586
Gender 1.096 0.833
Age 1.024 1.009
Stage (1.2 vs 3.4) 2.202 1.339

2.344
1.459
1.043
3.396

2.520
1.552
1.043
3.442

2.932
1.442
1.040
3.622

P-value receptor 4 upregulation [21].
Proscillaridin A also promoted

0.0003 ER and oxidative stress, inhibit-
0.4717 ed Stat3 activity, and induced
0.0003 apoptosis in A549 NSCLC cells
0.0044 [48]. Although proscillaridin A
’ can inhibit tumour cell growth

in many cancers, few studies

3.52e-05 have shown that proscillaridin
0.2269 A can inhibit cell motility in
0.0002 NSCLC, including invasiveness
0.0037 and metastasis. Here, our study
indicates that proscillaridin A

9.38e-07 inhibits cell growth and motility
0.5140 and alters cell morphology in
0.0015 NSCLC. On the other hand, we
0.0019 can also observe in cell viability

Previous reports have shown that proscillaridin
A has an antitumour effect in many cancers.
For example, proscillaridin A inhibited breast
cancer MCF-7 cell growth by repressing topoi-
somerase | and Il [41]. It also inhibited cell pro-
liferation and migration by activating GSK3f3
and disturbing EB1 protein accumulation at the
microtubule plus-end and microtubule dynam-
ics instability in glioblastoma [42]. Furthermore,
proscillaridin A inhibited the growth of MYC-
overexpressing leukaemia cells by globally
inhibiting acetylation, resulting in downregula-
tion of MYC protein expression [43]. Previous
studies have also shown that the EGFR path-
way can induce or participate in the expression
or activity of MYC, causing cell proliferation
and motility [44-46]. Therefore, based on the
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experiments that proscillaridin A
has similar inhibitory effects on
PC9IR and A549 cells, while H1975 cells are
more resistant. We speculate that although
A549, PCOIR and H1975 are all gefitinib-resis-
tant cells, H1975 cells show more resistant to
proscillaridin A due to the presence of the
T790M mutation. However, proscillaridin A still
showed better inhibitory activity against H1975
compared to osimertinib. To our knowledge,
this is the first report revealing that proscillari-
din A can inhibit cell growth, migration, inva-
sion, and metastasis, either in first-generation
TKI-sensitive or TKI-resistant NSCLC cell lines.

The mutation frequency of EGFR is approxi-
mately 40-55% in Asian NSCLC patients; there-
fore, the activity of EGFR is an important factor
in the treatment of NSCLC patients [49].
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Activated EGFR can trigger downstream cell
survival pathways, such as activation of AKT,
ERK, and STAT3 signalling, leading to cell
proliferation, migration, and anti-apoptosis
[50]. For patients with EGFR-activating muta-
tions, including L858R and exon 19 deletion,
current treatment strategies are very effective
using first- and second-generation TKIs [7].
Although first- and second-generation TKis
have a good response in EGFR mutation NSCLC
patients, approximately 60% of patients devel-
op drug-resistant mutations (T790M) after first-
or second-generation TKI treatment [51]. To
address this situation, a third-generation TKI
(osimertinib) was developed, which has a good
response to patients with secondary muta-
tions, such as T790M [52]. However, there
are still many problems in third-generation TKI
treatment, such as other mutation points in
EGFR, EGFR amplification, MET/HER2 amplifi-
cation, MAPK or PI3K pathway activation, and
fusion protein formation [53]. Therefore, the
development of new candidate EGFR inhibitors
is still urgent in the treatment of NSCLC. In our
previous study, we found that proscillaridin A
has potential EGFR inhibitory capacity in EGFR
mutant cells (H1975) using pharmacophore
modelling, molecular docking and ELISAs [20].
Furthermore, another previous report also
revealed that proscillaridin A can inhibit EGFR
activity in H1975 cells [21]. In this study, we
found that proscillaridin inhibited EGFR activity
in both EGFR-mutant NSCLC cells (H1975) and
EGFR wild-type NSCLC cells (A549), and the
IC50 value was lower than that of osimertinib.
These results indicated that proscillaridin A
may be a potential therapeutic compound in
TKl-resistant NSCLC.

Src protein has been recognized as an impor-
tant oncogenic protein that drives multiple sig-
nalling pathways, leading to the promotion of
cancer cell motility, tumorigenesis, angiogene-
sis, and metastasis [54]. In a previous study,
the collaboration between Src and activated
EGFR was found to be essential for inducing
cell transformation, which plays a crucial role
in EGFR-driven oncogenesis [55]. Src has also
been demonstrated to regulate cancer progres-
sion through several important pathways,
including the PI3BK/AKT, STAT3, MEK/ERK, JNK,
FAK, paxillin, and p130cas pathways [56].
In addition, the Src-FAK signalling pathway,
through the paxillin-ERK-p130cas axis, modu-
lates the reorganization of the actin cytoskele-
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ton, facilitating cell migration [57]. Several
known Src inhibitors, such as dasatinib (BMS-
354825), saracatinib (AZ-D0530), and pona-
tinib (AP24534), have been used as therapeu-
tic agents, and their efficacy against solid
tumours has been assessed in clinical trials
[58]. Src inhibitors trigger apoptosis in different
types of NSCLC cell lines and inhibit cell sur-
vival and EGFR-mediated malignant transfor-
mation [59]. Therefore, inhibition of Src and
EGFR activity could be a new therapeutic strat-
egy in NSCLC patients with EGFR mutations,
especially those with EGFR TKI resistance. Our
data showed that proscillaridin A not only inhib-
its EGFR activity but also suppresses Src pro-
tein phosphorylation.

FAK is a nonreceptor kinase, and its activation
can drive many cell signalling pathways, such
as cell growth, cell survival and cell migration
[60]; FAK is usually overexpressed in many can-
cers and plays an essential role in tumour pro-
gression [60]. A previous study showed that
autophosphorylation of FAK on tyrosine residue
Y397 results in high affinity for Src, which fur-
ther activates Src kinase and subsequently
phosphorylates FAK at Y576 and Y577 within
the FAK catalytic domain [61-63]. FAK-Src sig-
nalling can phosphorylate the downstream pro-
tein paxillin on Y118, thereby increasing cell
motility and adhesion turnover [57]. When pax-
illin is phosphorylated, it can interact with Rho
family GTPases to cause cellular actin remodel-
ling, induce filopodia, invadopodia, and lamelli-
podia formation, and regulate cell migration
[64]. In previous studies, it has been shown
that Rho family GTPases are considered one of
the key pathways regulating cell migration and
invasion [65]. Cdc42 and Racl are members of
the Rho family of GTPases, both of which cause
actin polymerization and enhance cell motility.
Activation of Cdc42 promotes filopodia forma-
tion, whereas lamellipodia formation requires
activation of Racl. Both of these structures
enhance cell invasion and migration [66]. In
our western blotting data, proscillaridin A inhib-
ited FAK and paxillin activity or expression.
Furthermore, proscillaridin A decreased Cdc42
and Rac protein levels or activity, thereby reduc-
ing filopodia formation and cell motility in
NSCLC.

FAK and its related pathways play an important
role in cancer progression, so it is feasible to
develop therapeutic strategies targeting FAK.
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Few FAK inhibitors have been developed; for
example, GSK2256098 is a FAK inhibitor that
inhibits the growth and survival of pancreatic
cancer cells [67]. Another FAK inhibitor, BI
853520, could also inhibit the growth, migra-
tion, and survival of breast cancer cells [68].
Although these FAK inhibitors are effective
against cancer cells, they are currently only in
phase 1 clinical trials, so the development of
new FAK inhibitors is still an urgent need. Our
results showed that proscillaridin A may indi-
rectly or directly inhibit FAK and paxillin; there-
fore, proscillaridin A is a potential FAK
inhibitor.

A previous study indicated that NSCLC patients
with high Src activity or expression levels had a
poor prognosis [13]. Another previous clinical
investigation revealed that high expression of
paxillin leads to a poor prognosis in patients
with NSCLC [69]. However, no studies have
shown that the gene signature of Src-paxillin
can predict the prognosis of NSCLC patients. In
our data, we analysed 591 lung adenocarcino-
ma patients from the GEO database and found
that Src and paxillin expression levels were
positively correlated. We also found that the
prognosis of lung adenocarcinoma patients
with high expression of Src or paxillin was poor.
More importantly, the gene signature of Src-
paxillin performed better in predicting NSCLC
patient prognosis in terms of both p value and
hazard ratio (Table 2). Taken together, our data
suggest that proscillaridin A can inhibit cell
growth by inhibiting EGFR activity to reduce the
activity of the downstream proteins Src, FAK,
and paxillin. Additionally, it decreases Cdc42
and Rac1 protein expression or activity, thereby
reducing filopodia formation and ultimately
inhibiting the motility of NSCLC cells (Figure
5B). Furthermore, we also found that the Src-
paxillin gene signature may serve as an inde-
pendent prognostic factor for predicting the
prognosis of NSCLC patients.
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