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Abstract

Despite encouraging clinical results with sorafenib monotherapy in patients with KRAS-
mutant non-small cell lung cancer (NSCLC), the overall survival benefit of this drug is
limited by the inevitable development of acquired resistance. The exact mechanism
underlying acquired sorafenib resistance in KRAS-mutant NSCLC is unclear. In this
study, the mechanism of acquired sorafenib resistance was explored using a
biologically relevant xenograft model, which was established by using the A549 human
lung adenocarcinoma cell line and an in-vivo derived sorafenib-resistant A549 subline
(A549/SRFres). Results from the initial study demonstrated that sorafenib treatment
significantly decreased E-cadherin (P<0.05) levels but significantly increased MMP9
levels (P<0.01) in A549/SRFres tumors, while expression levels of phospho-AKT,
phospho-FAK and phospho-Src were elevated in sorafenib-treated A549 and
A549/SRFres tumors. We next examined if the concomitant dasatinib treatment could
overcome acquired sorafenib resistance by blocking the FAK/Src escape route that
mediates the resistance. Despite the observed in-vitro synergy between sorafenib and
dasatinib, the in-vivo anti-tumor effect of half-dose sorafenib-dasatinib combination
therapy was inferior to that of the full-dose sorafenib treatment. Although the sorafenib-
dasatinib combination effectively inhibited Src and AKT phosphorylation, it did not block
the Y576/577-FAK phosphorylation nor decreased vimentin protein expression, but
unexpectedly increased the Y397-FAK phosphorylation and MMP9 protein expression
in tumors. These results suggest that acquired sorafenib resistance in KRAS-mutant

A549 xenografts involves the compensatory activation of FAK and Src, and Src
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inhibition alone is insufficient to diminish sorafenib-promoted epithelial-mesenchymal

transition (EMT) process and invasive potentials in tumors.
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Introduction

Over the past two decades, the therapeutic landscape of advanced cancer has been
revolutionized by the rapid development of molecularly targeted therapy. With the
increasing use of targeted therapeutic agents came the challenge of addressing the
inevitable development of acquired drug resistance. In the field of targeted therapy in
NSCLC, much effort has focused on developing inhibitors of epidermal growth factor
receptor (EGFR) as the first-line treatment for patients with activating EGFR mutations
(Pao and Chmielecki, 2010), and identifying mechanisms of acquired resistance to the
EGFR inhibitors so that therapeutic approaches can be developed to overcome the
resistance (Wheeler et al., 2010). Besides EGFR mutations, the aberrant activation of
the RAS/RAF/MEK/ERK pathway via activating mutations in KRAS also occurs
frequently in NSCLC, mainly adenocarcinomas (Gotz, 2008). It has been reported that
the prevalence of patients with KRAS-mutant NSCLC is approximately 15% (Chan and
Hughes, 2015). Since direct inhibition of KRAS remains therapeutically challenging, an
alternative approach for treating KRAS-mutant NSCLC that has been pursued is to
target signaling pathways downstream of RAS. In this regard, several recent clinical
trials have been conducted to examine the efficacy of sorafenib, a multikinase inhibitor
targeting the RAF/MEK/ERK pathway and the vascular endothelial growth factor
receptors (VEGFRSs) and platelet-derived growth factor receptors (PDGFRs) (Wilhelm et

al., 2006), in the treatment of NSCLC.

In the BATTLE (biomarker-integrated approaches of targeted therapy for lung cancer
elimination) trial, which was designed to evaluate the effectiveness of small molecule

kinase inhibitors in patients with chemorefractory NSCLC based on relevant molecular
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biomarkers (Kim et al., 2011), sorafenib treatment resulted in a better-than-average
overall 8-week disease control rate (DCR) (58% versus 46%) in the KRAS/BRAF,
VEGF/VEGFR-2 and no-marker groups. More strikingly, sorafenib had a 79% DCR
compared to a 14% DCR with erlotinib in the KRAS/BRAF marker group (Kim et al.,
2011). However, results from the Phase 3 MISSION trial, in which sorafenib was used
as a single agent in patients with advanced relapsed or refractory NSCLC, indicated
that sorafenib monotherapy did not improve the overall survival in spite of a statistically
significant improvement of several secondary endpoints including progression-free
survival and time to disease progression (Paz-Ares et al., 2015). Collectively, those
clinical data suggest that the initial treatment with sorafenib is efficacious, but resistance
to the drug is eventually developed. Given the acquired resistance being a major factor
that limits the clinical success of sorafenib therapy in patients with KRAS-mutant
NSCLC, understanding the molecular mechanisms underlying the resistance will be

crucial for maximizing the therapeutic outcome.

Acquired sorafenib resistance has been associated with the activation of bypass
signaling driven by alternative receptor tyrosine kinases. A diversity of adaptive
molecular events underpinning the resistance have been reported under different
experimental conditions, including the induction of metallothionein-1G (MT-1G) (Sun et
al., 2016) and the activation of parallel pathways that promote the malignant properties
of the tumor, such as the protein kinase B (AKT) pathway (Chen et al., 2011; Morgillo et
al., 2011; Lindblad et al., 2016), the mitogen-activated protein kinase (MAPK) pathway
(Morgillo et al., 2011; Harada et al., 2014), the signal transducer and activator of

transcription 3 (STAT3) pathway (Tai et al., 2012), the hepatocyte growth factor
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(HGF)/c-Met pathway (Firtina Karagonlar et al., 2016), and the insulin-like growth factor

(IGF)/fibroblast growth factor (FGF) pathway (Tovar et al., 2015).

In the present study, we sought to examine the molecular mechanisms by which
NSCLC adapts to evade sorafenib therapy using a biologically relevant xenograft model
of acquired sorafenib resistance, and to translate the knowledge into a combinatorial
therapy option comprised of sorafenib and dasatinib in hopes of increasing the
antitumor efficacy of sorafenib against tumors with acquired resistance to sorafenib, and
to elucidate underlying mechanisms of interaction between sorafenib and dasatinib.
Dasatinib is a potent kinase inhibitor targeting multiple protein kinases, including, Bcr-
Abl, Src, stem cell factor receptor (c-Kit), fibroblast growth factor receptor 1 (FGFR-1)
and PDGFRp (Kantarjian et al., 2006). Combination therapy with sorafenib and
dasatinib for the treatment of NSCLC has not been described so far. By using an A549
human lung adenocarcinoma xenograft model, we were able to explore the
mechanisms of acquired sorafenib resistance in the context of tumor microenvironment,
which is known to contribute substantially to the acquisition of tumor resistance to
targeted therapies (McMillin et al., 2013). The goal of this investigation is not only to
gain a broader understanding of acquired sorafenib resistance in NSCLC, but also to
provide a framework for the rational design of targeted combinatorial therapy that can

effectively manage such resistance.

Materials and Methods
Reagents

Sorafenib base, sorafenib tosylate and dasatinib base were purchased from LC

Laboratories (Woburn, MA). For the in vitro study, sorafenib base and dasatinib base
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were dissolved in dimethyl sulfoxide (DMSO). To prepare the stock solutions for the in
vivo study, sorafenib tosylate was dissolved in Cremophor EL/ethanol (50:50, v/v) at 4x
concentration, and dasatinib base was dissolved in propylene glycol at 2x
concentration. The stock solutions were prepared fresh every 3 days. The final dosing
solution was prepared by diluting the stock solution to 1x concentration with sterile
water. All other chemicals, solvents and reagents were obtained from commercial

sources.

Animals

Male athymic nude mice (Hsd: Athymic Nude-Foxnl1"; 6-8 weeks old) were purchased
from Envigo (Indianapolis, IN). All animal experiments were approved by the
Institutional Animal Care and Use Committee and performed according to the NIH

guidelines.

Cell Line, Sorafenib-Resistant Subclone and Culture Condition

The A549 human lung adenocarcinoma cell line (ATCC® CCL-185™) was purchased
from the American Type Culture Collection (Manassas, VA). The sorafenib-resistant
A549 subclone (A549/SRFres) was derived from a sorafenib-treated animal with the
fastest growing A549 xenograft. Both parental A549 and A549/SRFres cells were
cultured in a mixture of Dulbecco's Modified Eagle's Media (DMEM)/Ham’s F12 at a
ratio of 1:1 (Mediatech Inc. Herndon, VA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO), 100 units/mL penicillin, and 100 pg/mL streptomycin,

and maintained in a humidified atmosphere of 5% COzin air at 37°C. All experiments
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were conducted using A549 and A549/SRFres cells with passage number less than 20

and 10, respectively.

In-Vivo Sorafenib-Resistant A549 Xenograft Model

Initial Model Development Protocol Parental A549 tumor cells (5 x 10°)
suspended in 0.2 ml Matrigel (BD Biosciences) were injected subcutaneously into the
left flank of the athymic nude mice. Tumor-bearing mice were randomly divided into
control (N = 9) and sorafenib (N = 10) groups. Seven days after tumor inoculation, each
animal was given once-daily oral administration of either vehicle or sorafenib on a 6-
day-on/1-day-off schedule for 15 consecutive weeks. Sorafenib was given at a dose of
10 mg/kg/d for the 1st week, 20 mg/kg/d for the 2nd week and 40 mg/kg/d from the 3rd
week onward. Tumor growth was monitored once a week using a digital caliper (Fisher
Scientific) with the volume calculated as 0.5xlengthxwidth?. Phenotypic sensitivity of
individual mice to sorafenib treatment was defined based on the degree of suppression
of tumor growth, which was expressed as the tumor growth index (i.e. the ratio of tumor

volume on the last day to that on the first day of the treatment).

In Vivo Study Protocol Each animal was inoculated subcutaneously with A549 and
A549/SRFres cells (5 x 108 each) on the left and right flanks, respectively (Fig.1C).
Seven days after tumor inoculation, tumor-bearing animals were randomly divided into
control (N = 6) and sorafenib (N = 7) groups. Each animal received once-daily oral
administration of vehicle control or sorafenib on a 6-day-on/1-day-off schedule for 8 —
12 consecutive weeks. Sorafenib dose escalation scheme was the same as that

described above. Tumor growth was determined as described above. All animals were
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euthanized with CO:2 gas at the end of the treatment period. The tumor mass was
excised, snap frozen on dry ice and stored at —80°C before subjected to Western blot

analysis.

In Vitro Comparison of Doubling Time between A549 and A549/SRFres Cells

See the Supplemental Methods for a detailed description of the experiment.

Wound-Healing Assay

See the Supplemental Methods for a detailed description of the assay.
Cell Invasion Assay

See the Supplemental Methods for a detailed description of the assay.

In Vitro Cytotoxicity Assay

Cytotoxicity was analyzed using the MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyl-
tetrazolium bromide) assay. Briefly, A549 and A549/SRFres cells were seeded in 96-
well plates at a density of 3 x 102 cells/well and allowed to attach overnight. On the next
day, culture media containing either vehicle control (0.5% DMSO), sorafenib (13 nM —
100 uM), dasatinib (13 nM — 100 uM) or the combination of sorafenib and dasatinib (6
nM — 50 uM for each drug) were added to appropriate wells. The molar ratios of
sorafenib to dasatinib were fixed at 1:1, 3:1 and 1:3. After the cells were treated for 72
hours, 5 ul of 5 mg/ml of MTT in PBS was added to each well and individual plates was
incubated for 2 hours at 37 °C following by the addition of 100 ul of DMAO to each well
and incubation at room temperature in the dark for 2 more hours. Optical densities were

measured at 570 nm with a SpectraMax 190 microplate reader equipped with SoftMax

11
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Pro software (Molecular Devices, Sunnyvale, CA). The growth of treated cells was
expressed as a percentage of vehicle control cultures. Concentrations of individual
drugs required for 50% inhibition of cell growth (i.e., ICso) as compared with the control
cells were calculated by nonlinear fitting of the experimental data obtained from multiple
independent experiments performed in duplicates or triplicates using the GraphPad
Prism 5.0 program (GraphPad Software, Inc. La Jolla, CA). The combination effects of
sorafenib and dasatinib was further evaluated based on the combination index (Cl)

values (Chou and Talalay, 1981).

In Vivo Evaluation of Combination Therapy with Sorafenib and Dasatinib

Three weeks after individual athymic nude mice were injected subcutaneously with
A549 and A549/SRFres cells (5 x 10°) on the left and right franks, respectively, those
tumor-bearing animals were randomly divided into four groups: (1) vehicle control (N =
7), (2) full-dose sorafenib (40 mg/kg/d, N = 7), (3) full-dose dasatinib (40 mg/kg/d, N =
8), and (4) half-dose combination (20 mg/kg/d of sorafenib and 20 mg/kg of dasatinib, N
= 8) groups. Individual animals were given once daily oral administration of either
vehicle or therapeutic agents for 28 consecutive days. Body weight and tumor volume
were measured twice a week throughout the treatment period. On the last day of the
treatment period, 4 hours after the last dose, individual animals were sedated with
isoflurane and euthanized with terminal bleeding from vena cava. Plasma was
separated by centrifugation and then stored at -80 °C before subjected to drug analysis
using the high-performance liquid chromatography (HPLC). The tumor mass was
immediately excised, snap frozen on dry ice, and stored at —80°C before subjected to
drug analysis, Western blot analysis and immunofluorescence double staining.

12
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Immunofluorescence Double Staining

Frozen A549 and A549/SRFres tumor samples were cryosectioned at a thickness of 10
pMm, and then subjected to immunofluorescence double staining as described previously
(Zhou et al., 2012). The primary antibodies used included rabbit anti-mouse collagen
type 1V antibody (1:100, EMD Millipore), rabbit monoclonal antibody anti-E-cadherin
(1:100, Cell Signaling Technologies, Danvers, MA), rabbit monoclonal anti-Ki-67 (1:100,
Abcam, Cambridge, MA), rabbit polyclonal anti-a-smooth muscle actin (a-SMA) (1:100,
Abcam), and rat monoclonal anti-CD31 (1:200, BD Pharmingen, San Jose, CA).
Secondary antibodies were Alexa Fluor 594 conjugated goat anti-rabbit IgG and Alexa
Fluor 488 conjugated goat anti-rat IgG (1:200 for each, Thermo Fisher Scientific), which
generate red and green fluorescence, respectively. Sections were mounted with
ProLong Gold Antifade Reagent with DAPI (Life Technologies), and analyzed under an
Olympus BX53 digital fluorescence microscope. Images were processed using the

ImageJ 1.47 software (from NIH and available at http://rsb.info.nih.gov/ij/).

Western Blot Analysis

In vitro cultured parental A549 and A549/SRFres cells that were treated with vehicle
(0.5% DMSO), sorafenib (10 uM) and dasatinib (0.2 uM or 0.02 uM) alone or in
combination for 4 hours, and tumor tissue samples collected from the in vivo studies
were subjected to Western blot analysis. Cell lysate samples and tumor tissue lysate
samples were prepared as previously described (Zhou et al., 2008). Immunoblotting
was carried out with the following primary antibodies: rabbit polyclonal antibodies from

Abcam: ATP-binding cassette sub-family G member 2 (ABCG2; 1:1000), a-SMA
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(1:2000), matrix metallopeptidase 9 (MMP9; 1:5000); rabbit polyclonal or monoclonal
antibodies from Cell Signaling Technologies (1:1000 dilution for all): AKT (pan),
phosphor-AKT (S473), extracellular signal-regulated protein kinases 1 and 2 (ERK1/2),
phospho-ERK1/2 (T202/Y204), focal adhesion kinase (FAK), phospho-FAK (Y397).
Phospho-FAK(Y576/577), Glycogen synthase kinases 3a and 3p (GSK3a/p), phospho-
GSK3a/B (S21/9), MEK1/2, phospho-MEK1/2 (S217/221), mechanistic target of
rapamycin (mTOR), phospho-mTOR (S2448), 90 kDa ribosomal S6 kinase 1/2/3
(RSK1/2/3), phospho-p90RSK (S380), Src, phospho-Src (Y416), myeloid cell leukemia
sequence 1 protein (MCL-1), B-catenin, E-cadherin, and vimentin. Blots were incubated
with horseradish peroxidase—conjugated secondary antibodies (1:15,000; Santa Cruz)
and immunoreactive protein bands were visualized by the enhanced
chemiluminescence system (PerkinElmer). The membrane was then stripped and re-
probed with B-actin (1:4000, Sigma-Aldrich) as a loading control. Band areas of
individual proteins were quantified using the ImageJ software (https://imagej.nih.gov/ij/).
Normalization for loading differences was achieved by dividing the densitometry values
for individual proteins by the densitometry values for B-actin in the same lane. Protein
expression levels in the drug-treated tumors were expressed as relative to those in the
control tumors. For phosphorylated proteins, the signal values were expressed as the

ratio of phosphorylated to total species relative to that of the control tumors.

Quantitative Determination of Dasatinib and Sorafenib Concentrations in Plasma

and Tumors

A HPLC method was developed and validated for simultaneous determination of

dasatinib and sorafenib in mouse plasma and xenograft tumor tissues. Plasma and

14
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tumor tissue homogenate (tissue:MilliQ water = 1: 9, w/v) samples were deproteinated
by adding three volumes of methanol containing 5 ng/mL of 7-hydroxywarfarin (the
internal standard, 1S) followed by the centrifugation at 13,000 rpm for 10 minutes. Ten
microliter aliquots of the supernatants were injected onto the reversed-phase HPLC
system with a diode array detector. The chromatographic separation was achieved on
an octadecylsilane bonded silica column (Luna® 3um C18, 50 x 4.6 mm, Phenomenex)
at room temperature. Gradient elution was employed using 20% acetonitrile containing
10 mM ammonium acetate and 0.1% formic acid as solvent A and 60% acetonitrile
containing 10 mM ammonium acetate and 0.1% formic acid as solvent B, with a linear
gradient increasing from 0 to 100% B from 1 to 3 min, maintaining 100% B from 3 to 9
min, decreasing from 100 to 0% B from 9 to 11 min. The total run time was 14 min.
Dasatinib and IS were best detected at 325 nm, and sorafenib was best detected at 255
nm. Retention time was about 5.8, 6.7 and 8.4 min for dasatinib, IS and sorafenib,
respectively. Standard curves of dasatinib and sorafenib were linear within the ranges of
62 — 5000 ng/ml (r? > 0.99) in plasma and tumor homogenates, respectively. The lower
limits of quantitation (LLOQ) in plasma and tumor tissue homogenates were 62 ng/ml

for both dasatinib and sorafenib.

Statistical Analyses

Statistical analyses were performed using Number Cruncher Statistical Systems 2007
(Keysville, UT). Data are presented as the mean + standard deviation (SD) unless

otherwise indicated. Comparison of means from two matched groups was made using
the paired-sample t test. Comparison of means between two independent groups was

made using the independent sample t test. In case of multiple comparisons, Kruskal-

15
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Wallis one-way analysis of variance on ranks followed by the post-hoc Kruskal-Wallis
multiple comparison z-value test was used. Pearson correlations were used to describe
relations between two variables. A two-sided P-value of less than 0.05 was considered

statistically significant.

Results

In Vivo Selection of Sorafenib-Resistant A549 Xenograft Line

Given that patients with EGFR-wild-type and KRAS-mutant NSCLC have been shown to
benefit from sorafenib treatment in recent clinical trials (Blumenschein et al., 2013;
Dingemans et al., 2013), the A549 human adenocarcinoma cell line expressing wild-
type EGFR and harboring a G12S KRAS mutation (Mahoney et al., 2009) was used to
establish the in vivo sorafenib resistant tumor model. It has been reported that treatment
with 30 to 60 mg/kg of sorafenib led to complete tumor stasis in the A549 xenograft
(Wilhelm et al., 2004). Therefore, in this study, A549 tumor bearing athymic nude mice
were given oral administration of 40 mg/kg/d of sorafenib. The treatment was well
tolerated by the animals. No deaths nor obvious side effects were observed. At such
dose level, a highly statistically significant inhibition of tumor growth corresponding to a
mean tumor size reduction of up to 86% was observed. Mice in the control group
reached the predetermined endpoint (tumor volume = 1000 mm?3) earlier and thus were
on study for a shorter period of time than were the sorafenib-treated mice (6 weeks for
mice in the control group versus 15 weeks for those in the sorafenib-treated group, Fig.
1A). During the 15-week treatment period, sorafenib-treated mice exhibited different

tumor growth rates. The fold change of tumor volume (i.e., the tumor growth index

16

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 11, 2017 as DOI: 10.1124/jpet.117.240507
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #240507

value) after the 15-week treatment period ranged from 0.9 — 30.2 with the median value
of 3.6 (Fig 1B). The fastest growing sorafenib-treated A549 xenograft with a tumor
growth index value of 30.2 was used to derive the A549/SRFres subclone for the
subsequent study. Further evaluation of the A549/SRFres xenograft model in
comparison with the A549 xenograft model was conducted in individual mice receiving
simultaneous subcutaneous inoculations of A549 cells on the left flank and
A549/SRFres cells on the right flank (Fig. 1C). Two of the vehicle-treated animals and
two of the sorafenib-treated animals were euthanized after 8 weeks of treatment, and
one vehicle-treated animal was euthanized after 10 weeks of treatment, due to their
tumors reaching the maximum allowed volume (i.e., 1000 mm?3). One time-matched
sorafenib-treated animal was euthanized after 10 weeks of treatment. There was no
significant difference in tumor volume among all study groups when the treatment was
initiated one week after tumor inoculation (Supplemental Figure S1). Significant
suppression of tumor growth by sorafenib treatment was observed from Weeks 9 to 12
(P < 0.05 for both A549 and A549/SRFres tumors as compared with the corresponding
vehicle control. Fig.1D). A549/SRFres tumors exhibited relatively rapid tumor growth
rates as compared with A549 tumors during the 12-week treatment period. For the
vehicle control group, the difference in tumor volume between A549 and A549/SRFres
tumors was statistically significant at Week 2, 3, 4, 5, 6 and 12 (P < 0.05, Fig. 1D). For
the sorafenib treatment group, the significant difference in tumor volume between
A549/SRFres tumors and their parental counterparts was observed at Week 2, 3, 5, 6,
9,10 and 11 (P < 0.05. Fig. 1D). The mean tumor growth index value for the

A549/SRFres xenografts was higher than that for the A549 xenografts (13.7 + 3.9
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versus 8.7 + 5.3), but the difference was not statistically significant (P = 0.184). In terms
of tumor response to sorafenib treatment, sorafenib effectively suppressed the growth of
both A549 and A549/SRFres xenografts as demonstrated by the 67% (P < 0.05) and
56% (P < 0.01) decrease in the mean tumor growth index values for A549 and
A549/SRFres tumors, respectively. A comparison of tumor growth rate between the
sorafenib-treated A549/SRFres tumors and their parental counterparts showed that the
mean volumes of A549/SRFres tumors were significantly larger than those of the A549
tumors at Weeks 3, 4 and 6 after the start of the treatment (P < 0.05). Moreover, the
mean tumor growth index value for the sorafenib-treated A549/SRFres tumors was
significantly higher than that of the A549 tumors (6.0 + 3.9 versus 2.9 + 1.3, P < 0.05).
These results suggest that the A549/SRFres tumors display relatively higher resistance
to sorafenib than their parental counterparts. Taken together, sorafenib-treated
A549/SRFres tumors demonstrated significantly rapid growth as compared with their
sorafenib-treated parental counterparts, which may be in part attributable to the

relatively rapid baseline A549/SRFres tumor growth.

Identification of Potential Mechanisms Associated with Acquired Sorafenib

Resistance

To identify molecular mechanisms involved in the acquired sorafenib resistance,
Western blot analysis was performed to assess the levels of selected EMT markers and
protein kinases in vehicle- and sorafenib-treated A549 and A549/SRFres tumors (Fig.
2). For the A549 xenografts, a significant decrease in the B-catenin expression level
was found in sorafenib-treated tumors as compared with the control tumors (44%

decrease, P < 0.05. Fig. 2B). With regard to the A549/SRFres xenografts, both 3-

18

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 11, 2017 as DOI: 10.1124/jpet.117.240507
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #240507

catenin and E-cadherin expression levels were significantly decreased (36% decrease
and P < 0.05 for both), while the MMP9 (362% increase, P < 0.01) and phospho-FAK
(138% increase, P < 0.05. Fig. 2B) levels were significantly increased in the sorafenib-
treated tumors as compared with those in the control tumors. It was also noted that
there were 56% and 59% increase in the expression of phospho-Src in the A549 and
A549/SRFres tumors, respectively, although the statistical significance was not reached
(P =0.099 and 0.069 for A549 and A549/SRFres tumors, respectively). Nonetheless,
given the prominent role of Src in the receptor tyrosine kinase (RTK)-mediated signal
transduction through the activation of RAS/RAF/MAPK and PI3K/AKT pathways that
promotes cell survival, mitogenesis, and migration and invasion (Bromann et al., 2004,
Thamilselvan et al., 2007), this finding prompted us to speculate that activation of FAK-
Src signaling pathway creates a bypass track that promotes resistance to sorafenib, and
the use of a Src inhibitor in combination with sorafenib may antagonize sorafenib

resistance conferred by the FAK-Src-mediated bypass signaling pathway.

No Changes in Proliferation and Migratory and Invasive Phenotype in

A549/SRFres Cells in Comparison with A549 Parental Cells in Vitro

To examine the impact of long-term in vivo therapeutic pressure imposed by sorafenib
on the in vitro behavior of A549/SRFres cells, measurement of doubling time, wound-
healing assay and transwell invasion assay were conducted. No significant difference in
doubling time was found between A549 parental and A549/SRFres cells (23.7 + 1.9 hr
versus 24.3 + 1.7 hr, P > 0.05). Moreover, the migratory (Fig. 3A) and invasive (Fig. 3B)

phenotype of A549/SRFres cells appeared to be similar to that of A549 cells (P > 0.05
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for all). These data suggest that the aggressive behavior of A549/SRFres cells acquired

in vivo under the therapeutic pressure is reversible.

Examination of Molecular Changes Induced by Sorafenib and Dasatinib

Treatment in Cultured A549 and A549/SRFres Cells

To confirm if the activation of FAK-Src signaling pathway was responsible for the
acquired sorafenib-resistance phenotype in A549 xenograft tumors, the baseline and
treatment-induced changes in protein expression levels of EMT markers and
downstream signaling molecules regulating cell proliferation, migration and invasion,
were compared between A549 parental and A549/SRFres cells. As shown in Fig. 3C,
the baseline expression levels of phospho-Src (Y416) and phospho-FAK (Y576/577)
were markedly increased by 60% and 110%, respectively, in A549/SRFres cells as
compared with those in A549 parental cells. Treatment with 10 uM of sorafenib for 4
hours had no effect on the expression of phospho-Src and phospho-FAK (Y576/577). In
contrast, dasatinib treatment at 0.02 and 0.2 uM was sufficient to inhibit the
phosphorylation of Src at Tyr-416 and FAK at Tyr-576/577. Moreover, the combined
sorafenib and dasatinib treatment appeared to result in a greater degree of decrease in
Src phosphorylation in A549/SRFres cells than it did in A549 cells, suggesting that
A549/SRFres cells with elevated phospho-Src levels is relatively sensitive to the
sorafenib-dasatinib combination treatment. No notable difference was found in either
baseline expression levels or treatment-induced changes in the expression levels of

other proteins evaluated between A549 parental and A549/SRFres cells.
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In Vitro Evaluation of Cytotoxic Effect of Sorafenib-Dasatinib Combination in

A549 Parental and A549/SRFres cells

To evaluate the in vitro cytotoxic effect of the combination treatment with sorafenib and
dasatinib in A549 and A549/SRFres cells, sorafenib and dasatinib were used at the
fixed molar ratios of 1:3, 1:1 and 3:1. Quantitative analyses of the dose-effect
relationships of sorafenib and dasatinib treatment alone and in combination showed that
the 1Cso values for sorafenib and dasatinib alone in the A549 cell line were similar to
those in its sorafenib-resistant subclone (i.e., A549/SRFres), while the combined
sorafenib and dasatinib treatment resulted in a greater inhibitory effect on cell
proliferation than treatment with either drug alone in both cell lines (Fig. 4A). In applying
the combination index (Cl) method to the data in Fig. 4A, we assume that sorafenib and
dasatinib were mutually nonexclusive, i.e. the action of sorafenib on RAF/VEGFR
/PDGFR did not affect the action of dasatinib on Src/ABL. For A549/SRFres cells,
simultaneous and continuous exposure to sorafenib and dasatinib at the fixed molar
ratios of 1:1 and 3:1 for 72 h showed synergism (CI < 1) for fraction affected (FA) values
between 0.1 and 0.9, while the combination of sorafenib and dasatinib at the fixed molar
ratio of 1:3 showed synergism (Cl < 1) when FA values were greater than 0.4. For A549
cells, simultaneous exposure to sorafenib and dasatinib at the molar ratio of 1:1
produced an additive to weak synergistic effect for FA values ranging from 0.2 to 0.8,
which sorafenib and dasatinib at the molar ratio of 1:3 and 3:1 resulted in an additive to
synergistic effect for FA values greater than 0.4 (Fig. 4B, Supplemental Table S1).

Taken together, these data clearly indicate that combination treatment with sorafenib
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and dasatinib is effective against A549 and A549/SRFres cells when used at a molar

concentration ratio between 1:3 and 3:1.

In Vivo Response of A549 and A549/SRFres Xenograft Models to Sorafenib and

Dasatinib Alone and in Combination

Since we observed the additive and synergistic cytotoxic effects of concurrent treatment
with sorafenib and dasatinib on A549 and A549/SRFres cells in vitro, we next evaluated
the antitumor effect of individual and combination treatments with sorafenib and
dasatinib on the established A549 and A549/SRFres lung cancer xenografts. No
significant difference in tumor volume was observed among all study groups when the
treatment was initiated three weeks after tumor inoculation (Supplemental Figure S2
and S3). Sorafenib and dasatinib monotherapies at the dose level of 20 mg/kg/d
significantly suppressed the growth of A549/SRFres xenografts with the maximum
percent tumor growth inhibition of 45% (P < 0.01) and 35% (P < 0.05), respectively, but
were unable to significantly inhibit the growth of A549 tumors (Supplemental Figure S3).
As shown in Fig. 4C, in A549 xenografts, the effect of 40 mg/kg/d sorafenib on tumor
growth arrest became significant 1.5 weeks after the start of the treatment with the
maximum percent tumor growth inhibition of 72% (P < 0.01 compared with the control).
Tumor growth inhibition did not become significant until 3.5 weeks after the start of the
sorafenib-dasatinib combination treatment with the maximum percent tumor growth
inhibition of 53% (P < 0.05. Fig. 4C). Only 30% maximum tumor growth inhibition was
achieved with 40 mg/kg/d dasatinib treatment alone (P > 0.05. Fig. 4C). In A549/SRFres
xenografts, the inhibitory effect of sorafenib alone and half-dose combination of
sorafenib and dasatinib on tumor growth became significant one week after the start of
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the treatment with the maximum percent tumor growth inhibition of 75% and 69%,
respectively (P < 0.01 compared with controls for both. Fig.4D). In contrast, although
dasatinib monotherapy was able to produce a maximum percent tumor growth inhibition
of 52% (P > 0.05 compared with the control. Fig. 4D), the inhibitory effect of dasatinib
on tumor growth was not statistically significant except for Week 3 (P < 0.05. Fig. 4D).
When compared with the parental counterparts, vehicle- and sorafenib-treated
A549/SRFres tumors demonstrated significantly higher tumor growth rate (P < 0.05 or P
< 0.01 using paired sample t test. Fig. 4D). However, the tumor growth rates dasatinib-
and combination-treated A549/SRFres tumors were not significantly different from those
of their corresponding parental counterparts (P > 0.05. Fig. 4D). Overall, in both A549
and A549/SRFres xenografts, treatment with sorafenib alone at 40 mg/kg/d resulted in
the most significant tumor growth inhibition, which was significantly more than what was
achieved by treatment with 40 mg/kg/d of dasatinib. The half-dose sorafenib-dasatinib
combination was more effective than the 20 mg/kg/d dasatinib monotherapy in both
A549 (P < 0.05) and A549/SRFres (P < 0.01) xenografts, and also more effective than
the 20 mg/kg/d sorafenib treatment in A549/SRFres xenografts (P < 0.05. Supplemental
Figure S4). No significant difference in mean tumor volumes was observed between the
40 mg/kg/d sorafenib monotherapy and half-dose sorafenib-dasatinib combination
groups in either A549 or A549/SRFres xenografts (P > 0.05. Fig. 4C and 4D). Moreover,
significantly rapid tumor growth was observed in vehicle- and sorafenib-treated
A549/SRFres tumors, but not in dasatinib- and combination-treated A549/SRFres

tumors, as compared with their corresponding parental counterparts.
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Effects of Sorafenib and Dasatinib Alone and in Combination on Tumor
Angiogenesis, Tumor Cell Proliferation and Adhesion in A549 and A549/SRFres

Xenografts

Results of immunofluorescence staining of cultured A549 and A549/SRFres cells
demonstrated that there was no difference in baseline Ki67, E-cadherin, a-SMA and
collagen IV expression levels between those two cell lines (Supplemental Figure S5).
Nonetheless, the observed tumor growth inhibition following treatment with full-dose
sorafenib and half-dose sorafenib-dasatinib combination in the A549 and A549/SRFres
xenograft models warranted further assessment of the mechanisms underlying the in
vivo anti-tumor activities of individual and combination treatments. Proliferation is a key
feature of tumor progression and is often estimated by the immunohistochemical
assessment of the nuclear antigen Ki67. Results from this study demonstrated a
decrease in the mean Ki67 proliferative index values following the full-dose sorafenib
and half-dose combination therapies in both A549 and A549/SRFres xenografts
although only the decrease in A549/SRFres tumors was statistically significant
compared with the control tumors (P < 0.05 for both full-dose sorafenib and half-dose
combination therapies, Fig.5A and 5B). Nonetheless, the mean Ki67 proliferative index
value in sorafenib-treated A549/SRFres tumors was significantly increased compared
with that in their parental counterparts (by 38%, P < 0.05), suggesting an attenuated
sorafenib antiproliferative activity in A549/SRFres tumors (Fig. 5B). In addition, the Ki-
67 proliferative index values were highly correlated with the volumes of both A549 and
A549/SRFres tumors at Week 4 (Pearson: r = 0.544 for A549, r = 0.542 for

A549/SRFres, N = 28 and P < 0.01 for both), suggesting that inhibitory effect of
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sorafenib and dasatinib on tumor growth is attributable to the anti-proliferative activities

of individual drugs. In addition, the results of Ki-67 immunofluorescence staining were in
line with the results of the H&E staining of tumor sections, which revealed that relatively
large regions of necrosis were present in tumors receiving drug treatments as compared

with the control tumors (Supplemental Figure S6).

E-cadherin plays a crucial role in maintaining cell-cell adhesion in epithelial tissues.
Downregulation of E-cadherin expression is associated with tumor progression, invasion
and metastasis (Rodriguez et al., 2012). Results of the immunofluorescence staining of
tumor sections showed that E-cadherin expression levels were significantly reduced in
sorafenib-treated A549 tumors (decreased by 30%, P < 0.05) but not in sorafenib
treated A549/SRFres tumors (decreased by 8%, P > 0.05) as compared with the

corresponding controls (Fig. 5C).

Effects of individual and combination treatments on tumor vasculature were evaluated
using the immunohistochemical markers for endothelial cells (with CD31), microvessel
basement membrane (with collagen-1V) and mural cells, i.e. pericytes and smooth
muscle cells (with a-SMA) (Fig. 5A, 5D-5F). As a potent antiangiogenic agent, sorafenib
was able to reduce the microvessel density (MVD) determined by the CD31 positive
staining in both A549 (P < 0.01) and A549/SRFres (P < 0.05) xenografts, while full-dose
dasatinib treatment resulted in a significant decrease in MVD in A549 xenografts (P <
0.05), but not in A549/SRFres xenografts. Notably, the mean MVD in dasatinib-treated
A549/SRFres tumors was significantly higher than that in their parental counterparts (P
< 0.05), suggesting dasatinib has no effect on tumor angiogenesis in A549/SRFres
tumors. A significant decrease in MVD following the half-dose sorafenib-dasatinib
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combination therapy was seen in A549/SRFres tumors (P < 0.05) but not A549 tumors
(Fig. 5D). With regard to collagen-1V, full-dose sorafenib treatment significantly reduced
collagen-IV expression levels in A549 tumors but not in A549/SRFres tumors as
compared with the vehicle control and half-dose sorafenib-dasatinib combination (P <
0.05 for both). Full-dose dasatinib treatment significantly increased collagen-I1V
expression in A549/SRFres tumors compared with that in their parental counterparts (P
< 0.05), which was consistent with its diminished effect on MVD in A549/SRFres
tumors. Compared with full-dose dasatinib treatment, the half-dose combination therapy
was able to lower the collagen-IV expression levels in A549/SRFres tumors significantly
(P < 0.05) (Fig. 5E). As for a-SMA, no statistically significant difference was found
among the study groups, suggesting none of the treatments affect mural cells in the
tumor (Fig. 5F). Taken together, results of the immunofluorescence staining of tumor
tissues confirmed that the antitumor effect of sorafenib and dasatinib was attributable to
their antiproliferative and antiangiogenic properties, and A549/SRFres tumors exhibited

a relatively higher cell proliferation rate than A549 tumors.

Mechanisms Underlying the Anti-Tumor Effects of Sorafenib and Dasatinib Alone

and in Combination in A549 and A549/SRFres Xenografts

In addition to the histological analyses, Western blot analysis was carried out to
elucidate the molecular events underpinning the tumor growth inhibition mediated by
sorafenib and dasatinib alone and in combination and identify any potential escape
routes developed during the treatment (Supplemental Figure S7 and S8). In A549
xenografts, compared with the control tumors, the 40 mg/kg/d sorafenib treatment
significantly decreased the expression of MCL-1 (by 38%, P < 0.01) and phospho-
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GSK3a (by 55%, P < 0.01), but increased the expression of phospho-AKT (by 30%, P <
0.05). The 40 mg/kg/d dasatinib treatment, on the other hand, significantly decreased
the expression of phospho-Src (by 50%, P < 0.05) and phospho-ERK (by 19%, P <
0.05), but increased the Y397-FAK phosphorylation (by 191%, P < 0.05). Half-dose
sorafenib-dasatinib combination resulted in a significant decrease in the expression of
phospho-ERK (by 21%, P < 0.05), and a significant increase in the Y397-FAK
phosphorylation (by 119%, P < 0.05). In addition, the expression of phospho-Src in 40
mg/kg/d dasatinib-treated A549 tumors was 58% lower than that in sorafenib-treated
A549 tumors (P < 0.05), while the phospho-AKT expression in A549 tumors treated with
the half-dose combination was 26% lower than that in sorafenib-treated A549 tumors (P
< 0.05) (Fig. 6A). In similar fashion, 20 mg/kg/d sorafenib treatment significantly
reduced the phosphorylation of GSK3a (P < 0.05), while 20 mg/kg/d dasatinib treatment
resulted in significant decrease in Y416-Src phosphorylation and Y576/577-FAK
phosphorylation (P < 0.05 and P < 0.01 compared with the vehicle and 20 mg/kg/d
sorafenib treatment, respectively. Supplemental Figure S8A). In A549/SRFres tumors,
as compared with the control tumors, 40 mg/kg/d sorafenib significantly decreased the
expression of MCL-1 and phospho-GSK3a by 16% and 53%, respectively (P < 0.05 for
both), but increased the phospho-Src expression by 114% (P < 0.05). Dasatinib
treatment at 40 mg/kg/d significantly reduced the expression of phospho-GSK3a and
phospho-MEK by 38% (P < 0.05) and 21% (P < 0.01), respectively, but increased the
Y397-FAK phosphorylation by 177% (P < 0.05) as compared with the control. Moreover,
the half-dose combination therapy significantly decreased the expression of MCL-1 and

phospho-GSK3a by 17% and 38% (P < 0.05 for both), respectively, while the Y397-FAK

27

¥20z ‘0T [1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 11, 2017 as DOI: 10.1124/jpet.117.240507
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #240507

phosphorylation was increased by 192% (P < 0.01) as compared with the control.
Furthermore, the expression of phospho-Src in 40 mg/kg/d sorafenib-treated
A549/SRFres tumors was significantly increased as compared with that in A549/SRFres
tumors treated with 40 mg/kg/d dasatinib alone (by 95%, P < 0.01) and the combination
of sorafenib and dasatinib (by 71%, P < 0.05), suggesting dasatinib effectively inhibits
Src activation in the tumor. In addition, the phospho-AKT expression level in the half-
dose combination group was lower than that in the full-dose dasatinib group (by 17%, P
< 0.05) (Fig. 6C). Similarly, 20 mg/kg/d sorafenib and dasatinib monotherapies
significantly decreased the expression of phospho-GSK3a (P < 0.05 for both). The
expression of phospho-Src (P < 0.05), pAKT (P < 0.05) and phospho-p90RSK (P <
0.01) in 20 mg/kg/d dasatinib-treated A549/SRFres tumors was significantly reduced as
compared with that in 20 mg/kg/d sorafenib treated tumors (Supplemental Figure S8C).
Results of the paired-sample t test comparing between the matched A549 and
A549/SRFres tumor samples indicated that the phospho-ERK and phospho-GSK3p
levels were significantly decreased in the sorafenib-treated and sorafenib-dasatinib-
treated A549/SRFres tumors, suggesting ERK and GSK3p are unlikely involved in the
bypass mechanism of sorafenib resistance (Fig. 6E). Taken together, although dasatinib
alone or in combination with sorafenib significantly reduced the phospho-Src levels in
A549 and A549/SRF tumors as compared with those in the sorafenib-treated tumors,
the phospho-FAK (Y397) levels remained elevated in all treatment groups regardless of
tumor types. In terms of other downstream effectors involved in the antitumor effect of
sorafenib, including MCL-1, phospho-AKT, phospho-ERK, phospho-MEK, phospho-

P90RSK, phospho-GSK-3a/p (Liu et al., 2006; Ulivi et al., 2009), the inhibitory effect of
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half-dose sorafenib-dasatinib combination on the expression levels of those proteins

was comparable to the full-dose sorafenib or dasatinib treatment regardless of tumor

types.

Several lines of evidence have suggested that sorafenib resistance is associated with
the activated EMT process and increased tumor metastatic potential (Wang et al.,
2014). Therefore, we examined the effects of single agent and combination treatment
on the biomarkers of EMT, including E-cadherin, B-catenin and vimentin, and the
selected biomarkers of tumor metastatic potential, including MMP9 and a-SMA, in the
A549 and A549/SRFres xenograft model (Supplemental Figure S7 and S8, Fig. 6B, 6D
and 6F). In both A549 and A549/SRFres tumors, the full-dose sorafenib treatment led to
a significant decrease in the expression of epithelial cell marker E-cadherin (by 44%
and P < 0.01 for A549, and by 38% and P < 0.05 for A549/SRFres) and a significant
increase in the expression of mesenchymal cell marker vimentin (by 25% and P < 0.05
for A549, and by 45% and P < 0.05 for A549/SRFres) as compared with the control.
Also, the expression of vimentin was significantly increased in A549 (by 20%) and
A549/SRFres (by 39%) tumors treated with the half-dose sorafenib-dasatinib
combination as compared with the control tumors (P < 0.05 for both). The full-dose
dasatinib treatment resulted in a significant increase in MMP9 expression in A549 (by
268%) and A549/SRFres (by 177%) tumors as compared with the vehicle control (P <
0.01 for both), while the MMP9 expression levels were significantly increased in
A549/SRFres tumors treated with half-dose sorafenib-dasatinib combination (by 233%
and P< 0.05 compared with the control) (Fig. 6B and 6D). Sorafenib treatment at the

dose of 20 mg/kg resulted in a significantly decreased p-catenin expression in A549
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tumors (P < 0.05), while both 20 mg/kg/d sorafenib and dasatinib monotherapies
increased the expression of vimentin in A549/SRFres tumors (P < 0.05 for both.
Supplemental Figure S8B and S8D). In addition, the expression levels of E-cadherin
and o-SMA in the full-dose dasatinib-treated A549 tumors were significantly higher than
those in the full-dose sorafenib-treated A549 tumors (P < 0.05 for E-cadherin and P
<0.01 for a-SMA) (Fig. 6B). Comparison between matched A549 and A549/SRFres
tumors indicated that the E-cadherin level was significantly decreased in 40 mg/kg/d
sorafenib-treated A549/SRFres tumors, suggesting that A549/SRFres tumor cells are
more susceptible to EMT under the therapeutic pressure imposed by sorafenib in vivo.
Moreover, the MMP9 level in 20 mg/kg/d sorafenib- and 40 mg/kg/d dasatinib-treated
A549/SRFres tumors was significantly lower than that in their parental counterparts,
implicating that dasatinib is relatively more effective at inhibiting the progression of
A549/SRFres tumors compared with that of A549 tumors (Fig. 6F and Supplemental
Figure 8F). Taken together, these findings suggest that sorafenib treatment promotes
EMT in A549 xenografts, and the presence of dasatinib does not suppress the
sorafenib-induced EMT but may increase the metastatic potential as demonstrated by

the increased MMP9 and a-SMA expression levels in tumors.

There were discrepancies between the two in vivo studies regarding the expression
levels of individual EMT markers in sorafenib-treated tumors relative to those in the
control tumors. For example, although sorafenib treatment resulted in significant
downregulation of B-catenin and modest upregulation of vimentin in both A549 and
A549/SRFres tumors in the initial study, the second in vivo study showed little change in

[-catenin expression but significant upregulation of vimentin in sorafenib-treated tumors
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as compared with the control tumors. Those discrepancies may be explained partly by
the difference in time to initiate treatment (one week versus three weeks following tumor

inoculation) and treatment duration (8~12 weeks versus 4 weeks)

Evaluation of Sorafenib and Dasatinib Steady State Concentrations in Plasma and

Tumors

Concentrations of sorafenib and dasatinib in plasma and tumors collected at 4 hours
after the last dose were quantified to determine if the reduced effectiveness was
attributable to decreased drug distribution in sorafenib-resistant tumors and if there was
any pharmacokinetic drug-drug interaction in which one drug altered the tumor
distribution of the other co-administered drug. As shown in Table 1, there was no
significant difference in steady-state tumor concentrations of sorafenib and dasatinib
between A549 and A549/SRFres xenografts. Both sorafenib and dasatinib exhibited
dose proportional changes in plasma and tumor drug concentrations at 4 hours after the
last dose, suggesting linear pharmacokinetics. Dasatinib plasma concentrations were
lower than sorafenib plasma concentrations when these two drugs were given at the
same dose, suggesting that dasatinib has a shorter elimination half-life than sorafenib.
As a result, dasatinib tumor concentrations at 4 hours were about 1.7-fold lower than

sorafenib tumor concentrations irrespective of tumor types (Table 1).

Discussion

Although considerable efforts have been made to investigate mechanisms underpinning
the acquired sorafenib resistance in various types of cancer, none has focused on

NSCLC. In this study, an A549 human lung adenocarcinoma xenograft model was used
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to explore the potential mechanism of acquired sorafenib resistance. In vivo drug
resistant models are more advantageous than in vitro models because they provide the
tissue microenvironment in which tumor cells reside. The model used in this study was
established using a sorafenib-resistant A549 subline derived from the fastest growing
A549 tumor that has become insensitive to sorafenib treatment in vivo. Comparing with
serial in vivo passaging of primary tumors, using the sorafenib-resistant A549 subline
with low passage numbers (< 10) has the advantage of providing reproducible insights
into the biologically relevant mechanism underlying the resistance and facilitating the
process of identifying effective therapeutic strategy to overcome the resistance, yet
suffers the drawback of possible changes in certain genetic features of primary tumors
during the in-vivo-to-in-vitro-to-in-vivo transition. An intriguing observation of our in vivo
study was that A549/SRFres xenografts exhibited significantly rapid growth compared
with their corresponding parental counterparts (Fig. 1D and 4D), even though the
doubling time of cultured A549/SRFres cells was similar to that of A549 cells. This
finding raises the possibility that the prior selection process enables A549/SRFres cells
to acquire certain traits that allow them to adapt to the microenvironmental proliferation
barriers more quickly than A549 parental cells. Despite the differential tumor growth rate
observed in vivo, we were able to use this model to identify a new bypass mechanism of
acquired sorafenib resistance and evaluate if dasatinib can be a potential adjunct to

sorafenib therapy to overcome the resistance.

Examination of the expression pattern of several EMT markers in A549 and
A549/SRFres xenografts revealed the tendency of downregulated E-cadherin and

upregulated vimentin expression in sorafenib-treated tumors as compared with the
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controls (Fig. 2B, 6B and 6C). Sorafenib-treated A549/SRFres xenografts appeared to
undergo similar EMT event as the sorafenib-treated A549 xenografts but to a greater
extent (Fig. 6F). EMT, which activation often results in aggressive tumor behaviors, has
been associated with resistance to sorafenib in hepatocellular carcinoma (HCC)
models. In a recent study, the in-vitro established sorafenib-resistant HepG2 and
Hus7S1 cell lines displayed a loss of E-cadherin and an increase in vimentin
expression, which was accompanied by an increased invasive potential (van Malenstein
et al., 2013). In this study, no marked difference in the expression of selected EMT
markers was observed between cultured A549 and A549/SRFres cells, nor was any
difference found in their migratory and invasive phenotype irrespective of the treatment
(Fig. 3), suggesting the crucial role of tumor microenvironment in inducing the EMT
(Jing et al., 2011). The exact mechanism accounting for the significant decrease in 3-
catenin levels in both sorafenib-treated A549 and A549/SRFres tumors is unclear.
Nonetheless, it has been reported that loss or downregulation of 3-catenin was
associated with disease progress in malignant melanoma (Kageshita et al., 2001), and
sorafenib was effective in decreasing B-catenin protein levels in human liver cancer cell
lines (Lachenmayer et al., 2012). Therefore, we speculate that the decreased p-catenin
levels in tumor tissue homogenates might be due to the decreased membranous and
cytoplasmic B-catenin levels as a result of the loss of interaction between E-cadherin
and B-catenin that potentially releases B-catenin from cell adherens junctions (Onder et
al., 2008) followed by the nuclear translocation of 3-catenin leading to the induction of

EMT (Alvarado et al., 2011; Ghahhari and Babashah, 2015).
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In this study, besides the significant upregulation of MMP9 protein expression in
sorafenib-treated A549/SRFres tumors, we also observed the elevated expression
levels of phospho-AKT (S473), phospho-FAK (Y397) and phospho-Src (Y416) in 40
mg/kg/d sorafenib-treated A549 and A549/SRFres tumors with no statistical significance
in part due to the large interindividual variability. Nonetheless, our in vitro study
demonstrated that the baseline phospho-Src (Y416) and phospho-FAK (Y576/577)
levels in A549/SRFres cells were markedly higher than those in A549 cells (Fig. 3C).
Given that activation of FAK and AKT signaling pathways has been suggested to
upregulate the MMP9 expression in HCC leading to the enhanced cell invasion (Cheng
et al., 2006; Chen et al., 2010a), it is tempting to speculate that AKT, FAK and Src are
potential alternate signaling molecules being activated to evade sorafenib therapy.
Compensatory activation of the PISK/AKT signaling pathway has been reported to
mediate acquired sorafenib resistance (Chen et al., 2011), and therapeutic synergy
could be achieved by combining sorafenib with PI3K/AKT inhibitors (Chen et al., 2010b;
Zhai et al., 2015; Lindblad et al., 2016). In addition, activation of PI3K/AKT pathway
downregulates membranous E-cadherin and p-catenin levels and promotes tumor cell
invasion (Yip and Seow, 2012), suggesting the observed downregulation of E-cadherin
and B-catenin in sorafenib-treated tumors may attribute to sorafenib-induced activation
of PIBK/AKT pathway. Although sorafenib-induced activation of FAK and Src has not
been documented so far, the possible connection between FAK and acquired sorafenib
resistance has been described in a recent study, which showed that the avp3-
integrin/FAK/PI3K/AKT signaling pathway was involved in galectin-1 induced EMT and

sorafenib resistance in HCC cells (Zhang et al., 2016). FAK and Src are cytoplasmic
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nonreceptor tyrosine kinases influencing cell adhesion by their direct or indirect effects
on other adhesion regulators (Calautti et al., 1998; Noren et al., 2001). FAK is a
downstream target of several growth factors (Mitra et al., 2005), while Src is a crucial
mediator of FAK-regulated processes (Westhoff et al., 2004). The FAK-Src complex is
activated through integrin-stimulated FAK phosphorylation at Y397, which creates a
binding site for Src. Src in turn mediates the phosphorylation of Y576/Y577 in the FAK
domain activation loop, which subsequently activates the p130Cas-associated motility-
promoting signaling cascades, leading to the induction and activation of MMP2 and

MMP9 that promote cancer cell invasion (Van Slambrouck et al., 2007).

Based on our initial findings, we proposed an alternative survival mechanism that would
allow the KRAS-mutant NSCLC to escape from sorafenib therapy through the activation
of FAK/Src complex. Given the essential role of Src in mediating FAK phosphorylation
and driving tumor cell proliferation, survival, adhesion, motility and invasion (Bromann et
al., 2004; Thomas and Jordan, 2004), we next examined if sorafenib in combination with
dasatinib could increase antitumor efficacy and delay the onset of acquired sorafenib
resistance. Results of the in vitro study showed that simultaneous exposure to sorafenib
and dasatinib at fixed molar ratios of 3:1, 1:1 and 1:3 produced mostly additive to
synergistic cytotoxic effects in both A549 and A549/SRFres cells, suggesting that
simultaneous administration of sorafenib and dasatinib is an appropriate schedule for
this combination. Determination of sorafenib and dasatinib concentrations in plasma
and tumors demonstrated that the intratumoral concentration ratio of sorafenib to
dasatinib was about 3, which was within the range of concentration ratio that had

produced synergistic effect in vitro. In agreement with the in vitro data (Fig. 4A-4B), it
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appeared that dasatinib alone or in combination with sorafenib resulted in a relatively
greater tumor growth inhibition in A549/SRFres tumors than that in A549 tumors (Fig.
4C-4D). The augmented susceptibility of A549/SRFres tumors to dasatinib treatment
may be associated with the upregulated baseline FAK-Src activity in A549/SRFres cells
(Fig. 3C). Despise the evidence of in vitro synergy between sorafenib and dasatinib, the
in-vivo anti-tumor effect of half-dose sorafenib-dasatinib combination therapy was
inferior to that of the full-dose sorafenib treatment but superior to that of the full-dose
dasatinib treatment regardless of tumor types. Nonetheless, the half-dose sorafenib-
dasatinib combination exhibited a greater anti-tumor activity than single-agent sorafenib
or dasatinib when used at the same dose. As indicated by the Western blotting analysis,
although the half-dose combination effectively inhibited Src and AKT phosphorylation, it
did not block Y576/577-FAK phosphorylation nor decrease vimentin expression in
tumors, but unexpectedly increased the Y397-FAK phosphorylation and intratumoral
MMP9 expression (Fig. 6), suggesting inhibition of Src phosphorylation alone is
insufficient to impede the activation of EMT and elevation of invasive potential
associated with acquired sorafenib resistance. The upregulated Y397-FAK
phosphorylation is possibly triggered by microenvironmental cues such as cytokines,
growth factors, integrins and so on (Sulzmaier et al., 2014). Further studies are needed
to characterize the impact of tumor microenvironment on the Src-independent FAK

signal transduction pathway.

Taken together, results of this study revealed not only the contribution of FAK/Src
activation to the acquired sorafenib resistance in KRAS-mutant A549 xenografts by

promoting the EMT and invasive potential, but also the fact that Src inhibition alone was
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insufficient to overcome the resistance. Given the evolving redundancy of oncogenic
pathways that enable tumor cells to compensate for several targeted genes and
pathways, the major challenge of overcoming acquired resistance to pathway-targeted
drugs is to identify a “master switch” that regulates and coordinates multiple signaling
pathways involved in the resistance. Nonetheless, this work provides an example of
rational combination of two targeted therapeutic agents to combat the acquired tumor
resistance to single-agent targeted therapy. Based on our findings, further investigation
is warranted to identify the most effective combination therapy to maximize the

therapeutic benefit of sorafenib in KRAS-mutant NSCLC.
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Figure Legends

Fig.1. In vivo selection of A549 human lung adenocarcinoma cells resistant to sorafenib
treatment and evaluation of the sorafenib-resistant A549 xenograft model. (A)
Differential tumor growth rates are observed in A549 tumor-bearing mice treated with
vehicle control for 6 weeks (N = 9) or 40 mg/kg of sorafenib once daily for 15 weeks (N
= 10). Sorafenib-sensitive and -resistant groups are classified based on the tumor
growth index value calculated as the ratio of tumor volume at the first day of treatment
to that at the last day of treatment in that those with the tumor growth index value being
greater than the median value of 3.6 are classified as the sorafenib-resistant animals (N
= 5), while the rest are defined as the sorafenib-sensitive animals (N = 5). (B) Tumor
volumes of individual study groups are shown. (C) Experimental design for the in vivo
study that compared the antitumor activities of sorafenib in A549 and sorafenib-resistant
A549 xenografts. The sorafenib-resistant A549 subclone (A549/SRFres) was derived
from a sorafenib-treated animal with the fastest growing A549 xenograft. (D) Sorafenib
treatment inhibits the tumor growth in both A549 and A549/SRFres xenografts.
Individual animals bearing both A549 and A549/SRFres xenografts received once daily
oral administration of vehicle (N = 6) and 40 mg/kg of sorafenib (N = 7) for 8 weeks.
Two of the vehicle-treated animals and two of the sorafenib-treated animals were
euthanized after 8 weeks of treatment, and one vehicle-treated animal was euthanized
after 10 weeks of treatment, due to their tumors reaching the maximum allowed volume
(i.e., 1000 mm?3). One time-matched sorafenib-treated animal was euthanized after 10
weeks of treatment. (E) Tumor growth index values are shown. Data are presented as

mean =+ standard error of mean (SEM). *P < 0.05 and **P < 0.01 compared with the
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vehicle treated (control) animals using the independent sample t test. +P < 0.05

compared with the counterpart A549 xenografts using the paired sample t test.

Fig.2. Western blot analysis showing that sorafenib induces MMP9 expression and
phosphorylation of FAK, Src and AKT and decreases the expression of E-cadherin (the
epithelial marker) and B-catenin in A549 and A549/SRFres xenografts. (A) Western blot
of A549 (left) and A549/SRFres (right) tumor homogenates to detect the proteins
indicated. (B) Densitometric analysis shows similar trends in the effect of sorafenib on
individual protein expression levels in A549 (left) and A549/SRFres (right) tumors.
Relative quantification is performed, and relative immunoreactive band intensities are
expressed as percent change over the average signal value in vehicle control tumors
with normalization to B-actin loading controls. Error bars are standard deviations (SD).
*P < 0.05 and **P < 0.01 compared with the vehicle treated (control) xenografts using

the independent sample t test.

Fig. 3. No significant difference in the migratory and invasive phenotype between A549
parental and A549/SRFres cells. However, differential expression of phospho-Src
(Y416) and phospho-FAK (Y576/577) were observed between those two cell lines. (A)
Representative micrographs of scratch wound closure kinetics of cultured A549 and
A549/SRFres cells. Quantification of relative wound area at 24 and 48 hr after
wounding of the cell monolayers, expressed as % wound closure, demonstrated no
significant difference in the migratory ability between those two cell lines in vitro. Error
bars represent the SD of the mean from 6 independent experiments. (B) Representative
micrographs from the transwell invasion assay performed by plating A549 and

A549/SRFres cells on uncoated and Matrigel-coated transwell membranes. No
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significant difference in the in vitro invasion ability between those two cells based on the
percent invasion value, which was calculated as the percent of invaded cells relative to
migrated cells. Error bars represent the SD of the mean from 3 independent
experiments. (C) Western blot analysis demonstrated that A549/SRFres cells exhibited
relatively higher baseline expression levels of phospho-Src (Y416) and phospho-FAK
(Y576/577) than A549 cells. Sorafenib had little effect on Src and FAK phosphorylation,
whereas dasatinib drastically decreased the levels of phospho-Src (Y416) and phospho-
FAK (Y576/577) in both A549 and A549/SRFres cells. Relative densitometric
guantification is performed. For phosphorylated proteins, the ratio of
phosphorylated:total species was determined. For other proteins, relative protein levels

were normalized to the densitometry values of -actin.

Fig.4. Sorafenib and dasatinib, alone and in combination, inhibit A549 and
A549/SRFres cell growth in vitro and in vivo. (A) Composite dose-effect curves for in
vitro antiproliferative activity of sorafenib and dasatinib alone (0 — 100 uM) and in
combination (at fixed molar ratios of sorafenib/dasatinib = 1:3, 1:1 and 3:1) in A549 (top
left) and A549/SRFres (middle left) cells. Error bars are inter-assay SD. (B) The
corresponding combination index for the sorafenib-dasatinib interaction in A549 and
A549/SRFres cells as a function of fraction affected. (C) Antitumor activity of sorafenib
and dasatinib, as single agents or in combination, in A549 (top right) and A549/SRFres
(bottom right) xenografts. Mice bearing subcutaneous A549 and A549/SRFres tumors
were treated with oral administration of 40 mg/kg of sorafenib, 40 mg/kg of dasatinib or
the combination of the two agents at half of the doses for 4 weeks. Values indicate

mean + SEM. *P < 0.05 and **P < 0.01 compared with the vehicle treated (control)
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animals. #P < 0.05 and ##P < 0.01 compared with the dasatinib-treated animals using
Kruskal-Wallis one-way analysis of variance on ranks followed by the post-hoc Kruskal-
Wallis multiple comparison z-value test. +P < 0.05 and ++ P < 0.01 compared with the

counterpart A549 xenografts using the paired sample t test.

Fig.5. Immunohistochemical analyses of A549 and A549/SRFres xenografts. Tumors
were harvested from individual mice bearing both A549 and A549/SRFres xenografts
after 28 days of treatment with either vehicle control (N = 6), or sorafenib alone
(40mg/kg/d, N = 7), or dasatinib alone (40mg/kg/d, N = 7), or sorafenib in combination
with dasatinib (20 mg/kg/d for each, N = 8). (A) Representative images for
Immunofluorescence double staining for CD31 (green), plus Ki67 (red), E-cadherin
(red), collagen IV (red), or a-SMA (red) in tumor sections from individual study groups.
The nuclei were stained with DAPI. Original magnifications, x 200. (B) Quantification of
Ki67 immunofluorescence staining shown by the percentage of Ki67-positive cells
compared to total number of cells per field. (C) Quantification of E-cadherin
immunofluorescence staining shown by the percentage of E-cadherin positive area
compared to the tumor area per field. (D) Quantification of immunofluorescence staining
for microvessel baseline membrane shown by the percentage of collagen IV-stained
area per field. (E) Quantification of collagen IV immunofluorescence staining for mural
cells shown by the percentage of a-SMA-stained area per field. (F) Quantification of
immunofluorescence staining for microvessel density (MVD) shown by the percentage
of CD31-stained area per field. Error bars are SD. *P < 0.05 and **P < 0.01 using
Kruskal-Wallis one-way analysis of variance on ranks followed by the post-hoc Kruskal-

Wallis multiple comparison z-value test. +P < 0.05 using paired-sample t test.
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Fig.6. Western blot analyses were performed to compare protein expression levels
among individual study groups and between matched pairs of A549 and A549/SRFres
tumors. (A), (B), (C) and (D) Quantification of Western blots by image densitometry
demonstrated that sorafenib-dasatinib combination therapy blocks AKT and Src
phosphorylation, which is induced by sorafenib monotherapy in A549 and A549/SRFres
tumors, but fails to decrease the expression of phospho-FAK (Y397), MMP9 and
vimentin. Relative immunoreactive band intensities are expressed as percent change
over the average signal value in vehicle control tumors, with normalization to B-actin
loading controls. For phosphorylated proteins, results are expressed as the ratio of
phosphorylated-to-total species relative to the control tumor. (E) and (F) Comparison
between the matched pairs of A549 and A549/SRFres tumors reveals significant
decrease in expression of phospho-ERK and E-cadherin in sorafenib-treated
A549/SRFres tumors, and significant decrease in MMP9 and phospho-GSK3 in
dasatinib- and combination-treated A549/SRFres tumors, respectively. Values indicate
mean ratio of protein expression level in A549/SRFres tumor to that in A549 tumor +
standard deviation. Error bars are SD. *P < 0.05 and **P < 0.01 using Kruskal-Wallis
one-way analysis of variance on ranks followed by the post-hoc Kruskal-Wallis multiple
comparison z-value test. +P < 0.05 and ++ P < 0.01 compared with the counterpart

A549 xenografts using the paired sample t test.
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Table 1. Sorafenib and dasatinib concentrations in plasma and tumors at 4 hour after the last

dose
Dasatinib Sorafenib Dasatinib (20 mg/kg/d) +
(40 mg/kg/d) (40 mg/kg/d) Sorafenib (20 mg/kg/d)
N=8 N=7 N=8
Can plasma (LM)
Dasatinib 1.16 + 0.32 0.67 £0.48
Sorafenib 13.85+4.04 5.38 £+ 2.53
Can,A549 xenograft (LM)
Dasatinib 2.70x+1.35 1.74+0.59
Sorafenib 7.74+2.83 415+ 1.36
Can,a549 xenograft: Can,plasma ratio
Dasatinib 2.32+4.27 3.18+1.54
Sorafenib 0.57+0.20 0.84£0.33
Can,a549/SRFres xenograft (LM)
Dasatinib 3.34+1.74 1.82+0.68
Sorafenib 9.39+4.39 3.24 +1.89
Can,A549/5RFres xenograft: Cah,plasma ratio
Dasatinib 2.87+551 3.24 +1.59
Sorafenib 0.69+0.33 0.61 +£0.32

Note: Data are presented as mean + SD.
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Supplemental Methods
In Vitro Comparison of Doubling Time between A549 and A549/SRFres Cells

Parental A549 and A549/SRFres cells in exponential growth were harvested and
seeded in 96-well plates with 5 x 10”3 cells in 100 uL of complete culture medium per
well and incubated at 37°C in 5% COz-air. Twenty-four hours after cell inoculation, cell
growth curves were established by daily sampling from randomly selected wells (N =
3~4 wells per time point per cell line per experiment) for 3 consecutive days. A single
cell suspension was obtained by harvesting cells with 0.05% trypsin and 1 mM EDTA
(Mediatech Inc. Herndon, VA). The number of viable cells excluding trypan blue was
counted on a hemocytometer under an inverted microscope (EVOS® XL Cell Imaging

System, Life Technologies). Cell doubling times were calculated using the formula:
Doubleing Time = l"Z/GR, where GR is the growth rate constant, which was estimated

using the following exponential model (Tannock, 1992): [Cell number at Time t] =

[Cell number at Time 0] X e(CR*0),
Wound-Healing Assay

Wound-healing assay was used to determine cell migration as described previously with
little modification (Xu and Deng, 2006). Briefly, parental A549 and A549/SRFres cells
were grown in complete medium in 96-well plates to confluence. The cell monolayer
was scratched with sterilized p-10 pipette tips, washed three times with PBS, and
incubated in serum-free DMEM/F12 medium at 37°C in 5% COz-air. The recovery of the
wounded monolayers due to cell migration into denuded areas was evaluated at 0, 24,

and 48 hours using an EVOS® XL cell imaging system (10x objective). The area of

2
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wound was quantified by the ImageJ software (http://rsb.info.nih.gov). Wound healing at

each indicated time point was expressed as percent wound closure, which was

calculated as: % Wound Closure = (1 - W) x 100%
Oh

Cell Invasion Assay

To assess the invasive ability of parental A549 and A549/SRFres cells, a Matrigel
invasion assay was carried out in 24-well modified Boyden chambers with 8-um pore
polycarbonate filters (Corning Costar, Cambridge, MA) that were pre-coated with
(invasion) or without (migration) 300 ug/ml of Growth Factor Reduced Corning®
Matrigel® Matrix (Cat. No. 354230. Corning). A549 and A549/SRFres cells (2.5 x 10"
cells per filter insert) in serum-free DMEM/F12 medium were loaded into the upper
chamber with DMEM/F12 culture medium with 10% FBS in the lower chamber as a
chemoattractant. After 14 hour incubation, noninvasive or non-migratory cells on the
upper surface of the filter membrane were wiped out with a cotton swab, while the
invaded or migratory cells on the lower surface of the filter membrane were fixed with
4% paraformaldehyde (PFA) for 10 min, stained with 0.1% crystal violet (Thermo Fisher
Scientific) for 30 min and counted at 20x magnification in 5 randomly selected fields per

insert. Invasiveness was determined based on percent invasion, which was calculated

Mean number of cells invading through the Matrigel—coated membrane

as: % Invasion = . ,
Mean number of cells migrating through the uncoated membrane

In Vivo Evaluation of Antitumor Activity of Sorafenib and Dasatinib as Single

Agent at the Dose Level of 20 mg/kg
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Three weeks after individual athymic nude mice were injected subcutaneously with
A549 and A549/SRFres cells (5 x 108) on the left and right franks, respectively, those
tumor-bearing animals were randomly divided into three groups: (1) vehicle control (N =
4), (2) 20 mg/kg/d sorafenib (N = 7) and (3) 20 mg/kg/d dasatinib (N = 8) groups.
Individual animals were given once daily oral administration of either vehicle or
therapeutic agents for 28 consecutive days. Body weight and tumor volume were
measured twice a week throughout the treatment period. On the last day of the
treatment period, animals were euthanized and the tumor mass was immediately
excised, snap frozen on dry ice, and stored at —80°C before subjected to Western blot

analysis.
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Supplemental Table S1. Mean combination index (CI) values of sorafenib and

dasatinib used in combination.

Molar ratio of

Mean Cl values

sorafenib:dasatinib Ab549 Cells A549/SRFres Cells
ICso IC7s Co0 ICso0 IC7s I1Co0
1:1 0.85 0.95 1.30 0.70 0.70 0.71
31 0.47 0.25 0.17 0.30 0.27 0.24
1:3 0.54 0.15 0.05 0.84 0.53 0.34
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Supplemental Figure S1. Comparison of mean tumor volume values among vehicle-
and sorafenib-treated A549 and A549/SRFres tumors. No significant difference was
found in the mean tumor volume values among individual study groups at the start of
the treatment. Data are presented as mean + standard error of mean (SEM). *P < 0.05
and **P < 0.01 compared with the vehicle control animals using the independent sample
t test. +P < 0.05 compared with the counterpart A549 xenografts using the paired
sample t test.
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Supplemental Figure S2. Comparison of mean tumor volume values of A549 and
A549/SRFres xenografts among the following study groups: vehicle control, sorafenib
40 mg/kg/d sorafenib, 40mg/kg/d dasatinib, and half-dose sorafenib-dasatinib
combination groups. No significant difference was found in the mean tumor volume
values among individual study groups at the start of the treatment. Values indicate
mean £+ SEM. *P < 0.05 and **P < 0.01 compared with the vehicle treated (control)
animals, and #P < 0.05 and ##P < 0.01 compared with the dasatinib-treated animals
using Kruskal-Wallis one-way analysis of variance on ranks followed by the post-hoc
Kruskal-Wallis multiple comparison z-value test. +P < 0.05 and ++P < 0.01 compared
with the counterpart A549 xenografts using the paired sample t test.
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Supplemental Figure S3. Evaluation of antitumor activity of sorafenib and dasatinib, as
single agents at the dose level of 20 mg/kg/d, in A549 (A) and A549/SRFres (B)
xenografts. Mice bearing subcutaneous A549 and A549/SRFres tumors were treated
with oral administration of 20 mg/kg of sorafenib or 20 mg/kg of dasatinib for 4 weeks.
Values indicate mean + SEM. *P < 0.05 and **P < 0.01 compared with the vehicle
treated (control) animals using Kruskal-Wallis one-way analysis of variance on ranks
followed by the post-hoc Kruskal-Wallis multiple comparison z-value test. +P < 0.05 and
++ P < 0.01 compared with the counterpart A549 xenografts using the paired sample t
test.
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Supplemental Figure S4. Comparison of growth inhibition of A549 (A) and
A549/SRFres (B) xenografts, expressed as percent of control tumor volume, among all
treatment groups. The in-vivo anti-tumor effect of half-dose sorafenib-dasatinib
combination therapy was inferior to that of the 40 mg/kg/d sorafenib treatment but
superior to that of 20 mg/kg/d sorafenib, 20 mg/kg/d and 40 mg/kg/d dasatinib treatment
regardless of tumor types. *P < 0.05 and **P < 0.01 using Kruskal-Wallis one-way
analysis of variance on ranks followed by the post-hoc Kruskal-Wallis multiple
comparison z-value test.
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112

113  Supplemental Figure S5. Immunofluorescence microscopy of Ki-67, E-cadherin,
114  collagen IV and a-SMA expression in cultured A549 parental and A549/SRFres cells.
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Supplemental Figure S7. Western blot analyses were performed to determine the
expression levels of selected proteins involved in the signaling pathways targeted by
sorafenib and dasatinib, or indicating the EMT activity and tumor cell invasive potential.
Representative Western blot images reflect the differential expression of indicated
proteins in A549 and A549/SRFres tumors treated with vehicle control, or 40 mg/kg/d
sorafenib, or 40 mg/kg/d dasatinib, or half-dose sorafenib-dasatinib combination.
Comparison of protein expression levels was made (A) among individual treatment
groups of the same tumor type (either A549 or A549/SRFres tumors), and (B) between
matched pairs of A549 and A549/SRFres tumors.
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Supplemental Figure S8. (A), (B), (C) and (D) Quantification of Western blot images
using the densitometric analysis shows that 20 mg/kg/d sorafenib treatment induces
MMP9 and vimentin expression and phosphorylation of Src, while 20 mg/kg/d dasatinib
treatment decreases the phosphorylation of SRC but increase the Y397 phosphorylation
of FAK and induces vimentin expression in A549/SRFres xenografts. Both 20 mg/kg/d
sorafenib and dasatinib treatments significantly decrease the phosphorylation of GSK3a
regardless of tumor types. (E) and (F) Comparison between the matched pairs of A549
and A549/SRFres tumors reveals significant increase in MMP9 expression in sorafenib-
treated A549/SRFres tumors, and in the phosphorylation of SRC in dasatinib-treated
A549/SRFres tumors. Error bars are SD. *P < 0.05 and **P < 0.01 using Kruskal-Wallis
one-way analysis of variance on ranks followed by the post-hoc Kruskal-Wallis multiple
comparison z-value test. +P < 0.05 compared with the counterpart A549 xenografts

using the paired sample t test.
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