Drug Design, Development and Therapy

3

Dove

ORIGINAL RESEARCH

Proteomic response to 5,6-dimethylxanthenone
4-acetic acid (DMXAA, vadimezan) in human non-
small cell lung cancer A549 cells determined by
the stable-isotope labeling by amino acids in cell
culture (SILAC) approach

Shu-Ting Pan,"* Zhi-Wei Zhou,?3*
Zhi-Xu He,? Xueji Zhang,* Tianxin
Yang,® Yin-Xue Yang,®* Dong Wang,’
Jia-Xuan Qiu,' Shu-Feng Zhou?

'Department of Oral and Maxillofacial
Surgery, The First Affiliated Hospital of
Nanchang University, Nanchang, Jiangxi,
People’s Republic of China; 2Department
of Pharmaceutical Sciences, College of
Pharmacy, University of South Florida,
Tampa, FL, USA; *Guizhou Provincial Key
Laboratory for Regenerative Medicine,
Stem Cell and Tissue Engineering Research
Center and Sino-US Joint Laboratory

for Medical Sciences, Guiyang Medical
University, Guiyang, *‘Research Center

for Bioengineering and Sensing Technology,
University of Science and Technology
Beijing, Beijing, People’s Republic of

China; *Department of Internal Medicine,
University of Utah and Salt Lake Veterans
Affairs Medical Center, Salt Lake City, UT,
USA,; ¢Department of Colorectal Surgery,
General Hospital of Ningxia Medical
University, Yinchuan, ’Cancer Center,
Daping Hospital and Research Institute

of Surgery, Third Military Medical University,
Chongging, People’s Republic of China

*These two authors contributed equally
to this work

Correspondence: Shu-Feng Zhou
Department of Pharmaceutical Sciences,
College of Pharmacy, University of South
Florida, 12901 Bruce B. Downs Boulevard,
Tampa, FL 33612, USA

Tel +1 813 974 6276

Fax +1 813 905 9885

Email szhou@health.usf.edu

Jia-Xuan Qiu

Department of Oral and Maxillofacial Surgery,
The First Affiliated Hospital of Nanchang
University, |7 Yongwaizheng St, Nanchang
330006, Jiangxi, People’s Republic of China
Tel +86 791 8869 5069

Fax +86 791 8869 2745

Email qiujiaxuan@ 1 63.com

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

17 February 2015

Number of times this article has been viewed

Abstract: 5,6-Dimethylxanthenone 4-acetic acid (DMXAA), also known as ASA404 and
vadimezan, is a potent tumor blood vessel-disrupting agent and cytokine inducer used alone or in
combination with other cytotoxic agents for the treatment of non-small cell lung cancer (NSCLC)
and other cancers. However, the latest Phase IlI clinical trial has shown frustrating outcomes in the
treatment of NSCLC, since the therapeutic targets and underlying mechanism for the anticancer
effect of DMXAA are not yet fully understood. This study aimed to examine the proteomic response
to DMXAA and unveil the global molecular targets and possible mechanisms for the anticancer
effect of DMXAA in NSCLC A549 cells using a stable-isotope labeling by amino acids in cell
culture (SILAC) approach. The proteomic data showed that treatment with DMXAA modulated the
expression of 588 protein molecules in A549 cells, with 281 protein molecules being up regulated
and 306 protein molecules being downregulated. Ingenuity pathway analysis (IPA) identified 256
signaling pathways and 184 cellular functional proteins that were regulated by DMXAA in A549
cells. These targeted molecules and signaling pathways were mostly involved in cell proliferation
and survival, redox homeostasis, sugar, amino acid and nucleic acid metabolism, cell migration, and
invasion and programed cell death. Subsequently, the effects of DMXAA on cell cycle distribution,
apoptosis, autophagy, and reactive oxygen species (ROS) generation were experimentally verified.
Flow cytometric analysis showed that DMXAA significantly induced G, phase arrestin A549 cells.
Western blotting assays demonstrated that DMXAA induced apoptosis via a mitochondria-dependent
pathway and promoted autophagy, as indicated by the increased level of cytosolic cytochrome c,
activation of caspase 3, and enhanced expression of beclin 1 and microtubule-associated protein
1A/1B-light chain 3 (LC3-II) in A549 cells. Moreover, DMXAA significantly promoted intracellular
ROS generation in A549 cells. Collectively, this SILAC study quantitatively evaluates the proteomic
response to treatment with DMXAA that helps to globally identify the potential molecular targets
and elucidate the underlying mechanism of DMXAA in the treatment of NSCLC.
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Introduction

Lung cancer is the most common cancer and the leading cause of cancer-related death
in humans worldwide.'? There were about 1.8 million new cases diagnosed with lung
cancer in 2012, accounting for 12.9% of the total cases of cancer.'? Small-cell lung
cancer and non-small cell lung cancer (NSCLC) are the two major types of lung cancer.
NSCLC is the most common type, accounting for 70%—-85% of all cases of lung cancer.
In the USA, there were 207,339 new cases of lung cancer and 156,953 deaths resulting
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from lung cancer in 2011,* and it is estimated that there were
224,210 new cases of lung cancer and 159,260 deaths due
to lung cancer in 2014.* In the People’s Republic of China,
lung cancer is the most common cancer and the leading
cause of cancer-related death, with a skyrocketing increase
in incidence and mortality rates.>> In 2009, the incidence
rate for lung cancer was about 53.57/100,000, accounting
for 18.74% of overall new cases of cancer; the mortality
rate for lung cancer was about 45.57/100,000, accounting
for 25.24% of cancer-related deaths.?® Current therapies for
lung cancer include surgery, chemotherapy, radiotherapy,
immunotherapy, and targeted therapy, which are used alone
or in combination. However, the therapeutic outcome for
lung cancer is often disappointing, in particular for advanced
NSCLC,*” due to the poor response to current therapeutics,
drug resistance, and severe side effects, which highlights an
urgent need for discovery of efficacious and safe new agents
for the treatment of NSCLC.
5,6-Dimethylxanthenone-4-acetic acid (DMXAA,
Figure 1), also known as vadimezan and ASA404, is a
vascular-disrupting agent that reduces the blood supply to
tumoral tissue, resulting in tumor regression.®® However,
the molecular targets and exact mechanisms of action of
DMXAA are elusive so far. DMXAA shows inhibitory
effects against several protein kinases, with the most potent
effects being on the vascular endothelial growth factor recep-
tor tyrosine kinase family.!®!'! DMXAA is a potent inducer of
tumor necrosis factor-o. and activates host immune effectors
that assist in killing cancer cells.!” DMXAA induces rapid
vascular collapse and subsequent tumor hemorrhagic necrosis
via induction of apoptosis in tumor vascular endothelial cells
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Figure | Chemical structure of 5,6-dimethylxanthenone 4-acetic acid (DMXAA).

and indirect vascular effects induced by various cytokines,
in particular, tumor necrosis factor-o., serotonin, and nitric
oxide.!® The pharmacokinetics of DMXAA has also be
investigated. In cancer patients, DMXAA concentration-time
profiles are well described by a three-compartment model
with saturable elimination.!? Body surface area and sex are
significant covariates on the volume of distribution of the
central compartment and the maximum elimination rate,
respectively.’? DMXAA is extensively metabolized in human
liver microsomes and cancer patients. There are two major
metabolites of DMXAA, ie, DMXAA acyl glucuronide and
6-hydroxymethyl-5-methylxanthenone-4-acetic acid (6-OH-
MXAA). Cytochrome P450 1A2 is responsible for the con-
version of DMXAA to 6-OH-MXAA, with an apparent K
of 6.2 uM and a V___of 0.014 nmol/minute/mg."” DMXAA
is also extensively metabolized by uridine 5’-diphospho-
glucuronosyltransferase 1A2 (UGT1A2) and UGT2B7,
with a greater contribution from UGT2B7." DMXAA has
been tested mainly in the treatment of NSCLC, and also in
prostate cancer and human epidermal growth factor recep-
tor 2-negative breast cancer.’*?° In these clinical studies,
DMXAA is used alone and more often in combination with
other cytotoxic drugs. A Phase II clinical trial showed that
DMXAA in combination with carboplatin and paclitaxel
had a potent anticancer effect in NSCLC patients."”” This
triple combination therapy prolonged the survival of about
5 months when compared with the monotherapy.'> However,
the Phase 111 clinical trial conducted by Lara et al showed that
the triple chemotherapy of DMXAA with carboplatin and
paclitaxel failed to improve the efficacy of the monothera-
py.'® This may be due to the complexity of the mechanisms
of action of DMXAA. DMXAA has been shown to target
the stimulator of interferon gene (STING) pathway and this
effect is only observed in mice but not in humans.*'* How-
ever, this cannot provide a convincing explanation for the
failure of DMXAA in the Phase III trial in NSCLC patients.
Therefore, it is of great importance to globally understand
and uncover the molecular targets and related signaling
pathways involved in the anticancer effect of DMXAA and
DMXAA-based combination therapies.

So far, there are many studies on the mechanisms of
action of DMXAA in the treatment of NSCLC, showing
that DMXAA can activate STING-dependent innate immune
pathways and mitogen-activated protein kinases and inhibit
vascular endothelial growth factor receptor.!*"2 However,
there is a lack of evidence to depict the global molecular tar-
gets and related signaling pathways for the NSCLC cell killing
effects of DMXAA, such as cell proliferation, programmed
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cell death, and cell migration and invasion. Notably, targeting
cell cycle progression, apoptosis, autophagy, and epithelial to
mesenchymal transition (EMT) has been proposed for treat-
ment of NSCLC.** Therefore, an approach that can evaluate
cellular proteomic responses to the DMXAA is important for
the optimal treatment of NSCLC. Stable-isotope labeling by
amino acids in cell culture (SILAC) is a practical and power-
ful approach to uncovering the global proteomic response
to drug treatment and other interventions.? In particular, it
can be used to systemically and quantitatively assess the
target network of drugs, to evaluate drug toxicity, and to
identify new biomarkers for the diagnosis and treatment of
important diseases, including NSCLC.*?" In this regard, we
investigated the molecular targets of DMXAA in A549 cells
using a combination of proteomic and functional approaches,
with a focus on cell cycle distribution, apoptosis, autophagy,
and redox homeostasis.

Materials and methods

Chemicals and reagents

DMXAA (purity =98%), “C -L-lysine, L-lysine, “C, “N,-
L-arginine, L-arginine, RNase A, propidium iodide, Dul-
becco’s phosphate-buffered saline (PBS), heat-inactivated
fetal bovine serum (FBS), dialyzed FBS, and Roswell Park
Memorial Institute (RPMI)-1640 medium for SILAC were
purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
The 5-(and 6)-chloromethyl-2’,7’-dichlorodihydrofluorescein
diacetate (CM-H,DCFDA) was sourced from Invitrogen
Inc. (Carlsbad, CA, USA). A FASP™ protein digestion kit
was purchased from Protein Discovery Inc. (Knoxville, TN,
USA). RPMI-1640 medium for general cultural use was
obtained from Corning Cellgro Inc. (Herndon, VA, USA).
The polyvinylidene difluoride membrane was purchased
from EMD Millipore Inc. (Bedford, MA, USA). Proteomic
quantitation kits for acidification, desalting, and digestion,
ionic detergent compatibility reagent, a Pierce bicinchoninic
acid protein assay kit, and Western blotting substrate were
obtained from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). Primary antibodies against human cytochrome c,
cleaved caspase 3, microtubule-associated protein 1A/1B-
light chain 3-I (LC3-I), LC3-II, and beclin 1 were all pur-
chased from Cell Signaling Technology Inc. (Beverly, MA,
USA). The antibody against human B-actin was obtained
from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

Cell line and cell culture
The A549 NSCLC cell line was obtained from American
Type Culture Collection (Manassas, VA, USA) and

cultured in RPMI-1640 medium supplemented with 10%
heat-inactivated FBS. The cells were maintained at 37°C
in a 5% CO,/95% air humidified incubator. DMXAA was
dissolved in dimethyl sulfoxide at a stock concentration of
20 mM and stored at —20°C. It was freshly diluted to pre-
determined concentrations with culture medium. The final
concentration of dimethyl sulfoxide was 0.05% (v/v). The
control cells received the vehicle only.

Quantitative proteomic study using
SILAC

Quantitative proteomic experiments were performed using
a SILAC-based approach as described previously.?26:28
Briefly, A549 cells were cultured in RPMI-1640 medium
(for SILAC) with (heavy) or without (light) stable isotope-
labeled amino acids ("°C, L-lysine and *C, "N, L-arginine)
and 10% dialyzed FBS. A549 cells cultured in heavy medium
were treated with 10 UM DMXAA for 24 hours after six cell
doubling times. After treatment with DMXAA, A549 cell
samples were harvested and lysed with hot lysis buffer (100
mM Tris base, 4% sodium dodecyl sulfate [SDS], and 100
mM dithiothreitol). The cell lysate was denatured at 95°C
for 5 minutes and then sonicated for 3 seconds with six
pulses. The samples were then centrifuged at 15,000x g for
20 minutes at room temperature and the supernatant was col-
lected. The protein concentration was determined using ionic
detergent compatibility reagent. Subsequently, equal amounts
of heavy and light protein samples were combined to reach a
total volume of 30—60 pL containing 300—-600 ug protein. The
combined protein sample was digested using an filter-aided
sample prep (FASP™) protein digestion kit. After digestion,
the resulting sample was acidified to a pH of 3 and desalted
using a C,¢ solid-phase extraction column. The samples were
then concentrated using a vacuum concentrator at 45°C for
120 minutes, and the peptide mixtures (5 LL) were subjected
to the hybrid linear ion trap (LTQ Orbitrap XL™, Thermo
Fisher Scientific Inc.). Liquid chromatography-tandem mass
spectrometry was performed using a 10 cm long, 75 um (inner
diameter) reversed-phase column packed with 5 um diameter
C,, material having a pore size of 300 A (New Objective
Inc., Woburn, MA, USA) with a gradient mobile phase of
2%—40% acetonitrile in 0.1% formic acid at 200 UL per
minute for 125 minutes. The Orbitrap full mass spectrometry
scanning was performed at a mass (m/z) resolving power of
60,000, with positive polarity in profile mode (M + H"). The
peptide SILAC ratio was calculated using MaxQuant version
1.2.0.13. The SILAC ratio was determined by averaging all
peptide SILAC ratios from peptides identified of the same
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protein. The proteins were identified using Scaffold 4.3.2
(Proteome Software Inc., Portland, OR, USA) and the path-
way was analyzed using ingenuity pathway analysis (IPA)
from QIAGEN Inc. (Redwood City, CA, USA).

Cell cycle analysis using flow cytometry

The effect of treatment with DMXAA on the cell cycle was
determined by flow cytometry as described previously.?
Briefly, A549 cells were treated with DMXAA at concentra-
tions of 0.1, 1, and 10 uM for 24 hours. In separate experi-
ments, A549 cells were treated with 10 uM DMXAA over
a 72-hour period. The cells were suspended, fixed in 70%
ethanol, washed in PBS, and resuspended in 1 mL of PBS
containing 1 mg/mL RNase A and 50 pg/mL propidium
iodide. The cells were incubated in the dark for 30 minutes
at room temperature. Next, the cells were subject to cell cycle
analysis using a flow cytometer (BD LSR II Analyzer; Becton
Dickinson Immunocytometry Systems, San Jose, CA, USA).
The flow cytometer collected 10,000 events for analysis.

Measurement of intracellular reactive
oxygen species (ROS) levels

Intracellular levels of ROS were measured by a fluorom-
eter using CM-H,DCFDA according to the manufacturer’s
instructions. Cell-permeant CM-H,DCFDA passively
diffuses into cells and is retained in the cells after cleav-
age by intracellular esterases. Upon oxidation by ROS,
the nonfluorescent CM-H,DCFDA is converted to highly
fluorescent CM-DCF. Briefly, A549 cells were seeded into
a 96-well plate at a density of 1x10*cells/well. After treat-
ment with DMXAA at 0.1, 1, and 10 uM for 48 hours, the
cells were incubated with CM-H,DCFDA at 5 uM in PBS
for 30 minutes. The fluorescence intensity was detected at
wavelengths of 485 nm (excitation) and 530 nm (emission).
The control cells were treated with vehicle only (0.05%
dimethyl sulfoxide, v/v).

Western blotting analysis

A549 cells were washed with pre-cold PBS after 24-hour
treatment with DMXAA at 0.1, 1, and 10 uM, lysed with
radioimmunoprecipitation (RIPA) buffer containing the
protease inhibitor and phosphatase inhibitor cocktails, and
centrifuged at 3,000 g for 10 minutes at 4°C. Protein con-
centrations were measured using a Pierce bicinchoninic acid
protein assay kit. An equal amount of protein sample (30 [Lg)
was resolved by SDS polyacrylamide gel electrophoresis
(PAGE) sample loading buffer and electrophoresed on 12%
SDS-PAGE minigel after thermal denaturation at 95°C for

5 minutes. The proteins were transferred onto an Immobilon
polyvinylidene difluoride membrane at 400 mA for 1 hour at
4°C. Membranes were blocked with skim milk and probed
with the indicated primary antibody overnight at 4°C and then
blotted with appropriate horseradish peroxidase-conjugated
secondary anti-mouse or anti-rabbit antibody. Visualization
was performed using a ChemiDoc™ XRS system (Bio-Rad,
Hercules, CA, USA) with enhanced chemiluminescence
substrate, and the blots were analyzed using Image Lab 3.0
(Bio-Rad). The protein level was normalized to the matching
densitometric value of the internal control B-actin.

Statistical analysis

The data are presented as the mean + standard deviation (SD).
Comparisons of multiple groups were evaluated by one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparison procedure. Values of P<<0.05 were considered
to be statistically significant. Assays were performed at least
three times independently.

Results
Overview of proteomic response
to DMXAA treatment in A549 cells

To reveal the potential molecular targets of DMXAA in the
treatment of NSCLC, we conducted proteomic experiments
to evaluate the interactome of DMXAA in A549 cells. There
were 588 protein molecules identified as potential molecular
targets of DMXAA in A549 cells, with 281 protein mol-
ecules being upregulated and 306 protein molecules being
downregulated (Table 1). Subsequently, these proteins were
subjected to IPA. The results showed that 256 signaling
pathways and 184 cellular functional proteins were regulated
by DMXAA in A549 cells (Tables 2 and 3). These functional
proteins were involved in a number of important cellular pro-
cesses, including cell proliferation, redox homeostasis, cell
metabolism, cell migration and invasion, cell survival, and
cell death. The signaling pathways included the G, and G,
checkpoint regulation pathways, the phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K)/Akt/mammalian target
of rapamycin (mTOR)signaling pathway, the 5’-AMP-
activated protein kinase (AMPK) signaling pathway, the
nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated
oxidative stress response pathway, the epithelial adherens
junction signaling pathway, regulation of the epithelial-
mesenchymal transition signaling pathway, the nuclear
factor-xB signaling pathway, and the apoptosis signaling
pathway. The IPA results showed that the top ten targeted
signaling pathways were the eukaryotic initiation factor
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Table | The 588 protein molecules regulated by DMXAA  Table | (Continued)
(5,6-dimethylxanthenone 4-acetic acid) in A549 cells

Protein Molecular Normalized

Protein Molecular Normalized ID/symbol weight (kDa) heavyl/light ratio
ID/symbol weight (kDa) heavyl/light ratio ALDR 35.853 0.81844
Q5VXJ5 93.115 0.036825 AKIC2 36.735 0.81875
P3C2G 165.71 0.052938 GRHPR 35.668 0.81892
KICIO0 58.826 0.090984 PON2 37.996 0.82002
K1C9 62.064 0.11756 B7Z254 47.837 0.82473
CBO067 73235 0.14108 FRIL 20019 0.82759
1433F 28218 0.22201 ATP5H 18.491 0.82832
KICI4 51.561 0.33079 B4DNJ5 43.368 0.82967
K2CI 66.038 0.3831 HINTI 13.802 0.83028
E5H2G2 52.909 0.43495 D6RDN3 4.1286 0.83128
K2C6B 60.066 0.4391 S10A4 11.728 0.83154
MANF 20.7 0.52102 CUL4B 102.3 0.83195
F8VVM2 36.161 0.56761 IDHC 46.659 0.83275
APMAP 32.161 0.59766 E9PDQ8 41.438 0.83332
KRT85 55.802 0.59966 F8W914 37.144 0.83563
B4DSI13 64.805 0.60022 ANXA4 35.882 0.83679
F5SH6E3 18.467 0.6288I S38A2 45.178 0.837
E9PEU4 47.204 0.65669 F5H3T8 52.305 0.84001
E9PF80 253 0.65828 CDC37 44.468 0.84082
F5H3I4 34.557 0.66102 A6NKTI 56.36 0.84176
AL3A2 54.847 0.71801 B4EOX8 66.231 0.84218
RABIB 22.171 0.71899 SMRD2 55.238 0.84281
F5GY65 28.494 0.71909 F8WF8I 14.275 0.84585
ISGI5 17.887 0.71998 RRBPI 108.63 0.84762
ACACA 257.24 0.72374 SFPQ 76.149 0.85165
H90B4 58.264 0.72926 B4DRT4 17.326 0.85394
K22E 65.432 0.73358 B4DT43 30.025 0.85426
F5SHOX6 50.435 0.73677 KHDRI 44,027 0.8553
F8VSA6 5.8668 0.73947 E9PPQ5 20.723 0.85913
AKICI 36.788 0.74328 D6RFIO 21.504 0.8613
RLAI 11.514 0.74644 CDC42 21.258 0.86162
B4DKS8 37.255 0.75044 COX4l 19.576 0.86224
TMOD3 39.594 0.75127 EFIA2 50.47 0.86292
BASPI 22,693 0.75558 SCMCI 51.354 0.86294
cox2 25.565 0.77367 C9JIT2 9.4459 0.86457
MARCS 31.554 0.77387 GBGI2 8.0061 0.8649
FBWD96 30 0.77581 E9PKDI 47.431 0.86946
F5GXI | 26.505 0.77779 CYJPVI 12.063 0.86969
K2Cs 53.704 0.78215 BLVRB 22.119 0.86996
KICI8 48.057 0.7824 F5H4L5 32.734 0.87025
FKBIA 11.951 0.78264 K2C7 51.385 0.87164
B4EIK7 33.337 0.7835 FKBP3 25.177 0.87335
Q5TCU6 258.08 0.784 F5HIJI 38.739 0.87421
RL29 17.752 0.78622 ECHI 35.816 0.87427
F8W7P7 72716 0.78997 EFTU 49.541 0.87443
CHM4B 24.95 0.79348 ALIAI 54.861 0.8745
E9PNHI 13.163 0.79972 RAB5C 23.482 0.8745
C9W37 8.8333 0.79997 D6RFH4 14.846 0.87485
CLCClI 39.837 0.80061 HSPBI 22782 0.8751
B4E241 14.203 0.80205 G6PD 59.256 0.87609
E9PH29 25.838 0.80339 RBIIA 24.393 0.87617
NNMT 29.574 0.80458 HCD2 26.923 0.878|
E7ESM6 101.21 0.80816 CALX 67.567 0.87892
RL36 12.254 0.80826 BIAHC7 64.075 0.87955
ETFB 27.843 0.81589 F5H7G7 57.342 0.88015
FS5GWR2 26.63 0.81598 CAZAI 32,922 0.88192
SC61B 9.9743 0.81767 S100P 10.4 0.88323

(Continued) (Continued)
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Table | (Continued)

Table | (Continued)

Protein Molecular Normalized Protein Molecular Normalized
ID/symbol weight (kDa) heavyl/light ratio ID/symbol weight (kDa) heavyl/light ratio
AKIC3 36.853 0.88425 A6NNOI 12.146 0.93348
CALR 48.141 0.88565 B7Z6MI 65.632 0.93372
NOP2 88.972 0.88741 B3KUB4 31.857 0.93524
HMGAI 11.676 0.88955 NUDC 38.242 0.9354
F8Wé6V8 53.116 0.88964 FAS 273.42 0.93581
MIF 12.476 0.89038 F5GWY2 58.615 0.93612
USMG5 6.4575 0.89172 SMD2 13.527 0.93633
PSB2 22.836 0.89303 MDHC 36.426 0.93699
CBRI 30.375 0.8935 B4DIT7 68.648 0.93774
SF3B3 44.605 0.89353 D6RFJ8 47.291 0.9383
PRDX5 17.031 0.89389 E9PRQ6 15.159 0.93879
LRRFI 82.688 0.89483 FISI 16.937 0.93901
B4DQJ8 51.872 0.89714 SAHH 47716 0.93913
CCNK 41.293 0.9026 RLA2 11.665 0.93935
FSCNI 54.529 0.90332 AATM 47.517 0.93946
CS021 75.356 0.90345 INF2 134.62 0.93976
B4E022 62.878 0.90614 ATPA 59.75 0.93996
G3V5P4 16916 0.90639 HNRPG 42.331 0.94001
PDIA4 72.932 0.90743 EIFI 12.732 0.94212
KYNU 52.351 0.90767 C9)PM4 14.553 0.94439
PRS6B 43.507 0.90881 ARFI 20.697 0.94471
D6RF62 37.111 0.90967 FLNB 275.66 0.945
S10A6 10.18 0.91026 NSFIC 28.522 0.94549
F5GYB8 19.471 0.91104 CDV3 22.079 0.94575
B3KUK?2 19.73 091118 E7EWFI 45.498 0.94724
PPIB 23.742 091132 NDKB 30.137 0.94913
D6REM6 88.358 0.91208 BIAH77 16.775 0.95
F2Z3A5 40.127 0.91256 H2AI) 13.936 0.95043
RI3AX 12.134 0.91339 GDIRI 23.207 0.95062
SRSFI 22.46 0.91352 LDHB 36.638 0.95153
GRP78 72.332 0.91353 PAIB3 25.734 0.95246
F272)9 28.85 0.91353 HNRPU 88.979 0.95295
DNJA2 45.745 0.91354 G3V3ll 16.645 0.95297
RSI19 16.06 0.91521 F2Z3F8 29.245 0.95333
RL23A 17.695 0.91665 B4DVU3 88.161 0.95514
B7Z2Vé 37.751 0.91676 HSP74 94.33 0.9556
TMED9 27.277 0.91682 B4DKM5 27.478 0.95717
IMUP 85115 0.91694 SPRE 28.048 0.9575
ENPL 92.468 0917 B4DEM7 57.645 0.95821
LKHA4 57.299 0.91952 F5GX39 13.631 0.95862
SERC 35.188 0.91971 F5GZ27 85.64 0.96103
BIAM77 13.475 0.92027 PRDXI 22.11 0.96121
F5GYG9 76.233 0.92196 PTBPI 57.221 0.96124
D6RF44 12.64 0.92222 F5H667 83.267 0.9617
B4EOR6 109.36 0.9266 C9JLUI 16.996 0.96193
MDHM 35.503 0.92738 B4DR70 44.812 0.96206
RS15 17.04 0.92751 SMDI 13.281 0.9621
AL3AI 50.394 0.92795 E7EUI2 94.863 0.96289
ATPB 56.559 0.92872 E7ETKS 30.611 0.96294
Q5T8U3 21.545 0.93039 B4DXWI 42.003 0.9639
LGUL 19.043 0.93096 RCNI 38.89 0.96394
A8K318 59.177 0.93162 PABPI 61.18 0.96407
CHIO 10.932 0.93233 ANXAI 38.714 0.96409
CYTB 11.139 0.9324 PARK7 19.891 0.96461
C8KIMO 47.267 0.93263 HI2 21.364 0.96469
G3v5Ql 27.125 0.93343 B7Z6A4 14.854 0.96516
RS14 16.273 0.93344 FBVNT9 14.265 0.96517
(Continued) (Continued)
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Table | (Continued) Table | (Continued)
Protein Molecular Normalized Protein Molecular Normalized
ID/symbol weight (kDa) heavyl/light ratio ID/symbol weight (kDa) heavyl/light ratio
E9PKZ0 22.389 0.96545 MOES 67.819 0.99187
F5H1S2 18.845 0.96676 ARP2 4476 0.99233
LRC59 3493 0.96685 RS5 22.876 0.99268
UGDH 55.023 0.96807 RLII 20.124 0.99323
TPIS 26.669 0.96808 F8VRG3 6.4352 0.99333
ROA2 37429 0.96842 C9J220 2227 0.99398
VDACI 30.772 0.96869 C9JB50 7888 0.99449
KPYM 57.936 0.96936 DX39A 49 129 0.9946
ANXAS 35.936 0.96942 FSGYN4 28.05 0.99464
UBE2N 17.138 0.96961 B7Z795 47.709 0.99535
ENOA 47.168 097022 B7Z4T9 54.804 0.99554
SHISTA : é'g(l’i gz;g:; TERA 89.32| 0.99599
PPIA 18012 05708 TCP4 14.395 0.99621
RLI2 17818 0.97093 B4DGN5 46.575 0.99641
F5GZ16 99.271 097167 DBPA 31.947 0.99662
TCPA 60.343 097176 ADT2 32.852 0.99664
B4DRF4 36.43 0.97231 CALM 16.837 0.99736
ILE2 43.062 09728 PGK I 44614 0.99895
PDCD5 14.285 0.97482 ECHM 31.387 0.99951
XPO2 22.67 0.97527 MAREI 29.999 0.99998
RLAO 34.273 0.9763 RS7 22.127 I
B4DZP4 45,004 0.97635 API5 49.496 1.0009
F8WSI0 50.529 0.97677 1433G 28.302 1.0011
B3KQT9 54.102 0.97689 IQGAI 189.25 1.0015
ESRJR5 18.72 0.97695 B4DDF7 64.181 1.0018
CAPI 51.901 0.97716 LETMI 83.353 1.0024
A8K3Z3 44784 0.97817 E7EWI9 34.102 1.0027
B4DURS 55.674 0.9785 D6RAS3 23.383 1.0035
CIvs7 13.025 097853 B4DLR8 22.793 10053
RSI7L 15.55 0.97906 ALOI7 11843 1.0056
F5H8)3 75.177 0.97909 RS3 26,688 | 0064
Eg’HA gz'zz; gz;z:;’ RABIO 22.541 1.0066
HNRDL 27.191 0.97974 KRCCS 82.704 1.0076
B7Z4V2 724 0.98075 UBAI 117.85 1.0076
CKAP4 66.022 0.9808 CHe0 61.054 1.0081
PDIAI 57.116 0.98205 ASNLM8 16.245 1.0083
ATIA2 109.73 0.98343 F8WOA9 40.793 1.0086
TALDO 37.54 0.98454 C9)783 19.969 1.0092
PHB2 33.296 0.98512 ciQsp 31.362 1.0099
NBAS 254.8] 0.9852 D6RAN4 20.874 1.0103
F5GY50 32.895 0.98539 PDCél 96.022 1.0107
RS4X 29.597 0.98585 B4E3C2 17.094 1.0115
B4DPJ8 54.867 0.98615 MAP4 85.251 1.0117
SYEP 170.59 0.98633 GSTPI 23.356 1.0129
HNRPC 27.821 0.98649 RLIOA 24831 1.0129
EFIAI 50.14 0.98718 ACTS 42.051 1.0141
D6RGI3 25.608 0.98723 DHX9 140.96 1.0146
AKIBA 36.019 0.98779 PCBPI 37.497 1.0146
EFIG 50.118 0.98818 F5HIWO0 55.907 1.0147
NAMPT 55.52 0.98886 H33 15.328 1.0156
F8VTY8 41.746 0.98925 RS6 28.68 1.0164
C9JTKé6 12.302 0.9895 G3V279 82033 1.0169
TCPE 59.67 0.98993 D6RBT8 23.862 1.0179
RSI8 17.718 0.99091 PRDX6 25.035 1.0193
FKBP4 51.804 0.99111 CANDI 136.37 1.0201
(Continued) (Continued)
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Table | (Continued) Table | (Continued)
Protein Molecular Normalized Protein Molecular Normalized
ID/symbol weight (kDa) heavyl/light ratio ID/symbol weight (kDa) heavyl/light ratio
TCTP 19.595 1.0203 BTF3 17.699 1.0505
B4DDGI 14.121 1.0204 PGRC2 23818 1.0508
C9JCK5 18.607 1.0216 F8WI18 24.694 1.051
PSB3 22.949 1.022 H32 15.388 1.0514
MAPIB 270.63 1.0222 DYL2 10.35 1.0516
CNI66 28.068 1.0223 E9PECO 32.819 1.0516
ACTN4 104.85 1.0228 ALDOA 39.42 1.0522
E9PQD7 25211 1.0232 EF2 95.337 1.0523
E7EX53 15.722 1.0241 TBAIC 49.895 1.0528
B7ZAT2 52717 1.026 IPYR 32.66 1.054
PAIRB 42.426 1.0261 F8vZJ2 15.016 1.0547
E9PCY7 47.087 1.0262 PRSI0 44.172 1.0559
HNRPK 48.562 1.0268 F8W7K3 282.14 1.0567
B8ZZQ6 11.758 1.0272 H2BIL 13.952 1.0571
ACOC 98.398 1.0274 G3V5B3 19.154 1.058
IFSAI 16.832 1.0284 HSP71 70.051 1.0588
B4E335 39226 1.0286 B2REBS 30.992 1.0591
PCNA 28.768 1.0288 B4DR63 41.167 1.0595
A6NL93 9.5355 10294 RL22 |14.787 10599
FLNA 28001 10304 ACTNI 103.06 1.06
QS5JR95 21.879 1.0308 BAE2S7 39.811 1.0605
C9)9K3 29.505 1.0309 G3V5M3 9.2044 1.0608
E7ETAO 34.028 1.0312 Co)U56 13.336 1061
TBB4B 49.83 1.0315 B7ZINé 35.423 1.0625
COFI 18.502 1.0318 CAN2 79.994 1.0631
cLiCl 26.922 1.0322 FBVWCS 18.091 1.0641
RINI 49973 | 0325 soDC 15.936 1.0644
1433E 29,174 1033 TBAIB 50.151 1.0646
CIJF49 6.6566 1.0331 R316 | 6.445 1.065
RS13 1722 10332 C9)D32 9.6694 1.0658
GUAA 76'7| 5 10333 VINC 116.72 1.0668
AN32B 22276 1.0342 RS25 13.742 1.0671
E9PGIS 20.18 L0342 A4D177 20811 1.0685
CLCA 23662 | 0345 QSHYE7 20.42 1.0694
DYHC| 5304 035 GLRX3 37.432 1.0699
E9PMD7 58.898 035 B4E3E8 71.354 1.0717
1433T 27.764 1.0354 LEGI 14.716 10729
A8K8GO 22.964 1.0736
E9PEN3 29.353 1.0367
TPM4 28.521 1.0744
CLHI 187.89 1.0371
E9PFHS 41 824 L0377 F5H897 74267 1.0744
G3V3T3 21 126 10378 E9PJH8 15.461 1.0749
CDIB 50.663 | 0384 E9PNR9 18.297 1.0749
PALLD 73301 04 F8WI18I 25.892 1.0756
: : AIBP 2043 1.0758
BIALWI 9.4519 1.0404 Hsp7C 70897 076
ASMUD9 24.433 1.0407 : :
CPNS| 28315 1.0764
NDKA 17.149 1.0422
ANXA2 38.604 1.0765
Q2YDB7 16.541 1.0422
1433Z 27.745 1.077
SI0AB 11.74 1.0434
HS90A 84.659 1.0771
QCR2 48.442 1.0437 COIKI3 5928 10779
RS10 18.898 1.0446 HINRPL 64132 L0786
273?"0 ; 2'3: 3 : '8::9 NPM 29.464 1.0788
E7EQR4 65.578 1046 AHNK 629.09 1.079
GBL?D 35,076 | 0464 FBVYX6 48.46 1.0796
: : EFID 31121 1.0797
1433B 27.85 1.0465 GTR2I 107.97 1 0801
F5SHONO 37.406 1.0468 D6RIP3 30302 1 0806
GéPI 63.146 1.0478 PSME| 28.723 1.0815
E7EUGI 71.178 1.0499 Q8NICOo 59.549 1.0838
EFIB 24.763 1.0504 ADT3 32.866 1.0863
H4 11.367 1.0504 B4DY66 19.152 1.087
(Continued) (Continued)
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Table | (Continued) Table | (Continued)
Protein Molecular Normalized Protein Molecular Normalized
ID/symbol weight (kDa) heavyl/light ratio ID/symbol weight (kDa) heavyl/light ratio
PLEC 531.78 1.0874 IF2A 36.112 1.1676
E7EX8I 65.881 1.0877 Q5H907 55.795 1.1682
C9J712 9.7982 1.088 TPMI 32.876 1.1693
F6RFD5 15.397 1.0883 IF6 26.599 1.1727
PSME2 27.401 1.09 SYTC 83.434 1.1736
HS90B 83.263 1.0909 Q75MHI 12.985 1.1814
F5H4Dé 31.451 1.0914 B4DZI8 99.045 1.1821
B4DR31 58.162 1.0921 Q5T4L4 7.3564 1.1834
RSI12 14.515 1.0928 Q5T093 13.439 1.1877
TADBP 27.972 1.0948 H31 15.404 1.1882
B6EATY 37.277 1.0972 Q5VU59 27.174 1.1982
RSI5A 14.839 1.0986 TBB4A 49.585 1.1987
RS20 13.373 1.1055 MYH9 226.53 1.2006
B4E3S0 41.603 1.108 IMA2 57.861 1.2074
RS28 7.8409 1.1109 GLSK 65.459 1.2081
LMNA 74.139 1.1139 Q5T7C4 18.311 1.2156
ROAI 29.386 1.1144 C9JFK9 34.759 1.2186
PGRCI 21.671 1.1155 G3VI53 70.353 1.223
C9JHS6 5.6564 11161 PSA7 20.193 1.2257
Q5TAOI 20.938 1.1186 ESRHS5 26.635 1.2275
TIFIB 79.473 1.1193 1433S 27.774 1.2337
HNRPM 73.62 1.1205 F2Z3D0 8.1111 1.238
RLI9 23.466 1.1208 PSA4 29.483 1.2384
TXNLI 32.251 1.1218 B7Z8D3 14.761 1.2419
RAN 24.423 1.1235 B4E2Z3 55.939 1.2474
F8W7Cé 18.592 1.1241 E9PP21 16.94 1.25
G3XAl4 119.77 1.1248 ROAO0 30.84 1.2609
IF4A1 46.153 1.1252 B4DMT5 33.24 1.2628
VIME 53.651 1.1263 C9KoU8 14.131 1.2706
F5HOT I 59.777 1.1272 UBPI5 112.42 1.2708
C9JFR7 11.333 1.1279 MLI2A 19.794 1.2917
E7EPB3 14.558 1.1287 LASPI 29.717 1.2975
DDX5 69.147 1.1298 A8MUBI 48.328 1.2985
F5H6Q2 13.789 1.1306 APOL2 37.092 1.304
ITBI 87.445 1.1347 HMOXI 32.818 1.3048
B4DP24 29.485 1.135 PSA3 27.647 1.312
TAGL2 22.391 1.1361 TYBIO 5.0256 1.3172
B3KS3I 41.952 1.1361 Q5T4B6 5.1127 1.3249
SPTB2 251.39 1.1366 C91Z41 17.054 1.3258
G3V531 44.06 1.1371 F5H4WO0 44,933 1.331
PYGB 96.695 1.141 LATI 55.01 1.3337
PRP8 273.6 1.1413 PSBI 26.489 1.335
DNJAI 44868 1.1421 B4DPJ6 17.473 1.34
TBB2B 49.953 1.1428 F5HO0C8 34.762 1.3474
HNRPQ 58.735 1.1433 TBB3 50.432 1.3583
B7Z9C4 35.253 1.1444 TBAL3 45517 1.4041
IMBI 97.169 1.1455 DUT 17.748 1.4353
F8WO0G4 16.637 1.1455 F8WCI5 47.819 1.4365
KINH 109.68 1.1465 PLIN3 28.157 1.4972
F8WBES 8.8809 1.1471 F5GWR9 22218 1.499
METK2 43.66 1.1482 C9JL85 5.7044 1.5138
PTRF 33.362 1.1512 E7ERP8 31.801 1.5322
Ké6PP 85.595 1.1514 AAAT 56.598 1.6533
B7Z2S5 60.021 1.1531 RBM3 17.17 1.7162
B2RDM2 36.177 1.1541 B4DPI | 16.476 1.8007
B4DSCO 14.503 1.1554 MYOF 179.55 1.9046
ECHA 82.999 1.1555 SRP14 14.57 1.9407
F8VPF3 14.436 1.1565 PLP2 16.691 NaN
BOV3J0 26.101 1.159 HNF4A 52.784 NaN
F8VR50 9.7261 1.1619 YLPMI 241.64 NaN
B3KTMé 28.044 1.1649 E7EWZ6 1113 NaN
BAF 10.058 1.1652 Q5TCU3 32.814 NaN
(Continued)
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Abbreviations: ARP, actin-related protein; cAMP, cyclic adenosine monophosphate; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; NFAT,

nuclear factor of activated T-cells; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor; WASP, Wiskott-Aldrich syndrome protein.

(elF) 2 signaling pathway, mTOR signaling pathway, elF4
and p70S6K signaling pathway, epithelial adherens junc-
tion signaling pathway, remodeling of epithelial adherens
junctions pathway, Nrf2-mediated oxidative stress response
signaling pathway, RhoA signaling pathway, integrin sig-
naling pathway, Rho-mediated regulation of actin-based
motility signaling pathway, and Fcy receptor-mediated
phagocytosis signaling pathway (Table 2).

DMXAA modulates networked signaling

pathways in A549 cells

As seen in Figures 2 and 3, DMXAA showed an ability to
regulate a number of networked signaling pathways that
have critical roles in the regulation of cellular processes.
IPA classified the top ten networks of signaling pathways
responding to DMXAA in A549 cells (Table 4). These
signaling networks have important roles in pathophysi-
ological functions and the development of many important
diseases. They included gene expression, DNA replication,
recombination and repair, protein synthesis, small molecule
biochemistry, carbohydrate metabolism, lipid metabolism,
energy production, cellular response to therapeutics, con-
nective tissue development and function, cellular assembly
and organization, cellular compromise, cell morphology,
free radical scavenging, cell death and survival, neurological
disease, skeletal and muscular disorders, cardiac damage,
cardiac fibrosis, development and function of cardiovascular
system, and development of cancer.

DMXAA modulates important regulators
involved in cell cycle distribution in
A549 cells

It has been reported that regulation of cell cycle distribution
is an effective approach in the treatment of lung cancer,* and
that vascular-disrupting agents exhibit modulating effects on
cell cycle distribution. However, it has not been fully uncov-
ered the molecular targets and underlying mechanisms of
DMXAA. Therefore, in order to explore the effect and poten-
tial molecular targets of DMXAA on cell cycle distribution
in A549 cells, we treated A549 cells with 10 uM DMXAA
for 24 hours and then subjected samples of the cells to quan-
titative proteomic analysis. The proteomic results showed
that DMXAA had an effect on the regulation of cyclins and
the cell cycle distribution at G /S and G,/M DNA damage
checkpoints in A549 cells with the involvement of a number
of functional proteins, such as PPP2R1A, RPLS, and SKP1
(Table 2). These findings suggest that DMXAA may modulate
cell cycle distribution, contributing to its anticancer effect.
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Figure 3 Proteomic analysis revealed a network of signaling pathways regulated by DMXAA in A549 cells.
Note: The network of signaling pathways was analyzed by ingenuity pathway analysis according to the 588 protein molecules regulated by DMXAA in A549 cells.
Abbreviation: DMXAA, 5,6-dimethylxanthenone 4-acetic acid; mTOR, mammalian target of rapamycin; ILK, integrin-linked kinase; Nrf2, nuclear factor erythroid 2-related

factor 2; elF, eukaryotic initiation factor; S6K, p70Sé kinase.

DMXAA regulates apoptosis
and autophagy in A549 cells

Apoptosis and autophagy are two predominant programmed
cell death pathways.** Manipulating apoptosis and autophagy
has been considered to be a promising strategy in the
treatment of cancer via the regulation of mitochondria-
dependent/-independent pathways.*' 3> As shown in Table 2,
DMXAA regulated the apoptotic signaling pathway, mito-
chondrial function, and death receptor signaling pathway,
involving a number of functional proteins. These included
ACIN1, CYCS, ACTB, AKT2, GSR, PRDX3, SOD2, and
VDAC?2 (Table 2). Further, the mTOR signaling pathway
plays a pivotal role in the regulation of autophagy, and
has been proposed to be a promising target in the treat-
ment of NSCLC.*® Vascular disruption combined with
mTOR inhibition showed an enhanced anticancer effect
when compared with monotherapy.*” As shown in Table 2
and Figure 4, DMXAA showed an ability to modulate the
mTOR signaling pathway in A549 cells. The results showed
that DMXAA decreased the expression of EIF3C, EIF4B,

RHOA, and RPS3A, but increased the expression of AKT2,
EIF3E, EIF3F, PPP2R1A, RPS2, RPS8, RPS26, RPS27, and
RPSA in A549 cells (Table 2), suggesting that modulation
of mTOR signaling may play an important role in the cancer
cell killing effect of DMXAA in A549 cells. Taken together,
the results suggest that the regulatory effects of DMXAA
on apoptosis, mitochondrial function, and mTOR signaling
pathway contribute, at least in part, to the anticancer effect
of this drug in the treatment of NSCLC.

DMXAA regulates redox homeostasis
involving ROS-mediated and Nrf2-
mediated signaling pathways in A549 cells

Induction of ROS plays a critical role in the production of
cytokines, contributing to the cancer cell killing effect of
DMXAA .*® However, the regulatory effect of DMXAA on
ROS generation-related molecules and signaling pathways
is not fully understood. In this study, we observed that
DMXAA regulated several critical signaling pathways related
to ROS generation and redox homeostasis in A549 cells.
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Figure 4 DMXAA modulates mTOR signaling pathway in A549 cells.

Notes: A549 cells were treated with DMXAA 10 M for 24 hours and the protein samples were subject to quantitative proteomic analysis. Red indicates upregulation; green
indicates downregulation; brown indicates predicted activation. The intensity of green and red molecule colors indicates the degree of downregulation and upregulation,
respectively. The solid arrow indicates direct interaction and the dashed arrow indicates indirect interaction.

Abbreviations: DMXAA, 5,6-dimethylxanthenone 4-acetic acid; mTOR, mammalian target of rapamycin; elF, eukaryotic initiation factor; AKT, protein kinase B; PKC,
protein kinase C; TSC, tuberous sclerosis complex; VEGF, vascular endothelial growth factor; HIF, hypoxia-inducible factor; DAG, diacylglycerol; ATG, autophagy-associated
protein; PMA, phorbol myristate acetate; PIP2, phosphatidylinositol 4,5-bisphosphate; IRSI, insulin receptor substrate-|; RTK, receptor tyrosine kinase; LKBI, liver kinase
Bl; REDDI, protein regulated in development and DNA damage response |; PI3K, phosphatidylinositide 3-kinase; 4EBP, eukaryotic translation initiation factor 4E binding

protein I; INSR, insulin receptor; AMPK, AMP-activated protein kinase.

Our quantitative proteomic study showed that treatment
with DMXAA regulated oxidative phosphorylation, Nrf2-
mediated oxidative stress response, and superoxide radical
degradation in A549 cells (Table 2 and Figure 5). A number
of functional proteins were found to be involved in these
pathways, including ACTB, CCT7, GSR, GSTO1, NQOI1,
PTPLADI1, SOD2, STIP1, TXN, and TXNRD1 (Table 2).
Of note, Nrf2-mediated signaling pathways have a critical
role in the maintenance of intracellular redox homeostasis in
response to various stimuli via regulating antioxidant respon-
sive elements.*** The quantitative proteomic data suggest that
modulation of the expression of functional proteins involved
in Nrf2-mediated signaling pathways may contribute to the
anticancer effect of DMXAA in the treatment of NSCLC.
Taken together, our quantitative proteomic study revealed
anumber of important functional proteins and associated sig-
naling pathways that are regulated in A549 cells in response
to treatment with DMXAA. These cellular signaling path-
ways play a pivotal role in the regulation of the cell cycle,
apoptosis, autophagy, and oxidative stress. In our subsequent
validation experiments, we confirmed the effect of DMXAA

on cell cycle distribution, apoptosis, autophagy, and ROS
generation in A549 cells.

Verification of molecular targets
of DMXAA in A549 cells

The quantitative proteomic studies described above showed
that DMXAA can modulate a number of functional protein
molecules and related signaling pathways involved in cell
proliferation, invasion and migration, death, and survival.
In order to verify the quantitative proteomic data further, we
investigated how DMXAA affected cell cycle distribution,
apoptosis, autophagy, and redox homeostasis in A549 cells.

DMXAA induces G, arrest in A549 cells

To validate the effect of DMXAA on cell growth, the cell cycle
distribution was determined in A549 cells using flow cytomet-
ric analysis. As shown in Figure 6, a concentration-dependent
increase in the cell number in G, phase was observed after
incubation of A549 cells with DMXAA at 0.1, 1, and 10 uM
for 24 hours, with a 1.1-fold, 1.1-fold, and 1.4-fold increase in
the number of cells arrested in G, phase, respectively, compared

Drug Design, Development and Therapy 2015:9

submit your manuscript

961

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Pan et al Dove

Inflammatory cytokines

Ultraviolet radiation
Prostagiandins

Drugs
lonizing radiation

Xenobiotics
Antioxidants/oxidants Growth factors
Chemopreventive agents Low-density lipoproteins
Bacterial and viral infection
Oxidative stress;
Heavy metals
Extracellular space
Cytoplasm
Drug
etabolis
ROS
= generatior
A
o\
)
v I 38 B
v? vvw IAPK w
UL LA
Nucleus

A

@

@
e
o)

Phase Il
detoxifying proteins

Ubiquitination and
proteasomal degradation 1.127.
PTPLAD1

—1.0
(cors

—1.004.

<GLPE>

«

ferm\

Chaperone and
stress response proteins

Transport of xenobiotics
and metabolites

Antioxidant proteins

Reduction of oxidative
damage

Phasé | and Il
metabolizing enzymes

Detoxification of xenobiotics Reactive metabolites

metabolism of xenobiotics

Figure 5 DMXAA regulates Nrf2-mediated signaling pathways in A549 cells.
Notes: A549 cells were treated with DMXAA 10 uM for 24 hours and the protein samples were subjected to quantitative proteomic analysis. Red indicates upregulation
and green indicates downregulation. The intensity of green and red molecule colors indicates the degree of downregulation and upregulation, respectively. The solid arrow

indicates direct interaction and the dashed arrow indicates indirect interaction.
Abbreviation: DMXAA, 5,6-dimethylxanthenone 4-acetic acid; ER, endoplasmic reticulum; ROS, reactive oxygen species; Nrf2, nuclear factor erythroid 2-related factor 2; SOD,

superoxide dismutase; HO-1, heme oxygenase |; GST, glutathione S-transferase; UGT, uridine 5-diphospho-glucuronosyltransferase; CCT7, chaperonin containing TCPI, subunit
7; CAT, catalase; FMO, flavin-containing monooxygenase; MRP, multi-drug resistance associated protein; PSM, proteasome; VCP, valosin containing protein; UBB, ubiquitin B; HIP2,
huntingtin interacting protein 2; TXN, thioredoxin; FTL, ferritin, light polypeptide; ATF4, activating transcription factor 4, BACHI, BTB and CNC homology I, basic leucine zipper
transcription factor |; ERK, extracellular signal-regulated kinase; HSP, heat shock protein; PMF-1, polyamine-modulated factor |I; NRPB, nuclear restricted protein, BTB domain-like;
MAF, v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog; CYP, cytochrome P450; KEAPI, Kelch-like ECH-associated protein |; MEK2, MAP kinase kinase 2; ASK1,
apoptosis signal regulating kinase |; TAKI, testicular receptor 4; GSK3, glycogen synthase kinase 3; JNK, c-Jun N-terminal kinase |; CUL3, cullin 3; MEKK, MAP kinase kinase kinase.
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Figure 6 DMXAA induces G, phase arrest in A549 cells.

Notes: Cell cycle distribution of A549 cells when treated with DMXAA 0.1, |, or 0 uM for 24 hours. (A) Representative DNA fluorescence histograms showing the effect
of DMXAA on cell cycle distribution of A549 cells and (B) bar graphs showing the percentage of A549 cells in G, S, and G, phases. Data are shown as the mean + SD of
three independent experiments. ¥**P<<0.01 and ***P<<0.001 by one-way analysis of variance.

Abbreviation: DMXAA, 5,6-dimethylxanthenone 4-acetic acid.

with control cells treated with vehicle only (P<<0.001 by one-
way ANOVA, Figure 6A and B). In contrast, there was a marked
decrease in the number of cells in S and G,/M phases in A549
cells treated with DMXAA at 0.1, 1, and 10 uM for 24 hours
(P<<0.01 or P<<0.001 by one-way ANOVA, Figure 6A and B).
Taken together, the results show that DMXAA can regulate the
cell cycle distribution, contributing to its anticancer effect in
A549 cells. Moreover, the inducing effect of DMXAA on cell
cycle arrest further verifies the regulatory action of DMXAA on
G, and G, checkpoints as determined by our proteomic study.

DMXAA induces apoptosis and
autophagy in A549 cells

As stated in our proteomic results, treatment with DMXAA
induced apoptotic and autophagic responses in A549 cells

involving several important signaling pathways. In the
mitochondria/cytochrome c-mediated apoptotic pathway,
release of cytochrome c from the mitochondria to the
cytosol and resultant activation of the caspase cascade
are key steps in the apoptosis process.**? Beclin 1 and
LC3-I/II are two important markers in the initiation and
progression of autophagy and are critical for formation
of autophagosomes.** During the autophagy process,
LC3/Atg8 is cleaved at its C-terminus by Atg4 to gener-
ate cytosolic LC3-1.4 LC3-I is subsequently conjugated to
phosphatidylethanolamine, then proteolytically cleaved and
lipidated by Atg3 and Atg7 to form LC3-II, which attaches
to the membrane of the autophagosome.

To verify the proteomic response to DMXAA with
regard to cell death, we performed Western blotting assays to
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Figure 7 DMXAA increases the cytosolic level of cytochrome ¢ and activation of caspase 3, and promotes expression of beclin I, LC3-I, and LC3-Il in A549 cells.

Notes: A549 cells were treated with DMXAA 0.1, |, or 10 uM for 24 hours and protein samples were subjected to Western blotting assay. (A) Representative blots of
cytosolic cytochrome c, cleaved caspase 3, beclin I, LC3-l, and LC3-Il in A549 cells and (B) bar graphs showing the relative levels of cytosolic cytochrome c, cleaved caspase 3,
beclin I, LC3-l, and LC3-Il in A549 cells. Data are shown as the mean * SD of three independent experiments. *P<<0.05 and **P<<0.01 by one-way analysis of variance.
Abbreviations: DMXAA, 5,6-dimethylxanthenone 4-acetic acid; LC3, microtubule-associated protein | A/1B-light chain 3.

examine the expression of cytochrome c, caspase 3, beclin 1,
and LC3-I/I1 in A549 cells treated with DMXAA. Incubation
of A549 cells with DMXAA at 0.1, 1, and 10 uM mark-
edly increased the cytosolic level of cytochrome c by 1.2-,
1.6-, and 1.6-fold, respectively, compared with the control
cells (P<<0.05 or P<<0.01 by one-way ANOVA, Figure 7A
and B). Cleaved caspase 3 was increased by DMXAA in
A549 cells in a concentration-dependent manner. Incuba-
tion of A549 cells with DMXAA at 0.1, 1, and 10 uM
significantly increased the level of cleaved caspase 3 by 1.3-,
1.4-, and 2.0-fold, respectively, compared with control cells
(P<0.05 by one-way ANOVA, Figure 7A and B). These
results indicate that DMXAA induces a marked increase in the
cytosolic level of cytochrome ¢ and activation of caspase 3,
eventually leading to apoptotic death in A549 cells.

We further examined the effect of DMXAA on beclin 1
and LC3-I/I1 expression levels. Treatment of A549 cells with
DMXAA for 24 hours significantly increased the expression of
beclin 1. There wasa 1.5-,2.1-, and 1.9-fold increase in beclin 1
in A549 cells treated with DMXAA 0.1, 1, and 10 uM,
respectively, for 24 hours (P<<0.05 by one-way ANOVA,
Figure 7A and B). Upon activation of LC3-I/II, our West-
ern blotting analysis revealed two clear bands of LC3-I
and II in A549 cells after 24 hour treatment with DMXAA
(Figure 7A). Incubation of DMXAA at 0.1, 1, and 10 uM
markedly increased the expression of LC3-1and LC3-II (Fig-
ure 7A and B). In comparison with the control cells, there was
a 1.6-,1.9-, and 1.6-fold increase in the level of LC3-1, and a
2.1-,3.3-, and 2.9-fold increase in the level of LC3-II in A549
cells treated with DMXAA 0.1, 1, and 10 uM, respectively,
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Figure 8 DMXAA induces intracellular ROS generation in A549 cells.

Notes: Intracellular ROS level in A549 cells treated with DMXAA 0.1, I, or 10 uM
for 48 hours. Data are shown as the mean + SD of three independent experiments.
##*Pp<0.01 by one-way analysis of variance.

Abbreviation: DMXAA, 5,6-dimethylxanthenone 4-acetic acid; ROS, reactive
oxygen species.

for 24 hours. In addition, the ratio of LC3-II to LC3-1 was
markedly increased by 1.3-, 1.8-, and 1.8-fold in A549 cells
treated with DMXAA 0.1, 1, and 5 uM, respectively (P<<0.05
or P<<0.01 by one-way ANOVA, Figure 7A and B). Taken
together, the proteomic and Western blotting results show
that DMXAA induces apoptosis and autophagy in A549
cells, contributing to the anticancer effects of DMXAA in
the treatment of NSCLC.

DMXAA induces generation
of intracellular ROS in A549 cells

As shown in the proteomic results, treatment with DMXAA
can regulate intracellular redox homeostasis in A549
cells, which may contribute to the apoptosis-inducing and
autophagy-inducing effects of DMXAA. Thus, we deter-
mined the effect of DMXAA on intracellular ROS levels in
A549 cells. The intracellular levels of ROS were increased
1.1-, 1.1-, and 1.3-fold in a concentration-dependent manner
when A549 cells were treated with DMXAA 0.1, 1, and 10
UM for 48 hours (P<<0.001 by one-way ANOVA, Figure
8). The ROS-inducing effect of DMXAA further confirms
its regulatory effect on intracellular redox homeostasis in
A549 cells.

Discussion

NSCLC remains a devastating cancer, with the highest inci-
dence and mortality rate, and treatment of the disease remains
a major challenge due to the poor efficacy and severe side
effects of both standard and new chemotherapeutic agents.
There is an increasing interest in new agents and therapies
for the treatment of lung cancer. DMXAA, a flavonoid tumor

vascular-disrupting agent, has been found to have anticancer
activity in vitro and in vivo in the treatment of NSCLC
when used alone or in combination. It targets the established
tumor blood vessels and inhibits tumor blood flow, result-
ing in necrosis of solid tumors. It has also been reported
that DMXAA can regulate multiple signaling pathways
involved in cell cycle progression, apoptosis, autophagy,
and ROS generation.!*! However, the global potential
molecular targets and the possible mechanisms involved are
not fully identified as yet. In the present study, we showed a
comprehensive network of signaling pathways responding to
treatment with DMXAA in A549 cells using a quantitative
SILAC-based proteomic approach. The network of signaling
pathways was mainly involved in cell cycle distribution, cell
invasion and migration, redox homeostasis, and cell death.
We verified that DMXAA arrested A549 cells in G, phase,
promoted apoptosis, induced marked autophagy, and trig-
gered ROS generation.

The SILAC-based proteomic approach can quantitatively
and comprehensively evaluate the effect of a given compound
and identify its potential molecular targets and related signal-
ing pathways.>** Previous studies have used this approach
in A549 cells and tried to explore the potential molecular
targets and possible mechanism for NSCLC therapy.*> %
In our study, we used a quantitative SILAC-based proteomic
approach to evaluate the responses of A549 cells to treatment
with DMXAA. This approach showed that DMXAA regu-
lates a number of functional proteins and molecular signal-
ing pathways involved in cell cycle progression, apoptosis,
autophagy, and redox homeostasis in A549 cells, such as
PPP2R1A, RPLS5, SKP1, ACIN1, CYCS, ACTB, AKT2,
GSR, PRDX3, SOD2, VDAC2, EIF3C, EIF4B, RHOA,
RPS3A, AKT2, EIF3E, EIF3F, PPP2R1A, RPS2, RPS8,
RPS26,RPS27,RPSA, ACTB, CCT7, GSR, GSTO1,NQOl,
PTPLADI, STIP1, TXN, and TXNRDI. The proteomic
results suggest that DMXAA may target these molecules
to elicit its anticancer effects in the treatment of NSCLC.
Notably, we went on to validate the proteomic responses to
DMXAA in A549 cells.

We found that DMXAA arrested A549 cells in G, phase
in a concentration-dependent manner, and speculated that
the possible mechanism of DMXAA with regard to G, arrest
in A549 cells might involve a number of key regulators,
including p21 Wafl1/Cipl, p53, cyclins and cyclin-dependent
kinases. p21 is a cyclin-dependent kinase inhibitor regulated
by p53, and can bind to the Cdc2-cyclin B1 complex, thereby
inducing cell cycle arrest.® Further, cell cycle progression is
tightly regulated by cyclins and cyclin-dependent kinases.%
Cyclins have no catalytic activity and are inactive in the
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absence of a partner cyclin. The complex formed by the asso-
ciation of Cdc2 and cyclin B1 plays a major role in the entry
of cells into mitosis. Phosphorylation of Cdc2 at Thrl61
by cyclin-dependent kinase—activating kinases is essential
for the activity of Cdc2 kinase. Phosphorylation of Cdc2 at
Thr14 and Tyrl5 is catalyzed by Weel and Mytl protein
kinases, resulting in inhibition of Cdc2.” During G,/M
transition, Cdc2 is rapidly converted into the active form by
dephosphorylation of Tyr14 and Tyrl5, catalyzed by Cdc25
phosphatase. Thus, taking the proteomic and flow cytometric
results into consideration, DMXAA-induced cell cycle arrest
may occur via regulation of key modulators controlling the
G, and G, checkpoints in A549 cells.

The present proteomic study also shows that DMXAA
regulated mitochondrial function and cell death. Mitochon-
drial disruption and subsequent release of cytochrome c
initiates the process of apoptosis, with the latter being ini-
tiated by proapoptotic members of the Bcl-2 family but
antagonized by antiapoptotic members of this family.56¢”
Antiapoptotic members of Bcl-2 can be inhibited by post-
translational modification and/or by increased expression
of PUMA, which is an essential regulator of p5S3-mediated
cell apoptosis.®® In addition, cytochrome c released from the
mitochondria can activate caspase 9, which then activates
caspase 3 and caspase 7.% In our study, we observed that the
cytosolic level of cytochrome ¢ was significantly increased
and that caspase 3 was markedly activated after treatment
with DMXAA. The activated caspase 3 ultimately induced
apoptosis, with a decrease in the Bcl-2 level.

Further, the proteomic results show that DMXAA has a
modulating effect on the mTOR signaling pathway. Under
optimal growth conditions, activated mTORC]1 inhibits
autophagy by direct phosphorylation of Atgl3 and ULK1
at Ser757.77 This phosphorylation inhibits ULK1 kinase
activity and subsequent autophagosome formation. When
the kinase activity of mTORCI is suppressed, the autophagic
machinery is initiated. In the present study, DMXAA induced
autophagy in A549 cells as indicated by the increased expres-
sion of beclin 1 and the ratio of LC3-II over LC3-I. The
amount of LC3-II or the ratio between LC3-II and LC3-I
correlates well with the number of autophagosomes. Taken
together, the autophagy-inducing effect of DMXAA may
contribute to its anticancer activity via regulation of the
mTOR signaling pathway.

In addition, our proteomic study showed that DMXAA
regulates the Nrf2-mediated signaling pathway, which con-
trols the basal and induced expression of a wide array of
antioxidant response element-dependent genes to regulate

the physiological and pathophysiological outcomes of
exposure to oxidants.**’>™ We found a significant induc-
ing effect of DMXAA on ROS generation in A549 cells.
However, the mechanism of how DMXAA induces ROS
generation is unclear. Nrf2 is a nuclear transcription factor
that plays a pivotal role in regulation of oxidative stress
by modulating the transcription of antioxidant response
elements.* It indicates that DMXAA may induce oxida-
tive stress via the Nrf2-mediated signaling pathway. Our
results suggest that ROS may have an important role in
DMXAA-induced apoptosis and autophagy in A549 cells.
However, further studies are needed to elucidate how
DMXAA induces generation of ROS and modulates redox
homeostasis.

In summary, the quantitative SILAC-based proteomic
approach used in this study showed that DMXAA inhibited
cell proliferation, predominantly activated the mitochondria-
dependent apoptotic pathway and induced autophagy, and
increased intracellular levels of ROS in human A549 cells
involving a number of key functional proteins and related
molecular signaling pathways. This study may provide a
clue enabling full identification of the molecular targets and
elucidate the underlying mechanisms of DMXAA in the
treatment of NSCLC, resulting in an improved therapeutic
effect and fewer side effects in the clinical setting.
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