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DAMTC (7,8-diacetoxy-4-methylcoumarin) is a thioderivative of 4-methyl coumarin, and previously we have shown that DAMTC is
a potent inhibitor of cell growth and an inducer of apoptosis in non-small cell lung cancer (A549) cells. It induces apoptosis
through mitochondrial pathway by modulating NF-jB, mitogen-activated protein kinase (MAPK) and p53 pathways. Herein, we
explored the genome-wide effects of DAMTC in A549 cells using the concerted approach of transcriptomics and proteomics. In
addition to apoptotic pathways, which have been validated earlier, the bioinformatic analysis of microarray data identified small
GTPase-mediated signal transduction among the significantly altered biological processes. Interestingly, we observed
significant downregulation of some members of the Rho family GTPases in the proteomics data too. Downregulation of Rho
GTPases (RhoGDIa (Rho GDP dissociation inhibitor-a, also known as ARHGDIA), Ras homolog family member A, Ras-related C3
botulinum toxin substrate 1 and cell division cycle 42) was validated by western blotting. The Rho protein family is implicated in
maintaining the actin filament assembly and cell motility, and we also observed that DAMTC treatment causes actin cytoskeletal
reorganization, promotes filopodia formation and inhibits cell motility in A549 cells. The effect of DAMTC treatment on
cytoskeleton was reversed after the overexpression of RhoGDIa. In addition, DAMTC augmented the apoptotic effect of
etoposide, a proapoptotic chemotherapeutic drug. This elucidation of the mechanism behind DAMTC-induced apoptosis and
inhibition of cell motility in A549 cells may make it a potential therapeutic for lung cancer.
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Lung cancer is the second leading cause of cancer deaths
worldwide. Among lung cancers, non-small cell lung cancer
accounts for 80% of total lung cancer cases.1–3 Although,
there has been a significant improvement in the early
diagnosis and treatment of non-small cell lung cancer
(NSCLC), its 5-year survival rate remains a paltry 10–
20%.4–6 At present, there is increasing interest in finding
natural products that can target multiple cellular pathways and
generally be non-toxic to the normal cells.

Coumarins are polyphenolic compounds, which have been
shown to possess various biological activities. Studies from
our own laboratory have shown that DAMTC (7,8-diacetoxy-
4-methylcoumarin) is a potent inhibitor of cell growth and an
inducer of apoptotic cell death. Our previous results also
suggested that the inhibition of MAPK signaling pathway and
the activation of NF-kB and p53 pathway may participate in
the anti-proliferative activity of DAMTC in NSCLC (A549)
cells.7 However, the detailed molecular mechanism(s) by
which DAMTC inhibits cell growth and induces apoptosis is
still unknown. Hence, the present study was undertaken to

identify the comprehensive effects of DAMTC treatment in
NSCLC (A549) cells.

Although transcriptional profiling of control and treated
samples using oligonucleotide microarray allows the simul-
taneous analysis of the expression of thousands of genes in
a high-throughput setting,8–9 proteomic profiling using two-
dimensional gel electrophoresis allows identification of
differentially expressed proteins in large sets of complex
protein mixtures.10 Using both transcriptome- and proteome-
based approaches, we have shown that in addition to
inducing apoptosis, DAMTC causes actin cytoskeletal
reorganization, promotes filopodia formation and inhibits cell
motility in A549 cells. The Rho family GTPases (RhoGDIa
(Rho GDP dissociation inhibitor-a, also known as ARHG-
DIA), RhoA (Ras homolog family member A), Rac1 (Ras-
related C3 botulinum toxin substrate 1) and Cdc42 (cell
division cycle 42)) has been implicated as mediators of actin
rearrangements. The molecular effectors of signaling path-
ways leading to filopodia formation are yet to be completely
defined.
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Results

Genome-wide expression profiling of A549 cells after
DAMTC treatment. The changes in gene expression profile
after DAMTC treatment in NSCLC (A549) cells were
determined by a microarray experiment using Illumina
human WG-6 v.3.0 beadchip (Illumina Inc., San Diego, CA,
USA). The analysis of microarray data using Bead Studio
software identified that DAMTC treatment in NSCLC (A549)
cells differentially regulate 650 genes (Pr0.05). Among
the differentially expressed genes, 497 were found to be
upregulated and 153 genes were found to be downregulated.
A scatter plot between the average signal of differentially

expressed genes in vehicle-treated control samples and
DAMTC-treated samples shows that most of the differentially
expressed genes are more than two-fold upregulated or
downregulated (Figure 1a). The list of differentially
expressed genes along with their respective fold changes
is given in Supplementary Table 1.

Functional analysis of the transcriptomics data. We next
carried out the functional analysis of the differentially
expressed genes using Ingenuity Pathway Analysis (IPA)
tool (IPA version 7.5; IPA Tool; Ingenuity Systems, Redwood
City, CA, USA; http://www.ingenuity.com). Out of 650
differentially expressed genes, 553 genes mapped to the

Figure 1 (a) Scatter plot of average signal of differentially expressed genes in microarray experiment. The y axis represents average signal of differentially expressed
genes in NSCLC (A549) cells treated with 160mg/ml of DAMTC; the x axis represents average signal of these differentially expressed genes in vehicle-treated NSCLC (A549)
control cells. (b) The list of top five networks along with their respective score obtained from the IPA analysis. (c) Real-time PCR analysis of selected genes. The y axis
represents log2-fold change in relative expression level of genes in DAMTC-treated NSCLC (A549) cells compared with vehicle-treated NSCLC (A549) cells. Cells were
treated with 160mg/ml DAMTC and the expression levels of genes were measured using gene-specific primers given in Supplementary Table 3 by real-time PCR. Expression
level of 18s rRNA was taken as internal control for normalization of real-time PCR data. Experiment was performed in triplicate for each gene, and the error bar represents s.d.
*Po0.05 compared with vehicle-treated control cells, and **Po0.001 compared with vehicle-treated control cells. (d) Bar diagram showing the distribution of differentially
expressed genes in DAMTC-treated NSCLC (A549) cells into different GO classes. The list of differentially expressed genes was uploaded into the GeneCodis software, and
the list of significant biological processes enriched was generated. The y axis represents the significantly enriched biological processes. The x axis represents number of genes
in each biological process. (e) Bar diagram showing the distribution of differentially expressed genes in DAMTC-treated NSCLC (A549) cells into KEGG pathways obtained
after the analysis of differentially expressed genes by GeneCodis software. The x axis represents the number of genes in each enriched KEGG pathway and y axis represents
significantly enriched pathways
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IPA database. Forty networks were found to be highly
significant, out which 29 had a score 410 in NSCLC (A549)
cells (Supplementary Table 2). The score is the probability
that a collection of genes equal to or greater than the number
in a network could be achieved by chance alone. A score of 3
indicates a 1/1000 chance that the focus genes are in a
network not due to random chance. Therefore, a score of 3 or
higher has a 99.9% confidence level of not being generated
by random chance alone. This score is the cut-off value for
identifying gene networks.

The top five networks identified in the IPA analysis were
associated with RNA damage and repair, gene expression, cell
cycle, cell morphology, and cancer and metabolic disease
having a score of 47, 43, 34, 32 and 30, respectively
(Figure 1b). These top networks (Supplementary Figure 1)
converged on NF-kB, p38MAPK, ERK and AKT (V-akt murine
thymoma viral oncogene homolog 1, AKT1), which strength-
ened our previous findings where we had reported the effect of
DAMTC on these genes.7 We validated some genes from
these networks and some proapoptotic genes identified in the
microarray by real-time PCR. The expression of BCL10 (B-cell
CLL/lymphoma 10), BCL2L11 (BCL-2 like 11, also known as
BIM), BNIP3 (BCL2/adenovirus E1B 19 kDa interacting protein
3), GADD45A (growth arrest and DNA-damage-inducible-a),
TNFSF13B (tumor necrosis factor (ligand) superfamily, mem-
ber 13b), CDK7 (cyclin-dependent kinase 7), FOSL1 (FOS-like
antigen 1) and TOLLIP (Toll-interacting protein) increased by
1.1, 2.9, 5.1, 2.2, 2.65, 1.69, 1.5 and 1.24 log2-fold,
respectively, in NSCLC (A549) cells after DAMTC treatment
as compared with vehicle-treated cells (Pr0.05). Expression
ofRBCK1 (RanBP-type and C3HC4-type zinc finger containing
1), PLK2 (polo-like kinase 2), EDN1 (endothelin 1), MAP3K8
(MAPK kinase kinase 8), NUAK2 (SNF1-like kinase, 2) and
TRIB3 (tribbles homolog 3) were reduced by 0.99, 2.3, 2.47,
2.61, 2.64 and 3.84 log2-fold, respectively (Pr0.05), in
DAMTC-treated NSCLC (A549) compared with vehicle-treated
cells (Figure 1c). A good correlation was observed between the
microarray and the real-time data.

Simultaneously, we also conducted functional classification
of differentially expressed genes on the basis of Gene Ontology
(GO) terms using a web-based program GeneCodis. This
program looks for the enrichment of genes from a particular
class in the GO database of NCBI in comparison with the NCBI
genes as the reference list. The data was analyzed for
biological processes and for KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathways. We found that the biological
processes showing significant enrichment after the DAMTC
treatment in NSCLC (A549) cells were transcription (66 genes),
regulation of transcription (74 genes), cell cycle (19 genes) and
apoptosis (18 genes; Figure 1d). Apart from these, another
biological process that showed a significant enrichment was
small GTPase-mediated signal transduction. We next checked
whether the differentially expressed genes fall into some
predefined pathways. Figure 1e depicts the bar diagram
representing the enriched KEGG pathways in NSCLC (A549)
cells after DAMTC treatment with aPr0.05. The pathways that
were highly enriched in KEGG database were as follows:
MAPK signaling pathway (11 genes), glycolysis pathway (6
genes), Wnt signaling pathway (8 genes) and p53 signaling
pathway (5 genes).

It is well known that the transcriptome profiling were
performed only for catalog transcripts at the cells’ disposal
for mounting a response to changing growth conditions. Most
intracellular and intercellular biochemical processes are
affected by protein–protein or other protein–substrate inter-
actions;11 hence, we next performed proteome profiling
following DAMTC treatment in NSCLC (A549) cells.

Identification of differentially expressed proteins by two-
dimensional DIGE. Decyder analysis of the analytical gels
showed that the maximum number of detected spots in the
master gel were around 2000. Statistical analysis was done
using Student’s t-test, and proteins of interests were
manually confirmed to be significantly regulated using the
3D simulation of protein spot intensity. Fifty-six proteins were
considered to be differentially expressed in DAMTC-treated
NSCLC (A549) cells in comparison with vehicle-treated
NSCLC (A549) cells. A representative difference gel electro-
phoresis (DIGE) image showing a large number of spots
labeled with Cy2, Cy3 and Cy5 is presented in Figure 2a. The
gel showing differentially expressed spots in A549 cells is
given in Figure 2b. A preparatory gel containing an unlabeled
protein was run and the spots were matched with the master
gel. Among the 56 differentially expressed spots, 32 matched
with the preparatory gel. The matched spots were excised
from the gel and they were taken for mass spectrometric
analysis. We were able to identify 24 spots corresponding to
20 unique proteins. The molecular weight and isoelectric
point of the identified proteins were also matched with their
corresponding positions in the gel and were found to be well
correlated. The 3D view of all the identified proteins is
presented in Figure 2c.

Functional analysis of the proteomics data. Among the
altered proteins, we found several metabolic enzymes, heat-
shock proteins, cytokeratins, RhoGDIa, DJ-1 (also known as
PARK7, Parkinson protein 7) and 14-3-3 epsilon (also known
as YWHAE, tyrosine 3-monooxygenase/tryptophan 5-mono-
oxygenase activation protein, epsilon). The list of all the
identified proteins along with their P-values and the average
ratio is given in Figure 3a. The differentially expressed
proteins were analyzed using the GeneCodis software, which
grouped these proteins into predefined biological processes
and the KEGG pathways. As shown in Figure 3b, the enriched
biological processes were apoptosis, regulation of apoptosis
and small GTPase-mediated signal transduction. The
enriched KEGG pathways included MAPK signaling pathway
and glycolysis pathway (Figure 3c). Interestingly, the same
GO categories and pathways were found to be enriched in the
transcriptome analysis, suggesting their importance in the
DAMTC-induced changes in NSCLC (A549) cells.

There is enough literature, which shows that members of
the Rho family of small GTPases proteins are involved in cell
cytoskeleton organization, migration, transcription and pro-
liferation through their interaction with multiple target pro-
teins.12 IPA analysis of the transcriptomics data found several
genes, which are structural constituents of the cytoskeleton,
and some of them are also regulated by Rho-GTPases (e.g.,
TUBB, TUBB2A, TUBB3, TUBB2C, KLHL21, KLH18, LNX2,
DCTN5, CSRP2, FNBP1, SH3GLB1, KATNA1, MAPRE2,
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ABLIM3, SDC4 and HK2; Supplementary Table 2). As both
the bioinformatic analysis (which predicts important altered
pathways) and the proteomics data (the final outcome)
showed involvement of small GTPases, we selected them
for further validation.

Validation of the proteomics data using real-time PCR
and western blot analysis. As shown in Figure 4a,
transcript levels of DJ-1, 14-3-3 epsilon and RhoGDIa
decreased by 1.57- ,1.33- and 1.25-fold, respectively, in
DAMTC-treated cells as compared with vehicle-treated
NSCLC (A549) cells (Pr0.05). In accordance with our
proteomics data, the protein levels of 14-3-3 epsilon,
RhoGDIa and DJ-1 decreased by 1.23- ,1.53- and 1.68-fold,
respectively, in DAMTC-treated NSCLC (A549) cells as
compared with vehicle-treated control cells (Figures 4b and
c). We also performed western blot analysis for Rac1, RhoA
and Cdc42 (the substrates for RhoGDIa), and observed 1.87-,
1.75- and 1.62-fold decrease in Rac1, RhoA and Cdc42 as
compared with vehicle-treated NSCLC (A549) cells, respec-
tively (Pr0.05; Figure 4b and c).

DAMTC induces changes in the cytoskeleton and
migration ability of (NSCLC) A549 cells. Small GTPases
of the Rho-GTPase family (RhoA, Rac1, Cdc42) are known
to act directly on the cytoskeleton and are responsible for the
development of membrane ruffles, stress fibers, lamellipodia

and filopodia. As we observed downregulation of RhoGDIa,
Cdc42, Rac1 and RhoA, we sought to see if there were any
changes in the cytoskeleton after DAMTC treatment. For this,
the cells were stained for Arp2 (actin-related protein 2)/Arp3
(actin-related protein 3)/Vasp (vasodilator-stimulated phospho-
protein)/Mena (ENAH, enabled homolog; markers for filopodia
and lamellipodia) and phalloidin. Vehicle-treated cells had
characteristic actin stress fibers throughout the cytoplasm,
whereas in DAMTC-treated cells there seemed to be clear
qualitative differences in the intracellular distribution of these
actin filaments. The stress fibers had changed into an
unorganized pattern inside the cytosol, and cells possessed
filopodia-like structures extending from the membrane, which
were absent in the vehicle-treated NSCLC (A549) cells
(Figure 5). Similar filopodia-like structures were also observed
in the DAMTC-treated NCI-H460 cells (Supplementary
Figure 2). We also observed that Arp2, Arp3 and Vasp localize
along the length of the filopodia-like structures after DAMTC
treatment in NSCLC (A549) cells; however, no significant
changes were observed in the localization of Mena before and
after DAMTC treatment (Figure 5). Furthermore, to check
whether these effects of DAMTC were due to reduced
expression of RhoGDIa, we overexpressed RhoGDIa using a
cDNA clone (Figure 6a) and observed the reversal of the effects
of DAMTC treatment on cytoskeleton in NSCLC (A549) cells
(Figure 6b). This reversal was not observed after overexpres-
sion of DJ-1 (another differentially expressed protein).

Figure 2 Two-dimensional (2D) DIGE analysis of vehicle-treated control cells and DAMTC-treated NSCLC (A549) cells. (a) Representative 2D-DIGE image containing the
Cy2, Cy3 and Cy5-labeled vehicle-treated control cells and DAMTC-treated protein lysates. (b) Master gel showing the differentially expressed spots between vehicle-treated
control cells and DAMTC-treated NSCLC (A549) cells. The number in boxes represents the master spot number. (c) 3D view of all the differentially expressed proteins
identified by 2D-DIGE analysis of NSCLC (A549) cells treated with DAMTC
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RhoGTPases not only function as cytoskeletal regulators
but also regulates cellular motility;12,13 hence, we next
performed wound-healing assay in a dose-dependent man-
ner. As expected, the migration of NSCLC (A549) cells was
considerably reduced after DAMTC treatment (Figure 7a). In
the vehicle-treated cells, the wound area was fully healed after
96 h, whereas in the DAMTC-treated cells the rate of cell
migration decreased considerably and the filling of the wound
area was dose dependent, thereby indicating that DAMTC
treatment severely alters the migration ability of the cells. The
quantitative values of the wound size as determined by the
Wimasis online software are graphically depicted in Figure 7b.
This experiment was also performed in NCI-H460 cells with
similar results (Supplementary Figure 3).

DAMTC augments the apoptotic effect of etoposide, a
proapoptotic chemotherapeutic drug in (NSCLC) A549
cells. The literature suggests that downregulation of RhoG-
DIa and DJ-1 enhances the sensitivity to other chemother-
apeutic drugs.14,15 As DAMTC treatment in NSCLC (A549)

cells led to downregulation of both DJ-1 and RhoGDIa, we
next checked whether DAMTC treatment enhances the effect
of etoposide on NSCLC (A549) cells. The cells were treated
with DAMTC (80 or 160mg/ml) or DAMTC in combination with
etoposide (10 mM), and percentage apoptosis was measured
using annexin assay. We found that DAMTC (80 mg/ml) alone
resulted in 32.37% apoptotic cells (P¼ 0.024), DAMTC
(160 mg/ml) alone resulted in 50.57% apoptotic cells
(P¼ 0.002) and etoposide (10 mM) alone resulted in 5%
apoptotic cells (P¼ 0.013). However, DAMTC (80mg/ml) in
combination with etoposide resulted in 36.57% apoptotic
cells (P¼ 0.016), whereas DAMTC (160 mg/ml) in combina-
tion with etoposide resulted in 57.1% apoptotic cells
(P¼ 0.001) as compared with vehicle-treated cells
(Figure 8a). These results indicated that loss of RhoGDIa
and DJ-1 expression augmented the etoposide-induced
apoptosis in NSCLC (A549) cells.

DAMTC-induced apoptosis: role of small GTPases. To
elucidate the role of RhoGDIa and DJ-1 in DAMTC-induced

Figure 3 Differentially expressed proteins in DAMTC-treated NSCLC (A549) cells and their distribution into different functional categories. NSCLC (A549) cells were
treated with DAMTC (160mg/ml) for 24 h, and the total cellular proteins were separated by two-dimensional difference in gel electrophoresis. Differentially expressed proteins
were identified by MS/MS analysis in DAMTC-treated NSCLC (A549) cells with a P-valueo0.05 (a). These differentially expressed proteins were distributed into different GO
classes of biological processes (b) and KEGG pathways (c) using GeneCodis software. The x axis represents the number of proteins. The y axis shows the significantly
enriched biological process or KEGG pathway
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apoptosis, we transiently transfected NSCLC (A549) cells
with siRNA against RhoGDIa and DJ-1, and examined the
effect of RhoGDIa and DJ-1 depletion on apoptosis. The
silencing of RhoGDIa and DJ-1 after siRNA transfection was
confirmed by western blotting analysis (data not shown). The
annexin assay revealed that suppression of RhoGDIa
exhibited an increase in apoptosis to 11.1% as compared
with 1.65% apoptosis in vehicle-treated cells (Figure 8b).

Similarly, suppression of DJ-1 also exhibited an increase in
apoptosis to 8.65% as compared with vehicle-treated cells.
DAMTC treatment alone resulted in 56% apoptotic cells,
whereas DAMTC-treated cells transfected with either DJ-1 or
RhoGDIa siRNA resulted in 74 and 76% apoptotic cells,
respectively, as compared with vehicle-treated cells
(Po0.05). Simultaneously, we performed annexin assays
in the presence or absence of a plasmid construct harboring

Figure 4 (a) Real-time PCR for 14-3-3 epsilon, RhoGDIa and DJ-1. Expression levels of 14-3-3 epsilon, RhoGDIa and DJ-1 was measured using quantitative real-time
PCR with gene-specific primers given in Supplementary Table 3. Expression level of 18s was taken as an internal control for normalization of real-time PCR data. Experiments
were performed in triplicate for each gene and the error bar represents s.d. *Po0.05 compared with vehicle-treated control cells and **Po0.001 compared with vehicle-
treated control cells. (b) Western blot analysis of 14-3-3 epsilon, RhoGDIa, DJ-1, RhoA, Rac1 and Cdc42. NSCLC (A549) cells were treated with DAMTC (160mg/ml) for 24 h.
Total cell lysates were prepared and protein (40–60mg) was subjected to SDS-PAGE, followed by immunoblot analysis using specific antibodies and secondary horseradish
peroxidase-conjugated or alkaline phosphatase-conjugated antibodies. b-actin was used as internal control to ensure that equal amount of proteins were loaded in each lane.
Blots are representative of three independent experiments with similar results. (c) Densitometric analysis of western blots was done as described in ‘Materials and Methods’.
Data shown is representative of three independent experiments. The error bar represents s.d. *Po0.05 compared with vehicle-treated control cells

Figure 5 Double staining with phalloidin (green) and anti-Arp2/anti-Arp3/anti-Mena/anti-Vasp antibodies (red) in vehicle-treated NSCLC (A549) cells and DAMTC-treated
NSCLC (A549) cells. The Arp2, Arp3 and Vasp can be clearly observed along with phalloidin (merging of green and red) in the membrane protrusions, whereas the Mena
protein is concentrated in the cytosol and absent from the membrane protrusions in DAMTC-treated cells. The blue dye represents the DAPI-stained nucleus. The
corresponding localization of these proteins is also shown for the vehicle-treated NSCLC (A549) cells
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RhoGDIa cDNA or DJ-1 cDNA in NSCLC (A549) cells.
Overexpression of RhoGDIa and DJ-1 after transfection of
their respective cDNA clones was checked by western
blotting (Figure 6a). Surprisingly, at 24-h post transfection,
the overexpression of RhoGDIa cDNA or DJ-1 cDNA
actually leads to a slight increase in apoptotic cell death in
A549 cells (Figure 8c). This suggests that RhoGDIa and DJ-1
may not be the only effector molecules that have a role in
DAMTC-induced apoptosis. Further studies are necessary to
discover the key target molecule of DAMTC-induced
apoptosis.

Discussion

The transcriptome and proteome profiling led to the identifica-
tion of several differentially expressed genes and proteins
following DAMTC treatment in NSCLC (A549) cells. The IPA
analysis of the transcriptomics data suggested the importance

of NF-kB, p38, MAPK, ERK and AKT in DAMTC-induced
apoptosis in NSCLC (A549) cells, which strengthened our
previously published findings7 (Supplementary Figure 1).

The GeneCodis analysis of transcriptomics data showed
that in addition to other pathways, there was a significant
enrichment of small GTPase-mediated signal transduction.
Small GTP-binding proteins (also known as small GTPases)
are one of the largest families of signaling proteins, with over
100 family members. These signaling proteins are essential
for multiple cellular processes, such as cell proliferation (Ras),
cytoskeleton dynamics (Rho and Rop), membrane trafficking
(Arf and Rab) and nucleo-cytoplasmic transport (Ran). They
have gained a special emphasis in cancer research within the
last decade as a large number of small GTPases have been
associated with the development of all types of tumors. Rho
GTPases have been reported to contribute to cancer initiation
and progression, including the acquisition of unlimited
proliferation potential, survival and evasion from apoptosis,
angiogenesis, tissue invasion and the establishment of

Figure 6 (a) NSCLC (A549) cells were transiently transfected with RhoGDIa or DJ-1 cDNA clone. There was 2.1-fold increase in RhoGDIa expression and 1.4-fold
increase in DJ-1 expression. Data shown is representative of three independent experiments. The error bar represents s.d. *Po0.05 compared with vehicle-treated control
cells. (b) Microscopic images of phalloidin (green)- and DAPI (blue)-stained vehicle-treated and DAMTC-treated NSCLC (A549) cells clearly indicate the changes in
cytoskeleton induced by DAMTC treatment. The effect of DAMTC treatment on the cytoskeleton of NSCLC (A549) was reversed by overexpression of RhoGDIa as can be
seen by shortening of the membrane protrusions. This reversal was not observed when DJ-1 was overexpressed. OE in the figure implies overexpression
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metastases.12 Interestingly, in our proteomics data, we
observed significant downregulation of RhoGDIa after
DAMTC treatment in A549 cells.

RhoGDIa is frequently overexpressed in human tumors and
has been characterized as a cell-death mediator and as a
potential anti-cancer target.14,16 Zhang et al,15 have also
shown that overexpression of RhoGDIa increases resistance
of cancer cells to chemotherapeutic drugs, whereas silencing
of RhoGDIa using siRNA increases sensitivity to drug-induced
apoptosis. As DAMTC downregulates the expression of
RhoGDIa, it emphasizes its potential as an anti-cancer drug.
Literature suggests that signals transmitted through Rho
family GTPase are coupled to MAPK pathway,17–19 and our
previous study, as well as IPA analysis, shows that MAPK has
a role in DAMTC-induced apoptosis, thus suggesting that Rho

family GTPases could be the central target molecule of
DAMTC responsible for its action.

RhoGDIa is a member of the RhoGDI family of proteins,
which regulate Rho subfamily GTPases including RhoA, Rac1
and Cdc42.20,21 RhoA, Rac1 and Cdc42 proteins are known to
regulate the formation of stress fibers, membrane ruffles/
lamellipodia and filopodia, respectively,22 which affect cellular
morphology, movement, attachment, phagocytosis and cyto-
kinesis.13,14 In the current study, we observed significant
downregulation of these proteins after DAMTC treatment. We
demonstrate here for the first time that DAMTC treatment not
only leads to alterations in A549 cell morphology, including
membrane protrusions, but also induces filopodia formation.
Also, this effect of DAMTC on cytoskeleton was shown to be
reversed after overexpression of RhoGDIa. We further

Figure 7 (a) Wound-healing assay of DAMTC-treated NSCLC (A549) cells. The number of cells migrating in the wound increased in vehicle-treated NSCLC (A549) cells,
whereas fewer cells migrated in the wound area in DAMTC-treated cells and this migration was also dose-dependent. (b) Graphical representation of the quantitative values of
the wound size at different doses of DAMTC and at different time points post-DAMTC treatment as determined by the WimScratch module of Wimasis online software. Data
shown are representatives of three independent experiments. The error bar represents s.d.
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demonstrated the presence of Arp2/3 complex and
Vasp expression in the membrane protrusions, but we did
not find any change in the expression of Mena before and
after DAMTC treatment in A549 cells. Consistent with our
findings, there is enough evidence in the literature where
fliopodia formation has been observed in the absence of
Vasp and/or Mena.23,24 Traditionally, Arp2/3 complex has
been described as lamellipodial markers and Vasp/ Mena as
filopodial markers, but over the last few years the role of
Arp2/3 complex has also been implicated in filopodial
formation.13,25

We also demonstrated that DAMTC inhibits cell motility in
A549 cells. DAMTC can thus be considered as a promising
anti-cancer drug, as it not only induces apoptosis but can also
prevent the migration and angiogenesis of cancer cells.

In addition to the Rho family GTPases, we found other
interesting leads from the study, which need further investiga-
tion. There was downregulation of 14-3-3 epsilon protein (anti-
apoptotic protein) after DAMTC treatment. This protein is
downregulated during apoptosis of JURL-MK1 and K562
cells.26 We also observed increased expression of cytokeratin
18 (a marker of cell death) and cytokeratin 19, and decreased
expression of cytokeratin 8 after DAMTC treatment. Cyto-
keratins are important constituent of intermediate filaments
and several investigators have shown an important role of
these cytokeratins in signal transduction and apoptosis
pathways.27–29 The glycolytic enzymes, such as pyruvate
kinase isoenzyme M2, a-enolase and phosphoglycerate
mutase 1, were also downregulated after DAMTC treatment.
All these enzymes are associated with lung cancer; for

Figure 8 (a) DAMTC enhances the apoptotic effect of etoposide. NSCLC (A549) cells were treated with DAMTC (80/160mg/ml) alone or in combination with etoposide for
24 h, and percentage apoptosis was measured using annexin assay. Data shown is a representative of experiments repeated four times. The x axis represents annexin-V PE
fluorescence and y axis represents 7-AAD fluorescence. Bar graph shows the percentage of annexin-positive cells. Data is mean±s.e.m. of four independent experiments.
*Po0.05 compared with vehicle-treated control cells, and **Po0.001 compared with vehicle-treated control cells. ETP in the figure implies etoposide. (b) Effect of RhoGDIa
and DJ-1 silencing on DAMTC-induced apoptosis. NSCLC (A549) cells were transiently transfected with RhoGDIa or DJ-1 siRNA alone or with DAMTC, and percentage
apoptosis was measured using annexin assay. Data shown is representative of experiments repeated at least three times. The x axis represents annexin-V PE fluorescence
and y axis represents 7-AAD fluorescence. Bar graph shows the percentage of annexin-positive cells. Data is mean±s.d. of three independent experiments. *Po0.05
compared with vehicle-treated control cells (1: vehicle-treated control cells; 2: DJ-1 siRNA; 3: RhoGDIa siRNA; 4: DAMTC; 5: DAMTCþDJ-1 siRNA; 6: DAMTCþRhoGDIa
siRNA; 7: negative control siRNA). (c) Effect of RhoGDIa and DJ-1 overexpression on DAMTC-induced apoptosis. NSCLC (A549) cells were transiently transfected with
RhoGDIa or DJ-1 cDNA clone alone or with DAMTC, and percentage apoptosis was measured using annexin assay. Data shown is representative of experiments repeated at
least three times. The x axis represents annexin-V PE fluorescence and y axis represents 7-AAD fluorescence. Bar graph shows the percentage of annexin-positive cells. Data
is mean±s.d. of three independent experiments. *Po0.05 compared with vehicle-treated control cells (8: vehicle-treated control cells; 9: DJ-1 clone; 10: RhoGDIa clone; 11:
DAMTC; 12: DAMTCþDJ-1 cDNA; 13: DAMTCþRhoGDIa cDNA; 14: negative control plasmid)
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instance, the a-enolase expression increases progressively
with the clinical stages of lung cancer,30,31 whereas pyruvate
kinase isoenzyme M232 and phosphoglycerate mutase 133,34

are overexpressed in lung cancer. Moreover, there was
downregulation of L-lactate dehydrogenase B chain after
DAMTC treatment. Chen et al.35 has shown that elevation of
the L-lactate dehydrogenase B is correlated with the clinical
stage of lung cancer, thereby suggesting the effectiveness of
DAMTC. Furthermore, our study showed that DAMTC down-
regulates DJ-1 in DAMTC-treated A549 cells. DJ-1 is an
oncogene that cooperates with H-Ras and transforms cells by
increasing cell proliferation and resistance to cell cycle
arrest.36,37 Increased DJ-1 levels had also been found in
primary lung tumors, and its expression was correlated
negatively with clinical outcomes in NSCLC patients.14,37,38

Gu et al.39 have also shown that DJ-1 interacts with the ERK
pathway and change the susceptibility of cells to oxidative
stress. As we have shown previously the involvement of ERK
in DAMTC-induced apoptosis in A549, we propose that DJ-1
may be the upstream target of DAMTC-mediating apoptosis.
The literature also suggests that DJ-1 promotes metastasis of
pancreatic cancer cells by modulating the ERK pathway.40

Conclusion. The high-throughput probing of DAMTC-
induced effects in A549 has revealed important insights.
DAMTC not only induces apoptosis in A549 cells but also
downregulates RhoA, Rac1 and Cdc42, which have an
important role in increased motility, invasion and metastasis.
These revelations further emphasize the potential of this
molecule as an anti-cancer therapeutic. Future studies in this
direction may provide a more conclusive answer.

Materials and Methods
Cell culture. Human lung adenocarcinoma cells (NSCLC, A549) were
obtained from the National Center for Cell Science, Pune, India, and maintained
in DMEM medium containing 10% (v/v) fetal calf serum, 100 units/ml penicillin,
100 mg/ml streptomycin and 0.25 mg/ml amphotericin in a humidified 5% CO2

atmosphere. DAMTC was synthesized as described earlier.41 DAMTC was
dissolved at a concentration of 10 mg/ml in DMSO and stored at � 20 1C. A549
cells were treated with DAMTC at a concentration of 160 mg/ml for 24 h. For
transient transfection experiments, A549 cells were grown in tissue culture plates.
For knockdown experiments, 100 nM of RhoGDIa or DJ-1 siRNA (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol.
For overexpression experiments, 3 mg of RhoGDIa (catalog number SC117424)
or DJ-1 cDNA clone (catalog number SC115623; OriGene Technologies, Rockville,
MD, USA) were transfected using Lipofectamine LTX and Plus Reagent (Invitrogen)
according to the manufacturer’s protocol. The media was replaced with complete
DMEM media 6-h post transfection, and DAMTC (160mg/ml) was added for
another 24 h wherever indicated. DMSO-treated cells (0.1%) were taken as
vehicle-treated controls.

RNA isolation and cRNA preparation. Total RNA from vehicle-treated
cells and DAMTC-treated A549 cells was isolated using Trizol reagent according
to the manufacturer’s protocol, with minor modification. Isolated RNA was further
purified using the RNA easy MinElute cleanup kit (Qiagen, Valencia, CA, USA) by
essentially following the manufacturer’s instructions. cRNA preparation was done
using Illumina TotalPrep RNA Amplification Kit (Ambion Inc., Austin, TX, USA)
following manufacturer’s instructions. Briefly, 500 ng of total RNA was reverse
transcribed with an oligo dT primer using ArrayScript enzyme (Ambion Inc.).
The cDNA synthesized was column-purified, and used for amplification and
cRNA synthesis using in vitro transcription. The cRNA was labeled during in vitro
transcription reaction with biotinylated UTP and further column-purified.

Microarray experiment using Illumina Beadarray Chips. The
genome-wide gene expression profiling of DAMTC-treated and -untreated A549
cells was done using Bead Arrays (Illumina Inc.) according to manufacturer’s
protocol. In brief, 1.5mg of labeled cRNA from three biological replicates was
hybridized to Illumina Genome-Wide Expression BeadChips (Human Ref-6v.3.0;
Illumina Inc.) representing B43 000 human transcripts at 58 1C overnight. The
array was washed and blocked, and hybridized beads were stained with
Streptavidin Cy3 (Sigma, St. Louis, MO, USA). The chips were scanned using
Illumina scanner iScan.

Microarray data analysis. The data were analyzed using Analysis module
of Illumina Bead Studio-3 Software. The data was average-normalized, and the
Illumina Custom error model was used for computation of false-discovery rate. The
genes having detection Pr0.01 and differential Pr0.05 were considered to be
differentially expressed genes and selected for further investigation. The data
obtained in this experiment have been deposited in NCBI’s Gene Expression
Omnibus42 and is accessible through the Gene Expression Omnibus Series
accession number GSE29698 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE29698).

IPA and GeneCodis analysis. IPA analysis was used for annotating
genes into biological networks and for evaluation of functional significance as
described in earlier studies.43,44 Data sets representing genes with altered
expression profile derived from microarray analyses were imported into the IPA
Tool (Ingenuity Systems; http://www.ingenuity.com). The basis of the IPA program
consists of the Ingenuity Pathway Knowledge Base, which is derived from known
functions and interactions of genes published in literature. Thus, the IPA Tool
allows the identification of biological networks, global functions and functional
pathways of a particular data set. The program also gives the significance value of
the genes, the other genes with which it interacts and how the products of the
genes directly or indirectly act on each other, including those not involved in the
microarray analysis. The networks created are ranked depending on the number
of significantly expressed genes they contain and also list diseases that were most
significant.
The list of differentially expressed genes/proteins obtained after the microarray/

proteomic analysis of DAMTC-treated A549 cells were also imported into the
GeneCodis software. In our analysis, we used the default settings of GeneCodis,
which employs hypergeometric test for calculating P-values and false-discovery rate
for P-values correction.45,46

Real-time PCR. Total RNA was isolated using Trizol reagent, and reverse
transcription was carried out with M-MuLV reverse transcriptase (Fermentas, Glen
Burnie, MA, USA) according to the manufacturer’s protocol. Real-time PCR was
done using SYBR Green PCR master mix (Applied Biosystems, Foster City, CA,
USA) in ABI 7500 real-time PCR instrument. Sequence for primers used for real-
time PCR is given in Supplementary Table 3. 18s rRNA was used as endogenous
control for normalization. Relative quantitation of gene expression was carried out
using the Pfaffl method.47

Two-dimensional DIGE

Sample preparation Four biological replicates of vehicle-treated A549 control
cells and DAMTC (160mg/ml for 24 h)-treated A549 cells were harvested and
subsequently solublized in DIGE lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS,
30mM Tris and protease inhibitor cocktail, pH 8.5), and kept on ice for 10min.
Samples were sonicated and centrifuged at 13 000 r.p.m. for 45min to remove any
cellular debris. The supernatant was collected and stored at � 80 1C until use.
Protein estimation was done by Bradford assay (Sigma) using BSA as a standard.

Labeling with Cy dye DIGE flours A549 cell lysates were labeled with Cy2, Cy3
and Cy5 dye following the protocol given in the Ettan Dige User Manual (GE
Healthcare, Little Chalfont, UK) with minor modifications. Briefly, 50 mg of protein
either from vehicle-treated control A549 lysate or DAMTC-treated lysate was labeled
with 400 pmol of Cy3 and Cy5 dye. The samples were vortexed, spinned and
incubated at 4 1C in dark for 45min. Labeling reaction was quenched by an
addition of 10mM lysine for 10min. The pooled standard containing equal amount
of protein from all the samples was labeled with 400 pmol of Cy2 to serve as an
internal standard for 2D-DIGE. To remove any dye biasness, two of the vehicle-
treated control cells were labeled with Cy3 and two of them were labeled with Cy5;
similarly for the treated cells, two of them were labeled with Cy3 and remaining
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two were labeled with Cy5. Gel multiplexing was obtained by mixing 50 mg each of
one Cy3- and one Cy5-stained samples supplemented with 50 mg of Cy2-stained
internal standard. Thus, each gel contained 150mg of total protein. In total, four
gels were run for four biological replicates simultaneously. The experimental
design for vehicle-treated control cells and DAMTC-treated biological replicate is
shown in Supplementary Table 4. For preparatory gel, a total of 800mg protein
containing the pooled sample from all the samples was used.

Two-dimensional electrophoresis The volume of each mixed sample was
adjusted to 350ml with rehydration buffer (8 M urea, 2% CHAPS, 20mM DTT,
0.5% IPG buffer and 0.002% Bromo-Phenol Blue). IPG strips (18 cm, pH 3–10,
linear) were rehydrated for 16 h with rehydration buffer containing sample.
Isoelectric focusing was successively carried out at 200 V for 30min, 500 V for 3 h,
4 kV for 2 h, 8 kV for 2 h, 10 kV for 2 h and 3 kV for 10 h at 20 1C, and a maximum
current setting of 50mA per strip in an IPGphor 3 isoelectric focusing unit (GE
Healthcare). Once the isoelectric focusing is over, the strips were stored at
� 80 1C until use. Before the second dimensional separation, IPG strips were
equilibrated first with equilibration buffer (75mM Tris, 6 M urea, 30% glycerol and
2% SDS) containing DTT (1%), and then with iodoacetamide (2.5%) for 20min
each to reduce and alkylate the proteins. The second dimensional separation was
conducted on 1.5-mM thick 15% polyacrylamide gels using the Protean-II
electrophoresis cell (BioRad, Hercules, CA, USA). The strips were carefully placed
over the top of the gel and then sealed with 0.5% agarose gel containing
bromophenol blue. The gel was run at 30mA per gel for the first 30min, and
followed by 40mA per gel in the dark for the remaining part of the run. Once the
dye front reached the bottom of the gel, the run was stopped and gels were
immediately removed for scanning. For preparatory gel, the same running
conditions were adopted, and after the run was over the gel was fixed with 40%
ethanol and 10% acetic acid for 30min and then stained with colloidal Coomassie
solution overnight. Gel was washed several times with Milli-Q water to remove the
background stain. The colloidal Coomassie-stained preparatory gel was then
scanned in a typhoon scanner using the Cy5 wavelength.

Image acquisition and analysis of protein spots All analytical gels were
scanned using the Typhoon Trio variable mode imager (GE Healthcare) using
optimal excitation/emission wavelength for each DIGE fluor: Cy2 (488/520 nm),
Cy3 (532/580 nm) and Cy5 (633/670 nm). The analysis of the gels was done using
DeCyder differential analysis software version 6.5 (GE Healthcare). For individual
gel analysis, spots were detected, quantified and normalized according to the
volume ratio of corresponding spots detected in the Cy2 image of the pooled-
sample internal standard using the differential in-gel analysis module. All
normalized differential in-gel analysis data sets from four gels were collectively
analyzed employing the biological variation analysis module, which enables
matching of multiple images from different gels to provide statistical data on
average abundance for each protein spot among the DIGE gels in the study.
Student’s t-test was used to assess the statistical significance of differential spots.
On the basis of a standardized average spot volume ratio, spots between vehicle-
treated control cells and treatment at 95% confidence level (Po0.05) were
considered to be significant. Preparatory gel image was also loaded into the
Decyder software and then spots were detected and matched to the master gel.
The matched differential spots were manually cut from the colloidal Coomassie-
stained preparatory gel and in-gel trypsin digestion was done. In brief, spot was
destained, dehydrated, reduced and alkylated with 50mM iodoacetamide. To each
sample, sequencing grade-modified trypsin was added and tryptic peptides from
gel pieces were used for mass spectrometric analysis.

Mass spectrometry analysis and database searching Peptide digests from
each gel spot were spotted onto a 384-well MALDI sample plate and mixed with
equal volume of CHCA matrix solution (10mg/ml a-cyano-4-hydroxy-cinnamic acid
in 0.1% TFA, 50% ACN) in triplicates. Peptide mass spectra was obtained using a
MALDI-TOF/TOF (ABSCIEX TOF/TOF 5800, Applied Biosystems) mass spectro-
meter. The MS data was acquired in a window of a mass to charge ratio (m/z)
700–4000. The mass spectrometric automatic data acquisition was performed in
positive reflector mode. For calibration and tuning purposes, 4700 Cal Mix (Applied
Biosystems/MDS Sciex, Concord, ON, Canada) containing 6 calibrant peptides
in the m/z range of 904–3658 were spotted on 13 dedicated calibration spot
locations distributed over the MALDI target plate. Automatic jobs were created for
MALDI spots. For MS analysis, 1000 shots were acquired and averaged over an

m/z window of 700–4000. From each MS spectrum, up to 50 of the strongest
precursor peaks with a minimal signal-to-noise ratio of 10 were selected for
MS/MS acquisition. For each precursor, 3000 shots were acquired and averaged.
All MS/MS fragmentation was performed using post-source decay.

The mass spectrometer spectra were analyzed using Protein Pilot software
ABSCI EX’s (version 3.0; Applied Biosystems) with Mascot search engine
(MASCOT V2.2) in Human SWISS-PROT databases (release version 51.6
containing 257 964 sequences, 93 947 433 residues). Maximum number of missed
cleavages was set to 1. The search parameters allowed oxidation of methionine as
a variable modification and carboxyamidomethylation of cysteine as a fixed modifi-
cation. Precursor mass tolerance was set at 100 p.p.m. and MS/MS fragment mass
tolerance was set at 0.4 Da. Mowse score that signifies Po0.05 was considered
significant for successful protein identification (see Supplementary Table 5).

Western blotting. A549 cells were treated with DAMTC (160mg/ml) for 24 h,
trypsinized and the cell pellet was lysed with modified RIPA buffer (50mM Tris-
HCl, pH 7.4 150mM NaCl, 1 mM EDTA, 1% NP40, 0.25% Na deoxycholate, 1mg/
ml aprotinin, 1 mg/ml leupeptin, 1mg/ml pepstatin, 1 mM PMSF, 1mM sodium
orthovandate and 1mM sodium fluoride) and kept in ice for 30min. After
centrifugation at 15 000� g for 5 min, the cell lysates were collected. Western
blotting was performed as previously described.48 b-actin was used as normalizing
control.

Annexin assay. A549 cells were plated on a 24-well tissue culture plate and
were treated with DAMTC (80/160mg/ml), etoposide (10 mM) alone or in
combination for 24 h. Percentage apoptosis was measured with annexin assay
according to manufacturer’s protocol using Guava Nexin Assay kit (Guava
Technologies, Hayward, CA, USA). Annexin V–PE fluorescence was analyzed by
cytosoft software (Guava Technologies).

Statistical analysis. Statistical analysis was performed with Student’s two-
tailed t-test; Po0.05 was considered statistically significant. Results are presented
as mean of three independent experiments±s.d./s.e.m. Measurement of signal
intensity on PVDF membranes after western blotting with various antibodies was
performed using AlphaImager 3400 (Alpha InnoTech Corporation, San Leandro,
CA, USA). The integrated density values were calculated as the density values of
the specific protein bands/b-actin density values. The fold change was then
calculated by dividing this value for DAMTC-treated cells by the value for vehicle-
treated control cell samples.

Migration assay. A549 cells were plated on a six-well tissue culture plate.
The next day, cells were treated with 80/120/160mg/ml of DAMTC. After 24 h, the
wound was artificially created by scraping with a sterilized pipette tip and the fresh
media was added to the cells. The wound area was monitored for the next 3 days
at an interval of 24 h. The microscopy images of the cells migrating in the wound
area were taken at � 10 magnification by an inverted microscope (Nikon Eclipse
Ti, Nikon, Tokyo, Japan). The quantitative values of the wound size were determined
by web-based WimScratch module of Wimasis online software.

Immunocytochemistry and phalloidin staining. A549 cells were
seeded and grown on 25� 25-mM cover slips in 6-well tissue culture plates. The
next day, cells were treated with 160mg/ml of DAMTC. After 24 h, the cells were
fixed in 4% formaldehyde solution in PBS for 15min. Cells were permeabilized for
5 min in 0.1% Triton X-100 followed by 3 washes with 1� PBS. Cells were
incubated in blocking buffer (1% BSA and 0.1% Triton X-100 in 1� PBS) for
1 h, primary antibody (anti-Arp2, Arp3, Mena, Vasp (Cell Signaling Technology,
Danvers, MA, USA) for 2 h followed by TRITC-conjugated secondary antibody
(Invitrogen) for 1 h and phalloidin (Alexa Fluor 488; Invitrogen) staining for
20min at room temperature. The cells were then washed three times with
1� PBS. In some experiments, the cells were fixed, permeabilized and stained
with phalloidin alone. The nuclei were stained with mounting media containing
DAPI solution (Invitrogen). The fluorescence images were captured using Nikon
microscope (Ti Eclipse) at � 60 magnification under corresponding excitation and
emission wavelengths.
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