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Single-cell microinjection assay indicates that 7-hydroxycoumarin
induces rapid activation of caspase-3 in A549 cancer cells
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Abstract. Coumarins have attracted intense interest in recent
years due to their apoptogenic effects. The aim of the present
study was to determine whether 7-hydroxycoumarin (7-HC)
induces changes in caspase-3 (C-3) activity in A549 human
lung carcinoma cells. A range of analytical techniques,
including colorimetric and fluorometric assays, western blot-
ting, single-cell microinjection, fluorescence microscopy and
image analysis were conducted to elucidate the effects of 7-HC.
A 24-h exposure to 1.85 mM 7-HC induced a 65% increase
in C-3 activity, and a notable conversion of procaspase-3 to
C-3, in addition to poly(ADP-ribose)polymerase cleavage.
Furthermore, morphological changes associated with apop-
tosis were observed. Exposure of the cells to 7-HC for 3 or
6 h increased calcium conductance by 27%. By performing the
single-cell microinjection of a specific fluorescent substrate of
C-3 into previously 7-HC-exposed cells, a typical enzymatic
kinetic profile of C-3 activation was identified a number of
hours prior to the morphological and biochemical changes
associated with apoptosis being observed. These results
suggest that the rapid in vivo activation of C-3 is induced
by 7-HC, the most relevant biotransformation product of
coumarin in humans.
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Introduction

Lung cancer is a global public health issue. In the USA, cancer
of the lung and bronchus represents 13.5% of all new cancer
cases. The estimated number of new cases for 2014 in the
USA is 224,210 and the estimated number of patients that will
succumb to these diseases is 159,260 (1). The US National
Cancer Institute defines targeted cancer therapies as drugs or
other substances that interfere with specific molecules associ-
ated with cancer cell growth and survival. Targeted cancer
therapies that have been approved for use include agents that
prevent cell growth signaling, interfere with the development
of tumor-supplying blood vessels, induce cancer cell death,
stimulate the immune-mediated destruction of cancer cells
and/or deliver toxic drugs to cancer cells. These therapies are
frequently cytostatic, blocking tumor cell proliferation. At
present, targeted therapies are the focus of copious anticancer
drug development research efforts, which aim to identify of
targets that are crucial to cancer cell growth and survival (2).
The US Food and Drug Administration (FDA) approved
coumarin as an orphan drug for the treatment of renal cell
carcinoma on December 22, 1994 (3). The name coumarin is
derived from the word coumarou, an alternative name for the
tonka bean (Dipteryx odorata Willd., Fabaceae). Chemically,
coumarins have a benzopyrone structure. Umbelliferone,
esculetin and scopoletin are the most widespread coumarins
in nature (4). Coumarins have been investigated as potential
treatments for various clinical conditions, such as high protein
edema (5), chronic infections (6,7) and cancer (8-10). The apop-
togenic properties of coumarins have attracted intense interest
in recent years. The induction of apoptosis by natural (11-18)
and synthetic (19-21) coumarins has been reported in human
leukemia cells, lung carcinoma cell lines, adipocytes, HeLa
cells, hepatocellular carcinoma, human neuroblastoma cell
lines and human prostate cancer cell lines. The induction of
apoptosis occurs via mitochondrial pathways, including the
modulation of the NF-«B, mitogen-activated protein kinase
(MAPK) and p53 pathways, which subsequently activate
caspase-3 (C-3)-dependent mechanisms. The downregula-
tion of Rho GTPases (RhoGDIa) by a coumarin derivative
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through transcriptomic and proteomic mechanisms (22) has
been described. A previous study (12) observed that the A427
lung carcinoma cell line exhibited increases in the proportion
of Annexin-V-positive cells of 50 and 83% compared with
solvent-treated cells (estimated using flow cytometry), when
exposed to 100 pyg/ml coumarin and 7-hydroxycoumarin
(7-HC), respectively, for 4 h.

The aim of the present study was to determine whether
changes in C-3 activity are induced in a single live A549
human lung carcinoma cell by treatment with 7-HC, the
primary human biotransformation product of coumarin (23),
by performing the single-cell microinjection of a C-3 substrate.

Materials and methods

Reagents. A549 lung carcinoma cells (CRM-CCL-185) were
obtained from American Type Culture Collection (Rockville,
MD, USA). Ionomycine and RPMI-1640 medium were
purchased from Gibco Life Technologies (Carlsbad, CA, USA).
Fetal bovine serum (FBS) was obtained from GE Healthcare
Life Sciences (Logan,UT,USA).MTT,5-bromo-4-chloro-3'-in-
dolyl phosphate/nitro-blue tetrazolium chloride (BCIP/NBT),
ethylene glycol-bis ($-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA) tetrasodium salt and a caspase-3 colorimetric
assay kit were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Monoclonal anti-caspase 3 clone 4-1-18 (#MA1-16843)
and monoclonal anti-poly (ADP-ribose) polymerase (PARP)
clone 123 antibodies (#43600) were obtained from Zymed
Laboratories, Inc. (San Francisco, CA, USA). Rhodamine 110,
bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid
amide) (Z-DEVD-R110) was purchased from Invitrogen
Life Technologies (Camarillo, CA, USA). Borosilicate glass
capillaries (1B100F-4) were obtained from World Precision
Instruments, Ltd. (Sarasota, FL, USA). Dextran-Texas
Red [3,000 molecular weight (MW)], dextran-fluorescein
isothiocyanate (FITC) (3,000 MW) and Fura-2AM dyes
were purchased from Molecular Probes Life Technologies
(Carlsbad, CA, USA). Tissue culture flasks (80 cm?) and
6-well multidishes were obtained from Nunc A/S (Roskilde,
Denmark). A 35x10-mm polystyrene dish was purchased from
Corning, Inc. (New York, NY, USA).

Cell culture. A549 human lung carcinoma cells were cultured
at 37°C in 5% CO, using RPMI-1640 medium, supplemented
with a 10% heat-inactivated FBS. Cells were sub-cultured
through trypsinization, seeded at 2x10° cells/well in 6-well
boxes or Petri dishes, and left to affix for 24 h prior to exposure
to ethanol or a solution of 7-HC in ethanol. In each case the
final solvent concentration was 3%.

Cell viability assay. The viability of the cell line was deter-
mined using an MTT assay (24). Cells were seeded at a density
of 5x10° cells/100 pl RPMI-1640 in a 96-well microplate. Cells
were treated with ethanol (control) or a solution of 7-HC in
ethanol (1.85 mM) for 24 h. The final concentration of ethanol
was 3% (v/v). The number of viable cells was estimated by
treatment with 20 pl/well MTT (5 mg/ml) for 4 h, enabling
the mitochondrial succinate dehydrogenase in viable cells to
reduce MTT to purple formazan crystals. The medium was
aspirated and 100 ul dimethyl sulfoxide (DMSO)/well was
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added. Crystals were dissolved in DMSO and the absorbance
at 570 nm was measured using an ELx800 microplate reader
(Biotek Instruments, Inc., Winooski, VT, USA). The percentage
inhibition of cell viability (%IC) was measured using the
following formula: %IC = [(1 - absorbance of cells treated with
7-HC in ethanol/absorbance of cells in ethanol) x 100].

Colorimetric assay to determine the time course and concen-
tration response of C-3 activity. To evaluate the concentration
response, A549 cells were exposed to ethanolic solutions of
7-HC (0.61, 1.23 or 1.85 mM) for 24-h with three replicates
per concentration. In order to determine the time course,
AS549 cells were exposed to a 1.85-mM ethanolic solution
of 7-HC for 6, 12 or 24 h. Cell lysates were obtained (as
described below) and an endpoint colorimetric method based
on peptide hydrolysis (Ac-DEVD-pNA) was employed (Novex
Caspase-3 Colorimetric Protease Assay Kit; Thermo Fisher
Scientific, Waltham, MA, USA) and the absorbance at 405 nm
was measured using an ELx800 microplate reader. The mean
value of the solvent-treated cell absorbance was calculated for
use as a basal reference. Response-increase percentages of the
different drug exposures were determined and plotted as the
C-3 enzymatic activity index: Ratio of C-3 activity = [optical
density (OD) treatment/OD control treatment] x 100.

Protein isolation and quantitation. Following each cell treat-
ment, cell lysates were obtained using a lysis buffer containing
20 mM Tris, 150 mM NaCl, 1 mM NaOH, 1 mM ethylene-
diaminetetraacetic acid, ] mM EGTA and 1% Triton X-100.
The protein concentration was estimated using a Micro BCA
Protein assay kit (Pierce Biotechnology, Inc., Rockford, IL
USA).

Concentration-response assays. In 6-well multidishes
1.5x10% A549 cells were let to affix in three RPMI-1640
replicates, then exposed to 0.3, 0.6, 0.92 or 1.85 mM 7-HC or
ethanol for 24 h.

Time course assays. Next, 1.5x10° A549 cells were triplicated,
then exposed to either ethanol or 1.85 mM ethanol-dissolved
7-HC for 6, 12, 18 or 24 h. In each case the final solvent concen-
tration was 3%. The procedure was completed as described in
the protein isolation and quantitation section.

Western blot analysis. Protein expression was determined
by conducting electrophoresis using a polyacrylamide
gel (SDS-PAGE) at 15%. Proteins were then transferred
at 25 V/300 mA to polyvinylidene fluoride membranes.
Procaspase-3, C-3 and PARP expression levels were deter-
mined by incubating the membranes with primary antibodies
(1.5 ug/ml) against caspase-3 (1:250) and PARP (1:1,000) over-
night at 5°C. Membranes were then stir-washed three times
for 10 min in phosphate-buffered saline (PBS). Subsequently,
goat anti-mouse IgG-biotin secondary antibodies (1:10,000;
Sigma-Aldrich) for 1 h at 37°C. ExtrAvidin-Alkaline
Phosphatase (0.15 pg/ml; Sigma-Aldrich) with BCIP/NBT
solution (Roche Diagnostics, Basel, Switzerland) was used to
visualize the membranes. Western blot assays were conducted
in triplicate and analyzed using densitometry (Molecular
Imager Gel Doc and ChemiDoc systems) using Quantity One
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1-D analysis software, version 4.6.9 (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Observation of morphological changes indicating apoptosis.
AS549 cells were exposed to an 1.85 mM solution of 7-HC
in ethanol or 3% ethanol for 6, 12 or 24 h with three repli-
cates. Phase contrast images were captured using an Eclipse
TS100 inverted microscope and a DXM1200c camera (Nikon
Corporation, Tokyo, Japan) at a magnification of x400.

Calcium influx measurement. In order to determine calcium
influx, 3x10° A549 cells were exposed in three replicates to
an ethanolic solution of 7-HC (0.9 or 1.85 mM 7-HC) for 3,
6 and 12 h (data for 12 h not shown as the results were not
significantly different). Cells were loaded for 40 min at 37°C
with 4 uM Fura-2 AM. The cells were subsequently centri-
fuged at 300 x g for 5 min in 5 ml PBS. The pellet (100 ul)
was immediately added to a heated cuvette (37°C) containing
2.5 ml PBS, which was constantly stirred with a magnetic bar.
Ionomycine was used as positive control. Next, 6 mM EGTA
was used to chelate the calcium. The fluorescence was detected
at 488 nm using an optical filter (Andover Corporation, Salem,
NH, USA), alternately exciting Fura-2 AM at 340/380 nm
using a monochromator purchased from Photon Technology
International (PTI; Monmouth Junction, NJ, USA). Data were
acquired and digitized at 0.83 Hz using the PTI interface.

Single-cell microinjection. Cell microinjection (25) was
performed using the Nikon Eclipse TS100 inverted microscope
(Nikon Corporation, Tokyo, Japan) equipped with a program-
mable IM-300 microinjector and an MHW-3 hydraulic
micromanipulator (Narishige International, Ltd., London,
UK). Microinjection needles were crafted using borosilicate
glass capillaries using a P-87 device (Sutter Instrument Co.,
Novato, CA, USA). Microinjection needles were loaded using
Eppendorf microloaders (Eppendorf AG, Hamburg, Germany).
Microinjection time and pressure parameters were determined
using 0.1% dextran-FITC (3,000 MW) microinjection solu-
tion. The optimal injection time was determined as being
between 200 and 400 msec, while the optimal microinjection
pressure was 6.5 psi. In order to determine the basal activity of
C-3, the specific substrate Z-DEVD-R110 was microinjected
at a concentration of 1.3 mg/ml into single cells. Images were
captured using a DXM-1200C camera (Nikon Corporation).

For each assay, A549 cells were incubated for 3, 6, 12,
18 and 24 h with a 1.85 mM solution of 7-HC in ethanol or
3% ethanol (data for 18 h not shown as the results were not
significantly different). Then, culture medium was withdrawn
from the Petri dish and the cells were washed twice with
1 ml PBS. Finally, the cells were resuspended in 1 ml PBS
and the microinjection of Z-DEVD-R110 into single cells was
performed.

Image analysis. Prior to microinjection, images were captured
at x400 magnification in phase contrast and green fluorescence
(520 nm) to act as the negative control. Following the microin-
jection of the substrate, images were captured using a red filter
at 615 nm. Immediately after this, fluorescence images were
captured every 20 sec for 10 min. This method was standard-
ized by determining the fluorescence intensity changes in each
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Figure 1. Colorimetric assays based on peptide (Ac-DEVD-pNA) hydrolysis
were conducted to estimate caspase-3 activity in cell lysates from A549
cells exposed to 7-HC. Results shown are the percentage increase relative to
the control group. (A) Concentration-response curve after 24 h (‘P<0.01 vs.
control). (B) Time course of 1.85 mM exposure ("P<0.05 vs. control). 7-HC,
7-hydroxycoumarin.

image. Digital images were obtained using NIS-Elements AR
software, version 3 (Nikon Corporation), which was calibrated
for use with a x40 lens. The C-3 activation dynamic was then
analyzed in the various cell exposure groups.

Statistical analysis. Plots were generated and statistical anal-
ysis was performed using SigmaPlot for Windows, version 11.0
and SigmaStat, version 3.5 (Systat Software, Inc., San Jose,
CA, USA). Analysis of variance tests were performed, and if
a statistically significant difference was identified to isolate
the group or groups that differ from the others then a multiple
comparison versus control group (Dunnett's method) test was
used. P<0.05 was considered to indicate a statistically signifi-
cant result.

Results

Treatment with 7-HC reduces cell viability and increases
C-3 activity in a time-dependent manner. A549 cells were
incubated with 7-HC and MTT assays were performed to
determine the cell viability. A 10% reduction in cell viability
was observed following a 3-h exposure to 1.85 mM 7-HC; the
cell viability further decreased by 30% after 12 h and ~40%
after 24 h (data not shown).

The concentration-response of C-3 to 7-HC was obtained
using endpoint colorimetric assays of the cell lysates. A
statistically significant increase (P=0.009, Dunnett's method)
in enzymatic activity (65%) was observed compared with the
control group when the cells were incubated with 1.85 mM
7-HC for 24 h. The time course of treatment with 1.85 mM
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Figure 2. Representative western blots showing changes in the protein levels
of A549 cell lysates following 7-HC treatment. The A549 cells (1.5x10%/ml)
were treated with 0.3,0.6,0.9 and 1.85 mM 7-HC or ethanol for 24 h. Lysates
were prepared and determined as described in Materials and methods.
Representative western blots for procaspase-3 and caspase-3 (A) for cells
treated with different concentrations of 7-HC for 24 h and (B) following
exposure of the cells to 1.85 mM 7-HC for various treatment times. (C) PARP
degradation was observed after 24 h of exposure to 1.85 mM 7-HC. PARP,
poly (ADP-ribose) polymerase; 7-HC, 7-hydroxycoumarin.

7-HC was evaluated, with measurements taken after 6,
12 and 24 h of exposure. The cells exposed to 1.85 mM 7-HC
for 24 h exhibited a statistically significant difference in
C-3 activity compared with the control (P<0.05, Dunnett's
method; Fig. 1).

7-HC increases the cleavage of procaspase-3 to C-3 in a
time-dependent manner. After 24 h of exposure to various
concentrations of 7-HC, lysates were obtained and subjected
to gel electrophoresis in denaturing conditions. Subsequently,
the levels of procaspase-3, C-3 and PARP were evaluated
using western blot analysis. Bands for procaspase-3 and
cleavage product C-3 were immunodetected in the cells that
were treated with 0.92 and 1.85 mM 7-HC, but C-3 bands
were not detected for the control (ethanol-treated) cells
(Fig. 2A).

Treatment with 1.85 mM 7-HC did not induce the
conversion of procaspase-3 into C-3 until the cells had been
subjected to 24 h of exposure (Fig. 2B). Furthermore, the
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cells exposed to 1.85 mM 7-HC exhibited the characteristic
activity of C-3 in the cleavage of PARP (Fig. 2C).

Furthermore, only 12 h of exposure to 1.85 mM 7-HC
induced characteristic apoptotic changes in the cells, such
as blebbing and shrinking, which were not observed in the
control or RPMI-1640 (untreated) cells (Fig. 3).

7-HC exposure increases calcium conductance in A549
cells. The effects of 7-HC on calcium conductance in A549
cells were investigated. It was observed that a 3-h exposure
to 0.9 mM 7-HC significantly increased calcium conductance
by 17%, while exposure to 1.85 mM 7-HC for the same time
period increased conductance by 27% (P<0.05) compared
with that in the control group (Fig. 4A). Similarly, a 6-h expo-
sure to 0.9 mM 7-HC increased conductance by 12%, while
exposure to 1.85 mM 7-HC for the same time period increased
conductance by 27% (P<0.05) compared with that in the
control group (Fig. 4B).

7-HC exposure increases the activity of caspase-3 in single
cells. Finally, single-cell microinjection assays were performed
on cells that had been exposed to ethanol or 1.85 mM 7-HC for
3,6, 12, 18 and 24 h and time course curves were prepared.
The process was documented by capturing digital images
every 5 sec over a 10-min period (Fig. 5A and B). Following
the analysis of similar areas in each cell by measuring the
intensity/pixel ratio using green fluorescence, the mean values
were plotted (Fig. 5C). In each curve a phase of exponential
increase was evident, followed by a plateau and an exponential
phase of fluorescence reduction. Comparisons of the initial
velocities through linear regression indicated that the real
regression corresponds to 7-HC (slope >0), while the control
had no slope >0. Thus, the results indicated the presence of
typical first order enzymatic kinetics corresponding to C-3.

Discussion

In a previous study, it was demonstrated using flow cytom-
etry that the exposure of A427 human lung adenocarcinoma
cells to 0.98 mM 7-HC for 4-6 h, produced an 83% increase
of Annexin-V-positive cells (12). In the present study, the
inductive effect of 7-HC on C-3 activity in cellular lysates
was demonstrated to occur in a concentration-dependent
manner, and the optimal exposure time to obtain the
maximum enzymatic activity was identified. Furthermore,
the results of western blot analysis demonstrated the
expression of procaspase-3 in the cells and its conversion
into C-3 in a concentration- and time-dependent manner,
in addition to the proteolytic cleavage of PARP by C-3, as
described by Yang et al (13). Morphological changes asso-
ciated with apoptosis were identified, such as blebbing and
shrinking, comparable to the apoptotic bodies reported by
Chuang et al (14) and Elinos-Béez et al (26). Chuang et al (14)
reported a significant increase in calcium flux in HeLa cells
treated for 24 h with 25-100 M coumarin, using flow cytom-
etry. Through fluorescence spectrometry, in the present study
this effect was detected at a higher (millimolar) concentrations
of 7-HC in cells exposed for 3 h. Furthermore, in the present
study, experiments were conducted to determine how rapidly
the exposure of A549 cells to 7-HC induced the activation of
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Medium 7-hydroxycoumarin

Figure 3. Phase contrast microscopy images (magnification, x400) showing differences in A549 cell morphology following treatment with RPMI-1640
(medium), 3% ethanol (control) and a 1.85 mM solution of 7-hydroxycoumarin in ethanol. Images of the cells were captured at (A-C) 6 , (D-F) 12 and
(G-I) 24 h. Morphological changes associated with apoptosis included blebbing (indicated by continuous arrows) and apoptotic bodies (indicated by discon-
tinuous arrows).
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Figure 4. Calcium influx into A549 cells (3x10°), induced by an 0.9 or 1.85 mM solution of 7-HC in ethanol or 3% ethanol. Cells were loaded with 4 yuM
Fura-2 AM. Fluorescence was detected at 488 nm, alternately exciting Fura-2 AM at 340/380 nm. Calcium influx in cells treated for (A) 3 and (B) 6 h.
Significant differences were observed between the 7-HC-treated and control cells (‘P<0.05). 7-HC, 7-hydroxycoumarin; EGTA, ethylene glycol bis(f-aminoe
thylether)-N,N,N',N'-tetraacetic acid; s.e.m., standard error of the mean.

C-3. To the best of our knowledge, single-cell microinjection  C-3 activation. The concentration that induced this rapid C-3
has not previously been employed by other researchers in this  activation effect (1.85 mM) decreased cell viability by only
type of study. The results indicate that 7-HC rapidly induced  10% after 3 h of exposure.
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Figure 5. Single-cell microinjection of Z-DEVD-R110 substrate into cells treated with a 1.85 mM solution of 7-HC in ethanol or 3% ethanol (magnification,
x400). (A) Representative images are shown for phase contrast imaging, and fluorescence at 520 nm for a control cell and a cell exposed to 7-HC for 3 h
(captured at 120 sec; maximal intensity was registered). (B) Post-injection photographs of cells exposed to 7-HC for 6, 12 and 24 h, obtained at 20, 40 and
120 sec after microinjection. (C) Fluorescence intensity/pixel plot demonstrating the kinetic activity of caspase-3 in A549 cells treated with 7-HC for 3 h. Each
point represents the mean + standard error of the mean (s.e.m.) of three experiments. 'P<0.05 between 7-HC-treated cells (filled circles) and the control group

(empty circles). 7-HC, 7-hydroxycoumarin.

The majority of previous studies have employed a
maximum simple coumarin concentration of 100 yM and
reported the reduction of viability at 24 or 48 h (10-17).
However, it was not clear whether this rapid C-3 activation
effect was induced by the binding of 7-HC with particular
intracellular ligands. Zlabinger et al (27) demonstrated that
in human monocytes, coumarin binding sites appeared to be
present in relatively high numbers (7.5x10%/cell); however,
their affinity was low (K,~2x10> M™). Furthermore, inhibition

experiments performed with 7-HC revealed that an ~4-fold
molar concentration of 7-HC was necessary to induce a 50%
displacement of coumarin from its binding site (27). It may be
hypothesized that the C-3 activation effect, observed at higher
concentrations compared with those previously reported, may
be due to A549 cells possessing these binding sites.
Cytotoxic and cytostatic activity, in addition to the
mechanisms by which these effects are produced, have been
reported for a number of naturally occurring coumarins,



such as esculetin (11,13) and osthole (16,18), in addition to
and synthetic coumarins such as quercetin (17). However, the
majority of these coumarins have not been subjected to testing
beyond the pre-clinical phase, in contrast with the coumarins
whose effects and pharmacokinetic properties in humans are
widely known. The prompt conversion of coumarin into 7-HC,
which has displayed the most relevant activity, as well as its
rare toxicity among patients (7) is well documented. In 1994,
Marshall et al (28) reported the testing of 7-HC in a phase |
trial in which patients who received daily dosages of between
1,000 and 7,000 mg presented few collateral effects. It has
also been reported that 7-HC is not transported by multidrug
resistance-associated proteins (4-7,29). As 7-HC has been
previously employed in a number of phase II clinical studies,
and has already been designated an Orphan drug by the US
FDA, there is a possibility of successfully conducting further
studies using 7-HC combined with conventional therapy as a
lung cancer treatment.
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